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Foreword

Enhancing the life of structures and engineered materials, while protecting the environment and public
safety, is one of the paramount technological challenges for our nation and the world. Corrosion-related
problems span a wide spectrum ofmaterials and systems that impact our daily lives, such as aging aircraft,
high-rise structures, railroads, automobiles, ships, pipelines, and many others. According to a study
conducted in 1998, the total direct and indirect cost of corrosion to the United States alone exceeds $550
billion per year. While major technological advances have been made during the last three decades,
numerous new innovations need to be made in the coming years. ASM International is pleased to publish
ASM Handbook, Volume 13B, Corrosion: Materials, the second book in a three-volume revision of
the landmark 1987Metals Handbook, 9th Edition, on corrosion. The information from the 1987 Volume
has been revised, updated, and expanded to address the needs of the members of ASM International
and the technical community for current and comprehensive information on the physical, chemical,
and electrochemical reactions between specific materials and environments. Since the time the 1987
Corrosion volume was published, knowledge of materials and corrosion has grown, which aids the
material selection process. Engineered systems have grown in complexity, however, making the effects of
subtle changes in material performance more significant.
ASM International continues to be indebted to the Editors, Stephen D. Cramer and Bernard S. Covino,

Jr., who had the vision and the drive to undertake the huge effort of updating and revising the 1987
Corrosion volume. ASM Handbook, Volume 13A, Corrosion: Fundamentals, Testing, and Protection,
published in 2003, is the cornerstone of their effort. The project will be completed with the publication of
ASM Handbook, Volume 13C, Corrosion: Environments and Industries, in 2006. The Editors have
brought together experts from across the globe making this an international effort. Contributors to the
corrosion Volumes represent Australia, Belgium, Canada, Crete, Finland, France, Germany, India, Italy,
Japan, Korea, Mexico, Poland, South Africa, Sweden, Switzerland, and the United Kingdom, as well as
the United States. The review, revisions, and technical oversight of the Editors have added greatly to this
body of knowledge.
We thank the authors and reviewers of the 1987 Corrosion volume, which at the time was the largest,

most comprehensive volume on a single topic ever published by ASM. This new edition builds upon that
groundbreaking project. Thanks also go to the members of the ASM Handbook Committee for their
oversight and involvement, and to the ASM editorial and production staff for their tireless efforts.
We are especially grateful to the over 120 authors and reviewers listed in the next several pages. Their

willingness to invest their time and effort and to share their knowledge and experience by writing,
rewriting, and reviewing articles has made this Handbook an outstanding source of information.

Bhakta B. Rath
President
ASM International

Stanley C. Theobald
Managing Director
ASM International
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Policy on Units of Measure

By a resolution of its Board of Trustees, ASM International has adopted
the practice of publishing data in both metric and customary U.S. units of
measure. In preparing this Handbook, the editors have attempted to present
data in metric units based primarily on Système International d’Unités (SI),
with secondary mention of the corresponding values in customary U.S.
units. The decision to use SI as the primary system of units was based on the
aforementioned resolution of the Board of Trustees and the widespread use
of metric units throughout the world.
For the most part, numerical engineering data in the text and in tables are

presented in SI-based units with the customary U.S. equivalents in par-
entheses (text) or adjoining columns (tables). For example, pressure, stress,
and strength are shown both in SI units, which are pascals (Pa) with a
suitable prefix, and in customary U.S. units, which are pounds per square
inch (psi). To save space, large values of psi have been converted to kips
per square inch (ksi), where 1 ksi=1000 psi. The metric tonne (kg · 103)
has sometimes been shown in megagrams (Mg). Some strictly scientific
data are presented in SI units only.
To clarify some illustrations, only one set of units is presented on art-

work. References in the accompanying text to data in the illustrations are
presented in both SI-based and customary U.S. units. On graphs and charts,
grids corresponding to SI-based units usually appear along the left and
bottom edges. Where appropriate, corresponding customary U.S. units
appear along the top and right edges.
Data pertaining to a specification published by a specification-writing

group may be given in only the units used in that specification or in dual
units, depending on the nature of the data. For example, the typical yield
strength of steel sheet made to a specification written in customary U.S.

units would be presented in dual units, but the sheet thickness specified in
that specification might be presented only in inches.
Data obtained according to standardized test methods for which the

standard recommends a particular system of units are presented in the units
of that system. Wherever feasible, equivalent units are also presented.
Some statistical data may also be presented in only the original units used in
the analysis.
Conversions and rounding have been done in accordance with IEEE/

ASTM SI-10, with attention given to the number of significant digits in the
original data. For example, an annealing temperature of 1570 �F contains
three significant digits. In this case, the equivalent temperature would be
given as 855 �C; the exact conversion to 854.44 �C would not be appro-
priate. For an invariant physical phenomenon that occurs at a precise
temperature (such as the melting of pure silver), it would be appropriate to
report the temperature as 961.93 �C or 1763.5 �F. In some instances
(especially in tables and data compilations), temperature values in �C and
�F are alternatives rather than conversions.
The policy of units of measure in this Handbook contains several

exceptions to strict conformance to IEEE/ASTM SI-10; in each instance,
the exception has been made in an effort to improve the clarity of the
Handbook. The most notable exception is the use of g/cm3 rather than
kg/m3 as the unit of measure for density (mass per unit volume).
SI practice requires that only one virgule (diagonal) appear in units

formed by combination of several basic units. Therefore, all of the units
preceding the virgule are in the numerator and all units following the
virgule are in the denominator of the expression; no parentheses are
required to prevent ambiguity.
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Preface

Corrosion, while silent and often subtle, is probably the most significant
cause of degradation of society’s structures. Over the past 100 years, efforts
have been made to estimate the cost of corrosion to the economies of
various countries. These efforts have been updated to 2004 in this Hand-
book, and extrapolated to the global economy to provide an estimate of the
global cost of corrosion (Ref 1). With a 2004 global Gross Domestic
Product (GDP) of about $50 trillion United States dollars (USD), the direct
cost of corrosion was estimated to be $990 billion (USD) annually, or 2.0
percent of the world GDP (Ref 1). The direct cost is that experienced by
owners and operators of manufactured equipment and systems and of other
man-made objects (Ref 2). The indirect cost of corrosion, representing
costs assumed by the end user and the overall economy (Ref 2), was esti-
mated to be $940 billion (USD) annually (Ref 1). On this basis, the 2004
total cost of corrosion to the global economywas estimated to be about $1.9
trillion (USD) annually, or 3.8 percent of the world GDP. The largest
contribution to this cost comes from the United States at 31 percent, with
other major contributions being: Japan—6 percent, Russia—6 percent,
Germany—5 percent, and the UK, Australia, and Belgium—1 percent.
ASM Handbook Volume 13B, Corrosion: Materials, is the second

volume in a three-volume update, revision, and expansion of Corrosion
published in 1987 as Volume 13 of the ninth editionMetals Handbook. The
first volume—ASM Handbook Volume 13A, Corrosion: Fundamentals,
Testing, and Protection—was published in 2003. Volume 13C, Corrosion:
Environments and Industries, will be published in 2006. The purpose of
these three volumes is to present the current state of knowledge of corro-
sion, efforts to mitigate corrosion’s effects on society’s structures and
economies, and some perspective on future trends in corrosion prevention
and mitigation. Metals remain the primary materials focus of the Hand-
book, but nonmetallic materials occupy a more prominent position,
reflecting their wide and effective use to solve problems of corrosion and
their frequent use with metals in complex engineering systems. Wet (or
aqueous) corrosion remains the primary environmental focus, but dry (or
gaseous) corrosion is also addressed, reflecting the increased use of ele-
vated or high temperature operations in engineering systems, particularly
energy-related systems where corrosion and oxidation are important
considerations.
As with Volume 13A, Volume 13B recognizes the diverse range of

materials, environments, and industries affected by corrosion, the global
reach of corrosion practice, and the levels of technical activity and coop-
eration required to produce cost-effective, safe, and environmentally-
sound solutions to materials problems in chemically aggressive
environments. As we worked on this project, we marveled at the spread
of corrosion technology into many engineering technologies and fields of
human activity. This occurred because the pioneers of corrosion technol-
ogy from the early to mid-20th century, and the organizations they helped
create, were able to effectively communicate and disseminate their
knowledge to an ever widening audience through educational, training, and
outreach activities. One quarter of the articles in Volume 13B did not
appear in the 1987 Handbook. Authors from eight countries contributed to
Volume 13B. The references for each article are augmented by Selected
References to provide access to a wealth of additional information on
corrosion.
Volume 13B is organized into three major sections addressing the

materials used in society’s structures and their performance over time.
These sections recognize that materials are chemicals and respond to the

laws of chemistry and physics, that with sufficient knowledge corrosion is
predictable, and therefore, within the constraints of design and operating
conditions, corrosion can be minimized to provide economic, environ-
mental, and safety benefits.
The first Section, “Corrosion of FerrousMetals,” examines the corrosion

performance of wrought carbon steels, wrought low alloy steels, weath-
ering steels, metallic-coated steels, organic-coated steels, cast irons, cast
carbon and low alloy steels, wrought stainless steels, and cast stainless
steels. These materials include a wide spectrum of end-use products uti-
lizing steel’s desirable characteristics of lightness, high strength and
stiffness, adaptability, ease of prefabrication and mass production,
dimensional stability, durability, abrasion resistance, uniform quality, non-
combustibility, and ability to be recycled. In today’s worldwide market,
cost comes into play in the material selection process only after the user’s
functional requirements, particularly durability, are met. Expectations
for low maintenance and long life, crucial for a favorable life cycle cost
evaluation, require that long-term durability, including corrosion perfor-
mance, can be substantiated through prior experience and test data.
The second Section, “Corrosion of Nonferrous Metals and Specialty

Products,” addresses the corrosion performance of metals and alloys made
from aluminum, beryllium, cobalt, copper, hafnium, lead, magnesium,
nickel, niobium, precious metals, tantalum, tin, titanium, uranium, zinc,
zirconium, and specialty products including brazed and soldered joints,
thermal spray coatings, electroplated hard chromium, clad metals, powder
metallurgy materials, amorphous metals, intermetallics, carbides, and
metal matrix composites. Numerous nonferrous alloys have extremely
desirable physical and mechanical properties and have much higher
resistance to corrosion and oxidation than steels and stainless steels. The
most widely used nonferrous materials are those based on aluminum,
copper, nickel, and titanium. Powder metallurgy materials, amorphous
metals, intermetallics, cemented carbides, and metal matrix composites are
defined less by their compositions than by their microstructures, which
provide physical, mechanical, and corrosion and oxidation resistance
unlike those of the traditionally processed metals and alloys. In most
structures designed to resist corrosion, joints represent the greatest chal-
lenge. Coatings and claddings protect vulnerable substrate materials by
resisting the impact of corrosive or oxidizing media or by acting as sacri-
ficial anodes.
The third Section, “Environmental Performance of Nonmetallic

Materials,” addresses the performance of refractories, ceramics, concrete,
protective coatings, rubber linings, elastomers, and thermosetting resins
and resin matrix composites in aggressive environments. A significant
number of engineering materials applications are fulfilled by nonmetallic
materials. While nonmetallic materials are extensively used in engineering
systems, they can degrade is with time, sometimes with catastrophic effect.
The goal of this section is to indicate the chemical resistance of a variety
of commonly used nonmetallic materials and provide further references
for those seeking more in-depth information on their environmental
performance. In this regard, testing for chemical and mechanical compat-
ibility is usually warranted before nonmetallic materials are placed into a
specific service.
The Handbook concludes with the estimate of the “Global Cost of

Corrosion” noted at the beginning of this Preface and a “Gallery of Cor-
rosion Damage.” Using earlier cost studies as a basis, the 2004 total cost of
corrosion to the global economy, including both direct and indirect costs,
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was estimated to be about $1.9 trillion (USD) annually, or 3.8 percent of the
world GDP. The “Gallery of Corrosion Damage” contains color photo-
graphs of corrosion damage to complement the many black and white
examples that accompany individual articles in the three volume series.
The Gallery was assembled from photographs taken by experts in their
practice of corrosion control and prevention in industrial environments.
The photographs illustrate forms of corrosion and how they appear on
inspection in specific environments, with a brief analysis of the corrosion
problem and discussion of how the problem was corrected.
Supporting material at the back of the handbook includes a variety of

useful information. A “Periodic Table of the Elements” provides funda-
mental information on the elements and gives their organization by group
using three conventions: Chemical Abstract Service (CAS), International
Union of Pure and Applied Chemistry (IUPAC)-1970, and IUPAC-1988.
A concise description of “Crystal Structure” is given. “Density of Metals
and Alloys” gives values for a wide range of metals and alloys. “Reference
Electrodes” provides data on the commonly used reference electrodes
and “Overpotential” distinguishes overpotential and overvoltage. The
“Electrochemical Series” from the CRC Handbook is reproduced giving
standard reduction potentials for a lengthy array of elements. A “Galvanic
Series ofMetals and Alloys in Seawater” shows materials by their potential
with respect to the saturated calomel electrode (SCE) reference electrode.
The “Compatibility Guide” serves as a reference to metal couples in
various environments. A “Corrosion Rate Conversion” includes conver-
sions in both nomograph and tabular form. The “Metric Conversion Guide”
gives conversion factors for common units and includes SI prefixes.
“Abbreviations and Symbols” provides a key to common acronyms,
abbreviations, and symbols used in the Handbook.
Many individuals contributed to Volume 13B. In particular we wish to

recognize the efforts of the following individuals who provided leadership
in organizing subsections of the Handbook (listed in alphabetical order):

Chairperson Subsection title

Rajan Bhaskaran Global Cost of Corrosion
Arthur Cohen Corrosion of Copper and Copper Alloys
Bernard Covino, Jr. Corrosion of Specialty Products
Stephen Cramer Corrosion of Carbon and Alloy Steels, Corrosion of Low Melting

Metals and Alloys
Paul Crook Corrosion of Cobalt and Cobalt-Base Alloys, Corrosion of

Nickel-Base Alloys
Peter Elliott Gallery of Corrosion Damage
John F. Grubb Corrosion of Stainless Steels
Gil Kaufman Corrosion of Aluminum and Aluminum Alloys
Barbara Shaw Corrosion of Magnesium and Magnesium-Base Alloys
David C. Silverman Environmental Performance of Non-Metallic Materials
Richard Sutherlin Corrosion of Reactive and Refractory Metals and Alloys
Gregory Zhang Corrosion of Zinc and Zinc Alloys

These knowledgeable and dedicated individuals generously devoted
considerable time to the preparation of the Handbook. They were joined
in this effort by more than 70 authors who contributed their expertise
and creativity in a collaboration to write and revise the articles in the
Handbook, and by the many reviewers of these articles. These volun-
teers built on the contributions of earlier Handbook authors and
reviewers who provided the solid foundation on which the present
Handbook rests.
For articles revised from the 1987 edition, the contribution of the pre-

vious author is acknowledged at the end of the article. This location in no
way diminishes their contribution or our gratitude. Those authors respon-
sible for the current revision are named after the title. The variation in the
amount of revision is broad. The many completely new articles presented
no challenge for attribution, but assigning fair credit for revised articles was
more problematic. The choice of presenting authors’ names without
comment or with the qualifier “Revised by” is solely the responsibility of
the ASM staff.
We thank ASM International and the ASM staff for the skilled support

and valued expertise in the production of this Handbook. In particular, we
thank Charles Moosbrugger, Gayle Anton, and Scott Henry for their
encouragement, tactful diplomacy, and many helpful discussions. We are
most grateful to the Albany Research Center, U.S. Department of Energy,
for the support and flexibility in our assignments that enabled us to parti-
cipate in this project. In particular, we thank Jeffrey A. Hawk and Cynthia
A. Powell for their gracious and generous encouragement throughout the
project.

Stephen D. Cramer
Bernard S. Covino, Jr.,
U.S. Department of Energy
Albany Research Center
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Introduction to Corrosion of
Ferrous Metals
Jay W. Larson, American Iron and Steel Institute

DURABILITY IS A KEY FACTOR to the
designers, manufacturers, and users of products
made from ferrous metals, such as iron and steel.
In the presence of moisture, ferrous metals are
susceptible to corrosion. Therefore, care must be
taken to shield these ferrous metals from moist-
ure, protect them from corrosion in other ways,
or make an allowance in the design for the
eventual corrosion.

Industry Overview

Ferrous metals, by definition, are metals that
contain primarily iron and may have small
amounts of other elements added to give desired
properties. Iron is found in nature as iron ore,
most of which is iron oxide. Metallic iron is
produced by removal of oxygen from iron oxide.
The most common process is to first reduce the
ore in a blast furnace to an impure iron contain-
ing a high percentage of carbon, known as pig
iron, which is further refined into steel by means
of a basic oxygen furnace to reduce the carbon
content to the appropriate level. Worldwide in
2003, 67% of steel was produced by this inte-
grated process, and 33% came from remelting
scrap steel in electric arc furnaces (Ref 1).

Worldwide production of steel products has
increased from under 200 million metric tonnes
in 1950 to over 1 billion metric tonnes in 2004.
Iron and steel products are produced throughout
the world; however, 90% of world production is
concentrated in twenty countries. The steel
industry is undergoing significant consolidation
and restructuring; nevertheless, the industry
remains highly fragmented, with the largest
producer representing less than 5% of the global
market. The industry is characterized by rela-
tively large imbalances between production and
consumption in many regions. The former USSR
is the most dramatic example of this, producing
11.2% of the world supply yet consuming only
3.7%. On the other hand, North America imports
approximately 20 to 25% of the steel it con-
sumes. Therefore, the impact of imports and
trade policies has become a key industry driver
(Ref 1).

In North America, groundbreaking labor/
management agreements have facilitated indus-
try consolidation. Broadened job scopes and
streamlining of management personnel have
produced dramatic operational efficiencies and
increased worker involvement. Swiftly changing
customer demands and expanding global com-
petition have triggered a sweeping transforma-
tion and modernization of the North American
steel industry. Today, the North American steel
industry is in the world’s top tier of productivity,
environmental responsibility, competitiveness,
and product quality. Labor productivity has more
than tripled since the early 1980s, going from an
average of 10.1 man-hours per finished ton to an
average of 3 man-hours per finished ton in 2004.
Many North American plants are producing a ton
of finished steel in less than 1 man-hour (Ref 2).

Steel Products and Characteristics

Steel products include hot rolled shapes, bars,
rods, wire, hot and cold rolled sheet and strip,
plates, tin mill products, metallic-coated sheet,
steel tubes, castings, and forgings. These steel
products, in turn, are used in most industries,
including construction, automotive, industrial
equipment, energy, shipping, containers, appli-
ances, agriculture, fasteners, and furniture.

The end-use products cover a wide spectrum,
such as railway track, concrete reinforcing
bars, structural framing, machinery, pipelines,
conduit, storage tanks, building and bridge
structures, guard rail, culverts, roofing and sid-
ing, deck, doors, and food containers. Steel is
selected for these varied uses in varied environ-
ments because it offers many desirable char-
acteristics, including lightness, high strength and
stiffness, adaptability, ease of prefabrication
and mass production, dimensional stability (non-
shrinking and noncreeping at ambient tempera-
tures), durability (termite-proof, rot-proof),
abrasion resistance, availability, uniform quality,
and noncombustibility. Further, because most
ferrous metals are magnetic, they are very easy to
separate from the waste stream. This important
property allows steel to be the most recycled

material, which is done for economic as well as
environmental reasons. This combination of
factors often results in steel being the most cost-
effective solution, either on a first cost or life-
cycle cost basis.

However, cost only comes into play in the
materials selection process after the customer’s
functional requirements, including durability,
have been met. This requirement may be explicit,
in the form of a specification or regulation, or
subjective. Expectations for low maintenance
and long life, crucial for a favorable life-cycle
cost evaluation, require that claims about long-
term durability can be substantiated through
previous experience or test data.

Role of Corrosion

In the presence of moisture, iron combines
with atmospheric oxygen or dissolved oxygen to
form a hydrated iron oxide, commonly called
rust. The oxide is a solid that retains the same
general form as the metal from which it is formed
but is porous and somewhat bulkier and rela-
tively weak and brittle. Corrosion is undesirable
because of its adverse effect on strength, service-
ability, and aesthetics. For the same chemical
analysis and heat treatment, corrosion resistance
is not generally dependent on whether the steel is
cast or is subject to further forging or rolling.

Methods that are used to prevent or control the
rusting of ferrous materials that are detailed in
this section include:

� Alloying so that the iron will be chemically
resistant to corrosion, resulting in materials
such as stainless steel sheet, alloy castings,
and weathering steels

� Coating with a material that will react with the
corroding substances more readily than the
iron does and thus, while being consumed,
protects the steel, such as hot dip galvanized
or aluminum-zinc-coated sheet

� Covering with an impermeable surface coat-
ing so that air and water cannot reach the
iron, such as organic coating systems and tin
plating
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It is important to determine the suitability of
the aforementioned methods for the end-use
application. Cathodic protection is often the
most economic approach to protection of
underground and underwater steel structures.
This topic is addressed in the article “Cathodic
Protection” in ASM Handbook, Volume 13A,
2003.

Corrosion resistance can be an important
consideration in the design of products and the
selection of materials. Naturally, customer
specifications or regulations must be met. How-
ever, providing increased life expectancy,
assuring lower maintenance costs or claims, and
increasing consumer confidence can provide a

competitive advantage and increased market
share. Growth areas for ferrous materials include
the use of stainless steels for food manufacturing
and storage equipment, weathering steel (nickel
alloy) plate for bridge girders, and Galvalume*
(aluminum-zinc alloy) sheet for low-slope
structural standing seam roofing.

The long-term durability of properly design
and protected steel products has led to significant
growth opportunities for steel, including pre-
painted, metallic-coated sheet steel for high-
slope architectural and residential roofing, and
galvanized steel framing for light commercial,
industrial, and residential framing. Increased
durability also allows steel to defend against

competitive threats of other materials in estab-
lished markets, such as canned foods and
automotive.

REFERENCES

1. 2004 Edition World Steel in Figures, Inter-
national Iron and Steel Institute, 2004

2. “Fact Sheet—The New Steel Industry,”
American Iron and Steel Institute, 2004

*Galvalume is a registered trademark of BIEC International or
its licensed producers.
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Corrosion of Wrought Carbon Steels
Toshiaki Kodama, Nakabohtec Corrosion Protection Co., Ltd.

CARBON STEEL is the most widely used
engineering material, so the cost of dealing with
corrosion of carbon steels is a significant portion
of the total cost of corrosion. The latest report
describes the annual total cost of metallic cor-
rosion in the United States and the preventive
strategies for optimal corrosion management
(Ref 1). The total direct cost of corrosion is
estimated at $276 billion per year, which is 3.1%
of the 1998 U.S. gross domestic product. This
report is summarized in the article “Direct Cost
of Corrosion in the United States” in ASM
Handbook, Volume 13A, 2003. This cost was
determined by analyzing 26 industrial sectors in
which corrosion is known to exist and by extra-
polating the results for a nationwide estimate. In
Japan, the cost of corrosion was estimated in
1997 by three methods. One of them, the Hoar
method, estimated for 1997 that the cost was
5258 billion yen (40.5 billion U.S. dollars),
which was equivalent to 1.02% of the gross
national product of Japan. The estimated total
was doubled when indirect cost was taken into
consideration (Ref 2).

Corrosion control methods are classified as
materials modification, isolation of steels from
aggressive environments, and environmental
mitigation, including cathodic protection (CP).
Carbon or mild steels are, by their nature, of
limited alloy content, usually less than 2% by
weight for the total of all additions. Unfortu-
nately, these levels of addition do not generally
produce any remarkable changes in general
corrosion behavior. The first category of corro-
sion control (alloying or structural modification)
is therefore generally not effective for carbon
steels. However, weathering steels, which con-
tain small additions of copper, chromium, nickel,
and/or phosphorus, do produce significant
reductions in the atmospheric corrosion rate in
certain environments. See the article “Corrosion
of Weathering Steels” in this Volume. At the
levels present in low-alloy steels, the usual
impurities have no significant effect on corrosion
rate in neutral waters, concrete, or soils.

The isolation of metals from the corrosive
environment is the most commonly applied
technique for the protection of carbon steels.
Isolation methods include painting, coating, and
lining. Surveys have revealed that most of the
cost for the protection of metallic materials is for

paintings and metallic coatings. The corrosion
loss survey in Japan showed that among corro-
sion preventive measures in industries, 58 and
26% of the total cost are directed to painting and
other surface treatments, respectively, while
expenditure for corrosion-resistant materials
such as stainless steels is 11% of the total.

The third category, environmental mitigation,
includes inhibitor addition, deaeration of water,
and CP, of which the economic impact is rather
small (approximately 2%). Its effectiveness,
however, is pronounced when it is employed in
conjunction with coatings, as in the cathodic
protection of polymer-coated pipelines.

Atmospheric Corrosion

The atmospheric corrosion of carbon steel is
understood by considering the electrochemical
process that occurs in aqueous media. If carbon
steel is placed in a completely dry atmosphere in
ambient temperature, oxide film growth is so
small that corrosion rate would be virtually
negligible. Ideally, a clean metal surface is free
from a water layer below the dewpoint. How-
ever, in actual conditions, water condensation
occurs even below the dewpoint because of the
deposition of saline aerosols to the metal surface
or by the deposition of solid particles such as
dust, soil, and corrosion products. Magnesium
chloride (MgCl2) in seawater is a prime factor for
water film formation because of its deliquescent
nature. The relative humidity (RH) in equili-
brium with solid MgCl2 is 33%, meaning that a
metal surface contaminated with saline aerosols
becomes wet at 33% RH. Owing to capillary
condensation, wetting also occurs at a RH below
the dewpoint in the presence of deposited solid
substance. Atmospheric corrosion of metals
proceeds under a water film through aqueous
electrochemical process, even in an apparently
dry atmosphere. Thus, by International Organi-
zation for Standardization (ISO) 9223 (Ref 3),
the definition of time of wetness (TOW) is given
as time in hours per year (h/yr) when RH480%
and the temperature, T, 4 0 �C (32 �F).

Corrosion Film Formation and Break-
down. The corrosion of iron in the atmosphere
proceeds by the formation of hydrated oxides.

The formation of oxyhydroxides is the principal
anodic process of rusting:

Feþ 2H2O?FeOOHþ 3Hþ þ 3e�ðanodicÞ

The group of ferric oxyhydroxides includes
a-FeOOH (goethite), b-FeOOH (akaganeite),
and c-FeOOH (lepidocrocite). Among the three
types of FeOOH, goethite is the most stable and
is the main constituent of rust in atmospheric
corrosion. Lepidocrocite is also prevalent but
is transformed to more stable goethite during
long exposure. b-FeOOH occurs only in chlor-
ide-laden marine and coastal environments
(Ref 4–6). Additionally, amorphous ferric pro-
ducts Fe(OH)3 and c-Fe2O3 are observed.

The cathodic process involved with rusting is
almost exclusively the reduction of oxygen:

O2 þ 2H2Oþ 4e�? 4OH�

The ferric oxyhydroxides are stable in dry
atmospheres. They are, however, readily reduced
to a mixed ferric/ferrous state, most notably to
ferrous ion (Fe2þ) and magnetite (Fe3O4), by an
electrochemical reaction in which ferric hydro-
xides act as an oxidant and the anodic reaction is
oxidation of iron to Fe3O4. To make the situation
worse, the reduced ferrous ion is more soluble in
water than the ferric ions. The readiness of oxi-
des (including oxyhydroxides) to form the more
soluble ferrous ions is the principal reason for
poor protectiveness and easy spallation of iron
rust. This cycle of redox reaction in rust is known
as the Evans cycle (Ref 7–9).

Atmospheric Factors. Because there is a
substantial variation in the corrosion rates of
carbon steels at different atmospheric-test loca-
tions, it is only logical to ask which factors
contribute to these differences. Although the
prediction of corrosivity is still not precise, it
appears that TOW or RH, temperature, the levels
of chloride deposition, and the presence of
atmospheric pollutants such as SOx, NOx, and
Hþ (acid rain) are important factors. In ISO 9224
(Ref 10), the corrosivity of atmosphere is ranked
(C1 to C5 in the order of severity), which is
described in Table 1.

Time of Wetness. Because atmospheric cor-
rosion is an electrochemical process, the pre-
sence of an electrolyte is required. This should
not be taken to mean that the steel surface must
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be soaked in water; a very thin adsorbed film of
water is all that is required. During an actual
exposure, the metal spends some portion of the
time awash with water because of rain or
splashing and a portion of the time covered with
a thin adsorbed water film. Dewing, the state in
which a metal surface is covered with a thin
water film, is more pronounced in the case when
the metal surface is contaminated with the
deposit of saline particles. Because TOW is
defined as the time (h/yr) the RH is greater than
80% at an air temperature higher than 0 �C
(32 �F), it can be calculated directly from mon-
itored data of the temperature and RH.

Sulfur dioxide (SO2) resulting from the com-
bustion of fossil fuel is the most aggressive
pollutant to metallic corrosion. In major devel-
oped countries, both total emission and pollutant
concentration have decreased drastically, al-
though in developing countries where coal is the
major source of energy, the decrease is less
remarkable. A summary of air quality change in
the United States is reported by its Environ-
mental Protection Agency (EPA) and is shown in
Table 2. Average SO2 ambient concentrations
have decreased 54% from 1983 to 2002 and 39%
over the more recent 10 year period of 1993 to
2002, while SO2 emissions decreased 33 and
31%, respectively. Nitrogen compounds, in the
form of NOx, also tend to accelerate atmospheric
attack. Statistics by the EPA showed slower
improvement of NOx compared with SOx. The
average pollutant concentration level in 2002 in
the United States is 0.01 ppm for SOx and
0.02 ppm for NOx. In actual atmospheric corro-
sion data analysis, NOx attracts less attention
because NOx influences corrosion less. In coun-
tries where coal is the major power source, SOx

in the atmosphere is still the key factor affecting
atmospheric corrosion, although the highest cor-
rosion is segregated in industrial areas (Ref 11).

Atmospheric salinity distinctly accelerates
atmospheric corrosion of steels. The deposited
saline particle enhances surface electrolyte for-
mation, owing to the deliquescence of MgCl2. In
marine and coastal areas, metal surfaces become
and remain wet even when the RH is low. Fig-
ure 1 shows the relationship between the chloride
deposition rate onto the steel surface and the
corrosion rate of carbon steel (Ref 12). At an
active anode front, chloride forms ferrous
chloride complexes, which tend to be unstable
(soluble), resulting in further stimulation of
corrosive attack. The ferrous chloride is oxidized
to ferric hydroxide (rust) on contact with air. By
this process, chloride ions are released and again
supply the active anode front. Figure 2 shows the
morphological change of rust as a function
of chloride pickup (Ref 13). With increasing
chloride contamination in rust, flaky and
large-grained rusts are formed, resulting in the
spallation of rust and the acceleration of the
corrosion rate.

In ISO 9226, TOW, SO2 level (P), and air-
borne salinity (S) are defined as the most influ-
ential factors in atmospheric corrosion, allowing
the corrosivity categories of Table 1 to be esti-
mated (Ref 14). The TOW is classified to five
levels, T1 to T5 (Table 3), and SO2 and salinity
are each divided into four classes of P0 to P3 and
S0 to S3, respectively (Table 4). The corrosivity
category, ranging from C1 to C5, is assessed by

the T, P, and S classifications, and the estimation
is listed in Table 5.

Another factor to consider is the effect of
microclimates. In large steel structures, local
temperature differences create local wet and dry
cycles. In atmospheric exposure tests of uncoat-
ed steels, local attack is influenced by the
exposure direction (skyward or groundward) and
the rinsing of deposited salts by rain (open-air or
sheltered conditions). In a coastal environment,
higher corrosion rates are observed on the
groundward surface and in the sheltered condi-
tion, where there is a smaller chance for rinsing
of salt deposits by rain.

Effects of Alloying Additions. Because car-
bon steels are, by definition, not highly alloyed, it
is not surprising that most grades do not exhibit
large differences in atmospheric corrosion rate.
Nevertheless, alloying can make changes in the
atmospheric corrosion rate of carbon steel
(Fig. 3). The elements generally found to be most
beneficial in this regard are copper, nickel, sili-
con, chromium, and phosphorus. Commercial
products of steels alloyed with the aforemen-
tioned elements are weathering steels (Ref 16,
17). Although phosphorus is beneficial from the
point of corrosion, phosphorus-bearing weath-
ering steels are not common because of the
deteriorated weldability. In the initial stage of
atmospheric exposure, those containing bene-
ficial elements show no distinct difference from
ordinary carbon steels until the corrosion rate
decreases to a level of several micrometers per
year. These elements are effective because a
more compact and less permeable rust is formed.
Mechanisms for the improved protectiveness are
thought to be refinement of rust grain size, a trend
to amorphous ferric hydroxide, and selective ion

Table 1 ISO corrosivity categories from
first year exposure data

Corrosivity category

Corrosion rate

g/m2.yr mm/yr mils/yr

C1 0–10 0–1.3 0–51.2
C2 10–200 1.3–25 51.2–985
C3 200–400 25–50 985–1970
C4 400–650 50–80 1970–3150
C5 650–1500 80–200 3150–7880

Source: Ref 10

Table 2 Changes in air quality and total
emission in the United States

Pollutant 1983–2002 1993–2002

Change in air quality, %

NOx �21 �11
SOx �54 �39

Change in emissions, %

NOx �15 �12
SOx �33 �31

Negative numbers indicate improvement. Source: Ref 11
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Table 4 ISO sulfur dioxide and chloride
classification

Class
Deposition rate,

mg/m2.d
Concentration,

mg/m3

Sulfur dioxide(a)

P0 510 512
P1 10–35 12–40
P2 36–80 41–90
P3 81–200 91–250

Chloride(b)

S0 53 . . .
S1 3–60 . . .
S2 61–300 . . .
S3 4300 . . .

(a) Sulfation plate measurement. (b) Chloride candle measurement

Table 3 ISO wetness classification

Wetness class

Time of wetness

h/yr %

T1 510 50.1
T2 10–250 0.1–3
T3 250–2600 3–30
T4 2600–5200 30–60
T5 45200 460

Source: Ref 14
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permeation through rust. Weathering steels
appear most effective in an industrial atmosphere
rich in SO2 but less effective in salt-laden marine
and coastal environments.

Kinetics of Atmospheric Corrosion. The
rate of atmospheric corrosion of steels is not
constant with time but usually decreases as the
length of exposure increases. This fact indicates
the difficulty in using most of the published
atmospheric-corrosion data in any quantitative
way. Much of the published data consists of
weight loss due to corrosion averaged over the
time of exposure. Such corrosion rate calcula-
tions are misleading, especially when the expo-
sure time is short, because the long-term rate of
attack can be considerably lower.

The atmospheric corrosion rate law is most
commonly expressed in the form (Ref 18, 19):

DW ¼ Ktn (Eq 1)

where DW is the loss in mass or thickness of
metal due to corrosion, expressed in milligrams
or millimeters, and t is the exposure time in
years. K is an empirical constant indicating the
loss in the first year, and n is another empirical
constant representing the protectiveness of cor-
rosion products on metal. Because the values of
K and n depend on the exposure site, environ-

mental factors, and the alloying composition, a
great deal of work must be done before Eq 1 can
be used in real applications. If the rust layer is not
protective, a linear rate law (n=1) applies,
although it is rare in atmospheric corrosion. The
case of n=1/2 is often encountered in high-
temperature oxidation, suggesting that the cor-
rosion rate is determined by mass transport
through the corrosion product. Actually, cases of
n51/2 exist in mild atmospheres. Compared
with carbon steels, weathering steels show very
low n-values—normally, a value less than 1/2.

Equation 1 can be useful in estimating long-
term corrosion behavior from as little as 2 years
of data (Ref 18), although 3 to 4 years of data
provide better extrapolations. Most importantly,
Eq 1 points out that it is impossible to describe
the extent or rate of corrosion under atmospheric
conditions with a single parameter. When the
results of a several-year exposure test are con-
densed to a single value, such as the average loss
per year or the total loss for the exposure period,
one cannot estimate the values of the kinetic
parameters governing the system. Without the
values of these parameters, the extrapolation of
the results to longer exposure periods is quite
unreliable. When good estimates for the kinetic
parameters are available, extrapolations to 7 or 8
year performance from l and 2 year data have

been found to agree within 5% of the observed
performance (Ref 18). In the salt-laden atmo-
sphere of a coastal region, a break away from Eq
1 occurs, even for weathering steels; in this case,
flaky rusts are formed due to the aggressive
nature of the chloride ion.

Aqueous Corrosion

Compared with nonferrous metals, such as
copper and zinc, the corrosion behavior of car-
bon steel is less sensitive to water quality. This is
due to the fact that anodic products on carbon
steels are not protective, and therefore, corrosion
rate is controlled by the cathodic process, that is,
the supply of dissolved oxygen.

Freshwater Corrosion. In stagnant water,
cathodic current for dissolved oxygen (DO) is
10 mA/cm2 under saturated conditions in water at
ordinary temperature. Because corrosion is an
electrochemical process, the anodic current or
corrosion rate of iron is equivalent to DO
reduction. The corresponding corrosion rate for
iron is approximately 0.1 mm/yr (3.9 mils/yr).
The classical data by Whitman are still valid as a
first-order approximation. In the pH range of 4 to
10, the corrosion rate for carbon steel is constant
in soft waters (Fig. 4). Below pH 4, corrosion is
accelerated due to hydrogen evolution as a
cathodic reaction. Above pH 10, corrosion is
suppressed owing to passivation, the formation
of a very thin, invisible oxide film on the steel
surface (Ref 22, 23). In waters containing high
bicarbonate and chloride ions, the corrosion rate
is maximized at a pH of approximately 8.0,
which is due to the increased pitting tendency
with increased pH and decreased buffer capacity
in carbonate equilibria (Fig. 5).

The determining nature of the cathodic rate is
shown in Fig. 6, where the effect of corrosion
rate as a function of flow velocity and salt con-
centration is given. Curve 1 is for distilled water
with 10 ppm chloride ion added (Ref 22, 23), and
curve 2 is the result obtained for Tokyo city
water with electrical conductivity of 250 mS/cm
(Ref 24). In freshwaters, the corrosion rate

Table 5 ISO corrosivity category estimation by environmental factors

Chloride
classification(b)

T1 T2 T3 T4 T5

S0–S1 S2 S3 S0–S1 S2 S3 S0–S1 S2 S3 S0–S1 S2 S3 S0–S1 S2 S3

P0, P1 C1 C1 C1–C2 C1 C2 C3–C4 C2–C3 C3–C4 C4 C3 C4 C5 C3–C4 C5 C5
P2 C1 C1 C1–C2 C1–C2 C2–C3 C3–C4 C3–C4 C3–C4 C4–C5 C4 C4 C5 C4–C5 C5 C5
P3 C1–C2 C1–C2 C2 C2 C3 C4 C4 C4–C5 C5 C5 C5 C5 C5 C5 C5

Definition of corrosivity categories C1 to C5 is given in Table 1. See Table 3 for wetness classifications T1–T5. See Table 4 for SO2 classifications
S0–S3.
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increases with increasing flow velocity to a cri-
tical value, above which steel is passivated due to
a sufficient supply of oxygen for stable oxide
film to be created. With increasing salt con-
centration, passivation is less liable to occur.

In hard water that contains high calcium
(Ca2þ) and bicarbonate (HCO3

�) ions, calcium
carbonate (CaCO3) film may be used for corro-
sion protection if its formation is properly con-
trolled. For the prediction of calcareous film
formation, the Langelier index analysis is used
(Ref 20, 25), in which ionic equilibrium of
CaCO3 deposition is expressed as a function
of Ca2þ, HCO3

� concentrations, pH, ionic
strength, and temperature. In freshwater of nor-
mal pH range, bicarbonate ion is predominant
among carbonates. Increases dissolved Ca2þ

and HCO3
�, which favors CaCO3 deposition

(scaling tendency). An increase in pH accelerates
the dissociation of bicarbonate to carbonate
(CO3

2�), resulting in the enhancement of the
activity of CO3

2�. The solubility of CaCO3 is
decreased with increasing temperature, indi-
cating that CaCO3 deposits on high-temperature
zones, such as heat-exchanger surfaces, may lead
to overheating in the system. Corrosion and
excessive scaling are conflicting phenomena;
thus, water treatment mitigation is necessary to
avoid both.

Most alloying does not cause differences in
the corrosion rate of carbon steel in freshwater.
Such elements as copper, which is beneficial for
atmospheric corrosion, do not improve fresh-
water corrosion resistance, because compact
adherent film is not established under fully wet
conditions without a dry cycle. For the protection
of steel pipes for plumbing, galvanizing is the
most common method. However, in the last two
decades, steel pipes with polymer lining are
replacing galvanized piping.

Seawater Corrosion. Chlorinity of seawater
is loosely defined as the total amount (in kilo-
grams) of halide ions (mostly chloride) dissolved
in 1 kg (2.2 lb) of seawater. Salinity is the cor-
responding total amount of salts dissolved in
seawater and is expressed as:

Salinity ¼ 1:80655 · Chlorinity

Although there exist small variations in sali-
nity, the proportions of major constituents of
seawater do not change. Surprisingly, the pH of
surface seawater globally is quite constant, at
approximately 8.2. The corrosion rates of carbon
steel specimens completely immersed in sea-
water do not appear to depend on the geo-
graphical location of the test site; therefore, by
inference, the mean temperature does not appear
to play an important role directly. Because the
corrosion rate in seawater is controlled by the
diffusion of DO, it is of the same level as fresh-
water (approximately 0.1 mm/yr, or 4 mils/yr)
but is dependent on the flow velocity. Water
temperature does affect the amount of DO
available.

The corrosion rates on steel piling surfaces
normally vary vertically by zone. The profile for
steel sheet piling, averaged for several harbor
installations, is shown in Fig. 7 (Ref 26). In
general, the maximum reduction in metal thick-
ness occurs in the splash zone immediately
above the mean high-water level. A significant
loss usually occurs a short way below mean low
water in the continuously submerged zone. With
the exception of those few cases where scour is a
factor, the least affected zone is usually found
below the mudline, with higher losses at the
water-mudline interface. Another low-loss area
exists in the tidal zone approximately halfway
between mean high-water and mean low-water
levels. The minimum corrosion within the tidal
zone and the secondary peak just below the tidal
zone are due to differential aeration (Ref 27).
The continuously submerged zones of steel struc-
tures can be efficiently protected by means of CP.

High electric conductance of seawater favors
the use of CP. Calcareous films grow on ca-
thodically polarized surface, because seawater
is slightly oversaturated with CaCO3. On the
cathode surface, pH is increased, favoring the
deposition of CaCO3. While the initial cathodic
current required for steel in stagnant seawater is
150 mA/m2 (14 mA/ft2), it can drop to 30 mA/
m2 (3 mA/ft2), owing to the protective nature of
calcareous film. The protection of steel in the
tidal and splash zones is more difficult but can be
attained by various types of coatings and cover-
ings consisting of polymers, metals, and mortar.

In actual marine exposures, periods of rapid
flow from tidal motion may not be effective,
because the slack periods at reversal may allow
marine organisms to attach themselves to the
metal surface. If these organisms can survive
the subsequent high flow, then a growth on the
exposed surface can develop. This effectively
reduces the velocity of seawater at the metal-
water interface so that bulk flow rates are no
longer rate-determining.

Soil Corrosion

The behavior of carbon steel in soil depends
primarily on the nature of the soil and certain
other environmental factors, such as the avail-
ability of moisture and oxygen. These factors
affect the corrosion rate of carbon steel. The
evaluation of soil aggressivity was first proposed
by the National Bureau of Standards (now the
National Institute of Standards and Technology)
(Ref 28), then Deutsche Industrie-Normen (DIN)
(Ref 29, 30) and American National Standards
Institute/American Water Works Association
(ANSI/AWWA) (Ref 31). Factors that influence
aggressivity are soil type, resistivity, water
content, pH, buffer capacity, sulfides, neutral
salts, sulfates, groundwater, horizontal homo-
geneity, vertical homogeneity, and electrode
potential.

The water content, together with the oxygen
and carbon dioxide contents, are major corro-
sion-determining factors. The supply of oxygen
is comparatively large above the groundwater
table but is considerably less below it and is
influenced by the type of soil. It is high in sand
but low in clay. The different aeration char-
acteristics may lead to significant corrosion
problems due to the creation of oxygen con-
centration cells.

The pH value of soil is determined by the
carbonic acid/bicarbonate ratio, minerals, or-
ganic acids, and by industrial wastes or acid rain.
In the normal pH range of 5 to 8, factors other
than pH have greater influence on the corrosion
of steel.

Resistivity of soil is the most frequently used
parameter for determining its aggressiveness.
Resistivity also influences the localized nature
of corrosion. The risk of localized corrosion
(pitting) is high if the soil resistivity is lower than
1000 V.cm. The low resistivity favors the abil-
ity of macrocell current to flow between portions
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exposed to different electrolytes and different
levels of aeration. The redox potential in the soil
becomes nobler with the increase of oxygen
concentration in the soil. Similarly, a difference
in pH generates a macrocell. Steel in contact
with a strong alkali, such as concrete, becomes
passivated, leading to the ennoblement of the
electrode potential. It is the difference in redox
potential that can lead to the macrocorrosion cell.

Rating values are given in DIN 50929-3 for
the aforementioned twelve items of soil quality
(Ref 29, 30). By summing the rating numbers,
the soil aggressivity, the tendency for macrocell
corrosion, and other factors are evaluated.
Similarly, ANSI/AWWA gives a point system
for predicting soil corrosivity, which is shown in
Table 6 (Ref 31).

The corrosion rate in soil is expressed as:

W ¼ atm (Eq 2)

where W is either the average mass loss or
maximum pit depth, t is time of exposure, and a
and m are constants that depend on the specific
soil corrosion situation. Equation 2 is of the same
form as Eq 1 for atmospheric corrosion.

Sulfate-reducing bacteria (such as Desulfovi-
brio desulfuricans), which occur under anaero-
bic conditions such as in deep soil layers,

catalyze the reduction of sulfate (SO4
2�)ion to

sulfide (S2�), forming iron sulfide as a corrosion
product. Anaerobic bacterial corrosion is more
serious when it is combined with a differential
aeration cell, in which the anaerobic zone works
as a local anode.

Steel structures buried in the ground, such as
pipelines, provide a better electrical conductor
than the soil for stray return currents from elec-
tric rail systems, electrical grounding equipment,
and CP systems on nearby pipes. Accelerating
corrosion occurs at the point where the current
leaves the pipe to the earth.

Corrosion in Concrete

The environment provided by good-quality
concrete to steel reinforcement is one of high
alkalinity due to the presence of the hydroxides
of sodium, potassium, and calcium produced
during the hydration reactions. Sound concrete
gives a pH value higher than 13.0. In such an
environment, steel is protected by passive oxide
films. The standard ASTM C 876-91 gives
electrochemical means of predicting corrosion
of reinforcing steel in concrete (Ref 32). The
criteria for corrosion are given as follows when

the electrode potential of the reinforcing steel (E)
is measured in volts referenced to the copper/
copper sulfate electrode (VCSE):

� If E4�0.2 VCSE, there is a 90% probability
of no steel corrosion.

� If �0.2 VCSE4E4�0.35 VCSE, corrosion
activity is uncertain.

� If E5�0.35 VCSE, corrosion occurs with
90% probability.

It should be noted that the protection is
achieved only when the electrode potential is
higher than a critical value, which contrasts the
case of protection of steel in seawater or soil
where protection is attained at potentials below a
critical value. This reflects the passive nature of
the uncorroded steel surface in concrete. Corro-
sion starts on the reinforcement if the passive
film is removed or depassivated by the reduced
alkalinity of its surroundings or by the attack
of chloride ions. The former is caused by the
neutralization action of mortar by carbon dioxide
in air, by which calcium hydroxide in concrete is
transformed into calcium carbonate. The depth
of carbonation in a structure can be established
by the use of a phenolphthalein indicator on the
freshly exposed material.

Another type of deterioration of concrete is
caused by alkali aggregate reaction, where free
alkali oxides, namely sodium and potassium
oxide, in concrete react with reactive silica or
carbonates in aggregates to form alkali silicates

Table 6 American National Standards
Institute/American Water Works Association
point system for predicting soil corrosivity
When the point total of a soil in the following scale is equal
to or higher than 10, corrosion protective measures, such as
cathodic protection, are recommended for cast iron alloys.

Soil parameter Points

Resistivity, V.cm

5700 10
700–1000 8
1000–1200 5
1200–1500 2
1500–2000 1
42000 0

pH

0–2 5
2–4 3
4–6.5 0
6.5–7.5 0
7.5–8.5 0
48.5 3

Redox potential, mV

4100 0
50–100 3.5
0–50 4
50 5

Sulfides

Positive 3.5
Trace 2
Negative 0

Moisture

Poor drainage, continuously wet 2
Fair drainage, generally moist 1
Good drainage, generally dry 0
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that absorb moisture, resulting in volume
expansion and crack formation in concrete.
Current practices to mitigate the detrimental
effects of alkali-silica reactivity include the use
of nonreactive aggregates, reducing the alkali
content of the concrete by using low-alkali
cement where available, and by using supple-
mentary cementing materials or blended cements
proven by testing to control the reaction. Sup-
plementary cementing materials include fly ash;
ground, granulated blast furnace slag; silica
fume; and natural pozzolans. See the article “
Environmental Performance of Concrete” in this
Volume.

Chloride ions may enter the set concrete from
external sources, such as seawater or deicing salt.
The concentration of chloride ions required to
initiate and maintain corrosion depends on the
alkalinity. It has been shown that there is an
almost linear relationship between hydroxyl ion
concentration and the respective threshold level
of the chloride. Depassivation by chloride starts
as the result of breakdown of the film, similar to
the pitting corrosion on stainless steels. Although
chloride attack starts at potentials higher than a
critical value, the electrochemical potential
drops in the propagation stage of corrosion,
which leads to the reduced potential (E) in cor-
rode zones. This, in turn, can result in staining of
the concrete by rust and spalling of the cover due
to the volume increase associated with the con-
version of iron to iron hydroxide.

Surprisingly, the steel in mortar is free from
corrosion when the concrete structure is fully
submerged in seawater. Complete deaeration is
achieved in secluded seawater in mortar after the
lapse of time, because diffusion of oxygen is
sufficiently low under an unstirred condition. For
marine concrete structures, corrosion is the most
severe in the splash zone and the atmospheric
zone.

The permeability of concrete is important in
determining the extent to which aggressive
external substances can attack the steel. A thick
concrete cover of low permeability is likely to
prevent chloride ions from an external source
from reaching the steel and causing depassiva-
tion. Where an adequate depth of cover is diffi-
cult to achieve, additional protection may be
required for the embedded steel. The steel rein-
forcement itself may be protected by a metallic
coating, such as galvanizing, epoxy resin, or
stainless steel cladding. In extreme circum-
stances of marine environments, the addition of a
calcium nitrite inhibitor to concrete is recom-
mended. The most secure method of protection is
CP, although there still exist difficulties in the
installation of suitable insoluble anodes.

Boiler Service

Corrosion in steel boilers is a special case of
aqueous corrosion that involves elevated tem-
peratures. Corrosion control is attained most
often by means of water treatment. In modern

boiler systems, DO is first removed mechanically
and then by chemically scavenging the remain-
der. The mechanical degasification is typically
carried out with vacuum degasifiers that reduce
oxygen levels to less than 0.5 to 1.0 mg/L or
with deaerating heaters that reduce oxygen
concentration to the range of 0.005 to
0.010 mg/L. Even this small amount of oxygen
is corrosive at boiler system temperatures and
pressures. Removal of the last traces of oxygen is
accomplished by treating the water with a redu-
cing agent that serves as an oxygen scavenger.
Hydrazine and sodium sulfite are widely used
oxygen scavengers. In closed-loop systems, the
initial oxygen supply of the water is rapidly
consumed in the early stages of film formation,
so that corrosion rates are usually not a problem.
In non-closed-loop systems, deaeration is
usually adequate for eliminating general corro-
sion problems.

Of more concern in boiler systems is the
occurrence of pitting. In pitting corrosion, both
DO and carbon dioxide (CO2) promote attack.
Deaeration is useful in stopping the oxygen
attack, but CO2 pitting is more effectively han-
dled by maintaining an alkaline pH in the water.
Surface deposits of corrosion products, mill
scale, or even oil films have occasionally been
implicated in the pitting attack of boilers.
Another major source of corrosion in the con-
densate return piping is the presence of carbonic
acid in the condensate. Natural and softened
water contains quantities of HCO3

� that tends to
decompose into CO2 gas at elevated temperature.
Liberated CO2 then dissolves in condensate to
form carbonic acid in the pipes and metallic
equipment, resulting in carbonic acid corrosion.
The carbonic acid corrosion can be avoided by
deionizing the supply water or by adding vapor-
phase inhibitors.
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Corrosion of Wrought Low-Alloy Steels
Revised by Thomas G. Oakwood, Consultant

LOW-ALLOY STEELS comprise a category
of ferrous materials that exhibit mechanical
properties superior to those of ordinary carbon
steels as the result of additions of such alloying
elements as chromium, nickel, and molybdenum.
Total alloy content of low-alloy steels can range
from 0.5 to 1% and up to levels just below that of
stainless steels. For many low-alloy steels, the
primary function of the alloying elements is to
increase hardenability in order to optimize
mechanical properties and toughness after heat
treatment. In some cases, however, alloying
additions are used to reduce environmental
degradation under certain specified service con-
ditions.

Low-alloy steels are used in a broad spectrum
of applications. In some cases, corrosion resis-
tance is a major factor in alloy selection; in other
applications, it is only a minor consideration.
The information available on the corrosion
resistance of low-alloy steels is end-use oriented
and often addresses rather specialized types of
corrosion. As a result, this article emphasizes
those applications where corrosion resistance is
either a major factor in steel selection or where
available data have shown that variations in alloy
content or steel processing affect resistance to
corrosion.

For many applications, steels with a rela-
tively low alloy content are used. Such steels
include those designated by ASTM Inter-
national and the Society of Automotive
Engineers (SAE) as standard alloy steels and
modifications of these grades. In addition,
potential standard (PS) grades, formerly SAE
PS and EX (experimental) grades, are applic-
able, along with high-strength low-alloy and
structural alloy steels. Small additions of some
alloying elements will enhance corrosion resi-
stance in moderately corrosive environments. In
severe environments, however, the corrosion
resistance of this group of steels is often no
better than that of carbon steel (see the article
“Corrosion of Wrought Carbon Steels” in this
Volume).

Other applications require more highly
alloyed steels that, in addition to achieving the
necessary mechanical properties, provide in-
creased resistance to specific types of corro-
sion in certain environments. In this group

of steels, corrosion resistance is an important
factor in alloy design (see the article
“Corrosion of Wrought Stainless Steels” in this
Volume).

An extensive collection of data on low-alloy
steel products, which encompasses composi-
tions, mechanical and physical properties,
applications, and service characteristics, can be
found in Properties and Selection: Irons, Steels,
and High-Performance Alloys, Volume 1 of
ASM Handbook, 1990. Information on the
metallographic preparation and microstructural
interpretation of alloy steels is available in
Metallography and Microstructures, Volume 9
of ASM Handbook, 1985. Finally, fracture
characteristics of alloy steels are reviewed in
Fractography, Volume 12 of ASM Handbook,
1987.

Corrosive Environments
Encountered in the Use
of Alloy Steels

Atmospheric corrosion is a factor in many
applications of low-alloy steels. It is the principal
form of corrosion of concern in the automotive,
off-highway equipment, machinery, construc-
tion, and aerospace industries. The atmospheric
corrosion resistance of various alloy steels, as
well as the role of various alloying elements,
depends on the severity of the environment in
rural, industrial, urban, and marine applications.
Some industries that use low-alloy steels present
certain specific corrosion problems. These
include the production, refining, and distribution
of oil and gas; energy conversion systems
involving the combustion of fossil fuels; the
chemical-process industries; and certain marine
applications.

During the drilling and primary production
of oil and gas, low-alloy steels are exposed
to crude oil and gas formations containing
varying amounts of hydrogen sulfide (H2S),
carbon dioxide (CO2), water, and chloride
compounds. High pressures and temperatures are
also encountered in some cases. Refining
operations subject low-alloy steels to environ-
ments containing both hydrogen and hydro-

carbons. Transmission and distribution of oil
and gas expose pipelines and piping systems
to environments containing varying amounts
of many of the constituents mentioned pre-
viously.

In energy conversion systems, contaminants
in coal, oil, and natural gas result in the accel-
erated attack of low-alloy steels at elevated
temperatures. In steam-generating electric power
plants, corrosion due to impurities in boiler
feedwater and in high-pressure high-temperature
steam needs to be addressed.

Low-alloy steels used in the construction of
chemical-processing plants are subject to corro-
sion from a wide variety of environments.
Compounds of chlorine, sulfur, ammonia (NH3),
and acids and alkalis are typical.

Finally, low-alloy steels are often used in
marine environments involving direct contact
with seawater. Applications include ship con-
struction and offshore drilling structures and
equipment.

Atmospheric Corrosion Resistance of
Low-Alloy Steels

The atmospheric corrosion resistance of low-
alloy steels is a function of the specific envir-
onment and steel composition. The effects of
various alloying elements on corrosion resis-
tance and data on specific low-alloy steel grades
provide a guide for the selection of a low-alloy
steel based on overall alloy content.

Table 1 lists some of the results of a study
of 270 high-strength low-alloy steels (Ref 1).
Experimental heats of steel involving system-
atic combinations of chromium, copper, nickel,
silicon, and phosphorus were tested to deter-
mine their individual and joint contributions
to corrosion resistance. These data were devel-
oped over 15.5 years in three environments:
industrial (Kearny, NJ), semirural (South Bend,
PA), and marine (Kure Beach, NC). The data
show that the long-term atmospheric corrosion
of carbon steel can be reduced with a small
addition of copper. Additions of nickel are also
effective, and chromium in sufficient amounts is
helpful if copper is present. The maximum

ASM Handbook, Volume 13B: Corrosion: Materials 
S.D. Cramer, B.S. Covino, Jr., editors, p11-27 
DOI: 10.1361/asmhba0003806

Copyright © 2005 ASM International ® 
                                 All rights reserved. 
                     www.asminternational.org

 www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



resistance to corrosion was obtained in this study
when alloy contents were raised to their highest
levels.

Figure 1 summarizes some of the results from
industrial environments (Ref 1). The carbon steel
corrosion rate became constant after approxi-
mately 5 years. The corrosion rate of the copper
steel leveled off to a constant value after
approximately 3 years, and the high-strength
low-alloy steel, which uses several alloy ele-
ments, exhibited a constant rate after approxi-

mately 2 years. Eventually, corrosion of the
high-strength low-alloy steel virtually ceased.
Table 2 compares the corrosion behavior of
carbon steel, a copper steel, and ASTM types
A242, A588, A514, and A517 low-alloy steels in
a variety of environments (Ref 1). It is evident
that the low-alloy steels exhibit significantly
better performance than either carbon steel or the
structural copper steel.

Although these data provide good estimates of
average corrosion behavior, it is important to

note that corrosion rates can increase sig-
nificantly in severe environments. Table 3 lists
corrosion rates for several steels exposed to
various atmospheres in chemical plants (Ref 2).
Comparison of these data with the industrial
atmosphere data shown in Table 2 illustrates the
significant increase in corrosion rate associated
with severe environments. Table 3 also demon-
strates the effectiveness of increased alloy con-
tent on corrosion resistance.

Protective coatings provide significant addi-
tional protection from atmospheric corrosion.
Well-cleaned, primed, and painted steel can give
good service in many applications (see the article

Table 1 Effect of composition on 15.5 year atmospheric corrosion of high-strength
low-alloy steels

Average reduction in thickness

Selected alloying elements, % Industrial(a) Semirural(b) Moderate marine(c)

Cu Ni Cr Si P mm mils mm mils mm mils

0.01 . . . . . . . . . . . . 731 28.8 312 12.3 1320 52
0.04 . . . . . . . . . . . . 224 8.8 201 7.9 363 14.3
0.24 . . . . . . . . . . . . 155 6.1 163 6.4 284 11.2
0.008 1 . . . . . . . . . 155 6.1 132 5.2 244 9.6
0.2 1 . . . . . . . . . 112 4.4 117 4.6 203 8.0
0.01 . . . 0.61 . . . . . . 1060 41.7 419 16.5 401(d) 15.8(d)
0.2 . . . 0.63 . . . . . . 117 4.6 145 5.7 229 9.0(d)
0.1 . . . 1.3 . . . . . . 419 16.5 287 11.3 465 18.3(d)
0.22 . . . 1.3 . . . . . . 89 3.5 114 4.5 . . . . . .
0.012 . . . . . . 0.22 . . . 373 14.7 257 10.1 546 21.5
0.22 . . . . . . 0.20 . . . 152 6.0 155 6.1 251 9.9
0.02 . . . . . . . . . 0.06 198 7.8 175 6.9 358 14.1
0.21 . . . . . . . . . 0.06 124 4.9 130 5.1 231 9.1
0.01 1 0.62 0.26 0.08 86 3.4 89 3.5 130 5.1
0.2 1 0.61 0.17 0.1 58 2.3 71 2.8 102 4.0

(a) Kearny, NJ. (b) South Bend, PA. (c) Kure Beach, NC, approx. 250 m (800 ft) from ocean. (d) Estimated. Source: Ref 1
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high-strength low-alloy. Source: Ref 1

Table 2 Corrosion of structural steels in various environments

Type of atmosphere
Time,
years

Average reduction in thickness

Structural carbon
steel

Structural copper
steel UNS K11510(a) UNS K11430(b) UNS K11630(c) UNS K11576(d)

mm mils mm mils mm mils mm mils mm mils mm mils

Industrial (Newark, NJ) 3.5 84 3.3 66 2.6 33 1.3 46 1.8 36 1.4 56 2.2
7.5 104 4.1 81 3.2 38 1.5 53 2.1 43 1.7 . . . . . .

15.5 135 5.3 102 4.0 46 1.8 . . . . . . 53 2.1 . . . . . .
Semiindustrial (Monroeville, PA) 1.5 56 2.2 43 1.7 28 1.1 36 1.4 30 1.2 41 1.6

3.5 94 3.7 64 2.5 30 1.2 53 2.1 36 1.4 61 2.4
7.5 130 5.1 81 3.2 36 1.4 61 2.4 43 1.7 . . . . . .

15.5 185 7.3 119 4.7 46 1.8 . . . . . . 46 1.8 . . . . . .
Semiindustrial (South Bend, PA) 1.5 46 1.8 36 1.4 25 1.0 33 1.3 25 1.0 38 1.5

3.5 74 2.9 56 2.2 33 1.3 48 1.9 38 1.5 61 2.4
7.5 117 4.6 81 3.2 46 1.8 69 2.7 48 1.9 . . . . . .

15.5 178 7.0 122 4.8 56 2.2 . . . . . . 64 2.5 . . . . . .
Rural (Potter County, PA) 2.5 . . . . . . 33 1.3 20 0.8 30 1.2 . . . . . . . . . . . .

3.5 51 2.0 43 1.7 28 1.1 36 1.4 30 1.2 46 1.8
7.5 76 3.0 64 2.5 33 1.3 38 1.5 38 1.5 . . . . . .

15.5 119 4.7 97 3.8 36 1.4 . . . . . . 51 2.0 . . . . . .
Moderate marine (Kure Beach, NC,

250 m or 800 ft. from ocean)
0.5 23 0.9 20 0.8 15 0.6 20 0.8 18 0.7 25 1.0
1.5 58 2.3 48 1.9 28 1.1 43 1.7 30 1.2 43 1.7

3.5 124 4.9 84 3.3 46 1.8 64 2.5 48 1.9 56 2.2
7.5 142 5.6 114 4.5 64 2.5 94 3.7 74 2.9 . . . . . .

Severe marine (Kure Beach. NC, 25 m
or 80 ft. from ocean)

0.5 183 7.2 109 4.3 56 2.2 97 3.8 28 1.1 18 0.7
2.0 914 36.0 483 19.0 84 3.3 310 12.2 . . . . . . 53 2.1

3.5 1448 57.0 965 38.0 . . . . . . 729 28.7 99 3.9 99 3.9
5.0 . . . (e) . . . (e) 493 19.4 986 38.8 127 5.0 . . . . . .

(a) ASTM A242 (type 1). (b) ASTM A588 (grade A). (c) ASTM A514 (type B) and A517 (grade B). (d) ASTM A514 (type F) and A517 (grade F). (e) Specimen corroded completely away. Source: Ref 1

12 / Corrosion of Ferrous Metals

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



“Organic Coatings and Linings” in ASM Hand-
book, Volume 13A, 2003).

Galvanizing is used to provide protection
under conditions in which the corrosive envir-
onment is severe. The zinc coating is anodic and
corrodes preferentially; this protects exposed
steel surfaces existing at cut edges or other areas
where breaks in the coating are found. Corrosion
resistance increases with coating thickness. In
mild environments, galvanized steels can be used
with no further treatment. In more severe envir-
onments, galvanized steels can be painted. In
some cases, a prior treatment is used to provide a
zinc phosphate conversion coating over the zinc
coating to improve paint adherence. Information
on zinc-base coatings can be found in the articles
“ Continuous Hot Dip Coatings,” “Batch Process
Hot Dip Galvanizing,” and “Zinc-Rich Coat-
ings” in ASM Handbook, Volume 13A, 2003.

Finally, electroplating, usually with chro-
mium, can be used where decorative require-
ments must be met in addition to atmospheric
corrosion resistance. See the article “Electro-

plated Coatings” in ASM Handbook, Volume
13A, 2003.

Corrosion of Low-Alloy Steels in
Specific End-Use Environments

As with carbon steels, low-alloy steels are
used in a wide variety of industrial applications.
This section reviews four major industries that
rely heavily on alloy steel products: oil and gas
production, energy conversion systems, marine
applications, and chemical processing.

Oil and Gas Production

Drilling and Primary Production. A variety
of corrosion forms and mechanisms are
encountered in the drilling and primary produc-
tion of oil and gas. Most importantly, these
include hydrogen-induced cracking, sulfide
stress cracking (SSC), along with general cor-
rosion, pitting corrosion, and corrosion fatigue.

In relatively shallow wells, lower-strength
carbon or carbon-manganese steels can be
employed in many of the components. Oil and
gas deposits are often such that corrosion is
limited to weight loss corrosion, which can be
effectively controlled by chemical inhibition.
For deep wells, however, high-strength low-
alloy steels are usually required. Furthermore,
very hostile environments are often encoun-
tered—high H2S levels ranging from 28 to 46%
concentration, temperatures to 200 �C (390 �F),
along with pressures to 140 MPa (20 ksi). Also,
H2S is often found in combination with chloride-
containing brines and CO2, adding to the harsh-
ness of the environment.

Although chemical inhibition is used even in
deep wells to control weight loss corrosion, the
presence of H2S can still result in the embrittle-
ment of high-strength steels. The SSC phenom-
enon (Fig. 2) depends on H2S concentration,
acidity, salt concentrations, and temperature.
Figures 3 and 4 illustrate typical SSC data for
alloy steels used in oil field tubular components
(Ref 3). The data shown are for high-strength
steels now designated by the American Petro-
leum Institute in API Spec 5CT/ISO 11960
(Ref 4). Certain proprietary grades are also
included.

As temperatures increase, some higher-
strength steels can be used, and resistance to SSC
can be maintained. However, higher-strength
steels are generally more susceptible to SSC than
lower-strength steels.

Sulfide stress cracking resistance is influenced
by steel microstructure, which in turn depends on
steel composition and heat treatment. It has been
observed that a tempered martensitic structure
provides better SSC resistance than other
microstructures. Figure 5 illustrates this for a
molybdenum-niobium modified SAE 4135 steel
(compositions of the steels discussed in Fig. 5
to 7 are given in Table 4) (Ref 5). The data in
Fig. 5(a) were developed by using simple beam
specimens strained in three-point bending for

Table 3 Corrosion losses for high-strength low-alloy (HSLA) steels and carbon steel exposed
to various atmospheres in chemical plants

Type of plant Atmospheric constituents

Exposure
period,
months

Average reduction in thickness

Carbon steel
A242 type 1
HSLA steel

A588 grade A
HSLA steel

mm mils mm mils mm mils

Elastomers Chlorine and sulfur
compounds

6 33 1.3 20 0.8 23 0.9
16 81 3.2 46 1.8 46 1.8

24 122 4.8 51 2.0 48 1.9
Chlor-alkali Moisture, lime, and

soda ash
6 69 2.7 30 1.2 33 1.3

12 119 4.7 43 1.7 46 1.8

24 211 8.3 53 2.1 48 1.9
Chlor-alkali Moisture, chlorides,

and lime
6 104 4.1 61 2.4 69 2.7

12 244 9.6 81 3.2 99 3.9

24 478 18.8 145 5.7 188 7.4
Sulfur Chlorides, sulfur, and

sulfur compounds
6 394 15.5 188 7.4 239 9.4

12 660 26.0 277 10.9 470 18.5

24 1100 43.3 518 20.4 823 32.4
Petrochemical Chlorides, hydrogen

sulfide, and sulfur
dioxide

6 51 2.0 23 0.9 30 1.2
12 76 3.0 30 1.2 41 1.6
24 86 3.4 30 1.2 48 1.9

Sulfuric acid Sulfuric acid fumes 6 84 3.3 46 1.8 48 1.9
12 114 4.5 53 2.1 56 2.2
24 226 8.9 76 3.0 84 3.3

Chlorinated
hydrocarbons

Chlorine compounds 6 137 5.4 46 1.8 46 1.8
12 272 10.7 56 2.2 56 2.2

24 1120 44.1 104 4.1 117 4.6
Petrochemical Ammonia and

ammonium acetate
fumes

6 38 1.5 25 1.0 28 1.1
12 58 2.3 33 1.3 48 1.9
24 86 3.4 43 1.7 74 2.9

Detergent Alkalis and organic
compounds

6 20 0.8 15 0.6 15 0.6
12 33 1.3 20 0.8 20 0.8

24 48 1.9 23 0.9 25 1.0
Detergent Sulfur compounds 6 30 1.2 15 0.6 23 0.9

12 53 2.1 23 0.9 30 1.2
24 81 3.2 23 0.9 30 1.2

Alkylation Moisture, chlorides 8 460 18.1 292 11.5 297 11.7
12 668 26.3 432 17.0 409 16.1
36 1468 57.8 1016 40.0 1016 40.0

Hydrochloric acid Chlorine, hydrochloric
acid fumes

6 312 12.3 147 5.8 180 7.1
12 640 25.2 345 13.6 396 15.6

24 1265 49.8 640 25.2 803 31.6

Source: Ref 2 Fig. 2 Sulfide stress corrosion cracking in a low-alloy
steel. Original magnification 100 ·
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measuring a critical stress, Sc, and the data
in Fig. 5(b) were obtained by testing double-
cantilever beam specimens to determine a
threshold stress intensity, KISSC. Thus, it is
important to select an alloy steel that has suffi-
cient hardenability to achieve 100% martensite
for a given application.

Furthermore, proper tempering of martensite
is essential in order to maximize SSC resistance.
Figure 6 illustrates the effects of tempering
temperature on SSC behavior (Ref 5). It is evi-
dent that higher tempering temperatures improve
SSC performance. The presence of untempered
martensite, however, is extremely detrimental to
SSC resistance. This is illustrated in Fig. 7,
which shows the effect of tempering above the
Ac1 temperature for molybdenum-niobium
modified 4130 steels containing two levels of
silicon (Ac1 is the temperature at which mar-
tensite begins to transform to austenite) (Ref 5).
Water quenching from above the Ac1 tempera-
ture results in austenite transforming back to
untempered martensite, with a subsequent loss in
SSC resistance. It has also been found that the
development of a fine prior-austenite grain size
and the use of accelerated cooling rates after
tempering improve SSC resistance. The neces-
sity for adequate hardenability is quite evident
when considering low-alloy steels for heavy
section wellhead components. Figure 8 shows
how the SSC resistance of conventional steels
used in wellhead equipment can be improved
through modifications in composition, which
increase hardenability (Ref 6).

With the advent of enhanced oil recovery
techniques, additional corrosion problems must
be considered. Carbon dioxide injection is one
method of displacing crude oil from a formation
for increased recovery. This method involves
development of CO2 source wells, that is, those
having large quantities of CO2-containing gas.
The gas from these wells is processed, trans-
ported to the production reservoir, and injected.
Corrosion in source wells and in production
wells results from the highly acidic environment
created when CO2 and water are present. The
presence of chlorides, H2S, and elevated tem-
perature adds to the aggressiveness of the
environment.

Figure 9 illustrates the complexities of corro-
sion in CO2 environments (Ref 7). In Fig. 9(a),
the effects of increasing CO2 concentration on
weight loss corrosion at 65 �C (150 �F) are
shown. The lower-alloy steels show a slight
increase in corrosion rate with increasing CO2

concentration, but the higher-alloy materials
show little or no dependence on CO2 level. As
chromium content increases, corrosion resis-
tance improves at a given CO2 level. At a tem-
perature of 175 �C (350 �F), however, the
corrosion resistance of the lower-alloy steels
improves, but that of the higher-alloy
steels remains the same or decreases (Fig. 9b).
With the addition of significant amounts of
chloride at 65 �C (150 �F), some of the higher-
alloyed steels begin to show an increase in cor-
rosion rate with increasing CO2 level (Fig. 9c).
An increase in chloride concentration, along with

an increase in temperature, results in a significant
increase in the corrosion rate of the more highly
alloyed steels (Fig. 9d). Finally, if H2S is present
in CO2-brine environments, Table 5 indicates
that the corrosion rate of lower-alloy steels can
be expected to increase (Ref 7).

The corrosion rates of various low-alloy steels
in CO2-brine-H2S environments vary con-
siderably with the specific environment
encountered. As a result, control of the envir-
onment through chemical inhibition becomes an
important tool, along with proper alloy selection,
in reducing corrosion failures.

Petroleum Refining/Hydrocarbon Pro-
cessing. A principal concern in petroleum
refining and hydrocarbon processing is the
problem of the interaction of hydrogen with
the low-alloy steels used in these applications.
Prolonged exposure to hydrogen, particularly at
elevated temperatures, results in loss of ductility
and premature failure. Figure 10 shows the
delayed-failure characteristics of SAE 4340 steel
resulting from cathodic charging of hydrogen
(Ref 8). At higher tensile strengths, the effects of
hydrogen become more severe.

The phenomenon often encountered in
actual service is hydrogen attack. This involves
the chemical reaction of hydrogen with metal
carbides at elevated temperatures to form
methane (CH4). Because CH4 cannot diffuse
out of steel, an accumulation occurs, and this
causes fissuring and blistering. The combined
action of decarburization and fissuring results in
loss of strength and ductility. The empirical
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limits on the use of low-alloy steels commonly
used in a hydrogen environment are shown in
Fig. 11.

Oil and Gas Transmission. The transmis-
sion of oil and gas involves consideration of the
corrosion problems associated with linepipe
steels. In addition to carbon steels, high-strength
low-alloy steels are often used in pipeline
service. Atmospheric corrosion needs to be
considered for exposed pipelines, and the cor-
rosive actions of various soil formations must be
addressed for underground pipelines. A sum-
mary of an extensive study of the corrosion
encountered by various low-alloy steels in sev-
eral different types of soils is presented in
Fig. 12(a) and (b). It is evident that factors such
as soil pH, resistivity, degree of aeration, and
level of acidity have more bearing on the severity
of corrosion encountered than the alloy content
of the steel. In some cases, increasing alloy
content has a beneficial effect, but in other
cases, it does not. In general, the use of pro-
tective coatings and cathodic protection offers
the best means of reducing the level of corrosive
attack.

Linepipe steels can be susceptible to a
specialized form of hydrogen damage when
H2S is present in oil and gas. This type of
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Table 4 Chemical compositions of the molybdenum-niobium modified 4130/4135 test
steels discussed in Fig. 5 to 7

Steel code

Composition, wt%

C Mn Si Cr Mo Nb P S Al N, ppm

A-2 0.34 0.74 0.39 1.06 0.60 0.035 0.030 0.022 0.12 208
A-3 0.31 0.73 0.39 1.05 0.75 0.036 0.034 0.021 0.16 166
A-4 0.32 0.74 0.39 1.04 0.85 0.035 0.027 0.026 0.16 138
A-5 0.32 0.74 0.40 1.05 0.98 0.036 0.027 0.025 0.17 148
A-9 0.34 0.68 0.38 1.00 0.75 0.034 0.025 0.027 ND 260

A-10 0.36 0.68 0.29 1.03 0.74 0.033 0.017 0.014 0.078 151
A-14 0.27 0.69 0.21 1.04 0.72 0.033 0.018 0.017 0.051 170
A-15 0.33 0.23 0.71 1.04 0.73 0.031 0.018 0.015 0.047 180

ND, not determined. Source: Ref 5
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embrittlement, known as hydrogen-induced
cracking (HIC), results from the accumulation
of hydrogen at internal surfaces within the
steel. Interfaces at nonmetallic inclusions and
at microstructure constituents that differ sig-
nificantly from the surrounding matrix are pos-
sible locations for accumulation. Martensite
islands in a ferrite-pearlite matrix would be
typical. Microcracks that form at these inter-
faces grow in a stepwise fashion toward the
surface of the pipe, with the result being failure
(Fig. 13).

Very few failures due to HIC have been
reported. However, they can be catastrophic,
and considerable investigative work has been
done to understand the nature of the problem
and to develop preventive measures. Hydrogen-
induced cracking can usually be prevented by
control of the environment—for example,
dehydration to remove water and through che-
mical inhibition. A number of metallurgical
factors have also been identified that influence
resistance to HIC and offer a means of reducing
the susceptibility of linepipe steels to this form of
embrittlement.

Two factors that influence the susceptibility
of linepipe steels to HIC are steel cleanliness
and degree of alloying element segregation.
This might be expected, because the degree of
steel cleanliness affects the volume fraction
of nonmetallic inclusions present and there-
fore the number of interfaces available for the
accumulation of hydrogen. Segregation of alloy-
ing elements can lead to the formation of low-
temperature austenite decomposition products,
thus providing additional sites for hydrogen
accumulation.

Hydrogen-induced cracking has been found
to be associated with manganese sulfide inclu-
sions that have become elongated during hot
rolling. Elongated silicate inclusions also pro-
vide interfaces for hydrogen accumulation.
Laboratory tests have shown that reduction in the
sulfur level of a linepipe steel reduces suscept-
ibility to HIC. Reducing the sulfur content to
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levels of 0.002% or less can result in a significant
improvement in resistance to HIC. It has also
been observed that resistance to HIC can be
improved through the use of sulfide shape control
techniques. Calcium or rare-earth metals are
added to the steel to form calcium or rare-earth
sulfides. These inclusions are not plastic at
hot working temperatures and therefore do not
elongate during hot rolling.

The effects of various alloying elements on
resistance to HIC are uncertain and some-
what controversial. The alloying element that
has received the most attention is copper.
Laboratory results have shown that copper can
significantly reduce susceptibility to HIC.
Apparently, the benefits of copper are realized
only in environments with a pH of 4.5 and above.
At pH levels less than this, copper has no effect
on resistance to HIC. See the article “Hydrogen
Damage” in ASM Handbook, Volume 13A,
2003.

Energy Conversion Systems

Fossil fuel power systems have corrosion
problems associated with the combustion of
fossil fuels, such as oil, gas, and coal, as well as
with energy conversion that may involve steam
boilers and steam or gas turbines and associated
equipment. These systems are addressed else-
where in this Volume.

Combustion of fossil fuels can result in
so-called fire-side corrosion, which is an
elevated-temperature attack on metal surfaces
stemming from the products of combustion.
There are three general areas where external
corrosion problems occur: the water wall or
boiler tubes near the firing zone, the high-
temperature superheater and reheater tubes, and
the ductwork that handles the combustion flue
gases.

Corrosion on water wall, superheater, or
reheater tubes results from fuel ash deposits at
higher temperatures. In these situations, the
corrosive nature of fossil fuels varies con-
siderably with the chemical composition of
the fuel. It should be noted that many fuels

are not especially corrosive. However, coals
containing significant levels of sulfur and
alkali metals are particularly damaging, as are
oils that contain alkali metals, sulfur, and vana-
dium. These constituents have been identified
as principal sources of corrosive attack in
a number of studies involving the analysis of
fuel ash deposits on boiler and superheater
tubes.

Corrosion of the ductwork is a low-
temperature attack that results mainly from acid
condensation. Prevention of this corrosion
depends primarily on maintaining flue gas
temperatures and metal surface temperatures
above acid dewpoints. In the case of coal
combustion, corrosive attack results from com-
plex chemical reactions involving sulfur and
alkali metals (sodium and potassium) to form

Table 5 Corrosion rate data for alloys
exposed to seawater solutions at 175 �C
(350 �F) with and without H2S

Material

Corrosion rates

1.93% Cl�,
690 kPa (100 psig)

CO2, no H2S

1.92% Cl�,
690 kPa (100 psig)

CO2, 0.1% H2S

mm/yr mils/yr mm/yr mils/yr

AISI 4130 890 35 2565 101
5Cr-1.5 Mo 330 13 1016 40
Type 410 36 1.4 30 1.2
13% Cr . . . . . . 25 1.0
Monel K-500 3 0.12 43 1.7

Source: Ref 7
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alkali sulfates. These alkali sulfates, along with
sulfur trioxide (SO3), react with the protective
iron oxide. This reaction breaks down the iron
oxide and forms a complex alkali iron sulfate.
At temperatures of 425 to 480 �C (800 to
900 �F), this deposit can spall from the surface,
exposing fresh iron for further attack. Such
would be the case with water wall tubing. As
temperatures increase to levels encountered by
superheater or reheater tubing—for example,
565 to 705 �C (1050 to 1300 �F)—the complex
sulfate created by combustion becomes liquid
and attacks the tubing directly. Figure 14 com-
pares the corrosion behavior of two alloy steels
and an austenitic stainless steel in this higher
temperature range (Ref 9). The data were
developed in a laboratory simulation that cre-
ated the complex alkali iron sulfates. Corrosion
rates increase with temperature until the sulfates
become unstable, leading to a decrease in
corrosion rate. Figure 15 illustrates weight
loss data obtained from corrosion probes that

were fabricated from various alloy steels and
installed in a coal-fired steam boiler system
(Ref 10). It is evident from both Fig. 14 and 15
that, although they can be used in these envir-
onments, alloy steels do not perform as well as
stainless steels.

Several courses of action are taken to pre-
vent fire-side corrosion in coal-fired facilities.
At the lower temperature encountered by water
wall tubing, procedures are implemented to
avoid spalling of combustion deposits. These
procedures involve controlling fuel flow and
combustion conditions to avoid impingement
by particulate matter on critical metal surfaces.
At higher temperatures, where liquid-phase
attack can occur, protective shields have been
used to maintain metal surfaces at temperatures
above the corrosive range. The use of coal
blending to counteract the corrosive nature of a
given coal offers an additional means of cor-
rosion prevention. Also, studies have shown
that certain additives to coal are effective in

reducing corrosion rates. Success has been
achieved with kaolin, diatomaceous earth, and
magnesium oxide or other alkaline earth oxi-
des. These additives prevent the formation of
complex alkali iron sulfates by forming stable
compounds with one or more of their compo-
nents. The lower-alloy chromium-molybdenum
steels have limited corrosion resistance to
highly aggressive coals. Although some
improvement can be achieved by using 9Cr-
1Mo steels, such as ASTM A213 grade T-9,
maximum corrosion resistance requires the use
of stainless steels.

In oil-fired boilers, the principal source of
corrosion comes from a fluxing action of molten
sodium-vanadium complexes with the protective
oxide scale formed on metal surfaces. Although
this can occur at lower temperatures if the
correct ratio of sodium to vanadium is present,
this form of corrosion generally takes place at
temperatures above 595 �C (1100 �F). Super-
heater and reheater tube corrosion rates of as
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much as 0.75 mm/yr (30 mils/yr) have been
observed in field measurements.

An effective method of preventing oil ash
corrosion is to remove vanadium, alkali metals,

and sulfur chemically from the fuel. How-
ever, this approach can be costly. Certain
magnesium and calcium compounds have been
found to be effective in reducing corrosion

rates. These compounds form high-melting-
point complexes with oil ash constituents. In
terms of low-alloy steel selection, it has been
found that the 9Cr-1Mo alloys exhibit excellent
corrosion resistance to oil ash corrosion. In
addition, modifications of these alloys with
additional molybdenum and/or vanadium pro-
vide high corrosion resistance and increased
strength. Thus, for this application, low-alloy
steels are available at a lower cost than stainless
steels.

Steam-water-side corrosion is another major
problem encountered in fossil fuel power plants.
In most cases, contaminant deposition reduces
equipment efficiency and induces corrosion by
a variety of mechanisms and is implicated in
a variety of boiler tube failure mechanisms that
are most common in water walls and econo-
mizers, which are often constructed from low-
chromium ferritic steel such as ASTM A213
grade T-11.

Water-side deposits often begin as accumu-
lations of corrosion products transported to

Fig. 13 Hydrogen-induced cracking in a linepipe
steel. Original magnification 30 ·
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the boiler from other parts of the system.
The corrosion product deposit is porous, unlike
the protective magnetite (Fe3O4) film. This
porous deposit serves as a trap for corrosive
impurities, such as caustic, chlorides, and acid
sulfates.

Low-alloy steel boiler tube failures in steam-
containing tubing have also almost exclusively
been the result of contaminant entrainment
within the steam. Chlorides, sulfates, and caustic
are the most common contaminants. However,
the growth of Fe3O4 on the inside tube surface
can also be a secondary contributor to tube fail-
ure. If its rate of growth is excessive, this will act
as a thermal barrier and cause the tube wall
temperature to rise, sometimes above the point at
which excessive creep damage will result in an
overheating failure. Additional information is
available in the articles about corrosion in the
fossil and alternative fuel industries in this
Volume.

Nuclear Power Systems. High-strength
chromium-molybdenum and nickel-chromium-
molybdenum low-alloy steels are also used in
components for commercial light water reactors.
For example, most modern light water reactor
steam turbine rotors in the United States are
made from 3.5NiCrMoV steel in conformance
with the requirements of ASTM A471 (class 1
through 6). A serious concern associated with
steam turbine materials is that of stress-
corrosion cracking (SCC), which has occurred in
quenched-and-tempered and normalized-and-
tempered low-alloy steels with a wide range of
grain sizes.

Wet steam erosion-corrosion of nuclear
plant piping represents another serious problem
that can lead to costly power outages and
repairs. The most widely used material for
U.S. nuclear plant wet steam piping has been
carbon steel, which has shown a susceptibility

to erosion-corrosion. With alloying additions
of chromium, copper, and molybdenum, how-
ever, erosion-corrosion resistance can be
significantly improved. In comparison to ordi-
nary carbon steel, erosion-corrosion rates can
be reduced by three times with carbon-
molybdenum steel and more than ten times
with chromium-molybdenum steels. Field
experience has shown that 1.25Cr, 0.5Mo, and
2.25Cr-1Mo steels are virtually immune to
erosion-corrosion in nuclear power plant
applications.

Nuclear Waste Disposal. The disposal of
high-level nuclear waste in deep underground
repositories requires the development of waste
packages that will keep the radioisotopes con-
tained. A number of low-alloy steels are being
considered around the world for the structural
members of waste packages.

Marine Applications

Carbon and low-alloy steels are used for sub-
merged or partly submerged structures—both in
harbors for sea walls and piers, for example, and
offshore for oil drilling platforms.

Marine structures exhibit five separate zones
that are susceptible to corrosion at different
rates, depending primarily on elevation above
the tidal zone or depth of immersion in seawater.
These zones are described as follows and are
identified in Fig. 16, which also shows the
usual relative corrosion rate associated with each
zone:

� Atmospheric zone: The portion of the
elevated structure subject to a marine
atmosphere, including sea mist and high
relative humidity, but without significant
wetting by splash from waves
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Source: Ref 11

Table 6 Corrosion factors for carbon and
alloy steel immersed in seawater

Factor in
seawater Effect on iron and steel

Chloride ion Highly corrosive to ferrous metals.
Carbon steel and common ferrous
metals cannot be passivated (sea salt is
approx. 55% chloride).

Electrical
conductivity

High conductivity makes it possible for
anodes and cathodes to operate over
long distances: thus, corrosion
possibilities are increased, and the total
attack may be much greater than that
for the same structure in freshwater.

Oxygen Steel corrosion is cathodically controlled
for the most part. Oxygen, by
depolarizing the cathode, facilitates the
attack: thus a high oxygen content
increases corrosivity.

Velocity Corrosion rate is increased, especially in
turbulent flow. Moving seawater may
destroy rust barrier and provide more
oxygen. Impingement attack tends to
promote rapid penetration.
Cavitation damage exposes the fresh
steel surface to further corrosion.

Temperature Increasing ambient temperature tends to
accelerate attack. Heated seawater may
deposit protective scale or lose its
oxygen: either or both actions tend to
reduce attack.

Biofouling Hard-shell animal fouling tends to reduce
attack by restricting access of oxygen.
Bacteria can take part in corrosion
reaction in some cases.

Stress Cyclic stress sometimes accelerates
failure of a corroding steel member.
Tensile stresses near yield also promote
failure in special situations.

Pollution Sulfides, which are normally present in
polluted seawater, greatly accelerate
attack on steel. However, the low
oxygen content of polluted waters
could favor reduced corrosion.

Silt and
suspended
sediment

Erosion of the steel surface by suspended
matter in the flowing seawater greatly
increases the tendency toward
corrosion.

Film formation A coating of rust or of rust and mineral
scale (calcium and magnesium salts)
will interfere with the diffusion of
oxygen to the cathode surface, thus
slowing the attack.

Source: Ref 11
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� Splash zone: The portion above the level of
mean high tide that is subject to wetting by
large droplets of seawater

� Tidal zone: The portion of the structure
between mean high tide and mean low tide;
it is alternately immersed in seawater and
exposed to a marine atmosphere

� Submerged zone: The portion of the
structure from approximately 0.3 to 1 m

(1 to 3 ft) below mean low tide down to the
mud line

� Subsoil zone: The portion below the mud line,
where the structure has been driven into the
ocean bottom

The effects of each of these zones on the
corrosion behavior of low-alloy steels are
given here and in more detail in the articles

about corrosion in marine environments in
this Volume. A summary of some of the
more influential variables is presented in
Table 6.

Atmospheric-Zone Corrosion. Low-alloy
steels demonstrate greatly improved resis-
tance to marine atmospheres compared to the
resistance of carbon steels. Early studies indi-
cated that copper-bearing steels had improved
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Table 7 Corrosion of low-alloy steels in a marine atmosphere
Data collected over 15.5 years at 250 m (800 ft) lot, Kure Beach, NC

Group Description

Composition, %
Approximate total
alloy content, %

Weight loss(a),
mg/dm2C Mn Si S P Ni Cu Cr Mo

I High-purity iron plus
copper

0.020 0.020 0.003 0.03 0.006 0.05 0.020 . . . . . . . . . . . .
0.020 0.023 0.002 0.03 0.005 0.05 0.053 . . . . . . 0.1 43

0.02 0.07 0.01 0.03 0.003 0.18 0.10 . . . . . . 0.4 29.8
II Low-phosphorus steel

plus copper
0.040 0.39 0.005 0.02 0.007 0.004 1.03 0.06 . . . 1.5 17.3

III High-phosphorus steel
plus copper

0.09 0.43 0.005 0.03 0.058 0.24 0.36 0.06 . . . 1.2 16.9
0.095 0.41 0.007 0.05 0.104 0.002 0.51 0.02 . . . 1.0 16.5

IV High-manganese and
-silicon steels plus
copper

0.17 0.67 0.23 0.03 0.012 0.05 0.29 0.14 . . . 1.4 16.6

V Copper steel plus
chromium and
silicon

0.072 0.27 0.83 0.02 0.140 0.03 0.46 1.19 . . . 2.9 6.3

VI Copper steel plus
molybdenum

0.17 0.89 0.05 0.03 0.075 0.16 0.47 . . . 0.28 1.9 11.8

VII Nickel steel 0.16 0.57 0.020 0.02 0.015 2.20 0.24 . . . . . . 3.0 9.4
0.19 0.53 0.009 0.02 0.016 3.23 0.07 . . . . . . 3.9 9.2
0.17 0.58 0.26 0.01 0.007 4.98 0.09 . . . . . . 5.9 6.1
0.13 0.23 0.07 0.01 0.007 4.99 0.03 0.05 . . . 5.4 7.5

VIII Nickel steel plus
chromium

0.13 0.45 0.23 0.03 0.017 1.18 0.04 0.65 0.01 2.6 10.5

IX Nickel steel plus
molybdenum

0.16 0.53 0.25 0.01 0.013 1.84 0.03 0.09 0.24 3.0 9.8

X Nickel steel plus
chromium and
molybdenum

0.10 0.59 0.49 0.01 0.013 1.02 0.09 1.01 0.21 3.4 6.5
0.08 0.57 0.33 0.01 0.015 1.34 0.19 0.74 0.25 3.4 7.6

XI Nickel-copper steel 0.12 0.57 0.17 0.02 0.01 1.00 1.05 . . . . . . 2.8 10.6
0.09 0.48 1.00 0.03 0.055 1.14 1.06 . . . . . . 3.8 5.6
0.11 0.43 0.18 0.02 0.012 1.52 1.09 . . . . . . 3.2 10.0

XII Nickel-copper steel
plus chromium

0.11 0.65 0.13 0.02 0.086 0.29 0.57 0.66 . . . 2.4 10.5
0.11 0.75 0.23 0.04 0.020 0.65 0.53 0.74 . . . 2.9 9.3

0.08 0.37 0.29 0.03 0.089 0.47 0.39 0.75 . . . 2.4 9.1
XIII Nickel-copper steel

plus molybdenum
0.03 0.16 0.01 0.03 0.009 0.29 0.53 . . . 0.08 1.1 18.2
0.13 0.45 0.066 0.02 0.073 0.73 0.573 . . . 0.087 2.0 11.2

(a) A weight loss of 10 mg/dm2/15.5 years=0.32 mil/yr. Source: Ref 13
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endurance in industrial atmospheres (Ref 11). It
was later found that copper-bearing steels also
perform better than plain carbon steels at ocean
sites (Ref 12).

A number of marine corrosion studies
have evaluated the benefits of copper, nickel,
chromium, and phosphorus additions to steel
(Ref 1, 13–18). The benefit derived from
the addition of copper to steel exposed to an
industrial atmosphere has been attributed to
the relatively insoluble basic sulfates from the
SO2 in the polluted air, which slowly develop a
fine-grain, tightly adherent protective rust film
(Ref 11). Additions of nickel, chromium, silicon,
and phosphorus also promote relatively inso-
luble corrosion products (Ref 13). Chlorine, as
chlorides, has a deleterious effect on the pro-
tective rust layer on low-alloy steels, and the
manner in which protective rust coats form in
marine atmospheres is less understood than
in the case of the industrial atmosphere. How-
ever, tests have shown that alloying additions do
provide enhanced corrosion resistance in marine
atmospheres. The effects of individual additions
of copper, nickel, and chromium are shown in
Fig. 17.

Tests performed at a 240 m (800 ft) lot at
Kure Beach, NC, for 15.5 years indicated a
corrosion rate of 7.6 mm (0.3 mil/yr) or less for
copper-bearing and low-alloy steels (Ref 13).
Table 7 identifies the compositions of the steels
used in these tests and gives the weight losses
determined. A wide range of compositions gave
improved corrosion resistance. A comparison of
marine atmosphere corrosion of plain carbon
steel, a copper-bearing steel, and two low-alloy
steels is shown in Fig. 18. Data for a series of
low-alloy steels with total alloy additions up to
3.5% are shown in Fig. 19.

Splash- and Tidal-Zone Corrosion. Low-
alloy steel undergoes decidedly less corrosion at
the splash zone (zone 2, Fig. 16) than carbon
steel (Ref 11) does. Some experimental results
comparing carbon and low-alloy steel 6 m
(20 ft) specimens after 5 years of exposure to
splash, seawater, and mud zones are presented in
Table 8. At the 0.45 and 0.75 m (1.5 and 2.5 ft)
levels, the loss in thickness for the carbon steel
was three to six times higher than that for
the low-alloy steels. A graphical comparison of
the 5 year results for a plain carbon and an
Fe-0.54Ni-0.5Cu-0.12P low-alloy steel is shown

in Fig. 20. Other experiences with low-alloy
steels, especially in exposures in which the
wave action is vigorous, also indicate that they
have considerable merit for splash-zone service
(Ref 11).

Submerged Zone. Low-alloy steels exhibit
corrosion rates in the range of approximately 65
to 125 mm/yr (2.5 to 5 mils/yr) when fully
immersed in seawater (Ref 11). As such, low-
alloy steels offer no particular advantage over
carbon steel in applications involving sub-
mergence in the ocean. Examples of corrosion
rates for plain carbon steel and low-alloy steels
after 8 and 16 years in the Pacific Ocean near the
Panama Canal are given in Table 9. The inferior
corrosion performance of low-alloy steels in
seawater is due to the fact that the conditions
in the atmosphere that lead to the formation of
the protective rust films do not operate in the
submerged condition.

Low-alloy steels also develop deeper pits
in seawater than carbon steels do. This is
demonstrated by the 8 year results from the
Panama-Pacific exposures given in Table 10.
The total penetration calculated from the weight
loss (column 1) is compared with the average
of the 20 deepest pits (column 2) and with
the deepest pit (column 3). Assuming that the
average of the 20 deepest pits is a more sig-
nificant criterion than the deepest pit, this aver-
age pitting value can be compared with the
weight loss penetration. The ratio of these
two values for low-carbon steel at the 4.25 m
(14 ft) depth is 2.6. The range for the low-alloy
steels, some of which have higher weight loss
penetrations to start with, is 1.6 to 3.7. At the
mean tide level, the factor is lower, as is the pit
depth for many of the steels involved in the
comparison.

For a given required strength, a designer may
be tempted to specify a thinner wall for a low-
alloy steel than a plain carbon steel. In a seawater
application, because the corrosion rate is higher,
corrosion failure would be more rapid. Thus,
from a design standpoint, the corrosion allow-
ance for a low-alloy steel should be greater than
that for a low-carbon steel. However, low-alloy
steels, have good strength characteristics, and if
protective coatings were applied, these steels
could be used to advantage. Cathodic protection
must be applied with care for high-strength
low-alloy steels, because some tend to be more
susceptible to hydrogen damage than carbon
steel (Ref 21).

Burial Zone. Bottom conditions vary, but
local attack is sometimes observed just above
the mud zone or in the bottom mud itself
(Ref 11). As in the soil, bottom mud is often
aggressive to steel because of the presence
of sulfate-reducing bacteria. For steel struc-
tures standing in the mud, the anodic and
cathodic sites may be a considerable distance
apart, and their locations may shift somewhat
with time.

Galvanic corrosion in seawater is a matter
of concern because the corroding medium has a
fairly high conductivity. Service conditions can
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differ considerably because of solution compo-
sition, solute concentration, agitation, aeration,
temperature, and purity of the metals, as well as

corrosion product formation and biological
growth, each of which can result in a different
galvanic series.

In a structural joint, the ratio of the areas of
two dissimilar metals has enormous influence on
the corrosion rate of one of the members of the
joint—the one that is more anodic in the gal-
vanic series. The greater the ratio of the cathode
to the anode, the greater the corrosion rate. A
surprisingly small difference in solution poten-
tial can often result in a significant difference in
corrosion rate. Tests were conducted in which
carbon steel was coupled to itself and to ASTM
A242 (type 1) high-strength low-alloy steel and
type 410 stainless steel and in which ASTM
A242 (type 1) high-strength low-alloy steel was
coupled to itself and to type 410 stainless steel.
The results of these tests after 6 months of
immersion in seawater are given in Table 11.
Coupling carbon steel to stainless steel in an
anode-to-cathode ratio of 1 to 8 can result in an
approximately eightfold greater corrosion loss
for the carbon steel. Also important to design
engineers is the significant increase in corro-
sion that occurs when carbon steel is coupled to
high-strength low-alloy steel, despite the fact
that their solution (galvanic) potentials are
practically the same. An example of a carbon
steel/alloy steel galvanic couple is shown in
Fig. 21.

Ship and Submarine Applications. The
selection of low-alloy steels for ship and
submarine hulls, structures, and deck railings
is based on toughness, ductility, and weldability
rather than corrosion performance. Protection
from corrosion is generally supplied by coat-
ings and cathodic protection. Compositions of
high-strength low-alloy steels used for ship and

Table 8 Average decrease in thickness of 6 m (20 ft) specimens after 5 year exposure to splash, seawater, and mud zones at Harbor Island, NC

Decrease in thickness

Average distance
from top Sheet steel piling 0.54Ni-0.52Cu-0.12P 0.55Ni-0.22Cu-0.17P 0.54Ni-0.20Cu-0.11P 0.55Ni-0.20Cu-0.14P 0.28Ni-0.20Cu-0.14P 0.28Ni-0.22Cu-0.17P

m ft mm mils mm mils mm mils mm mils mm mils mm mils mm mils

0.15 0.5(a) 229 9 279 11 305 12 229 9 610 24 229 9 254 10
0.46 1.5 2210 87 330 13 406 16 762 30 457 18 533 21 533 21
0.76 2.5 2490 98 432 17 660 26 1372 54 762 30 1143 45 1854 73

Approximate high-tide line

1.1 3.5 1219 48 102 4 229 9 229 9 178 7 152 6 559 22
1.4 4.5 25 1 25 1 51 2 25 1 51 2 25 1 51 2
1.7 5.5 51 2 25 1 51 2 51 2 178 7 76 3 51 2
2.0 6.5 356 14 940 37 864 34 1041 41 737 29 711 28 610 24

Approximate low-tide line

2.3 7.5 1422 56 1321 52 1321 52 1626 64 1346 53 1067 42 1168 46
2.6 8.5 1143 45 1041 41 1118 44 1245 49 1067 42 965 38 864 34
2.9 9.5 1321 52 965 38 1041 41 1245 49 1245 49 1092 43 813 32
3.2 10.5 1346 53 1219 48 1016 40 1245 49 1067 42 1041 41 813 32
3.5 11.5 1143 45 991 39 890 35 1245 49 1067 42 940 37 813 32
3.8 12.5 1168 46 940 37 965 38 1168 46 813 32 890 35 838 33

Approximate ground line

4.1 13.5 1143 45 330 13 610 24 940 37 279 11 305 12 457 18
4.4 14.5 736 29 152 6 610 24 610 24 152 6 178 7 432 17
4.7 15.5 533 21 127 5 127 5 356 14 127 5 152 6 457 18
5.0 16.5 559 22 254 10 330 13 279 11 178 7 381 15 711 28
5.3 17.5 762 30 457 18 559 22 254 10 305 12 711 28 787 31
5.6 18.5 762 30 305 12 381 15 254 10 559 22 635 25 864 34
5.9 19.5 686 27 381 15 610 24 432 17 991 39 965 38 787 31

Note: Approximate mean high ride 0.6 to 0.9 m (2 to 3 ft) from tops of specimens: approximate mean low tide about 1.8 m (6 ft) from tops of specimens. (a) Unrealistic values because of partial protection from top supporting
member. Source: Ref 18
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Fig. 19 Effect of exposure time on corrosion of steels in marine atmosphere at Kure Beach, NC. Source: Ref 17
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submarine structural applications are given in
Table 12. Of the compositions given, the corro-
sion resistance of ASTM A710 in both flowing
and still seawater has been characterized (Ref
22). These results are given in Fig. 22(a) and (b),
where ASTM A710 is compared with several
other high-strength steels as well as with carbon
steel. The conclusion drawn from this study is
that ASTM A710 exhibits corrosion resistance
comparable to other high-strength and carbon
steels.

Chemical-Processing Industry

Many factors, such as temperature, pressure,
and velocity of the process stream, influence
corrosion in the chemical-processing industry.
Minute amounts of contaminants can result in
large increases in corrosion rates. The use of
low-alloy steels in such environments is gen-
erally limited to static or low-velocity appli-
cations, such as storage tanks or low-velocity
piping. Applications for bare steel are parti-
cularly limited. More often, some form of
protection is used both to protect the steel
equipment and to maintain the purity of the
product. Organic linings are commonly used
for this purpose; the use of cathodic and ano-
dic protection is also becoming more com-
mon. Some applications for alloy steels in
the chemical-processing industry are listed as
follows.

Sulfuric Acid. Steel tanks are used to store
sulfuric acid at ambient temperatures at all
concentrations to 100%. Corrosion can rapidly
become catastrophic at these concentrations
and at temperatures above 25 �C (75 �F).
When product purity is of concern, anodic
protection can be used to limit iron con-
tamination over long storage periods (see the
article “Anodic Protection” in ASM Hand-
book, Volume 13A, 2003). The addition of
0.1 to 0.5% Cu to steels used for sulfuric acid
storage has been shown to reduce corrosion
rates in acid concentrations to approximately
55%, but this beneficial effect has not been
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Fig. 20 Comparison of corrosion results for two steels in marine environments. Source: Ref 18

Table 9 Composition of structural steels and their corrosion rates immersed 4.25 m (14 ft) deep in the Pacific Ocean near the
Panama Canal Zone

Steel Type

Corrosion rate

Composition, % 8 years 16 years

C Mn P S Si Cr Ni Cu Mo mm/yr mils/yr mm/yr mils/yr

A Unalloyed low carbon 0.24 0.48 0.040 0.027 0.008 0.03 0.051 0.080 . . . 74 2.9 69 2.7
D Copper bearing 0.22 0.44 0.019 0.033 0.009 Trace 0.14 0.35 . . . 76 3.0 . . . . . .
E Nickel (2%) 0.20 0.54 0.012 0.023 0.18 0.15 1.94 0.63 . . . 97 3.8 69 2.7
F Nickel (5%) 0.13 0.49 0.010 0.014 0.16 0.10 5.51 0.062 . . . 91 3.6 69 2.7
G Chromium (3%) 0.08 0.44 0.010 0.017 0.13 3.16 0.16 0.11 0.02 147 5.8 97 3.8
H Chromium (5%) 0.08 0.41 0.020 0.019 0.20 5.06 0.11 0.062 0.52 109 4.3 89 3.5
I Low alloy (Cu-Ni) 0.08 0.47 0.007 0.026 0.060 None 1.54 0.87 . . . 76 3.0 69 2.7
J Low alloy (Cu-Cr-Si) 0.15 0.45 0.113 0.026 0.47 0.68 0.49 0.42 . . . 135 5.3 122 4.8
K Low alloy (Cu-Ni-Mn-Mo) 0.078 0.75 0.058 0.022 0.04 Trace 0.72 0.61 0.13 69 2.7 64 2.5
L Low alloy (Cr-Ni-Mn) 0.13 0.60 0.089 0.021 0.15 0.55 0.30 0.61 0.059 140 5.5 127 5.0

Source: Ref 20
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observed at concentrations greater than 60%
(Ref 23).

Organic Acids. Low-alloy steel can be used
for ambient-temperature storage of some high-
molecular-weight organic acids, but steel is
attacked rapidly by formic, acetic, and propionic
acids.

Alkalis. Bare steel storage tanks are used
for sodium hydroxide at concentrations to 50%
and at temperatures to approximately 65 �C
(150 �F). Where iron contamination of the pro-
duct is of concern, spray-applied neoprene latex
or phenolic-epoxy linings are used.

Anhydrous Ammonia. Low-alloy steel sto-
rage tanks have been used for many years for
ammonia storage. Stress-corrosion cracking has
been the primary corrosion problem in these
vessels. It has been shown in several investiga-
tions that high stresses and oxygen (air) con-
tamination are the primary causes of such
cracking and that the addition of 0.1 to 0.2% H2O
inhibits SCC in alloy steel storage vessels
(Ref 24–29).

Chlorine. Steel is used to handle dry
chlorine, and corrosion rates are generally
low. Ignition can be a problem, however, and
the recommended maximum service tempera-
ture in this application is 150 �C (300 �F)
(Ref 30). Steel is also used to handle refri-
gerated liquid chlorine, but care must be taken
at potential leak sites. Chlorine from small
leaks can be trapped beneath ice formed on
the equipment; this will form corrosive wet
chlorine gas. More information on corrosion
by these and other specific chemical envir-
onments is contained in articles in this
Volume.
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Table 10 Corrosion penetration of alloy steels immersed in the Pacific Ocean near the Panama Canal Zone after 8 years
See Table 9 for compositions

Steel Type

Penetration

Mean tide(a)

Ratio(b)

4.25 m (14 ft) below surface(a)

Ratio(b)

1 2 3 1 2 3

mm mils mm mils mm mils mm mils mm mils mm mils

A Low carbon 589 23.2 1016 40 1651 65 1.7 648 25.5 1676 66 2184 86 2.6
D Copper bearing 615 24.2 1143 45 1600 63 1.9 704 27.7 1600 63 2743 108 2.3
E Nickel (2%) 582 22.9 991 39 1270 50 1.7 805 31.7 2388 94 4547 179 3.0
F Nickel (5%) 508 20.0 991 39 1905 75 2.0 813 32.0 2972 117 5436 214 3.7
G Chromium (3%) 653 25.7 2082 82 2362 93 3.2 1029 40.5 1651 65 1981 78 1.6
H Chromium (5%) 622 24.5 2235 88 2515 99 3.6 813 32.0 1600 63 2286 90 2.0
I Low alloy (Cu-Ni) 1008 39.7 1778 70 3404 134 1.8 671 26.4 2083 82 3861 152 3.2
J Low alloy (Cu-Cr-Si) 536 21.1 1194 47 1372 54 2.2 1097 43.2 2032 80 4445 175 1.8
K Low alloy (Cu-Ni-Mn-Mo) 630 24.8 1016 40 2388 94 1.6 648 25.5 1422 56 3531 139 2.2
L Low alloy (Cr-Ni-Mn) 521 20.5 991 39 1270 50 1.9 1115 43.9 2464 97 6579 259(c) 2.2

(a) 1, calculated from weight loss; 2, average of 20 deepest pits; 3, deepest pit. (b) Ratio of average of 20 deepest pits to weight loss penetration. The higher the number the greater is the pitting tendency in relation to the corrosion
rate. (c) Completely perforated. Source: Ref: 20

Table 11 Corrosion of members of couples in seawater after 6 months

Specimen 1 Couple specimen 2

Weight loss (mg/m2/d) for area ratio(a) of

1:1 8:1 1:8

1 2 1 2 1 2

Carbon steel Carbon steel 5.5 . . . . . . . . . . . . . . .
Carbon steel ASTM A242(b) 8.2 2 6.7 2.7 17 3.2
Carbon steel Type 410 stainless steel 13 0.03 7.0 . . . 47 0.04
ASTM A242(b) ASTM A242(b) 4.5 . . . . . . . . . . . . . . .
ASTM A242(b) Type 410 stainless steel 9.5 0.03 6.2 0.04 35 0.02

(a) Area of specimen 1 to area of specimen 2. (b) Type 1, containing chromium, silicon, copper, nickel, and phosphorus. Source: Ref 14
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Fig. 21 Example of a carbon steel/alloy steel galvanic couple. Source: Ref 21
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Corrosion of Weathering Steels
Revised by F.B. Fletcher, Mittal Steel USA

WEATHERING STEELS contain deliberate
additions of alloying elements intended to
increase the atmospheric corrosion resistance of
steel. Their invention inadvertently created the
classification of high-strength low-alloy (HSLA)
steels. The most recent weathering steels for
bridges and other structural applications are the
high-performance steels. The essential feature of
all these weathering steels is the development of
a hard, dense, tightly adherent, protective rust
coating on the steel when it is exposed to the
atmosphere, permitting them to be used outdoors
with or without paint. The rust imparts a pleasing
dark surface to weathering steels, and, compared
to unalloyed plain carbon steels, weathering
steels have significantly reduced corrosion rates
in the atmosphere.

Copper-Bearing Steels

Weathering steels are direct descendents of
the copper-bearing steels that came into use early
in the 20th century. Steels of that time were made
exclusively from iron ore that contained less than
approximately 0.02% Cu. It was first reported
(Ref 1) in 1900 that when exposed to the weather,
some copper-containing irons and steels cor-
roded more slowly than others. By 1911, two
U.S. steel producers were marketing copper-
bearing steels for improved resistance to corro-
sion in the atmosphere. After a decade of
studying this behavior by exposing samples at
three different geographic locations in the United
States, Buck reported (Ref 2) in 1913 that a small
amount of copper (0.03% Cu) in the steel

lowered its corrosion rate significantly. These
results stimulated more extensive atmospheric
corrosion studies in the United States, Germany,
and the United Kingdom. Specific data varied
considerably, but by 1919, a consensus had
developed that copper-bearing steels with more
than 0.15% Cu provided a 50% improvement in
service life of steel. On this basis, the Pennsyl-
vania Railroad adopted copper-bearing steel for
all sheet steel to be used in cars (Ref 3).

High-Strength Low-Alloy Steels

Additional outdoor studies were initiated in
the 1920s by steel companies and by technical
committees made up of particularly motivated
engineers. It was quickly recognized that in
addition to copper, adding small quantities of
other alloying elements provided greater atmo-
spheric corrosion resistance and also enhanced
the strength of the steel. In 1933, United States
Steel introduced COR-TEN (high corrosion
resistance and high tensile strength) steel, which
was quickly followed by competing proprietary
steels from other steel producers. Thus were born
the HSLA steels. In addition to copper, these
steels generally contained elevated levels of
phosphorus, silicon, and manganese, all of which
were considered to have beneficial effects on
atmospheric corrosion resistance.

The first commercial HSLA steels in the
United States were used by the railroad industry
for coal hopper cars in the unpainted condition.
When steel specification ASTM A 242 (Ref 4)
was established by ASTM specification in 1941,

it encompassed steels with a range of chemical
composition and minimum yield points from 290
to 345 MPa (42 to 50 ksi) and with corrosion re-
sistance equal to or greater than copper-bearing
steels (twice that of copper-free plain carbon
steels) in most environments. The specification
ASTM A 242 continues to be used by producers
and purchasers of weathering steels in North
America and elsewhere for materials up to and
including 100 mm (4 in.) thickness. When the
heavier (thicker) structural grades of HSLA
steels became available, they were described and
specified by ASTM A 588 (Ref 5). Weathering
steels used in North American bridges are cur-
rently covered by ASTM A 709 (Ref 6). Table 1
shows the compositional requirements for these
commonly specified weathering steels.

Atmospheric Corrosion Testing

The performance of weathering steel compo-
sitions can be quantified through the exposure of
test panels in various atmospheres (Ref 7). The
standard method for measuring corrosion rates
for comparative purposes is to boldly expose
accurately measured and weighed 100 by
150 mm (4 by 6 in.) panels on test racks at an
inclination of 30� from the horizontal facing
south. After prescribed periods of time—for
example, one, two, four, eight, and sixteen
years—duplicate or triplicate panels are
removed to the laboratory. The oxide (rust) sur-
face is stripped off by mechanical or chemical
means (Ref 8), and the weight (mass) loss of the
coupon is measured. The mass loss value is

Table 1 Specified compositions for several important weathering steels

ASTM designation Composition, wt%

Specification Grade C Mn P S Si Cu Ni Cr Mo V Other

A 242 Type 1 0.15 1.00 0.15 0.05 . . . 0.20(a) . . . . . . . . . . . . . . .
A 588 B 0.20 0.75–1.35 0.04 0.05 0.15–0.50 0.20–0.40 0.50 0.40–0.70 . . . 0.01–0.10 . . .
A 709 50W 0.23 1.35 0.04 0.05 0.15–0.50 0.20–0.40 0.50 0.40–0.70 . . . 0.01–0.10 . . .
A 709 HPS 50W and

HPS 70W(b)
0.11 1.10–1.35 0.020 0.006 0.30–0.50 0.25–0.40 0.25–0.40 0.45–0.70 0.02–0.08 0.04–0.08 0.010–0.040 Al; 0.015 N

A 709 HPS 100W(b) 0.08 0.95–1.50 0.015 0.006 0.15–0.35 0.90–1.20 0.65–0.90 0.40–0.65 0.40–0.65 0.04–0.08 0.01–0.03 Nb; 0.020–
0.050 Al; 0.015 N

See the relevant specification for complete details. Single values are maximum unless noted. (a) Minimum. (b) HPS, high-performance steel
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converted to a thickness loss per exposed speci-
men surface, which is the conventional depen-
dent variable of the test. In addition to measuring
the corrosion behavior of alloys, atmospheric
corrosion tests permit a comparison of the
aggressiveness of the environment in particular
geographic locations. It was common in the 20th
century to conduct atmospheric corrosion studies
at locations intended to be representative of
rural, industrial, and marine conditions. How-
ever, the implementation of environmental leg-
islation in the latter decades of the century
caused some long-standing industrial test sites to
become less aggressive, while acid rain caused
some rural test sites to become more aggressive.
Thus, comparisons of atmospheric corrosion
behavior is a dynamic experimental challenge,
and the test dates as well as location should be
considered when analyzing data.

In 1962, the results of an extensive 15.5 year
study were published (Ref 9) in which some 270
different steels had been exposed in three
atmospheres. The sites were at Kearny, NJ
(industrial); South Bend, PA (semirural); and
Kure Beach, NC (moderate marine; 250 m, or
800 ft, from the ocean). These data formed a
basis for quantifying the effects of copper,
nickel, chromium, silicon, and phosphorus on
weathering steel performance. Table 2 lists the
thickness reduction of 18 representative com-
positions in which the different levels of copper
are combined with one or more other alloying
elements to show their respective influences on
corrosion in the industrial and marine sites.

Estimating Atmospheric Corrosion
Behavior of Weathering Steels

The formation of a protective rust film results
in deceleration, but not cessation, of corrosion.

Mass loss and thickness reduction due to atmo-
spheric corrosion of steel can be represented by
an equation of the form W=Ktn, where W is the
mass loss (or thickness reduction) of metal due to
corrosion, t is the exposure time in years, and K
and n are empirical constants.

Consensus standards have been developed to
estimate the atmospheric corrosion behavior of
weathering steels (Ref 7). Two methods are
recognized:

� Perform short-term exposure tests and extra-
polate the thickness loss results to the service
life of interest, using regression analysis to
determine the empirical constants in the pre-
dictive equation given previously.

� Calculate a corrosion index based on the steel
composition.

Currently, two corrosion indexes are in use.
One older index (Ref 10) was developed from the
270-steel database described in Ref 9, and the
newer index (Ref 11) was established from a
database of 275 steels exposed, starting in 1934,
for times up to 16 years in industrial Bethlehem,
PA; 227 steels exposed in more rural Columbus,
OH; and 248 steels exposed in industrial Pitts-
burgh, PA. The two indexes are based on entirely
different empirical approaches, although they
share the characteristic that pure iron has an
index value of 0. The higher the value of either
index, the greater the predicted corrosion resis-
tance. The maximum possible value for the
newer index is 10.0.

The corrosion index can be used as a defining
criterion for weathering steels. A minimum
corrosion index value of 6.0 (calculated by the
older approach) has been established by some
steel specifications as the threshold for a steel to
have weathering characteristics. For the newer
index, a value of 5.4 is a reasonable value for
such a threshold value. Figure 1 is a histogram of

calculated corrosion indexes for 3461 weath-
ering steel heats produced by three different
North American steel mills in the early years of
the 21st century. The alloying levels used in
modern weathering steels are capable of pro-
viding excellent atmospheric corrosion resis-
tance, as predicted by their corrosion indexes.

Mechanism of Corrosion
Resistance of Weathering Steels

The atmospheric corrosion of iron and steels is
a function of the following factors: composition
of the steel; environmental conditions; char-
acteristics of the existing rust layers, especially
porosity; cyclic wetting and drying periods;
and contamination by particulates. This article
highlights some generalities about corrosion
mechanisms; References 12 and 13 provide
more thorough treatments. Also see the article
“Atmospheric Corrosion” in ASM Handbook,
Volume 13A, 2003.

Many studies over the years have attempted
to quantify the effects of various alloying ele-
ments on atmospheric corrosion resistance. One
such study (Ref 9) found that five elements,
phosphorus, silicon, chromium, copper, and
nickel, had a measurable effect (Table 2).
Reference 11 concluded that in addition to these,
carbon, molybdenum, and tin are beneficial
to atmospheric corrosion resistance; sulfur is
detrimental; and vanadium, manganese, and
aluminum have no significant effect. While it is
appealing to believe that individual alloying
elements have a consistent and predictable effect
on weathering of steel, the multifaceted nature of
atmospheric corrosion makes it impossible to
quantify elemental effects except in general
terms.

Microclimatic conditions can lead to sig-
nificantly different corrosion resistance. For
example, the corrosion rate (loss of thickness) of
the downward-facing surface is generally faster
than the skyward-facing surface of the same
corrosion coupon. In one study (Ref 14), the
skyward surface that was washed by the rain and
warmed by the wind and sun contributed 37% to

Table 2 Average reduction in thickness of steel specimens after 15.5 year exposure in
different atmospheres

Thickness reduction

Specimen

Composition, wt% Kearny, NJ (industrial)
Kure Beach, NC, 250 m

(800 ft) lot (moderate marine)

Cu Ni Cr Si P mm mils mm mils

1 0.012 . . . . . . . . . . . . 731 28.8 1321 52.0
2 0.04 . . . . . . . . . . . . 223 8.8 363 14.3
3 0.24 . . . . . . . . . . . . 155 6.1 284 11.2
4 0.008 1 . . . . . . . . . 155 6.1 244 9.6
5 0.2 1 . . . . . . . . . 112 4.4 203 8.0
6 0.01 . . . 0.61 . . . . . . 1059 41.7 401 15.8
7 0.22 . . . 0.63 . . . . . . 117 4.6 229 9.0
8 0.01 . . . . . . 0.22 . . . 373 14.7 546 21.5
9 0.22 . . . . . . 0.20 . . . 152 6.0 251 9.9
10 0.02 . . . . . . . . . 0.06 198 7.8 358 14.1
11 0.21 . . . . . . . . . 0.06 124 4.9 231 9.1
12 . . . 1 1.2 0.5 0.12 66 2.6 99 3.9
13 0.21 . . . 1.2 0.62 0.11 48 1.9 84 3.3
14 0.2 1 . . . 0.16 0.11 84 3.3 145 5.7
15 0.18 1 1.3 . . . 0.09 48 1.9 97 3.8
16 0.22 1 1.3 0.46 . . . 48 1.9 94 3.7
17 0.21 1 1.2 0.48 0.06 48 1.9 84 3.3
18 0.21 1 1.2 0.18 0.10 48 1.9 97 3.8

Source: Ref 9
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the weight loss, while the groundward-facing
surface that was never washed by the rain nor
dried as much by the sun contributed 63% to the
weight loss. The sheltered surface had a coarse
granular oxide film. The loosely attached initial
oxide film tended to retain dampness and to
promote additional corrosion. This finding sup-
ports the idea that the density and morphology of
the rust have a controlling effect on the corrosion
process.

Rust is a mixture of iron compounds that
develop in the presence of water. Approximately
20 different compounds—iron oxides and
oxy-hydroxides—have been reported in rusts,
although a single rust sample usually contains
only a few compounds. Corrosion products
most commonly observed in weathering steel
rust are:

Name Formula

Magnetite Fe3O4

Hematite a-Fe2O3

Maghemite c-Fe2O3

Goethite a-FeO(OH)
Lepidocrocite c-FeO(OH)
Akaganeite b-FeO(OH)

A complete description of weathering steel
corrosion products consists of the relative
amounts of these iron compounds as well as the
distribution of crystal sizes and their arrange-
ment in layers, if any.

When weathering steel is manufactured, the
surface becomes entirely oxidized, because a
free iron surface develops an oxide scale in a
matter of milliseconds at usual finish hot rolling
temperatures. The resulting mill scale is typi-
cally 10 to 20 mm (0.4 to 0.8 mil) thick. The mill
scale is predominantly wustite (FeO) and mag-
netite (Fe3O4) with some quantity of hematite
(a-Fe2O3). However, wustite is thermodyna-
mically unstable at room temperature and
quickly reacts with oxygen in the atmosphere to
form maghemite and more magnetite. When
water is present, lepidocrocite [c-FeO(OH)] also
forms. The relative amounts and the crystal size
distribution of these compounds depend on the
kinetics of the chemical reactions, which, in turn,
depend principally on the environmental condi-
tions but also on the steel composition.

The first rust to form is porous and poorly
adherent, especially on iron. When water is sor-
bed onto the surface and penetrates this porous
rust, the underlying iron dissolves, and Fe2þ

and/or Fe3þ ions become available to pre-
cipitate on drying as a stable oxide or hydroxide
corrosion product. Lepidocrocite [c-FeO(OH)]
and goethite [a-FeO(OH)] are the crystalline
forms most often observed during the early
stages of weathering steel corrosion. These oxy-
hyroxides exhibit crystal size distributions that
depend to some degree on the steel composition.
Carbon steel rust contains relatively less goethite
and relatively more lepidocrocite than a similarly
exposed weathering steel. When it is fully
developed, the protective patina on weathering
steels may be 75 to 80% goethite, with an aver-

age crystal size less than 15 nm. This nanophase
(previously referred to as amorphous) iron oxy-
hydroxide carbon steel rust contrasts with rust on
carbon steel that contains less goethite, and this
goethite is coarser (50 to 100 nm).

Over a period of years, the rust on low-alloy
weathering steels changes; the amount of
goethite increases, while the relative amount
of lepidocrocite diminishes. Weathering steel
develops multiple layers of rust on the surface.
The inner layers are mostly dense nanophase
goethite, and this provides the relative resistance
to further oxidation of the underlying steel
(Ref 15).

The necessary condition for steel oxidation is
delivery of oxygen to the underlying steel.
Oxygen diffusion can occur when the oxide/
hydroxide rust layer is porous, as, for example,
when there are cracks in the rust that penetrate to
the steel. Thus, the structural integrity of the
existing rust layer plays an important role in the
overall corrosion process. The nanophase goe-
thite provides for an excellent adherent rust that
resists cracking and thereby protects the steel
beneath from contact with gaseous oxygen.

Corrosion Behavior under
Different Exposure Conditions

If goethite formation is inhibited by exces-
sive times of wetness or the presence of
high concentrations of chlorides, weathering
steel does not develop a protective rust, and
its corrosion rate is similar to that of carbon
steel.

The key diurnal or periodic process to the
development of the hydroxide species on the
steel is the drying of a moistened surface. If
drying does not occur frequently enough, the
hydroxide species that forms on the surface is
predominantly maghemite; goethite precipita-
tion and formation does not occur. Thus, when
weathering steel is located where it experiences
excessive time of wetness, such as protracted
and frequent periods of rainfall, fog, or per-
sistent mist, it will rust similarly to carbon steel.
This behavior has long been recognized, and the
use of bare, unpainted weathering steel when the
yearly average time of wetness exceeds 60% is
not recommended (Ref 16).

Another environment that is contraindi-
cated for weathering steel is when the chloride
level exceeds 0.5 mg/100 cm2 . day (Ref 15).
High chloride level in the rust causes the for-
mation of akaganeite [b-FeO(OH)] in pre-
ference to goethite. Thus, when akaganeite is
found in the rust of a weathering steel, it is
common that the atmospheric corrosion be-
havior of the steel is inferior. Figure 2 shows
the surface removal due to corrosion of an
ASTM A 588 grade B weathering steel measured
at two inland sites and two sites close to the
seashore. Salt deposits on the weathering steel
at the seaside locations caused significantly
higher corrosion rates. Heavy use of road salt on

highways and beneath bridges can make it
impossible for weathering steel to develop the
protective oxide layer, and under this situation,
weathering steel structures corrode similarly to
carbon steel.

High sulfide and sulfate contents also negate
the effectiveness of weathering steels. In areas of
severe air pollution due to sulfate, for example,
deposits on the weathering steel create localized
areas of high acidity that may dissolve the pro-
tective oxide.

Under conditions of long-term immersion in
freshwater or seawater, the corrosion rate of
weathering steel is the same as that for carbon
steel. Similarly, burial in soil having varying
moisture levels will result in behavior similar
to that of carbon steel. In both of these environ-
ments, the lack of a drying cycle inhibits the
formation of the protective oxide film. The
implication, then, is to avoid features in any
structure, such as pockets, that can retain water
for lengthy periods and to paint any portion of
a structure that will be in the soil subject to rain
and snow drainage. The ideal exposure condi-
tions for weathering steel are those in which
the surface is washed frequently to remove
contaminants and the sun is present to dry the
surface.

Case Histories and
Design Considerations

Based on the mechanism of atmospheric cor-
rosion resistance of weathering steel, working
rules for creating the protective oxide film have
evolved. The following case histories illustrate
both the violations of these rules and suggestions
on how to avoid certain maintenance problems
that may be encountered with weathering steels.

Example 1: Assessing the Influence of
Location. The Gulf Coast and other seashore
locations, where onshore breezes are common,
experience considerable penetration of salt air.
Thus, weathering steel structures experience a
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buildup of a salt residue that can inhibit forma-
tion of the protective oxide film. The resulting
atmospheric corrosion rates are significantly
higher than at inshore locations. To assess the
conditions at a particular location, one can
expose a small test rack for 18 to 24 months with
panels of weathering steel and plain carbon steel.
Care must be taken that the plain carbon steel is
obtained from the same mill source as the
potential structural steel, because many modern
electric furnace steel mills produce plain carbon
steels with high residual alloy contents that may
unintentionally impart weathering character-
istics. If the test panel of plain carbon steel comes
from such a mill, a misleading conclusion may
be drawn from the test results. Two or three
removals for weight loss determination will
indicate whether a protective oxide is forming on
the weathering steel. If proximity to the ocean is
a question, then exposure of a chloride candle,
either at ground level or preferably at an eleva-
tion comparable to the height of the structure,
should be made, and the monthly chloride
determinations should be performed for at least
12 months in order to assess the influence of the
seasons.

Example 2: Storage and Stacking of
Weathering Steels. When girders, H-beams,
and formed weathering steel components such
as angles and channels are stored in the open
by fabricators or contractors, the steel should

be stored face down rather than nested face up.
This reduces the possibility of retaining water
between the nested members. The steel should be
stored with one end elevated to facilitate drai-
nage, although draping with a cover cloth is
preferred. When angles or channels are nested so
that they can retain water, a loose voluminous
rust scale develops, as seen in Fig. 3. If it
develops, such scale can be readily removed by
hammering, brushing, or with a power-driven
wire wheel.

Before heavy girders and columns are erected,
they should be inspected by hammering to ensure
that a laminated sheet of rust has not formed
during the storage period. If this inspection is not
performed, the rusted slab may begin to dela-
minate once in place, and this will raise questions
as to whether the steel was truly of the weath-
ering composition.

Example 3: Galvanic Corrosion Problems.
Care must be exercised to prevent the mixing of
carbon steel with a weathering steel stock. If a
weathering steel component is missing, the
erection crews may substitute a carbon steel
member. This may go unnoticed for several years
and then result in excessive deterioration, such as
that shown in Fig. 4.

One of the more vivid examples of galvani-
cally coupled metals is the use of the hanger pin
detail, shown in Fig. 5, to facilitate girder
movement during expansion and contraction. In
this case, a bronze washer is part of the assembly.
When such a device is used in the snow-belt
states, it can create a strong galvanic cell with the
steel when deicing salt solution drains from
the deck through the expansion joint and through
the crevice created by the connection. The out-
come can be excessive corrosion of the steel,
with the resulting rust formation freezing and
therefore immobilizing the joint. The resulting
corrosion is evident in Fig. 6.

Example 4: Packout Rust Formation, Bolt-
ing, and Sealing. One of the major differences
between a galvanized steel bolted structure and a
weathered structure is the inability of the latter to
tolerate loose joints from a corrosion aspect. For
a galvanized structure, moisture draining
between a loose gusset plate and structural angle
because of a loose bolt will cause little or no
corrosion harm. In contrast, such retained drai-
nage can initiate corrosion and rust formation in
weathering steel joints. Such rust buildup can pry
apart the joint. This condition, called packout, is
seen in Fig. 7.

To minimize the possibility of packout for-
mation, it is necessary to seal a joint effectively
by an appropriate distribution of bolts in a
properly designed and installed joint. This
reduces any tendency toward wicking action
through capillary openings. The working guide-
lines for bolting deal with the establishment of
bolt spacing and bolt-to-edge distances to pro-
vide adequate joint stiffness in order to avoid
distortion due to packout corrosion products.
Briefly, the pitch (spacing on a line of fasteners
adjacent to a free edge of plates or shapes in

Fig. 3 View of loosely attached rust scale that formed
among nested angles in a utility storage yard

Fig. 4 Results of mixing carbon steel angle in a
weathering steel structure

Fig. 5 Typical hanger pin assembly with bronze
washer

Fig. 6 View of blast-cleaned assembly showing effects
of corrosion due to crevice attack and gal-

vanic activity

Fig. 7 Distortion caused by packout rust formation
because excessive spacing between bolts per-

mitted entry of moisture into joint

Corrosion of Weathering Steels / 31

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



contact with one another) should not exceed the
smaller of 14 times the thickness of the thinnest
part, or 180 mm (7 in.). The distance from the
center of any bolt to the nearest free edge of
plates or shapes in contact with one another
should not exceed the smaller of 8 times the
thickness of the thinnest part, or 130 mm (5 in.).
These factors are illustrated in Fig. 8. At times, it
is appropriate to apply a caulk or sealant to the
edges to ensure an effective means for prevent-
ing the entry of moisture (Fig. 9).

Example 5: Protection of Buried Members.
When columns are located on concrete footers
below grade, they must be installed in a coated
condition. If not, moisture wicking upward from
beneath the concrete pad can create a condition
of lamellar corrosion above grade (Fig. 10). To
avoid this, the surface is prepared by blast
cleaning or power brushing, and a coal tar epoxy
coating is applied to extend several inches above
grade. Arranging a grill work and drainage sys-
tem is a desirable means of drawing off rainwater
drainage and melted snow.

Example 6: Contact with Fire-Retardant
Wood Panels. A condition is often encountered
in which a weathering steel curtain wall is placed
over plywood panels that are treated with pre-
servatives or fire retardants. Because most fire-
retardant compositions consist of inorganic salts
capable of being leached from the panels if they
become wet through entry of water or through
high relative humidities, it is necessary to insert a
vapor barrier such as polyethylene. Alter-
natively, the interior face of the steel must be
painted with a system capable of resisting the
presence of water and the resulting salt leachate.

The major cause of failure of weathering steel
curtain walls is inside-out corrosion due to the
intrusion of moisture. A primary reason is that
the quality of the interior protective coating is
inadequate for resisting the destructive effects of
long-term or frequent contact with liquid water
rather than moisture vapor. Another cause is
the failure of certain types of foamed-in-place

insulation to adhere completely over the entire
interior surface of the curtain wall.

Example 7: Painted Weathering Steels.
Experience has demonstrated that paint, regard-
less of composition, will adhere better and give
longer service when applied to an appropriately
prepared weathering steel surface as compared to
a carbon steel surface. This was demonstrated by

exposing ten different paint systems over blast-
cleaned panels of COR-TEN steel and carbon
steel in the 25 m (80 ft) lot at Kure Beach, NC,
for 15 years (Fig. 11). The paint systems that
failed on the (from left to right) fourth, seventh,
and tenth carbon steel panels continued to
function effectively on the weathering steel
panels. The paint system that failed on the sixth
carbon steel panel reached its true service life on
the weathering steel panel; this permitted the
exposed steel to develop its protective oxide film
to resist further environmental degradation. In
addition, it can be seen that the integrity of the
paint, regardless of its composition, is retained
on all but the sixth and seventh weathering steel
panels. From this test and other similar exposure
tests, it is conservatively suggested that paint life
over a weathering steel surface can be doubled.

Example 8: Steel Thickness for Curtain
Walls. Experience has demonstrated that if
there is a desire to use a weathering steel as a
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Fig. 8 Suggested spacing limits for joints in bolted
weathering steel structures

Fig. 9 Gusset plate that should be strip caulked to
prevent entry of moisture. Note the possibility

for wicking action.

Fig. 10 Formation of lamellar rust due to moisture
wicking upward from beneath concrete pad.

The buried portion must be painted.

Fig. 11 Exposure test of ten paint systems applied to carbon steel panels (top) and weathering steel panels 25 m (80 ft)
from ocean after 15 years. Courtesy of the LaQue Center for Corrosion Technology
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curtain wall, the minimum thickness specified
should be 18 gage (1.2141 mm, or 0.0478 in.).
Thinner sections result in oil canning, which
leads to irregular weathering, as noted in Fig. 12.

Example 9: Removing or Avoiding Stains.
Staining can result when water-soluble iron
oxides in the rust drain down the sides of a
structure under the effect of condensed dew or
rain. The iron-containing water may dry on
window panes or in the surface pores of concrete
columns and sidewalks. These deposits can be
removed from windows with household abra-
sives. Such stains can be removed from concrete
using typical building supplier products. These
concrete stain removers are generally acidic in
nature and eliminate the stain by removing an
extremely thin layer of concrete.

Effective design with weathering steel
demands that steps be taken to contain or divert
water drainage off the weathering steel compo-
nents. To avoid staining of building entrance
walks, one designer installed an anodized alu-
minum channel to divert drainage (Fig. 13).
Another installed a firm plastic sheet beneath a
structural member to act as a deflector to protect
lower walls (Fig. 14). Where horizontal and
vertical structural members project beyond
lower members, condensate drippage can be
retained through the use of shrubbery beds.

Example 10: Protection of Tower Legs and
Lighting Standards. A very important form
of protection for transmission tower legs
and lighting standards at ground level is to
maintain a clean area free of grass, bushes, and
field crops. Plant life tends to maintain a damp
environment for long periods and interfere with
the development of the protective oxide film.
They are especially damaging when covering

bolts and nuts at the base of these towers
around concrete footers; the bolts and nuts in
these areas can lose section and weaken in just a
few years.

Summary of Case Histories and Design
Considerations. Weathering steels, used within
the limitations noted previously, are useful
structural materials. Depending on environ-
mental conditions, they can be used unpainted or
painted. In the painted condition, weathering
steels contribute synergistically to extending the
service life of the protective coating and there-
fore reduce maintenance costs.

The primary limitations involve frequent and
long-term contact with water caused by the
inadvertent creation of pockets and crevices that
trap and retain moisture. Another limitation is
that found on bridge structures in which insuffi-
cient attention is paid to preventing attack of the
below-deck structural members by deicing salt
solution leaking through poorly maintained
expansion joint devices.

Like any below-ground carbon steel structure,
the weathering steels require a protective coat-
ing, as they do when constantly immersed in
freshwater or seawater. The protective oxide
coating can develop only under conditions of
alternate wetting and drying that occur in normal
day and night exposure.

To avoid the staining that results from the
drainage of moisture that contains particles of
rust, one must resort to the techniques of reten-
tion and diversion. Finally, care must be taken to
protect field installations at ground level from the
destructive effects of damp shrubbery, grass, and
field crops. Clear space is necessary so that the

structure can maintain a dry state, except for the
usual periods of rain and snow.
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Spectroscopy to the Study of Corrosion,
Hyperfine Interact., Vol 153, 2004, p 61–82

14. C.P. Larrabee, The Effect of Specimen
Position on Atmospheric Corrosion Testing
on Steel, Trans. Electrochem. Soc., 1945,
p 297

15. D.C. Cook, S.J. Oh, and H.E. Townsend,
“The Protective Layer Formed on Steels
after Long-Term Atmospheric Exposure,”
Paper 343, Corrosion 98, NACE Interna-
tional, 1998

16. “Uncoated Weathering Steel in Structures,”
Technical Advisory T4140.22, U.S.
Department of Transportation, Federal
Highway Administration, Oct 3, 1989

SELECTED REFERENCES

� P. Albrecht, Corrosion Control of Weathering
Steel Bridges, Corrosion Forms and Control
for Infrastructure, STP 1137, American
Society for Testing and Materials, 1992,
p 108–125

� P. Albrecht, S.K. Coburn, F.M. Wattar, G.
Tinklenberg, and W.P. Gallagher, “Guidelines
for the Use of Weathering Steel in Bridges,”
NCHRP Report 314, Transportation Research
Board, National Research Council, Washing-
ton, D.C., 1989

� P. Albrecht and T.T. Hall, Atmospheric
Resistance of Structural Steels, J. Mater. Civil
Eng., Vol 15 (No. 1), 2003, p 2–24

� D.C. Cook, Application of Mössbauer Spec-
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Corrosion of Metallic Coated Steels
Revised by C. Ramadeva Shastry, Metal Steel USA

THE MAIN REASON TO APPLY A
METALLIC COATING to a steel substrate is
corrosion protection. Most metallic coatings are
applied either by hot dipping in a molten bath of
metal or by electroplating in an aqueous elec-
trolyte. To a lesser extent, coatings are also
applied by such methods as metal spraying,
cementing, and metal cladding. Coating pro-
cesses are reviewed in “Electroplated Coating,”
“Continuous Hot Dip Coatings,” “Batch Process
Hot Dip Galvanizing,” and “Thermal Spray
Coatings” in ASM Handbook, Vol 13A.

From the standpoint of corrosion protection of
iron and steel, metallic coatings can be classified
into two types—noble coatings and sacrificial
coatings. Noble coatings such as lead, copper, or
silver are noble in the galvanic series with
respect to steel. For noble coatings, at areas with
surface defects or porosity, the galvanic current
accelerates attack of the base steel and eventually
undermines the coating. Sacrificial coatings,
such as zinc or cadmium, are anodic (more
active) to steel. For sacrificial coatings at
uncoated areas (pores), the direction of galvanic
current through the electrolyte is from coating to
the base steel; as a result, the base steel is cath-
odically protected. In general, the thicker the

coating, the longer the duration of cathodic
protection. This article will emphasize hot-
dipped zinc, aluminum, zinc-aluminum alloy
and aluminum-zinc alloy coatings, which are
summarized in Table 1. More detailed informa-
tion is provided in the articles “Thermal Spray
Coatings for Corrosion Protection in Atmo-
spheric Aqueous Environments,” “Corrosion of
Clad Metals,” and “Corrosion of Zinc and Zinc
Alloys” in this Volume, and in “Continuous Hot-
Dip Coatings for Steel” in ASM Handbook, Vol
5, Surface Engineering.

Zinc-Base Coatings

Types. Zinc-coated steels are generally pro-
duced by either hot dipping or electroplating.
The main difference between these two types of
zinc coatings is in their coating structure. The
hot-dip galvanized coatings consist of a layer of
zinc-iron or iron-aluminum-zinc intermetallics
at the steel/zinc coating interface (Ref 1, 2). The
type of intermetallics formed depends on the
aluminum content of the zinc melt, which is
generally in the 0.1 to 0.3% range (by weight)
in most commercial operations. An alloy layer

consisting of one or more zinc-iron inter-
metallics forms when the melt aluminum is
between 0.10 and 0.15%. Possible zinc-iron
intermetallics that may occur in the alloy layer
are shown in Fig. 1.

A typical microstructure of a hot-dipped zinc
coating produced from a low-aluminum melt
(0.1–0.15% Al) is shown in Fig. 2. For galva-
nized sheet steel with better coating adhesion and
good coating-forming properties, the thickness
of the zinc-iron intermetallic layers should be
less than 20% of the total coating thickness. The
growth of the zinc-iron intermetallic layer is
determined by the aluminum level in the zinc
melt. In coatings produced from melts containing
more than 0.15% Al, the formation of zinc-iron
intermetallics is usually fully suppressed, and a
zinc-containing iron-aluminum intermetallic
forms at the steel/zinc interface instead. This
layer is generally very thin, less than about
0.3 mm (120 min.), and not resolvable under a
light microscope. A typical microstructure of a
galvanized coating produced from a high-
aluminum melt (Ali0.15%) is shown in Fig. 3.

The appearance of the coating is also affected
by the composition of the zinc melt. Coatings
produced from melts containing 0.07 to 0.15%

Table 1 Metallic coatings for sheet steel

Process Coating type Composition, %

Coating, 1 side

Characteristics Typical applicationsWeight, g/m2 Thickness, mm

Electrolytic Zinc Pure Zn 20–100 3–14 Sacrificial coating, good corrosion
resistance

Autobody panels, appliance housings

Zinc-iron 11–20 Fe 30–50 4–7 Good corrosion resistance, excellent spot
weldability and paintability

Autobody panels

Zinc-nickel 9–13 Ni 20–50 3–7 Superior corrosion protection with thin
coatings

Autobody panels

Hot-dip Zinc Zn(a) 42–550 6–78 Sacrificial coating, good corrosion
resistance

Automotive, metal building, construction,
and appliances

Zinc-iron (galvanneal) 7–14 Fe 30–90 4–13 Good corrosion resistance, excellent spot
weldability and paintability

Autobody panels, floor pans, wheel house
liners, rails, and cross-members

Zinc-aluminum 4–7 Al 45–350 6–48 Superior corrosion resistance and
paintability similar to zinc

Metal building roofing and siding, fence
posts, appliances, and automotive

Aluminum-zinc Zinc-55Al-1.6Si 75–80 20–24 Excellent outdoor corrosion resistance Metal building roofing and siding, culverts,
appliances, and automotive

Aluminum, type I 5–11 Si 35–60 12–20 Good formability and resistance to high
temperatures

Metal building, appliance and automotive
exhaust parts

Aluminum, type II 0.5Si-2.5Fe 100–150 30–48 Excellent resistance to atmospheric
corrosion

Metal building and construction

Terne Pb-Sn 40–170 3–15 Barrier protection Automotive fuel tanks, radiator parts,
tubing

(a) Commercially pure
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Pb or 0.02 to 0.15% Sb in addition to Al have a
spangled appearance. Coatings produced from
baths free of lead or antimony have a smooth and
spangle-free surface.

Electrogalvanized steels display a smooth,
uniform, and spangle-free coating and do not
have an intermetallic layer. Electrogalvanized
steels, and zinc-iron alloy (galvanneal) coated
steels produced by thermally alloying hot-dipped
zinc with iron from the base steel, are generally
used in painted automotive applications. Cur-
rently, almost all hot-dip galvanized sheet steel
in the United States is produced by continuous
process. The two commercial processes used are
the Sendzimir process and the Cook-Norteman
process.

In the Sendzimir process, the steel strip is
heated in a high-temperature furnace consisting
of an oxidizing atmosphere to remove organic

oils and surface contaminants, followed by
heating in a reducing furnace with a hydrogen-
rich atmosphere to reduce the surface oxide layer
and to anneal the steel substrate. The discharge
end of the reducing furnace is below the surface
of the zinc bath; this allows the continuous sheet
to enter the bath without passing through a con-
taminating atmosphere. Precise control of the
oxidizing and reducing temperature is critical in
developing and maintaining the cleanliness of
the steel surface.

In recent years, the Sendzimir (hot) process
has been significantly modified to improve
product quality and appearance for critical
applications. The modifications include a
multistage cleaning section to achieve a high
degree of surface cleanliness before the strip
enters the annealing furnace; elimination of the
oxidizing atmosphere and the addition of a

radiant-heat annealing furnace with a leaner
hydrogen-nitrogen reducing atmosphere (5–10%
H2); and vertical furnace design for a more
compact operation and reduced likelihood of
strip damage in the furnace. Reference 3 pro-
vides an excellent review of recent advances in
the hot zinc-coating process.

In the Cook-Norteman process, an in-line
furnace is not used. The sheet is chemically
cleaned by alkaline degreasing and acid pickling.
After cleaning, the sheet is coated with a film of
zinc ammonium chloride, dried, and preheated to
less than 260 �C (500 �F) before entering the
galvanizing bath.

Aqueous Corrosion of Galvanized Steel.
Zinc is an amphoteric metal that corrodes in acid
and alkaline solutions. The hydrogen ion con-
centration in water and aqueous solutions has a
significant effect on the corrosion rate of zinc.
This effect is shown in Fig. 4, which plots the
average overall corrosion rate versus the hydro-
gen ion concentration expressed in terms of pH
value (Ref 4). In the pH range of 6 to 12.5, a
protective film is formed on the zinc surface, and
the zinc corrodes very slowly. At pH values
below 4 and above 12.5, the major form of attack
on zinc is hydrogen evolution, and zinc corrodes
very rapidly. The pH values for natural water and
mildly alkaline, soap-bearing water are within
the safe range and will not corrode zinc coatings.
The corrosion rate is higher in soft water than
in hard water because the latter often forms a
protective film. In hard water the corrosion rate
of pure zinc by weight loss is 110 g/m2/yr
(0.36 oz/ft2/yr), or by thickness loss, 15.4 mm/yr
(0.61 mil/yr). In distilled water the losses are
986 g/m2/yr (3.22 oz/ft2/yr) or 138 mm/yr
(5.44 mil/yr). It has been observed that in aerated
hot water, the polarity between the zinc coating
and the base steel is reversed at 60 �C (140 �F)
and higher (Ref 5). In this case, zinc becomes a
noble coating instead of a sacrificial coating and
induces pitting of the bare steel. In seawater, zinc
coatings corrode at approximately 181 g/m2/yr
(0.59 oz/ft2/yr) or 1 mil/yr (25.4 mm/yr).

Atmospheric Corrosion of Galvanized
Steel. The corrosion rate of zinc coatings
exposed to the outdoors depends on such factors
as the frequency and duration of moisture
contact, the rate of drying, and the extent of
industrial pollution. In general, the corrosion rate
of zinc coatings in a rural atmosphere is very low.
Seacoast atmospheres are less corrosive to zinc
coating than industrial atmospheres.

A large-scale long-term test program was
conducted on galvanized steel wire (both hot-
dipped and electroplated) by ASTM (Ref 6).
Carbon steel wires with different coating weights
were exposed at several testing sites, which at
that time were catagoized as Pittsburgh, PA
(severe industrial); Sandy Hook, NH (marine);
Bridgeport, CT (industrial); State College, PA
(rural); Lafayette, IN (rural); Ithaca, NY (rural);
and Ames, IA (rural). After fifteen years of
exposure at these sites, the average corrosion
rates of the zinc coatings were obtained by
dividing the loss of coating weight (oz/ft2) by the
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Fig. 1 Typical coating microstructure for prolonged immersion of carbon steel in prime western zinc at 450 �C
(842 �F)

Fig. 2 Typical microstructure of hot-dip galvanized
coatings produced from a low aluminum

(0.10–0.15% Al) melt. Courtesy of Phil Fekula, Metal Steel
USA.

Fig. 3 Typical microstructure of hot-dip galvanized
coatings produced from a high aluminum

(40.15% Al) melt. Courtesy of Phil Fekula, Metal Steel
USA.
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number of years of exposure before the first rust
was observed. These rates are summarized in
Table 2. The service life of the zinc coating
appears to be in direct proportion to the weight of
the coating. The corrosion rate can range from
12 g/m2/yr (0.04 oz/ft2/yr) in a rural atmosphere,
to 104 g/m2/yr (0.34 oz/ft2/yr) in a severe
industrial atmosphere. The gage of the wire or
the type of zinc coating (either hot-dipped or
electro-deposited) within the test limits seems to
have had no effect on the corrosion rate of the
zinc coating.

In 1969, the atmospheric-corrosion behavior
of hot-dip galvanized steel sheet was evaluated at
three testing sites: a semi-industrial test site
(Porter County, IN), a severe industrial test site
(East Chicago, IN), and a marine test site (Kure
Beach, NC) (Ref 7). The galvanized steel used
was 0.81 mm (0.032 in.) thick with an average
coating weight of 168 g/m2 (0.55 oz/ft2). All test
panels were 100 by 150 mm (4 · 6 in.) in size.
Two panels were made into one sandwich-type
test specimen for exposure, so that the corrosion
rate on the skyward and groundward side of each
specimen could be evaluated independently. All
specimens were exposed inclined 30� from the
horizontal. Forty sandwich type test specimens
were placed at each of the three test sites.
Specimens were removed at the conclusion
of the exposure period of 6 months, 1, 2, 3, 4, and

5 years. The standard ASTM recommended
practice G 1 was used in preparing, cleaning, and
evaluating the specimens (Ref 8). The average
weight loss data obtained from the skyward
panels of each specimen were fitted to the
equation:

W ¼ ktn (Eq 1)

where W is weight loss of metal due to corrosion,
t is exposure time in years, and n and k are
empirical constants.

Predictions of corrosion rates using Eq 1 are
shown in Fig. 5. The correlation coefficients (R2)
shown demonstrate the high-quality fit of each
curve in Fig. 5. These curves can be used to
predict the service life of galvanized steel for a
given coating thickness, or determine the thick-
ness required for a desired design life.

Intergranular Corrosion of Galvanized
Steel. It has been known since 1923 that zinc die
casting alloys are susceptible to intergranular
attack in an air-water environment (Ref 9). The
adverse effect of intergranular corrosion of hot-
dip galvanized steel was first observed in 1963
and was investigated at Inland Steel Company in
1972 (Ref 10). The observed effect associated
with intergranular corrosion was termed
“delayed adhesion failure.” Delayed adhesion
failure is a deterioration in coating adhesion due
to selective corrosion at grain boundaries. It was
found that the small amount of lead normally
added to commercial galvanizing spelters was
a critical factor in the susceptibility of the
zinc coating to intergranular attack. By using
lead-free zinc spelter (50.01% Pb), the

damaging effect of intergranular corrosion was
essentially eliminated.

For the continuous hot-dip galvanizing pro-
cess, the main reason for adding 0.07 to 0.15%
Pb to zinc spelter was to produce a spangled
coating and to lower the surface tension of the
zinc bath in order to provide the necessary fluid
properties to produce a ripple-free coating. It was
found that by adding antimony to the zinc spel-
ter, beneficial effects similar to those obtained by
adding lead could be achieved without causing
intergranular corrosion. For galvanized coatings
produced by an electroplating process, no inter-
granular corrosion has been observed.

Aluminum-Base Coatings

Types. Aluminum coatings on steel are pri-
marily produced by spraying or hot dipping.
Spray coatings are mainly applied to structural
steel by using a wire-type gun. Pure aluminum or
aluminum alloy wires are continually melted in
the oxygen-fuel gas flame and atomized by a
compressed air blast that carries the melted metal
particles to the prepared surface, where they
agglomerate to form a coating. The coating
thickness is in the range of 0.08 to 0.2 mm (3 to
8 mils). Coatings are commonly sealed with
organic lacquers or paints to delay the formation
of visible surface rust.

Aluminum coatings on sheet steel are pri-
marily produced by a continuous hot-dip process
(the Sendzimir process). Molten baths of alu-
minum for hot dipping usually contain silicon in
the range of 7 to 11% to retard the growth of a
brittle iron-aluminum intermetallic layer. This
alloy, which is one of the most fluid and easily
cast aluminum alloys, forms a coating with a
much thinner and more uniform alloy layer. This
coated product, which has relatively good coat-
ing adhesion and forming properties, was com-
mercially introduced in 1940; it is now identified
as type I aluminized steel. A typical type I
coating bath contains 9% Si, 87.5% Al, and
3.5% Fe.

Type II aluminized steel, with a coating con-
sisting mainly of pure aluminum, was commer-
cially produced in 1954. This coating could
withstand mild forming, such as corrugating and
roll forming. A typical type II coating bath
contains 97.5% Al, 2% Fe, and 0.5% Si.

Aqueous Corrosion of Aluminized Steels.
In aqueous environments, pure aluminum or
aluminum-silicon alloy coatings exhibit good
general corrosive resistance. The coatings
become passive in a pH range between 4 and 9
and corrode rapidly in acid or alkali solutions.
These coatings tend to pit in environments con-
taining chloride ions (Ref 11), particularly at
crevice or stagnant areas where passivity breaks
down through the action of a differential aeration
cell.

In soft water, aluminum coatings exhibit a
potential that is positive to steel; therefore, they
act like a noble coating. In seawater or in
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Table 2 Atmospheric-corrosion rates of zinc-coated wire

Test site
Type of

atmosphere

Average corrosion rate

g/m2/yr oz/ft2/yr mil/yr mm/yr

Pittsburgh, PA Severe industrial 104 0.34 0.58 14.7
Sandy Hook, NJ Marine (a) 40 0.13 0.22 5.6
Bridgepoint, CT Industrial 40 0.13 0.22 5.6
State College, PA Rural 18 0.06 0.10 2.5
Lafayette, IN Rural 21 0.07 0.12 3.0
Ithaca, NY Rural 18 0.06 0.10 2.5
Ames, IA Rural 12 0.04 0.07 1.7

(a) 275 m, or 900 ft, from ocean. Source: Ref 6
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aqueous environments containing Cl� or SO4
2� ,

the potential of aluminum coatings becomes
active, and the polarity of aluminum-iron cou-
ples may reverse. Under these conditions, the
aluminum coating is sacrificial and cathodically
protects steel.

Atmospheric Corrosion of Aluminized
Steel. The atmospheric-corrosion resistance of
aluminum coatings is generally related to that of
solid aluminum of the same thickness. The pro-
tection of steel by aluminum coating depends
partly on cathodic protection and partly on the
inert barrier layer of oxide film that forms on the
metal surface. For thermally sprayed aluminum
coatings, initial corrosion may produce slight
superficial rust staining through pores in the
coating. Subsequently, insoluble aluminum cor-
rosion products block the pores and retard further
corrosion of the coating.

When type I aluminized steel is exposed to the
atmosphere, pitting corrosion can occur because
of the difference in electrochemical potential
between the silicon-rich phase and the aluminum
matrix. The resulting corrosion product causes a
red-brown blush discoloration on the metal sur-
face (Ref 12). The corrosion product retards any
further corrosion reaction. Type I panels have
been exposed to a mild industrial atmosphere for
over 40 years with no evidence of base metal
corrosion.

For type II aluminum coating, the alloy layer
is much thicker than that of the type I coating.
Because of the protective nature of the oxide film
formed on the coating surface, type II aluminum

coatings have shown much better atmospheric-
corrosion resistance than type I coatings.

In 1969, type I and type II aluminized steels
were evaluated at three atmospheric-testing sites
(Ref 7). The weight loss data obtained from the
skyward panels of each specimen were fitted to
Eq 1, which has been used for hot-dipped zinc
coatings. The results of this curve fitting, toge-
ther with k and n values obtained for type I and
type II aluminum coatings, are shown in Fig. 6
and 7 for all three test sites. Table 3 provides a
summary of the predicted weight loss for type I
and type II aluminized steel in comparison with
hot-dip zinc coatings based on 5-year exposure
data. As indicated in Table 3, the atmospheric-
corrosion rate of aluminum coating (type I or
type II) is equivalent to only 10 to 40% of the
corrosion rate of zinc coating, depending on the
type of atmosphere.

Zinc-Aluminum Alloy Coatings

Zinc-aluminum alloy coatings are produced
by the Sendzimir (hot) process. Zinc alloy coat-
ings containing 4 to 7% aluminum are com-
mercially produced under the tradenames Galfan
and Superzinc. In addition to about 5% alumi-
num, Galfan contains about 0.05% mischmetal, a
mixture of the rare earth elements lanthanum and
cerium. Mischmetal additions are made to the
alloy melt to improve the wetability of the bath
and reduce the incidence of uncoated spots in the

coating. Superzinc is similar to Galfan in com-
position, except that about 0.20% magnesium
replaces the mischmetal in the coating. Galfan is
used mostly in the unpainted condition, whereas
Superzinc is intended for use in the painted
condition.

Because the zinc-aluminum alloy composition
is similar to the zinc-aluminum eutectic, the
alloy coating has a eutectic structure containing
scattered islands of primary zinc. An Fe-Al-Zn
intermetallic is present at the alloy coating/steel
interface (Ref 14). However, because this inter-
metallic layer is only about 1 mm (0.04 mil)
thick, it is not normally detected by a light
microscope. The zinc-aluminum melt does not
contain lead; as a result, the alloy coatings are
free of spangle and superior in cracking resis-
tance to spangled galvanized coatings.

The 4 to 7% aluminum alloy coatings have
better corrosion resistance than pure zinc coat-
ings in a severe marine environment. However,
as indicated in Table 4, performance of the 4
to 7% aluminum alloy coatings in moderate
marine, rural, and industrial environments is
about the same as that of pure zinc coatings
(Ref 15, 16).

Aluminum-Zinc Alloy Coatings

Since the early 1970s, sheet steel coated with a
55% aluminum-zinc alloy has been produced
commercially under a variety of trade names,
including Galvalume (BIEC International),
Zincalume (Australia and New Zealand), Alu-
zinc (Luxemberg), Zalutite (U.K.), Zintro-Alum
(Mexico), Algafort (Spain), Zincalit (Italy),
Cincalum (Argentina), and Zn-Alum (Chile).
The 55% aluminum-zinc alloy coated sheet is
produced using the Sendzimir process. The
actual coating composition is about 55% alumi-
num, 1.6% silicon, and 43.4% zinc. Processing is
similar to hot-dip galvanizing, except that the
bath temperature is higher, nearly 593 �C
(1100 �F). The coating microstructure is rather
complex, consisting of aluminum-rich dendrites
separated by zinc-rich interdendritic regions. A
thin Fe-Al-Zn intermetallic layer is present at the
steel surface. The intermetallic layer is separated
from the alloy overlay by a thin silicon-rich
layer. Silicon is also present in the microstructure
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Table 3 Predicted weight loss (using Eq 1) after 10 year atmospheric exposure of hot-dip
galvanized steel and type I and type II aluminized steel based on 5 year exposure data

Test site

Ten year corrosion loss

Hot-dip galvanized Type I aluminized Type II aluminized

g/m2 mils mm g/m2 mils mm g/m2 mils mm

Porter County, IN (semi-industrial) 121.6 0.68 17.2 14.7 0.19 4.9 8.5 0.10 2.6
East Chicago, IN (semi-industrial) 290.1 1.61 41.0 25.2 0.33 8.4 10.5 0.13 3.3
Kure Beach, NC (240 m, 800 ft,

lot—marine)
103.3 0.57 14.6 17.8 0.23 5.9 11.6 0.14 3.6

Coating thicknesses calculated from densities in g/m3 as follows (Ref 13): zinc, 7.07; Aluminum type I, 3.017; Aluminum type II, 3.21. Source: Ref 7

Table 4 Durability of coated sheet steels

Environment

Years to first rust

Zn Zn-4%Al Zn-7%Al 55%Al-Zn

Severe marine
24 m (80 ft)
Kure Beach, NC

4 9 9 15

Moderate marine
240 m (800 ft)
Kure Beach, NC

16 15 14 430

Rural Saylorsburg,
PA

14 14 14 430

Industrial
Bethlehem, PA

10 10 9 430

Source: Ref 15, 16
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as needlelike particles in the interdendritic
regions.

The 55% aluminum-zinc coating combines
some of the best features of both galvanized
and aluminum-coated steels. The aluminum-
rich dendrites constitute about 80% of the
coating volume and provide excellent long-
term atmospheric-corrosion resistance similar to
aluminum. At the same time, the zinc-rich
interdendritic regions provide sacrificial protec-
tion to steel similar to that of zinc. Most of the
corrosion of the alloy coating takes place in the
zinc-rich intermetallic regions. As these regions
corrode, zinc-corrosion products plug up the
resulting interdendritic interstices, creating a
barrier against further corrosion. As a result, the
corrosion rate of the alloy coating diminishes
with time. On the basis of thickness, the 55%
aluminum-zinc alloy has at least two to four
times the resistance to atmospheric corrosion of
a galvanized coating (see Table 4). In most
environments, the 55% aluminum-zinc coating
provides adequate galvanic protection against
cut edges of the sheet one millimeter or less in
thickness (Ref 16). Cut-edge protection is
also provided by type II aluminum coatings in
moderate marine environments, but not in the
rural and industrial environments where alumi-
num is passive and a barrier coating. The cor-
rosion resistance of the 55% aluminum-zinc
alloy is enhanced by refining the dendritic
structure through accelerated cooling after
coating.
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Corrosion of Organic Coated Steels
Revised by Hiroyuki Tanabe, Dai Nippon Toryo Company

PAINT is applied to a steel product for one or
both of the following reasons: enhancement of
the esthetic value of the product or preservation
of structural or functional integrity. The latter
goal is the focus of this article. The advantage of
corrosion protection is discussed as it applies to
steel structures and prepainted steel.

Recently, new functions, such as a NOx pu-
rification coating material using titanium dioxide
photocatalyst, have been added to coatings
(Ref 1). In order to preserve global environ-
ments, increasing numbers of environmentally
friendly coatings, such as waterborne paints
with remarkably reduced volatile organic com-
pounds, have been developed and used.

The paint systems generally used to protect
steel structures and steel sheet from corrosion,
and how they deter corrosion, are described in
this article. In addition, related standards on
corrosion protection of steel structures are dis-
cussed, as are the prepainting process, the pri-
mary differences between prepaint formulations,
the essential considerations about part design,
and the selection criteria for the appropriate paint
system. More detailed information on organic
coating materials can be found in the articles
“Organic Coatings and Linings” and “Paint
Systems” in ASM Handbook, Volume 13A,
2003, and in the article “Painting” in Surface
Engineering, Volume 5, ASM Handbook, 1994.

How Paint Films Deter Corrosion

In the presence of water and oxygen, iron
corrodes to form oxides and hydroxides. The
corrosion rate is accelerated when electrolytic
solutes, such as chloride or sulfate salts of alkali
metals, are present. Temperature also increases
the corrosion rate, so the service life of a part can
be increased by decreasing the service tempera-
ture. However, because little can usually be done
to change service temperature, the exclusion of
one or more of the principal reactants (oxygen,
water, or electrolytes) from the steel surface is
the primary means for deterring corrosion. The
purpose of a paint film is to exclude the reactants.

There are primarily three methods of protect-
ing steels from corrosion using paints: barrier
coatings, passivation of the steel surface, and
galvanic protection. In barrier protection, the

paint film retards the diffusion of water, oxygen,
or salts to the steel substrate. In 1952, the per-
meability of water and oxygen through the paint
film was reported to be rapid and more than that
required to support corrosion of uncoated steel
(Ref 2). From further tests, it was felt that the
permeability of the coating and the diffusion of
moisture do not have the effect on the protective
properties that may have been anticipated
(Ref 3). However, by 1978 it was reported that
film permeability of oxygen was less than that
required to support corrosion of uncoated steel
(Ref 4). Thus, remarkable progress was made in
coatings technology during that period, and the
limited permeation of oxygen provides a means
for controlling corrosion of coated steel. The
important contribution of the coating is to
increase the electrolytic resistance, thereby
lowering the corrosion rate (Ref 5). In addition,
flake-shaped pigment particles can increase the
path length that a reactant must traverse before
reaching the substrate, which increases the effec-
tiveness of the barrier film. Some aluminum and
stainless steel pigments protect in this fashion.

With passivation of the steel, the reactivity
of the steel surface can be decreased when the
paint film contains anticorrosive pigments such
as phosphate salts, chromate salts, and lead
oxide.

Paints can also be formulated with zinc pig-
ments for both barrier and galvanic protection
(Ref 6). The zinc loading must be sufficiently
high for interparticle contact, a condition that
requires the critical pigment volume to be
exceeded. The pigment particles are not com-
pletely wetted by the paint vehicle. Although
some galvanic protection is afforded, most of the
protection is provided by the barrier formed by
zinc corrosion products. Zinc-rich primer is a
typical component of a heavy-duty coatings
system.

Corrosion Protection of Steel
Structures by Organic Coatings

All features that are important in achieving
adequate corrosion protection must be con-
sidered when using paints. The ISO 12944
(Ref 7) consists of eight parts that provide useful

information on the following paint application
topics: introduction (part 1), classification of
environment (part 2), design consideration (part
3), type of surfaces and surface preparation (part
4), protective paint systems (part 5), laboratory
performance test methods (part 6), execution and
supervision of paint work (part 7), development
of specifications for new work and maintenance
(part 8). The classification of the environment
into the categories described in ISO 12944 part 2
consists of five levels of atmospheric corrosivity
and three categories for water and soil. Deter-
mining the category of the service environment
is an important consideration when selecting a
paint system.

Design of Steel Structures
for Coating

Design of steel structures to be coated is an
important consideration to avoid premature
corrosion failures (Ref 7). The shape of a struc-
ture influences its susceptibility to corrosion
damage. Basic design criteria for corrosion pro-
tection are:

� Accessibility: The steel component should be
designed to be accessible for the purpose of
applying, inspecting, and maintaining the
protective paint system. Narrow spaces
between structural elements should be avoid-
ed. Space must accommodate the surface
preparation and painting equipment.

� Treatment of gaps: Narrow gaps, blind cre-
vices, and lap joints are potential points for
corrosion attack arising from retention of
moisture and dirt, including any abrasive used
for surface preparation.

� Surface configurations: Surface configura-
tions that trap water and foreign matter should
be avoided.

� Edges: Round edges are desirable in order
to apply the protective coating uniformly and
to attain adequate coating thickness on the
edges.

� Surface preparation: Surface preparation is
necessary to ensure removal of oxides, grease
and oil, and foreign matter to obtain a sur-
face that permits satisfactory paint adhesion
to the steel.
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Paint Systems for Bridges

Paints have a long history as coating systems
for steel bridges and have been widely studied.
Many large bridges have been constructed in
corrosive environments such as bays, rivers, and
coastlines. Protective coating systems for
bridges in Japan have changed with time and are
shown in Table 1.

In 1961, a shop primer and an oil-based
anticorrosive paint with alkyd topcoat were used
on the Wakato Ohashi Bridge and were the main
bridge paint system of the 1960 s. Different
coatings systems were used in the case of long
bridges constructed over the sea. For example,
the coatings system on the Kanmon Ohashi
Bridge (constructed in 1971) was a phenol zinc-
chromate paint, phenol micaceous iron oxide
formulated interval-free paint, and chlorinated
rubber top coat on a zinc metal spray coating. A
new technical standard on corrosion protection
of the Honshuu Shikoku Bridge was drafted in
1974. The protective coating system consisted of
zinc-rich primer, epoxy intermediate coat, and
polyurethane topcoat and has been used on many
bridges since then. Bridges are also expected to
be attractive in addition to their anticorrosive
performance. Fluoropolymer (Ref 8, 9) topcoat
has excellent weatherability and has been used
instead of polyurethane topcoat. The fluor-
opolymer topcoat has an important role not only
from the point of view of esthetic value but also
durability. Other coating systems are also used,
depending on environmental criteria and desired
service life.

Present and future trends for steel structure
coatings systems involve three main social
requirements: environmental preservation, har-
monization between esthetic value and environ-
mental considerations, and reducing application
costs. A number of weathering steel bridges have
been constructed without any coating applica-
tion. However, the advantage of coatings sys-
tems must be considered not only from the point
of view of corrosion damage but also esthetic
values. See the article “Corrosion of Weathering
Steels” in this Volume.

Prepaint Processing

Much of painted steel used today is prepainted
in coil form (coil coated) before shipment to
fabricators. Modern, high-speed paint lines can
apply a variety of organic coatings on bare steel
and metallic-coated steel strip. After uncoiling,
the first step in the prepaint process is to clean the
steel strip with an alkaline detergent. The steel
strip is then brushed with an abrasive roll to
remove mill oils and grime and to reduce the
level of an amorphous form of surface carbon
indigenous to steel strip processing. Cleaning is
usually more effective on flat strip than on a
formed part.

Next, the strip is rinsed and pretreated to
improve paint adhesion and corrosion protection.
A prepaint treatment may consist of a phosphate
coating or an organic pretreatment known as a
wash primer or etching primer. Following the
prepaint processing, paint is applied and then
cured in an oven. Depending on the paint for-
mulation and the paint line, the dwell time in the
oven is generally between 20 and 50 s. A second
coat may be applied and cured.

Differences between Prepaint
and Postpaint

In formulating a paint designed for prepaint
application, the paint must be flexible to endure
the strains induced in subsequent forming
operations. It must not craze on bending, a con-
dition that would compromise corrosion resis-
tance. In addition, the bend radii in the forming
stages are often more severe than for the final
part.

The coating must also withstand the abrasive
forces of handling and forming. For a given
coating type, the harder the coating, the more
abrasion resistant the coating will be. Unfortu-
nately, flexibility and hardness are inversely
related; that is, the more flexible the coating, the
softer the coating.

Flexibility and hardness are also considera-
tions for the end use of postpainted parts, while
the ability to withstand forming and handling
are additional factors of concern in the for-

mulation of paint designed for prepainting steel
strip.

The final dried paint thickness, or dry-film
thickness, on prepainted steel strip is usually no
more than 0.025 mm (1 mil); plastisols and
organosols are the major exceptions. The pre-
paint dry-film thickness is much less than the
typical dry-film thickness on postpainted parts.
Moreover, because of the method of application,
the film is more evenly distributed and results in
significantly fewer areas of low dry-film thick-
ness and in the elimination of many of the
appearance defects observed on finished post-
painted parts. The formulations for prepaints are
engineered to account for the lower dry-film
thickness.

The film thickness is more variable on post-
painted parts, with some areas receiving little
paint because of the shape of the part. Film
thickness in excess of that specified must be
avoided as well, because this can lead to pre-
mature degradation caused by entrapped sol-
vents or cracking in addition to surface
imperfections.

Part Design Consideration in
Coated Steel Sheet

When designing a part to be fabricated from
prepainted steel, the maximum bend radius, the
forming equipment, and the joining method must
be considered. As mentioned earlier, the max-
imum bend radius during fabrication may be
smaller than that specified for the final part
because of springback. The design radius should
be as generous as the structural and decorative
criteria will allow. In considering part shape,
avoidance of catchment areas, where possible,
will decrease failures due to corrosion. The
forming equipment should be well maintained to
avoid marring the surface. Where possible, roll
foaming is preferable to stamping. In cases
where hard finishes in conjunction with tight
radii (high flexibility) are required, prepainted
strip can be warm formed. In warm forming, the
paint is heated to or above its glass transition
temperature range. At these temperatures, the
paint is softer and more flexible, thus allowing
tighter radii to be achieved during forming. After
cooling, the paint becomes harder and more
abrasion resistant.

Lastly, the part may require joining. Welding
and mechanical fastening can damage the paint
film. Therefore, it is necessary to touch up
the scars to restore corrosion resistance. Adhe-
sive bonding eliminates the need for touchup of
damaged areas. Taking these factors into
account, prepainted steel has been successfully
fabricated into finished or semifinished
(requiring postfinish coatings application) parts
in many automotive, appliance, and office fur-
niture manufacturing plants. Prepainted parts
have been produced on production lines
designed for their use as well as on existing lines,
sometimes with no modification to the line.

Table 1 Brief history of organic coating
systems for bridges in Japan

Year of
construction Name of bridge Coating system

Before
1960

All bridges Oil-type anticorrosion
paint

1961 Wakato Ohashi
Bridge

Shop primer
Oil-type anticorrosive

paint (in fabrication)
Alkyd paint (on site)

1970 Sakai Suidou Ohashi
Bridge

Zinc-rich primer
Chlorinated rubber

paint
1971 Kanmon Ohashi

Bridge
Zinc metal spray
Phenol MIO paint(a)

Chlorinated rubber
paint

1974 Minato Ohashi Bridge Oil-type anticorrosion
paint

Phenol MIO paint
Chlorinated rubber

1983 Innoshima Ohashi
Bridge

Zinc-rich paint
Epoxy paint

Polyurethane paint
1985 Ohnaruto Hashi

Bridge
Zinc-rich paint
Epoxy paint

Polyurethane paint
1988 Seto Ohashi Bridge Zinc-rich paint

Epoxy paint
Polyurethane paint

1995 Akashi Ohashi Bridge Zinc-rich paint
Epoxy paint
Fluoropolymer paint

(a) MIO, micaceous iron oxide formulated
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Selection Guideline

As an aid to understanding the coatings
evaluation process, Table 2 compares various
common coatings in several categories of per-
formance. Changes in pigmentation and resin
source for the vehicle can influence the rating.
Table 2 is merely a guideline to the performance
of these coatings. Comments from technical
personnel should be sought before making any
decision on paint selection.

The lettered columns in Table 2 are self-
explanatory, with the exception of those invol-
ving exterior durability and salt spray. Exterior
durability is the resistance to weathering, parti-
cularly the resistance to ultraviolet light. Ultra-
violet light causes some coatings to chalk. For
some coatings, proper pigmentation will prevent
these phenomena, and this can be determined by
comparing the columns for pigmented (F) and
clear (G) films.

Salt spray (E) is not a predictor of service
life, and coatings cannot be compared for end use
on this basis. However, salt spray does detect
coating defects and can be put to good use for
detecting induced flaws by comparing results
for flat panels with coating defects induced, for
example, by forming or abrasion.

The first step in the paint system evaluation for
a specific application is selection of a steel mill
and/or paint company that is willing and able to
help evaluate the needs of the final product.
These needs can be categorized as either pre-
service or service. The preservice conditions
involve forming, handling, and joining. The
service conditions are those to which the custo-
mer exposes the product: humidity, temperature,
corrosive agents, sunlight, and abrasion. Of
course, preservice conditions can affect the ser-
vice life of the final product, and these effects
should be evaluated.

The next step in paint system evaluation is test
program experimental design. Where possible,
the test program compares candidate materials to
the current products. Evaluation in actual service
conditions is often not possible because of time
limitations, and accelerated and laboratory tests
are needed. From these results, acceptable can-
didates are identified and included in the next
level of tests. A set of suitable steel parts is
identified for testing the candidate paint systems.
After the parts are tested, they are inspected to
determine whether coatings damage occurred
and whether corrosion resistance was compro-
mised. In general, one material will not be
superior in all aspects. Therefore, the desirable
properties must be prioritized.

Advantages of Prepainted Steels

Although the aforementioned evaluation
sequence may seem formidable, many manu-
facturers have found the use of prepainted steel
to be productive and economical. The use of
prepainted steel reduces or eliminates the pro-
blem of waste treatment of emissions from paint
lines. The postpainting line is often the slow step
in the production process, and using prepainted
steel increases output. Although the material
cost of prepainted steel is higher than the bare
steel, the final part cost is lower because
of increased productivity and the reduction of
other costs, such as emission control. Although
prepainted steel cannot replace postpainted
steel in every application, prepainted steel has
demonstrated its productive and economic
advantages.
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Table 2 Relative rankings of various
coatings in different performance categories
Category key: A, hardness; B, flexibility; C, humidity resis-
tance; D, corrosion resistance to industrial atmospheres;
E, salt spray; F, exterior durability, pigmented film; G,
exterior durability, clear film; H, paint cure temperature,
in�C (�F); I. cost guide. Ratings key: 1, excellent; 2, good; 3,
fair; 4, poor; H, high cost; M, moderate cost; L, low cost

Type A B C D E F G H I

Silicone acrylic 1 3 2 2 2 2 1 232 (450) H
Thermoset acrylic 2 2 1 2 1 2 2 221 (430) M
Amine-alkyd 2 3 2 2 3 2 3 170 (340) L
Silicone alkyd 2 3 2 2 2 1 2 216 (420) H
Vinyl-alkyd 2 2 1 2 2 3 3 170 (340) M
Straight epoxy 1 2 1 1 1 4 4 204 (400) H
Epoxy-ester 2 2 1 2 1 4 4 204 (400) M
Organosol 2 1 1 1 1 2 3 177 (350) L
Plastisol 3 1 1 1 1 2 3 177 (350) L
Polyester (oil-free) 1 2 1 2 1 2 3 204 (400) M
Silicone polyester 2 2 1 2 1 1 2 232 (450) H
Poly-vinyl fluoride 2 1 1 1 1 1 1 232 (450) H
Poly-vinyl idene

fluoride
2 1 1 1 1 1 1 232 (450) H

Solution vinyl 2 1 1 2 1 2 3 150 (300) M
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Corrosion of Cast Irons
Revised by Thomas C. Spence, Flowserve Corporation

CAST IRON is a generic term that identifies a
large family of ferrous alloys. Cast irons are
primarily alloys of iron that contain more than
2% carbon and 1% or more silicon. Low raw
material costs and relative ease of manufacture
make cast irons the least expensive of the engi-
neering metals. Cast irons can be cast into intri-
cate shapes because of their excellent fluidity and
relatively low melting points and can be alloyed
for improvement of corrosion resistance and
strength. With proper alloying, the corrosion
resistance of cast irons can equal that of stainless
steels and nickel-base alloys in many services.

Because of the excellent properties obtainable
with these low-cost engineering materials, cast
irons find wide application in environments that
demand good corrosion resistance, such as in
water, soils, acids, alkalis, saline solutions,
organic compounds, sulfur compounds, and
liquid metals.

Basic Metallurgy of Cast Irons

The metallurgy of cast irons is similar to that
of steels except that sufficient silicon is present to
necessitate use of the iron-silicon-carbon ternary
phase diagram rather than the simple iron-carbon
binary diagram. Figure 1 shows a section of the
iron-iron carbide-silicon ternary diagram at 2%
Si. The eutectic and eutectoid points in the iron-
silicon-carbon diagram are both affected by the
introduction of silicon into the system. In the 1 to
3% Si levels normally found in cast irons,
eutectic carbon levels are related to silicon levels
as follows:

%C+1/3(%Si)=4:3 (Eq 1)

where %C is the eutectic carbon level, and %Si is
the silicon level in the cast iron. The metallurgy
of cast iron can occur in the metastable iron-iron
carbide system, the stable iron-graphite system,
or both. This causes structures of cast irons to be
more complex than those of steel and more sus-
ceptible to processing conditions.

An appreciable portion of carbon in cast irons
separates during solidification and appears as a
separate carbon-rich constituent (e.g., graphite,
iron carbides) in the microstructure. The level of
silicon in the cast iron has a strong effect on the

manner in which the carbon segregates in the
microstructure. Higher silicon levels favor the
formation of graphite, but lower silicon levels
favor the formation of iron carbides. The form
and shape in which the carbon occurs determine
the type of cast iron (Table 1).

The structure of the metal matrix around the
carbon-rich constituent establishes the class of
iron within each type of iron. As in steel, the five
basic matrix structures occur in cast iron: ferrite,
pearlite, bainite, martensite, and austenite.

Ferrite is generally a soft constituent, but it
can be solid solution hardened by silicon. When
silicon levels are below 3%, the ferrite matrix is
readily machined but exhibits poor wear resis-
tance. Above 14% Si, the ferritic matrix becomes
very hard and wear resistant but is essentially
nonmachinable. The low carbon content of the
ferrite phase makes hardening difficult. Ferrite
can be observed in cast irons on solidification but
is generally present as the result of special
annealing heat treatments. High silicon levels
promote the formation of ferritic matrices in the
as-cast condition.

Pearlite consists of alternate layers of ferrite
and iron carbide (Fe3C, or cementite). It is very

strong and tough. The hardness, strength,
machinability, and wear resistance of pearlitic
matrices vary with the fineness of its laminations.
The carbon content of pearlite is variable and
depends on the composition of the iron and its
cooling rate.

Bainite is an acicular structure in cast irons
that can be obtained by heat treating, alloying, or
combinations of these. Bainitic structures pro-
vide very high strength at a machinable hardness.

Martensitic structures are produced by
alloying, heat treating, or a combination of these
practices. Martensitic microstructures are the
hardest, most wear-resistant structures obtain-
able in cast irons. Molybdenum, nickel, manga-
nese, and chromium can be used to produce
martensitic or bainitic structures. Silicon has a
negative effect on martensite formation, because
it promotes the formation of pearlite or ferrite.

Austenitic structures are typically found in
the Ni-Resist cast irons and the austempered
ductile irons. Austenite is a face-centered cubic
atomic structure created primarily by alloying
with austenite-forming elements such as nickel.
Austenite is generally the softest and more cor-
rosion-resistant matrix structure. However, the
carbon-enriched austenite of austempered duc-
tile iron has higher hardness and other unique
characteristics over conventional ductile irons
(Ref 1).

Influence of Alloying

Alloying elements can play a dominant role in
the susceptibility of cast irons to corrosion
attack. The alloying elements generally used to
enhance the corrosion resistance of cast irons
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Fig. 1 Section of the iron-iron carbide-silicon ternary
phase diagram at 2% Si

Table 1 Summary of cast iron classification
based on carbon form and shape

Type of cast iron Carbon form and shape

White cast iron Iron carbide compound
Malleable cast

iron
Irregularly shaped nodules of graphite

Gray cast iron Graphite flakes
Ductile cast iron Spherical graphite nodules
Compacted

graphite
cast iron

Short, fat, interconnected flakes
(intermediate between ductile and gray
cast iron)
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include silicon, nickel, chromium, copper, and
molybdenum. Other alloying elements, such as
vanadium and titanium, are sometimes used, but
not to the extent of the first five elements men-
tioned.

Silicon is the most important alloying ele-
ment used to improve the corrosion resistance of
cast irons. Silicon is generally not considered an
alloying element in cast irons until levels exceed
3%. Silicon levels between 3 and 14% offer some
increase in corrosion resistance to the alloy, but
above approximately 14% Si, the corrosion
resistance of the cast iron increases dramatically.
Silicon levels up to 17% have been used to
enhance the corrosion resistance of the alloy
further, but silicon levels over 16% make the
alloy extremely brittle and difficult to manu-
facture. Even at 14% Si, the strength and ducti-
lity of the material is low, and special design and
manufacturing parameters are required to pro-
duce and use these alloys.

Alloying with silicon promotes the formation
of strongly adherent surface films in cast irons.
Considerable time may be required to establish
these films fully on the castings. Consequently,
in some services, corrosion rates may be rela-
tively high for the first few hours or even days of
exposure, then may decline to extremely low
steady-state rates for the rest of the time the parts
are exposed to the corrosive environment
(Fig. 2).

Nickel is used to enhance the corrosion
resistance of cast irons in a number of applica-
tions. Nickel increases corrosion resistance by
the formation of protective oxide films on the
surface of the castings. Up to 4% Ni is added in
combination with chromium to improve both
strength and corrosion resistance in cast iron
alloys. The enhanced hardness and corrosion
resistance obtained is particularly important for
improving the erosion-corrosion resistance of
the material. Nickel additions enhance the
resistance of cast irons to corrosion by reducing
acids and alkalis. Nickel additions of 12% or
greater are necessary to optimize the corrosion
resistance of cast irons. The Ni-Resist group are
high-nickel alloys (13.5 to 36% Ni) having high
resistance to wear, heat, and corrosion. Nickel is
not as common an alloying addition as either
silicon or chromium for enhancing the corrosion
resistance in cast irons. It is much more impor-
tant as a strengthening and hardening addition.

Chromium is frequently added alone and in
combination with nickel and/or silicon to
increase the corrosion resistance of cast irons. As
with nickel, small additions of chromium are
used to refine graphite and matrix micro-
structures. These refinements enhance the cor-
rosion resistance of cast irons in seawater and
weak acids. Chromium additions of 15 to 35%
improve the corrosion resistance of cast irons to
oxidizing acids, such as nitric acid (HNO3).
Chromium increases the corrosion resistance of
cast iron by the formation of protective oxides on
the surface of castings. The oxides formed will
resist oxidizing acids but will be of little benefit
under reducing conditions. High-chromium

additions, similar to higher-silicon additions,
reduce the ductility of cast irons.

Copper is added to cast irons in special cases.
Copper additions of 0.25 to 1% increase the
resistance of cast iron to dilute acetic
(CH3COOH), sulfuric (H2SO4), and hydro-
chloric (HCl) acids as well as acid mine water.
Small additions of copper are also made to cast
irons to enhance atmospheric-corrosion resis-
tance. Additions of up to 10% are made to some
high-nickel-chromium cast irons to increase
corrosion resistance. The exact mechanism by
which copper improves the corrosion resistance
of cast irons is not known.

Molybdenum. Although an important use of
molybdenum in cast irons is to increase strength
and structural uniformity, it is also used to
enhance corrosion resistance, particularly in
high-silicon cast irons. Molybdenum is particu-
larly useful in hydrochloric acid (HCl). As little
as 1% Mo is helpful in some high-silicon irons,
but for optimal corrosion resistance, 3 to 4% Mo
is added.

Other Alloying Additions. In general, other
alloying additions to cast irons have a minimal
effect on corrosion resistance. Vanadium and
titanium enhance the graphite morphology and
matrix structure and impart slightly increased
corrosion resistance to cast irons. Few other
additions are made to cast irons that have any
significant effect on corrosion resistance.

Influence of Microstructure

Although the graphite shape and the amount of
massive carbides present are critical to
mechanical properties, these structural variables
do not have a strong effect on corrosion resis-
tance. Flake graphite structures may trap corro-
sion products and retard corrosion slightly in
some applications. Under unusual circum-
stances, graphite may act cathodically with
regard to the metal matrix and accelerate attack.

While the structure of the matrix has a slight
influence on corrosion resistance, the effect is

small compared to that of matrix composition. In
gray irons, ferrite structures are generally the
least corrosion-resistant, and graphite flakes
exhibit the greatest corrosion resistance. Pearlite
and cementite show intermediate corrosion
resistance, while an austenitic structure imparts
higher corrosion resistance.

Shrinkage or porosity can degrade the corro-
sion resistance of cast iron parts by acting as
natural crevices. The presence of porosity per-
mits the corrosive medium to enter the body of
the casting and can provide continuous leakage
paths for corrosives in pressure-containing
components.

Commercially Available Cast Irons

Based on corrosion resistance, cast irons can
be grouped into the following five classes.

Unalloyed gray, ductile, malleable, and
white cast irons represent the first and largest
class. All of these materials contain carbon and
silicon of 3% or less and no deliberate additions
of nickel, chromium, copper, or molybdenum.
As a group, these materials exhibit a corrosion
resistance that equals or slightly exceeds that of
unalloyed steels, but they show the highest rate
of attack among the classes of cast irons. These
materials are available in a wide variety of con-
figurations and alloys. Major ASTM standards
that cover these materials are listed in Table 2.

Low- and moderately alloyed cast irons
constitute the second major class. These irons
contain the iron and silicon of unalloyed cast
irons plus up to several percent of nickel, copper,
chromium, or molybdenum. As a group, these
materials exhibit two to three times the service
life of unalloyed cast irons. Austempered ductile
iron (ADI) is the newest group of alloys in this
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Fig. 2 Corrosion rates of high-silicon cast irons as a
function of time and corrosive media

Table 2 ASTM standards that include
unalloyed cast irons

Standard Materials/products covered

A 47 Ferritic malleable iron castings
A 48 Gray iron castings
A 74 Cast iron soil pipe and fittings
A 126 Gray iron castings for valves, flanges, and pipe

fittings
A 159 Automotive gray iron castings
A 197 Cupola malleable iron
A 220 Pearlitic malleable iron castings
A 278 Gray iron castings for pressure-containing parts

for temperatures up to 345 �C (650 �F)
A 319 Gray iron castings for elevated temperatures for

nonpressure-containing parts
A 395 Ferritic ductile iron pressure-retaining castings for

use at elevated temperatures
A 476 Ductile iron-castings for paper mill dryer rolls
A 536 Ductile iron castings
A 602 Automotive malleable iron castings
A 716 Ductile iron culvert pipe
A 746 Ductile iron gravity sewer pipe
A 823 Statically cast permanent mold gray iron castings
A 842 Compacted graphite iron castings
A 874 Ferritic ductile iron castings suitable for low-

temperature service
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category, and they have some unique properties.
The ADI delivers twice the strength of conven-
tional ductile irons for a given level of elonga-
tion. In addition, ADI offers exceptional wear
and fatigue resistance (Ref 1). Major ASTM
standards that cover these materials are listed in
Table 3.

High-nickel austenitic cast irons represent
a third major class of cast irons for corrosion
service. These materials contain large percen-
tages of nickel and copper and are fairly resistant
to such acids as concentrated sulfuric (H2SO4)
and phosphoric (H3PO4) acids at slightly ele-
vated temperatures, hydrochloric acid at room
temperature, and organic acids such as acetic
(CH3COOH), oleic, and stearic. When nickel
levels exceed 18%, austenitic cast irons are
nearly immune to alkali or caustics, although
stress corrosion can occur. High-nickel cast irons
can be nodularized to yield ductile irons. Major
ASTM standards that cover these materials are
listed in Table 4.

High-chromium cast irons are the fourth
class of corrosion-resistant cast irons. These
materials are basically white cast irons alloyed
with 12 to 35% Cr. Other alloying elements may
also be added to improve resistance to specific
environments. When chromium levels exceed
20%, high-chromium cast irons exhibit good
resistance to oxidizing acids, particularly nitric
acid (HNO3). High-chromium irons are not
resistant to reducing acids. They are used in
saline solutions, organic acids, phosphate
mining, marine, and industrial atmospheres.
These materials display excellent resistance to
abrasion, and, with proper alloying additions,
they can also resist combinations of abrasives
and liquids, including some dilute acid solutions.
High-chromium cast irons are covered in ASTM
A 532. In addition, many proprietary alloys not
covered by national standards are produced for

special applications, such as wear components in
mining operations or slurry pumps.

High-silicon cast irons are the fifth class of
corrosion-resistant cast irons. The principal
alloying element is 12 to 18% Si, with more than
14.2% Si needed to develop excellent corrosion
resistance. Chromium and molybdenum are also
used in combination with silicon to develop
corrosion resistance to specific environments.
High-silicon cast irons represent the most uni-
versally corrosion-resistant alloys available at
moderate cost. When silicon levels exceed
14.2%, high-silicon cast irons exhibit excellent
resistance to H2SO4, HNO3, HCl, CH3COOH,
and most other mineral and organic acids and
corrosives. These materials display good resis-
tance in oxidizing and reducing environments
and are not appreciably affected by concentra-
tion or temperature. Exceptions to universal
resistance are hydrofluoric acid (HF), fluoride
salts, sulfurous acid (H2SO3), sulfite compounds,
strong alkalis, and alternating acid-alkali condi-
tions. High-silicon cast irons are defined in
ASTM A 518 and A 861.

Forms of Corrosion

Cast irons exhibit the same general forms of
corrosion as other metals and alloys:

� Uniform or general attack
� Galvanic or two-metal corrosion
� Crevice corrosion
� Pitting
� Intergranular corrosion
� Selective leaching (graphitic corrosion)
� Erosion-corrosion
� Stress corrosion
� Corrosion fatigue
� Fretting corrosion
� Microbiological

Graphitic Corrosion. A form of corrosion
unique to cast irons is a selective leaching attack
commonly referred to as graphitic corrosion or
graphitization. Graphitic corrosion is observed in
gray cast irons in relatively mild environments in
which selective leaching of iron leaves a brittle
graphite network. Selective leaching of the iron

takes place because the graphite is cathodic to the
iron, and the gray cast iron structure establishes
an excellent galvanic cell. While graphitic
corrosion of gray cast iron is considered a form
of selecting leaching, its mechanism on a
microstructural level is similar to galvanic cor-
rosion. This form of corrosion generally occurs
only when corrosion rates are low. If the metal
corrodes more rapidly, the entire surface,
including the graphite, is removed, and more or
less uniform corrosion occurs. Graphitic corro-
sion can cause significant problems because,
although no dimensional changes occur, the cast
iron loses its strength and metallic properties.
Thus, without detection, potentially dangerous
situations may develop in pressure-containing
applications. Graphitic corrosion is observed
only in gray cast irons. In both nodular and
malleable cast iron, the lack of graphite flakes
provides a more favorable anode/cathode ratio
and no network to hold the corrosion products
together. By maximizing the area of the anodic
component while decreasing the area of the
cathodic constituent, the potential for galvanic
(graphitic) corrosion has been reduced. Because
graphitization is so common with cast iron and it
compromises the structural integrity of the
metal, instrumentation using eddy-current mea-
surements has recently been developed to detect
and measure it (Ref 2).

Fretting corrosion is commonly observed
when vibration or slight relative motion occurs
between parts under load. The relative resistance
of cast iron to this form of attack is influenced by
such variables as lubrication, hardness variations
between materials, the presence of gaskets, and
coatings. Table 5 compares the relative fretting
resistance of cast iron under different combina-
tions of these variables.

Pitting and Crevice Corrosion. The pre-
sence of chlorides and crevices or other shielded
areas presents conditions that are favorable to the
pitting and crevice corrosion of cast iron. Pitting
has been reported in such environments as dilute
alkylaryl sulfonates, antimony trichloride
(SbCl3), and calm seawater. Alloying can influ-
ence the resistance of cast irons to pitting and
crevice corrosion. For example, in calm sea-
water, nickel additions reduce the susceptibility

Table 3 ASTM standards that include low-
alloyed cast iron materials

Standard Materials/products covered

A 159 Automotive gray iron castings
A 319 Gray iron castings for elevated temperatures for

nonpressure-containing parts
A 532 Abrasion-resistant cast irons
A 897 Austempered ductile iron castings

Note: Because most cast iron standards make chemical composition
subordinate to mechanical properties, many of the standards listed in
Table 2 may also be used to purchase low-alloyed cast iron materials.

Table 4 ASTM standards that include high-
nickel austenitic cast iron materials

Standard Materials/products covered

A 436 Austenitic gray iron castings
A 439 Austenitic ductile iron castings
A 571 Austenitic ductile iron castings for pressure-

containing parts suitable for low-temperature
service

Table 5 Relative fretting resistance of cast iron

Poor Average Good

Aluminum on cast iron Cast iron on cast iron Cast iron on cast iron with
phosphate coatingMagnesium on cast iron Copper on cast iron

Cast iron on chrome plate Brass on cast iron Cast iron on cast iron with
coating of rubber cementLaminated plastic on cast iron Zinc on cast iron

Bakelite on cast iron Cast iron on silver plate Cast iron on cast iron with
coating of tungsten sulfideCast iron on tin plate Cast iron on copper plate

Cast iron on cast iron with coating
of shellac

Cast iron on amalgamated copper plate Cast iron on cast iron with rubber
gasketCast iron on cast iron with rough

surface Cast iron on cast iron with
Molykote lubricant

Cast iron on stainless with
Molykoke lubricant

Source: Ref 3
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of cast irons to pitting attack. High-silicon cast
irons with chromium and/or molybdenum offer
enhanced resistance to pitting and crevice cor-
rosion. Although microstructural variations
probably exert some influence on susceptibility
to crevice corrosion and pitting, there are few
reports of this relationship.

Intergranular attack is relatively rare in cast
irons. In stainless steels, in which this type of
attack is most commonly observed, intergranular
attack is related to chromium depletion adjacent
to grain boundaries. Because only the high-
chromium cast irons depend on chromium to
form passive films for resistance to corrosion
attack, few instances of intergranular attack
related to chromium depletion have been repor-
ted. The only reference to intergranular attack in
cast irons involves ammonium nitrate
(NH4NO3), in which unalloyed cast irons are
reported to be intergranularly attacked. Because
this form of selective attack is relatively rare in
cast irons, no significant references to the influ-
ence of either structure or chemistry on inter-
granular attack have been reported.

Erosion-Corrosion. Fluid flow by itself or in
combination with solid particles can cause ero-
sion-corrosion attack in cast irons. Two methods
are known to enhance the erosion-corrosion
resistance of cast irons. First, the hardness of the
cast irons can be increased through solid-solu-
tion hardening or phase-transformation-induced
hardness increases. For example, 14.5% Si
additions to cast irons cause substantial solid-
solution hardening of the ferritic matrix. In such
environments as the sulfate liquors encountered
in the pulp and paper industry, this hardness
increase enables high-silicon iron equipment to
be successfully used, while lower-hardness
unalloyed cast irons fail rapidly by severe ero-
sion-corrosion. Use of martensitic or white cast
irons can also improve the erosion-corrosion
resistance of cast irons as a result of hardness
increases.

Second, better inherent corrosion resistance
can also be used to increase the erosion-corro-
sion resistance of cast irons. Austenitic nickel
cast irons can have hardnesses similar to unal-
loyed cast irons but may exhibit better erosion
resistance because of the improved inherent
corrosion resistance of nickel-alloyed irons
compared to unalloyed irons. Microstructure can
also affect erosion-corrosion resistance slightly.
Gray cast irons generally show better resistance
than steels under erosion-corrosion conditions.
This improvement is related to the presence of
the graphite network in the gray cast iron. Iron is
corroded from the gray iron matrix as in steel, but
the graphite network that is not corroded traps
corrosion products; this layer of corrosion pro-
ducts and graphite offers additional protection
against erosion-corrosion attack.

Flow-induced corrosion stemming from fluid
velocity alone is another type of erosion-corro-
sion for steels and cast irons. In certain services
where unalloyed or low-alloyed cast irons are
used, their corrosion resistance is due to the
formation of a thick, poorly adherent corrosion

product rather than the usual passive oxide layer
associated with the more common corrosion-
resistant alloys. Examples of such situations are
concentrated sulfuric or hydrofluoric acids. In
these services, the cast irons develop, respec-
tively, a thick iron sulfate film or iron-fluoride
film, and at low velocities these films remain
intact and provide protection. However, at
velocities greater than a couple feet per second,
these films are washed away, allowing further
corrosion of the cast irons.

Microbiologically induced corrosion
(MIC) is the corrosion of metals resulting from
the activity of a variety of living microorgan-
isms, which, as a result of their growth or
metabolism, either produce corrosive wastes or
participate directly in electrochemical reactions
on the metal surfaces. This phenomenon is often
associated with biofouling and corrosion of
buried structures. Soils containing sulfate con-
centrations support conditions where MIC of cast
iron pipe can occur. An Australian study esti-
mates that 50% of all failures of buried metal
were due to microbiological causes (Ref 4).
Prevention is difficult, but cathodic protection
and the use of protective coatings can be bene-
ficial (Ref 5).

Stress-corrosion cracking (SCC) is
observed in cast irons under certain combina-
tions of environment and stress. Because stress is
necessary to initiate SCC and because design
factors often limit stresses in castings to rela-
tively low levels, SCC is not observed as often in
cast irons as in other more highly stressed com-
ponents. However, under certain conditions,
SCC can be a serious problem. Because unal-
loyed cast irons are generally similar to ordinary
steels in resistance to corrosion, the same
environments that cause SCC in steels will likely
cause problems in cast irons. Environments that
may cause SCC in unalloyed cast irons include
these solutions (Ref 6):

� Sodium hydroxide (NaOH)
� Sodium hydroxide-sodium silicate (NaOH-

Na2SiO2)
� Calcium nitrate (Ca(NO3)2)
� Ammonium nitrate (NH4NO3)
� Sodium nitrate (NaNO3)
� Mercuric nitrate (Hg(NO3)2)
� Mixed acids (H2SO4-HNO3)
� Hydrogen cyanide (HCN)
� Seawater
� Acidic hydrogen sulfide (H2S)
� Molten sodium-lead alloys
� Acid chloride
� Oleum (fuming H2SO4)

Graphite morphology can play an important
role in SCC resistance in certain environments.
In oleum, flake graphite structures present spe-
cial problems. Acid tends to penetrate along
graphite flakes and corrodes the iron matrix. The
corrosion products formed build up internal
pressure and eventually crack the iron. This
problem is found in both gray cast irons and
high-silicon cast irons, which have flake graphite

morphologies. It is not seen in ductile cast irons
that have nodular graphite shapes.

Resistance to Corrosive
Environments

No single grade of cast iron will resist all
corrosive environments. However, a cast iron
can be identified that will resist most of the
corrosives commonly used in industrial envir-
onments. Cast irons suitable for the more com-
mon corrosive environments are discussed as
follows.

Sulfuric Acid. Unalloyed, low-alloyed, and
high-nickel austenitic as well as high-silicon cast
irons are used in H2SO4 applications. Use of
unalloyed and low-alloyed cast iron is limited to
low-velocity, low-temperature concentrated
(470%) H2SO4 service. Unalloyed cast iron is
rarely used in dilute or intermediate concentra-
tions, because corrosion rates are substantial. In
concentrated H2SO4, as well as other acids,
ductile iron is generally considered superior to
gray iron, and ferritic matrix irons are superior to
pearlitic matrix irons. In hot, concentrated acids,
graphitization of the gray iron can occur. In
oleum, unalloyed gray iron will corrode at very
low rates. However, acid will penetrate along the
graphite flakes, and the corrosion product that
forms can build up sufficient pressure to split the
iron. Interconnecting graphite is believed to be
necessary to cause this form of cracking; there-
fore, ductile and malleable irons are generally
acceptable for oleum service. Some potential for
galvanic corrosion between cast iron and steel
has been reported in 100% H2SO4.

High-nickel austenitic cast irons exhibit
acceptable corrosion resistance in room-tem-
perature and slightly elevated-temperature
H2SO4 service. As shown in Fig. 3, their per-
formance is adequate over the entire range of

Corrosion rate, mm/yr
1–14.5% Si irons ........................ ≤0.13
2–High-nickel austenitic irons ..... ≤0.2
3–High-nickel austenitic irons ..... ≤1.5
4–Plain gray irons ..................... ≤0.13
5–Plain gray irons ............. 0.13 to 1.3
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Fig. 3 Corrosion of high-nickel austenitic cast iron in
H2SO4 as a function of acid concentration and

temperature. Source: Ref 6
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H2SO4 concentrations, but they are a second
choice compared to high-silicon cast irons.

High-silicon cast irons are the best choice
among the cast irons and perhaps among the
commonly available engineering material for
resistance to H2SO4. This material has good
corrosion resistance to the entire H2SO4 con-
centration range at temperatures to boiling
(Fig. 4). Rapid attack occurs at concentrations
over 100% and in service containing free sulfur
trioxide (SO3). High-silicon cast irons are rela-
tively slow to passivate in H2SO4 service. Cor-
rosion rates are relatively high for the first 24 to
48 h of exposure and then decrease to very low
steady-state rates (Fig. 2).

Nitric Acid. All types of cast iron, except
high-nickel austenitic iron, find some applica-
tions in HNO3. The use of unalloyed cast iron in
HNO3 is limited to low-temperature, low-velo-
city concentrated acid service. Even in this ser-
vice, caution must be exercised to avoid dilution
of acid because the unalloyed and low-alloyed
cast irons both corrode very rapidly in dilute or
intermediate concentrations at any temperature.
High-nickel austenitic cast irons exhibit essen-
tially the same resistance as unalloyed cast iron
to HNO3 but cannot be economically justified for
this service.

High-chromium cast irons with chromium
contents over 20% give excellent resistance to
HNO3, particularly in dilute concentrations
(Fig. 5). High-temperature boiling solutions
attack these grades of cast iron.

High-silicon cast irons also offer excellent
resistance to HNO3. Resistance is exhibited over
essentially all concentration and temperature
ranges, with the exception of dilute, hot acids
(Fig. 6). High-silicon cast iron equipment has
been used for many years in the manufacture and
handling of HNO3 mixed with other chemicals,
such as H2SO4, sulfates, and nitrates. Con-
tamination of HNO3 with HF, such as might be
experienced in pickling solutions, may accel-
erate attack of the high-silicon iron to unac-
ceptable levels.

Hydrochloric Acid. Use of cast irons is
relatively limited in HCl. Unalloyed cast iron
is unsuitable for any HCl service. Rapid corro-
sion occurs at a pH of 5 or lower, particularly
if appreciable velocity is involved. Aeration or
oxidizing conditions, such as the presence of

metallic salts, result in rapid destructive attack of
unalloyed cast irons, even in very dilute HCl
solutions.

High-nickel austenitic cast irons offer some
resistance to all HCl concentrations at room
temperature or below. High-chromium cast irons
are not suitable for HCl services.

High-silicon cast irons offer the best resis-
tance to HCl of any cast iron. When alloyed with
4 to 5% Cr, high-silicon cast iron is suitable for
all concentrations of HCl at temperatures up to
28 �C (80 �F). When high-silicon cast iron is
alloyed with chromium, molybdenum, and
higher silicon levels, the temperature for use can
be increased (Fig. 7). In concentrations up to
20%, ferric ions (Fe3þ ) or other oxidizing
agents inhibit corrosion attack on high-silicon
cast iron alloyed with chromium. At over 20%
acid concentration, oxidizers accelerate attack
on the alloy. As in H2SO4, corrosion rates of
high-silicon cast iron are initially high in the first
24 to 48 h of exposure then decrease to very low
steady-state rates (Fig. 2).

Phosphoric Acid. All cast irons find some
application in H3PO4service, but the presence of
contaminants must be carefully evaluated before
selecting a material. Unalloyed cast iron finds
little use in H3PO4, with the exception of con-
centrated acids. Even in concentrated acids, use
may be severely limited by the presence of
fluorides, chlorides, or H2SO4.

High-nickel cast irons find some application in
H3PO4 at and slightly above room temperature.
These cast irons can be used over the entire
H3PO4 concentration range. Impurities in the
acid may greatly restrict the applicability of this
grade of cast iron.

High-chromium cast irons exhibit generally
low rates of attack in H3PO4 up to 60% con-
centration and are commonly used in the phos-
phate mining industry where abrasion resistance
is needed. High-silicon cast irons show good-to-

excellent resistance at all concentrations and
temperatures for pure acid. The presence of
fluoride ions (F �) in H3PO4 makes the high-
silicon irons unacceptable for use.

Organic acids and compounds are gen-
erally not as corrosive as mineral acids. Conse-
quently, cast irons find many applications in
handling these materials. Unalloyed cast iron can
be used to handle concentrated acetic acid,
CH3COOH, and fatty acids but will be attacked
by more dilute solutions. Unalloyed cast irons
are used to handle methyl, ethyl, butyl, and amyl
alcohols. If the alcohols are contaminated with
water and air, discoloration of the alcohols may
occur. Unalloyed cast irons can also be used to
handle glycerine, although slight discoloration of
the glycerine may result.

Austenitic nickel cast irons exhibit adequate
resistance to CH3COOH, oleic acid, and stearic
acid. High-chromium cast irons are adequate for
CH3COOH but will be more severely corroded
by formic acid (HCOOH). High-chromium cast
irons are excellent for lactic and citric acid
solutions.

High-silicon cast irons show excellent resis-
tance to most organic acids, including HCOOH
and oxalic acid, in all temperature and con-
centration ranges. High-silicon cast irons also
exhibit excellent resistance to alcohols and gly-
cerine.

Alkali solutions require material selections
that are distinctly different from those of
acid solutions. Alkalis include sodium
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Corrosion rate, mm/yr
1–High-chromium irons ...... ≤0.13

2–High-silicon irons ............ ≤0.13
High-silicon irons ..... 0.1 to 1.0
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hydroxide (NaOH), potassium hydroxide
(KOH), sodium silicate (Na2SiO3), and similar
chemicals that contain sodium, potassium, or
lithium.

Unalloyed cast irons exhibit generally good
resistance to alkalis—approximately equivalent
to that of steel. These unalloyed cast irons are not
attacked by dilute alkalis at any temperature. Hot
alkalis at concentrations exceeding 30% attack
unalloyed iron. Temperatures should not exceed
80 �C (175 �F) for concentrations up to 70% if
corrosion rates of less than 0.25 mm/yr (10 mils/
yr) are desired. Ductile and gray iron exhibit
approximately equal resistance to alkalis. How-
ever, ductile cast iron is susceptible to cracking
in highly alkaline solutions, but gray cast iron is
not. Alloying with 3 to 5% Ni substantially
improves the resistance of cast irons to alkalis.
High-nickel austenitic cast irons offer even bet-
ter resistance to alkalis than unalloyed or low-
nickel cast irons.

High-silicon cast irons show good resistance
to relatively dilute solutions of NaOH at mod-
erate temperatures but should not be applied for
more concentrated conditions at elevated tem-
peratures. High-silicon cast irons are usually
economical over unalloyed and nickel cast irons
in alkali solutions only when other corrosives are
involved for which the lesser alloys are unsui-
table. High-chromium cast irons have inferior
resistance to alkali solutions and are generally
not recommended for alkali services.

Atmospheric corrosion is basically of
interest only for unalloyed and low-alloy cast
irons. Atmospheric corrosion rates are deter-
mined by the relative humidity and the presence
of various gases and solid particles in the air. In
high humidity, sulfur dioxide (SO2) or similar
compounds found in many industrialized areas
and chlorides found in marine atmospheres
increase the rate of atmospheric attack on cast
irons.

Cast irons typically exhibit very low corrosion
rates in industrial atmospheres—generally under
0.13 mm/yr (5 mils/yr)—and the cast irons are
usually found to corrode at lower rates than steel
structures in the same environment. White cast
irons show the lowest rate of atmospheric cor-
rosion of the unalloyed cast irons. Pearlitic cast
irons are generally more resistant that ferritic
cast irons to atmospheric corrosion.

In marine atmospheres, unalloyed cast irons
also exhibit relatively low rates of corrosion.
Low alloy additions are sometimes made to
improve corrosion resistance further. Higher
alloy additions are even more beneficial but are
rarely warranted. Gray cast iron offers some
added resistance over ductile cast iron in marine
atmospheres.

Corrosion in Soils. Cast iron use in soils, as
in atmospheric corrosion, is basically limited to
unalloyed and low-alloyed cast irons. Corrosion
in soils is a function of soil porosity, drainage,
and dissolved constituents in the soil. Irregular
soil contact can cause pitting, and poor drainage
increases corrosion rates substantially above the
rates in well-drained soils.

Neither metal-matrix nor graphite morphol-
ogy has an important influence on the corrosion
of cast irons in soils. Some alloying additions are
made to improve the resistance of cast irons to
attack in soils. For example, 3% Ni additions to
cast iron are made to reduce initial attack in cast
irons in poorly drained soils. Alloyed cast irons
would exhibit better resistance than unalloyed or
low-alloyed cast irons but are rarely needed for
soil applications, because unalloyed cast irons
generally have long service lives, particularly if
coatings and cathodic protection are used.
Anodes placed in soils for impressed current
cathodic protection are frequently constructed
from high-silicon cast iron. The high-silicon cast
iron is not needed to resist the basic soil envir-
onment but rather to extend service life when
subjected to the high electrical current discharge
rates commonly used in cathodic protective
anodes.

Several thousands of miles of cast iron pipe
have been buried underground for decades,
handling water distribution and collection for
hundreds of municipalities. Much of this pipe is
reaching the end of its useful life. Fortunately,
technologies have been developed to line cast
iron pipe in situ with polymer linings such as
polyurethane or cement mortar (Ref 7, 8). These
cure-in-place systems provide an economical
alternative to open trench replacement, and the
old cast iron pipe can still provide many years of
structural integrity for the polymer or cement
liners.

Corrosion in Water. Unalloyed and low-
alloyed cast irons are the primary cast irons
used in water service. The corrosion resistance
of unalloyed cast iron in water is determined by
its ability to form protective scales. In hard
water, corrosion rates are generally low because
of the formation of calcium carbonate (CaCO3)
scales on the surface of the iron. In softened
or deionized water, the protective scales cannot
be fully developed, and some corrosion will
occur.

In industrial waste waters, corrosion rates
are primarily a function of the contaminants
present. Acid pH waters increase corrosion,
but alkaline pH waters lower rates. Chlorides
increase the corrosion rates of unalloyed cast
irons, although the influence of chlorides is small
at a neutral pH.

Seawater presents some special problems for
cast irons. Gray cast iron may experience gra-
phitic corrosion in calm seawater. It will also be
galvanically active, that is, anodic, in contact
with most stainless steels, copper-nickel alloys,
titanium, and chrome-molybdenum nickel-base
alloys. Because these materials are frequently
used in seawater structures, this potential for
galvanic corrosion must be considered. In calm
seawater, the corrosion resistance of cast iron is
not greatly affected by the presence of crevices.
However, intermittent exposure to seawater is
very corrosive to unalloyed cast irons.

Use of high-alloy cast irons in water is rela-
tively limited. High-nickel austenitic cast irons
are used to increase the resistance of cast iron

components to pitting in calm seawater. Chro-
mium containing high-silicon cast iron is used to
produce anodes for the anodic protection sys-
tems used in seawater and brackish water.

Corrosion in Saline Solutions. The presence
of salts in water can have dramatic effects on the
selection of suitable grades of cast iron. Unal-
loyed cast irons exhibit very low corrosion rates
in such salts as cyanides, silicates, carbonates,
and sulfides, which hydrolyze to form alkaline
solutions. However, in salts such as ferric
chloride (FeCl3), cupric chloride (CuCl2), stan-
nic salts, and mercuric salts, which hydrolyze to
form acid solutions, unalloyed cast irons
experience much higher rates. In salts that form
dilute acid solutions, high-nickel cast irons are
acceptable. More acidic and oxidizing salts, such
as FeCl3, usually necessitate the use of high-
silicon cast irons.

Chlorides and sulfates of alkali metals yield
neutral solutions, and unalloyed cast iron
experiences very low corrosion rates in these
solutions. More highly alloyed cast irons also
exhibit low rates but cannot be economically
justified for this application.

Unalloyed cast irons are suitable for oxidizing
salts, such as chromates, nitrates, nitrites, and
permanganates, when the pH is neutral or alka-
line. However, if the pH is less than 7, corrosion
rates can increase substantially. At a lower pH
with oxidizing salts, high-silicon cast iron is an
excellent material selection.

Ammonium salts are generally corrosive to
unalloyed iron. High-nickel, high-chromium,
and high-silicon cast irons provide good resis-
tance to these salts.

Other Environments. Unalloyed cast iron is
used as a melting crucible for such low-melting
metals as lead, zinc, cadmium, magnesium, and
aluminum. Resistance to molten metals is sum-
marized in Table 6. Ceramic coatings and washes
are sometimes used to inhibit molten metal
attack on cast irons.

Cast iron can also be used in hydrogen chlor-
ide and chloride gases. In dry hydrogen chloride,
unalloyed cast iron is suitable to 205 �C
(400 �F), while in dry chlorine, unalloyed cast
iron is suitable to 175 �C (350 �F). If moisture is
present, unalloyed cast iron is unacceptable in
HCl and Cl2 at any temperature.

Coatings

Four general categories of coatings are used
on cast irons to enhance corrosion resistance:
metallic, organic, conversion, and enamel coat-
ings. Coatings on cast irons are generally used to
enhance the corrosion resistance of unalloyed
and low-alloy cast irons and to lessen the
requirements for cathodic protection. High-alloy
cast irons such as Ni-Resist or white irons are
rarely coated.

Metallic coatings are used to enhance the
corrosion resistance of cast irons. These coatings
may either be sacrificial metal coatings, such
as zinc, or barrier metal coatings, such as
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nickel-phosphorus. From a corrosion standpoint,
these two classes of coatings have important
differences. Sacrificial coatings are anodic when
compared to iron, and the coatings corrode
preferentially to protect the cast iron substrate.
Small cracks and porosity in the coatings have a
minimal overall effect on the performance of the
coatings. Barrier coatings are cathodic compared
to iron, and the coatings can protect the cast iron
substrate only when porosity or cracks are not
present. If there are defects in the coatings, the
service environment will attack the cast iron
substrate at these imperfections, and the galvanic
couple set up between the relatively inert coating
and the casting may accelerate attack on the cast
iron.

Metallic coatings may be applied to cast irons
by electroplating, hot dipping, flame or thermal
spraying, diffusion coating, or hard facing.
Table 7 lists the metals that can be applied by
these techniques.

Zinc is one of the most widely used coatings
on cast irons. Although zinc is anodic to iron, its
corrosion rate is very low, and it provides rela-
tively long-term protection for the cast iron
substrate. A small amount of zinc will protect a
large area of cast iron. Zinc coatings provide
optimal protection in rural and arid areas.

Other metal coatings are also commonly used
on cast irons. Cadmium provides atmospheric
protection similar to that of zinc. Tin coatings are
frequently used to improve the corrosion resis-
tance of equipment intended for food handling,
and aluminum coatings protect against corrosive
environments containing sulfur fumes, organic
acids, salts, and compounds of nitrate-phosphate
chemicals. Lead and lead-tin coating are pri-
marily applied to enhance the corrosion resis-
tance of iron castings to H2SO3 and H2SO4.
Nickel-phosphorus diffusion coatings offer cor-
rosion resistance approaching that obtainable
with stainless steel.

Organic coatings can be applied to cast irons
to provide short-term or long-term corrosion

resistance. Short-term rust preventatives include
oil, solvent-petroleum-based inhibitors and film
formers dissolved in petroleum solvents, emul-
sified-petroleum-based coatings modified to
form a stable emulsion in water, and wax.

For longer-term protection and resistance to
more corrosive environments, rubber-based
coatings, bituminous paints, asphaltic com-
pounds, or thermoset and thermoplastic coatings
can be applied. Rubber-based coatings include
chlorinated rubber neoprene, and Hypalon
(DuPont Dow Elastomers). These coatings are
noted for their mechanical properties and cor-
rosion resistance but not for their decorative
appearance. Bituminous paints have very low
water permeability and provide high resistance
to cast iron castings exposed to water. Use of
bituminous paints is limited to applications that
require good resistance to water, weak acids,
alkalis, and salts. Asphaltic compounds are used
to increase the resistance of cast irons to alkalis,
sewage, acids, and continued exposure to tap
water. Their application range is similar to that of
bituminous paints. Cast irons are also lined with
thermoset and thermoplastics, such as epoxy and
polyethylene, to resist attack by fluids.

Fluorocarbon coatings offer superior corro-
sion resistance except in abrasive services.
Fluorocarbon coatings applied to cast irons
include such materials as polytetra-
fluoroethylene (PTFE), perfluoroalkoxy resins
(PFA), polyvinyldene fluoride (PVDF), ethylene
chlorotrifluoroethylene (ECTFE), ethylene tet-
rafluoroethylene (ETFE), and fluorinated ethy-
lene polypropylene (FEP). Fully fluorinated
fluorocarbon coatings resist deterioration in most
common industrial services and can be used to
205 �C (400 �F), whereas partially fluorinated
coatings are limited to approximately 150 �C
(300 �F). Cast iron lined with fluorocarbon
polymers can be very competitive with stainless,
nickel-base, and even titanium and zirconium
materials in terms of range of services covered
and product cost.

Conversion coatings are produced when the
metal on the surface of the cast iron reacts with
another element or compound to produce an
iron-containing compound. Common conversion
coatings include phosphate coatings, oxide
coatings, and chromate coatings. Phosphate
coatings enhance the resistance of cast iron to
corrosion in sheltered atmospheric exposure. If
the surface of the casting is oxidized and black
iron oxide or magnetite is formed, the corrosion
resistance of the iron can be enhanced, particu-
larly if the oxide layer is impregnated with oil or
wax. Chromate coatings are formed by immer-
sing the iron castings in an aqueous solution of
chromic acid (H2CrO4) or chromium salts.
Chromate coatings are sometimes used as a
supplement to cadmium plating in order to pre-
vent the formation of powdery corrosion pro-
ducts. The overall benefits of conversion
coatings are small with regard to atmospheric
corrosion.

Enamel Coatings. In the enamel coating of
cast irons, glass frits are melted on the surface
and form a hard, tenacious bond to the cast iron
substrate. Good resistance to all acids except HF
can be obtained with the proper selection and
application of the enamel coating. Alkaline-
resistant coatings can also be applied, but they
offer only marginal improvement in the resis-
tance to alkalis.

Proper design and application are essential for
developing enhanced corrosion resistance on
cast irons with enamel coatings. Any cracks,
spalling, or other coating imperfections may
permit rapid attack of the underlying cast iron.

Selection of Cast Irons

Cast irons provide excellent resistance
to a wide range of corrosion environments
when properly matched with that service envir-
onment. The basic parameters to consider before
selecting cast irons for corrosion services
include:

� Concentration of solution components in
weight percent

Table 6 Resistance of gray cast iron to liquid metals at 300 and 600 �C (570 and 1110 �F)

Liquid metal
Liquid metal melting

point, �C

Resistance of gray cast iron(a)

300 �C (570 �F) 600 �C (1110 �F)

Mercury �38.8 Unknown Unknown
Sodium, potassium, and mixtures �12.3 to 97.9 Limited Poor
Gallium 29.8 Unknown Unknown
Bismuth-lead-tin 97 Good Unknown
Bismuth-lead 125 Unknown Unknown
Tin 321.9 Limited Poor
Bismuth 271.3 Unknown Unknown
Lead 327 Good at 327 �C (621 �F) Unknown
Indium 156.4 Unknown Unknown
Lithium 186 Unknown Unknown
Thallium 303 Unknown Unknown
Cadmium 321 Good at 321 �C (610 �F) Good
Zinc 419.5 Poor
Antimony 630.5 Poor at 630.5 �C (1167 �F)
Magnesium 651 Good at 651 �C (1204 �F)
Aluminum 660 Poor at 660 �C (1220 �F)

(a) Good, considered for long-time use.50.025 mm/yr (51.0 mil/yr); Limited, short-time use only, 0.025–0.25 mm/yr (1.0–10 mils/yr); Poor, no
structural possibilities, 40.25 mm/yr (410 mils/yr); Unknown, no data for these temperatures. Source: Ref 9

Table 7 Summary of metallic coating
techniques to enhance corrosion resistance
of cast irons

Coating technique Metals/alloys applied

Electroplating Cadmium, chromium, copper, lead,
nickel, zinc, tin, tin-nickel, brass,
bronze

Hot dipped Zinc, tin, lead, lead-tin, aluminum
Hard facing Cobalt-base alloys, nickel-base alloys,

metal carbides, high-chromium
ferrous alloys, high-manganese
ferrous alloys, high-chromium and
nickel ferrous alloys

Flame spraying Zinc, aluminum, lead, iron, bronze,
copper, nickel, ceramics, cermets

Diffusion coating Aluminum, chromium, nickel-
phosphorus, zinc, nitrogen, carbon
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� Dissolved contaminants, even at parts per
million levels

� pH of solution
� Solution temperature, potential temper-

ature extremes, and rate of change of tem-
perature

� Degree of solution aeration
� Percent and type of solids suspended in the

solution
� Duty cycle, continuous or intermittent

operation or exposure
� Potential for upset conditions, for example,

temperature and concentration excursions
� Unusual conditions, such as high solution

velocity or vacuum
� Materials present in the system and the

potential for galvanic corrosion

Although it is advisable to consider each of the
parameters before ultimate selection of a cast
iron, the information needed to properly assess
all variables of importance is often lacking. In
such cases, introduction of test coupons of the
candidate materials into the process stream
should be considered before extensive purchases
of equipment are made. If neither test coupons
nor complete service data are viable alternatives,
consultation with a reputable manufacturer of the
equipment or the cast iron, with a history of
applications in the area of interest, should be
considered.
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Corrosion of Cast Carbon and
Low-Alloy Steels
Revised by Raymond W. Monroe, Steel Founders’ Society of America

STEEL CASTING COMPOSITIONS are
generally divided into the categories of carbon
and low-alloy, corrosion-resistant, or heat-
resistant, depending on alloy content and intend-
ed service. Castings are classified as corrosion
resistant if they are capable of sustained opera-
tion when exposed to attack by corrosive agents
at service temperatures normally below 315 �C
(600 �F).

Carbon and low-alloy steels, the subject of this
article, are considered resistant only to very mild
corrosives, while the various high-alloy grades
are applicable for varying situations from mild to
severe services, depending on the particular
conditions involved. For design and materials
selection, the specific rate of corrosion may not
be as important as the predictability and con-
fidence in predicting a rate of corrosion.

It can be misleading to list the compara-
tive corrosion rates of different alloys exposed
to the same corroding medium. In this article,
no attempt is made to recommend alloys for
specific applications, and the data supplied
should be used only as a general guideline. Alloy
casting users will find it helpful to consult
materials and corrosion specialists when select-
ing alloys for a particular application. The fac-
tors that must be considered in materials
selection include:

� The principal corrosive agents and their con-
centrations

� Known or suspected impurities, including
abrasive materials and their concentration

� Average operating temperature, including
variations even if experienced only for short
periods

� Presence (or absence) of dissolved oxygen or
other gases in solution

� Continuous or intermittent operation
� Fluid velocity

Each of these can have a significant effect on
the service life of cast equipment, and such
detailed information must be provided to make
the appropriate materials selection. Many rapid
failures are traceable to these details being
overlooked—often when the information was
available.

Selection of the most economical alloy can be
made by the judicious use of corrosion data.
However, discretion and caution are suggested in
evaluating the relative corrosion rates of various
steels because of uncertainties in the results from
controlled laboratory tests and simulated service
condition tests, as well as anomalies in the
intended environment. The best information is
obtained from equipment used under actual
operating conditions.

Cast carbon and low-alloy steel and wrought
steel of similar composition and heat treat-
ment exhibit approximately the same corrosion
resistance in the same environments. More
detailed information in the articles “Corrosion of
Wrought Carbon Steels” and “Corrosion of
Wrought Low-Alloy Steels” in this Volume is
applicable to cast alloys. Plain carbon steel and
some of the low-alloy steels do not ordinarily
resist drastic corrosive conditions, although there
are some exceptions, such as concentrated sul-
furic acid (H2SO4).

Atmospheric Corrosion

Unless shielded by a protective coating, iron
and steel corrode in the presence of water and
oxygen; therefore, steel will corrode when it is
exposed to moist air. The rate at which corrosion
proceeds in the atmosphere depends on the

corroding medium, the conditions of the parti-
cular location in which the material is in use,
and the steps that have been taken to pre-
vent corrosion. The rate of corrosion also
depends on the character of the steel as deter-
mined by its chemical composition and heat
treatment. To increase the corrosion resistance of
steel significantly, amounts of alloying elements
are increased. Small amounts of copper and
nickel slightly improve the resistance of steel to
atmospheric attack, but appreciably larger
amounts of other elements, such as chromium
and nickel, improve corrosion resistance sig-
nificantly.

The rate of corrosion of a material in an
environment can generally be estimated with
confidence only from long-term tests. A 15 year
research program compared the corrosion resis-
tance of nine cast steels in marine and industrial
atmospheres. Table 1 shows the compositions of
the cast steels tested. The cast steel specimens
exposed were 13 mm (1/2 in.) thick, 100 by
150 mm (4 by 6 in.) panels with beveled edges.
The surfaces of half the specimens were
machined. Specimens of each composition and
surface condition were divided into three groups.
One group was exposed to an industrial atmo-
sphere at East Chicago, IN, and the other two
groups were exposed to marine atmospheres 24
and 240 m (80 and 800 ft) from the ocean at Kure
Beach, NC. The weight losses of the specimens

Table 1 Compositions of cast steels tested in atmospheric corrosion

Cast steel

Composition(a),%

Ni Cu Mn Cr V C Mo P S Si Other

Carbon, grade A 0.10 0.13 0.61 0.21 0.03 0.14 trace 0.016 0.026 0.41
Nickel-chromium-

molybdenum
0.56 0.13 0.80 0.60 0.04 0.26 0.15 0.44

1Ni-1.7Mn 1.08 0.08 1.70 0.08 0.04 0.27 0.02 0.023 0.42
2% Ni 2.26 0.12 0.77 0.19 0.03 0.17 trace 0.017 0.021 0.65
Carbon, grade B 0.03 0.03 0.65 0.10 0.04 0.25 0.011 0.021 0.51
1% Cu 0.04 0.94 0.87 0.11 0.07 0.28 0.42
1.36Mn-0.09V 0.01 0.15 1.36 0.08 0.09 0.37 0.031 0.038 0.34
1.42% Mn 0.01 0.13 1.42 0.16 0.04 0.37 0.027 0.022 0.38
1.5Mn-0.05Ti 0.01 0.11 1.48 0.04 0.03 0.33 0.016 0.025 0.40 0.05 Ti

(a) All compositions contain balance of iron. Source: Ref 1
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during exposure were converted to corrosion
rates in terms of millimeters (mils) per year. The
results of this research are shown in Fig. 1 to 4.
These are uniform corrosion rates that do not
apply to localized corrosion modes, such as
crevice corrosion, pitting, or local galvanic
coupling.

Figure 5 shows the results of another portion
of this project. Corrosion rates for a 3 year
exposure of various cast steels, wrought steels,
and malleable iron in both atmospheres are
compared. The following conclusions can be
drawn from these tests:

� The condition of the specimen surface has no
significant effect on the corrosion resistance
of cast steels. Unmachined surfaces with the
casting skin intact have corrosion rates similar
to those of machined surfaces, regardless of
the atmospheric environment.

� The highest corrosion rate occurs in the mar-
ine atmosphere 24 m (80 ft) from the ocean,
with lower but similar corrosion rates oc-
curring in the industrial atmosphere and the
marine atmosphere 240 m (800 ft) from the
ocean.

� The corrosion rate of cast steel decreases
as a function of time, because corrosion pro-
ducts (scale and rust coating) build up and
act as a protective coating on the cast steel
surface. However, the corrosion rate of the
most resistant cast steel (2% Ni) is always less
than that of lesser corrosion-resistant cast
steels.

� Cast steels with small amounts of copper or
chromium, or slightly larger amounts of
nickel, have corrosion resistance superior to
that of cast carbon steel with manganese as an
alloying element, when exposed to the atmo-
spheres (Ref 1).

� Increasing the nickel and the chromium con-
tents of cast steel increases the corrosion
resistance in all three of the atmospheric
environments.
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Fig. 1 Corrosion rates of various cast steels in a marine
atmosphere. Nonmachined specimens were

exposed 24 m (80 ft) from the ocean at Kure Beach, NC.
Source: Ref 1
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Fig. 2 Corrosion rates of various cast steels exposed at
the 240 m (800 ft) site at Kure Beach, NC. Spe-

cimens were not machined. Source: Ref 1
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Fig. 3 Corrosion rates for cast steels in an industrial
atmosphere. Nonmachined specimens were

exposed at East Chicago, IN. Source: Ref 1
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environments. The effect of surface finish on corrosion rates
is negligible. Source: Ref 1
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Fig. 5 Comparison of corrosion rates of cast steels,
malleable cast iron, and wrought steel after 3

years of exposure in two atmospheres. Source: Ref 1

Table 2 Corrosion of cast carbon and alloy steels in steam at 650 �C (1200 �F) for 570 h

Type of steel

Composition, % Average penetration rate

C Cr Ni Mo mm/yr mils/yr

Carbon 0.24 0.3 12
0.25 0.28 11

Carbon-molybdenum 0.21 0.49 0.3 12
0.20 0.49 0.25 10

Nickel-chromium-molybdenum 0.35 0.64 2.13 0.26 0.25 10
0.28 0.73 2.25 0.26 0.25 10

5Cr-molybdenum 0.22 5.07 0.47 0.1 4
0.27 5.49 0.43 0.1 4

7Cr-molybdenum(a) 0.11 7.33 0.59 0.05 2
9Cr-1.5Mo 0.23 9.09 1.56 0.025 1

(a) Not a cast steel. Source: Ref 1

52 / Corrosion of Ferrous Metals

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



All cast steels have greater corrosion resis-
tance than malleable iron in industrial atmo-
spheres and are superior or equivalent to
the wrought steels in this environment. The
corrosion rate in the marine atmosphere depends
primarily on the alloy content. The cast carbon
steel is much superior to the AISI 1020 wrought
steel but is slightly inferior to malleable iron
(Ref 2).

Other Environments

Several low- and high-alloy cast steels have
been studied regarding their corrosion resistance
to high-temperature steam. Test specimens
150 mm (6 in.) in length and 13 mm (1/2 in.) in
diameter were machined from test coupons and
then exposed to steam at 650 �C (1200 �F) for
570 h. The steel compositions and test results are
given in Table 2. Table 3 shows the resistance of

cast steels to petroleum corrosion, and Tables 4
and 5 supply similar data relating to water and
acid attack. These data show the value of higher
chromium content for improved corrosion
resistance.
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Table 3 Petroleum corrosion resistance of
cast steels
1000 h test in petroleum vapor under 780 N (175 lb) of
pressure at 345 �C (650 �F)

Type of material

Weight loss

mg/cm2 mg/in.2

Cast carbon steel 3040 196
Cast steel, 2Ni-0.75Cr 2370 153
Seamless tubing, 5% Cr 1540 99.2
Cast steel, 5Cr-1W 950 61.5
Cast steel, 5Cr-0.5Mo 730 47
Cast steel, 12% Cr 6.4 100
Stainless steel. 18Cr-8Ni 2.1 30

Source: Ref 1

Table 4 Corrosion of cast steels in waters

Corrosive medium
Exposure

time, months

Corrosion factor(a)

Fe-0.29C-0.69Mn-
0.44Si

Fe-0.32C-0.66Mn-
1.12Cr

Fe-0.11C-0.41Mn-
3.58Cr

Tap water 2 100 85 58
6 100 73 61

Seawater 2 100 60 26
6 100 80 40

Alternate immersion
and drying

2
6

100
100

93
109

30
25

Hot water 1 100 100 64
0.05% H2SO4 2 100 71 68

6 100 89 102
0.50% H2SO4 2 100 223 61

(a) Corrosion factor is the ratio of average penetration rate of the alloy in question to Fe-0.29C-0.69Mn-0.44Si steel. Source: Ref 1

Table 5 Corrosion of cast chromium and carbon steels in mineral acids

Steel

Weight loss in 5 h

5% H2SO4 5% HCl 5% HNO3

mg/cm2 mg/in.2 mg/cm2 mg/in.2 mg/cm2 mg/in.2

Carbon steel, 0.31% C 2.7 17.42 2.1 13.55 80.79 521.1
Chromium steel, 0.30C-2.42Cr 4.9 31.6 5.41 34.9 47.36 305.5

Source: Ref 1
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Corrosion of Wrought Stainless Steels
Revised by John F. Grubb, ATI-Allegheny Ludlum
Terry DeBold, Carpenter Technology Corporation
James D. Fritz, TMR Stainless

STAINLESS STEELS are iron-base alloys
containing at least 10.5% Cr. With increasing
chromium content and the presence or absence of
some ten to fifteen other elements, stainless steels
can provide an extraordinary range of corrosion
resistance. Various grades have been used for
many years in environments as mild as open air in
architectural applications and as severe as the
chemically active product streams in the chemi-
cal processing industries. Stainless steels are
categorized in five distinct families according to
their crystal structure and strengthening
mechanism. Each family exhibits its own general
characteristics in terms of mechanical properties
and corrosion resistance. Within each family,
there is a range of grades that varies in compo-
sition, corrosion resistance, and cost.

Stainless steels are susceptible to several
forms of localized corrosive attack. The avoid-
ance of such localized corrosion is the focus of
most of the effort involved in selecting stainless
steels. Furthermore, the corrosion performance
of stainless steels can be strongly affected by
practices of design, fabrication, surface con-
ditioning, and maintenance.

The selection of a grade of stainless steel for a
particular application involves the consideration
of many factors but always begins with corrosion
resistance. It is first necessary to characterize the
probable service environment. It is not enough to
consider only the design conditions. It is also
necessary to consider the reasonably anticipated
excursions or upsets in service conditions. The
suitability of various grades can be estimated
from laboratory tests or from documentation of
field experience in comparable environments.
Once the grades with adequate corrosion resis-
tance have been identified, it is then appropriate
to consider mechanical properties, ease of fab-
rication, the types and degree of risk present in
the application, the availability of the necessary
product forms, and cost.

Identification Systems for
Stainless Steels

Grades of stainless steel are most commonly
designated in one or more of the following

ways: the American Iron and Steel Institute
(AISI) numbering system, the Unified Number-
ing System (UNS), and proprietary designations.
The AISI ceased issuing designations for new
stainless steels several decades ago. These des-
ignations have persisted in ASTM and similar
standards where they are now called common
names or types. Other designations have been
established by the national standards organiza-
tions of various major industrialized countries.
These systems are generally similar to those of
the United States, but there can be significant
differences that must be taken into account when
designing under these codes or using materials
from these areas. Outside North America, the
Deutsche Industrie-Normen (DIN) system,
which has been adopted by Euronorm, is com-
monly used for identifying stainless steels. For
example, the designations X5CrNi18-10 or
1.4301 identify an alloy similar to type 304
stainless steel. A cross-index such as Stahl-
schlussel (Key to Steel) (Ref 1) or Worldwide
Guide to Equivalent Irons and Steels (Ref 2)
should be consulted.

The AISI System. The most common desig-
nations are those based on AISI, which recog-
nized grades as standard compositions on the
basis of meeting criteria of total production and
number of sources. Most of these grades have a
three-digit designation in the 200, 300, or 400
series, and some have a one- or two-letter suffix
that indicates a particular modification of the
composition. There is a general association of
the various microstructural families of grades
with particular parts of the numbering series,
but there are several significant exceptions to the
system. Table 1 lists the AISI grades and their
chemical analyses. Some proprietary designa-
tions are similar in structure to the AISI system
but are not standard grades. Also, commercial
offerings of the standard grades may use the AISI
number with some additional prefix or suffix to
indicate the producer or a particular modification
of the grade for a certain type of application.

The UNS system was introduced in the
1970s to provide a systematic and encyclopedic
listing of metal alloys, including the stainless
steels. Although not perfect, the UNS numbering
system has been successful in maintaining a

degree of order during a period when many new
grades were introduced. Most stainless steels—
those having more than 50% Fe—have a UNS
number that consists of the letter “S” followed by
five digits. Some older alloys with less than 50%
Fe had been classified as nickel-base alloys and
assigned UNS N08xxx designations. To conform
to international standards, all new stainless
alloys having more iron than any other single
element are being designated as stainless steels
and assigned UNS Sxxxxx designations. For the
AISI grades, the first three digits of the UNS
usually correspond to an AISI number. The basic
AISI grades have 00 as the last two digits, while
the modifications of the most basic grades show
some other two digits. There are some significant
exceptions in the UNS system, just as there are in
the AISI system.

These designations are not normally a suffi-
cient basis for specifying a stainless steel. To
purchase a particular grade and product form, it
is advisable to consult a comprehensive specifi-
cation. The ASTM International specifications,
for example, are the most commonly used in
North America. These specifications usually
define compositional limits; minimum mechan-
ical properties; production, processing, and
testing requirements; and, in some cases,
particular corrosion performance requirements.
Other standard specifications, such as those of
ASME, NACE International, the American
Petroleum Institute (API), TAPPI, or those of
individual companies, may apply to certain
types of equipment.

Proprietary Designations. In addition to
the standard grades, there are well over 100
special grades that represent modifications,
extensions, or refinements of the basic grades.
In the early 1970s, the introduction of new
stainless steel refining practices, most com-
monly argon-oxygen decarburization (AOD),
greatly facilitated the production of stainless
steels. In addition to permitting the use of lower-
cost forms of alloy element additions, AOD
also allows precise control of individual ele-
ments. This process also makes possible the
economical removal of interstitial and tramp
elements that are detrimental to corrosion resist-
ance, mechanical properties, and processing.
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Because of these capabilities, stainless steel
producers have greatly extended the range of
stainless steel grades. Very few of these grades
were accepted as AISI standards, but all
were assigned UNS numbers when they were
introduced into ASTM standards. Table 2
provides a representative sampling of these

grades across the range of alloy content
and corrosion resistance. Some of the grades
are identified by common trade names or
trade marks in order to facilitate understand-
ing and to enhance the usefulness of this
discussion. This listing is not intended to be
exhaustive, and the omission of a grade does

not indicate its disqualification from consider-
ation.

Families of Stainless Steels

There are five major families of stainless
steels, as defined by crystallographic structure.

Table 1 Compositions of standard grades of stainless steels

UNS designation Type

Composition(a); wt%

C Mn P S Si Cr Ni Mo Others

Austenitic grades

S20100 201 0.15 5.5–7.5 0.060 0.030 1.00 16.0–18.0 3.5–5.5 . . . 0.25N
S20200 202 0.15 7.5–10.0 0.060 0.030 1.00 17.0–19.0 4.0–6.0 . . . 0.25N
S30100 301 0.15 2.00 0.045 0.030 1.00 16.0–18.0 6.0–8.0 . . . 0.10N
S30200 302 0.15 2.00 0.045 0.030 0.75 17.0–19.0 8.0–10.0 . . . 0.10N
S30215 302B 0.15 2.00 0.045 0.030 2.00–3.00 17.0–19.0 8.0–10.0 . . . 0.10N
S30300 303 0.15 2.00 0.20 0.15 min 1.00 17.0–19.0 8.0–10.0 0.60 . . .
S30323 303Se 0.15 2.00 0.20 0.06 1.00 17.0–19.0 8.0–10.0 . . . 0.15Se min
S30400 304 0.08 2.00 0.045 0.030 0.75 18.0–20.0 8.0–10.5 . . . 0.10N
S30403 304L 0.030 2.00 0.045 0.030 0.75 18.0–20.0 8.0–12.0 . . . 0.10N
S30409 304H 0.04–0.10 2.00 0.045 0.030 0.75 18.0–20.0 8.0–10.5 . . . . . .
S30451 304N 0.08 2.00 0.045 0.030 0.75 18.0–20.0 8.0–10.5 . . . 0.10–0.16N
S30500 305 0.12 2.00 0.045 0.030 0.75 17.0–19.0 10.5–13.0 . . . . . .
S30800 308 0.08 2.00 0.045 0.030 0.75 19.0–21.0 10.0–12.0 . . . . . .
S30900 309 0.20 2.00 0.045 0.030 1.00 22.0–24.0 12.0–15.0 . . . . . .
S30908 309S 0.08 2.00 0.045 0.030 0.75 22.0–24.0 12.0–15.0 . . . . . .
S31000 310 0.25 2.00 0.045 0.03 1.50 24.00–26.00 19.00–22.00 . . . . . .
S31008 310S 0.08 2.00 0.045 0.030 1.50 24.0–26.0 19.0–22.0 . . . . . .
S31400 314 0.25 2.00 0.045 0.030 1.50–3.00 23.0–26.0 19.0–22.0 . . . . . .
S31600 316 0.08 2.00 0.045 0.030 0.75 16.0–18.0 10.0–14.0 2.00–3.00 0.10N
S31603 316L 0.030 2.00 0.045 0.030 0.75 16.0–18.0 10.0–14.0 2.00–3.00 0.10N
S31651 316N 0.08 2.00 0.045 0.030 0.75 16.0–18.0 10.0–14.0 2.00–3.00 0.10–0.16N
S31700 317 0.08 2.00 0.045 0.030 0.75 18.0–20.0 11.0–15.0 3.0–4.0 0.10N
S31703 317L 0.030 2.00 0.045 0.030 0.75 18.0–20.0 11.0–15.0 3.0–4.0 0.10N
S32100 321 0.08 2.00 0.045 0.030 0.75 17.0–19.0 9.0–12.0 . . . TC: 5(Cþ N) min
N08330 330 0.08 2.00 0.030 0.030 0.75–1.50 17.0–20.0 34.0–37.0 . . . . . .
S34700 347 0.08 2.00 0.045 0.030 0.75 17.0–19.0 9.0–13.0 . . . Nb: 10 · C min
S34800 348 0.08 2.00 0.045 0.030 0.75 17.0–19.0 9.0–13.0 . . . Nb: 10 · C min
S38400 384 0.08 2.00 0.045 0.030 1.00 15.0–17.0 17.0–19.0 . . . . . .

Ferritic grades

S40500 405 0.08 1.00 0.040 0.030 1.00 11.5–14.5 0.60 . . . 0.10–0.30Al
S41008 410S 0.08 1.00 0.040 0.030 1.00 11.5–13.5 0.60 . . . . . .
S42900 429 0.12 1.00 0.040 0.030 1.00 14.0–16.0 . . . . . . . . .
S43000 430 0.12 1.00 0.040 0.030 1.00 16.0–18.0 0.75 . . . . . .
S43020 430F 0.12 1.25 0.06 0.15 min 1.00 16.0–18.0 0.75 0.60 . . .
S43023 430FSe 0.12 1.25 0.06 0.06 1.00 16.0–18.0 0.75 . . . 0.15Se min
S43400 434 0.12 1.00 0.040 0.030 1.00 16.0–18.0 . . . 0.75–1.25 . . .
S43600 436 0.12 1.00 0.040 0.030 1.00 16.0–18.0 . . . 0.75–1.25 Nb: 5 · C–0.80
S43035 439 0.030 1.00 0.040 0.030 1.00 17.0–19.0 0.50 . . . 4(Cþ N)þ 0.20 jTi j1.10
S44200 442 0.20 1.00 0.040 0.040 1.00 18.0–23.0 0.60 . . . . . .
S44400 444 0.025 1.00 0.040 0.030 1.00 17.5–19.5 1.00 1.75–2.50 4(Cþ N)þ 0.20 jTiþ Nbj0.80
S44600 446 0.20 1.50 0.040 0.030 1.00 23.0–27.0 0.75 . . . 0.25N

Martensitic grades

S40300 403 0.15 1.00 0.040 0.030 0.50 11.5–13.0 0.60 . . . . . .
S41000 410 0.08–0.15 1.00 0.040 0.030 1.00 11.5–13.5 0.75 . . . . . .
S41400 414 0.15 1.00 0.040 0.030 1.00 11.5–13.5 1.25–2.50 . . . . . .
S41600 416 0.15 1.25 0.060 0.15 min 1.00 12.0–14.0 . . . 0.60 . . .
S41623 416Se 0.15 1.25 0.060 0.060 1.00 12.0–14.0 . . . . . . 0.15Se min
S42000 420 0.15 min 1.00 0.040 0.030 1.00 12.0–14.0 0.75 0.50 . . .
S42020 420F 0.15 min 1.25 0.060 0.15 min 1.00 12.0–14.0 0.50 0.60 0.60Cu
S42200 422 0.20–0.25 1.00 0.025 0.025 0.50 11.0–12.5 0.50–1.00 0.90–1.25 0.20–0.30V, 0.90–1.25W
S43100 431 0.20 1.00 0.040 0.030 1.00 15.0–17.0 1.25–2.50 . . . . . .
S44002 440A 0.60–0.75 1.00 0.040 0.030 1.00 16.0–18.0 . . . 0.75 . . .
S44003 440B 0.75–0.95 1.00 0.040 0.030 1.00 16.0–18.0 . . . 0.75 . . .
S44004 440C 0.95–1.20 1.00 0.040 0.030 1.00 16.0–18.0 . . . 0.75 . . .

Precipitation-hardening grades

S17400 630 0.07 1.00 0.040 0.030 1.00 15.0–17.5 3.00–5.00 . . . 3.00–5.00Cu, 0.15–0.45Nb
S17700 631 0.09 1.00 0.040 0.030 1.00 16.0–18.0 6.50–7.75 . . . 0.75–1.50Al
S15700 632 0.09 1.00 0.040 0.030 1.00 14.0–16.0 6.5–7.7 2.00–3.00 0.75–1.50Al
S35000 633 0.07–0.11 0.50–1.25 0.040 0.030 0.50 16.0–17.0 4.00–5.00 2.50–3.25 0.07–0.13N
S35500 634 0.10–0.15 0.50–1.25 0.040 0.030 0.50 15.0–16.0 4.00–5.00 2.50–3.25 0.07–0.13N
S66286 660 0.08 2.00 0.040 0.030 1.00 13.5–16.0 24.0–27.0 1.00–1.50 1.90–2.35Ti, 0.35Al,

0.10–0.50V, 0.001–0.010B

(a) Maximum unless otherwise indicated; all compositions include balance of iron
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Each family is distinct with regard to its
typical mechanical properties. Furthermore,
each family tends to share a common nature in
terms of resistance/susceptibility to particular
forms of corrosion. However, within each
family, it is possible to have a substantial
range of composition. Therefore, each family
is applicable to a broad range of corrosion
environments.

Ferritic Stainless Steels. The simplest
stainless steels contain only iron and chromium.
Chromium is a ferrite stabilizer; therefore, the
stability of the ferritic structure increases with
chromium content. Ferrite has a body-centered
cubic crystal structure, and it is characterized as
magnetic and relatively high in yield strength but
low in ductility and work hardenability. Ferrite
shows an extremely low solubility for such

interstitial elements as carbon and nitrogen. The
ferritic grades exhibit a transition from ductile to
brittle behavior over a rather narrow temperature
range. At higher carbon and nitrogen contents,
especially with higher chromium levels, this
ductile-to-brittle transition can occur above
ambient temperature. This possibility severely
limited the use of ferritic grades before the use of
AOD. The ferritic family was then limited to

Table 2 Compositions of some proprietary and nonstandard stainless steels

UNS
designation Common name

Composition(a), wt%

C Mn P S Si Cr Ni Mo Others

Austenitic grades

S20430 204Cu 0.15 6.5–9.0 0.06 0.03 1.00 15.5–17.5 1.50–3.00 . . . 2.00–4.00 Cu, 0.05–0.25N
S20910 Nitronic 50 (22-13-5) 0.06 4.0–6.0 0.040 0.030 0.75 20.5–23.5 11.5–13.5 1.50–3.00 0.1–0.3Nb, 0.2–0.4N, 0.1–0.3V
S21900 Nitronic 40 (21-6-9) 0.08 8.0–10.0 0.06 0.03 1.00 19.0–21.50 5.5–7.5 . . . 0.15–0.40N
S24100 18Cr-2Ni-12Mn 0.15 11.0–14.0 0.060 0.03 1.00 16.50–19.50 0.5–2.50 . . . 0.2–0.45N
S30345 303Al Modified 0.15 2.00 0.050 0.11–0.16 1.00 17.00–19.00 8.00–10.00 0.40–0.60 0.60–1.00Al

303BV(b) 0.11 1.75 0.03 0.14 0.35 17.75 9.00 0.50 0.75Al
302HQ-FM 0.06 2.00 0.04 0.14 1.00 16.00–19.00 9.00–11.00 . . . 1.3–2.4Cu

S30431 302HQ-FM 0.06 2.00 0.04 0.14 1.00 16.00–19.00 9.00–11.00 . . . 1.3–2.4Cu
S30430 302HQ 0.10 2.00 0.045 0.03 1.00 17.00–19.00 8.00–10.00 . . . 3.0–4.0Cu
S30453 304LN 0.030 2.00 0.045 0.030 0.75 18.0–20.0 8.0–12.0 . . . 0.10–0.16N
S31653 316LN 0.030 2.00 0.045 0.030 0.75 16.0–18.0 10.0–14.0 2.00–3.00 0.10–0.16N
S31753 317LN 0.030 2.00 0.045 0.030 0.75 18.0–20.0 11.0–15.0 3.0–4.0 0.10–0.22N
S31725 317LM 0.030 2.00 0.045 0.030 0.75 18.0–20.0 13.0–17.0 4.0–5.0 0.20N
S31726 317LMN 0.030 2.00 0.045 0.03 0.75 18.0–20.0 13.0–17.0 4.0–5.0 0.10–0.20N
N08904 904L 0.020 2.00 0.045 0.035 1.00 19.0–23.0 23.0–28.0 4.0–5.0 0.10N, 1.0–2.0Cu
N08700 JS700 0.04 2.00 0.040 0.030 1.00 19.0–23.0 24.0–26.0 4.3–5.0 0.5Cu, Nb: (8 · C) � 1.00

JS777 0.025 1.70 0.03 0.03 0.50 19.00–23.00 24.0–26.0 4.00–5.00 2.10Cu, 0.25Nb
N08020 20Cb-3 0.07 2.00 0.045 0.035 1.00 19.0–21.0 32.0–38.0 2.00–3.00 3.0–4.0Cu, Nb: (8 · C) � 1.00
N08028 Alloy 28 0.030 2.50 0.030 0.030 1.00 26.0–28.0 29.5–32.5 3.0–4.0 0.6–1.4Cu
N08367 AL-6XN 0.030 2.00 0.040 0.030 1.00 20.0–22.0 23.5–25.5 6.0–7.0 0.18–0.25N, 0.75Cu
S31254 254SMO 0.020 1.00 0.030 0.010 0.80 19.5–20.5 17.5–18.5 6.0–6.5 0.50–1.00Cu, 0.18–0.22N
N08926 25-6MO, 1926hMo 0.020 2.00 0.030 0.010 0.50 19.0–21.0 24.0–26.0 6.0–7.0 0.5–1.5Cu, 0.15–0.25N
S32654 654SMO 0.020 2.0–4.0 0.03 0.005 0.50 24.0–25.0 21.0–23.0 7.00–8.00 0.45–0.55N, 0.30–0.60Cu

Ferritic grades

S40910 409 0.030 1.00 0.040 0.020 1.00 10.50–11.75 0.50 . . . Ti: 6 · (Cþ N)–0.50, N 0.030, Cb 0.17
S40920 409 0.030 1.00 0.040 0.020 1.00 10.50–11.75 0.50 . . . Ti: 0.15–0.50, N 0.030, Cb 0.10
S40930 409 0.030 1.00 0.040 0.020 1.00 10.50–11.75 0.50 . . . Ti 0.05 min, N 0.030 (Tiþ Cb):

0.08þ 8(Cþ N) min, 0.75 max
S44627 E-Brite 0.010 0.40 0.020 0.020 0.40 25.0–27.0 0.50 0.75–1.50 0.05–0.2Nb, 0.2Cu, 0.015N
S44660 Sea-Cure 0.030 1.00 0.040 0.030 1.00 25.0–28.0 1.0–3.5 3.0–4.0 0.040N, Nbþ Ti: 6(Cþ N)
S44735 AL-29-4C 0.030 1.00 0.040 0.030 1.00 28.0–30.0 1.00 3.6–4.2 0.045N, Nbþ Ti: 6(Cþ N)
S44800 AL-29-4-2 0.010 0.30 0.025 0.020 0.20 28.0–30.0 2.00–2.50 3.5–4.2 0.15Cu, 0.020N, Cþ N: 0.025 max

Duplex grades

S31200 44LN 0.030 2.00 0.045 0.030 1.00 24.0–26.0 5.5–6.5 1.20–2.00 0.14–0.20N
S31260 DP-3 0.030 1.00 0.030 0.030 0.75 24.0–26.0 5.5–7.5 2.5–3.5 0.20–0.80Cu, 0.10–0.30N, 0.10–

0.50W
S31500 3RE60 0.030 1.20–2.00 0.030 0.030 1.40–2.00 18.0–19.0 4.30–5.20 2.50–3.00 . . .
S31803 2205 0.030 2.00 0.030 0.020 1.00 21.0–23.0 4.5–6.5 2.5–3.5 0.08–02N
S32001 19D 0.030 4.0–6.0 0.040 0.030 1.0 19.5–21.5 1.0–3.0 0.60 1.0Cu, 0.05–0.17 N
S32003 AL 2003 0.030 2.0 0.030 0.020 1.0 19.5–22.5 3.0–4.0 1.50–2.0 0.14–0.20 N
S32101 2101 0.040 4.0–6.0 0.030 0.030 1.0 21.0–22.0 1.35–1.70 0.10–0.80 0.10–0.80 Cu, 0.20–0.25 N
S32205 2205 0.030 2.00 0.030 0.020 1.00 21.0–23.0 4.5–6.5 2.5–3.5 0.014–0.2N
S32304 2304 0.030 2.50 0.040 0.030 1.0 21.5–24.5 3.0–5.5 0.05–0.60 0.05–0.60Cu, 0.05–0.20N
S32550 Ferralium 255 0.04 1.50 0.040 0.030 1.00 24.0–27.0 4.5–6.5 2.9–3.9 1.50–2.50Cu, 0.10–0.25N
S32750 SAF 2507 0.030 1.20 0.035 0.020 0.80 24.0–26.0 6.0–8.0 3.0–5.0 0.24–0.32N
S32760 Zeron 100 0.030 1.00 0.030 0.010 1.00 24.0–26.0 6.0–8.0 3.0–4.0 0.50–1.00Cu, 0.50–1.00W, 0.20–

0.30N
S32950 7Mo-Plus 0.030 2.00 0.035 0.010 0.60 26.0–29.0 3.5–5.2 1.00–2.50 0.15–0.35N

Martensitic grades

S41040 XM-30 0.18 1.00 0.040 0.030 1.00 11.5–13.0 . . . . . . 0.05–0.30Nb
S41610 XM-6 0.15 1.50–2.50 0.06 0.15 min 1.00 12.0–14.0 . . . 0.60 . . .

Precipitation-hardenable grades

S13800 PH13-8Mo, XM-13 0.05 0.20 0.01 0.008 0.10 12.25–13.25 7.50–8.50 2.00–2.50 0.90–1.35Al, 0.01N
S15500 15-5PH, XM-12 0.07 1.00 0.04 0.03 1.00 14.00–15.50 3.50–5.50 . . . 2.50–4.50Cu, 0.15–0.45Nb
S45000 Custom 450 0.05 1.00 0.03 0.03 1.00 14.00–16.00 5.00–7.00 0.5–1.00 1.25–1.75Cu, Nb: 8 · C min
S45500 Custom 455 0.05 0.50 0.04 0.03 0.50 11.00–12.50 7.50–9.50 0.50 0.1–0.5Nb, 1.50–2.50Cu, 0.8–1.40Ti
S46500 Custom 465 0.02 0.25 0.015 0.01 0.25 11.00–12.50 10.75–11.25 0.75–1.25 0.01N, 1.50–1.80Ti

(a) Maximum unless otherwise indicated; all compositions contain balance of iron. (b) Nominal composition

56 / Corrosion of Ferrous Metals

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



type 446 for oxidation-resistant applications
and to types 430 and 434 for such corrosion
applications as automotive trim. The fact that
these grades were readily sensitized to inter-
granular corrosion as a result of welding or
thermal exposure further limited their use.

With AOD, it was possible to reduce the levels
of carbon and nitrogen significantly. The activity
of carbon and nitrogen could further be reduced
by the use of stabilizers, which are highly reac-
tive elements, such as titanium and niobium, that
precipitate the remaining interstitials. Second-
generation ferritic stainless steels include type
444 and the more highly alloyed ferritic grades
shown in Table 2. With control of interstitial
elements, it is possible to produce grades with
unusually high chromium and molybdenum
contents. At these low effective carbon levels,
these grades are tougher and more weldable than
the first generation of ferritic stainless steels.
Nevertheless, their limited toughness generally
restricts use of these grades to sheet or thin-wall
tubulars.

Ferritic stainless steels are highly resistant,
and in some cases immune, to chloride stress-
corrosion cracking (SCC). These grades are
frequently considered for thermal transfer
applications.

Enhanced formability and oxidation resist-
ance are responsible for the extraordinary
development of the lowest-alloyed grade of the
ferritics, type 409. This grade, developed for
automotive muffler and catalytic converter
service, has gained in technical sophistication.
It is increasingly used in automotive exhaust
systems and in other moderately severe
atmospheric-exposure applications.

Austenitic Stainless Steels. The detrimental
effects of carbon and nitrogen in ferrite can be
overcome by changing the crystal structure to
austenite, a face-centered cubic crystal structure.
This change is accomplished by adding austenite
stabilizers—most commonly nickel but also
manganese and nitrogen. Austenite is char-
acterized as nonmagnetic, and it is usually rela-
tively low in yield strength with high ductility,
rapid work-hardening rates, and excellent
toughness. These desirable mechanical proper-
ties, combined with ease of fabrication, have
made the austenitic grades, especially types 304
and 304L, the most common of the stainless
grades. Processing difficulties tend to limit
increases in chromium content; therefore,
improved corrosion resistance is usually
obtained by adding molybdenum. The use of
nitrogen as an intentional alloy addition stabi-
lizes the austenite phase, particularly with regard
to the precipitation of intermetallic compounds.
With the addition of nitrogen, it is possible to
produce austenitic grades with up to 7% Mo for
improved corrosion resistance in chloride
environments. Other special grades include the
high-chromium grades for high-temperature
applications and the high-nickel grades for
inorganic acid environments.

The austenitic stainless steels can be sensi-
tized to intergranular corrosion by welding or by

longer-term thermal exposure. These thermal
exposures lead to the precipitation of chromium
carbides in grain boundaries and to the depletion
of chromium adjacent to these carbides. Sensi-
tization can be greatly delayed or prevented by
the use of lower-carbon L-grades (50.03% C) or
stabilized grades, such as types 321 and 347,
which include additions of carbide-stabilizing
elements (titanium and niobium, respectively).

The common austenitic grades, types 304 and
316, are especially susceptible to chloride SCC.
All austenitic stainless steels exhibit some
degree of susceptibility, but several of the high-
nickel, high-molybdenum grades are satisfactory
with respect to stress-corrosion attack in most
engineering applications.

Martensitic Stainless Steels. With lower
chromium levels and relatively high carbon
levels, it is possible to obtain austenite at ele-
vated temperatures and then, with moderate
cooling, to transform this austenite to martensite,
which has a body-centered tetragonal structure.
Just as with plain carbon and low-alloy steels,
this strong, brittle martensite can be tempered to
favorable combinations of high strength and
adequate toughness. Because of the ferrite-sta-
bilizing character of chromium, the total chro-
mium content, and thus the corrosion resistance,
of the martensitic grades is somewhat limited. In
recent years, nitrogen, nickel, and molybdenum
additions at somewhat lower carbon levels have
produced martensitic stainless steels of
improved toughness and corrosion resistance.

The duplex stainless steels can be thought of
as chromium-molybdenum ferritic stainless
steels to which sufficient austenite stabilizers
have been added to produce steels in which a
balance of ferrite and austenite is present at room
temperature. Such grades can have the high
chromium and molybdenum responsible for the
excellent corrosion resistance of ferritic stainless
steels as well as the favorable mechanical prop-
erties of austenitic stainless steels. In fact, the
duplex grades with approximately equal
amounts of ferrite and austenite have excellent
toughness, and their strength exceeds either
phase present singly.

First-generation duplex grades, such as type
329, achieved this phase balance primarily by
nickel additions. These early duplex grades have
superior properties in the annealed condition,
but segregation of chromium and molybdenum
between the two phases as re-formed after
welding often significantly reduced corrosion
resistance. The addition of nitrogen to the second
generation of duplex grades restores the phase
balance more rapidly and minimizes chromium
and molybdenum segregation without annealing.
The newer duplex grades, such as type 2205
stainless steel, combine high strength, good
toughness, high corrosion resistance, good
resistance to chloride SCC, and good production
economy in the heavier product forms. Higher
molybdenum-content duplex alloys, such as SAF
2507 and Zeron 100 (UNS S32750 and S32760,
respectively), have been developed for seawater
service. Recently, several lower-molybdenum,

nitrogen-enhanced duplex stainless steels have
been introduced. They offer the same high
resistance to chloride SCC along with improved
weldability and economy in less aggressive
environments.

The precipitation-hardening stainless
steels are chromium-nickel grades that can be
hardened by an aging treatment at a moderately
elevated temperature. These grades may have
austenitic, semiaustenitic, or martensitic crystal
structures. Semiaustenitic structures are trans-
formed from a readily formable austenite to
martensite by a high-temperature austenite-con-
ditioning treatment. Some grades use cold work
to facilitate transformation. The strengthening
effect is achieved by adding such elements as
copper and aluminum, which form strengthening
precipitates during aging. In the solution-
annealed condition, these grades have properties
similar to those of the austenitic grades and are
therefore readily formed. Hardening is achieved
after fabrication within a relatively short time at
480 to 620 �C (900 to 1150 �F). The precipita-
tion-hardened grades must not be subjected to
further exposure to temperatures near or above
the precipitation aging temperature by welding
or environment, because the strengthening can
be lost by overaging of the precipitates. The
precipitation-hardened grades have corrosion
resistance generally comparable to that of the
chromium-nickel grades of similar chromium
and molybdenum contents.

Mechanism of Corrosion Resistance

The mechanism of corrosion protection for
stainless steels differs from that for carbon steels,
alloy steels, and most other metals. In these other
cases, the formation of a barrier of true oxide
separates the metal from the surrounding atmo-
sphere. The degree of protection afforded by
such an oxide is a function of the thickness of the
oxide layer, its continuity, its coherence and
adhesion to the metal, and the diffusivities of
oxygen and metal in the oxide. In high-tem-
perature oxidation, stainless steels use a gen-
erally similar model for corrosion protection.
However, at low temperatures, stainless steels do
not form a layer of true oxide. Instead, a passive
film is formed. One mechanism that has been
suggested is the formation of a film of hydrated
oxide, but there is not total agreement on the
nature of the oxide complex on the metal surface.
However, the oxide film must be continuous,
nonporous, insoluble, and self-healing if broken
in the presence of oxygen.

Passivity exists under certain conditions for
particular environments. The range of conditions
over which passivity can be maintained depends
on the precise environment and on the family and
composition of the stainless steel. When condi-
tions are favorable for maintaining passivity,
stainless steels exhibit extremely low corrosion
rates. If passivity is destroyed under conditions
that do not permit restoration of the passive film,

Corrosion of Wrought Stainless Steels / 57

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



then stainless steel will corrode much like a
carbon or low-alloy steel.

The presence of oxygen is essential to the
corrosion resistance of a stainless steel. The
corrosion resistance of stainless steel is at its
maximum when the steel is boldly exposed and
the surface is maintained free of deposits by a
flowing bulk environment. Covering a portion of
the surface—for example, by biofouling, paint-
ing, or installing a gasket—produces an oxygen-
depleted region under the covered region. The
oxygen-depleted region is anodic relative to the
well-aerated boldly exposed surface, and a
higher level of alloy content in the stainless steel
is required to prevent corrosion.

With appropriate grade selection, stainless
steel will perform for very long times with
minimal corrosion, but an inadequate grade can
corrode and perforate more rapidly than a plain
carbon steel will fail by uniform corrosion.
Selection of the appropriate grade of stainless
steel is then a balancing of the desire to minimize
cost and the risk of corrosion damage by excur-
sions of environmental conditions during
operation or downtime.

Confusion exists regarding the meaning of the
term passivation, which is used to describe a
chemical treatment used to optimize the corro-
sion resistance of a stainless steel. It is not
necessary to chemically treat a stainless steel to
obtain the passive film; the film forms sponta-
neously in the presence of oxygen. Most fre-
quently, the function of passivation is to remove
free iron and other surface contamination. For
example, in the steel mill, the stainless steel may
be pickled in an acid solution, often a mixture of
nitric and hydrofluoric acids (HNO3þ HF), to
remove oxides formed in heat treatment. Once
the surface is cleaned and the bulk composition
of the stainless steel is exposed to air, the passive
film forms immediately.

Effects of Composition

Chromium is the one element essential in
forming the passive film. Other elements can
influence the effectiveness of chromium in
forming or maintaining the film, but no other
element can, by itself, create the properties of
stainless steel. The film is first observed at
approximately 10% Cr, but it is rather weak at
this composition and affords only mild atmo-
spheric protection. Increasing the chromium
content to 17 to 20%, as typical of the austenitic
stainless steels, or to 26 to 29%, as possible in the
newer ferritic stainless steels, greatly increases
the stability of the passive film. However, higher
chromium may adversely affect mechanical
properties, fabricability, weldability, or suit-
ability for applications involving certain thermal
exposures. Therefore, it is often more efficient to
improve corrosion resistance by altering the
content of other elements, with or without some
increase in chromium.

Nickel, in sufficient quantities, will stabilize
the austenitic structure; this greatly enhances

mechanical properties and fabrication char-
acteristics. Nickel is effective in promoting
repassivation, especially in reducing environ-
ments. Nickel is particularly useful in resisting
corrosion in mineral acids. Increasing nickel
content to approximately 8 to 10% decreases
resistance to SCC, but further increases begin to
restore SCC resistance. Resistance to SCC in
most service environments is achieved at
approximately 20 to 30% Ni. In the ferritic
grades, in which the nickel addition is less than
that required to destabilize the ferrite phase,
there are still substantial effects. In this range,
nickel increases yield strength, toughness, and
resistance to reducing acids, but it makes the
ferritic grades susceptible to SCC, especially in
concentrated magnesium chloride (MgCl2)
solutions.

Manganese in moderate quantities and in
association with nickel additions will perform
many of the functions attributed to nickel. Very
high manganese steels have some unusual and
useful mechanical properties, such as resistance
to galling. Manganese interacts with sulfur in
stainless steels to form manganese sulfides. The
morphology and composition of these sulfides
can have substantial effects on corrosion resis-
tance, especially pitting resistance. Manganese
also increases the solubility of nitrogen in
stainless steels, especially in the melt.

Molybdenum in combination with chro-
mium is very effective in terms of stabilizing the
passive film in the presence of chlorides.
Molybdenum is especially effective in increas-
ing resistance to the initiation of pitting and
crevice corrosion. Molybdenum may decrease
corrosion resistance in highly oxidizing envir-
onments such as strong nitric acid.

Carbon is useful to the extent that it permits
hardenability by heat treatment, which is the
basis of the martensitic grades, and that it pro-
vides strength in the high-temperature applica-
tions of stainless steels. In all other applications,
carbon is detrimental to corrosion resistance
through its reaction with chromium. In the fer-
ritic grades, carbon is also extremely detrimental
to toughness.

Nitrogen is beneficial to austenitic stainless
steels in that it enhances pitting resistance,
retards the formation of the chromium-
molybdenum sigma (s) phase, and strengthens
the steel. Nitrogen is essential in the newer
duplex grades for increasing the austenite con-
tent, diminishing chromium and molybdenum
segregation, and for raising the corrosion resist-
ance of the austenitic phase. Nitrogen is highly
detrimental to the mechanical properties of the
ferritic grades and must be treated as comparable
to carbon when a stabilizing element is added to
the steel.

Pitting resistance equivalent (PRE) is a
calculated parameter used to estimate expected
resistance to localized corrosion by chlorides. It
is calculated from composition using the
empirical formula:

PRE ¼ Crþ 3:3 �Mo

where chromium and molybdenum are the
respective concentrations of these elements in
the alloy expressed in percentages by weight. For
austenitic and duplex stainless steels, where
nitrogen also confers resistance to localized
corrosion, the pitting resistance equivalent with
nitrogen (PREN) is generally preferred. There is
some disagreement about the exact coefficient
for nitrogen in the PREN calculation, and pop-
ular equations range from:

PREN ¼ Crþ 3:3 �Moþ 16 � N; to
PREN ¼ Crþ 3:3 �Moþ 30 � N

The numerical value of the PREN is approxi-
mately equal to the critical crevice temperature
(�C) in natural seawater or in ferric chloride
solutions.

Effects of Processing, Design,
Fabrication, and External Treatments

Corrosion failures in stainless steels can often
be prevented by suitable changes in design or
process parameters and by use of the proper
fabrication technique or treatment. The solution
to a corrosion problem is not always to upgrade
the stainless steel. It is very important to estab-
lish the types of corrosion that may occur in a
given service environment, and if failure does
occur, it also is important to establish the type of
corrosion that caused the failure in order that the
proper preventative measures can be imple-
mented.

Heat Treatment

Improper heat treatment can produce deleter-
ious changes in the microstructure of stainless
steels. The most troublesome problems are car-
bide precipitation (sensitization) and precipita-
tion of various intermetallic phases, such as
sigma (s), chi (x), and Laves.

Sensitization, or carbide precipitation at
grain boundaries, can occur when austenitic
stainless steels are heated for a period of time in
the range of approximately 425 to 870 �C (800 to
1600 �F). Time at temperature will determine
the amount of carbide precipitation. When the
chromium carbides precipitate in grain bound-
aries, the area immediately adjacent is depleted
of chromium. When the precipitation is rela-
tively continuous, the depletion renders the
stainless steel susceptible to intergranular cor-
rosion, which is the dissolution of the low-
chromium layer or envelope surrounding each
grain. Sensitization also lowers resistance to
other forms of corrosion, such as pitting, crevice
corrosion, and SCC. In some cases, sensitization
can be caused by precipitation of chromium
nitrides.

Time-temperature-sensitization curves are
available that provide guidance for avoiding
sensitization and illustrate the effect of carbon
content on this phenomenon (Fig. 1). The curves
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shown in Fig. 1 indicate that a type 304 stainless
steel with 0.062% C would have to cool below
595 �C (1100 �F) within approximately 5 min to
avoid sensitization, but a type 304L with 0.030%
C could take approximately 20 h to cool below
480 �C (900 �F) without becoming sensitized.
These curves are general guidelines and should
be verified before they are applied to various
types of stainless steels.

Another method of avoiding sensitization is to
use stabilized steels. Such stainless steels contain
titanium and/or niobium. These elements have
an affinity for carbon and form carbides readily;
this allows the chromium to remain in solution
even for long exposures to temperatures in the
sensitizing range. Typically, type 304L can avoid
sensitization during the relatively brief exposure
of welding, but it will be sensitized by long
exposures.

Annealing is the only way to correct a sensi-
tized stainless steel. Because different stainless
steels require different temperatures, times, and
quenching procedures, the user should contact
the material supplier for such information. A
number of tests can detect sensitization resulting
from carbide precipitation in austenitic and fer-
ritic stainless steels. The most widely used tests
are described in ASTM standards A 262 and A
763 (Ref 3, 4). More detailed information on
sensitization of stainless steels can be found in
the article “Metallurgically Influenced Corro-
sion” in ASM Handbook, Volume 13A, 2003.

Precipitation of Intermetallic Pha-
ses. Sigma-phase precipitation and precipita-
tion of other intermetallic phases also increase
susceptibility to corrosion. Sigma phase is a
chromium-molybdenum-rich phase that can
render stainless steels susceptible to inter-
granular corrosion, pitting, and crevice corro-
sion. It generally occurs in higher-alloyed
stainless steels (high-chromium, high-molybde-
num stainless steels). Sigma phase can occur at a

temperature range between 540 and 900 �C
(1000 and 1650 �F). Like sensitization, it can be
corrected by solution annealing. Precipitation of
intermetallic phase in stainless steels is also
covered in detail in the article “Metallurgically
Influenced Corrosion” in ASM Handbook,
Volume 13A, 2003.

Cleaning Procedures. Any heat treatment of
stainless steel should be preceded and followed
by cleaning. Steel should be cleaned before heat
treating to remove any foreign material that may
be incorporated into the surface during the high-
temperature exposure. Carbonaceous materials
on the surface could result in an increase in the
carbon content on the surface, causing carbide
precipitation. Salts could cause excessive inter-
granular oxidation. Therefore, the stainless steel
must be clean before it is heat treated.

After heat treatment, unless an inert atmo-
sphere was used during the process, the stainless
steel surface will be covered with an oxide film.
Such films are not very corrosion resistant and
must be removed to allow the stainless steel to
form its passive film and provide the corrosion
resistance for which it was designed. Because the
oxides are typically chromium-rich, their for-
mation can create a surface chromium-depleted
layer. This layer must also be removed to restore
the full corrosion resistance inherent in the alloy.
There are numerous cleaning methods that may
be used before and after heat treating. Excellent
guidance is found in ASTM A 380 and ASTM A
967 (Ref. 5, 6).

Welding

The main problems encountered in welding
stainless steels are the same as those seen in heat
treatment. The heat of welding (portions of the
base metal adjacent to the weld may be heated to
430 to 870 �C, or 800 to 1600 �F) can cause

sensitization and formation of intermetallic
phases, thus increasing the susceptibility of
stainless steel weldments to intergranular cor-
rosion, pitting, crevice corrosion, and SCC.
These phenomena often occur in the heat-affec-
ted zone of the weld. Sensitization and inter-
metallic phase precipitation can be corrected by
solution annealing after welding. Alternatively,
low-carbon or stabilized grades may be used.

Austenitic stainless steels with less than
0.08% C are resistant to sensitization in
many environments when welded by single-pass
procedures. Multiple-pass welds, frequently
required for plate welding, are more likely to
sensitize the stainless steels and may necessitate
the use of low-carbon or stabilized grades.
Where stress-relief annealing is required, usually
when stainless steels are welded to plain carbon
or low-alloy steels, use of low-carbon or stabi-
lized grades is generally necessary. Because
sensitization occurs more rapidly in ferritic
stainless steels, stabilized or extralow interstitial
grades of ferritic stainless steels should be
selected for welded applications. Ferritic stain-
less steels may also be affected by the related
high-temperature embrittlement phenomenon.

Another problem in high heat input welds is
grain growth, particularly in ferritic stainless
steels. Excessive grain growth can increase sus-
ceptibility to intergranular attack and reduce
toughness. Thus, when welding most stainless
steels, it is wise to limit weld heat input as much
as possible. More detailed information on
welding of stainless steels and the problems
encountered can be found in the article “Corro-
sion of Stainless Steel Weldments” in ASM
Handbook, Volume 13A, 2003.

Cleaning Procedure. Before any welding
begins, all materials, chill bars, clamps, hold-
down bars, work tables, electrodes, and wire, as
well as the stainless steel, must be cleaned of all
foreign matter. Moisture can cause porosity in
the weld that would reduce corrosion resistance.
Organic materials, such as grease, paint, and oils,
may result in carbide precipitation. Copper
contamination may cause cracking. Other shop
dirt can cause weld porosity and poor welds in
general. Information on cleaning is available in
Ref 5.

Weld design and procedure are very
important in producing a sound corrosion-resis-
tant weld. Good fit and minimal out-of-position
welding will minimize crevices and slag
entrapment. The design should not place welds in
critical flow areas. When attaching such devices
as low-alloy steel support and ladders on the
outside of a stainless steel tank, a stainless steel
intermediate pad should be used. In general,
high-molybdenum stainless steels with higher
alloy content than type 316 should be welded
with weld metal richer in chromium, nickel, and
molybdenum than the base metal. If such high-
molybdenum alloys are welded autogenously
(i.e., without filler metal), they should be post-
weld solution annealed if maximum corrosion
resistance is needed. Every attempt should be
made to minimize weld spatter.
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Fig. 1 Time-temperature-sensitization curves for type 304 stainless steel in a mixture of CuSO4 and H2SO4 containing
free copper. Curves show the times required for carbide precipitation in steels with various carbon contents.

Carbides precipitate in the areas to the right of the various carbon content curves.
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After welding, all weld spatter, slag, and oxi-
des should be removed by brushing, blasting,
grinding, or chipping. All finishing equipment
must be free of iron contamination. It is advi-
sable to follow the mechanical cleaning and
finishing with a chemical cleaning. Such a
cleaning will remove any foreign particles that
may have been embedded in the surface during
mechanical cleaning without attacking the
weldment. Procedures for such cleaning and
descaling are given in Ref 5 and in Surface
Engineering, Volume 5 of ASM Handbook,
1994. More information on welding of stainless
steels is available in Welding, Brazing, and
Soldering, Volume 6 of ASM Handbook, 1993.

Surface Condition

To ensure satisfactory service life, the surface
condition of stainless steels must be given care-
ful attention. Smooth surfaces, as well as free-
dom from surface imperfections, blemishes, and
traces of scale and other foreign material, reduce
the probability of corrosion. In general, a
smooth, highly polished, reflective surface has
greater resistance to corrosion. Rough surfaces
are more likely to catch dust, salts, and moisture,
which tend to initiate localized corrosive attack.

Oil and grease can be removed by using
hydrocarbon solvents or alkaline cleaners, but
these cleaners must be removed before heat
treatment. Hydrochloric acid (HCl) formed from
residual amounts of chlorinated solvents, which
may be used for degreasing, has caused severe
attack of stainless steels. Surface contamination
may be caused by machining, shearing, and
drawing operations. Small particles of metal
from tools become embedded in the steel surface
and, unless removed, may promote localized cor-
rosion. These particles are best removed by the
passivation treatments described subsequently.

Shotblasting or sandblasting should be avoi-
ded unless iron-free silica is used; metal shot, in
particular, will contaminate the stainless steel
surface. If shotblasting or shot peening with
metal grit is unavoidable, the parts must be
cleaned after blasting or peening by immersing
them in an HNO3 solution, as noted previously.

Passivation Techniques

During handling and processing operations,
such as machining, forming, tumbling, and lap-
ping, particles of iron, tool steel, or shop dirt may
be embedded in or smeared on the surfaces of
stainless steel components. These contaminants
may reduce the effectiveness of the natural oxide
(passive) film that forms on stainless steels
exposed to oxygen at low temperatures (the
formation of these passive films is discussed in
the section “Mechanism of Corrosion Resis-
tance” in this article). If allowed to remain, these
particles may corrode and produce rustlike spots
on the stainless steel that can reduce the resis-
tance to localized chloride attack. To prevent this
condition, semifinished or finished parts are

given a passivation treatment. This treatment
consists of cleaning and then immersing stainless
steel parts in a solution of HNO3 or of HNO3 plus
oxidizing salts. The treatment dissolves the
embedded or smeared iron, restores the original
corrosion-resistant surface, and maximizes the
inherent corrosion resistance of the stainless
steel.

Cleaning. Each workpiece to be passivated
must be cleaned thoroughly to remove grease,
coolant, or other shop debris (Ref 7). A worker
will sometimes eliminate the cleaning step
based on the reasoning that the cleaning and
passivation of a grease-laden part will occur
simultaneously by immersing it in an HNO3

bath. This assumption is mistaken. The grease
will react with the HNO3 to form gas bubbles,
which collect on the surface of the workpiece and
interfere with passivation. Also, contamination
of the passivating solution (particularly with
high levels of chlorides) can cause flash attack,
which results in a gray or black appearance and
deterioration of the surface.

To avoid such problems, each part should be
wiped clean of any large machining chips or
other debris. More tenacious deposits should be
removed by brushing with a stainless steel wire
brush, grinding, polishing with an iron-free
abrasive, or sandblasting. Tools and materials
used for these processes should be clean and used
only for stainless steels. Machining, forming, or
grinding oils must be removed in order for pas-
sivation to be effective. Cleaning should begin
with solvent cleaning, which may be followed by
alkaline soak cleaning and thorough water rin-
sing. Optimal results are obtained in passivation
when the parts to be treated are as clean as they
would have to be for plating. When large parts or
bulky vessels are to be cleaned, it may be
necessary to apply cleaning liquids by means of
pressure spray; exterior surfaces may be cleaned
by immersion or swabbing.

Passivating. After cleaning, the workpiece
can be immersed in the passivating acid bath. As
shown in Table 3, the composition of the acid
bath depends on the grade of stainless steel. The
300-series stainless steels can be passivated
in 20 vol% HNO3. A sodium dichromate
(Na2Cr2O7�2H2O) addition or an increased con-
centration of HNO3 is used for less corrosion-
resistant stainless steels to reduce the potential
for flash attack. In response to environmental
concerns with the use of chromates, citric-acid-
based and electrochemical passivation treat-
ments (Ref 6) have been developed. Conven-
tional passivation in nitric acid for several
material classes is described in Table 3.

The procedure suggested for passivating free-
machining stainless steels is somewhat different
from that used for non-free-machining grades
(Ref 7). This is because sulfides of sulfur-bearing
free-machining grades, which are totally or par-
tially removed during passivation, create
microscopic discontinuities in the surface of the
machined part. Even normally efficient water
rinses can leave residual acid trapped in these
discontinuities after passivation. This acid can

then attack the surface of the part unless it is
neutralized or removed. For this reason, a special
passivation process, referred to as the alkaline-
acid-alkaline method, is suggested for free-
machining grades.

The following steps should be followed when
passivating free-machining stainless steels with
the alkaline-acid-alkaline technique:

� After degreasing, soak the parts for 30 min in
5 wt% sodium hydroxide (NaOH) at 70 to
80 �C (160 to 180 �F)

� Water rinse
� Immerse the part for 30 min in 20 vol% HNO3

plus 22 g/L (3 oz/gal) Na2Cr2O7�2H2O at 50 to
60 �C (120 to 140 �F)

� Water rinse
� Immerse for 30 min in 5 wt% NaOH at 70 to

80 �C (160 to 180 �F)
� Water rinse and dry

Passivation in citric acid follows the same gen-
eral principles as that in nitric acid, as seen in
Table 4.

Testing is often performed to evaluate the
passivated surface. For example, 400-series,
precipitation-hardening, and free-machining
stainless steels are often tested in a cabinet cap-
able of maintaining the sample moist in 100%
humidity at 35 �C (95 �F) for 24 h. Material that
is properly passivated will be virtually free of
rust, although light staining may occur (Ref 7).
Austenitic 300-series grades can be evaluated
using a technique given in ASTM A 380 (Ref 5).
This test consists of swabbing the part with
a copper sulfate (CuSO4�5H2O)/sulfuric acid
(H2SO4) solution; wetness should be maintained
for 6 min (Ref 7). Free iron, if present, plates out
the copper from the solution, and the surface
develops a copper cast or color. Precautions for
this procedure and details on additional tests for
detecting the presence of iron on passivated
surfaces are outlined in Ref 5 and 7. Information
on passivation treatments for corrosion-resistant
steels is also available in ASTM A 967 (Ref 6).

Design

Corrosion can often be avoided by suitable
changes in design without changing the type of
steel. The factors to be considered include joint

Table 3 Passivating solutions for stainless
steels (non-free-machining grades)

Grade Passivation treatment

Austenitic 300-series grades
Grades with i17% Cr
(except 440 series)

20 vol% HNO3 at 50–60 �C
(120–140 �F) for 30 min

Straight chromium grades
(12–14% Cr)

20 vol% HNO3 plus 22 g/L
(3 oz/gal)

High-carbon/high-chromium
grades (440 series)

Na2Cr2O7�2H2O at
50–60 �C (120–140 �F)
for 30 min;

or

Precipitation-hardening grades 50 vol% HNO 3 at 50–60 �C
(120–140 �F) for 30 min

Source: Ref 7

60 / Corrosion of Ferrous Metals

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



design, surface continuity, and concentration of
stress. Designs that tend to concentrate corrosive
media in a small area should be avoided. For
example, tank inlets should be designed such that

concentrated solutions are mixed and diluted as
they are introduced (Fig. 2). Otherwise, localized
pockets of concentrated solutions can cause
excessive corrosion.

Poor design of heaters can create similar pro-
blems, such as those that cause hot spots and thus
accelerate corrosion. Heaters should be centrally
located (Fig. 3). If a tank is to be heated exter-
nally, heaters should be distributed over as large
a surface area as possible, and circulation of the

corrosive medium should be encouraged, if
possible.

Hot gases that are not corrosive to stainless
steel may form corrosive condensates on the cold
portions of a poorly insulated unit. Proper design
or insulation can prevent such localized cooling
(Fig. 4). Conversely, vapors from noncorrosive
liquids may cause attack; exhausts and overflows
should be designed to prevent hot vapor pockets
(Fig. 5). In general, the open ends of inlets,
outlets, and tubes in heat exchangers should be
flush with tank walls or tubesheets to avoid
buildup of harmful corrodents, sludges, and
deposits (Fig. 6). This is also true of tank bottom
and drainage designs (Fig. 7).

Tanks and tank supports should be designed to
prevent or minimize corrosion due to spills and

Table 4 Passivation with citric or nitric acids

Stainless family Example stainless steels % Cr

10 wt% citric acid passivated 30 min as below
Percent nitric acid passivated 30 min at 50 �C/

60 �C (120 �F/140 �F)

�C �F pH(a) Process(b) Volume %(c) Process(b)

Austenitic Type 304/304L 15.0–23.5 65 150 . . . 1 20% 1
Type 316/316L
Custom Flo 302HQ
Type 305
Nitrogen strengthened

Martensitic-PH Custom 630 (17Cr-4Ni) 11.0 65 150 . . . 1 20%þ Na2Cr2O7 1
Custom 450 17.5
Custom 455
Custom 465
15Cr-5Ni

Ferritic Type 430 i16 65 150 . . . 1 20%þ Na2Cr2O7 1
Ferritic Type 409Cb 512 80–90 180–200 . . . 2 20%þ Na2Cr2O7

Use care: low Cr
Martensitic Type 410 j15 50–55 120–130 . . . 2 20%þ Na2Cr2O7 1

Type 420
TrimRite

Austenitic-FM Type 303 17–19 65 150 . . . 2 20%þ Na2Cr2O7 2
Ferritic-FM Types 430F and 430FR i16 NA(d) NA NA NA 20%þ Na2Cr2O7 2
Ferritic-FM Chrome Core 18-FM i16 40 100 . . . 2 NA NA
Ferritic-FM Type 409Cb-FM j13 45 110 5 2 20%þ Na2Cr2O7 2

Use care: low Cr
Martensitic–FM Type 416 j13 45 110 5 2 Preferred vs. citric 2

20%þ Na2Cr2O7

Note: pH, precipitation hardenable. FM, free machining.

(a) pH adjusted with sodium hydroxide. (b) Process 1: Clean/degrease, water rinse, passivate as indicated, water rinse, and dry. Process 2: Clean degrease in 5 wt% NaOH at 71–82 �C (160–180 �F) for 30 min, water rinse, passivate
as indicated, water rinse, neutralize in 5 wt% NaOH at 71–82 �C (160–180 �F) for 30 min, water rinse, and dry. (c) Na2Cr2O7 means add 22 g/L (3 oz/gal) of sodium dichromate to the 20% nitric acid. An alternative to this mixture is
50% nitric acid without sodium dichromate. (d) Not applicable. Source: Ref 8

Concentrated
solution

Concentrated
solution

Concentrated
solution

Dilute
solution

(a) (b)

Fig. 2 Poor (a) and good (b) designs for vessels used for
mixing concentrated and dilute solutions. Poor

design causes concentration and uneven mixing of
incoming chemicals along the vessel wall (circled areas).
Good design allows concentrated solutions to mix away
from vessel walls.

Heaters Heater

(a) (b)

Fig. 3 Poor (a) and good (b) designs for heating of
solutions. Poor design creates hot spots (circled

area) that may induce boiling under the heater at the bot-
tom of the vessel or may cause deposits to form between
heaters and vessel walls. Good design avoids hot spots and
pockets in which small volumes of liquid can become
trapped between the heater and the vessel wall.

Hot gas
Condensate formation
Cool area

Steel support

Steel shell

Insulation

(a)

(b)

Hot gas

Steel shell

Insulation

Insulated steel support

Fig. 4 Design to reduce localized cooling. In the poor
design (a), the uninsulated steel support radiates

heat, which causes a cool area on the steel shell. In (b), the
steel support is insulated to minimize temperature decrease
at the base of the shell.

Hot vapor Hot vapor

Hot liquid Hot liquid

(a) (b)

Fig. 5 Poor (a) and good (b) designs for vessels holding
both liquid and vapor phases. Sharp corners and

protruding outlet end in (a) allow hot gases to become
trapped in the vapor space. This is avoided in (b) by using
rounded corners and mounting the vessel outlet pipe flush.
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overflows (Fig. 8). A tank support structure may
not be as corrosion resistant as the tank itself, but
it is a very important part of the unit and should
not be made vulnerable to spilled corrodents.

Designs that increase turbulence or result in
excessive flow rates should be avoided where
erosion-corrosion may be a problem (Fig. 9).
Gaskets in flanges should fit properly, intrusions
in a flow stream should be avoided, and elbows
should be given a generous radius. Finally, cre-
vices should be avoided. Where crevices cannot
be avoided, they should be sealed by welding,
soldering, or the use of caulking compounds or
sealants. Additional information is available in
the article “Designing to Minimize Corrosion” in
ASM Handbook, Volume 13A, 2003.

Forms of Corrosion of Stainless Steels

The various forms of corrosive attack are
briefly discussed in this section. Detailed infor-
mation on each of these forms of corrosion is
available in the Section “Forms of Corrosion” in
ASM Handbook, Volume 13A, 2003.

General (uniform) corrosion of a stainless
steel suggests an environment capable of strip-
ping the passive film from the surface and pre-
venting repassivation. Such an occurrence could
indicate an error in grade selection. An example
of such an error is the exposure of a lower-
chromium ferritic stainless steel to a moderate
concentration of hot sulfuric acid (H2SO4).

Galvanic corrosion results when two dis-
similar metals are in electrical contact in a cor-
rosive medium. As a highly corrosion-resistant
metal, stainless steel can act as a cathode when in
contact with a less noble metal, such as steel. The
corrosion of steel parts—for example, steel bolts
in a stainless steel construction—can be a sig-
nificant problem. However, the effect can be
used in a beneficial way for protecting critical
stainless steel components within a larger steel
construction. In the case of stainless steel con-
nected to a more noble metal, consideration must
be given to the active-passive condition of the
stainless steel. If the stainless steel is passive in
the environment, galvanic interaction with a
more noble metal is unlikely to produce sig-
nificant corrosion. If the stainless steel is active
or only marginally passive, galvanic interaction
with a more noble metal will probably produce
sustained rapid corrosion of the stainless steel
without repassivation. The most important
aspect of galvanic interaction for stainless steels
is the necessity of selecting fasteners and weld-
ments of adequate corrosion resistance relative
to the bulk material, which is likely to have a
much larger exposed area.

Pitting is a localized attack that can produce
penetration of a stainless steel with almost neg-
ligible weight loss to the total structure. Pitting is
associated with a local discontinuity of the pas-

sive film. It can be a mechanical imperfection,
such as an inclusion or surface damage, or it can
be a local chemical breakdown of the film.
Chloride is the most common agent for initiation
of pitting. Other halides, notably bromide, are
also pitting agents. Once a pit is formed, it in
effect becomes a crevice; the local chemical
environment is substantially more aggressive
than the bulk environment. This explains why
very high flow rates over a stainless steel surface
tend to reduce pitting corrosion; the high flow
rate prevents the concentration of corrosive
species in the pit. The stability of the passive film
with respect to resistance to pitting initiation is
controlled primarily by chromium and molyb-
denum. Minor alloying elements can also have
an important effect by influencing the amount
and type of inclusions (for example, sulfides) in
the steel that can act as pitting sites.

Pitting initiation can also be influenced by
surface condition, including the presence of
deposits, and by temperature. For a particular
environment, a grade of stainless steel may be
characterized by a single temperature, or a very
narrow range of temperatures, above which pit-
ting will initiate and below which pitting will not
initiate. This is the critical pitting temperature
(CPT). It is therefore possible to select a grade
that will not be subject to pitting attack if
the chemical environment and temperature do
not exceed the critical levels. If the range of
operating conditions can be accurately char-
acterized, a meaningful laboratory evaluation is
possible. Formation of deposits in service can
reduce the pitting temperature.

Although chloride is known to be the primary
agent of pitting attack, it is not possible to
establish a single critical chloride limit for each
grade. The corrosivity of a particular con-
centration of chloride solution can be profoundly
affected by the presence or absence of various
other chemical species that may accelerate or
inhibit corrosion. Chloride concentration may
increase where evaporation or deposits occur.
Because of the nature of pitting attack—rapid
penetration with little total weight loss—it is rare
that any significant amount of pitting will be
acceptable in practical applications.

Crowned tubesheet Flat tubesheet

Slight
protrusion
of tubes

Tube
ends
flush

(a) (b)

Fig. 6 Poor (a) and good (b) designs for tube/tubesheet
assemblies. Crowned tubesheet and protruding

tubes in (a) allow buildup of corrosive deposits; in (b),
tubesheet is flat and tubes are mounted flush.

(a)

(b)

Best
design

Fig. 7 Examples of poor (a) and good (b) designs for
drainage, corners, and other dead spaces in

vessels. Sharp corners and protruding outlet pipes in (a) can
cause buildup of corrosive deposits and crevice corrosion;
these design features are avoided in (b).

Initial condition
of grouting

Condition of grouting
after a few weeks of use

Metal tank

Concrete foundation

Metal
tank

Metal
tank

Knuckle

Drip
skirt

I-beamConcrete
base

(b)

(a)

Fig. 8 Design for preventing external corrosion
from spills and overflows. (a) Poor design.

(b) Good designs

(a) (b)

Fig. 9 Designs for preventing excessive turbulence. (a)
Poor designs (both top and bottom). (b) Good

designs (both top and bottom)
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Crevice corrosion can be considered a
severe form of pitting. Any crevice, whether the
result of a metal-to-metal joint, a gasket, fouling,
or deposits, tends to restrict oxygen access,
concentrate the chloride ion, and reduce the pH,
resulting in attack. In practice, it is extremely
difficult to prevent all crevices, but every effort
should be made to do so. Higher-chromium, and
especially higher-molybdenum, grades are more
resistant to crevice attack. Just as there is a CPT
for a particular environment, there is also a cri-
tical crevice temperature (CCT). This tempera-
ture is specific to the geometry and nature of the
crevice and to the precise corrosion environment
for each grade. The CCT can be useful in
selecting an adequately resistant grade for par-
ticular applications.

Intergranular corrosion is a preferential
attack at the grain boundaries of a stainless steel.
It is generally the result of sensitization. This
condition occurs when a thermal cycle leads
to grain-boundary precipitation of a carbide,
nitride, or intermetallic phase without providing
sufficient time for chromium diffusion to fill the
locally depleted region. A grain-boundary pre-
cipitate is not the point of attack; instead, the
low-chromium region adjacent to the precipitate
is susceptible.

Sensitization is not necessarily detrimental
unless the grade is to be used in an environment
capable of attacking the region. For example,
elevated-temperature applications for stainless
steel can operate with sensitized steel, but con-
cern for intergranular attack must be given to
possible corrosion during downtime when con-
densation might provide a corrosive medium.
Because chromium provides corrosion resis-
tance, sensitization also increases the suscept-
ibility of chromium-depleted regions to other
forms of corrosion, such as pitting, crevice cor-
rosion, and SCC. The thermal exposures required
to sensitize steel can be relatively brief, as in
welding, or can be very long, as in high-tem-
perature service.

Stress-corrosion cracking is a corrosion
mechanism in which the combination of a sus-
ceptible alloy, sustained tensile stress, and a
particular environment leads to cracking of the
metal. Stainless steels are particularly suscep-
tible to SCC in chloride environments; tem-
perature and the presence of oxygen tend to
aggravate chloride SCC of stainless steels. Most
ferritic and duplex stainless steels are either
immune or highly resistant to SCC. All austenitic
grades, especially types 304 and 316, are sus-
ceptible to some degree. The highly alloyed
austenitic grades are resistant to boiling sodium
chloride (NaCl) solutions, but crack readily in
MgCl2 solutions. Although some localized pit-
ting or crevice corrosion probably precedes SCC,
the amount of pitting or crevice attack may be so
small as to be undetectable. Stress corrosion is
difficult to detect while in progress, even when
pervasive, and can lead to rapid catastrophic
failures of pressurized equipment.

It is difficult to alleviate the environmental
conditions that lead to SCC. The level of

chlorides required to produce SCC is very low. In
operation, there can be evaporative concentra-
tion or a concentration in the surface film on a
heat-rejecting surface. Temperature is often a
process parameter, as in the case of a heat
exchanger. Tensile stress is one parameter that
might be controlled. However, the residual
stresses associated with fabrication, welding,
or thermal cycling, rather than design stresses,
are often responsible for SCC, and even
stress-relieving heat treatments do not com-
pletely eliminate these residual stresses.

Erosion-Corrosion. Corrosion of a metal or
alloy can be accelerated when there is an abra-
sive removal of the protective oxide layer. This
form of attack is especially significant when the
thickness of the oxide layer is an important factor
in determining corrosion resistance. In the case
of a stainless steel, erosion of the passive film can
lead to some acceleration of attack.

Oxidation. Because of their high chromium
contents, stainless steels tend to be very resistant
to oxidation. Important factors to be considered
in the selection of stainless steels for high-tem-
perature service are the stability of the compo-
sition and microstructure of the grade upon
thermal exposure and the adherence of the oxide
scale upon thermal cycling. Because many of the
stainless steels used for high temperatures are
austenitic grades with relatively high nickel
contents, it is also necessary to be alert to the
possibility of sulfidation attack.

Corrosion in Specific Environments

Selection of a suitable stainless steel for a
specific environment requires consideration of
several criteria. The first is corrosion resistance.
Alloys are available that provide resistance to
mild atmospheres (for example, type 430) or to
many food-processing environments (for exam-
ple, type 304 stainless). Chemicals and more
severe corrodents require type 316 or a more
highly alloyed material, such as 20Cb-3 alloy or
one of the 6 Mo stainless steels. Factors that
affect the corrosivity of an environment include
the concentration of chemical species, pH,
aeration, flow rate (velocity), impurities (such as

chlorides), and temperature, including effects
from heat transfer.

The second criterion is mechanical properties,
or strength. High-strength materials often sacri-
fice resistance to some form of corrosion, parti-
cularly SCC.

Third, fabrication must be considered, in-
cluding such factors as the ability of the steel to
be machined, welded, or formed. Resistance
of the fabricated article to the environment must
be considered—for example, the ability of the
material to resist attack in crevices that cannot be
avoided in the design.

Fourth, total cost must be estimated, including
initial alloy price, installed cost, and the effective
life expectancy of the finished product. Finally,
consideration must be given to product avail-
ability.

This section discusses the corrosivity of var-
ious environments for stainless steels.

Atmospheric Corrosion

The atmospheric contaminants most often
responsible for the rusting of structural stainless
steels are chlorides and metallic iron dust.
Chloride contamination may originate from the
calcium chloride (CaCl2) used to make concrete
or from exposure in marine or industrial loca-
tions. Iron contamination may occur during
fabrication or erection of the structure. Con-
tamination should be minimized, if possible.

The corrosivity of different atmospheric
exposures can vary greatly and can dictate
application of different grades of stainless steel.
Rural atmospheres, uncontaminated by indus-
trial fumes or coastal salt, are extremely mild
in terms of corrosivity for stainless steel, even
in areas of high humidity. Industrial or marine
environments can be considerably more severe.

Table 5 demonstrates that resistance to stain-
ing can depend on the specific exposure. For
example, several 300-series stainless steels
showed no rust during long-term exposures in
New York City. On the other hand, staining was
observed after much shorter exposures at Nia-
gara Falls in a severe industrial-chemical envir-
onment near plants producing chlorine or
hydrogen chloride (HCl).

Table 5 Atmospheric corrosion of austenitic stainless steels at two industrial sites

Type(a)

New York City (industrial) Niagara Falls (industrial-chemical)

Exposure
time, years Specimen surface evaluation

Exposure
time, years Specimen surface evaluation

302 5 Free from rust stains 52/3 Rust stains
302 26 Free from rust stains . . . . . .
304 26 Free from rust stains 51 Rust stains
304 . . . . . . 6 Covered with rust spots and pitted
347 26 Free from rust stains . . . . . .
316 23 Free from rust stains 52/3 Slight stains
316 . . . . . . 6 Slight rust spots, slightly pitted
317 . . . . . . 52/3 Slight stains
317 . . . . . . 6 Slight stains
310 . . . . . . 51 Rust stains
310 . . . . . . 6 Rust spots; pitted

(a) Solution-annealed sheet, 1.6 mm (1=16 in.) thick
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Although marine environments can be severe,
stainless steels often provide good resistance.
Table 6 compares AISI 300-series stainless steels
after a 15 year exposure to a marine atmosphere
240 m (800 ft) from the ocean at Kure Beach,
NC. Materials containing molybdenum exhib-
ited only extremely slight rust stain, and all
grades were easily cleaned to reveal a bright
surface. Type 304 stainless steel may provide
satisfactory resistance in many marine applica-
tions, but more highly alloyed grades are often
selected when the stainless steel is sheltered from
washing by the weather and is not cleaned reg-
ularly.

Type 302 and 304 stainless steels have had
many successful architectural applications. Type
430 stainless steel has been used in many loca-
tions, but there have been problems. For exam-
ple, type 430 stainless steel rusted in sheltered
areas after only a few months exposure in an
industrial environment. The type 430 stainless
steel was replaced by type 302, which provided
satisfactory service. In more aggressive envir-
onments, such as marine or severely con-
taminated atmospheres, type 316 stainless steel
is especially useful.

The surface finish can influence the corrosion
resistance of stainless steel exposed to the
atmosphere. Smooth surface finishes tend to
hold less contaminants and are more readily
washed by precipitation, resulting in improved
corrosion resistance. The improvement in cor-
rosion resistance is typically observed when the
surface roughness (Ra) is 0.5 mm (20 min.) or
smoother.

Stress-corrosion cracking is generally not a
concern when austenitic or ferritic stainless
steels are used in atmospheric exposures. Several
austenitic stainless steels were exposed to a
marine atmosphere at Kure Beach, NC.
Annealed and quarter-hard wrought AISI types
201, 301, 302, 304, and 316 stainless steels were
not susceptible to SCC. In the as-welded condi-
tion, only type 301 stainless steel experienced
failure. Following sensitization at 650 �C
(1200 �F) for 1.5 h and furnace cooling, failures
were obtained only for materials with carbon
contents of 0.043% or more (Ref 10).

Stress-corrosion cracking must be considered
when quench-hardened martensitic stainless
steels or precipitation-hardening grades are
used in marine environments or in industrial
locations where chlorides are present. Several
hardenable stainless grades were exposed as U-
bends 24 m (80 ft) from the ocean at Kure
Beach, NC. Most samples were cut long-
itudinally, and two alloys received different heat
treatments to produce different hardness or
strength levels. The results of the study (Table 7)
indicated that Custom 450 stainless and stainless
alloy 355 resisted cracking. Stainless alloy 355
failed in this type of test when fully hardened;
resistance was imparted by the 540 �C (1000 �F)
temper. Precipitation-hardenable grades are
expected to exhibit improved corrosion resis-
tance when higher aging temperatures (lower
strengths) are used.

Resistance to SCC is of particular interest in
the selection of high-strength stainless steels for
fastener applications. Cracking of high-strength

fasteners is possible and often results from
hydrogen generation due to corrosion or contact
with a less noble material, such as aluminum.
Resistance to SCC can be improved by opti-
mizing the heat treatment, as noted previously.

Fasteners for atmospheric exposure have
been fabricated from a wide variety of alloys.
Type 430 and unhardened type 410 stainless
steels have been used when moderate corro-
sion resistance is required in a lower-strength
material. Better-than-average corrosion resis-
tance has been obtained by using 305 and 302HQ
stainless steels when lower strength is accep-
table.

Corrosion in Waters

Waters may vary from extremely pure to
chemically treated water to highly concentrated
chloride solutions, such as brackish water or
seawater, further concentrated by recycling. This
chloride content poses the danger of pitting or
crevice attack of stainless steels. When the
application involves moderately increased tem-
peratures, even as low as 50 �C (120 �F), and
particularly when there is heat transfer into the
chloride-containing medium, there is the possi-
bility of SCC. It is useful to consider water with
two general levels of chloride content: fresh-
water, which can have chloride levels up to
approximately 600 ppm, and seawater, which
encompasses brackish and severely con-
taminated waters. The corrosivity of a particular
level of chloride can be strongly affected by the
other chemical constituents present, making the
water either more or less corrosive.

Under some circumstances, SCC of stainless
steels can occur at room temperature. This has
been a particular problem for indoor swimming
pools, where condensation of hypochlorous acid
vapors, in association with zinc, iron, or alumi-
num chlorides, has led to catastrophic failures
(Ref. 12).

Permanganate ion (MnO4
� ) has been related

to pitting of type 304 stainless steel. The pre-
sence of sulfur compounds and oxygen or other
oxidizing agents can affect the corrosion of
copper and copper alloys but does not have very
significant effects on stainless steels at ambient
or slightly elevated temperatures.

Freshwater. Type 304 and 316 alloys are the
standard stainless steels specified for natural,
raw, and potable freshwaters. In freshwater,
type 304 stainless steel has provided excellent
service for such items as valve parts, weirs, fas-
teners, and pump shafts in water and wastewater
treatment plants. Custom 450 stainless steel has
been used as shafts for large butterfly valves in
potable water. The higher strength of a pre-
cipitation-hardenable stainless steel permits
reduced shaft diameter and increased flow. Type
201 stainless steel has seen service in revetment
mats to reduce shoreline erosion in freshwater.
Type 316 stainless steel has been used as wire for
microstrainers in tertiary sewage treatment and is
suggested for waters containing minor amounts

Table 6 Corrosion of AISI 300-series stainless steels in a marine atmosphere
Based on 15 year exposures 240 m (800 ft) from the ocean at Kure Beach, NC

AISI type

Average corrosion rate Average depth of pits

Appearance(a)mm/yr mils/yr mm mils

301 52.5 · 10�5 50.001 0.04 1.6 Light rust and rust stain on 20% of surface
302 52.5 · 10�5 50.001 0.03 1.2 Spotted with rust stain on 10% of surface
304 52.5 · 10�5 50.001 0.028 1.1 Spotted with slight rust stain on 15% of surface
321 52.5 · 10�5 50.001 0.067 2.6 Spotted with slight rust stain on 15% of surface
347 52.5 · 10�5 50.001 0.086 3.4 Spotted with moderate rust stain on 20% of surface
316 52.5 · 10�5 50.001 0.025 1.0 Extremely slight rust stain on 15% of surface
317 52.5 · 10�5 50.001 0.028 1.1 Extremely slight rust stain on 20% of surface
308 52.5 · 10�5 50.001 0.04 1.6 Spotted by rust stain on 25% of surface
309 52.5 · 10�5 50.001 0.028 1.1 Spotted by slight rust stain on 25% of surface
310 52.5 · 10�5 50.001 0.01 0.4 Spotted by slight rust stain on 20% of surface

(a) All stains easily removed to reveal bright surface. Source: Ref 9

Table 7 Stress-corrosion cracking of U-bend test specimens 24 m (80 ft) from the ocean at
Kure Beach, NC

Alloy Final heat treatment
Hardness,

HRC
Specimen

orientation
Time to failure of each

specimen(a), days

Custom 450 Aged at 480 �C (900 �F) 42 Transverse NF, NF, NF, NF, NF
Type 410 Tempered at 260 �C (500 �F) 45 Longitudinal 379, 379, 471

Tempered at 550 �C (1025 �F) 35 Longitudinal 4, 4
Alloy 355 Tempered at 540 �C (1000 �F) 38 Longitudinal NF, NF, NF
15Cr-7Ni-Mo Aged at 510 �C (950 �F) 49 Longitudinal 1, 1, 1
17Cr-4Ni Aged at 480 �C (900 �F) 42 Longitudinal 93, 129, NF

Aged at 620 �C (1150 �F) 32 Longitudinal 93, 129, NF
14Cr-6Ni Aged at 480 �C (900 �F) 39 Longitudinal 93, 872, NF

(a) NF, no failure in over 4400 days for Custom 450 and 1290 days for the other materials. Source: Ref 11
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of chloride. Based on laboratory trials and ser-
vice experience, the recommended maximum
chloride levels for the 304/304L and 316/316L
alloys in water systems at ambient to near-
ambient temperatures are 200 and 1000 ppm,
respectively. The increased pitting and crevice
corrosion resistance of grades such as 317LMN,
904L, and 2205 will increase this maximum
chloride level to the 5000 ppm range. When
water environments are too demanding for
standard grades, high-performance stainless
steels with higher PREN values and improved
chloride SCC resistance are good alternatives.
Figures 10 and 11 show the pitting and crevice
thresholds of various austenitic stainless steels
as a function of temperature and chloride
concentration. Stress-corrosion cracking of types
304 and 316 can occur in neutral aqueous
chloride solutions when temperatures exceed
approximately 50 �C (120 �F).

Oxidizers such as chlorine will raise the cor-
rosion potential, making pitting and crevice
corrosion more likely. Investigations with
chlorinated freshwater have shown that the

304/304L steels are susceptible to crevice attack
with chlorination levels in the 3 to 5 ppm range
(Ref 14). Alloys with higher PREN values will
provide better resistance.

In the presence of higher-than-usual water
manganese levels, the 304 and 316L steels have
failed in waters that are thought to be non-
corrosive, based on their chloride content and
temperature. When manganese contamination is
present in the water, MnO2 deposits can form,
which will promote pitting failures. Soluble
Mn(II) can be oxidized to MnO2 by biological
processes or chemically by oxidizing biocides
such as chlorine, peroxide, or ozone. When the
biological or chemical conversion processes are
present in an environment, the level of manga-
nese required for this effect is exceedingly small,
less than 1 ppm. When the creation of manganic
ion occurs by these reactions, the standard grades
such as 304 and 316 may not be resistant to pit-
ting in the resulting environment even if the
chloride content is below 200 or 1000 ppm,
respectively. Selecting alloys with higher chlor-
ide pitting resistance can solve the problem of

manganese-induced corrosion. High-perfor-
mance stainless steels, such as 6% Mo super-
austenitic stainless, and highly alloyed ferritic
grades, such as S44660 and AL 29-4C alloys,
have successfully replaced standard stainless
grades in high-manganese waters.

There are circumstances where microbial
activity can influence the corrosion process. This
often involves microbes that metabolize sulfur
compounds, producing a localized environment
containing hydrogen sulfide at lower pH. In some
cases, the presence of microbial activity will
produce localized corrosion on standard stainless
steel grades. This form of attack is called
microbiologically influenced corrosion (MIC)
and most frequently occurs on welds and heat-
affected zones in stagnant or slowly moving
waters. There have been few, if any, reports of
MIC failures with high-alloyed grades such as
2205 and the 6% Mo stainless steels. The
important factor in avoiding MIC appears to be
the increased corrosion resistance that is pro-
vided by stainless steels with relatively high
PREN values (PREN435).

Seawater is a very corrosive environment for
many materials. The high chloride content of
seawater, coupled with the susceptibility of
many stainless steels to chloride-induced loca-
lized corrosion, is especially challenging for
stainless steels. Lower-alloyed stainless steels,
such as 304, 316, and 317, do not have sufficient
corrosion resistance for long-time exposures to
seawater. It was not until the introduction of
stainless steels with PREN of 40 or greater that
truly seawater-resistant stainless steels became
available. Testing has shown that stainless steels
require a critical crevice corrosion temperature
(CCT) measured with an ASTM G 48 (Ref 15)
ferric chloride crevice test of approximately
35 �C (95 �F) or higher to resist seawater expo-
sure (Ref 16). This is demonstrated in the plot
shown in Fig. 12.

Stainless steels are more likely to be attacked
in low-velocity seawater. In quiescent natural
seawaters, stainless steels will develop noble
potentials due to the formation and influence of a
microbial slime layer. The noble potentials,
typically in the range of 300 to 350 mV (satu-
rated calomel electrode, or SCE), increase the
risk of pitting and crevice corrosion. Hence,
living seawater is more aggressive than sterile
solutions such as synthetic seawater and labora-
tory NaCl solutions where this ennoblement is
absent. The biofilm catalyzes the oxygen reduc-
tion reaction, which is the predominant cathodic
reaction in water exposures. Because of this,
localized corrosion is more likely to initiate, and
the rate of localized corrosion attack in seawater
will be higher in the presence of an intact biofilm.

Stainless steels also are more likely to be
attacked at crevices resulting from equipment
design or attachment of barnacles. Type 304 and
316 stainless steels suffer deep pitting if the
seawater flow rate decreases below approxi-
mately 1.5 m/s (5 ft/s) because of the effects of
biofouling. However, in one study, type 316
stainless steel provided satisfactory service as
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tubing in the heat recovery section of a desali-
nation test plant with relatively high flow rates
(Ref 17).

The choice of stainless steel for seawater ser-
vice can depend on whether or not stagnant
conditions can be minimized or eliminated. For
example, boat shafting of 17Cr-4Ni stainless
steel has been used for trawlers where stagnant
exposure and the associated pitting would not be
expected to be a problem. When seagoing vessels
are expected to lie idle for extended periods
of time, more resistant boat shaft materials, such
as 22Cr-13Ni-5Mn stainless steel, are con-
sidered. Boat shafts with intermediate corrosion
resistance are provided by 18Cr-2Ni-12Mn and
high-nitrogen type 304 (type 304HN) stainless
steels.

The most severe exposure conditions are often
used in seawater test programs. The crevice
corrosion performance of various stainless steels
and nickel-base alloys in filtered seawater at
30 �C (85 �F) is given in Table 8. Samples were
prepared with plastic multiple-crevice washers,
each containing 20 plateaus or crevices. The
panels were exposed for at least 30 days in fil-
tered seawater flowing at a velocity of less than
0.1 m/s (50.33 ft/s).

The results given in Table 8 show the number
of sides that experienced crevice attack and the
maximum attack depth at any crevice for that
alloy. A crevice corrosion index (CCI) was cal-
culated by multiplying the maximum attack
depth times the number of sides attacked. This
provided a ranking system that accounts for both
initiation and growth of attack. Lower values of
the CCI imply improved resistance.

Attack in the previously mentioned test does
not mean that materials with high CCIs cannot be
used in seawater. For example, 22Cr-13Ni-5Mn
stainless steel with a CCI of 20 has proved to be a
highly resistant boat shaft alloy. Some of the
more resistant materials in the aforementioned
tests have been used for utility condenser tubing.
These include AL-29-4C, 254SMO, Sea-Cure,
and AL-6XN alloys.

The possibility of galvanic corrosion must be
considered if stainless steel is to be used in
contact with other metals in seawater. Figure 13
provides corrosion potentials in flowing seawater
for several materials. Preferably, only those
materials that exhibit closely related electrode
potentials should be coupled to avoid attack of
the less noble material. Galvanic differences
have been used to advantage in the cathodic
protection of stainless steel in seawater. Many
examples of the successful use of the common
grades of stainless steel (e.g., type 316) in sea-
water may be a result of inadvertent galvanic
protection from adjacent carbon steel and so on.
Crevice corrosion and pitting of austenitic type
302 and 316 stainless steels have been prevented
by cathodic protection, but type 410 and 430
stainless steels develop hydrogen blisters at
current densities below those required for com-
plete protection. Superferritic stainless steels,
which do not require cathodic protection them-
selves, have been damaged by hydrogen
embrittlement caused by cathodic protection
applied to protect other nonstainless components
(Ref. 20).

Other factors that should be noted when
applying stainless steels in seawater include the

effects of high velocity, aeration, and tempera-
ture. Stainless steels generally show excellent
resistance to high velocities, impingement
attack, and cavitation in seawater. The corro-
sivity of natural seawater is often greatest at
the ambient local temperature, presumably
because the indigenous microbes are most active
at these temperatures. Heating of the water will
kill the biofilm and stop catalytic activity.
Increasing the temperature from ambient to
approximately 50 �C (120 �F) often reduces
attack of stainless steels (Ref 21). Further tem-
perature increases can result in increased corro-
sion, such as SCC.

In many applications, seawater is chlorinated
to avoid fouling problems. Chlorine and hypo-
chlorite are oxidants, that also polarize the sur-
face of the stainless steel to more noble
potentials. Chlorination of seawater can produce
potentials in the 500 to 600 mV SCE range.
Consequently, chlorination can substantially
increase the risk of localized attack. Because the
chlorine will kill the biofilm, there is no catalysis
of the oxygen reaction. Therefore, corrosion
attack in seawater may be increased or decreased
by chlorination. The probability of corrosive
attack increases with chlorine concentration and
temperature. The chlorine level required to pre-
vent microbial activity on a stainless steel sur-
face has been reported to be 0.1 to 0.2 ppm (Ref
22, 23) If intermittent chlorination is used, a
residual level of 1 ppm of chlorine for 30 min
per day seems to be sufficient to stop the
microbial activity (Ref 24).

The performance of duplex stainless steels
immersed in natural and in chlorinated seawater
is summarized in Tables 9 and 10. The results of
pipe loop testing of various stainless steels in
seawater at two chlorination levels are shown in
Table 11.

The seawater test results show the superduplex
alloys such as UNS S32750 and S32760 are
similar to the 6% Mo superaustenitic alloys in
seawater exposures. Based on practical experi-
ence, the offshore industry tends to restrict the
use of both superduplex and superaustenitic
steels to 30 to 35 �C (85 to 95 �F) and 1 ppm
residual chlorine (Ref 16).

Corrosion in Chemical Environments

Selection of stainless steels for service in
chemicals requires consideration of all forms of
corrosion, along with impurity levels and degree
of aeration. When an alloy with sufficient general
corrosion resistance has been selected, care must
be taken to ensure that the material will not fail
by pitting or SCC due to chloride contamination.
Aeration may be an important factor in corro-
sion, particularly in cases of borderline passivity.
If dissimilar-metal contact or stray currents
occur, the possibility of galvanic attack or
hydrogen embrittlement must be considered.

Alloy selection also depends on fabrication
and operation details. If a material is to be used in
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the as-welded or stress-relieved condition, it
must resist intergranular attack in service after
these thermal treatments. In chloride environ-
ments, the possibility of crevice corrosion must
be considered when crevices are present because
of equipment design or the formation of adherent
deposits. Higher flow rates may prevent the
formation of deposits but in extreme cases may
also cause accelerated attack due to erosion or
cavitation. Increased operating temperatures
generally increase corrosion. In heat-transfer
applications, higher metal wall temperatures
result in higher corrosion rates than expected
from the lower temperature of the bulk solution.
These and other items may require consideration
in the selection of stainless steels, yet suitable
materials continue to be chosen for a wide vari-
ety of chemical plant applications (see the arti-
cles about corrosion in the chemical processing
industry in this Volume).

Some generalizations can be made regarding
the performance of various categories of stain-
less steels in certain types of chemical environ-
ments. These observations relate to the
compositions of the grades. For example, the
presence of nickel and copper in some austenitic

grades greatly enhances resistance to H2SO4

compared to the resistance of the ferritic grades.
However, combinations of chemicals that are
encountered in practice can be either more or less
corrosive than might be expected from the cor-
rosivity of the individual components. Testing in
actual or simulated environments is always
recommended as the best procedure for selecting
a stainless steel grade. Additional information
describing service experience is available from
alloy suppliers.

Mineral Acids. The resistance of stainless
steel to acids depends on the hydrogen ion (Hþ )
concentration, presence of halides, and the oxi-
dizing capacity of the acid, along with such
material variables as chromium content, nickel
content, carbon content, and heat treatment (Ref
26). For example, annealed stainless steel resists
strong nitric acid (HNO3) in spite of the low pH
of the acid, because HNO3 is highly oxidizing
and forms a passive film due to the chromium
content of the alloy. On the other hand, stainless
steels are rapidly attacked by strong HCl because
a passive film is not easily created or maintained
in this environment. Even in strong HNO3,
stainless steels can be rapidly attacked if they

contain sufficient carbon and are sensitized. The
presence of oxidizing species, such as ferric
salts, results in reduced general corrosion in
some acids but can cause accelerated pitting
attack if chloride ions (Cl� ) are present.

Nitric Acid. As noted previously, stainless
steels have broad applicability in HNO3 pri-
marily because of their chromium content. Most
AISI 300-series stainless steels exhibit good or
excellent resistance in the annealed condition in
concentrations from 0 to 65% up to the boiling
point. Fig. 14 illustrates the good resistance
of type 304 stainless steel, particularly when
compared with the lower-chromium type 410
stainless steel. More severe environments at
elevated temperatures require alloys with higher
chromium. In HNO3 cooler-condensers, such
stainless alloys as 7-Mo Plus (UNS S32950) and
2RE10 (UNS S31002) are candidates for service.
In very concentrated (greater than 90%) nitric
acid, silicon-bearing alloys such as A610 or
A611 (UNS S30600 and S30601, respectively)
exhibit enhanced resistance.

Sulfuric Acid. Stainless steels can approach
the borderline between activity and passivity in
sulfuric acid. Conventional ferritic grades, such

Table 8 Crevice corrosion ranking of alloys evaluated for 30 days in filtered seawater at 30 �C (85 �F)

Rank

Composition, (wt%)

Number of sides
(S) attacked

Maximum depth (D) of
attack

CCI(a)
(S · D) PREN(b)Alloy

UNS
designation Cr Ni Mo Mn Cu Other mm in.

1 Hastelloy C-276 N10276 15.5 54.7 15.5 0.5 0.1 3.8 W 0 0.00 0.00 0.00 66.7
Inconel 625 N06625 22.3 61.0 8.5 0.1 . . . 3.6 Nb 0 0.00 0.00 0.00 50.4
AL 29-4 S44700 29.6 0.1 4.0 . . . . . . . . . 0 0.00 0.00 0.00 42.8
AL 29-4-2 S44800 29.5 2.2 4.0 . . . . . . . . . 0 0.00 0.00 0.00 42.7
AL 29-4C S44735 28.8 0.8 3.8 0.2 . . . 0.6 Ti 0 0.00 0.00 0.00 41.3
Monit . . . 25.3 4.1 3.8 0.4 0.4 . . . 0 0.00 0.00 0.00 37.8

2 Sea-Cure S44660 25.6 2.1 2.9 0.2 . . . 0.5 Ti 1 0.05 0.002 0.05 35.2
3 Ferralium 255 S32550 26.2 5.6 3.2 0.8 1.8 0.19 N 2 0.08 0.003 0.16 36.8
4 Hastelloy G-3 N06985 22.8 43.7 7.0 0.8 1.8 3.5 Co 1 0.21 0.008 0.21 45.9
5 Haynes 20 Mod . . . 21.6 25.5 5.0 0.9 . . . 0.5 Co 2 0.46 0.018 0.92 38.1
6 26-1S S44626 25.0 0.2 1.0 0.2 . . . 1.1 Ti 4 0.30 0.012 1.2 28.3
7 20Mo-6 N08026 23.9 33.4 5.6 0.4 3.3 . . . 3 0.53 0.020 1.6 42.4
8 E-Brite S44627 25.9 0.1 1.0 . . . . . . 0.1 Nb 4 0.46 0.018 1.8 29.2
9 AL-4X . . . 20.2 24.4 4.4 1.4 1.5 . . . 4 0.50 0.019 2.0 34.7
10 AL-6X N08366 20.4 24.6 6.4 1.4 . . . . . . 4 0.62 0.024 2.5 41.5
11 254SMO S31254 20.0 17.9 6.1 0.5 0.8 0.2 N 5 0.51 0.020 2.6 46.1
12 Hastelloy G N06007 22.2 46.8 5.8 1.5 1.9 3.5 Co 4 0.87 0.034 3.5 41.3
13 904L N08904 20.5 24.7 4.7 1.5 1.6 . . . 5 0.74 0.029 3.7 36.0
14 AISI 216 S21600 20.0 6.0 2.5 8.0 . . . 0.35 N 6 0.64 0.025 3.8 38.8
15 254SFER . . . 29.4 22.2 2.1 1.7 0.1 0.15 N 5 0.90 0.035 4.5 40.8
16 254SLX N08904 19.9 25.0 4.7 1.6 1.7 0.04 N 6 0.92 0.036 5.5 36.6
17 Rex 734 S31675 21.3 9.4 2.7 3.8 . . . 0.42 N 6 1.00 0.039 6.0 42.8
18 Type 317 LM S31725 19.5 14.5 4.1 1.3 0.2 0.06 N 6 1.07 0.042 6.4 34.8
19 Nitronic 50 S20910 21.1 13.7 2.3 4.8 . . . 0.26 N 6 1.10 0.043 6.6 36.5
20 JS 700 N08700 20.7 25.2 4.4 1.6 0.2 0.26 Nb 5 2.00 0.079 10 35.2
21 Type 316 S31600 17.5 10.7 2.4 1.6 0.3 . . . 6 1.93 0.076 12 25.4
22 20 Cb-3 N08020 19.4 33.2 2.2 0.4 3.2 0.51 Nb 5 3.10 0.122 16 26.7
23 JS 777 N08777 20.8 25.6 4.5 1.4 2.2 0.24 Nb 6 2.90 0.114 17 35.7
24 44 LN S31200 25.0 5.9 1.5 1.8 0.1 0.2 N 6 3.35 0.132 20 36.0

Perforated

34 LN . . . 16.8 13.8 4.2 1.6 . . . 0.14 N 6 1.04 0.041 6.2 34.9
AISI 444 S44400 18.9 0.1 2.0 0.4 . . . 0.4 Nb 6 1.21 0.048 7.3 25.5
Type 329 S32900 27.0 4.2 1.4 0.3 0.1 . . . 6 1.29 0.051 7.7 31.6

Attack outside crevice areas

AISI 439 S43035 17.7 0.3 . . . 0.3 . . . 0.4 Ti 6 0.72 0.028 4.3 17.7
AISI 317Lþ S31725 18.3 15.8 4.2 1.5 0.2 0.16 Co 6 1.09 0.043 6.5 32.2
AISI 317L S31703 18.9 12.2 3.6 1.7 . . . 0.06 N 6 1.92 0.076 12 32.6
Incoloy 825 N08825 22.0 44.0 2.7 0.4 1.7 0.7 Ti 6 2.42 0.095 15 30.9

(a) CCI, crevice corrosion index. (b) PREN, pitting resistance equivalent with nitrogen. Source: Ref 18
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as type 430, have limited use in H2SO4, but the
newer ferritic grades containing higher chro-
mium and molybdenum (for example, 28% Cr
and 4% Mo) with additions of at least 0.25% Ni
have shown good resistance in boiling 10%
H2SO4 (Ref 28), but corrode rapidly when acid
concentration is increased.

The conventional austenitic grades exhibit
good resistance in very dilute or highly concen-
trated H2SO4 at slightly elevated temperatures.

Acid of intermediate concentration is more
aggressive, and conventional grades have very
limited utility. Resistance of several stainless
steels in up to approximately 50% H2SO4 is
shown in Fig. 15. Aeration or the addition of
other oxidizing species can significantly reduce
the attack of stainless steels in H2SO4. This
occurs because the more oxidizing environment
is better able to maintain the chromium-rich
passive oxide film.

Improved resistance to H2SO4 has been
obtained by using austenitic grades containing
high levels of nickel and copper, such as 20Cb-3
stainless steel. In addition to reducing general
corrosion, the increased nickel provides resis-
tance to SCC. Because of its resistance to these
forms of corrosion, 20Cb-3 stainless steel has
been used for valve springs in H2SO4 service.
See Ref 29 for more information.

Phosphoric Acid. Conventional straight-
chromium stainless steels have very limited
general corrosion resistance in phosphoric acid
(H3PO4) and exhibit lower rates only in very
dilute or more highly concentrated solutions.
Conventional austenitic stainless steels provide
useful general corrosion resistance over the full
range of concentrations up to approximately
65 �C (150 �F); use at temperatures up to the
boiling point is possible for acid concentrations
up to approximately 40%.

In commercial applications, however, wet-
process H3PO4 environments include impurities
derived from the phosphate rock, such as chlor-
ides, fluorides, and H2SO4. These three impu-
rities accelerate corrosion, particularly pitting or
crevice corrosion in the presence of the halogens.
Higher-alloyed materials than the conventional
austenitic stainless steels are required to resist
wet-process H3PO4. Candidate materials include
alloy 904L, JS700, alloy 28, 20Cb-3, 20Mo-4,
and 6% Mo stainless steels.

Hydrochloric Acid. Stainless steels are gen-
erally not used for HCl service, except perhaps
for very dilute solutions at room temperature.
Stainless steels can be susceptible to accelerated
general corrosion, SCC, and pitting in HCl
environments. See Ref 30 for more information.

Sulfurous Acid. Although sulfurous acid
(H2SO3) is a reducing agent, several stainless
steels have provided satisfactory service in
H2SO3 environments. Conventional austenitic
stainless steels have been used in sulfite diges-
ters, and type 316, type 317, 20Cb-3, and cast
Alloy Casting Institute alloys CF-8M and CN-
7M stainless steels have seen service in wet
sulfur dioxide (SO2) and H2SO3 environments.
Cast stainless steels are discussed in the article
“Corrosion of Cast Stainless Steels” in this
Volume. Service life is improved by eliminating
crevices, including those from settling of sus-
pended solids, or by using molybdenum-con-
taining grades. In some environments, SCC is
also a possibility.

Organic acids and compounds are gen-
erally less aggressive than mineral acids because
they do not ionize as completely, but they can be
corrosive to stainless steels, especially when
impurities are present. The presence of oxidizing
agents in the absence of chlorides can reduce
corrosion rates.

Acetic Acid. Corrosion rates for several
stainless steels in acetic acid are listed in
Table 12. Resistance to pure acetic acid has
been obtained by using type 316 and 316L
stainless steels over all concentrations up to
the boiling point. Type 304 stainless steel may
be considered in all concentrations below

Magnesium

Zinc

Beryllium

Aluminum alloys

Cadmium

Low-carbon steel, cast iron

Low-alloy steel

Austenitic nickel cast iron

Aluminum bronze

Naval brass, Yellow brass, Red brass

Tin

Copper

50Sn-50Pb solder

Admiralty brass, aluminum brass

Manganese bronze

Silicon bronze

Tin bronzes

Stainless steel (AISI types 410, 416)

Nickel silver

90Cu-10Ni

80Cu-20Ni

Stainless Steel (AISI type 430)

Lead

70Cu-30Ni

Nickel-aluminum bronze

Inconel 600

Silver brazing alloys

Nickel 200

Silver

Stainless steel (AISI types 302, 304, 321, 347)

Stainless steel (AISI types 316, 317)

Monel 400, Monel K-500

Alloy 20 stainless steels, cast and wrought

Incoloy 825

Hastelloy B

Titanium

Hastelloy C

Platinum

Graphite
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Fig. 13 Corrosion potentials of various metals and alloys in flowing seawater at 10 to 25 �C (50 to 80 �F). Flow rate
was 2.5 to 4 m/s (8 to 13 ft/s); alloys are listed in order of the potential versus saturated calomel electrode (SCE)

that they exhibited. Those metals and alloys indicated by a black bar may become active and exhibit a potential near
� 0.5 V versus SCE in low velocity or poorly aerated water and in shielded areas. Source: Ref 19
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approximately 90% at temperatures up to the
boiling point. Impurities present in the manu-
facture of acetic acid, such as acetaldehyde,
formic acid, chlorides, and propionic acid, are
expected to increase the attack of stainless steels.
Chlorides may cause pitting or SCC. See Ref 32
for more information.

Formic acid is one of the more aggressive
organic acids, and corrosion rates can be higher
in the condensing vapor than in the liquid. Type
304 stainless steel has been used at moderate
temperatures. However, type 316 stainless steel
or higher alloys, such as 20Cb-3, are often pre-
ferred, and high-alloy ferritic stainless steels
containing 26% Cr and 1% Mo or 29% Cr and
4% Mo also show some promise.

Other Organic Acids. The corrosivity of
propionic and acrylic acids at a given tempera-
ture is generally similar to that of acetic acid.
Impurities are important and may strongly affect
the corrosion rate. In citric and tartaric acids, type
304 stainless steel has been used for moderate
temperatures, and type 316 has been suggested
for all concentrations up to the boiling point.

Organic Halides. Most dry organic halides do
not attack stainless steels, but the presence of

water allows halide acids to form and can cause
pitting or SCC. Therefore, care should be exer-
cised when using stainless steels in organic
halides to ensure that water is excluded.

Other Organic Compounds. Type 304 stain-
less steel has generally been satisfactory in
aldehydes, in cellulose acetate at lower tem-
peratures, and in fatty acids up to approximately
150 �C (300 �F). At higher temperatures, these
chemicals require type 316 or 317. Type 316
stainless steel is also used in amines, phthalic
anhydride, tar, and urea service.

Stainless steels have been used in the plastic
and synthetic fiber industries. Type 420 and
440C stainless steels have been used as plastic
mold steels. More resistant materials, such as
Custom 450, have been used for extruding
polyvinyl chloride (PVC) pipe. Spinnerettes,
pack parts, and metering pumps of Custom 450
and Custom 455 stainless steels have been used
in the synthetic fiber industry to produce nylon,
rayon, and polyesters.

Alkalis. All stainless steels resist general
corrosion by all concentrations of sodium
hydroxide (NaOH) up to approximately 65 �C
(150 �F). Type 304 and 316 stainless steels

exhibit low rates of general corrosion in boiling
NaOH up to nearly 20% concentration. Stress-
corrosion cracking of these grades can occur at
approximately 100 �C (212 �F). Good resistance
to general corrosion and SCC in 50% NaOH at
135 �C (275 �F) is provided by E-Brite and 7-
Mo stainless steels (Ref 33). In ammonia (NH3)
and ammonium hydroxide (NH4OH), stainless
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Fig. 14 Corrosion rates of various stainless steels in
boiling HNO3. Source: Ref 27

Table 9 Corrosion of duplex stainless steels in natural seawater

Test temperature
Exposure

time, months Specimen type

Alloy(a)

�C �F 255 2507 S32760 254SMO

Ambient 24 Crevice o . . . . . . o
Ambient 3 Crevice o o o . . .
30 85 6 Crevice o . . . . . . . . .
35 95 3 Crevice . . . o . . . o
35 95 3 Welded . . . o . . . . . .
30 85 3 Crevice . . . . . . o/o o/o
40 105 3 Crevice . . . . . . o/p o/p
70 160 3 Crevice . . . . . . o/p o/p
Ambient 1 Crevice cc . . . o o
40 105 6 Crevice . . . . . . o . . .
60 140 6 Crevice . . . . . . cc . . .
Ambient 3 Crevice . . . cc o cc

(a) o, no corrosion; p, pitting corrosion; cc, crevice corrosion. Source: Ref 25

Table 10 Corrosion of duplex stainless steels in chlorinated seawater

[Cl2], ppm

Test temperature Exposure
time,

months Specimen type

Alloy(a)

�C �F 255 2507 S32760 254SMO

2 35 95 3 Crevice . . . o . . . o
2 35 95 3 Welded . . . o . . . . . .
2 45 115 3 Crevice . . . cc . . . cc
2 45 115 3 Welded . . . o . . . . . .
1 30 85 5 Butt welded tubes . . . o . . . o
1 40 105 5 Butt welded tubes . . . o . . . o
1 Ambient 1 Crevice cc . . . o o

10 45 115 3 Crevice . . . cc . . . cc
2 55 130 3 Crevice . . . cc . . . cc
2 55 130 3 Welded . . . p . . . . . .

(b) 55 130 3 Crevice . . . cc . . . . . .
(b) 55 130 3 Welded . . . p . . . . . .

1.5 30 85 3 Crevice . . . . . . o/o . . .
1.5 40 105 3 Crevice . . . . . . o/p . . .
1.5 70 160 3 Crevice . . . . . . o/p . . .
3.0 30 85 3 Crevice . . . . . . cc/p . . .
3.0 40 105 3 Crevice . . . . . . cc/p . . .
3.0 70 160 3 Crevice . . . . . . cc/o . . .

(a) o, no corrosion; p, pitting corrosion; cc, crevice corrosion. (b) Intermittent chlorination (2 ppm, 1 h/d) for 1 mo. followed by continuous chlorination
(2 ppm) for 2 mo. Source: Ref 25

Table 11 Results of testing in parallel
50 mm (2 in.) pipe loops in chlorinated
seawater, 30 �C (85 �F), 85 days

Alloy

Number attacked of 12

Chlorination, ppm

0.5 1.5

Flanges Welds Flanges Welds

2205 7 0 6 0
255 3 6 2 7
2507 0 1 4 1
S32760 0 2 3 0
254SMO 0 0 3 0
AL-6XN 1 0 2 0

Source: Ref 25
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steels have shown good resistance at all con-
centrations up to the boiling point.

Salts. Stainless steels are highly resistant to
most neutral or alkaline nonhalide salts. In some
cases, type 316 is preferred for its resistance to
pitting, but even the higher-molybdenum type
317 stainless steel is readily attacked by sodium
sulfide (Na2S) solutions.

Halogen salts are more corrosive to stainless
steels because of the ability of the halide ions to
penetrate the passive film and cause pitting.
Pitting is promoted in aerated or mildly acidic
oxidizing solutions. Chlorides are generally
more aggressive than the other halides in their
ability to cause pitting.

Gases. At lower temperatures, most austeni-
tic stainless steels resist chlorine or fluorine
gas if the gas is completely dry. The presence
of even small amounts of moisture results in
accelerated attack, especially pitting and possi-
bly SCC.

Oxidation. At elevated temperatures, stain-
less steels resist oxidation primarily because of
their chromium content. Increased nickel mini-
mizes spalling when temperature cycling occurs.
Table 13 lists generally accepted maximum safe
service temperatures for wrought stainless steels.
Maximum temperatures for intermittent service
are lower for the austenitic stainless steels but are
higher for most of the martensitic and ferritic
stainless steels listed.

Contamination of the air with water and CO2

often increases corrosion at elevated tempera-
tures. Increased attack can also occur because of
sulfidation as a result of SO2, H2S, or sulfur
vapor.

Carburization of stainless steels can occur in
carbon monoxide (CO), methane (CH4), and
other hydrocarbons. Carburization can also
occur when stainless steels contaminated with oil
or grease are annealed without sufficient oxygen
to burn off the carbon. This can occur during
vacuum or inert gas annealing as well as open air
annealing of oily parts with shapes that restrict
air access. Chromium, silicon, and nickel are
useful in combating carburization.

Nitriding can occur in dissociated NH3 at
high temperatures. Resistance to nitriding
depends on alloy composition as well as NH3

concentration, temperature, and pressure. Stain-
less steels are readily attacked in pure NH3 at
approximately 540 �C (1000 �F).

Liquid Metals. The 18-8 stainless steels are
highly resistant to liquid sodium or sodium-
potassium alloys. Mass transfer is not expected
up to 540 �C (1000 �F) and remains at moder-
ately low levels up to 870 �C (1600 �F). Accel-
erated attack of stainless steels in liquid sodium
occurs with oxygen contamination, with a
noticeable effect occurring at approximately
0.02% oxygen by weight (Ref 26).

Exposure to molten lead under dynamic
conditions often results in mass transfer in
common stainless alloy systems. Particularly
severe corrosion can occur in strongly oxidizing
conditions. Stainless steels are generally
attacked by molten aluminum, zinc, antimony,
bismuth, cadmium, and tin.

Corrosion in Various Applications

Every industry features a variety of applica-
tions encompassing a range of corrosion envir-
onments. This section characterizes the
experience of each industry according to the
corrosion problems most frequently encountered
and suggests appropriate grade selections. Many
applications for stainless steels, particularly
those involving heat exchangers, can be analyzed
in terms of a process side and a water side. The
process side is usually a specific chemical com-
bination that has its own requirements for a
stainless steel grade. The water side is common
in many applications.

Food and Beverage Industry. Stainless
steels have been relied on in these applications
because of the lack of corrosion products that
could contaminate the process environment and
because of the superior cleanability of the
stainless steels. The corrosion environment often
involves moderately to highly concentrated
chlorides on the process side, often mixed with
significant concentrations of organic acids. The
water side can range from steam heating to brine
cooling. Purity and sanitation standards require
excellent resistance to pitting and crevice cor-
rosion.

Foods such as vegetables represent milder
environments and can generally be handled by
using type 304 stainless steel. Sauces and pickle
liquors, however, are more aggressive and can
pit even type 316 stainless steel. For improved
pitting resistance, alloys such as 22Cr-13Ni-
5Mn, 904L, 20Mo-4, 254SMO, AL-6XN, and
SeaCure stainless steels should be considered.

At elevated temperatures, materials must be
selected for resistance to pitting and SCC in the
presence of chlorides. Stress corrosion must be
avoided in heat-transfer applications, such as
steam jacketing for cooking or processing ves-
sels or in heat exchangers. Cracking may occur
from the process or water side or may initiate
outside the unit under chloride-containing
insulation. Brewery applications of austenitic

Table 12 Corrosion of austenitic stainless
steels in boiling glacial acetic acid
Data are from averaged results of 11, 12, and 21 day field
tests.

AISI type

Corrosion rate

mm/yr mils/yr

304 0.46 18
321 1.19 47
347 1.04 41
308 1.35 53
310 0.99 39
316 0.015 0.6

Source: Ref 31

Table 13 Generally accepted maximum
service temperatures in air for stainless steels

Type

Maximum service temperature

Intermittent service Continuous service

�C �F �C �F

Austenitic grades

201 815 1500 845 1550
202 815 1500 845 1550
301 840 1545 900 1650
302 870 1600 925 1700
304 870 1600 925 1700
308 925 1700 980 1795
309 980 1795 1095 2000
310 1035 1895 1150 2100
316 870 1600 925 1700
317 870 1600 925 1700
321 870 1600 925 1700
330 1035 1895 1150 2100
347 870 1600 925 1700

Ferritic grades

405 815 1500 705 1300
406 815 1500 1035 1895
430 870 1600 815 1500
442 1035 1895 980 1795
446 1175 2145 1095 2000

Martensitic grades

410 815 1500 705 1300
416 760 1400 675 1250
420 735 1355 620 1150
440 815 1500 760 1400

Source: Ref 34
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stainless steels have been generally successful
except for a number of cases of SCC of high-
temperature water lines. The use of ferritic,
duplex, or higher-alloyed austenitic stainless
steels can be an appropriate remedy for the SCC.

Stainless steel equipment should be cleaned
frequently to prolong its service life. The
equipment should be flushed with freshwater,
scrubbed with a nylon brush and detergent, and
then rinsed. On the other hand, consideration
should be given to the effect of very aggressive
cleaning procedures on the stainless steels, such
as in the chemical sterilization of commercial
dishwashers. In some cases, it may be necessary
to select a more highly alloyed stainless steel
grade to deal with these brief exposures to highly
aggressive environments.

Conventional stainless steel grades provide
satisfactory service in many food and beverage
applications. Type 304 stainless steel is widely
used in the dairy industry, and type 316 finds
application as piping and tubing in breweries.
These grades, along with type 444 and Custom
450 stainless steels, have been used for chains to
transfer food through processing equipment.
Machined parts for beverage-dispensing equip-
ment have been fabricated from type 304, 304L,
316, 316L, 303Al Modified, 302HQ-FM, and
303BV stainless steels. When the free-machin-
ing grades are used, it is important to passivate
and rinse properly before service in order to
optimize corrosion resistance.

Food-handling equipment should be designed
without crevices in which food can become
lodged. In more corrosive food products, extra-
low-carbon stainless steels should be used when
possible. Improved results have been obtained
when equipment is finished with a 2B (general-
purpose cold-rolled) finish rather than No. 4
(general-purpose polished) finish. Alternatively,
an electropolished surface may be considered.

Pharmaceutical Industry. The production
and handling of drugs and other medical appli-
cations require exceedingly high standards for
preserving the sterility and purity of process
streams. Process environments can include
complex organic compounds, strong acids,
chloride solutions comparable to seawater, and
elevated processing temperatures. Higher-alloy
grades, such as type 316 or higher, may be
necessary instead of type 304 in order to prevent
even superficial corrosion. Electropolishing may
be desirable in order to reduce or prevent
adherent deposits and the possibility of under-
deposit corrosion. Superior cleanability and ease
of inspection make stainless steel the preferred
material.

The 18-8 stainless grades have been used for a
wide variety of applications from pill punches to
operating tables. However, care is required in
selecting stainless steels for pharmaceutical
applications because small amounts of con-
tamination can be objectionable. For example,
stainless steel has been used to process vitamin
C, but copper must be eliminated because copper
in aqueous solutions accelerates the decom-
position of vitamin C. Also, stainless is not used

to handle vitamin B6 hydrochloride, even though
corrosion rates may be low, because trace
amounts of iron are objectionable.

The effects of temperature and chloride con-
centration must be considered. At ambient tem-
perature, chloride pitting of 18Cr-8Ni stainless
steel may occur, but SCC is unlikely. At
approximately 50 �C (120 �F) or above, SCC of
austenitic grades must be considered. Duplex
alloys, such as 7-Mo Plus, alloy 2205, Ferralium
255, and 2507, possess improved resistance to
SCC in elevated-temperature chloride environ-
ments. Ferritic grades with lower nickel content,
such as 18Cr-2Mo stainless steel, provide
another means of avoiding chloride SCC.

Stainless steels have also found application as
orthopedic implants. Material is required that is
capable of moderately high strength and resis-
tance to wear and fretting corrosion, along with
pitting and crevice attack. Vacuum-melted type
316 stainless steel has been used for temporary
internal fixation devices, such as bone plates,
screws, pins, and suture wire. Higher purity
improves electropolishing, and increased chro-
mium (17 to 19%) improves corrosion resis-
tance.

In permanent implants, such as artificial joints,
very high strength and resistance to wear, fati-
gue, and corrosion are essential. Cobalt-, zirco-
nium-, or titanium-base alloys are used for these
applications.

Oil and Gas Industry. Stainless steels were
not frequently used in oil and gas production
until the tapping of sour reservoirs (those con-
taining hydrogen sulfide, H2S) and the use of
enhanced recovery systems in the mid-1970s.
Sour environments can result in sulfide stress
cracking (SSC) of susceptible materials. This
phenomenon generally occurs at ambient or
slightly elevated temperatures; it is difficult to
establish an accurate temperature maximum for
all alloys. Factors affecting SSC resistance
include material variables, pH, H2S concentra-
tion, total pressure, maximum tensile stress,
temperature, and time. A description of some of
these factors, along with information on materi-
als that have demonstrated resistance to SSC, is
available in Ref 35.

The resistance of stainless steels to SSC
improves with reduced hardness. Conventional
materials, such as type 410, 430, and 304 stain-
less steels, exhibit acceptable resistance at
hardnesses below 22 HRC. Specialized grades,
such as 22Cr-13Ni-5Mn, Custom 450, 20Mo-4,
and some duplex stainless steels, have demon-
strated resistance at higher hardnesses. Duplex
alloy 2205 has been used for its strength and
corrosion resistance as gathering lines for CO2

gas before gas cleaning. Custom 450 and 22Cr-
13Ni-5Mn stainless steels have seen service as
valve parts. Other grades used in these environ-
ments include 254SMO and AL-6XN alloys for
chloride resistance and alloy 28 for sulfide
resistance.

In addition to the lower-temperature SSC,
resistance to cracking in high-temperature
environments is required in many oil field

applications. Most stainless steels, including
austenitic and duplex grades, are known to be
susceptible to elevated-temperature cracking,
probably by a mechanism similar to chloride
SCC. Failure appears to be accelerated by H2S
and other sulfur compounds. Increased suscept-
ibility is noted in material of higher yield
strength, for example, because of the high resi-
dual tensile stresses imparted by some cold-
working operations.

The previous discussion is pertinent to the
production phase of a well. However, drilling
takes place in an environment of drilling mud,
which usually consists of water, clay, weighting
materials, and an inhibitor (frequently an oxygen
scavenger). Chlorides are also present when
drilling through salt formations. Austenitic
stainless steels containing nitrogen have found
use in this environment as nonmagnetic drill
collars, as weight for the drill bit, and as housings
for measurement-while-drilling (MWD) and
logging-while-drilling (LWD) instruments.
Nonmagnetic materials are required for opera-
tion of these instruments, which are used to
locate the drill bit in directional-drilling opera-
tions and to compile various data for formation
evaluation. Nonstandard stainless steels used as
drill collars or MWD/LWD components include
15-15LC Modified, 15-15HS, AG-17HS, Datal-
loy 2, P 530, P 530 HS, P 550, P 580, P 750, SMF
166, SMF 2000, NMS 100, NMS 140, DNM 110,
and RM 118.

In refinery applications, the raw crude con-
tains such impurities as sulfur, water, salts,
organic acids, and organic nitrogen compounds.
These and other corrosives and their products
must be considered in providing stainless steels
for the various refinery steps.

Raw crude is separated into materials from
petroleum gas to various oils by fractional dis-
tillation. These materials are then treated to
remove impurities, such as CO2, NH3, and H2S,
and to optimize product quality. Refinery appli-
cations of stainless steels often involve heat
exchangers. Duplex and ferritic grades have been
used in this application for their improved SCC
resistance. Type 430 and type 444 stainless steel
exchanger tubing has been used for resisting
hydrogen, chlorides, and sulfur and nitrogen
compounds in oil refinery streams.

Power Industry. Stainless steels are used in
the power industry for generator components,
feedwater heaters, boiler applications, heat
exchangers, condenser tubing, flue gas desul-
furization (FGD) systems, and nuclear power
applications.

Generator blades and vanes have been fab-
ricated of modified 12% Cr stainless steel, such
as ASTM types 615 (UNS S41800) and 616
(UNS S42200). In some equipment, Custom 450
has replaced AISI type 410 and ASTM type 616
stainless steels.

Heat Exchangers. Stainless steels have been
widely used in tubing for surface condensers and
feedwater heaters. Both of these are shell and
tube heat exchangers that condense steam from
the turbine on the shell side. In these heat
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exchangers, the severity of the corrosion
increases with higher temperatures and pres-
sures. Stainless steels resist failure by erosion
and do not suffer SCC in NH3 (from decom-
position of boiler feedwater additives), as do
some nonferrous materials.

Stainless steel must be chosen to resist chlor-
ide pitting. The amount of chloride that can be
tolerated is expected to be higher with higher pH
and cleaner stainless steel surfaces, that is, the
absence of deposits. For example, type 304
stainless steel may resist pitting in chloride levels
of 1000 ppm or higher in the absence of fouling,
crevices, or stagnant conditions. The presence of
one or more of these conditions can allow
chlorides to concentrate at the metal surface and
initiate pits. This may reduce the chloride limit
for resistance to pitting of type 304 to approxi-
mately 200 ppm. Several high-performance
stainless steels have been used to resist chloride
pitting in brackish water or seawater. High-per-
formance austenitic grades have been useful in
feedwater heaters, although duplex stainless
steels may also be considered because of their
high strength. Ferritic stainless steels have
proved to be economically competitive in
exchangers and condensers. High-performance

austenitic and ferritic grades have been satis-
factory for seawater-cooled units. These grades
include AL-29-4C, Usinor 290 Mo, Sea-Cure,
AL-6XN, and 254SMO stainless steels.

Compatibility of materials and good installa-
tion practice are required. Tubes of such mate-
rials as those listed previously have been
installed in tubesheets fabricated of alloy 904L,
20Mo-4, AL-6XN, and 254SMO stainless
steels. Crevice corrosion can occur when some
tube materials are rolled into type 316 stainless
steel tubesheets (Ref 37). Appropriate levels of
cathodic protection have been identified
(Ref 38).

Flue Gas Desulfurization. A wide variety of
alloys have been used in scrubbers, which are
located between the boiler and smokestack of
fossil fuel powder plants to treat effluent gases
and to remove SO2 and other pollutants. Typi-
cally, fly ash is removed, and the gas travels
through an inlet gas duct, followed by the
quencher section. Next, SO2 is removed in the
absorber section, most often using either a lime
or limestone system. A mist eliminator is
employed to remove suspended droplets, and the
gas proceeds to the treated-gas duct, reheater
section, and the stack.

Two important items for consideration in
selecting stainless steels for resistance to pitting
in scrubber environments are pH and chloride
level. Stainless steels are more resistant to higher
pH and lower chloride levels, as shown in Fig. 16
for type 316L stainless steel. Environments that
cause pitting or crevice attack of type 316
stainless steel can be handled by using higher-
alloy materials, for example, those with
increased molybdenum and chromium.

Some of the materials being considered and
specified for varying chloride levels are given in
Ref 40. Other materials can also provide good
resistance, as evidenced by the results given in
Table 14 for samples exposed to several scrubber
environments. The maximum depth of localized
corrosion and pit density is given for the stainless
steels tested. Exposure at the quencher spray
header (above slurry) was more severe than
expected, probably because of wet-dry con-
centration effects. Severe attack also occurred in
the outlet duct. Samples in this area were
exposed to high chlorides, high temperatures,
and low pH during the 39 days on bypass
operation.

Nuclear Power Applications. Type 304
stainless steel piping has been used in boiling-
water nuclear reactor power plants. The operat-
ing temperatures of these reactors are approxi-
mately 290 �C (550 �F), and a wide range of
conditions can be present during startup, opera-
tion, and shutdown. Because these pipes are
joined by welding, there is a possibility of sen-
sitization. This can result in intergranular SCC in
chloride-free high-temperature water that con-
tains small amounts of oxygen, for example, 0.2
to 8 ppm. Nondestructive electrochemical tests
have been used to evaluate weldments for this
service (Ref 42).

Type 304 stainless steel with additions of
boron (approximately 1%) has been used to
construct spent-fuel storage units, dry storage
casks, and transportation casks. The high boron
level provides neutron-absorbing properties.
More information on nuclear applications is
available in the articles about corrosion in the
nuclear power industry in this Volume.

Pulp and Paper Industry. In the kraft pro-
cess, paper is produced by digesting wood chips
with a mixture of Na2S and NaOH (white liquor).
The product is transferred to the brown stock
washers to remove the liquor (black liquor) from
the brown pulp. After screening, the pulp may go
directly to the paper mill to produce unbleached
paper or may be directed first to the bleach plant
to produce white paper.

The digester vapors are condensed, and the
condensate is pumped to the brown stock wash-
ers. The black liquor from these washers is
concentrated and burned with sodium sulfate
(Na2SO4) to recover sodium carbonate (Na2CO3)
and Na2S. After dissolution in water, this green
liquor is treated with calcium hydroxide
(Ca(OH)2) to produce NaOH to replenish the
white liquor. Pulp bleaching involves treating
with various chemicals, including chlorine (Cl2),
chlorine dioxide (ClO2), sodium hypochlorite
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(NaClO), calcium hypochlorite (Ca(ClO)2),
hydrogen peroxide (H2O2), caustic soda
(NaOH), quicklime (Ca(OH)2), ozone (O3), or
oxygen (O2).

The sulfite process uses a liquor in the digester
that is different from that used in the kraft pro-
cess. This liquor contains free SO2 dissolved in
water, along with SO2 as a bisulfite. The com-
positions of the specific liquors differ, and the pH
can range from 1 for an acid process to 10 for
alkaline cooking. Sulfur dioxide for the cooking
liquor is produced by burning elemental sulfur,
cooling rapidly, absorbing the SO2 in a weak
alkaline solution, and fortifying the raw acid.

Various alloys are selected for the wide range
of corrosion conditions encountered in pulp and
paper mills. Paper mill headboxes are typically
fabricated from type 316L stainless steel plate
with superior surface finish and are sometimes
electropolished to prevent scaling, which may
affect pulp flow. The blades used to remove
paper from the drums have been fabricated from
type 410 and 420 stainless steels and from cold-
reduced 22Cr-13Ni-5Mn stainless steel.

Duplex stainless steels have been selected for
construction of digesters, and so on. The duplex
alloys provide resistance both to the chlorides
that cause SCC in austenitic stainless steels and
to the caustic that causes SCC of low-alloy steels.

Evaporators and reheaters must deal with
corrosive liquors and must minimize scaling to
provide optimal heat transfer. Type 304 stainless
steel ferrite-free welded tubing has been used in
kraft black liquor evaporators. Cleaning is often
performed with HCl, which attacks ferrite. In the
sulfite process, type 316 (2.75% Mo) and type
317 stainless steels have been used in black
liquor evaporators. Digester liquor heaters in the
kraft and sulfite processes have used duplex
stainless for resistance to caustic or chloride
SCC.

Bleach plants have used type 316 and 317
stainless steels and have upgraded to austenitic
grades containing 4.5 and 6% Mo in problem
locations. Tightening of environmental regula-
tions has generally increased temperature,
chloride level, and acidity in the plant, and this
requires grades of stainless steel that are more
highly alloyed than those used in the past. Tall oil
units have shifted from type 316 and 317 stain-
less steels to such alloys as 904L or 20Mo-4
stainless steels, and most recently, to 254SMO
and AL-6XN stainless steels.

Tests including higher-alloyed materials have
been coordinated by the Metals Subcommittee of
the TAPPI Corrosion and Materials Engineering
Committee. Racks of test samples, which inclu-
ded crevices at polytetrafluoroethylene (PTFE)
spacers, were submerged in the vat below the
washer in the C (chlorination), D (chlorine
dioxide), and H (hypochlorite) stages of several
paper mills. The sum of the maximum attack
depth on all samples for each alloy—at crevices
and remote from crevices—is shown in Fig. 17.
It should be noted that the vertical axes are dif-
ferent in Fig. 17(a), (b), and (c). Additional
information on corrosion in this industry is
available in the articles about corrosion in the
pulp and paper industry in this Volume.

Transportation Industry. Stainless steels are
used in a wide range of components in trans-
portation that are both functional and decorative.
Bright automobile parts, such as trim, fasteners,
wheel covers, mirror mounts, and windshield
wiper arms, have generally been fabricated from
17Cr or 18Cr-8Ni stainless steel or similar
grades. Example alloys include type 430, 434,
304, and 305 stainless steels. Type 302HQ-FM
remains a candidate for such applications as
wheel nuts, and Custom 455 stainless has been
used as wheel lock nuts. Use of type 301 stainless
steel for wheel covers has diminished with the

weight reduction programs of the automotive
industry.

Stainless steels also serve many nondecorative
functions in automotive design. Small-diameter
shafts of type 416 and, occasionally, type 303
stainless steels have been used in connection
with power equipment, such as windows, door
locks, and antennas. Solenoid grades, such as
type 430FR stainless steels, have also found
application. Type 409 stainless steel has been
used for mufflers and catalytic converters for
many years, but it is now being employed
throughout the exhaust system. Because weld
decay was observed in some lots of type 409,
three new compositions (UNS S40910, S40920,
and S40930)—all of which bear the type 409
designation—have been created. All are more
highly stabilized than the original type 409
stainless and exhibit improved weld corrosion
resistance. Increased exhaust system tempera-
tures and increased expectations about appear-
ance have created a demand for exhaust system
materials having more corrosion resistance than
type 409. These newer materials include types
439, 441, and 444 ferritic stainless steels and
aluminum-coated type 409 stainless steel. The
articles about corrosion in the land transportation
industries in this Volume contain detailed
information on corrosion in the automotive
environment.

In railroad cars, external and structural stain-
less steels provide durability, low-cost main-
tenance, and superior safety through
crashworthiness. Type 201 stainless steel, espe-
cially in lightly temper-rolled conditions such as
1/4 hard, has found extensive use in both freight
hopper and passenger railcars. The fire resistance
of stainless steel is a significant safety advantage.
Modified type 409 (3CR12) stainless steel is used
in railroad hopper cars and as structural compo-
nents in buses. Types 430 and 304 are used for

Table 14 Pitting of stainless steel spool test specimens in a flue gas desulfurization system
The slurry contained 7000 ppm dissolved Cl–; test duration was 6 months, with 39 days on bypass

Spool location(a) pH

Maximum
temperature

Maximum
chloride

concentration,
ppm

Maximum pit depth, mm (mils), and pit density

�C �F Type 304 Type 316L Type 317L Type 317LM Incoloy 825 JS700 JS777 904L 20Mo-6

Wet/dry line at inlet duct 1–2(b) 60–170 140–335 7000(b) 41.24 40.91 0.53 0.53 0.74 0.33 0.33 0.43 (c)
(449) (436) (21) (21) (29) (13) (13) (17)
Profuse Profuse Sparse Sparse Profuse Sparse Profuse Sparse

Quencher sump
(submerged; 1.8 m, or
6 ft, level)

4.4 60 140 7000 41.19 40.91 0.28 0.1 50.02 nil nil nil nil
(447) (436) (11) (4) (51)
Sparse Sparse Single

Quencher sump
(submerged; 3.4 m, or
11 ft, level)

4.4 60 140 7000 41.2 40.9 50.03 0.05 0.25 nil nil nil nil
(448) (436) (51) (2) (10)
Profuse Sparse

Quencher spray header,
above slurry

4.4 60 140 100 41.19 0.58 0.61 0.46 0.66 0.33 0.61 0.25 0.15
(447) (23) (24) (18) (26) (13) (24) (10) (6)

Profuse Profuse Profuse Profuse Profuse Sparse Profuse Sparse Sparse
Absorber, spray area 6.2 60 140 100 0.58 0.10 nil nil nil nil nil nil nil

(23) (4)
Sparse

Outlet duct 2–4(d) 55 130(d) 100(d) 41.19 40.91 0.58 0.58 0.48 0.18 0.51 0.53 0.36
(447) (436) (23) (23) (19) (7) (20) (21) (14)

1.5(e) 170 335(e) 82,000(e) Profuse Profuse Profuse Profuse Profuse Single Profuse Profuse IG etch

(a) Slurry contained 7000 ppm dissolved Cl� . Deposits in the quencher, inlet duct, absorber, and outlet ducting contained 3000–4000 ppm Cl� and 800–1900 ppm F� . (b) Present as halide gases. (c) Not tested. (d) During
operation. (e) During bypass. Bypass condition gas stream contained SO2, SO3, HCl, HF, and condensate. Source: Ref 41
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exposed functional parts on buses. Type 304
stainless steel has provided economical perfor-
mance in truck trailers. For tank trucks, type 304
has been the most frequently used stainless steel,
but type 316 and higher-alloyed grades have
been used where appropriate to carry more cor-
rosive chemicals safely over the highways. The
high strength and corrosion resistance of duplex
stainless steels make them particularly attractive
for such uses.

Stainless steels are used for seagoing chemical
tankers, with types 304, 316, 317, and alloy 2205
being selected according to the corrosivity of the
cargoes being carried. Conscientious adherence
to cleaning procedures between cargo change-
overs has allowed these grades to give many
years of service with a great variety of corrosive
cargoes.

In aerospace, quench-hardenable and pre-
cipitation-hardenable stainless steels have been
used in varying applications. Heat treatments are
chosen to optimize fracture toughness and

resistance to SCC. Stainless steel grades 17-7PH,
15-7PH, 15-5PH, 17-4PH, and PH13-8Mo have
been used in structural parts, and A286, 17-7PH,
and PH13-8Mo stainless steels have served as
fasteners. Parts in cooler sections of the engine
have been fabricated from type 410 or A286
stainless steel. Custom 455, 17-4PH, 17-7PH,
and 15-5PH stainless steels have been used in the
space shuttle program (see the articles about
corrosion in the air transportation industry in this
Volume).

Architectural Applications. Typically, type
430 or 304 has been used in architectural
applications. In bold exposure, these grades
are generally satisfactory; however, in marine
and industrially contaminated atmospheres,
type 316 is often suggested and has performed
well.

The surface finish can impact the corrosion
performance of stainless steel, particularly in
environments where aggressive contaminants,
such as chlorides, can collect on the stainless

steel surface. Specific examples would be 304
and 316 stainless steel exposed at coastal loca-
tions or areas close to highways that receive
deicing salts during the winter. Smoother exter-
ior surfaces are more readily washed by natural
rainfall and retain less dirt and debris; therefore,
they generally provide better corrosion resis-
tance than rougher finishes (Ref. 44). The benefit
of a smooth surface is most apparent with fin-
ishes that have a surface roughness value of Ra

0.5 mm (20 min.) or less (Ref 45). The European
standard EN 10088 recommends a surface
roughness of Ra 0.5 mm (20 min.) or less for
polished surfaces that will be exposed to high
levels of particulate, corrosive pollution, and/or
salt exposure and in applications where regular
maintenance is unlikely. Use of higher-alloy
products may be required in situations where
cleaning is difficult and especially if salt spray
can accumulate.

In all applications, but particularly in these
cases where appearance is important, it is
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Fig. 17 Resistance of stainless steels to localized corrosion in a paper mill bleach plant environment. Total depth of attack has been divided by 4 because there were four crevice
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Source: Ref 43

74 / Corrosion of Ferrous Metals

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



essential that any chemical cleaning solutions be
thoroughly rinsed from the metal.

Corrosion Testing

The physical and financial risks involved in
selecting stainless steels for particular applica-
tions can be reduced through corrosion tests.
However, care must be taken when selecting a
corrosion test. The test must relate to the type of
corrosion possible in the application. The steel
should be tested in the metallurgical condition
and stress state in which it will be applied. In
some environments, the surface quality can
affect corrosion resistance. The test conditions
should be representative of the operating condi-
tions and all reasonably anticipated excursions of
operating conditions.

Corrosion tests vary in their degree of simu-
lation of operation in terms of the design of the
specimen and the selection of medium and test
conditions. Standard tests use specimens of a
defined nature and geometry exposed in pre-
cisely defined media and conditions. Standard
tests can confirm that a particular lot of steel
conforms to the level of performance expected of
a standard grade. Standard tests can also rank the
performance of standard and proprietary grades.

The relevance of test results to performance in
particular applications increases as the specimen
is made to resemble more closely the final fab-
ricated structure—for example, bent, welded,
stressed, or creviced. Galvanic contact between
dissimilar metals may also be necessary to pro-
vide relevant data if such contact occurs in the
fabricated structure. Relevance also increases as
the test medium and conditions more closely
approach the most severe operating conditions.
One example is velocity, which can accelerate
attack versus static conditions. However, many
types of failures occur only after extended
exposures to operating cycles. Therefore, there is
often an effort to accelerate testing by increasing
the severity of one or more environmental fac-
tors, such as temperature, concentration, aera-
tion, and pH. Care must be taken that the altered
conditions do not give spurious results. For
example, an excessive temperature may either

introduce a new failure mode or prevent a failure
mode relevant to the actual application. The
effects of minor constituents or impurities on
corrosion are of special concern in simulated
testing.

Pitting and crevice corrosion are readily
tested in the laboratory by using small coupons
and controlled-temperature conditions. Proce-
dures for such tests using 6% FeCl3 (10%
FeCl3�6H2O) and acidified 6% FeCl3 are
described in ASTM G 48 (Ref 15). The coupon
may be evaluated in terms of weight loss, pit
depth, pit density, and appearance. Several sug-
gestions for methods of pitting evaluation are
given in ASTM G 46 (Ref 46). The G 48 speci-
fication also describes the construction of a cre-
vice corrosion coupon and includes practices for
conducting critical pitting and critical crevice
corrosion temperatures (Fig. 18). It is possible to
determine a temperature below which pitting or

Fig. 18 Assembled crevice corrosion test specimen.
Source: Ref 47

Fig. 19 Multiple-crevice cylinders for use in crevice
corrosion testing. Source: Ref 47
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Table 15 ASTM standard tests for susceptibility to intergranular corrosion in stainless alloys

ASTM
standard Test media Test duration Applicable alloys

A 262-A Oxalic acid etch Etch test Screening for selected alloys in other A 262 practices
A 262-B Fe2(SO4)3-H2SO4 120 h UNS S30400, S30403, S31600, S31603, S31700,

S31703, S32100, S34700, J92500, J92600, J92800,
J92900, J92999, J93000

A 262-C HNO3 (Huey test) 240 h(a) Same as A 262-B(b)
A 262-E Cu-CuSO4-16%H2SO4 24 h(c) UNS S20100, S20200, S30100, S30400, S30403,

S30409, S31600, S31603, S31609, S31700,
S31703, S32100, S34700

A 262-F Cu-CuSO4-50%H2SO4 120 h UNS J92800, J92900
G 28-A Fe2(SO4)3-H2SO4 (similar to

A 262-B)
24 or 120 h(d) UNS N10276, N06455, N06007, N06200, N06686,

N06985, N08020, N06600, N06625, N08800,
N08825, N06022, N06030, N06059, N08367

G 28-B H2SO4þ HClþ FeCl3þ CuCl2 24 h UNS N10276, N06022, N06059, N06200, N06686
A 763-W Oxalic acid etch (similar to A

262-A)
Etch test UNS S44400, S44626, S44660, S43035, XM27

A 763-X Fe2(SO4)3-H2SO4 (similar to A
262-B)

24, 72, or 120 h(d) UNS S43000, S44600, S44700, S44800, XM27

A 763-Y Cu-CuSO4-50%H2SO4 (similar to
A 262-F)

96 or 120 h(d) UNS S44600, S44626, S44660, S44735, S44700,
S44800, XM27

A 763-Z Cu-CuSO4-16%H2SO4 (same as
A 262-E)

24 h UNS S43000, S43400, S43600, S44400, S43035

(a) Shorter duration permitted in some cases. (b) The nitric acid test has also been applied less frequently to other austenitic, ferritic, and martensitic
grades. (c) Typically 24 h. (d) Duration depends on alloy. Source: Ref 47
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crevice corrosion are not initiated for a particular
material and test environment. The critical pit-
ting temperature (CPT) and the critical crevice
temperature (CCT) can provide useful rankings
of stainless steels. For the CCT or CPT to be
directly applicable in design, it is necessary to
determine that the test medium and conditions
relate to the most severe conditions to be
encountered in service.

Figure 19 shows two examples of frequently
used types of multiple-crevice assembly. The
presence of many separate crevices helps to deal
with the statistical nature of corrosion initiation.
The severity of the crevices can be regulated by
means of a standard crevice design and the use of
a selected torque in its application.

An electrochemical technique has been
developed for determining the CPT of a stainless
steel. This method has better sensitivity than
immersion tests and has the advantage of shorter
test times. The procedure for measuring the
electrochemical CPT is outlined in ASTM
G 150.

Laboratory media do not necessarily have the
same response of corrosivity as a function of
temperature as do engineering environments. For
example, the ASTM G 48 solution is thought to
be roughly comparable to seawater at ambient
temperatures. However, the corrosivity of FeCl3
increases steadily with temperature. The
response of seawater to increasing temperature is
quite complex, relating to such factors as con-
centration of oxygen and biological activity.
Also, the various families of stainless steels will
be internally consistent but will differ from one
another in response to a particular medium.

Pitting and crevice corrosion may also be
evaluated by electrochemical techniques. When
immersed in a particular medium, a metal cou-
pon will assume a potential that can be measured
relative to a standard reference electrode. It is
then possible to impress a potential on the cou-
pon and observe the corrosion as measured by
the resulting current. Various techniques of
scanning the potential range provide extremely
useful data on corrosion resistance. Figure 20
demonstrates a simplified view of how these tests
may indicate the pitting corrosion resistance for
various materials and media.

The nature of intergranular sensitization has
been discussed earlier in this article. There are
many corrosion tests for detecting susceptibility
to preferential attack at the grain boundaries. The
appropriate media and test conditions vary
widely for the different families of stainless
steels. Table 15 summarizes the ASTM tests for
intergranular sensitization. Figure 21 shows that
electrochemical techniques may also be used, as
in the single-loop electrochemical potentiostatic
reactivation test.

Stress-corrosion cracking covers all types of
corrosion involving the combined action of ten-
sile stress and corrodent. Important variables
include the level of stress, the presence of oxy-
gen, the concentration of corrodent, temperature,
and the conditions of heat transfer. It is important
to recognize the type of corrodent likely to pro-
duce cracking in a particular family of steel. For
example, austenitic stainless steels are suscep-
tible to chloride SCC (Table 16). Martensitic and
ferritic grades are susceptible to cracking related
to hydrogen embrittlement.

It is important to realize that corrosion tests are
designed to single out one particular corrosion
mechanism. Therefore, determining the suit-
ability of a stainless steel for a particular appli-
cation will usually require consideration of more
than one type of test. No single chemical or
electrochemical test has been shown to be an all-
purpose measure of corrosion resistance. More
information on corrosion testing is available in
the Section “Corrosion Testing and Evaluation”
in ASM Handbook, Volume 13A, 2003.
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Grade
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Boiling
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Boiling
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316 F F F
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AL 29-4 P P P
AL 29-4-2 F P P
AL 29-4C P P P
3RE60 F NT(e) NT
2205 F NT (P or F)(f)
Ferralium F NT (P or F)(f)

(a) U-bend tests, stressed beyond yielding. (b) Fails, cracking observed.
(c) Passes, no cracking observed. (d) Susceptibility of grade to SCC
determined by variation of composition within specified range. (e) Not
tested (f) Susceptibility of grade to SCC determined by variation of
thermal history. Source: Ref 48
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Corrosion of Cast Stainless Steels
Revised by Malcolm Blair, Steel Founders’ Society of America

CAST STAINLESS STEELS are usually
specified on the basis of composition by using
the alloy designation system established by the
Alloy Casting Institute (ACI). The ACI desig-
nations, such as CF-8M, have been adopted by
ASTM International and are preferred for cast
alloys over the designations originated by the
American Iron and Steel Institute (AISI) for
similar wrought steels.

The first letter of the ACI designation indi-
cates whether the alloy is intended primarily for
liquid corrosion service (C) or heat-resistant
service (H). The second letter denotes the nom-
inal chromium-nickel type, as shown in Fig. 1.
As the nickel content increases, the second letter
in the ACI designation increases from A to Z.
The numerals following the two letters refer to
the maximum carbon content (percent · 100) of
the alloy. If additional alloying elements are
included, they can be denoted by the addition of
one or more letters after the maximum carbon
content. Thus, the designation CF-8M refers to
an alloy for corrosion-resistant service (C) of the
19Cr-9Ni (F) type, with a maximum carbon
content of 0.08% and containing molybdenum
(M).Corrosion-resistant cast stainless steels are
also often classified on the basis of micro-
structure. The classifications are not completely
independent, and a classification by composition
often involves microstructural distinctions. Cast
corrosion- and heat-resistant alloy compositions
are listed in Table 1.

Composition and Microstructure

The principal alloying element in the high-
alloy family is usually chromium, which,
through the formation of protective oxide films,
results in the corrosion protection or stainless
behavior. For most purposes, stainless behavior
requires at least 12% Cr. Corrosion resistance
further improves with additions of chromium to
at least the 30% level. As indicated in Table 1,
significant amounts of nickel and lesser amounts
of molybdenum and other elements are often
added to the iron-chromium matrix.

Although chromium is a ferrite and martensite
promoter, nickel is an austenite promoter. By
varying the amounts and ratios of these two
elements (or their equivalents), almost any
desired combination of microstructure, strength,
or other property can be achieved. Varying the
temperature, time at temperature, and cooling
rate of the heat treatment also controls the
desired results.

It is useful to think of the compositions of
high-alloy steels in terms of the balance between
austenite promoters and ferrite promoters. This
balance is shown in the widely used Schaeffler
diagrams (Fig. 2). It should be noted that the
Schaeffler diagram is used for welding and that
the phases shown are those that persist after
cooling to room temperature at rates consistent
with fabrication (Ref 1, 2). The Schoefer dia-
gram (Fig. 3) gives an indication of the amount of
ferrite that may be expected based on the com-
position of the alloy in question. An ASTM
standard provides note on the Schoefer diagram
and methods for estimating ferrite content
(Ref 3).

The empirical correlations shown in Fig. 2 can
be understood from the following. The field
designated as martensite encompasses such
alloys as CA-15, CA-6NM, and even CB-7Cu.
These alloys contain 12 to 17% Cr, with adequate
nickel, molybdenum, and carbon to promote
high hardenability, that is, the ability to trans-
form completely to martensite when cooled at
even the moderate rates associated with the air
cooling of heavy sections. High alloys have low
thermal conductivities and cool slowly. To
obtain the desired properties, a full heat treat-
ment is required after casting; that is, the casting

is austenitized by heating to 870 to 980 �C (1600
to 1800 �F), cooled to room temperature to
produce the hard martensite, and then tempered
at 595 to 760 �C (1100 to 1400 �F) until the
desired combination of strength, toughness,
ductility, and resistance to corrosion or stress
corrosion is obtained (Ref 1, 2).

Increasing the nickel equivalent (moving
vertically in Fig. 2) eventually results in an alloy
that is fully austenitic, such as CC-20, CH-20,
CK-20, or CN-7M. These alloys are extremely
ductile, tough, and corrosion resistant. On the
other hand, the yield and tensile strength may be
relatively low for the fully austenitic alloys.
Being fully austenitic, they are nonmagnetic.
Heat treatment consists of a single step: water
quenching from a relatively high temperature at
which carbides have been taken into solution.
Solution treatment may also homogenize the
structure, but because no transformation occurs,
there can be no grain refinement. The solutio-
nizing step and rapid cooling ensure maximum
resistance to corrosion. Temperatures between
1040 and 1205 �C (1900 and 2200 �F) are
usually required (Ref 1, 2).

Adding chromium to the lean alloys (pro-
ceeding horizontally in Fig. 2) stabilizes the d-
ferrite that forms when the casting solidifies.
Examples are CB-30 and CC-50. With high
chromium content, these alloys have relatively
good resistance to corrosion, particularly in
sulfur-bearing atmospheres. However, being
single-phase, consisting only of ferrite, they are
nonhardenable, have moderate-to-low strength,
and are often used as-cast or after only a simple
solution heat treatment. Ferritic alloys also have
relatively poor impact resistance (toughness)
(Ref 1, 2).

Between the fields designated M, A, and F in
Fig. 2 are regions indicating the possibility of
two or more phases in the alloys. Commercially,
the most important of these alloys are the ones in
which austenite and ferrite coexist, such as CF-3,
CF-8, CF-3M, CF-8M, CG-8M, and CE-30.
These alloys usually contain 3 to 30% ferrite in a
matrix of austenite. Predicting and controlling
ferrite content is vital to the successful applica-
tion of these materials. Alloys that contain both
ferrite and austenite offer superior strength,
weldability, and corrosion resistance compared
to alloys that contain only austenite. Strength, for
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example, increases directly with ferrite content.
Achieving specified minimums may necessitate
controlling the ferrite within narrow bands.
Figure 3 and Schoefer’s equations are used for
this purpose. These duplex alloys should be
solution heat treated and rapidly cooled before
use to ensure maximum resistance to corrosion
(Ref 1, 2).

The presence of ferrite is not beneficial for
every application. Ferrite tends to reduce
toughness, although this is not of great concern,
given the extremely high toughness of the aus-
tenite matrix. However, in applications that
require exposure to elevated temperatures,
usually 315 �C (600 �F) and higher, the metal-
lurgical changes associated with the ferrite can
be severe and detrimental. In the low end of this
temperature range, the observed reductions in

toughness have been attributed to carbide pre-
cipitation or reactions associated with 475 �C
(885 �F) embrittlement. The 475 �C (885 �F)
embrittlement is caused by precipitation of an
intermetallic phase with a composition of
approximately 80Cr-20Fe. The name derives
from the fact that this embrittlement is most
severe and rapid when it occurs at approximately
475 �C (885 �F). At 540 �C (1000 �F) and
above, the ferrite phase may transform to a
complex Fe-Cr-Ni-Mo intermetallic compound
known as sigma (s) phase, which reduces
toughness, corrosion resistance, and creep duc-
tility. The extent of the reduction increases with
time and temperature to approximately 815 �C
(1500 �F) and may persist to 925 �C (1700 �F).
In extreme cases, Charpy V-notch energy at
room temperature may be reduced 95% from its

initial value (Ref 1, 2). It has been demonstrated
that the impact properties of duplex stainless
steels in the solution heat treated condition, in the
cast and wrought form, are comparable (Fig. 4).
More information on the metallography and
microstructures of these alloys is available in the
article “Metallography and Microstructures of
Stainless Steels and Maraging Steels” in Metal-
lography and Microstructures, Volume 9 of
ASM Handbook, 2004.

Corrosion Behavior of H-Type Alloys

The ACI heat-resistant (H-type) alloys must
be able to withstand temperatures exceeding
1095 �C (2000 �F) in the most severe high-
temperature service. Chromium content is

Table 1 Compositions of Alloy Casting Institute (ACI) heat- and corrosion-resistant casting alloys

Composition (balance iron)(b), %

ACI designation UNS No.
Wrought

alloy type(a) C Mn Si P S Cr Ni Other elements

CA-15 J91150 410 0.15 1.00 1.50 0.04 0.04 11.5–14.0 1.00 0.5Mo(c)
CA-15M J91151 . . . 0.15 1.00 0.65 0.04 0.04 11.50–14.0 1.00 0.15–1.00Mo
CA-40 J91153 420 0.20–0.40 1.00 1.50 0.04 0.04 11.5–14.0 1.00 0.5Mo(c)
CA-6NM J91540 . . . 0.06 1.00 1.00 0.04 0.03 11.5–14.0 3.5–4.5 0.4–1.0Mo
CA-6N J91650 . . . 0.06 0.50 1.00 0.02 0.02 10.5–12.0 6.0–8.0 . . .
CB-30 J91803 431 0.30 1.00 1.50 0.04 0.04 18.0–21.0 2.00 . . .
CB-7Cu-1 . . . . . . 0.07 0.70 1.00 0.035 0.03 14.0–15.5 4.5–5.5 0.15–0.35Nb, 0.05N,

2.5–3.2Cu
CB-7Cu-2 . . . . . . 0.07 0.70 1.00 0.035 0.03 14.0–15.5 4.5–5.5 0.15–0.35Nb, 0.05N,

2.5–3.2Cu
CC-50 J92615 446 0.50 1.00 1.50 0.04 0.04 26.0–30.0 4.00 . . .
CD-4MCu . . . . . . 0.04 1.00 1.00 0.04 0.04 24.5–26.5 4.75–6.00 1.75–2.25Mo,

2.75–3.25Cu
CE-30 J93423 . . . 0.30 1.50 2.00 0.04 0.04 26.0–30.0 8.0–11.0 . . .
CF-3 J92500 304L 0.03 1.50 2.00 0.04 0.04 17.0–21.0 8.0–21.0 . . .
CF-8 J92600 304 0.08 1.50 2.00 0.04 0.04 18.0–21.0 8.0–11.0 . . .
CF-20 J92602 302 0.20 1.50 2.00 0.04 0.04 18.0–21.0 8.0–11.0 . . .
CF-3M J92800 316L 0.03 1.50 1.50 0.04 0.04 17.0–21.0 9.0–13.0 2.0–3.0Mo
CF-8M J92900 316 0.08 1.50 2.00 0.04 0.04 18.0–21.0 9.0–12.0 2.0–3.0Mo
CF-8C J92710 347 0.08 1.50 2.00 0.04 0.04 18.0–21.0 9.0–12.0 3 · C min, 1.0 max Nb
CF-16F J92701 303 0.16 1.50 2.00 0.17 0.04 18.0–21.0 9.0–12.0 1.5Mo, 0.2–0.35Se
CG-12 J93001 . . . 0.12 1.50 2.00 0.04 0.04 20.0–23.0 10.0–13.0 . . .
CG-8M . . . 317 0.08 1.50 1.50 0.04 0.04 18.0–21.0 9.0–13.0 3.0–4.0Mo
CH-20 J93402 309 0.20 1.50 2.00 0.04 0.04 22.0–26.0 12.0–15.0 . . .
CK-20 J94202 310 0.20 2.00 2.00 0.04 0.04 23.0–27.0 19.0–22.0 . . .
CN-7M N08007 . . . 0.07 1.50 1.50 0.04 0.04 19.0–22.0 27.5–30.5 2.0–3.0Mo, 3.0–4.0Cu
CN-7MS . . . . . . 0.07 1.00 2.50–3.50 0.04 0.03 18.0–20.0 22.0–25.0 2.0–3.0Mo, 1.5–2.0Cu
CW-12M N30002 . . . 0.12 1.00 1.50 0.04 0.03 15.5–20.0 bal 7.5Fe
CY-40 N06040 . . . 0.40 1.50 3.00 0.03 0.03 14.0–17.0 bal 11.0Fe
CZ-100 N02100 . . . 1.00 1.50 2.00 0.03 0.03 . . . bal 3.0Fe, 1.25Cu
N-12M . . . . . . 0.12 1.00 1.00 0.04 0.03 1.0 bal 0.26–0.33Mo, 0.60V,

2.50Co, 6.0Fe
M-35 . . . . . . 0.35 1.50 2.00 0.03 0.03 . . . bal 28–33Cu, 3.5Fe
HA . . . . . . 0.20 0.35–0.65 1.00 0.04 0.04 8.0–10.0 . . . 0.90–1.20Mo
HC J92605 446 0.50 1.00 2.00 0.04 0.04 26.0–30.0 4.00 0.5Mo(c)
HD J93005 327 0.50 1.50 2.00 0.04 0.04 26.0–30.0 4.0–7.0 0.5Mo(c)
HE J93403 . . . 0.20–0.50 2.00 2.00 0.04 0.04 26.0–30.0 8.0–11.0 0.5Mo(c)
HF J92603 302B 0.20–0.40 2.00 2.00 0.04 0.04 18.0–23.0 8.0–12.0 0.5Mo(c)
HH J93503 309 0.20–0.50 2.00 2.00 0.04 0.04 24.0–28.0 11.0–14.0 0.5Mo(c), 0.2N
HI J94003 . . . 0.20–0.50 2.00 2.00 0.04 0.04 26.0–30.0 14.0–18.0 0.5Mo(c)
HK J94224 310 0.20–0.60 2.00 2.00 0.04 0.04 24.0–28.0 18.0–22.0 0.5Mo(c)
HL J94604 . . . 0.20–0.60 2.00 2.00 0.04 0.04 28.0–32.0 18.0–22.0 0.5Mo(c)
HN J94213 . . . 0.20–0.50 2.00 2.00 0.04 0.04 19.0–23.0 23.0–27.0 0.5Mo(c)
HP . . . . . . 0.35–0.75 2.00 2.50 0.04 0.04 24.0–28.0 33.0–37.0 0.5Mo(c)
HP-50WZ . . . . . . 0.45–0.55 2.00 2.00 0.04 0.04 24.0–28.0 33.0–37.0 4.0–6.0W, 0.2–1.0Zr
HT J94605 330 0.35–0.75 2.00 2.50 0.04 0.04 15.0–19.0 33.0–37.0 0.5Mo(c)
HU N08004 . . . 0.35–0.75 2.00 2.50 0.04 0.04 17.0–21.0 37.0–41.0 0.5Mo(c)
HW N08001 . . . 0.35–0.75 2.00 2.50 0.04 0.04 10.0–14.0 58.0–62.0 0.5Mo(c)
HX N06006 . . . 0.35–0.75 2.00 2.50 0.04 0.04 15.0–19.0 64.0–68.0 0.5Mo(c)

(a) Cast alloy chemical composition ranges are not the same as the wrought composition ranges; buyers should use cast alloy designations for proper identification of castings. (b) Maximum, unless range is given. (c) Molybdenum not
intentionally added
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important to the corrosion behavior of these
alloys. Chromium imparts resistance to oxida-
tion and sulfidation at high temperatures by
forming a passive oxide film. Heat-resistant
casting alloys must also have good resistance to
carburization. More information on the corrosion
of metals and alloys in high-temperature gases

is available in the article “Introduction to
Fundamentals of Corrosion in Gases” in ASM
Handbook, Volume 13A, 2003.

Oxidation. Resistance to oxidation increases
directly with chromium content (Fig. 5). For the
most severe service at temperatures above
1095 �C (2000 �F), 25% or more chromium is

required. Additions of nickel, silicon, manga-
nese, and aluminum promote the formation of
relatively impermeable oxide films that retard
further scaling. Thermal cycling is extremely
damaging to oxidation resistance, because it
leads to breaking, cracking, or spalling of the
protective oxide film. The best performance is
obtained with austenitic alloys containing 40 to
50% combined nickel and chromium. Figure 6
shows the behavior of the H-type grades.

Sulfidation environments are becoming
increasingly important. Petroleum processing,
coal conversion, utility and chemical applica-
tions, and waste incineration have heightened the
need for alloys resistant to sulfidation attack in
relatively weak oxidizing or reducing environ-
ments. Fortunately, high chromium and silicon
contents increase resistance to sulfur-bearing
environments. On the other hand, nickel has been
found to be detrimental to the most aggressive
gases. The problem is attributable to the forma-
tion of low-melting nickel-sulfur eutectics.
These produce highly destructive liquid phases
at temperatures even below 815 �C (1500 �F).
Once formed, the liquid may run onto adjacent
surfaces and rapidly corrode other metals. The
behavior of H-type grades in sulfidizing envir-
onments is represented in Fig. 7.

Carburization. High alloys are often used
in nonoxidizing atmospheres in which carbon
diffusion into metal surfaces is possible.
Depending on chromium content, temperature,
and carburizing potential, the surface may
become extremely rich in chromium carbides,
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rendering it hard and possibly susceptible to
cracking. Silicon and nickel are thought to be
beneficial and enhance resistance to carburiza-
tion (Ref 5).

Corrosion Behavior of C-Type Alloys

The ACI C-type stainless steels must resist
corrosion in the various environments in which
they regularly serve. The influence of the
metallurgy of these materials on general corro-
sion, intergranular corrosion, localized corro-
sion, corrosion fatigue, and stress corrosion are
discussed.

General Corrosion of Martensitic Alloys.
The martensitic grades include CA-15, CA-15M,
CA-6NM, CA-6NM-B, CA-40, CB-7Cu-1, and
CB-7Cu-2. These alloys are generally used in

applications requiring high strength and modest
corrosion resistance.

Alloy CA-15 typically exhibits a micro-
structure of martensite and ferrite. This alloy
contains the minimum amount of chromium to
be considered a stainless steel (11 to 14% Cr) and
as such may not be used in aggressive environ-
ments. It does, however, exhibit good atmo-
spheric corrosion resistance, and it resists
staining by many organic environments. Alloy
CA-15M may contain slightly more molybde-
num than CA-15 (up to 1% Mo) and therefore
may have improved general corrosion resistance
in relatively mild environments. Alloy CA-6NM
is similar to CA-15M except that it contains more
nickel and molybdenum, which improves its
general corrosion resistance. Alloy CA-6NM-B
is a lower-carbon version of this alloy. The lower
strength level promotes resistance to sulfide
stress cracking. Alloy CA-40 is a higher-strength
version of CA-15, and it also exhibits excellent
atmospheric-corrosion resistance after a nor-
malize and temper heat treatment. Micro-
structurally, the CB-7Cu alloys usually consist
of mixed martensite and ferrite, and because
of the increased chromium and nickel levels
compared to the other martensitic alloys, they
offer improved corrosion resistance to seawater
and some mild acids. These alloys also have
good atmospheric-corrosion resistance. The
CB-7Cu alloys are hardenable and offer the
possibility of increased strength and improved
corrosion resistance among the martensitic
alloys.

General Corrosion of Ferritic Alloys. Alloys
CB-30 and CC-50 are higher-carbon and higher-
chromium alloys than the CA alloys previously
mentioned. Each alloy is predominantly ferritic,
although a small amount of martensite may be
found in CB-30. Alloy CB-30 contains 18 to
21% Cr and is used in chemical-processing and
oil-refining applications. The chromium content
is sufficient to have good corrosion resistance to
many acids, including nitric acid (HNO3)
(Fig. 8). Alloy CC-50 contains substantially
more chromium (26 to 30%) and offers
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relatively high resistance to localized corrosion
and high resistance to many acids, including
dilute H2SO4 and such oxidizing acids as HNO3.

General Corrosion of Austenitic and
Duplex Alloys. Alloy CF-8 typically contains
approximately 19% Cr and 9% Ni and is essen-
tially equivalent to type 304 wrought alloys.
Alloy CF-8 may be fully austenitic, but it more
commonly contains some residual ferrite (3 to
30%) in an austenite matrix. In the solution-
treated condition, this alloy has excellent resis-
tance to a wide variety of acids. It is particularly
resistant to highly oxidizing acids, such as

boiling HNO3. Figure 9 shows isocorrosion
diagrams for CF-8 in HNO3, phosphoric acid
(H3PO4), and sodium hydroxide (NaOH). The
duplex nature of the microstructure of this alloy
imparts additional resistance to stress-corrosion
cracking (SCC) compared to its wholly austeni-
tic counterparts. Alloy CF-3 is a reduced-carbon
version of CF-8 with essentially identical cor-
rosion resistance, except that CF-3 is much less
susceptible to sensitization (Fig. 10). For appli-
cations in which the corrosion resistance of the
weld heat-affected zone (HAZ) may be critical,
CF-3 is chosen.

Alloys CF-8A and CF-3A contain more ferrite
than their CF-8 and CF-3 counterparts. Because
the higher ferrite content is achieved by
increasing the chromium/nickel equivalent ratio,
the CF-8A and CF-3A alloys may have slightly
higher chromium or slightly lower nickel con-
tents than the low-ferrite equivalents. In general,
the corrosion resistance is very similar, but the
strength increases with ferrite content. Because
of the high ferrite content, service should be
restricted to temperatures below 400 �C
(750 �F) due to the possibility of severe
embrittlement. Alloy CF-8C is the niobium-sta-
bilized grade of the CF-8 alloy class. This alloy
contains small amounts of niobium, which tend
to form carbides preferentially over chromium
carbides and improve intergranular corrosion
resistance in applications involving relatively
high service temperatures. The development of
niobium carbides is achieved through a heat
treatment at 870 to 900 �C (1600 to 1650 �F);
this is often referred to as a stabilizing heat
treatment.

Alloys CF-8M, CF-3M, CF-8MA, and CF-
3MA are 2 to 3% Mo-bearing versions of the
CF-8 and CF-3 alloys. The addition of moly-
bdenum increases resistance to corrosion by
seawater and improves resistance to many
chloride-bearing environments. The presence of
molybdenum also improves crevice corrosion
and pitting resistance, compared to the CF-8 and
CF-3 alloys. Molybdenum-bearing alloys are
generally not as resistant to highly oxidizing
environments when phases rich in molybdenum
are formed (this is particularly true for boiling
HNO3), but for weakly oxidizing environments
and reducing environments, molybdenum-bear-
ing alloys are generally superior.

Alloy CF-16F is a selenium-bearing free-
machining grade of cast stainless steel. Because
CF-16F nominally contains 19% Cr and 10% Ni,
it has adequate corrosion resistance to a wide
range of corrodents, but the large number of
selenide inclusions makes surface deterioration
and pitting definite possibilities.

Alloy CF-20 is a fully austenitic, relatively
high-strength corrosion-resistant alloy. The
19% Cr content provides resistance to many
types of oxidizing acids, but the high carbon
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content makes it imperative that this alloy
be used in the solution-treated condition for
environments known to cause intergranular
corrosion.

Alloy CE-30 is a nominally 27Cr-9Ni alloy
that typically contains 10 to 20% ferrite in an
austenite matrix. The high carbon and ferrite
contents provide relatively high strength. The
high chromium content and duplex structure act
to minimize corrosion resulting from the for-
mation of chromium carbides in the micro-
structure. This particular alloy is known for good
resistance to sulfurous acid and sulfuric acid, and
it is extensively used in the pulp and paper
industry.

Alloy CG-8M is slightly more highly alloyed
than the CF-8M alloys, with the primary addition
being increased molybdenum (3 to 4%). The
increased amount of molybdenum provides
superior corrosion resistance to halide-bearing
media and reducing acids, particularly H2SO3

and H2SO4 solutions. The high molybdenum
content, however, renders CG-8M generally
unsuitable in highly oxidizing environments.

Alloy CD-4MCu is the most highly alloyed
material in this group, with a composition of
Fe-26Cr-5Ni-2Mo-3Cu. The chromium/nickel
equivalent ratio for this alloy is quite high, and
a microstructure containing approximately equal
amounts of ferrite and austenite is common. The
low carbon content and high chromium content
render the alloy relatively immune to inter-
granular corrosion. High chromium and molyb-
denum provide a high degree of localized
corrosion resistance (crevices and pitting), and
the duplex microstructure provides SCC resis-
tance in many environments. This alloy can be
precipitation hardened to provide strength and
is also relatively resistant to abrasion and ero-
sion-corrosion. Figures 11 and 12 show iso-
corrosion diagrams for CD-4MCu in HNO3 and
H2SO4, respectively. CD-4MCu does not require
control of the nitrogen content, which can lead
to excessive levels of ferrite that reduce the
toughness of the material. The control of nitro-
gen within the range specified for CD-4MCuN
eliminates this problem. The ASME Pressure
Vessel Code recognized this fact and has
replaced CD-4MCu with CD-4MCuN.

The results of a series of corrosion tests
on CD-4MCuN, CD-3MN, CE-3MN, and
CD-3MWCuN are shown in Table 2. The ASTM
A 923 test detects the presence of detrimental
intermetallic phases. The weight loss is asso-
ciated with local depletion. The critical pitting
temperature indicates the minimum temperature
that pitting occurs. Grades CE-3MN and CD-
3MWCuN are known as superduplex stainless
steels. A method of ranking the pitting resistance
of duplex stainless steels has been developed. It
is an empirical measure and is known as the
pitting resistance number (PREN). The PREN is
based on the composition of the alloy, and for
super duplex stainless steels, the PREN should
not be less than 40:

PREN ¼ % · Crþ 3:3 · %Moþ 16 · %N

Table 2 shows the improved pitting resistance of
these alloys.

Fully Austenitic Alloys. Alloys CH-10 and
CH-20 are fully austenitic and contain 22 to 26%
Cr and 12 to 15% Ni. The high chromium content
minimizes the tendency toward the formation of
chromium-depleted zones during heat treatment
in the sensitizing temperature range. These
alloys are often used for handling paper pulp
solutions and are known for good resistance to
dilute H2SO4 and HNO3.

Alloy CK-20 contains 23 to 27% Cr and 19 to
22% Ni and is less susceptible than CH-20 to
intergranular corrosion attack in many acids after
brief exposures to the chromium carbide for-
mation temperature range. Alloy CK-20 pos-
sesses good corrosion resistance to many acids
and, because of its fully austenitic structure, can
be used at relatively high temperature.

Alloy CN-7M, with a nominal composition of
Fe-29Ni-20Cr-2.5Mo-3.5Cu, exhibits excellent
corrosion resistance in a wide variety of envir-
onments and is often used for H2SO4 service.
Figure 13 shows isocorrosion diagrams for CN-
7M in H2SO4, HNO3, H3PO4, and NaOH. Rela-
tively high resistance to intergranular corrosion
and SCC make this alloy attractive for very many
applications. Although relatively highly alloyed,
the fully austenitic structure of CN-7M may lead
to SCC susceptibility for some environments and
stress states.

Intergranular Corrosion of Austenitic and
Duplex Alloys. The optimal corrosion resis-
tance for these alloys is developed by solution
treatment. Depending on the specific alloy in
question, temperatures between 1040 and
1205 �C (1900 and 2200 �F) are required to
ensure complete solution of all carbides and
other high-alloy phases, such as s and x, that
sometimes form in highly alloyed stainless
steels. Alloys containing relatively high total
alloy content, particularly high molybdenum
content, often require the higher solution treat-
ment temperature. Water quenching from the
temperature range of 1040 to 1205 �C (1900 to
2200 �F) normally completes the solution treat-
ment.

Failure to solution treat a particular alloy or an
improper solution treatment may seriously
compromise the observed corrosion resistance in
service. Inadvertent or unavoidable heat treat-
ment in the temperature range of 480 to 820 �C
(900 to 1500 �F), such as caused by welding,
may destroy the intergranular corrosion resis-
tance of the alloy. When austenitic or duplex
(ferrite in austenite matrix) stainless steels are
heated in or cooled slowly through this tem-
perature range, chromium-rich carbides form at
grain boundaries in austenitic alloys and at
ferrite/austenite interfaces in duplex alloys.
These carbides deplete the surrounding matrix of
chromium, thus diminishing the local corrosion
resistance of the alloy. An alloy in this condition
of reduced corrosion resistance due to the for-
mation of chromium carbides is said to be sen-
sitized. In small amounts, these carbides may
lead to localized pitting in the alloy, but if the
chromium-depleted zones are interconnected
throughout the alloy or HAZ of a weld, the alloy
may disintegrate intergranularly in some envi-
ronments.

If solution treatment of the alloy after casting
and/or welding is impractical or impossible, the
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Table 2 Duplex stainless steel corrosion
test results

A 923C(b) G 48(c)

Grade(a) Heat
Corrosion rate,

mdd(d) CPT, �C CPT, �C

CD-4MCuN 1 0.00 35 35
2 0.00 40 40
3 3.45 30 30
4 2.87 35 35

CD-3MN 1 0.73 40 40
2 2.19 25 35
3 0.00 50 50
4 0.00 45 45
4(e) 2.12 50 50

CE-3MN 1 2.64 65 65
2 0.00 50 50
3 0.00 65 65
3(e) 0.00 50 50

CD-3MWCuN 1 0.00 65 65
2 0.00 70 70
3 0.67 55 55

(a) ASTM A 890, solution annealed. (b) ASTM A 923 method C ferric
chloride corrosion test. (c) ASTM G 48 method C critical pitting tem-
perature (CPT) test, 6% FeCl3, 24 h. (d) Corrosion rate calculated from
weight loss; mdd is mg/dm2/day. Maximum acceptable corrosion rate is
10 mdd; all specimens passed. (e) Centrifugally cast specimens
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metallurgist has techniques to minimize poten-
tial intergranular corrosion problems. These
include stabilizing of carbides by the addition of
niobium, as described earlier, by cathodic pro-
tection, or by reducing the carbon content. The
low-carbon grades CF-3 and CF-3M are com-
monly used as a solution to the sensitization
incurred during welding. The low carbon content
(0.03% C maximum) of these alloys precludes
the formation of an extensive number of chro-
mium carbides. In addition, these alloys nor-
mally contain 3 to 30% ferrite in an austenitic
matrix. By virtue of rapid carbide precipitation
kinetics at ferrite/austenite interfaces compared
to austenite/austenite interfaces, carbide pre-
cipitation is confined to ferrite/austenite bound-
aries in alloys containing a minimum of
approximately 3 to 5% ferrite (Ref 6, 7). If the
ferrite network is discontinuous in the austenite
matrix (depending on the amount, size, and dis-
tribution of ferrite pools), then extensive inter-
granular corrosion will not be a problem in most
of the environments to which these alloys would
be subjected.

An example of attack at the ferrite/austenite
boundaries is shown in Fig. 14. These low-car-
bon alloys need not sacrifice significant strength
compared to their high-carbon counterparts,
because nitrogen may be added to increase

strength. However, a large amount of nitrogen
will begin to reduce the ferrite content, which
will cancel some of the strength gained by
interstitial hardening. Appropriate adjustment of
the chromium/nickel equivalent ratio is bene-
ficial in such cases. Fortunately, nitrogen is also
beneficial to the corrosion resistance of austeni-
tic and duplex stainless steels (Ref 8). Nitrogen
seems to retard sensitization and improve the
resistance to pitting and crevice corrosion of
many stainless steels (Ref 9).

The standard practices of ASTM A 262
(Ref 10) are commonly implemented to predict
and measure the susceptibility of austenitic and
duplex stainless steels to intergranular corrosion.
Table 3 indicates some representative results for
CF-type alloys as tested according to practices A,
B, and C of Ref 10 as well as two electrochemical
tests described in Ref 11and 12. Table 4 lists the
compositions of the alloys investigated. The data
indicate the superior resistance of the low-carbon
alloys to intergranular corrosion. It also indicates
that for highly oxidizing environments (repre-
sented here by A 262C-boiling HNO3), the CF-3
and CF-3M alloys are equivalent in the solution-
treated condition, but that subsequent heat
treatment causes the corrosion resistance of the
CF-3M alloys to deteriorate rapidly for service in
oxidizing environments (Ref 14). In addition, the
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Fig. 13 Isocorrosion diagrams for solution-annealed and quenched ACI CN-7M in H2SO4, HNO3, NaOH, and H3PO4. (a), (b), (d), and (f) Tested at atmospheric pressure. (c) and (e)
Tested at equilibrium pressure in a closed container. See Fig. 9 for legend.

Fig. 14 Ferrite/austenite grain-boundary ditching in
as-cast ACI CF-8. The specimen, which con-

tained 3% ferrite, was electrochemical potentiokinetic
reactivation tested. SEM micrograph. Original magnifica-
tion 4550 · . Source: Ref 7

84 / Corrosion of Ferrous Metals

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



degree of chromium depletion necessary to cause
susceptibility to intergranular corrosion appears
to increase in the presence of molybdenum
(Ref 7). The passive film stability imparted
by molybdenum may offset the loss of solid-
solution chromium for mild degrees of sensiti-
zation.

Intergranular Corrosion of Ferritic and
Martensitic Alloys. Ferritic alloys may also be
sensitized by the formation of extensive chro-
mium carbide networks, but because of the high
bulk chromium content and rapid diffusion rates
of chromium in ferrite, the formation of carbides
can be tolerated if the alloy has been slowly
cooled from a solutionizing temperature of 780
to 900 �C (1435 to 1650 �F). The slow cooling
allows replenishment of the chromium adjacent
to carbides. Martensitic alloys normally do not
contain sufficient bulk chromium to be used in
applications in which intergranular corrosion
is likely to be of concern. Typical chromium
contents for martensitic alloys may be as low
as 11 to 12%.

Pitting and Crevice Corrosion. Austenitic
and martensitic alloys display a tendency toward
localized corrosion in some environments. The
conditions conducive to this behavior may be
any situation in areas where flow is restricted and
an oxygen concentration cell may be established.
Duplex alloys have been found to be less sus-
ceptible. Localized corrosion is particularly
acute in environments containing chloride ion
(Cl� ) and in acidic solutions.

Increasing the alloy content improves resis-
tance to localized corrosion, as indicated by the
PREN increase. Molybdenum has long been
recognized as effective in reducing localized
corrosion, although it is not a total solution.

Excellent results have been obtained with
CG-8M, but the CF-3M or CN-7M alloys are
readily attacked. Nitrogen is also effective at
retarding localized corrosion.

A technique for comparing resistance to
localized corrosion is to ascertain the critical
crevice temperature (CCT). This involves
determining the maximum temperature at which
no crevice attack occurs during a 24 h testing
period in standardized (or service-specific)
environments. Tests have been conducted on
a number of cast stainless alloys; the results
are given in Table 5. Although the CCT has
been shown to correlate well with tests in aerated
seawater (Ref 19), it must not be used as the
maximum operating temperature in seawater
or other chloride-containing media, because
it is simply a comparative tool regarding
relative resistance. The ferric chloride (FeCl3)
test environment is a very severe, highly

Table 3 Intergranular corrosion test results for Alloy Casting Institute casting alloys

Alloy(b)/Test results(c)

Metallurgical condition Test(a)
CF-8

(4)
CF-8
(11)

CF-8
(20)

CF-8M
(5)

CF-8M
(11)

CF-8M
(20)

CF-3
(2)

CF-3
(5)

CF-3
(8)

CF-3M
(5)

CF-3M
(9)

CF-3M
(16)

Solution treated A 262A P P P P P P P P P P P P
A 262B P P P P P P P P P P P P
A 262C P P P P P P P P P P P P
EPR P P P P P P P* P* P* P P P
JEPR P P P P P P P P P P P P

Simulated weld repair A 262A X X X X X X P P P P P P
A 262B X X X X X X P P P P P P
A 262C X X X X X X P P P P P P
EPR X X X P P P P* P* P* P P P
JEPR X X X P P P P P P P P P

Solution treated, held 1 h
at 650 �C (1200 �F)

A 262A X X X X X X X X X X X X
A 262B X X X X X X P P P P P P

A 262C X X X X X X P P P X X X
EPR X X X X X X X/P* X/P* X/P* X/P P P
JEPR X X X P X X P P P P P P

As-cast A 262A X X X X X X X X X X X X
A 262B X X X X X X P P P P X P
A 262C X X X X X X P** P** P** X X X
EPR X X X X X X X/P* X/P* X/P* X/P X/P P
JEPR X X X X X X X/P P P P P P

(a) See Ref 10 for details of ASTM A 262 practices. EPR, electrochemical potentiokinetic reactivation test: see Ref 10 for details. JEPR, Japanese electrochemical potentiokinetic reactivation test: see Ref 11 for details. (b)
Parenthetical value is the percentage of ferrite. See Table 4 for alloy compositions. (c) P, pass; X, fail based on the following criteria: A 262A ditching 510%=pass; A 262B, penetration rate50.64 mm/yr (25 mils/yr)=pass; A
262C, penetration rate50.46 mm/yr (18 mils/yr) and not increasing=pass; EPR, peak current density5100 mA/cm2 (645 mA/in.2)=pass; JEPR, ratio51%=pass: P*, pass, but matrix pitting complicates test results. X/P, near
pass. X/P*, likely pass; small EPR indication complicated by matrix pitting p**, pass; actual heat treatment 4 h at 650 �C (1200 �F) after solution treatment rather than as-cast. Source: Ref 7, 13, 14

Table 4 Composition of alloys tested in Table 3

Ferrite
number(a)

Composition, %

Material C Mn Si P S Cr Ni Mo N

CF-8 LO 4 0.058 0.60 1.52 0.012 0.013 18.53 9.98 0.02 0.02
CF-8 INT 11 0.086 0.84 1.10 0.031 0.012 19.90 8.73 0.50 0.02
CF-8 HI 20 0.066 0.79 1.25 0.031 0.011 20.81 8.85 0.45 0.02
CF-8M LO 5 0.063 0.94 1.21 0.011 0.014 18.26 11.17 2.28 0.02
CF-8M INT 11 0.083 1.20 1.20 0.030 0.013 19.78 9.53 2.21 0.02
CF-8M HI 20 0.071 1.19 1.16 0.030 0.011 19.92 9.40 1.95 0.02
CF-3 LO 2 0.016 0.98 1.12 0.010 0.008 17.36 10.10 0.10 0.04
CF-3 INT 5 0.023 0.68 1.24 0.011 0.009 19.35 10.27 0.10 0.06
CF-3 HI 8 0.015 0.67 1.09 0.013 0.006 19.82 8.73 0.10 0.04
CF-3M LO 5 0.027 0.96 0.85 0.011 0.010 17.55 12.00 2.18 0.04
CF-3M INT 9 0.027 1.04 1.02 0.009 0.009 18.78 10.79 2.12 0.03
CF-3M HI 16 0.022 0.94 1.14 0.012 0.007 19.85 10.08 2.26 0.02

(a) This value is the percentage of ferrite.

Table 5 Critical crevice temperatures
(CCTs) for several common cast and wrought
alloys

CCT

Alloy Structure �C �F Ref

Wrought AISI
type 317L

Austenitic 2 35 15

Cast CF-3M 90% austenite,
10% ferrite

2 35 16

Cast CN-7M Austenitic �1.1 30 16
Cast CF-8M 90% austenite,

10% ferrite
�2.5 28 17

Wrought AISI
type 316L

Austenitic �2.5 28 18

Wrought AISI
type 316

Austenitic �3 27 15

Note: See text and Ref 16 for information on CCTs.
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oxidizing environment containing approxi-
mately 39,000 ppm Cl� at a pH of approxi-
mately 1.4. Therefore, the FeCl3 CCT is lower
than that normally found in aerated seawater
(Ref 19), which contains approximately 20,000
ppm Cl� with a pH of approximately 7.5 to 8.0.

Corrosion fatigue is one of the most
destructive and unpredictable corrosion-related
failure mechanisms. The behavior is highly
specific to the environment and alloy, and the
extent of the interaction between corrosion and
mechanical damage is not easy to quantify. The
martensitic materials are degraded the most in
both absolute and relative terms. For example, if
left to corrode freely in seawater, they have very
little resistance to corrosion fatigue. This is
remarkable in view of their very high strength
and fatigue resistance in air.

Cathodic protection is a method of reducing
corrosion; however, because martensitic stain-
less steels are susceptible to hydrogen embrit-
tlement, cathodic protection must be carefully
applied. Too large a protective potential will lead
to catastrophic hydrogen stress cracking.

Austenitic materials are also severely degra-
ded in corrosion fatigue strength under condi-
tions conducive to pitting, such as in seawater.
However, they are easily cathodically protected
without fear of hydrogen embrittlement and
perform well in freshwaters. The corrosion fati-
gue behavior of duplex alloys in chloride envir-
onments is less than that obtained for austenitic
stainless steels (Ref 20).

Stress-corrosion cracking of cast stainless
steels has been investigated for only a limited
number of environments, heat treatments, and
test conditions. From the limited information
available, the following generalizations apply.

As the composition is adjusted to provide
increasingly greater amounts of ferrite in an
austenitic matrix, SCC resistance seems to
improve. This trend continues to a certain level,
apparently near 50% ferrite (Fig. 15, 16). Lower

nickel contents tend to improve SCC resistance
in cast duplex alloys, possibly because of its
effect on ferrite content (Ref 21). The mere
presence of the ferrite phase, which is generally
much more resistant to SCC than austenite, for-
ces the crack to expend more energy traveling
around rather than through ferrite. This slows
propagation significantly, discouraging SCC. At
low and medium stress levels, the ferrite tends to
block the propagation of stress-corrosion cracks.
This may be due to a change in composition and/
or crystal structure across the austenite/ferrite
boundary (Fig. 16). As the stress level increases,
crack propagation may change from austenite/
ferrite boundaries to transgranular propagation
(Ref 21, 22). Finally, reducing the carbon content
of cast stainless alloys—thus reducing the sus-
ceptibility to sensitization—improves SCC
resistance. This is also true for wrought alloys
(Ref 21, 23–25).
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Introduction to Corrosion of Nonferrous
Metals and Specialty Products
Paul Crook, Haynes International, Inc.

NONFERROUS METALS AND ALLOYS
are widely used to resist corrosion. At one end of
the spectrum, they are used for water piping and
food preparation. At the other end, they are vital
to the operation of many chemical plants dealing
with aggressive acids and alkalis. There are
two reasons why nonferrous materials are pre-
ferred over steels and stainless steels for many
applications. First, numerous nonferrous metals
and alloys have extremely desirable physical
and mechanical properties, for example, high
strength-to-weight ratios or high thermal and
electrical conductivities. Second, many of the
nonferrous metals and alloys possess much
higher resistance to corrosion than the steels
and stainless steels. In this Section, materials
based on the following elements are discussed:
aluminum, beryllium, cobalt, copper, gold,
hafnium, iridium, lead, magnesium, nickel,
niobium (columbium), osmium, palladium,
platinum, rhodium, ruthenium, silver, tantalum,
tin, titanium, uranium, zinc, and zirconium. Also
covered in this section are several specialty
nonferrous products that cannot easily be
categorized by elemental base. These include
electroplated hard chromium, thermal spray
coatings, clad metals, powder metallurgy mate-
rials, amorphous metals, intermetallics, cemen-
ted carbides, metal-matrix composites, and
joints.

Copper

The most widely used nonferrous materials
are those based on aluminum, copper, nickel, and
titanium. Copper has the distinction of being the
first metal used by man in significant quantities.
The name copper is an anglicized version of the
Latin name for Cyprus, an early source of the
metal. Since the dawn of civilization, copper has
been the primary material for water systems.
Indeed, it has been estimated that, in the last 40
years, approximately 5.3 million miles of copper
plumbing tube have been installed in buildings in
the United States alone. The success of copper in
this application is due not only to the fact that it is
resistant to corrosion in various types of water

but also that it is biostatic, meaning bacteria will
not grow on its surface.

Building construction is the largest end-use
market for copper and its alloys, accounting
for approximately 46% of total U.S. consump-
tion. Other important uses are electrical and
electronic products (23%), which make use of
the high electrical conductivity of copper; con-
sumer products (11%); transportation (10%);
and industrial machinery and equipment (10%).
There are many alloys of copper, notably the
brasses and bronzes. The main reason for alloy-
ing copper is to provide materials of higher
strength with the corrosion characteristics of
copper. Zinc, tin, and nickel are the most com-
monly used alloying additions in copper. The
bronzes are particularly useful as bearing mate-
rials, because they are very resistant to sliding
wear.

Nickel

The second of the widely used nonferrous
metals to be discovered was nickel, in 1751. Its
name has a rather negative connotation; it
derives from a German word meaning devil and
was given this name because German miners in
the Middle Ages found that it interfered with the
smelting of copper. Despite this inauspicious
start, nickel has become a vital engineering ele-
ment, with much of its success due to the need for
corrosion-resistant materials.

Nickel occurs in nature in the form of oxides,
sulfides, and silicates. It is mined in many
countries and on all continents. Approximately 1
million tonnes of nickel are produced per annum
throughout the world. This compares with over
10 million tonnes for copper. Of the nickel
consumed (this includes a significant quantity of
recycled material), 65% is used in the manu-
facture of stainless steels, 12% in nickel alloys,
10% in other steels, 8% in electroplating, and 5%
for other products, including chemicals.

Many of the nickel alloys designed to resist
aqueous corrosion possess higher resistance to
hydrochloric acid and chloride-induced phe-
nomena (pitting, crevice attack, and stress-

corrosion cracking) than the stainless steels.
Nickel alloys are also among the few metallic
materials capable of withstanding warm hy-
drofluoric acid. Commercially pure nickel is
particularly resistant to caustic soda. On the
high-temperature side, strong nickel alloys are
available to resist oxidation, carburization, metal
dusting, and sulfidizing-oxidizing conditions.

Titanium

Despite being the ninth most abundant ele-
ment in the crust of the Earth, titanium (named
after Titan, a giant in Greek mythology) was
not discovered until 1791. Even more
surprising, methods of producing the pure metal
were not available until 1910. In fact, the metal
did not become widely available to industry until
1946, when a commercial process for reduc-
ing titanium tetrachloride with magnesium was
developed.

There are five classifications of titanium and
its alloys. Those in groups 1, 2, and 3 exhibit
predominantly hexagonal close-packed (alpha)
structures and are used largely for nonaerospace
applications, where resistance to aqueous cor-
rosion is the primary requirement. The group 5
materials, which exhibit body-centered cubic
(beta) structures, and the alpha-beta group 4
materials can be heat treated to provide very high
strength-to-weight ratios; as a result, they are
used extensively in the compressor sections of
aircraft gas turbines. In fact, titanium alloy
components constitute 20 to 30% of the dry
weight of modern jet engines. The group 1
materials are the commercially pure grades of
titanium. Their resistance to aqueous corrosion
derives from their ability to form extremely
protective oxide films in the presence of oxygen.
The group 2 materials contain small quantities of
either palladium or ruthenium, which have a
powerful, positive influence on corrosion resis-
tance. The group 3 materials are more highly
alloyed but maintain their predominantly alpha
microstructures. They possess higher strengths
than the group 1 and 2 materials, thus making
them attractive for applications where moderate
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strength, light weight, and corrosion resistance
are required.

Titanium and its alloys are part of a larger
family of materials known as the reactive metals.
All of these reactive metals, notably titanium,
zirconium, niobium, and tantalum, benefit from
highly protective oxide films. As a result, their
corrosion rates are extremely low in many
environments.

Aluminum

Aluminum is the third most abundant element
in the Earth’s crust. It is surprising, therefore,
that its existence was not established until 1808,
and that it was considered a precious metal until
1886, when the Hall-Héroult process of pro-
duction was invented. Since then, its use has
grown to the point where, today, more aluminum
is produced than all other nonferrous metals
combined. Aluminum, or aluminium as it is also
known, was derived from the Latin (alumen) for
a naturally occurring compound containing the
metal. It was first given the name alumium, but
this was soon altered to aluminum. The alter-
native name aluminium was suggested in the
mid-1800s by the International Union of Pure
and Applied Chemists to bring the name into line
with those of other elements (ending in “ium”)
being discovered at the time.

Obviously, the main attribute of aluminum
and its alloys is their low density. Like titanium,
aluminum and its alloys are protected from many
potentially corrosive environments by oxide
films that form readily on freshly exposed sur-
faces. The chief markets for aluminum and its
alloys are transportation, packaging (particularly
of food and beverages), construction, and elec-
trical. In the field of transportation, aluminum
has been critical to the growth of air travel. It is
also the material of choice for trailer trucks for
road haulage, buses, and modern passenger rail
cars (carriages).

While aluminum and its alloys possess only
moderate corrosion resistance relative to copper,
nickel, and titanium (and their alloys), this is a
key attribute in the packaging industry. The

aluminum oxide films that form on aluminum
and its alloys are stable in the pH range of 4.5 to
8.5. Foods and beverages outside this range are
typically packaged in polymer-coated aluminum
containers.

There are two types of wrought aluminum
alloy: those that can be heat treated to increase
their strengths, and those that cannot. The
wrought alloys are also categorized according to
the principal alloying elements, using a four-
digit system. For example, the 1xxx series
includes the commercially pure compositions,
and the 2xxx series contains copper as the pri-
mary alloying element. Of the seven main series,
those designated 2xxx, 6xxx, and 7xxx can be
strengthened by heat treatment. The remainder
are not heat treatable but can be strengthened by
work hardening.

Specialty Products

Turning to specialty nonferrous products, the
use of electroplated hard chromium for corrosion
protection and decoration is well known. Chro-
mium derives its resistance to corrosive envir-
onments from passive oxide films, which heal
rapidly in air if scratched. Decorative chromium
coatings are generally less than 1.2 mm
(0.05 mil) thick, while coatings thicker than this
are used to resist both corrosion and wear. In this
Section, the reader learns of the preplating and
postplating treatments required to ensure optimal
performance.

Two types of thermal spray coating are used
for the protection of steels in aqueous environ-
ments. First, metals and alloys less noble than
steel (notably zinc and aluminum) can be
sprayed onto steels to provide cathodic protec-
tion (the coatings become sacrificial anodes). In
such cases, coating porosity is acceptable, and
low-cost/rapid-deposition spray processes can be
used. Second, dense coatings of metals and
alloys with much higher corrosion resistance
than steel (notably titanium and nickel-base) can
be used, provided they are dense enough to
prevent corrosive media from reaching the
steels. One of the largest uses of dense thermal

spray coatings is in the protection of gas turbine
engine components from high-temperature oxi-
dation.

There are parallels between thermal spray
coating and cladding, a process by which
metallic materials are bonded to one another
prior to component fabrication. Common meth-
ods of attachment include roll bonding, extrusion
bonding, and explosion bonding. All of these
methods induce the breakdown of existing oxide
films, followed by intimate metal-to-metal con-
tact. Like thermal spray coatings, clad materials
are selected to either resist the corrosive media or
to act as sacrificial anodes.

In most structures designed to resist corrosion,
joints represent the greatest challenge, whether
they are welded, soldered, or brazed. For most
wrought corrosion-resistant alloys, there are
matching weld filler metals. However, weld-
ments are generally less corrosion resistant, due
to elemental segregation. Also, weld heat-
affected zones in wrought alloy structures may
be prone to preferential attack, if the heat of
welding induces microstructural changes. In this
Section, there is a separate article on the corro-
sion of soldered and brazed joints. The greatest
concern with soldering, which is commonly used
to join copper and aluminum alloys, is removal
of the flux, which can interfere with protective
oxide films. Brazing presents an even greater
challenge, because elements with high diffusiv-
ity (from the braze material) can alter the
microstructures, hence corrosion resistance, of
adjacent bulk materials. Also, an understanding
of the effects of the brazing heat treatment on the
material(s) to be joined is critical if problems are
to be avoided.

Powder metallurgy materials, amorphous
metals, intermetallics, cemented carbides, and
metal-matrix composites are defined less by their
compositions than by their microstructures,
which provide physical, mechanical, and corro-
sion characteristics unlike those of the tradi-
tionally processed metals and alloys. In this
Section, the reader gains an understanding of the
progress with these exciting technologies and
learns of their applicability under corrosive
conditions.
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Corrosion of Aluminum and
Aluminum Alloys
Revised by J.G. Kaufman, The Aluminum Association (Retired)

ALUMINUM, as indicated by its position
in the electromotive force series, is a thermo-
dynamically reactive metal; among structural
metals, only beryllium and magnesium are more
reactive. Aluminum owes its excellent corrosion
resistance and its use as one of the primary
metals of commerce to the barrier oxide film
that is bonded strongly to its surface and that, if
damaged, re-forms immediately in most envi-
ronments. On a surface freshly abraded and then
exposed to air, the barrier oxide film is only 1 nm
(0.04 min.) thick but is highly effective in pro-
tecting the aluminum from corrosion.

The oxide film that develops in normal at-
mospheres grows to thicknesses much greater
than 1 nm (0.04 min.) and is composed of two
layers (Ref 1). The inner oxide next to the metal
is a compact amorphous barrier layer whose
thickness is determined solely by the tempera-
ture of the environment. At any given tempera-
ture, the limiting barrier thickness is the same
in oxygen, dry air, or moist air. Covering the
barrier layer is a thicker, more permeable outer
layer of hydrated oxide. Most of the interpreta-
tion of aluminum corrosion processes has been
developed in terms of the chemical properties of
these oxide layers.

The film growth can be visualized as the result
of a dynamic equilibrium between opposing
forces—those tending to form the compact
barrier layer and those tending to break it down.
If the destructive forces are absent, as in dry air,
the natural film will consist only of the barrier
layer and will form rapidly to the limiting thick-
ness. If the destructive forces are too strong,
the oxide will be hydrated faster than it is
formed, and little barrier will remain. Between
these extremes, where the opposing forces reach
a reasonable balance, relatively thick (20 to
200 nm, or 0.8 to 8 min.) natural films are formed
(Ref 2).

The conditions for thermodynamic stability
of the oxide film are expressed by the Pourbaix
(potential versus pH) diagram shown in Fig. 1.
As shown by this diagram, aluminum is passive
(is protected by its oxide film) in the pH range of
approximately 4 to 8.5. The limits of this range,
however, vary somewhat with temperature, with

the specific form of oxide film present, and with
the presence of substances that can form soluble
complexes or insoluble salts with aluminum. The
relative inertness in the passive range is further
illustrated in Fig. 2, which gives results of weight
loss measurements for alloy 3004-H14 speci-
mens exposed in water and in salt solutions at
various pH values.

Beyond the limits of the passive range,
aluminum corrodes in aqueous solutions because
its oxides are soluble in many acids and bases,
yielding Al3þ ions in the former and AlO2

�

(aluminate) ions in the latter. There are, how-
ever, instances when corrosion does not occur
outside the passive range, for example, when
the oxide film is not soluble or when the film
is maintained by the oxidizing nature of the
solution (Ref 4).

Pitting Corrosion

Corrosion of aluminum in the passive range
is localized, usually manifested by random

formation of pits. The pitting-potential principle
establishes the conditions under which metals
in the passive state are subject to corrosion by
pitting (Ref 5–7). Simply stated, pitting poten-
tial, Ep, is that potential in a particular solution
above which pits will initiate and below which
they will not. See the article “Pitting Corrosion”
in ASM Handbook, Volume 13A, 2003.

Four laboratory procedures have been devel-
oped to measure Ep—one based on fixed current
and the other three on controlled potential
(Ref 8). The most widely used is controlled
potential, in which the potential of a specimen,
usually immersed in a deaerated electrolyte
of interest, is made more positive and the result-
ing current density from the specimen measured.
The potential at which the current density in-
creases sharply and remains high is called the
oxide breakdown potential, Ebr. With polished
specimens in many electrolytes, Ebr is a close
approximation of Ep, and the two are used
interchangeably.

An example is shown in Fig. 3. A specimen of
aluminum alloy 1100 (99.0% Al) was immersed
in a neutral deaerated sodium chloride (NaCl)
solution, and the relationship between anode
potential and current density was plotted (solid
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line, Fig. 3). At potentials more active (anodic)
than Ep, where the oxide layer can maintain its
integrity, anodic polarization occurs readily, and
corrosion is slow and uniform. Above Ep, anodic
polarization is difficult, and the current density
sharply increases. The oxide ruptures at random
weak points in the barrier layer and cannot repair
itself, and localized corrosion develops at these
points.

Potential-current relationships for various
cathodic reactions are indicated by the dashed
lines in Fig. 3. Only when the cathodic reaction
is sufficient to polarize the metal to its pitting
potential will significant current flow and pitting
corrosion start.

For aluminum, pitting corrosion is most
commonly produced by halide ions, of which
chloride (Cl�) is the most frequently encoun-
tered in service. The effect of chloride ion con-
centration on the pitting potential of aluminum
1199 (99.99þ%Al) is shown in Fig. 4. Pitting of
aluminum in halide solutions open to the air
occurs because, in the presence of oxygen, the
metal is readily polarized to its pitting potential.
In the absence of dissolved oxygen or other
cathodic reactant, aluminum will not corrode by
pitting because it is not polarized to its pitting
potential. Generally, aluminum does not develop
pitting in aerated solutions of most nonhalide
salts, because its pitting potential in these sol-
utions is considerably more noble (cathodic)
than in halide solutions, and it is not polarized
to these potentials in normal service (Ref 7).

Pitting potentials for selected aluminum alloys
in several electrolytes are reported in Ref 8.
Examples of application of pitting-potential
analysis to particular corrosion problems are
given in Ref 9 and 10.

Solution Potentials

Because of the electrochemical nature of
most corrosion processes, relationships among
solution potentials of different aluminum alloys,
as well as between potentials of aluminum alloys
and those of other metals, are of considerable
importance. Furthermore, the solution-potential
relationships among the microstructural con-
stituents of a particular alloy significantly
affect its corrosion behavior. Compositions of

solid solutions and additional phases, as well as
amounts and spatial distributions of the addi-
tional phases, may affect both the type and extent
of corrosion.

The solution potential is the electrode poten-
tial where half-cell reaction involves only the
metal electrode and its ion. The solution poten-
tial of an aluminum alloy is primarily determined
by the composition of the aluminum-rich solid
solution, which constitutes the predominant
volume fraction and area fraction of the alloy
microstructure (Ref 11). Solution potential is
not affected significantly by second-phase par-
ticles of microscopic size, but because these
particles frequently have solution potentials
differing from that of the solid-solution matrix
in which they occur, localized galvanic cells
may be formed between them and the matrix.

The effects of principal alloying elements
on solution potential of high-purity aluminum
are shown in Fig. 5. For each element, the sig-
nificant changes that occur do so within the
range in which the element is completely in solid
solution. Further addition of the same element,
which forms a second phase, causes little addi-
tional change in solution potential.

Most commercial aluminum alloys contain
additions of more than one of these elements;
effects of multiple elements in solid solution
on solution potential are approximately additive.
The amounts retained in solid solution, particu-
larly for more highly alloyed compositions,
depend highly on fabrication and thermal
processing so that heat treatment and other pro-
cessing variables influence the final electrode
potential of the product. Tables 1 to 4, present
representative solution potentials of commercial
aluminum alloys and of several other metals
and alloys.

The data in Tables 1 to 5, and those rep-
resented in Fig. 5, were collected using the
method current at the time. The corrosion
potential was measured in 53 g NaClþ3 g/L
H2O2 with a 0.1 N calomel electrode. The
method of measuring the corrosion potentials
of aluminum alloys has been standardized in
ASTM G 69 (Ref 12). A solution of 58.5+1 g
of NaCl plus 9+1 mL of 30% H2O2 per liter
of solution and a saturated calomel electrode
are used. A 25 �C (77 �F) solution satisfies
both methods. Appendix X1 of the G 69 standard
suggests that to a good approximation, values
measured under the earlier method may be con-
verted to those measured by the G 69 practice
by adding 0.092 V. The values in these tables
are converted by this method, but because the
earlier data were reported with a precision to
0.01 V, 0.09 V has been added. These values are
approximate, but what is significant is the rela-
tive value of these potentials.

The amounts of second phases present in
aluminum and aluminum alloy products vary
from nearly zero in those of aluminum 1199
and some others that also are nearly pure solid
solutions to over 20% in hypereutectic alumi-
num-silicon casting alloys, such as 392.0 and
393.0. These phases are generally intermetallic
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compounds of binary, ternary, or higher-order
compositions, although some elements in excess
of their solid solubility are present as elemental
phases. Electrode potentials of some of the
simpler second-phase constituents have been
measured and are presented in Table 5.

Solution-potential measurements are useful
for the investigation of heat treating, quenching,
and aging practices and are applied principally to
alloys containing copper, magnesium, or zinc. In
aluminum-copper and aluminum-copper-mag-
nesium (2xxx) alloys, potential measurements
can determine the effectiveness of solution heat
treatment by measuring the amount of copper

in solid solution. Also, by measuring the poten-
tials of grain boundaries and grain bodies sep-
arately, the difference in potential responsible
for intergranular corrosion, exfoliation, and
stress-corrosion cracking (SCC) can be quanti-
fied. Solution-potential measurements of alloys
containing copper also show the progress of
artificial aging as increased amounts of precipi-
tates are formed and the matrix is depleted of
copper.

Potential measurements are valuable with
zinc-containing (7xxx) alloys for evaluating the
effectiveness of the solution heat treatment,
for following the aging process, and for differ-
entiating among the various artificially aged
tempers. These factors can affect corrosion be-
havior. In the magnesium-containing (5xxx)
alloys, potential measurements can detect low-
temperature precipitation and are useful in
qualitatively evaluating stress-corrosion behav-
ior. Potential measurements can also be used to
follow the diffusion of zinc or copper in alclad
products, thus determining whether the sacrifi-
cial cladding can continue to protect the core
alloy (Ref 13).

Effects of Composition and
Microstructure on Corrosion

1xxx Wrought Alloys. Wrought aluminum
alloys of the 1xxx series conform to composition
specifications that set maximum individual,
combined, and total contents for several ele-
ments present as natural impurities in the
smelter-grade or refined aluminum used to pro-
duce these products. Alloys 1100, 1120, and
1150 differ somewhat from the others in this
series by having minimum and maximum
specified copper contents. Corrosion resistance
of all 1xxx compositions is very high, but under
many conditions, it decreases slightly with in-
creasing alloy content. Iron, silicon, and copper
are the elements present in the largest percen-
tages. The copper and part of the silicon are
typically in solid solution. The second-phase
particles present contain either iron or iron and
silicon—Al6Fe, Al3Fe, and Al12Fe3Si2 (Ref 14).
The specific phase present or the relative
amounts when more than one are present depend
on the ratio of iron to silicon and on thermal
history. The microstructural particles of these
phases are cathodic to the aluminum solid sol-
ution, and exposed surfaces of these particles
are covered by an oxide film thinner than that
covering exposed areas of the solid solution
(Ref 15). Corrosion may be initiated earlier and
progress more rapidly in the aluminum solid
solution immediately surrounding the particles.
The number and/or size of such corrosion sites
is proportional to the volume fraction of the
second-phase particles.

Not all impurity elements are detrimental to
corrosion resistance of 1xxx-series aluminum
alloys, and detrimental elements may reduce
the resistance of some types of alloys but have

Table 1 Solution potentials of non-heat-
treatable commercial wrought aluminum
alloys
Values are the same for all tempers of each alloy.

Alloy Potential(a), V

1060 �0.75
1100 �0.74
3003 �0.74
3004 �0.75
5050 �0.75
5052 �0.76
5154 �0.77
5454 �0.77
5056 �0.78
5456 �0.78
5182 �0.78
5083 �0.78
5086 �0.76
7072 �0.87

(a) With reference to a saturated calomel electrode, values calculated
from data measured in 53 g/L (6 oz/gal) NaCl plus 3 g/L (0.3 oz/gal)
H2O2 at 25 �C (77 �F), using a 0.1 N calomel electrode. Original data
from Alcoa Laboratories.

Table 2 Solution potentials of heat treatable
commercial wrought aluminum alloys

Alloy Temper Potential(a), V

2014 T4 �0.60(b)
T6 �0.69

2219 T3 �0.55(b)
T4 �0.55(b)
T6 �0.71
T8 �0.73

2024 T3 �0.60(b)
T4 �0.60(b)
T6 �0.72
T8 �0.73

2036 T4 �0.63
2090 T8E41 �0.74
6009 T4 �0.71
6010 T4 �0.70
6151 T6 �0.74
6351 T5 �0.74
6061 T4 �0.71

T6 �0.74
6063 T5 �0.74

T6 �0.74
7005 T6 �0.85
7021 T6 �0.90
7029 T6 �0.76
7049 T73 �0.75(c)

T76 �0.75(c)
7050 T73 �0.75(c)

T76 �0.75(c)
7075 T6 �0.74(c)

T73 �0.75(c)
T76 �0.75(c)

7175 and 7475 T6 �0.74(c)
T73 �0.75(c)
T76 �0.75(c)

7178 T6 �0.74(c)

(a) With reference to a saturated calomel electrode, values calculated
from data measured in 53 g/L (6 oz/gal) NaCl plus 3 g/L (0.3 oz/gal)
H2O2 at 25 �C (77 �F), using a 0.1 N calomel electrode. Original data
from Alcoa Laboratories. (b) Varies +0.01 V with quenching rate. (c)
Varies +0.02 V with quenching rate

Table 3 Solution potentials of cast
aluminum alloys

Alloy Temper Type of mold(a) Potential(b), V

208.0 F S �0.68
238.0 F P �0.65
295.0 T4 S or P �0.61

T6 S or P �0.62
T62 S or P �0.64

296.0 T4 S or P �0.62
308.0 F P �0.66
319.0 F S �0.72

F P �0.67
355.0 T4 S or P �0.69

T6 S or P �0.70
356.0 T6 S or P �0.73
443.0 F S �0.74

F P �0.73
514.0 F S �0.78
520.0 T4 S or P �0.80
710.0 F S �0.90

(a) S, sand; P. permanent (b) With reference to a saturated calomel
electrode, values calculated from data measured in 53 g/L (6 oz/gal) NaCl
plus 3 g/L (0.3 oz/gal) H2O2 at 25 �C (77 �F), using a 0.1 N calomel
electrode. Original data from Alcoa Laboratories.

Table 4 Solution potentials of some
nonaluminum base metals

Metal Potential(a), V

Magnesium �1.65
Zinc �1.01
Cadmium �0.73
Mild carbon steel �0.49
Lead �0.46
Tin �0.40
Copper �0.11
Bismuth �0.09
Stainless steel(b) �0.01
Silver þ0.01
Nickel �0.02
Chromium �0.31 to þ0.21

(a) With reference to a saturated calomel electrode, values calculated
from data measured in 53 g/L (6 oz/gal) NaCl plus 3 g/L (0.3 oz/gal)
H2O2 at 25 �C (77 �F), using a 0.1 N calomel electrode. Original data
from Alcoa Laboratories. (b) Series 300, type 430

Table 5 Solution potentials of some second-
phase constituents in aluminum alloys

Phase Potential(a), V

Si �0.17
Al3Ni �0.43
Al3Fe �0.47
Al2Cu �0.64
Al6Mn �0.76
Al8Mg5 �1.15

(a) With reference to a saturated calomel electrode, values calculated
from data measured in 53 g/L (6 oz/gal) NaCl plus 3 g/L (0.3 oz/gal)
H2O2 at 25 �C (77 �F), using a 0.1 N calomel electrode. Original data
from Alcoa Laboratories
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no adverse effects in others. Therefore, specifi-
cation limitations established for impurity ele-
ments are often based on maintaining consistent
and predictable levels of corrosion resistance in
various applications rather than on their effects
in any specific application.

2xxx wrought alloys and 2xx.x casting
alloys, in which copper is the major alloying
element, are less resistant to corrosion than
alloys of other series, which contain much lower
amounts of copper. Alloys of this type were the
first heat treatable high-strength aluminum-base
materials and have been used for more than 75
years in structural applications, particularly in
aircraft and aerospace applications (Ref 16).
Much of the thin sheet made of these alloys
is produced as an alclad composite, but thicker
sheet and other products for many applications
require no protective cladding.

Electrochemical effects on corrosion can
be stronger in these alloys than in alloys of
many other types because of two factors: greater

Table 6 Relative ratings of resistance to general corrosion and to stress-corrosion cracking
(SCC) of wrought aluminum alloys

Alloy Temper

Resistance to corrosion

General(a) SCC(b)

1060 All A A
1100 All A A
1350 All A A
2011 T3, T4, T451 D(c) D

T8 D B
2014 O . . . . . .

T3, T4, T451 D(c) C
T6, T651, T6510, T6511 D C

2017 T4, T451 D(c) C
2018 T61 . . . . . .
2024 O . . . . . .

T4, T3, T351, T3510, T3511, T361 D(c) C
T6, T861, T81, T851, T8510, T8511 D B
T72 . . . . . .

2025 T6 D C
2036 T4 C . . .
2117 T4 C A
2218 T61, T72 D C
2219 O . . . . . .

T31, T351, T3510, T3511, T37 D(c) C
T81, T851, T8510, T8511, T87 D B

2618 T61 D C
3003 All A A
3004 All A A
3105 All A A
4032 T6 C B
5005 All A A
5050 All A A
5052 All A A
5056 O, H11, H12, H32, H14, H34 A(d) B(d)

H18, H38 A(d) C(d)
H192, H392 B(d) D(d)

5083 All A(d) B(d)
5086 O, H32, H116 A(d) A(d)

H34, H36, H38, H111 A(d) A(d)
5154 All A(d) A(d)
5182 All A A
5252 All A A
5254 All A(d) A(d)
5454 All A A
5456 All A(d) B(d)
5457 O A A
5652 All A A
5657 All A A
5754 All A A
6005 All A A
6009 All A A
6111 All A A
6022 All A A
6053 O A A

T6, T61 . . . . . .
6061 O B A

T4, T451, T4510, T4511 B B
T6, T651, T652, T6510, T6511 B A

6063 All A A
6066 O C A

T4, T4510, T4511, T6, T6510, T6511 C B
6070 T4, T4511, T6 B B
6101 T6, T63, T61, T64 A A
6151 T6, T652 . . . . . .
6201 T81 A A
6262 T6, T651, T6510, T6511, T9 B A
6463 All A A
7001 O C(c) C
7005 T5 C C
7075 T6, T651, T652, T6510, T6511 C(c) C

T73, T7351 C B
7116 T5 C C
7129 T5 C C
7178 T6, T651, T6510, T6511 C(c) C

(a) Ratings are relative and in decreasing order of merit, based on exposure to NaCl solution by intermittent spraying or immersion. Alloys with A and B
ratings can be used in industrial and seacoast atmospheres without protection. Alloys with C, D, and E ratings generally should be protected, at least on
faying surfaces. (b) SCC ratings are based on service experience and on laboratory tests of specimens exposed to alternate immersion in 3.5% NaCl
solution. A, no known instance of failure in service or in laboratory tests; B, no known instance of failure in service; limited failures in laboratory tests of
short-transverse specimens; C, service failures when sustained tension stress acts in short-transverse direction relative to grain structure; limited failures
in laboratory tests of long-transverse specimens; D, limited service failures when sustained stress acts in longitudinal or long-transverse direction relative
to grain structure. (c) In relatively thick sections, the rating would be E. (d) This rating may be different for material held at elevated temperatures for long
periods.

Table 7a Relative ratings of resistance to
general corrosion and to stress-corrosion
cracking (SCC) of aluminum sand casting
alloys

Alloy Temper

Resistance to corrosion

General(a) SCC(b)

Sand castings

208.0 F B B
224.0 T7 C B
240.0 F D C
242.0 All D C
A242.0 T75 D C
249.0 T7 C B
295.0 All C C
319.0 F, T5 C B

T6 C C
355.0 All C A
C355.0 T6 C A
356.0 T6, T7, T71, T51 B A
A356.0 T6 B A
443.0 F B A
512.0 F A A
513.0 F A A
514.0 F A A
520.0 T4 A C
535.0 F A A
B535.0 F A A
705.0 T5 B B
707.0 T5 B C
710.0 T5 B B
712.0 T5 B C
713.0 T5 B B
771.0 T6 C C
850.0 T5 C B
851.0 T5 C B
852.0 T5 C B

(a) Relative ratings of general corrosion resistance are in decreasing
order of merit, based on exposures to NaCl solution by intermittent spray
or immersion. (b) Relative ratings of resistance to SCC are based on
service experience and on laboratory tests of specimens exposed lo
alternate immersion in 3.5% NaCl solution. A, no known instance of
failure in service when properly manufactured; B, failure not anticipated
in service from residual stresses or from design and assembly stresses
below approximately 45% of the minimum guaranteed yield strength
given in applicable specifications; C, failures have occurred in service
with either this specific alloy/temper combination or with alloy/temper
combinations of this type; designers should be aware of the potential SCC
problem that exists when these alloys and tempers are used under adverse
conditions.
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change in electrode potential with variations in
amount of copper in solid solution (Fig. 5) and,
under some conditions, the presence of non-
uniformities in solid-solution concentration.
Note the test method described in the caption.
However, that general resistance to corrosion
decreases with increasing copper content is not
primarily attributable to these solid-solution
or second-phase solution-potential relationships,
but to galvanic cells created by formation of

minute copper particles or films deposited on
the alloy surface as a result of corrosion.
As corrosion progresses, copper ions, which
initially go into solution, replate onto the alloy to
form metallic copper cathodes. The reduction of
copper ions and the increased efficiency of O2

and Hþ reduction reactions in the presence of
copper increase the corrosion rate.

These alloys are invariably solution heat
treated and are used in either the naturally aged
or the precipitation heat treated temper. Devel-
opment of these tempers using good heat treating
practice can minimize electrochemical effects
on corrosion resistance. The rate of quenching
and the temperature and time of artificial aging
can both affect the corrosion resistance of the
final product.

2xxx Wrought Alloys Containing
Lithium. Lithium additions decrease the density
and increase the elastic modulus of aluminum
alloys, making aluminum-lithium alloys good
candidates for replacing the existing high-
strength alloys, primarily in aerospace appli-
cations.

One of the first commercial aluminum alloys
containing lithium was 2020. This alloy in the
T6 temper was introduced in 1957 as a structural
alloy with good strength properties up to 175 �C
(350 �F). It has a modulus 8% higher and a
density 3% lower than alloy 7075-T6 but was
rarely used in aircraft because of its relatively
low fracture toughness. It was used in the thrust
structure of the Saturn S-II, the second stage
of the Saturn V launch vehicle (Ref 17). Alloy
2020 is no longer commercially available.

Two other lithium-bearing alloys are 2090
and 8090. Alloy 2090, in T8-type tempers, has
a higher resistance to exfoliation than that
of 7075-T6, and the resistance to SCC is
comparable (Ref 18). Alloy 8090 was designed
by various producers to meet other combinations
of mechanical-property goals (Ref 19).

Although lithium is highly reactive, addition
of up to 3% Li to aluminum shifts the pitting
potential of the solid solution only slightly in
the anodic direction in 3.5% NaCl solution
(Ref 20). In an extensive corrosion investigation
of several binary and ternary aluminum-lithium
alloys, modifications to the microstructure that
promote formation of the d phase (AlLi) were
found to reduce the corrosion resistance of
the alloy in 3.5% NaCl solution (Ref 21). It
was concluded that an understanding of the
nucleation and growth of the d phase is central

to an understanding of the corrosion behavior
of these alloys.

3xxx Wrought Alloys. Wrought alloys
of the 3xxx series (aluminum-manganese and
aluminum-manganese-magnesium) have very
high resistance to corrosion. The manganese is
present in the aluminum solid solution, in sub-
microscopic particles of precipitate, and in
larger particles of Al6(Mn,Fe) or Al12(Mn,Fe)3Si
phases, both of which have solution potentials
almost the same as that of the solid-solution
matrix (Ref 22). Such alloys are widely used
for cooking and food-processing equipment,
chemical equipment, and various architectural
products requiring high resistance to corrosion.

4xxx Wrought Alloys and 3xx.x and 4xx.x
Casting Alloys. Elemental silicon is present
as second-phase constituent particles in wrought
alloys of the 4xxx series, in brazing and welding
alloys, and in casting alloys of the 3xx.x and
4xx.x series. Silicon is cathodic to the aluminum
solid-solution matrix by several hundred milli-
volts and accounts for a considerable volume
fraction of most of the silicon-containing alloys.
However, the effects of silicon on the corrosion
resistance of these alloys are minimal because
of low corrosion current density resulting from
the fact that the silicon particles are highly
polarized.

Corrosion resistance of 3xx.x casting alloys
is strongly affected by copper content, which can
be as high as 5% in some compositions, and by
impurity levels. Modifications of certain basic
alloys have more restrictive limits on impurities,
which benefit corrosion resistance and mechan-
ical properties.

5xxx Wrought Alloys and 5xx.x Casting
Alloys. Wrought alloys of the 5xxx series
(Al-Mg-Mn, Al-Mg-Cr, and Al-Mg-Mn-Cr) and
casting alloys of the 5xx.x series (aluminum-
magnesium) have high resistance to corrosion,
and this accounts in part for their use in a wide
variety of building products and chemical-
processing and food-handling equipment, as well
as marine applications involving exposure to
seawater (Ref 23).

Alloys in which magnesium is present in
amounts that remain in solid solution, or is
partially precipitated as Al8Mg5 particles dis-
persed uniformly throughout the matrix, are
generally as resistant to corrosion as commer-
cially pure aluminum and are more resistant to
saltwater and some alkaline solutions, such as
those of sodium carbonate and amines. Wrought
alloys containing approximately 3% or more
magnesium under conditions that lead to an
almost continuous intergranular Al8Mg5 pre-
cipitate, with very little precipitate within the
grains, may be susceptible to exfoliation or
SCC (Ref 24). Tempers have been developed for
these higher-magnesium wrought alloys to pro-
duce microstructures having extensive Al8Mg5

precipitate within the grains, thus eliminating
such susceptibility.

In the 5xxx alloys that contain chromium, this
element is present as a submicroscopic pre-
cipitate, Al12Mg2Cr. Manganese in these alloys

Table 7b Relative ratings of resistance to
general corrosion and to stress-corrosion
cracking (SCC) of aluminum permanent
mold, die casting, and rotor metal alloys

Alloy Temper

Resistance to corrosion

General(a) SCC(b)

Permanent mold casting

242.0 T571, T61 D C
308.0 F C B
319.0 F C B

T6 C C
332.0 T5 C B
336.0 T551, T65 C B
354.0 T61, T62 C A
355.0 All C A
C355.0 T61 C A
356.0 All B A
A356.0 T61 B A
F356.0 All B A
A357.0 T61 B A
358.0 T6 B A
359.0 All B A
B443.0 F B A
A444.0 T4 B A
513.0 F A A
705.0 T5 B B
707.0 T5 B C
711.0 T5 B A
713.0 T5 B B
850.0 T5 C B
851.0 T5 C B
852.0 T5 C B

Die castings

360.0 F C A
A360.0 F C A
364.0 F C A
380.0 F E A
A380.0 F E A
383.0 F E A
384.0 F E A
390.0 F E A
392.0 F E A
413.0 F C A
A413.0 F C A
C443.0 F B A
518.0 F A A

Rotor metal(c)

100.1 . . . A A
150.1 . . . A A
170.1 . . . A A

(a) Relative ratings of general corrosion resistance are in decreasing order
of merit, based on exposures to NaCl solution by intermittent spray or
immersion. (b) Relative ratings of resistance to SCC are based on service
experience and on laboratory tests of specimens exposed to alternate
immersion in 3.5% NaCl solution. A, no known instance of failure in
service when properly manufactured; B, failure not anticipated in service
from residual stresses or from design and assembly stresses below
approximately 45% of the minimum guaranteed yield strength given in
applicable specifications; C, failures have occurred in service with either
this specific alloy/temper combination or with alloy/temper combinations
of this type; designers should be aware of the potential SCC problem that
exists when these alloys and tempers are used under adverse conditions.
(c) For electric motor rotors

Table 8 Combinations of aluminum alloys
used in some alclad products

Core alloy Cladding alloy

2014 6003 or 6053
2024 1230
2219 7072
3003 7072
3004 7072 or 7013
6061 7072
7075 7072, 7008, or 7011
7178 7072
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is in the form of Al6(Mn,Fe), both submicro-
scopic and larger particles. Such precipitates
and particles do not adversely affect corrosion
resistance of these alloys.

6xxx Wrought Alloys. Moderately high
strength and very good resistance to corrosion
make the heat treatable wrought alloys of
the 6xxx series (Al-Mg-Si) highly suitable in
various structural, building, marine, machinery,
and process-equipment applications. The Mg2Si
phase, which is the basis for precipitation hard-
ening, is unique in that it is an ionic compound
and is not only anodic to aluminum but also
reactive in acidic solutions. However, either in
solid solution or as submicroscopic precipitate,
Mg2Si has a negligible effect on electrode poten-
tial. Because these alloys are normally used in
the heat treated condition, no detrimental effects
result from the major alloying elements or from
the supplementary boron, chromium, manga-
nese, titanium, or zirconium, which are added
in some cases to control grain structure. Copper
additions, which augment strength in many of
these alloys, are limited to small amounts to
minimize effects on corrosion resistance. In

general, the level of resistance decreases some-
what with increasing copper content.

When the magnesium and silicon contents in
a 6xxx alloy are balanced (in proportion to form
only Mg2Si), corrosion by intergranular pene-
tration is slight in most commercial environ-
ments (Ref 25). If the alloy contains silicon
beyond that needed to form Mg2Si or contains a
high level of cathodic impurities, susceptibility
to intergranular corrosion increases (Ref 26).

7xxx wrought alloys and 7xx.x casting
alloys contain major additions of zinc, along
with magnesium or magnesium plus copper
in combinations that develop various levels
of strength. Those containing copper have the
highest strengths and have been used as con-
structional materials, primarily in aircraft appli-
cations, for more than 40 years. The copper-free
alloys of the series have many desirable charac-
teristics: moderate-to-high strength; excellent
toughness; and good workability, formability,
and weldability. Use of these copper-free alloys
has increased in recent years and now includes
automotive applications (such as bumpers),
structural members and armor plate for military

vehicles, and components of other transportation
equipment.

The 7xxx wrought and 7xx.x casting alloys,
because of their zinc contents, are anodic to 1xxx
wrought aluminums and to other aluminum
alloys. They are among the aluminum alloys
most susceptible to SCC. However, SCC can
be avoided by proper alloy and temper selec-
tion and by observing appropriate design,
assembly, and application precautions (Ref 27).
Stress-corrosion cracking of aluminum alloys

Fig. 6 Section through cruciform weldment of alloy 5083-H131 plate cracked by mercury. Attack was initiated
by applying a few drops of mercury chloride (HgCl2) solution and zinc amalgam to the sectioned surface at

the circled area (right of center). Original magnification is 0.33·

Fig. 7 Various types of intergranular corrosion. (a)
Interdendritic corrosion in a cast structure. (b)

Interfragmentary corrosion in a wrought, unrecrystallized
structure. (c) Intergranular corrosion in a recrystallized
wrought structure. All etched with Keller’s reagent. Origi-
nal magnification is 500·
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is discussed in greater detail in a subsequent
section in this article.

Resistance to general corrosion of the copper-
free wrought 7xxx alloys is good, approaching
that of the wrought 3xxx, 5xxx, and 6xxx alloys
(Ref 28). The copper-containing alloys of the
7xxx series, such as 7049, 7050, 7075, and 7178,
have lower resistance to general corrosion than
those of the same series that do not contain
copper. All 7xxx alloys are more resistant to
general corrosion than 2xxx alloys but less
resistant than wrought alloys of other groups.

Although the copper in both wrought and cast
alloys of the Al-Zn-Mg-Cu type reduces resis-
tance to general corrosion, it is beneficial from
the standpoint of resistance to SCC. Copper
allows these alloys to be precipitated at higher
temperatures without excessive loss in strength
and thus makes possible the development of
T73 tempers, which couple high strength with
excellent resistance to SCC (Ref 29).

Composites. Aluminum alloys reinforced
with silicon carbide (Ref 30), graphite (Ref 31),
beryllium, or boron (Ref 32) show promise as
metal-matrix composites for lightweight struc-
tural applications with increased modulus and
strength and are potentially well suited to aero-
space and military needs. The corrosion behavior
of composites is governed by galvanic action
between the aluminum matrix and the re-
inforcing material. When both are exposed to
an aggressive environment, corrosion of the
aluminum is accelerated. Silicon carbide, gra-
phite, and boron are cathodic to aluminum and
do not polarize easily. The electrical potential
of beryllium is very close to aluminum in sea-
water. See the article “Corrosion of Beryllium
and Aluminum-Beryllium Composites” in this
Volume for more information about the
aluminum-beryllium composites.

For a useful service life, the silicon carbide,
graphite, and boron composites need some
form of corrosion protection. Aluminum thermal
spraying has been reported as a successful pro-
tection method for discontinuous silicon carbide/
aluminum composites; for continuous graphite/
aluminum or silicon carbide/aluminum, sulfuric
acid (H2SO4) anodizing has provided protection,
as have organic coatings or ion vapor deposited
aluminum (Ref 33).

Effects of Additional Alloying Elements. In
addition to the major elements that define the
various alloy systems discussed previously,
commercial aluminum alloys may contain other
elements that provide special characteristics.
Lead and bismuth are added to alloys 2011
and 6262 to improve chip breakage and other
machining characteristics. Nickel is added to
wrought alloys 2018, 2218, and 2618, which
were developed for elevated-temperature ser-
vice, and to certain 3xx.x cast alloys used for
pistons, cylinder blocks, and other engine parts
subjected to high temperatures. Cast aluminum
bearing alloys of the 850.0 group contain tin.
In all cases, these alloying additions introduce
constituent phases that are cathodic to the matrix
and decrease resistance to corrosion in aqueous

saline media. However, these alloys are often
used in environments in which they are not
subject to corrosion.

Corrosion Ratings of Alloys
and Tempers

Simplified ratings of resistance to general
corrosion and to SCC for wrought and cast alu-
minum alloys are presented in Tables 6 and 7(a)
and (b). These ratings may be useful in evaluat-
ing and comparing alloy/temper combinations
for corrosion service (more detailed ratings of
resistance to SCC for high-strength wrought
aluminum alloys are given in Table 9 and in
Ref 34).

Galvanic Corrosion and Protection

The calculated potential values versus the
saturated calomel electrode (SCE) in Tables 1 to
4 form a galvanic series for aluminum alloys

and other metals. The galvanic relationships
indicated by these values have wide applicability
because of the similarity of the electrochemical
behavior of these metals in the NaCl solution
to that in marine and other saline environments.
This galvanic series, however, is not necessarily
valid in nonsaline solutions. For example,
aluminum is anodic to zinc in an aqueous 1 M
sodium chromate (Na2CrO4) solution and
cathodic to iron in an aqueous 1 M sodium sulfate
(Na2SO4) solution.

Under most environmental conditions fre-
quently encountered in service, aluminum and
its alloys are the anodes in galvanic cells with
most other metals, protecting them by corroding
sacrificially. Only magnesium and zinc are more
anodic. Sacrificial corrosion of aluminum or
cadmium is slight when these two metals are
coupled in a galvanic cell, because of the small
difference in electrode potential between them.

Contact of aluminum with more cathodic
metals should be avoided in any environment in
which aluminum by itself is subject to pitting
corrosion. Where such contact is necessary,

Fig. 8 Microstructures of alloy 5356-H12 after treatment to produce varying degrees of susceptibility to stress-
corrosion cracking. (a) Cold rolled 20%; highly resistant. (b) Cold rolled 20%, then heated 1 year at 100 �C

(212 �F); highly susceptible. (c) Cold rolled 20%, then heated 1 year at 150 �C (300 �F); slightly susceptible. (d) Cold rolled
20%, then heated 1 year at 205 �C (400 �F); highly resistant
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protective measures should be implemented to
minimize sacrificial corrosion of the aluminum.
In such an environment, aluminum is already
polarized to its pitting potential, and the addi-
tional potential imposed by contact with the
more cathodic metal greatly increases the cor-
rosion current. In many environments, aluminum
can be used in contact with chromium or stain-
less steels with only slight acceleration of
corrosion; chromium and stainless steels are
easily polarized cathodically in mild environ-
ments, so that the corrosion current is small
despite the large differences in the open-circuit
potentials between these metals and aluminum.

To minimize corrosion of aluminum wher-
ever contact with more cathodic metals cannot
be avoided, the ratio of the exposed surface area
of the aluminum to that of the more cathodic
metal should be as high as possible to minimize
the current density at the aluminum and there-
fore the rate of corrosion. The area ratio may be
increased by painting the cathodic metal or both
metals, but painting only the aluminum is not
effective and may even accelerate corrosion.
Corrosion of aluminum in contact with more
cathodic metals is much less severe in solutions
of most nonhalide salts, in which aluminum
alone normally is not polarized to its pitting
potential, than in solutions of halide salts, in
which it is. As shown in Fig. 3, increases in
potential, as long as the value does not reach
the pitting potential, have small effects on
current density.

Galvanic current between aluminum and
another metal also can be reduced by removing
oxidizing agents from the electrolyte. Thus, the
corrosion rate of aluminum coupled to copper
in seawater is greatly reduced wherever the
seawater is deaerated. In closed multimetallic
systems, the corrosion rate of aluminum,
although initially high, decreases to a low value
whenever the cathodic reactant is depleted.
Galvanic current is also low in solutions having

high electrical resistivity, such as high-purity
water, but some semiconductors, such as gra-
phite and magnetite, are cathodic to aluminum,
and when in contact with them, aluminum
corrodes sacrificially.

In alclad products, the difference in solution
potential between the core alloy and the cladding
alloy provides cathodic protection to the core
(Ref 35). These products, primarily sheet and
tube, consist of a core clad on one or both sur-
faces with a metallurgically bonded layer of
an alloy that is anodic to the core alloy. The
thickness of the cladding layer is usually less
than 10% of the overall thickness of the product.

Cladding alloys are generally of the non-heat-
treatable type, although heat treatable alloys
are sometimes used for higher strength. For
mechanical-design calculations, such sacrificial
claddings are treated as corrosion allowances
and are not normally included in the determina-
tion of the strength of an alclad product.

Composition relationships of core and clad-
ding alloys are generally designed so that the
cladding is 80 to 100 mV anodic to the core.
Table 8 lists several core alloy/cladding alloy
combinations for common alclad products.
Because of the cathodic protection provided by
the cladding, corrosion progresses only to the
core/cladding interface, then spreads laterally.
This is highly effective in eliminating perfora-
tion of thin-wall products.

Surface Treatments. A process that pro-
duces an effect similar to that of conventional
sacrificial cladding is called diffusion cladding.
Aluminum products can be clad using this pro-
cess, regardless of their shape (Ref 36). The
process involves two steps: first, a thin film of
zinc is deposited on the aluminum surface by
chemical displacement from an alkaline zincate
solution, then the zinc is diffused into the alu-
minum to produce a zone of zinc-enriched
alloy that is anodic to the underlying aluminum.
It was found that 3003 aluminum with a correctly

balanced zinc diffusion treatment exhibited uni-
form corrosion and that the depth of corrosion
was restricted to approximately one-half the
thickness of the diffusion zone (Ref 37). These
results suggest that a zinc diffusion treatment
may be as effective as conventional alcladding
for the prevention of localized pitting.

Another way to simulate alcladding is to apply
a coating of an anodic alloy to an aluminum
surface by thermal spray techniques, such as
flame or plasma spray. These coatings act in
the same way as the cladding layer on an alclad
product and corrode sacrificially to protect the
core alloy (Ref 38, 39).

Cathodic Protection. In some applications,
aluminum alloy parts, assemblies, structures, and
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pipelines are cathodically protected by anodes
either made of more anodic metals or made
anodic by using impressed potentials. In either
case, because the usual cathodic reaction pro-
duces hydroxyl ions, the current on these alloys
should not be high enough to make the solution

sufficiently alkaline to cause significant corro-
sion (Ref 40).

The criterion for cathodic protection of
aluminum in soils and waters has been pub-
lished by NACE International (Ref 41). The
suggested practice is to shift the potential at least

�0.15 V but not beyond the value of �1.20 V,
as measured against a saturated copper sulfate
(Cu/CuSO4) reference electrode. In some soils,
potentials as low as �1.4 V have been encoun-
tered without appreciable cathodic corrosion
(Ref 42). Essentially the same criterion is fol-
lowed in Eastern Europe (Ref 43).

Several examples of cathodic protection of
aluminum equipment in chemical plants, as well
as a preference for sacrificial anodes of zinc or
aluminum-zinc alloy, are discussed in Ref 44.
Such protection is most successful in electrolytes
in the pH range of 4 to 8.5—the so-called neutral
range. The cathodic protection of aluminum
structures is reviewed in Ref 45, which supports
general experience that cathodic protection is
effective in preventing or greatly reducing sev-
eral types of corrosion attack.

Buried aluminum pipelines are usually pro-
tected by sacrificial anodes—zinc for coated
lines and magnesium for uncoated lines. It is
generally accepted that coatings such as extruded
polyethylene or a tape wrap should be applied
to aluminum pipes for underground service.
Because of the effectiveness and longevity of
sacrificial anode systems and the need to avoid
overprotection, impressed current (rectifier) sys-
tems generally are not used to protect aluminum
pipelines.

The cathodic protection of aluminum alloys in
seawater has been extensively studied (Ref 46,
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47). Sacrificial anodes were found to be effective
in reducing surface pitting and crevice corrosion
without causing cathodic attack.

Deposition Corrosion

In designing aluminum and aluminum alloys
for satisfactory corrosion resistance, it is import-
ant to keep in mind that ions of several metals
have reduction potentials that are more cathodic
than the solution potential of aluminum and
therefore can be reduced to metallic form by
aluminum. For each chemical equivalent of
so-called heavy-metal ions reduced, a chemical
equivalent of aluminum is oxidized. Reduction
of only a small amount of these ions can lead to
severe localized corrosion of aluminum, because
the metal reduced from them plates onto the
aluminum and sets up galvanic cells. The more
important heavy metals are copper, lead, mer-
cury, nickel, and tin. The effects of these metals
on aluminum are of greatest concern in acidic
solutions; in alkaline solutions, they have much
lower solubilities and therefore much less severe
effects.

Copper is the heavy metal most commonly
encountered in applications of aluminum.
A copper-ion concentration of 0.02 to 0.05 ppm
in neutral or acidic solutions is generally
considered to be the threshold value for initia-
tion of pitting on aluminum. A specific value
for the copper-ion threshold is normally not
proposed, because the pitting tendency also
depends on the aluminum alloy; the pH of
the water; concentrations of other ions in the
water, particularly bicarbonate HCO3

�, chloride
(Cl�), and calcium (Ca2þ); and on whether
the pits that develop are open or occluded
(Ref 48). Copper contamination of solutions
in contact with aluminum should be minimized
or avoided. As discussed previously, the rela-
tively low corrosion resistance of aluminum-
copper alloys results from reduction of copper
ions present in the corrosion product of the
alloy.

Ferric (Fe3þ) ion can be reduced by aluminum
but does not form a metallic deposit. This ion
is rarely encountered in service because it reacts
preferentially with oxygen and water to form
insoluble oxides and hydroxides, except in
acidic solutions outside the passive range of
aluminum. On the other hand, at room tem-
perature, the most anodic aluminum alloys
(those with a corrosion potential approaching
�1.0 V versus the SCE) can reduce ferrous
(Fe2þ) ions to metallic iron and produce a
metallic deposit on the surface of the aluminum.
The presence of (Fe2þ) ion also tends to be rare
in service; it exists only in deaerated solutions
or in other solutions free of oxidizing agents
(Ref 49).

Mercury amalgamates with aluminum with
difficulty, because the natural oxide film on alu-
minum prevents metal-to-metal contact. How-
ever, after the two metals have been brought

together, if the oxide film is broken by
mechanical or chemical action, amalgamation
occurs immediately, and in the presence of
moisture, corrosion of the aluminum proceeds
rapidly (Ref 50). Aluminum in contact with a
solution of a mercury salt forms metallic mer-
cury, which then readily amalgamates the alu-
minum. Of all the heavy metals, mercury can
cause the most corrosion damage to aluminum
(Ref 51). The effect can be severe when stress is
present. For example, attack by mercury and zinc
amalgam combined with residual stresses from
welding caused cracking of the weldment
(Fig. 6). The corrosive action of mercury can be
serious with or without stress, because amalga-
mation, once initiated, continues to propagate
unless the mercury can be removed. If an alu-
minum surface has become contaminated with
mercury, the mercury can be removed by treat-
ment with 70% nitric acid (HNO3) or by eva-
poration in steam or hot air (Ref 52). It is difficult
to determine the safe level of mercury that can be
tolerated on aluminum. In solutions, concentra-
tions exceeding a few parts per billion should be
viewed with suspicion; in atmospheres, any
amount exceeding that allowed by Environ-
mental Protection Agency (EPA) regulations is
suspect.

Intergranular Corrosion

Intergranular (intercrystalline) corrosion is
selective attack of grain boundaries or closely
adjacent regions without appreciable attack of
the grains themselves. Intergranular corrosion is
a generic term that includes several variations
associated with different metallic structures and
thermomechanical treatments (Fig. 7).

Intergranular corrosion is caused by potential
differences between the grain-boundary region
and the adjacent grain bodies (Ref 53). The
location of the anodic path varies with the

different alloy systems. In 2xxx-series alloys, it
is a narrow band on either side of the bound-
ary that is depleted in copper; in 5xxx-series
alloys, it is the anodic constituent Mg2Al3
when that constituent forms a continuous path
along a grain boundary; in copper-free 7xxx-
series alloys, it is generally considered to be
the anodic zinc- and magnesium-bearing con-
stituents on the grain boundary; and in the
copper-bearing 7xxx-series alloys, it appears to
be the copper-depleted bands along the grain
boundaries (Ref 54, 55). The 6xxx-series alloys
generally resist this type of corrosion, although
slight intergranular attack has been observed in
aggressive environments. The electrochemical
mechanism for intergranular corrosion pro-
posed by E.H. Dix has been verified (Ref 56)
and related to the pitting potentials of alumi-
num (Ref 57).

Because intergranular corrosion is involved
in SCC of aluminum alloys, it is often pre-
sumed to be more deleterious than pitting or
general corrosion. However, in alloys that
are not susceptible to SCC—for example, the
6xxx-series alloys—intergranular corrosion is
usually no more severe than pitting corrosion,
tends to decrease with time, and, for equal
depth of corrosion, its effect on strength is no
greater than that of pitting corrosion, although
fatigue cracks may be more likely to initiate
at areas of intergranular corrosion than at random
pits.

Evaluation of intergranular attack is more
complex than evaluation of pitting. Visual
observations are generally not reliable. For 5xxx-
series alloys, a weight loss method has been
accepted by ASTM International (Ref 58).
Electrochemical techniques provide some evi-
dence of the susceptibility of a particular alloy or
microstructure to intergranular corrosion, but
such techniques should be accompanied by a
metallographic examination of carefully pre-
pared sections.
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Stress-Corrosion Cracking

Only aluminum alloys that contain appreci-
able amounts of soluble alloying elements, pri-
marily copper, magnesium, silicon, and zinc, are
susceptible to SCC. For most commercial alloys,
tempers have been developed that provide a high
degree of immunity to SCC in most environ-
ments.

The electrochemical theory of stress corro-
sion, which was developed in approximately
1940, describes certain conditions required
for SCC of aluminum alloys (Ref 53, 59, 60).
Generally, the combination of a corrosive
environment such as saltwater with surface ten-
sile stress in a susceptible alloy and micro-
structure is required. Further research showed
inadequacies in this theory, and the complex
interactions among factors that lead to SCC of
aluminum alloys are not yet fully understood

(Ref 61). However, there is general agreement
that for aluminum the electrochemical factor
predominates, and the electrochemical theory
continues to be the basis for developing alumi-
num alloys and tempers resistant to SCC
(Ref 62).

Stress-corrosion cracking in aluminum alloys
is characteristically intergranular. According to
the electrochemical theory, this requires a con-
dition along grain boundaries that makes them
anodic to the rest of the microstructure so that
corrosion propagates selectively along them.
Such a condition is produced by localized de-
composition of solid solution, with a high degree
of continuity of decomposition products, along
the grain boundaries. The most anodic regions
may be either the boundaries themselves (most
commonly, the precipitate formed in them) or
regions adjoining the boundaries that have been
depleted of solute.

In 2xxx alloys, the solute-depleted regions are
the most anodic; in 5xxx alloys, it is the Mg2Al3
precipitate along the boundaries. The most
anodic grain-boundary regions in other alloys
have not been identified with certainty. Strong
evidence for the presence of anodic regions, and
of the electrochemical nature of their corrosion
in aqueous solutions, is provided by the fact that
SCC can be greatly retarded, if not eliminated, by
cathodic protection (Ref 60).

Figure 8 shows four different microstruc-
tures in an alloy containing 5% Mg. These
microstructures represent degrees of suscep-
tibility to SCC, ranging from high susceptibility
to high resistance, depending on heat treatment.
The treatments that provide high resistance to
cracking are those that produce microstructures
either free of precipitate along grain boundaries
(Fig. 8a) or with precipitate distributed as
uniformly as possible within grains (Fig. 8d).

Table 9 Relative stress-corrosion cracking ratings for wrought products of high-strength aluminum alloys
Resistance ratings are as follows: A, very high; B, high; C, intermediate; D, low. See text for more detailed explanation of these ratings

Alloy and
temper(a) Test direction(b) Rolled plate Rod and bar(c) Extruded shapes Forgings

2011-T3, -T4 L (d) B (d) (d)
LT (d) D (d) (d)
ST (d) D (d) (d)

2011-T8 L (d) A (d) (d)
LT (d) A (d) (d)
ST (d) A (d) (d)

2014-T6 L A A A B
LT B(e) D B(e) B(e)
ST D D D D

2024-T3, -T4 L A A A (d)
LT B(e) D B(e) (d)
ST D D D (d)

2024-T6 L (d) A (d) A
LT (d) B (d) A(e)
ST (d) B (d) D

2024-T8 L A A A A
LT A A A A
ST B A B C

2048-T851 L A (d) (d) (d)
LT A (d) (d) (d)
ST B (d) (d) (d)

2124-T851 L A (d) (d) (d)
LT A (d) (d) (d)
ST B (d) (d) (d)

2219-T3, -T37 L A (d) A (d)
LT B (d) B (d)
ST D (d) D (d)

2219-T6, -T8 L A A A A
LT A A A A
ST A A A A

6061-T6 L A A A A
LT A A A A
ST A A A A

7005-T53, -T63 L (d) (d) A A
LT (d) (d) A(e) A(e)
ST (d) (d) D D

7039-T63, -T64 L A (d) A (d)
LT A(e) (d) A(e) (d)
ST D (d) D (d)

7049-T73 L A (d) A A
LT A (d) A A
ST A (d) B A

7049-T76 L (d) (d) A (d)
LT (d) (d) A (d)
ST (d) (d) C (d)

Alloy and
temper(a) Test direction(b) Rolled plate Rod and bar(c) Extruded shapes Forgings

7149-T73 L (d) (d) A A
LT (d) (d) A A
ST (d) (d) B A

7050-T74 L A (d) A A
LT A (d) A A
ST B (d) B B

7050-T76 L A A A (d)
LT A B A (d)
ST C B C (d)

7075-T6 L A A A A
LT B(e) D B(e) B(e)
ST D D D D

7075-T73 L A A A A
LT A A A A
ST A A A A

7075-T74 L (d) (d) (d) A
LT (d) (d) (d) A
ST (d) (d) (d) B

7075-T76 L A (d) A (d)
LT A (d) A (d)
ST C (d) C (d)

7175-T736 L (d) (d) (d) A
LT (d) (d) (d) A
ST (d) (d) (d) B

7475-T6 L A (d) (d) (d)
LT B(e) (d) (d) (d)
ST D (d) (d) (d)

7475-T73 L A (d) (d) (d)
LT A (d) (d) (d)
ST A (d) (d) (d)

7475-T76 L A (d) (d) (d)
LT A (d) (d) (d)
ST C (d) (d) (d)

7178-T6 L A (d) A (d)
LT B(e) (d) B(e) (d)
ST D (d) D (d)

7178-T76 L A (d) A (d)
LT A (d) A (d)
ST C (d) C (d)

7079-T6 L A (d) A A
LT B(e) (d) B(e) B(e)
ST D (d) D D

(a) Ratings apply to standard mill products in the types of tempers indicated and also in Tx5x and Tx5xx (stress-relieved) tempers and may be invalidated in some cases by use of nonstandard thermal treatments, or mechanical
deformation at room temperature by the user. (b) Test direction refers to orientation of direction in which stress is applied relative to the directional grain structure typical of wrought alloys, which for extrusions and forgings may not
be predictable on the basis of the cross-sectional shape of the product: L, longitudinal; LT, long-transverse; ST, short-transverse. (c) Sections with width-to-thickness ratios equal to or less than two, for which there is no distinction
between LT and ST properties. (d) Rating not established because product not offered commercially. (e) Rating is one class lower for thicker sections: extrusions. 25 mm (1 in.) and thicker; plate and forgings. 38 mm (1.5 in.) and
thicker
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In the latter case, corrosion along boundaries is
minimized because the presence of precipitate
or depleted regions throughout the micro-
structure increases the ratio of the total area of
anodic regions to that of cathodic ones, thereby
reducing the corrosion current on each anodic
region. For alloys requiring microstructural
control to avoid susceptibility, resistance is
obtained by using treatments that produce pre-
cipitate throughout the microstructure, because
precipitate always forms first along boundaries,
and its formation there usually cannot be
prevented.

According to electrochemical theory, suscep-
tibility to intergranular corrosion is a prerequisite
for susceptibility to SCC, and treatment of alu-
minum alloys to improve resistance to SCC also
improves their resistance to intergranular corro-
sion. For most alloys, however, optimal levels of
resistance to these two types of failure require
different treatments, and resistance to inter-
granular corrosion is not a reliable indication
of resistance to SCC.

In many cases, susceptibility to SCC of an
aluminum alloy cannot be predicted reliably
by examining its microstructure. Many observa-
tions have been made of the progressive changes
in dislocation network, precipitation pattern,
and other microstructural features that occur as
an alloy is treated to improve its resistance to

SCC, but these changes have not been correlated
quantitatively with susceptibility.

The phenomenology of SCC and the mech-
anisms of crack propagation are discussed in
“Stress-Corrosion Cracking” ASM Handbook,
Volume 13A, 2003.

Effect of Stress. Whether or not SCC devel-
ops in a susceptible aluminum alloy product
depends on the magnitude, direction, and dura-
tion of tensile stress acting at the surface. The
effects of the factors have been established most
commonly by means of accelerated laboratory
tests; results of one set of such tests are reflected
in the shaded bands in Fig. 9. Despite introduc-
tion of fracture-mechanics techniques capable
of determining crack growth rates, such tests
continue to be the basic tools used in evaluating
resistance of aluminum alloys to SCC. See the
article “Evaluating Stress-Corrosion Cracking”
in ASM Handbook, Volume 13A, 2003.

These tests suggest a minimum (threshold)
stress that is required for cracking to develop.
Although empirical in nature, the threshold value
provides a valid measure of the relative suscep-
tibilities of aluminum alloys to SCC under the

specific conditions of a particular test or envir-
onment. Also, for some alloy/temper com-
binations, results of accelerated laboratory tests
reliably predict stress-corrosion performance in
service; for example, results of an 84 day alter-
nate immersion test of alloy 7075 and alloy 7178
products correlated well with performance of
these products in a seacoast environment.

Effect of Stress-Intensity Factor

As noted previously, certain 2xxx and 7xxx
aluminum alloys, when subjected to stresses
in the short-transverse (through-the-thickness)
direction of thick plate, forgings, and extrusions,
are subject to intergranular SCC (Ref 64). While
this phenomenon has long been studied with
tensile loading of smooth specimen subjected
to exposure in potentially troublesome environ-
ments, it also can be examined in fracture-
mechanics terms of the rate of crack growth,
da/dt, as a function of the applied stress-intensity
factor, KI (Ref 65).

Fig. 15 Microstructures of alloy 5083-O plate stret-
ched 1%. (a) As-stretched. (b) After heating

40 days at 120 �C (250 �F)

Fig. 16 Effect of temper on exfoliation resistance of an alloy 7075 extrusion exposed in a seacoast environment.
Specimens were exposed for 4 years. (a) Specimen in the T6510 temper that developed exfoliation after

only 5 months. (b) and (c) Specimens in the T76510 and T73510 tempers that were unaffected after 4 years
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Representative data of this type are shown in
Fig. 10 for several aluminum alloys (Ref 64).
Such presentations are similar to those for
fatigue and creep crack growth, except that a
more pronounced upper limit to the rate of crack
growth is apparent; at stress intensities beyond
the bend in the curve, crack growth continues
but at a rate no longer greatly dependent on the
instantaneous applied stress intensity.

Once again, it should be assumed when
designing with these alloys under short-trans-
verse stresses that the largest crack that cannot
be detected reliably may be present in the stress
field; the crack growth rate data can be used to
determine how rapidly that crack may grow
to the critical size indicated by the fracture
toughness tests. Thus, presentation of SCC
growth data, like fatigue and creep crack growth
data, provides a means of estimating life expec-
tancy of structures potentially susceptible to
such phenomena.

For non-fracture-mechanicians, there is a
particularly useful way of dealing with design
against SCC growth that combines the results of

conventional smooth-specimen and precracked-
specimen SCC testing, as illustrated in Fig. 11
(Ref 64, 67). It has been the experience of inves-
tigators in stress-corrosion testing of smooth
tensile specimens that there are thresholds of
applied stress below which SCC growth and
failure are not likely to occur. Combining such
results with the safe stress-flaw size results from
fracture-mechanics types of SCC tests leads to
the dual treatment in Fig. 11. On the left side
of the chart in Fig. 11, where flaw size is quite
small, SCC growth is governed by stress, and
levels above line A-B are to be avoided. On the
right side of the chart, for larger flaw sizes, SCC
growth is governed by stress-intensity factor,
and stresses above line D-B are to be avoided.
Representative presentations of this type for
aluminum alloys 2219-T87 and 7075-T651 are
presented in Fig. 12.

Despite the direct application of this fracture-
mechanics approach to design analyses, it is not
widely used, simply because the usual practice
is to select alloys and tempers that will avoid
the possibility of SCC completely.

Stress Relieving. Residual stresses are in-
duced in aluminum alloy products when they are
solution heat treated and quenched. Figure 13(a)

shows the typical distribution and magnitude of
residual stresses in thick high-strength material
of constant cross section. Quenching places the
surfaces in compression and the center in ten-
sion. If the compressive surface stresses are not
disturbed by subsequent fabrication practices,
the surface has an enhanced resistance to SCC
because a sustained tensile stress is necessary
to initiate and propagate this type of corrosion.
On the other hand, one of the most com-
mon practices associated with SCC problems is
machining into the residual high tensile stress
areas of material that has not been stress relieved.
If the exposed tensile stresses are in a transverse
direction or have a transverse component and
if a susceptible alloy or temper is involved, the
probability of SCC is present (Ref 68).

Aluminum products of constant cross section
are stress relieved effectively and economically
by mechanical stretching (such as T651 or
T7X51) or compression (T652 or T7352). The
stretching operation must be done after quench-
ing and, for most alloys, before artificial aging.
Note the low magnitude of residual stresses
after stretching in Fig. 13(b) as compared to the
as-quenched material in Fig. 13(a). Aluminum
Association, ASTM International, and federal
specifications for rolled and extruded products
provide for stress relieving by stretching on the
order of 1 to 3%.

Thus, the use of the stress-relieved temper
for heat treated mill products will minimize
SCC problems related to quenching stresses. The
stress-relieved temper for most alloys is identi-
fied by the designation Tx5x or Tx5xx after the
alloy number, for example, 2024-T351 or 7075-
T6511 (Ref 69).

Effects of Grain Structure and Stress
Direction. Many wrought aluminum alloy
products have highly directional grain structures
(Fig. 14). Such products are highly anisotropic
with respect to resistance to SCC (Fig. 9).
Resistance, which is measured by magnitude
of tensile stress required to cause cracking, is
highest when the stress is applied in the long-
itudinal direction, lowest in the short-transverse
direction, and intermediate in other directions.
These differences are most noticeable in the
more susceptible tempers but are usually much
lower in tempers produced by extended pre-
cipitation treatments, such as T6 and T8 tempers
for 2xxx alloys and T73, T736, and T76 tempers
for 7xxx alloys.

Thus, direction and magnitude of stresses
anticipated under conditions of assembly and
service may govern alloy and temper selection.
For products of thin section, applied in ways
that induce little or no tensile stress in the short-
transverse direction, resistance of 2xxx alloys
in T3 or T4 tempers or of 7xxx alloys in T6
tempers may suffice. Resistance in the short-
transverse direction usually controls application
of products that are of thick section or are
machined or applied in ways that result in sus-
tained tensile stresses in the short-transverse
direction. More resistant tempers are preferred
in these cases.

Fig. 17 Exfoliation corrosion in an alloy 7178-T651
plate exposed to a seacoast environment.

Cross section of the plate shows how exfoliation develops
by corrosion along boundaries of thin, elongated grains
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for alloys 1100, 3003, and 3004 (shown in

graphs a, b, and c, respectively). Data are given for the
average performance of the three alloys, all in the H14
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Judith, RI); industrial exposure was at New Kensington, PA.
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tage of original tensile strength

R = 0
Frequency = 1.1 kHz

0.7

0.6

0.5

0.4

0.3

R
at

io
 (

at
 1

07
 c

yc
le

s)

0.2

0.1

0
5087-
H34

5086-
H36

6061-
T6

7075-
T73

2024-
T3

Fig. 18 Ratio of axial-stress fatigue strength of alumi-
num alloy sheet in 3% NaCl solution to that in

air. Specimens were 1.6 mm (0.064 in.) thick

Corrosion of Aluminum and Aluminum Alloys / 107

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Effects of Environment. Research indicates
that water or water vapor is the key environ-
mental factor required to produce SCC in alu-
minum alloys. Halide ions have the greatest
effects in accelerating attack. Chloride is the
most important halide ion because it is a natural
constituent of marine environments and is
present in other environments as a contaminant.
Because it accelerates SCC, Cl� is the principal
component of environments used in laboratory

tests to determine susceptibility of aluminum
alloys to this type of attack. In general, suscept-
ibility is greater in neutral solutions than in
alkaline solutions and is greater still in acidic
solutions.

Stress-Corrosion Ratings. A system of
ratings of resistance to SCC for high-strength
aluminum alloy products has been developed by
a joint task group of ASTM International and the
Aluminum Association to assist alloy and temper

selection and has been incorporated into Ref 34.
Definitions of these ratings, which range from
A (highest resistance) to D (lowest resistance),
are as follows:

Rating Definition

A: Very
high

No record of service problems; SCC not antici-
pated in general applications

B: High No record of service problems; SCC not antici-
pated at stresses of the magnitude caused by
solution heat treatment. Precautions must be
taken to avoid high sustained tensile stresses
(exceeding 50% of the minimum specified
yield strength) produced by any combination of
sources, including heat treatment, straightening,
forming, fit-up, and sustained service loading.

C: Inter-
mediate

Stress-corrosion cracking not anticipated if total
sustained tensile stress is maintained below 25%
of minimum specified yield strength. This rating
is designated for the short-transverse direction in
products used primarily for high resistance to
exfoliation corrosion in relatively thin structures,
where appreciable stresses in the short-transverse
direction are unlikely.

D: Low Failure due to SCC is anticipated in any appli-
cation involving sustained tensile stress in the
designated test direction. This rating is currently
designated only for the short-transverse direction
in certain products.

These stress levels are not to be interpreted as
threshold stresses and are not recommended for
design. Documents such as MMPDS (previously
MIL-HDBK-5), MIL-STD-1568, NASC SD-24,
and MSFC-SPEC-522A should be consulted for
design recommendations.

The relative ratings of resistance to SCC for
high-strength wrought aluminum alloys are
presented in Table 9. These ratings, assigned
primarily by alloy and temper, also distinguish
among test directions and product types.

2xxx Alloys. Thick-section products of 2xxx
alloys in the naturally aged T3 and T4 tempers
have low ratings of resistance to SCC in the
short-transverse direction. Ratings of such pro-
ducts in other directions are higher, as are ratings
of thin-section products in all directions. These
differences are related to the effects of quenching
rate (largely determined by section thickness) on
the amount of precipitation that occurs during
quenching. If 2xxx alloys in T3 and T4 tempers
are heated for short periods in the temperature
range used for artificial aging, selective pre-
cipitation along grain or subgrain boundaries
may further impair their resistance.

Longer heating, as specified for T6 and T8
tempers, produces more general precipitation
and significant improvements in resistance to
SCC. Precipitates are formed within grains at a
greater number of nucleation sites during treat-
ment to T8 tempers. These tempers require
stretching, or cold working by other means, after
quenching from the solution heat treatment
temperature and before artificial aging. These
tempers provide the highest resistance to SCC
and the highest strength in the 2xxx alloy.

Some studies on Al-Cu-Li alloys indicate that
these alloys have their highest resistance to SCC
at or near peak-aged tempers (Ref 70–72).
Underaging of these alloys (for example, 2090)
is detrimental; overaging decreases resistance

1 year 20 years

Seacoast atmosphere at Point Judith, RI

Industrial atmosphere at New Kensington, PA

30 years

Fig. 20 Sectioned specimens cut from 1.6 mm (0.064 in.) thick alloy 3003-H14 panels after exposure in two
environments
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only slightly. The susceptibility of the underaged
microstructure has been attributed to the
precipitation of an intermetallic constituent,
Al2CuLi, on grain boundaries during the early
stages of artificial aging. This constituent is
believed to be anodic to the copper-rich matrix
of an underaged alloy, causing preferential dis-
solution and SCC. As aging time increases,
copper-bearing precipitates form in the interior
of the grains, thus increasing the anode-cathode
area ratio in the microstructure to a more favor-
able value that avoids selective grain-boundary
attack. Similar studies of stress-corrosion
behavior are being conducted on Al-Li-Cu-Mg
alloys (for example, 8090) (Ref 73).

5xxx alloys are not considered heat treatable
and do not develop their strength through heat
treatment. However, these alloys are processed
to H3 tempers, which require a final thermal
stabilizing treatment to eliminate age softening,
or to H2 tempers, which require a final partial
annealing. The H116 or H117 tempers are
also used for high-magnesium 5xxx alloys and
involve special temperature control during fab-
rication to achieve a microstructural pattern
of precipitate that increases the resistance of
the alloy to intergranular corrosion and SCC.
The alloys of the 5xxx series span a wide range
of magnesium contents, and the tempers that

are standard for each alloy are primarily estab-
lished by the magnesium content and the desir-
ability of microstructures highly resistant to
SCC and other forms of corrosion.

Although 5xxx alloys are not heat treatable,
they develop good strength through solution
hardening by the magnesium retained in solid
solution, dispersion hardening by precipitates,
and strain-hardening effects. Because the solid
solutions in the higher-magnesium alloys are
more highly supersaturated, the excess magne-
sium tends to precipitate out as Mg2Al3, which
is anodic to the matrix. Precipitation of this phase
with high selectivity along grain boundaries,
accompanied by little or no precipitation within
grains, may result in susceptibility to SCC.

The probability that a susceptible micro-
structure will develop in a 5xxx alloy depends
on magnesium content, grain structure, amount
of strain hardening, and subsequent time/
temperature history. Alloys with relatively low
magnesium contents, such as 5052 and 5454 (2.5
and 2.75% Mg, respectively), are only mildly
supersaturated; consequently, their resistance
to SCC is not affected by exposure to elevated
temperatures. In contrast, alloys with magne-
sium contents exceeding approximately 3%,
when in strain-hardened tempers, may develop
susceptible structures as a result of heating or

even after very long times at room temperature.
For example, the microstructure of alloy 5083-O
(4.5% Mg) plate stretched 1% (Fig. 15a) is
relatively free of precipitate (no continuous
second-phase paths), and the material is not
susceptible to SCC. Prolonged heating below the
solvus, however, produces continuous precipi-
tate, which results in susceptibility (Fig. 15b).

6xxx Alloys. The service record of 6xxx
alloys shows no reported cases of SCC. In
laboratory tests, however, at high stresses and in
aggressive solutions, cracking has been demon-
strated in 6xxx alloys of particularly high alloy
content, containing silicon in excess of the
Mg2Si ratio and/or high percentages of copper.

7xxx Alloys Containing Copper. The 7xxx-
series alloy that has been used most extensively
and for the longest period of time is 7075, an
Al-Zn-Mg-Cu-Cr alloy. Introduced in 1943, this
aircraft construction alloy was initially used for
products with thin sections, principally sheet
and extrusions. In these products, quenching rate
is normally very high, and tensile stresses are
not encountered in the short-transverse direction;
thus, SCC is not a problem for material in the
highest-strength (T6) tempers. When 7075 was
used in products of greater size and thickness,
however, it became apparent that such products
heat treated to T6 tempers were often unsatisfac-
tory. Parts that were extensively machined from
large forgings, extrusions, or plate were fre-
quently subjected to continuous stresses, arising
from interference misfit during assembly or from
service loading, that were tensile at exposed
surfaces and aligned in unfavorable orientations.
Under such conditions, SCC was encountered in
service with significant frequency.

This problem resulted in the introduction
(in approximately 1960) of the T73 tempers for
thick-section 7075 products. The precipitation
treatment used to develop these tempers requires
two-stage artificial aging, the second stage of
which is done at a higher temperature than that
used to produce T6 tempers. During the preli-
minary stage, a fine high-density precipitation
dispersion is nucleated, producing high strength.
The second stage is then used to develop re-
sistance to SCC and exfoliation. Extensive
accelerated and environmental testing has de-
monstrated that 7075-T73 resists SCC even
when stresses are oriented in the least favorable
direction, at stress levels of at least 300 MPa
(44 ksi). Under similar conditions, the maxi-
mum stress at which 7075-T6 resists cracking
is approximately 50 MPa (7 ksi). The excellent
test results for 7075-T73 have been confirmed
by extensive service experience in various
applications.

The additional aging treatment required to
produce 7075 in T73 tempers, which have high
resistance to SCC, reduces strength to levels
below those of 7075 in T6 tempers. Alloy 7175,
a variant of 7075, was developed for forgings.
In the T74 temper, 7175 has strength nearly
comparable to that of 7075-T6 and has better
resistance to SCC. Other newer alloys—such
as 7049 and 7475, which are used in the T73

Table 10 Weathering data for 0.89 mm (0.035 in.) thick aluminum alloy sheet after 20 year
exposure (ASTM International program started in 1931)

Alloy and temper

Corrosion rate Average depth of attack Maximum depth of attack
Change in tensile

strength, %nm/yr min./yr mm mils mm mils

Phoenix, AZ (desert)

1100-H14 76 3.0 8 0.3 18 0.7 0
2017-T3 76 3.0 23 0.9 51 2.0 0
2017-T3, alclad 13 0.5 10 0.4 23 0.9 0
3003-H14 13 0.5 5 0.2 10 0.4 0
6051-T4 13 0.5 28 1.1 74 2.9 0

State College, PA (rural)

1100-H14 76 3.0 36 1.4 89 3.5 �3
2017-T3 102 4.0 25 1.0 81 3.2 �2
2017-T3, alclad 76 3.0 10 0.4 25 1.0 0
3003-H14 89 3.5 23 0.9 56 2.2 �3
6051-T4 76 3.0 23 0.9 96 3.8 0

Sandy Hook, NJ (seacoast)

1100-H14 279 11.0 96 3.8 231 9.1 �3
2017-T3 . . . . . . 43 1.7 132 5.2 �10
2017-T3, alclad . . . . . . 23 0.9 33 1.3 . . .
3003-H14 356 14.0 36 1.4 84 3.3 . . .
6051-T4 343 13.5 58 2.3 137 5.4 �9

La Jolla, CA (seacoast)

1100-H14 584 23.0 102 4.0 356 14.0 �8
2017-T3 2260 89.0 147 5.8 515 20.3 �20
2017-T3, aclad 584 23.0 33 1.3 74 2.9 0
3003-H14 610 24.0 107 4.2 259 10.2 �7
6051-T4 775 30.5 84 3.3 307 12.1 �20

New York, NY (industrial)

1100-H14 749 29.5 89 3.5 213 8.4 �7
2017-T3 1260 49.6 51 2.0 180 7.1 �7
2017-T3, alclad 762 30.0 28 1.1 36 1.4 0
3003-H14 965 38.0 51 2.0 163 6.4 �8
6051-T4 914 36.0 74 2.9 170 6.7 �12

Source: Ref 94
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temper, and 7050, which is used in the T74
temper—couple high strength with very high
resistance and improved fracture toughness.

The T76 tempers, which also require two-
stage artificial aging and which are intermediate
to the T6 and T73 tempers in both strength
and resistance to SCC, are developed in
copper-containing 7xxx alloys for certain
products. Comparative ratings of resistance for
various products of all these alloys, as well as for
products of 7178, are given in Table 9.

The microstructural differences among the
T6, T73, and T76 tempers of these alloys are
differences in size and type of precipitate, which
changes from predominantly Guinier-Preston
zones in T6 tempers to g0, the metastable
transition form of g (MgZn2), in T73 and T76
tempers. None of these differences can be de-
tected by optical metallography. In fact, even
the resolutions possible in transmission electron
microscopy are insufficient for determining
whether the precipitation reaction has been
adequate to ensure the expected level of resis-
tance to SCC. For quality assurance, copper-

containing 7xxx alloys in T73 and T76 tempers
are required to have specified minimum values
of electrical conductivity and, in some cases,
tensile yield strengths that fall within specified
ranges. The validity of these properties as
measures of resistance to SCC is based on many
correlation studies involving these measure-
ments, laboratory and field stress-corrosion
tests, and service experience.

Copper-Free 7xxx Alloys. Wrought alloys
of the 7xxx series that do not contain copper
are of considerable interest because of their
good resistance to general corrosion, moderate-
to-high strength, and good fracture toughness
and formability. Alloys 7004 and 7005 have
been used in extruded form and, to a lesser
extent, in sheet form for structural applications.
More recently introduced compositions, includ-
ing 7016, 7021, 7029, and 7146, have been used
in automobile bumpers formed from extrusions
or sheet.

As a group, copper-free 7xxx alloys are less
resistant to SCC than other types of aluminum
alloys when tensile stresses are developed in the

short-transverse direction at exposed surfaces.
Resistance in other directions may be good,
particularly if the product has an unrecrystal-
lized microstructure and has been properly heat
treated. Products with recrystallized grain struc-
tures are generally more susceptible to cracking
as a result of stresses induced by forming or
mechanical damage after heat treatment. When
cold forming is required, subsequent solution
heat treatment or precipitation heat treatment
is recommended. Applications of these alloys
must be carefully engineered, and consultation
among designers, application engineers, and
product producers or suppliers is advised in all
cases.

Casting Alloys. The resistance of most
aluminum casting alloys to SCC is sufficiently
high that cracking rarely occurs in service. The
microstructures of these alloys are usually nearly
isotropic; consequently, resistance to SCC is un-
affected by orientation of tensile stresses.

Relative ratings of cast alloys, based primarily
on accelerated laboratory tests, are listed in
Tables 7(a) and (b). It has been indicated by
accelerated and natural-environment testing
and verified by service experience that alloys
of the aluminum-silicon 4xx.x series, 3xx.x
alloys containing only silicon and magnesium
as alloying additions, and 5xx.x alloys with
magnesium contents of 8% or lower have vir-
tually no susceptibility to SCC. Alloys of the
3xx.x group that contain copper are rated as less
resistant, although the numbers of castings of
these alloys that have failed by SCC have not
been significant.

Significant SCC of aluminum alloy castings
in service has occurred only in the higher-
strength aluminum-copper 2xx.x alloys and Al-
Zn-Mg 7xx.x alloys, and also in the aluminum-
magnesium alloy 520.0 in the T4 temper. For
such alloys, factors that require careful con-
sideration include casting design, assembly and
service stresses, and anticipated environment
exposure.

Specifications and Tests. Several aluminum
alloy product specifications require defined
levels of performance with respect to resistance
to SCC. Standard tests used to measure such
performance are described in the methods
standards and are referenced in materials speci-
fications. Among these are tests for evaluating
resistance to SCC of 2xxx alloys and of 7xxx
alloys that contain copper by alternate immer-
sion in 3.5% NaCl solution (Ref 74, 75). Lot
acceptance criteria for products of 7xxx copper-
containing alloys in T76, T73, and T736 tempers
are based on combined requirements for tensile
strength and electrical conductivity.

Exfoliation Corrosion

In certain tempers, wrought products of
aluminum alloys are subject to corrosion by
exfoliation, which is sometimes described as
lamellar, layer, or stratified corrosion. In this

Table 11 Weathering data for 1.27 mm (0.05 in.) thick aluminum alloy sheet after 7 year
exposure (ASTM International program started in 1958)
Average values from Kure Beach, NC, and Newark, NJ

Alloy and temper

Corrosion rate(a)
Maximum depth of

attack in 7 years
Average depth of
attack in 7 years

Change in tensile
strength in 7 years, %nm/yr min./yr mm mils mm mils

Non-heat-treatable alloys

1100-H14 345 13.6 70 2.6 29 1.1 0
1135-H14 321 12.6 83 3.3 37 1.5 �0.4
1188-H14 250 9.8 121 4.8 46 1.8 0
1199-H18 205 8.1 96 3.8 57 2.2 �3.9
3003-H14 295 11.6 86 3.4 52 2.0 �1.1
3004-H34 414 16.3 119 4.7 44 1.7 �1.1
4043-H14 335 13.2 105 4.1 34 1.3 �2.8
5005-H34 373 14.7 76 3.0 27 1.1 �0.9
5050-H34 349 13.7 107 4.2 58 2.3 �0.5
5052-H34 362 14.3 62 2.4 43 1.7 �0.8
5154-H34 326 12.8 91 3.6 65 2.6 �0.9
5454-O 348 13.7 95 3.7 41 1.6 �1.5
5454-H34 342 13.5 105 4.1 30 1.2 �0.5
5456-O 381 15.0 104 4.1 37 1.5 �0.4
3357-H34 292 11.5 138 5.4 102 4.0 �0.4
5083-O 469 18.5 102 4.0 52 2.0 �1.8
5083-H34 375 14.8 88 3.5 56 2.2 �2.2
5086-H34 436 17.2 105 4.1 76 3.0 �1.9

Heat treatable alloys

2014-T6 644 25.4 77 3.0 50 2.0 �1.7
2024-T3 1022 40.2 76 3.0 67 2.6 �2.0
2024-T81 725 28.5 97 3.8 76 3.0 �6.0
2024-T86 806 31.7 77 3.0 58 2.3 �6.2
6061-T4 378 14.9 57 2.2 38 1.5 �0.4
6061-T6 422 16.6 98 3.9 42 1.7 �0.7
7075-T6 688 27.1 119 4.7 71 2.8 �1.7
7079-T6 635 25.0 65 2.6 37 1.5 �0.5

Alclad alloys—heat treatable and non-heat treatable

2014-T6 358 14.1 43 1.7 28 1.1 0
2024-T3 264 10.4 46 1.8 27 1.1 0
3003-H14 345 13.6 128 5.0 117 4.6 0
5155-H34 345 13.6 53 2.1 35 1.4 0
6061-T6 356 14.0 98 3.9 25 1.0 �0.7
7075-T6 502 19.8 53 2.1 41 1.6 �0.1
7079-T6 324 12.8 72 2.8 36 1.4 0

(a) Based on weight change. Source: Ref 93
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type of corrosion, attack proceeds along selec-
tive subsurface paths parallel to the surface. As
shown in Fig. 16(a), layers of uncorroded metal
between the selective paths are split apart and
pushed above the original surface by the volu-
minous corrosion product formed along the paths
of attack. Because it can be detected readily at
an early stage and is restricted in depth, exfo-
liation does not cause unexpected structural
failure, as does SCC.

Exfoliation occurs predominantly in products
that have markedly directional structures in
which highly elongated grains form platelets
that are thin relative to their length and width
(Fig. 17). Susceptibility to this type of corrosion
may result from the presence of aligned inter-
granular or subgrain-boundary precipitates or
from aligned strata that differ slightly in com-
position. The intensity of exfoliation increases
in slightly acidic environments or when the
aluminum is coupled to a cathodic dissimilar
metal. Exfoliation is not accelerated by stress
and does not lead to SCC.

Alloys most susceptible to exfoliation are the
heat treatable 2xxx and 7xxx alloys and certain
cold-worked 5xxx alloys, such as 5456-H321
boat hull plates. Exfoliation problems with 5xxx
alloys led to the development of special boat
hull plate tempers, H116 and H117, for alloys
5083, 5086, and 5456. In these alloys, exfoliation
is primarily caused by unfavorable distribution

of precipitate. The processing to eliminate this
form of attack promotes either more uniform
precipitation within grains or a more advanced
stage of precipitation. Thus, increases in the
precipitation heat treating time or temperature
are as effective in reducing susceptibility to
exfoliation as they are in reducing susceptibility
to SCC.

During long-duration or high-temperature
precipitation treatments, maximum resistance to
exfoliation is usually achieved sooner than
maximum resistance to SCC. Thus, precipitation
treatments used to produce T76 tempers in 7xxx
alloys, which use times and temperatures inter-
mediate to those of T6 and T73 treatments, pro-
vide excellent resistance to exfoliation (Fig. 16b)
but only intermediate resistance to SCC. The
T73 tempers provide the highest resistance to
both types of corrosion (Fig. 16c) but at a sacri-
fice in strength compared to T76 tempers.

Among the standard tests for evaluating
resistance to exfoliation of 2xxx, 5xxx, and 7xxx
alloys are those that require total immersion in
aggressive acidified solutions of mixed salts
or exposure to cyclic, acidified salt spray tests.
Such tests are described in Ref 76 for 5xxx alloys
and in Ref 77 and 78 for 2xxx and 7xxx alloys.
Acceptability of aluminum-magnesium alloys
5083, 5086, and 5456 is based on a comparison
of the microstructure disclosed by etching in a
defined manner with a reference microstructure

that is predominantly free from a continuous
grain-boundary network of Al8Mg5 precipitate
particles (Ref 79). Material containing such
precipitate in amounts exceeding that shown by
the reference standard is unacceptable unless it
can be demonstrated by testing (Ref 76) that the
material has acceptable resistance to exfoliation.
References 80 to 84 compare the performance in
these accelerated test methods to those in out-
door atmospheres.

Corrosion Fatigue

Fatigue strengths of aluminum alloys are
lower in such corrosive environments as sea-
water and other salt solutions than in air, espe-
cially when evaluated by low-stress long-
duration tests (Ref 85, 86). As shown in Fig. 18,
such corrosive environments produce smaller
reductions in fatigue strength in the more cor-
rosion-resistant alloys, such as the 5xxx and 6xxx
series, than in the less resistant alloys, such as the
2xxx and 7xxx series.

Like SCC of aluminum alloys, corrosion
fatigue requires the presence of water. In contrast
to SCC, however, corrosion fatigue is not
appreciably affected by test direction, because
the fracture that results from this type of attack is
predominantly transgranular.

Table 12a Change in tensile strength for wrought aluminum alloys during various atmospheric exposures (ASTM International program)
Exposed as 102 · 203 mm (4 · 8 in.) panels. Calculated from average tensile strength of several specimens (usually four)

Alloy and temper

Change in strength, %, during exposure of indicated length at

State College, PA New York, NY Kure Beach, NC

6 mo 1 yr 3 yr 5 yr 10 yr 6 mo 1 yr 3 yr 5 yr 10 yr 6 mo 1 yr 3 yr 5 yr 10 yr

1.62 mm (0.064 in.) sheet

2024-T3 8 1 2 0 1 2 �8 �7 �11.(a) �11.(a) 6 �3 �4 �6 �4
3003-H14 6 0 2 0 1 4 �4 �5 �8 �6 5 0 �2 �4 0
3004-H34 6 �1 0 0 1 7 �2 �5 �5 �7 6 2 �2 �2 �1
5050-H34 6 0 �1 0 �1 4 �2 �1 �8 �4 5 �1 �1 �1 �2
5052-H34 9 0 �1 �1 0 . . . �1 �6.(a) �5.(a) �7.(a) 6 0 �2 �3.(a) �1
6061-T6 5 �2 �2 �3 0 . . . �3 �7 �8 �11 4 �1 �1 �1 �4
7075-T6 5 �1 �3 0 �1 3 �1 �5 �6.(a) �8.(a) 4 �2 �2 �4 �4

1.62 mm (0.064 in.) alclad sheet

2014-T6 5 �1 �1 �2 2 4 1 �2 �4 �4 �2.(a) �1 �1 �4 �2
2024-T3 7 �1 1 1 0 8 �2 �1 �3 �3 6 1 0 0 �1
7075-T6 6 0 6 �2 �2 5 1 �2 �5 �5 6 2 2 �1 0

6.35 mm (0.25 in.) plate
2014-T4 �3 0 0 0 0 �5 0 �2 �1 �4 �4 1 0 0 �12
2014-T6 0 �1 0 0 1 0 �2 �1 �1 �1 �2 �2 �1 �1 �1
6061-T6 �4 0 �2 �1 �5 7 �1 �2 4 3 �4 �1 0 �1 �8

6.35 mm (0.25 in.) alclad plate

2014-T6 0 �1 0 1 �1 0 0 1 �1 �2 �1 0 0 0 0
2024-T3 0 0 0 �1 1 0 �2 �2 �2 �2 2 0 1 2 1
7075-T6 0 0 0 0 0 0 1 �1 0 1 0 1 0 0 �11.(a)

6.35 mm (0.25 in.) extruded bar

2014-T4 2 3 1 �1 �4 1 1 0 1 �2 0 0 �1 �1 �13
2014-T6 �1 0 0 �1 0 �1 1 �2 �1 �2 �1 2 �1 �2 �1
6061-T6 0 0 0 �1 7 �2 �1 0 �3 �3 �1 �1 �2 �1 6
6063-T5 1 �1 �1 �1 1 1 �1 �2 9 11 �1 8 3 6 2
7075-T6 �1 �1 �3 �2 �3 �1 �2 �2 �1 �4 �2 �1 0 1 �2

(a) Average tensile strength values were below required minimum. Source: Ref 95
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Erosion-Corrosion

In noncorrosive environments, such as high-
purity water, the stronger aluminum alloys have
the greatest resistance to erosion-corrosion,
because resistance is controlled almost entirely
by the mechanical components of the system.
In a corrosive environment, such as seawater, the
corrosion component becomes the controlling
factor; thus, resistance may be greater for the
more corrosion-resistant alloys even though they
are lower in strength. Corrosion inhibitors and
cathodic protection have been used to minimize
erosion-corrosion, impingement, and cavitation
on aluminum alloys (Ref 87).

Atmospheric Corrosion

Most aluminum alloys have excellent resis-
tance to atmospheric corrosion (often called
weathering), and in many outdoor applications,
such alloys do not require shelter, protective
coatings, or maintenance. Aluminum alloy
products that have no external protection and
therefore depend critically on this property
include electrical conductors, outdoor lighting
poles, ladders, and bridge railings. Such products
often retain a bright metallic appearance for
many years, but their surfaces may become dull,
gray, or even black as a result of pollutant
accumulation. Corrosion of most aluminum
alloys by weathering is restricted to mild surface
roughening by shallow pitting, with no general
thinning. However, such attack is more severe
for alloys with higher copper contents, and such

Table 12b Change in tensile strength for wrought aluminum alloys during various
atmospheric exposures (ASTM International program)
Exposed as 102 · 203 mm (4 · 8 in.) panels. Calculated from average tensile strength of several specimens (usually four)

Alloy and temper

Change in strength, %, during exposure of indicated length at

Point Reves, CA Freeport, TX

6 mo 1 yr 3 yr 5 yr 10 yr 6 mo 1 yr 3 yr 5 yr 10 yr

1.62 mm (0.064 in.) sheet

2024-T3 . . . �13.(a) �19.(a) �19.(a) �23.(a) 3 �2 �9.(a) �8 �13.(a)
3003-H14 . . . 1 �3 �1 �4 3 0 �5 1 �4
3004-H34 . . . �3 �1 �1 1 5 �1 �4 0 �2
5050-H34 . . . 2 �1 0 �2 5 0 �4 0 �3
5052-H34 . . . �1 �2 0 �1 4 �1 �7.(a) 0 �1
6061-T6 . . . �3 �4 �5 �5 1 �3 �4 �1 �3
7075-T6 . . . �3 �4 �4 �11.(a) 1 �1 �5 �3 �8.(a)

1.62 mm (0.064 in.) alclad sheet

2014-T6 . . . �3 �1 �4 �4 3 �1 �3 �3 �2
2024-T3 . . . �1 �1 �1 �3 6 �1 �2 0 �3
7075-T6 . . . 3 �2 �3 �6 5 4 �1 �1 �2

6.35 mm (0.25 in.) plate

2014-T4 . . . �1 �3 �6 �5 1 . . . �2 �1 �22.(a)
2014-T6 . . . �13.(a) �4 �8.(a) �8.(a) 0 . . . �2 0 �2
6061-T6 . . . 1 0 2 0 �4 0 �2 0 �2

6.35 mm (0.25 in.) alclad plate

2014-T6 . . . 0 �1 0 �1 �1 2 �1 0 �2
2024-T3 . . . 2 0 �1 1 1 0 �1 0 0
7075-T6 . . . 1 �1 0 �1 0 2 �1 1 0

6.35 mm (0.25 in.) extruded bar

2014-T4 . . . 3 �6 �3 �8 1 3 �2 2 �5
2014-T6 . . . . . . �4 �3 �7 1 1 �1 �2 �3
6061-T6 . . . �1 �1 �1 . . . 0 0 �2 �1 �2
6053-T5 . . . 3 3 3 7 11 2 0 8 �1
7075-T6 . . . �3 �3 �4 0 0 0 �1 �1 �4

.(a) Average tensile strength values were below required minimum. Source: Ref 95

Table 13a Change in tensile strength for cast aluminum alloys during various atmospheric exposures (ASTM International program)
Exposed as separately cast tensile specimens. Calculated from average tensile strength of several specimens (usually six)

Alloy and temper

Change in strength, %, during exposure of indicated length at

State College, PA New York, NY Kure Beach, NC

6 mo 1 yr 3 yr 5 yr 10 yr 6 mo 1 yr 3 yr 5 yr 10 yr 6 mo 1 yr 3 yr 5 yr 10 yr

Sand castings

208.0-F �1 �2 �2 �1 �2 �1 �4 �4 �3 0 �2 �5 �7 �6 �4
295.0-T6 1 �3 �2 �4 �2 �2 �6 �6 �5 �5 �7 �9 �9 �10 �9
319.0-T6 0 �1 �3 0 �3 1 �2 �6 �8 �5 �1 �5 �7 �6 �4
355.0-T6 0 1 �2 1 �3 1 0 �3 �1 �3 2 2 0 �1 �3
356.0-T6 1 �1 0 �1 �1 1 �1 �2 �2 �3 1 �1 0 �2 �2
443.0-F 3 0 �2 �2 �2 0 3 �2 �4 �3 �2 0 0 �1 �2
520.0-T4 1 �5 �4 �6 . . . 2 �1 �1 �2 . . . �2 �2 �5 �6 . . .
705.0-T5 1 �2 �6 �4 �1 0 0 �4 �3 �10 1 �2 �3 �3 �4
707.0-T5 1 �2 �1 �3 0 2 1 �5 �9 �15 2 �3 �9 �13 �18
710.0-T5 2 �2 �2 �1 �5 1 �3 �3 �2 �1 2 �1 �1 �2 �1
712.0-T5 0 �8 �3 �2 �7 0 �2 �4 �5 �2 �4 �3 �8 �2 �8
713.0-T5 1 3 �2 1 �1 �3 �4 �1 �1 �5 �5 �3 �8 �1 �3

Permanent mold castings

319.0-T61 1 �2 �1 �2 �2 1 �3 0 �4 �4 �5 �3 �4 �7 �5
355.0-T6 3 0 7 2 �4 1 �2 8 �2 �7 2 �7 5 �1 �5
443.0-F 3 0 �1 �1 �2 1 �3 �1 1 0 �1 0 �6 2 0
705.0-T5 �1 �2 �3 �5 �3 �2 0 �2 �3 �7 �3 �3 �5 �9 �5
707.0-T5 2 �2 �3 �3 �4 0 �2 �1 �4 �7 1 �2 �4 �7 �12
711.0-T5 �8 �11 �7 �6 �8 2 �4 �5 �2 �6 �2 �6 �6 �6 �11
713.0-T5 �2 �2 0 �1 �2 �1 �11 �2 �7 �2 �11 �12 �6 �4 �1

Source: Ref 95
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alloys are seldom used in outdoor applications
without protection.

Corrosivity of the atmosphere to metals varies
greatly from one geographic location to another,
depending on such weather factors as wind
direction, precipitation and temperature changes,
amount and type of urban and industrial pollu-
tants, and proximity to natural bodies of water.
Service life may also be affected by the design
of the structure if weather conditions cause
repeated moisture condensation in unsealed
crevices or in channels with no provision for
drainage. Laboratory exposure tests, such as salt
spray, total-immersion, and alternate-immersion
tests, provide useful comparative information
but have limited value for predicting actual
service performance and sometimes exaggerate
differences among alloys that are negligible
under atmospheric conditions (Ref 88). Conse-

quently, extensive long-term evaluations of
the effects of exposure in different industrial,
chemical, seacoast, tropical, and rural environ-
ments have been made (Ref 89–92).

Data collected in these programs include
measurements of maximum and mean depth
of attack, weight loss, and changes in tensile
properties. Because of the localized nature of
the prevalent pitting corrosion, which leaves
some (in many cases, most) of the original sur-
face intact even after many years of weathering,
weight loss or calculated average dimensional
change based on weight loss may have limited
significance. Changes in tensile strength, which
reflect the effects of size, number, distribution,
and acuity of pits, are generally most significant
from a structural standpoint, while depth-of-
attack determinations provide realistic measures
of penetration rate.

Effect of Exposure Time. A very important
characteristic of weathering of aluminum and
of corrosion of aluminum under many other
environmental conditions is that corrosion rate
decreases with time to a relatively low, steady-
state rate (Ref 89). This deceleration of corrosion
(Fig. 19–21) occurs regardless of alloy compo-
sition, type of environment, or the parameter
by which the corrosion is measured. However,
loss in tensile strength, which is influenced
somewhat by pit acuity and distribution but
is basically a result of loss of effective cross
section, decelerates more gradually than depth of
attack (Fig. 19).

The decrease in rate of penetration of corro-
sion is dramatic. In general, rate of attack at
discrete locations, which is initially approxi-
mately 0.1 mm/yr (4 mils/yr), decreases to
much lower and nearly constant rates within a
period of approximately 6 months to 2 years.
For the deepest pits, the maximum rate after
approximately 2 years does not exceed
approximately 0.003 mm/yr (0.11 mil/yr) for
severe seacoast locations and may be as low as
0.0008 mm/yr (0.03 mil/yr) in rural or arid cli-
mates. The dramatic deceleration in penetration
is illustrated by the specimen cross sections
shown in Fig. 20 and by the depth-of-attack
curves shown in Fig. 21, both of which are from
the same 30 year test program (Ref 93). Also
shown in Fig. 21 are results (shown as vertical
bars) from other test programs in which various
articles made of aluminum alloys were con-
tinuously exposed for various periods and in
different locations, many of which are less severe
than the relatively aggressive industrial envi-
ronment of New Kensington, PA.

Data for Wrought Alloys. Several major
test programs have been conducted under the
supervision of ASTM International to investi-
gate the weathering of aluminum alloy sheet.
The first program, started in 1931, was limited in
the variety of alloys tested but included desert,
rural, seacoast, and industrial exposures. Data
obtained after 20 years of exposure are listed
in Table 10. Corrosion rates were calculated
from cumulative weight loss after 20 years,
and average and maximum depths of attack
were measured microscopically. In aggressive
(seacoast and industrial) environments, the bare
(nonalclad) heat treated alloys—2017-T3 and, to
a lesser extent, 6051-T4—exhibited more severe
corrosion and greater resulting loss in tensile
strength than the non-heat-treatable alloys.
Alclad 2017-T3, although as severely corroded
as the non-heat-treatable materials, did not
show measurable loss in strength; in fact, some
specimens of this alloy were 2 to 3% higher
in strength after 20 years because of long-term
natural aging.

Data from a comprehensive program initiated
in 1958 were compiled from examinations
and tests performed after 7 years of exposure
(Ref 93). Thirty-four combinations of alloy
and temper in the form of 1.27 mm (0.050 in.)
thick sheet were exposed at four sites—two
seacoast, one industrial, and one rural; Table 11

Table 13b Change in tensile strength for cast aluminum alloys during various atmospheric
exposures (ASTM International program)
Exposed as separately cast tensile specimens. Calculated from average tensile strength of several specimens (usually six)

Alloy and temper

Change in strength, %, during exposure of indicated length at

Point Reyes, CA Freeport, TX

6 mo 1 yr 3 yr 5 yr 10 yr 6 mo 1 yr 3 yr 5 yr 10 yr

Sand castings

208.0-F . . . �11 �13 �11 �10 �4 �5 �5 �9 �6
295.0-T6 . . . �13 �15 �17 �16 �2 �9 �10 �10 �12
319.0-T6 . . . �9 �14 �11 �10 �2 �1 �7 �6 �4
355.0-T6 . . . �4 �8 �7 �10 1 �1 �4 �3 �7
356.0-T6 . . . 0 �1 �2 �5 2 �3 0 �3 �4
443.0-F . . . �7 �10 �10 �10 0 �1 �2 �4 �6
520.0-T4 1 �3 �6 �7 . . . 1 �4 �7 �11 . . .
705.0-T5 . . . 3 �8 �6 �4 6 3 �5 �4 �8
707.0-T5 . . . �5 �8 �7 �9 �1 �5 �15 �16 �32.(a)
710.0-T5 . . . �1 �3 �4 �3 4 �1 �1 0 �2
712.0-T5 . . . �7 �7 �8 �14 1 �7 �6 �9 �9
713.0-T5 . . . �3 �6 0 �3 �4 �6 �7 �6 �9

Permanent mold castings

319.0-T61 . . . �7 �15.(a) �14.(a) �16.(a) 0 �7 �4 �5 �5
355.0-T6 . . . �6 �2 �8 �13 4 �4 5 �2 �7
443.0-F . . . �7 �11 �8 �10 0 �1 �3 �2 �2
705.0-T5 . . . �5 �6 �3 �4 �3 �5 �5 �8 �14
707.0-T5 . . . �3 �2 �2 �9 1 �3 �6 �10 �24.(a)
711.0-T5 . . . �5 �9 �6 �9 1 �4 �3 �1 �8
713.0-T5 . . . �9 �6 �4 �9 �6 �9 �2 0 �6

.(a) Average tensile strength values were below required minimum. Source: Ref 95

Table 14 Atmospheric corrosion rates for aluminum and other nonferrous metals at several
exposure sites

Location
Type of

atmosphere

Depth of metal removed per side(a), in mm/yr, during exposure of indicated length for specimens of

Aluminum(b) Copper(c) Lead(d) Zinc(e)

10 yr 20 yr 10 yr 20 yr 10 yr 20 yr 10 yr 20 yr

Phoenix, AZ Desert 0.000 0.076 0.13 0.13 0.23 0.10 0.25 0.18
State College, PA Rural 0.025 0.076 0.58 0.43 0.48 0.30 1.07 1.07
Key West, FL Seacoast 0.10 . . . 0.51 0.56 0.56 . . . 0.53 0.66
Sandy Hook, NJ Seacoast 0.20 0.28 0.66 . . . . . . . . . 1.40 . . .
La Jolla, CA Seacoast 0.71 0.63 1.32 1.27 0.41 0.53 1.73 1.73
New York, NY Industrial 0.78 0.74 1.19 1.37 0.43 0.38 4.8 5.6
Altoona, PA Industrial 0.63 . . . 1.17 1.40 0.69 . . . 4.8 6.9

(a) Calculated from weight loss, assuming uniform attack, for 0.89 mm (0.035 in.) thick panels. (b) Aluminum 1100-H14. (c) Tough pitch copper (99.9%
Cu). (d) Commercial lead (99.92% Pb). (e) Prime western zinc (98.9% Zn). Source: Ref 98
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lists average values of measurements reported
at two of the more aggressive sites. In another
ASTM International program, 10 years of
weathering produced the changes in tensile
strength reported in Table 12.

Data from these and other weathering pro-
grams (Ref 96, 97) demonstrate that differences
in resistance to weathering among non-heat-
treatable alloys are not great, that alclad products
retain their strength well because corrosion
penetration is confined to the cladding layer,
and that corrosion and resulting strength loss
tend to be greater for bare (nonalclad) heat
treatable 2xxx- and 7xxx-series alloys.

Data for Casting Alloys. The testing pro-
gram that was the source of the strength change
data for wrought alloys given in Tables 9(a) and
(b) also provided weathering data for casting
alloys exposed for the same period of time and
at the same sites. Specimens were separately
sand-cast and permanent mold-cast tensile bars,
each with a reduced section 12.7 mm (0.5 in.) in
diameter. Strength change data for these alloys
are summarized in Table 13. Alloys with rela-
tively high copper contents, such as 295.0-T6,
208.0-F, 319.0-T6, and 319.0-T61, showed the
greatest losses. Alloys of the zinc-containing
7xx.x series generally exhibited larger strength
losses than alloys having low zinc or copper
contents. In all cases, as for wrought materials,
severity of corrosion varied widely, depending
on environmental conditions.

Comparison with Other Metals. Other
metals were exposed to the same weathering
environments over the same time periods used to
evaluate corrosion of aluminum alloys. Com-
parative corrosion rates (average loss in thick-
ness per side calculated from weight losses
measured after exposures of 10 and 20 years)
are listed in Table 14 for aluminum, copper, lead,
and zinc panels. Figure 22 compares losses in
tensile strengths at several weathering sites for

unprotected low-carbon steel (0.09C, 0.07Cu)
and for aluminum alloys.

Filiform Corrosion

Filiform corrosion, sometimes termed worm-
track corrosion, occurs on aluminum when it
is coated with an organic coating and exposed
to warm, humid atmospheres. The corrosion
appears as threadlike filaments that initiate at
defects in the organic coating, are activated by
chlorides, and grow along the metal/coating
interface at rates to 1 mm/d (0.04 in./d). The
moving end of the filament is called the head,
and the remainder of the track is called the tail.
It is not clear why this type of corrosion forms
tracks instead of circular spots of increasing
diameter.

Filiform corrosion occurs only in the atmo-
sphere, and relative humidity is the single most
important factor. This type of attack is rare
on aluminum below approximately 55% relative
humidity or above 95%. In natural atmospheres,
it occurs most readily on aluminum at relative
humidities between 85 and 95%. Although tem-
perature and the thickness of the organic coating
are minor factors, elevating the temperature
increases the rate of filament growth if the rela-
tive humidity stays within the critical range.

The presence of oxygen is fundamental
because it supplies the primary reactant for the
cathodic reaction. Essentially, filiform corrosion
is a type of oxygen concentration cell in which
the anodic area is the head of the filament
and the cathode is the area surrounding it,
including the tail (Ref 99).

Considerable acidity is generated at the lead-
ing edge of the head. Measurements of pH as
low as 1.5 to 2.5 have been reported, with the
electrolyte in the head containing large con-
centrations of chloride (Ref 100). Such acidic

solutions can be highly corrosive to aluminum
alloys if the filament head should stop moving.

Phosphate coatings or chromium-containing
conversion coatings applied to the metal surface
before the organic coating are widely used to
protect against filiform corrosion, but they are
not completely successful. Perfect coatings, the
absence of chlorides, or relative humidity below
30 to 40% would also be beneficial, but these
conditions are not likely to be encountered out-
side the laboratory.

Corrosion in Waters

High-Purity Water. Suitability of the more
corrosion-resistant aluminum alloys for use
with high-purity water at room temperature is
well established by both laboratory testing
and service experience (Ref 101). The slight
reaction with the water that occurs initially
ceases almost completely within a few days after
development of a protective oxide film of equi-
librium thickness. After this conditioning period,
the amount of metal dissolved by the water
becomes negligible.

Corrosion resistance of aluminum alloys in
high-purity water is not significantly decreased
by dissolved carbon dioxide or oxygen in the
water or, in most cases, by the various chemicals
added to high-purity water in the steam power
industry to provide the required compatibility
with steel. These additives include ammonia and
neutralizing amines for pH adjustment to control
carbon dioxide, hydrazine and sodium sulfate to
control oxygen, and filming amines (long-chain
polar compounds) to produce nonwettable
surfaces. Somewhat surprisingly, the effects
of alloying elements on corrosion resistance of
aluminum alloys in high-purity water at elevated
temperatures are opposite to their effects at room
temperature; elements (including impurities)
that decrease resistance at room temperature
improve it at elevated temperatures.

At 200 �C (390 �F), high-purity aluminum
of sheet thickness disintegrates completely
within a few days of reaction with high-purity
water to form aluminum oxide. In contrast, Al-
Ni-Fe alloys have the best elevated-temperature
resistance to high-purity water of all aluminum
metals; for example, alloy X8001 (1.0Ni-0.5Fe)
has good resistance at temperatures as high as
315 �C (600 �F) (Ref 102).

Natural Waters. Aluminum alloys of the
1xxx, 3xxx, 5xxx, and 6xxx series are resistant to
corrosion by many natural waters (Ref 103–105).
The more important factors controlling the cor-
rosivity of natural waters to aluminum include
water temperature, pH, and conductivity; avail-
ability of cathodic reactant; presence or absence
of heavy metals; and the corrosion potentials
and pitting potentials of the specific alloys.
Various correlations of the corrosivity of natu-
ral waters to aluminum have been attempted
(Ref 106), but none predicts the corrosivity of
all natural waters reliably.
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Seawater. Service experience with 1xxx,
3xxx, 5xxx, and 6xxx wrought aluminum alloys in
marine applications, including structures, pipe-
line, boats, and ships, demonstrates their good
resistance and long life under conditions of
partial, intermittent, or total immersion. Casting
alloys of the 356.0 and 514.0 types also show
high resistance to seawater corrosion, and these
alloys are used widely for fittings, housings, and
other marine parts.

Among the wrought alloys, those of the 5xxx
series are most resistant and most widely used
because of their favorable strength and good
weldability. Alloys of the 3xxx series are also
highly resistant and are suitable where their
strength range is adequate. With the 3xxx- and
5xxx-series alloys, thinning by uniform corrosion
is negligible, and the rate of corrosion based
on weight loss does not exceed approximately
5 mm/yr (0.2 mil/yr), which is generally less

than 5% of the rate for unprotected low-carbon
steel in seawater. Corrosion is mainly of the
pitting or crevice type, characterized by de-
celeration of penetration with time from rates of
3 to 6 mm/yr (0.1 to 0.2 mil/yr) in the first year
to average rates over a 10 year period of 0.8 to
1.5 mm/yr (0.03 to 0.06 mil/yr).

The Al-Mg-Si 6xxx alloys are somewhat less
resistant; although no general thinning occurs,
weight loss may be two to three times that for

Table 15 Average weight loss and maximum depth of pitting for aluminum alloy plate specimens after immersion in seawater
Specimens were 6.35 · 305 · 305 mm (0.250 · 12 · 12 in.) and weighed approximately 1.6 kg (3.5 lb).

Test series
Alloy and

temper

Harbor Island, NC(a) Halifax, NS Esquimalt, BC(a)

1 yr 2 yr 5 yr 10 yr 1 yr 2 yr 5 yr 10 yr 1 yr 2 yr 5 yr 10 yr

Weight loss, g

1 1100-H14 4.4 5.4 10.3 11.1 1.9 3.5 5.3 12.7 0.0 2.4 1.3 2.3
3003-H14 4.1 6.4 9.3 11.2 0.0 3.3 4.6 7.5 0.0 0.0 3.0 2.2
5052-H34 4.5 6.5 9.0 14.9 2.8 3.3 . . . 14.2 1.7 0.0 0.0 0.6
6051-T4 3.7 4.9 9.9 12.3 0.0 0.7 3.5 8.0 1.9 7.8 19.0 14.6
6051-T6 4.4 5.7 10.3 13.1 2.1 5.5 6.1 19.5 22.5 13.8 19.9 27.3
6061-T4 4.8 6.6 12.4 18.6 4.4 6.0 8.0 15.6 0.9 2.3 28.2 62.0
6061-T6 5.5 7.7 14.0 21.5 4.3 7.3 12.7 22.8 6.7 7.1 11.1 44.3
7072. . . . . . . . . . . . 10.2 . . . . . . . . . 15.9 . . . . . . . . . 3.1
7075-T6 . . . . . . . . . 149.0 . . . . . . . . . 242.6 . . . . . . . . . 246.5

2 5083 2.5 3.7 . . . 7.3 2.8 0.0 6.1 8.5 1.3 1.9 2.7 3.3
5083 4.7 3.4 5.7 8.1 2.6 3.2 5.2 7.5 15.3 16.3 36.3 31.1
5056 3.7 4.7 6.0 9.2 2.5 3.3 5.7 10.4 10.7 16.5 19.5 28.9
5056 4.5 5.2 . . . 16.7 4.0 4.1 5.5 11.1 7.0 6.0 11.0 11.4
6051-T4 3.9 4.2 12.1 9.1 3.6 3.1 5.5 9.2 9.1 18.8 15.3 51.0
6051-T6 4.1 4.5 7.7 10.6 5.3 4.1 8.4 18.6 17.2 23.3 30.6 33.5
6053-T6 4.1 4.5 6.6 9.7 3.0 3.3 5.6 14.8 15.7 25.1 19.3 25.8
6061-T4 7.6 13.4 29.4 51.6 9.8 11.2 33.2 48.5 12.3 26.8 48.7 48.0
6061-T6 5.5 6.5 15.4 34.2 10.0 9.4 19.1 54.1 7.3 7.0 21.3 18.6
Al-7 Mg 4.1 4.1 6.5 9.4 2.4 2.4 4.6 8.0 1.6 2.9 2.1 3.3
Low-carbon

steel(b)
219.0 294.0 471.3 979.8 208.0 292.6 761.1 1450.0 277.0 455.4 1012.4 2240.8

3 5154 2.8 5.2 6.0 . . . 2.4 2.6 3.8 . . . 1.4 2.1 2.6 . . .
5083 3.5 4.6 6.0 . . . 2.0 2.8 3.6 . . . 0.2 2.2 2.8 . . .
6053-T6 3.8 6.6 25.9 . . . 19.3 29.2 4.7 . . . 45.6 80.4 86.0 . . .
7075-T6 60.4 49.3 74.8 . . . 44.8 66.1 116.0 . . . 50.9 71.3 153.5 . . .
3003. alclad 4.3 12.0 . . . . . . 1.6 2.3 . . . . . . . . . 1.9 . . . . . .
6061, alclad 4.3 3.9 5.7 . . . 8.4 3.3 6.5 . . . 20.8 15.8 34.3 . . .
7075, alclad 4.4 5.2 6.1 . . . 2.8 3.6 6.8 . . . 8.5 14.5 16.6 . . .

Maximum depth of pitting, mils

1 1100-H14 0 0 40 40 17 32 0 32 30 26 15 30
3003-H14 0 0 13 21 13 15 21 22 5 20 0 20
5052-H34 0 0 0 0 5 20 6 12 16 6 0 5
6051-T4 0 0 5 0 0 10 0 62 10 65 51 37
6051-T6 2 0 5 0 19 56 15 64 70 60 181 238
6061-T4 0 13 2 14 12 18 21 33 15 50 20 50
6061-T6 36 24 60 95 36 43 43 54 30 25 80 116
7072 . . . . . . . . . 56 . . . . . . . . . 150 . . . . . . . . . 26
7075-T6 . . . . . . . . . 66 . . . . . . . . . (c) . . . . . . . . . (c)

2 5083 12 9 6 0 3 0 12 7 13 5 0 6
5083 16 13 6 10 4 23 16 22 29 38 47 55
5056 7 10 7 5 3 0 12 15 20 39 34 35
5056 10 10 5 28 0 0 10 24 20 1 0 11
6051-T4 16 4 7 15 3 0 9 35 25 47 109 170
6051-T6 11 17 9 15 5 8 25 60 55 34 184 200
6053-T6 30 15 14 58 28 34 66 95 93 126 165 105
6061-T4 67 100 144 130 50 67 90 122 60 100 125 125
6061-T6 15 27 36 40 38 47 58 67 35 48 60 55
Al-7 Mg 12 7 8 8 3 0 12 14 8 12 0 7

3 5154 12 9 5 . . . 0 12 15 . . . 0 0 3 . . .
5083 22 1 7 . . . 0 11 7 . . . 0 0 5 . . .
6053-T6 28 150 186 . . . 93 91 34 . . . 81 118 118 . . .
7075-T6 25 25 25 . . . 18 17 (d) . . . 15 11 (d) . . .
3003, alclad 0 12 . . . . . . 0 13 . . . . . . . . . 13 . . . . . .
6061, alclad 10 10 9 . . . 9 11 9 . . . 11 13 9 . . .
7075, alclad 10 15 13 . . . 13 14 12 . . . 12 14 15 . . .

(a) Harbor Island is near Wilmington, NC; Esquimalt is near Victoria, BC. (b) Original weight approximately 4.8 kg (10.6 lb). (c) Plate was perforated. (d) Could not determine because no original surface left. Source: Ref 2
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5xxx alloys. The more severe corrosion is re-
flected in larger and more numerous pits.

Alloys of the 2xxx and 7xxx series, which
contain copper, are considerably less resistant
to seawater than 3xxx, 5xxx, and 6xxx alloys
and are generally not used unprotected. Protec-
tive measures, such as use of alclad products
and coating by metal spraying or by painting,
provide satisfactory service in certain situations.

Aluminum boats operating in saltwater re-
quire antifouling paint systems, because alumi-
num and its alloys do not inhibit growth of
marine organisms. Aluminum is impervious to
worms and borers, and the acids exuded from
marine organisms are not corrosive to aluminum;
but the accumulation of biofouling on the bottom
of the boat impairs performance. Aluminum
boats operating in both salt- and freshwater,
which alleviates fouling problems, have been
able to leave underwater hull areas unpainted
(Ref 107).

To make antifouling paint systems adhere
properly to aluminum, careful surface prepara-
tion of the metal is necessary. A thorough
precleaning and either a conversion coating or
a washcoat primer are required, followed by a
corrosion-inhibiting primer and a topcoat. The
antifouling paint is applied to the topcoat. Prim-
ers containing red lead should not be used,
because this substance may cause galvanic
corrosion of the aluminum. For the same reason,
copper-containing antifouling paints should not
be used on aluminum hulls. The preferred anti-
fouling paints for aluminum are those containing
organic tin compounds.

The literature on corrosion testing of alumi-
num alloys in seawater is extensive. Summaries

of information are provided in Ref 108 and
109 and in most of the selected references.
Table 15 lists results of 10 year immersion test-
ing of various alloys in the form of rolled plate
exposed in three locations. The relationships
among the types of alloys that have been dis-
cussed and a comparison with unprotected
low-carbon steel are apparent. Similar data for
extruded products of several 6xxx alloys and
one 5xxx alloy are given in Table 16. Direct
comparison of the data in Tables 15 and 16 is
provided in Table 17, in which corrosion is
expressed in terms of average weight loss, and
in Fig. 23, which illustrates the deceleration of
corrosion rate with time that is characteristic
of aluminum alloys. Data on corrosion rates,
maximum and average depth of pitting, and
changes in tensile strength compiled during 10
year tidal and full-immersion exposure of seven
5xxx alloys and superpurity aluminum 1199 are
summarized in Table 18. Full immersion gen-
erally resulted in more extensive corrosion than
tidal exposure, although the reverse relationship
has also been observed. Tensile-strength losses
were 5% or less, and yield-strength losses were
less than 5% in the panels completely immersed
and generally lower in those exposed to tidal
immersion.

The data in Table 19 illustrate the corrosion
resistance of aluminum alloy plates, with and
without riveted or welded joints, in flowing
seawater. All assemblies and panels underwent
only moderate pitting and retained most of their
original strength.

The corrosion behavior of aluminum alloys in
deep seawater, judging from tests at a depth of
1.6 km (1 mile), is generally the same as at

the surface except that the rate of pit pene-
tration may be higher and the effect of crevices
somewhat greater (Ref 111). The corrosivity of
unpolluted full-strength seawater depends on
several factors: dissolved oxygen content; pH,
temperature, and velocity of the water flow; and
the presence or absence of heavy-metal ions,
particularly copper (Ref 48). The corrosion rate
tends to be increased by decreasing tempera-
ture, pH, and flow velocity and by increasing
dissolved oxygen (Ref 48, 112–114). The higher
corrosion rate in deep water is not caused by
low dissolved oxygen, as stated in the older
literature, but is caused by the combination of
low pH and low temperature.

Surface-water conditions at various tropical
locations are benign to aluminum alloys because
of their high temperature, high pH, and the
virtual absence of heavy-metal contamination
(Ref 115–117). A variety of aluminum alloys in
the form of heat-exchanger tubing have been
tested for up to 3 years in surface water off
Keahole Point, HI, with no significant pitting
or crevice corrosion (Ref 115).

Experience with seawater desalination units
has demonstrated the high degree of resistance
of aluminum alloys to deaerated seawater
at temperatures to 120 �C (250 �F). For ex-
ample, an 11,355 L/day (3000 gal/day) multi-
flash aluminum unit at the Office of Saline
Water Materials Test Center at Freeport, TX,
operated at 99% efficiency and with minimal
corrosion for more than 3 years under process
conditions selected to match those of a com-
mercial installation. Such experience has shown,
however, that galvanic attack of aluminum
alloys in contact with dissimilar metals is more

Table 16 Average weight loss and maximum depth of pitting for aluminum alloy extruded specimens after immersion in seawater
Specimens were 6.35 mm (0.250 in.) thick, 0.170 m2 (1.83 ft2) in area, and weighed approximately 1.2 kg (2.6 lb).

Test series Alloy and temper

Harbor Island, NC(a) Halifax, NS Esquimalt, BC(a)

1 yr 2 yr 5 yr 10 yr 1 yr 2 yr 5 yr 10 yr 1 yr 2 yr 5 yr 10 yr

Weight loss, g

1 6051-T4 2.9 0.0 8.0 8.2 7.8 1.5 4.5 6.3 2.8 0.0 . . . . . .
6051-T6 6.2 0.0 . . . 14.6 9.0 10.5 12.8 23.4 15.4 40.7 29.7 83.0
6061-T4 4.7 10.9 . . . 7.4 0.0 0.4 4.3 7.4 0.2 10.0 29.8 38.3
6061-T6 3.0 6.9 8.1 16.4 3.8 5.0 7.1 15.5 15.5 14.1 25.2 59.2

2 5056 3.2 2.7 6.3 9.9 6.3 2.8 4.2 6.2 5.0 1.9 3.6 4.8
6051-T4 3.0 3.4 6.5 8.0 13.1 9.2 7.8 12.0 16.0 16.7 18.0 35.4
6051-T6 4.9 11.1 5.7 9.4 19.9 . . . 23.0 78.9 23.0 30.2 41.3 122.8
6053-T6 3.3 4.9 6.9 10.6 2.6 3.0 4.5 8.9 4.5 43.5 35.3 99.9

3 5056 2.0 5.2 5.1 . . . 1.3 1.3 2.1 . . . 3.5 9.4 2.4 . . .
6063-T5 2.6 3.3 6.5 . . . 2.4 3.5 4.9 . . . 6.6 13.4 13.1 . . .
6053-T6 2.8 3.0 5.3 . . . 25.7 12.0 30.6 . . . 43.5 29.9 77.1 . . .

Maximum depth of pitting, mils

1 6051-T4 0 0 27 20 27 27 14 32 35 23 65 72
6051-T6 70 40 46 67 52 68 125 (b) 70 (b) 160 (b)
6061-T4 23 23 27 12 25 20 12 32 33 45 56 70
6061-T6 13 13 10 15 15 9 14 27 20 30 46 45

2 5056 13 7 35 32 60 0 16 41 30 17 99 50
6051-T4 57 5 20 15 34 65 30 74 66 65 90 115
6051-T6 58 4100 34 45 100 . . . 84 (b) 64 85 107 4200(c)
6053-T6 13 25 93 46 0 0 7 34 80 110 175 210

3 5056 28 68 17 . . . 0 3 15 . . . 37 72 63 . . .
6063-T5 42 35 45 . . . 27 25 30 . . . 70 66 136 . . .
6053-T6 28 1 20 . . . 185 90 (b) . . . 178 (b) (b) . . .

(a) Harbor Island is near Wilmington. NC; Esquimalt is near Victoria. BC. (b) Plate was perforated. (c) In thick web of angle. Source: Ref 2
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severe at elevated temperatures than at room
temperature.

Corrosion in Soils

Soils differ widely in mineral content, texture
and permeability, moisture, pH and aeration,
presence of organic matter and microorganisms,
and electrical resistivity. Because of these vari-
ations, the corrosion performance of buried
aluminum varies considerably, and a clear under-
standing of its behavior has depended on the
accumulation of many field corrosion tests and
actual case histories over an extended period
of time (Ref 2, 118, 119).

Corrosion of the copper-containing 2xxx- and
7xxx-series alloys in moist low-resistivity soils,
measured by weight loss and pitting depth, is
several times greater than corrosion of the
more resistant 1xxx-, 3xxx-, 5xxx-, and 6xxx-
series alloys, and applications of the copper-
bearing alloys for buried service is limited
accordingly. Use of cathodic protection or alclad
products effectively reduces corrosion or limits
penetration.

Aluminum alloys 3003, 6061, and 6063 are
most frequently used for surface and under-
ground pipelines for irrigation, petroleum, and
mining applications. Most early installations
used uncoated pipe (Ref 120). Hundreds of miles
of pipe were installed, ranging in wall thickness
from 1.5 to 19 mm (0.06 to 0.75 in.). Some of
these have been in service for over 40 years.
When used, coatings are usually bituminous
products or tape wraps. Unprotected sections
exhibited corrosion attack ranging from almost
none to deep pitting. Cathodically protected
sections of some of the same pipes in corrosive
soil showed either no attack or only mild
etching. Cathodic protection of buried alu-
minum was standardized in 1963 (Ref 41). In
addition to pipelines, extensive experience was
gained with aluminum culverts in various soils
(Ref 121).

Soil resistivity provides a useful guideline to
soil corrosivity; corrosion problems are usually
limited to soils having resistivities less than
1500 V . cm (Ref 122). Experience has shown
that soils, at least to the depth normally used to
bury pipelines, are noncorrosive to aluminum
over large areas of North America. However,
noncorrosive soils can be rendered corrosive if
they become contaminated with certain sub-
stances, such as cinders, and variability of soils
along a long pipeline can lead to galvanic
corrosion of portions of the line.

Techniques for installing buried aluminum
pipelines have improved, including better
joining methods and the ability to plow in
long lengths of pipe directly from coils.
A high-energy joining technique has replaced
conventional field welding (Ref 122). The
technique does not require filler metal and is
sufficiently rapid that it does not produce heat-
affected zones in the metal.

Table 17 Average weight loss (mg/m2) for aluminum alloys in seawater (from Tables 12
and 13)

Test series

Harbor Island, NC Halifax, NS Esquimalt, BC

1 yr 2 yr 5 yr 10 yr 1 yr 2 yr 5 yr 10 yr 1 yr 2 yr 5 yr 10 yr

Series 1: plate(a)

1100, 3003, 5052 22 32 49 64 9 18 26 60 3 4 7 9
6051, 6061 24 32 60 85 12 25 39 85 41 40 101 191

Series 1: extrusions(b)

6051, 6061 25 26 47 68 30 26 42 78 50 95 166 354

Series 2: plate(a)

Al-Mg 20 22 32 52 15 13 28 47 37 39 74 81
Al-Mg-Si 26 34 75 119 55 54 75 149 64 111 140 183

Series 2: extrusions(b)

Al-Mg 19 19 38 62 25 16 21 37 18 11 15 26
Al-Mg-Si 22 38 38 41 70 24 70 196 85 177 185 506

(a) Plate surface area 0.193 m2 (2.08 ft2). (b) Extrusion surface area. 0.170 m2 (1.83 ft2). Source: Ref 2
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It was concluded from early field experience
that buried aluminum pipelines should be coated,
because the risk of pitting could not be elimi-
nated, even in high-resistivity soils. In addition,
and in keeping with similar requirements for
buried steel lines, buried aluminum lines should
be cathodically protected. The current density
requirement for protecting aluminum is roughly
10% of that required for similarly coated steel.
Because of the risk of alkaline corrosion, applied
cathodic voltages should not be more negative

than �1.20 V versus the saturated Cu/CuSO4

electrode.

Resistance of Anodized Aluminum

Anodizing is an electrolytic oxidation process
that produces on an aluminum surface an integral
coating of amorphous aluminum oxide that
is much thicker than the natural barrier layer.
The anodic coatings used for decoration and/or

protection of aluminum have a thin, nonporous
barrier-type layer adjacent to the metal interface
and a porous outer layer that can be sealed by
hydrothermal treatment in water or in a metal salt
solution to increase its protective value. The
entire coating adheres tightly to the aluminum
substrate, resists abrasion, and, when adequate in
thickness, provides greatly improved protection
against weathering and other corrosive con-
ditions (Ref 123).

For outdoor applications of aluminum parts, a
coating thickness of 5 to 7.6 mm (0.2 to 0.3 mil)
is normally specified for bright automotive trim
and 17 to 30 mm (0.7 to 1.2 mils) for archi-
tectural product finishes. Dichromate sealing
affords added protection in severe saline envi-
ronments. Because coatings can be attacked and
stained by alkaline building materials (such
as mortar, cement, and plaster), a clear, non-
yellowing lacquer is often applied to anodized
aluminum architectural parts to protect the
finish during construction. An added advantage
of lacquer coatings is that they minimize soil
accumulation during service.

In general, chemical resistance of anodic coat-
ings is greatest in approximately neutral solu-
tions, but such coatings are usually serviceable
and protective if the pH is between 4 and 8.5.
More acidic and more alkaline solutions attack
anodic coatings.

Under atmospheric weathering, the number of
pits developed in the base metal decreases
exponentially with increasing coating thickness
(Fig. 24). The pits may form at minute dis-
continuities or voids in the coating, some of
which result from large second-phase particles
in the microstructure. The pit density was de-
termined by dissolving the anodic coating in a
stripping solution that does not attack the metal
substrate. After the 81/2 year exposure, the pits
were of pin-point size and had penetrated less

Table 18 Summary of data from 10 year seawater exposures at Wrightsville Beach, NC

Alloy and temper Mg, %

Thickness
Corrosion rate based on

weight change
Maximum depth of attack

in 10 years
Average depth of attack

in 10 years Change in tensile
strength in
10 years, %mm in. mm/yr mil/yr mm mil mm mil

Half-tide exposure

1199 . . . 1.27 0.050 0.91 0.036 0.99 0.039 0.07 0.003 0
5154-H38 3.5 1.27 0.050 0.94 0.037 0.50 0.020 0.13 0.005 �2.1
5454-H34 2.7 6.35 0.250 1.04 0.041 0.39 0.015 0.07 0.003 �0.7
5457-H34 1.0 1.02 0.040 0.91 0.036 0.56 0.022 0.03 0.001 �4.2
5456-O 5.1 6.17 0.243 0.36 0.014 1.74 0.069 0.32 0.013 �0.4
5456-H321 5.1 6.17 0.243 1.29 0.051 1.83 0.072 0.34 0.013 �4.5
5083-O 4.5 6.35 0.250 0.91 0.036 0.97 0.038 0.31 0.012 0
5086-O 4.0 2.03 0.080 0.89 0.035 0.69 0.027 0.06 0.002 �2.7

Full-immersion exposure

1199 . . . 1.27 0.050 1.55 0.061 . . . . . . . . . . . . 0
5154-H38 3.5 1.27 0.050 1.40 0.055 . . . . . . . . . . . . �5.1
5454-H34 2.7 6.35 0.250 1.50 0.059 0.51 0.020 0.10 0.004 �0.5
5457-H34 1.0 1.02 0.040 1.42 0.056 . . . . . . . . . . . . �5.2
5456-O 5.1 6.17 0.243 2.95 0.116 3.33 0.131 1.01 0.040 �3.0
5456-H321 5.1 6.17 0.243 1.62 0.064 1.12 0.044 0.31 0.012 �1.1
5083-O 4.5 6.35 0.250 1.50 0.059 0.61 0.024 0.03 0.001 0
5086-O 4.0 2.03 0.080 1.45 0.057 . . . . . . . . . . . . �3.7

Source: Ref 110

Table 19 Corrosion resistance of aluminum alloy plate, with and without joints, partially
immersed in flowing seawater at Kure Beach, NC

Alloy and temper Type of joint
Exposure

period, years

Maximum depth of attack, mils

Rivet or weld

Change in tensile
strength due

to corrosion(a), %

Plate

Outside surface Faying surface

Continuously immersed

6053-T6 Riveted(b) 6 1.4 3.0 8.4 0
6061-T6 Riveted(c) 1 1.4 2.8 2.8 0
6053-T6 Welded(d) 2 5.0 . . . 4.2 . . .
6061-T6 Welded(d) 1 5.0 . . . 9.8 . . .
6061-T4 None 3 2.1 . . . . . . 2
6061-T6 None 3 1.4 . . . . . . 1
2024-T4 alclad(e) None 5 4.2 . . . . . . 0
3004-H14 alclad(f) None 5 1.4 . . . . . . �5
520.0-T4(g) None 3 4.2 . . . . . . �4

Not immersed (atmospheric exposure)

6053-T6 Riveted(d) 6 5.6 5.6 11.7 �1
6061-T6 Riveted(e) 1 5.6 2.1 8.5 0
6053-T6 Welded(f) 2 3.3 . . . 9.8 . . .
6061-T6 Welded(f) 1 7.0 . . . 9.8 . . .
6061-T4 None 3 2.1 . . . . . . 1
6061-T6 None 3 4.2 . . . . . . 1
2024-T4 alclad(e) None 5 8.4 . . . . . . 0
3003-H14 alclad(f) None 5 7.0 . . . . . . �5
520.0-T4(g) None 3 1.4 . . . . . . 4

(a) Results of testing 6.4 mm (0.25 in.) thick ASTM International tensile specimens cut from indicated location in test plate (generally, two specimens
were cut from each test plate and the results were averaged). (b) 6053-T6 rivets. (c) 6061-T43 rivets. (d) 4043 filler metal. (e) Average thickness of
cladding on each surface, 297 mm (11.7 mils). (f) Average thickness of cladding on each surface. 307 mm (12.1 mils). (g) Sand cast. Source: Ref 4
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than 50 mm (2.0 mils). Specimens with coatings
at least 22 mm (0.9 mil) thick were practically
free of pitting.

Weathering of anodic coatings involves rela-
tively uniform erosion of the coating by wind-
borne solid particles, rainfall, and some chemical
reaction with pollutants. The available informa-
tion indicates that such erosion occurs at a re-
asonably constant rate, which averaged 0.33 mm/
yr (0.013 mil/yr) for several alloys exposed to an
industrial atmosphere for 18 years (Fig. 25).

A 3 year seacoast exposure of specimens
of several alloys with 23 mm (0.9 mil) thick
sulfuric acid coatings caused no visible pitting
except in several alloys of the 7xxx series and in
a 2xxx alloy (Table 20). Alloys that exhibited
pitting where not protected any more effectively
by 51 mm (2 mils) thick coatings. This confirms
a general observation that optimal protection
against atmospheric corrosion is achieved in the
coating thickness range of 18 to 30 mm (0.7 to
1.2 mils) and that thicker coatings provide little
additional protection.

Anodized aluminum exterior automotive
parts, such as bright trim and bumpers, exhibit
good resistance to deicing salts and other
ingredients of road splash despite the limited
thickness applied to maintain brightness and
image clarity. Development of a hazy coating
appearance is considered more of a problem than
pitting during service in these applications. The
hazy appearance results from scattering of light
from a coating surface that has been micro-
roughened as a result of inadequate sealing or use
of excessively harsh alkaline cleaners.

Anodic coatings, unless used as part of a
protective system that includes such other
measures as shot peening or painting, are not
reliable for protection against SCC of susceptible
alloys. Data obtained with short-transverse
direction specimens from plate of alloy 7075-
T651 and other susceptible alloys show that
the anodic coating may retard, have no effect,
or even accelerate SCC, depending on the level
of stress and, to some extent, on whether or not
the stress was present before anodizing. High
stresses applied after anodizing crack the coat-
ing. The effects of several applied protective
measures on lifetimes of specimens in industrial
and seacoast environments under relatively high
elastic strain are shown in Fig. 26, in which
the relatively small protective value of anodic
coatings is apparent (Ref 125).

Effects of Nonmetallic
Building Materials

Many nonmetallic building materials that
contact aluminum during and after construction,
either intentionally or accidentally, have been
evaluated to determine their corrosive effects
(Ref 126). Many of these materials that contain
calcium or magnesium hydroxides are alkaline
and, when wet, may cause overall surface attack

of bare aluminum. This early reaction produces
protective films of limited solubility that resist
further corrosion. Such materials cause only
superficial or mild surface attack, most of which
occurs during initial stages of exposure.

Drainage from freshly applied concrete,
plaster, mortar, or stucco is highly alkaline and
causes slight attack and discoloration. This is
most likely to occur during or shortly after con-
struction, and leaching by subsequent rains,
as well as conversion to carbonates, reduces the
alkalinity and further attack. Staining can be
effectively prevented by organic coatings.

Some insulating materials that are porous
and absorbent may cause corrosion when wet. If
more cathodic metals, such as steel or copper
alloys, are electrically coupled with the alumi-
num through these materials, galvanic attack
may occur. Protective paint films on the cathodic
metal, moisture barriers, or chemical inhibition
are required for optimal performance under these
conditions.

Concrete, plaster, mortar, and cements also
cause superficial etching of aluminum, most
of which occurs during the curing period. The
surface attack involves dissolution of the natural
oxide film and some of the metal, but a new
film is formed that prevents further corrosion.
Coupling with more cathodic metals has little
effect on aluminum embedded in these materials,
except in those that contain certain curing or
antifreeze additives.

When partly embedded in concrete, some
metals undergo accelerated corrosion where the
metal intersects the exposed surface of the con-
crete. This effect is usually not important for
aluminum, but special consideration must be
given to protection of faying surfaces or crevices
between the aluminum and the concrete, which
may entrap environmental contaminants. For
example, highway railings and streetlight stan-
dards and stanchions are usually coated with a
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Table 20 Results of 3 year seacoast
exposure testing of anodized aluminum
alloys

Alloy and temper Results

Sheet

1100 No visible pitting
2024-T3, alclad Edge pitting only
5456-H343 No visible pitting
5086-H34 No visible pitting
6061-T6 No visible pitting
7039-T6 No visible pitting
7075-T6 Edge pitting only
7075-F, alclad Edge pitting only
7079-T6 Edge pitting only

Extrusions

6351-T6 No visible pitting
6061-T6 No visible pitting
6063-T5 No visible pitting
6070-T6 No visible pitting
7039-T6 Scattered small pits

Note: H2SO4 anodic coatings 23 mm (0.9 mil) thick, sealed in boiling
water on test panel 100 · 150 mm (4 · 6 in.) cut from sheet and
extrusions
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sealing compound where they are fastened to
concrete in order to prevent entry of salt-laden
road splash into crevices.

Contact with Foods,
Pharmaceuticals, and Chemicals

The widespread use of aluminum in process-
ing, handling, and packaging of foods, bev-
erages, and pharmaceutical and chemical
products is based on economic factors and the
excellent compatibility of aluminum with many
of these products (Ref 127). In addition to high
corrosion resistance in contact with such pro-
ducts, many of these applications depend on the
nontoxicity of aluminum and its salts, as well as
its freedom from catalytic effects that cause

product discoloration. Aluminum for packaging
foods, beverages, and pharmaceutical products
accounts for approximately 20% of the alumi-
num marketed in the United States (Ref 128).
The largest amount is used in beverage cans, and
a smaller amount for foods. These cans generally
have both internal and external organic coatings,
primarily for decoration and for protection of
product taste.

Large quantities of aluminum foil, either
uncoated or with plastic coatings, are used in
flexible packages. Coated foil is also used with
fiber board in construction of rigid containers.
The foil in such rigid containers, because of
its extreme thinness, must be coated; only the
slightest corrosion can be tolerated, and per-
foration must not occur even during long periods
of storage. Packaging foils are produced from

unalloyed aluminum corresponding to com-
position limits for aluminum 1230. Sheet for
beverage can bodies is generally alloy 3004, food
can bodies alloys 5352 or 5050, and can ends
alloy 5182. These alloys have high corrosion
resistance and are not normally subject to
corrosion problems in such applications.

Aluminum alloy household cooking utensils,
usually made of alloy 1100 or 3003, have been
used for many years. These utensils, as well as
commercial food-processing equipment, do not
require protective coatings; however, ceramic
coatings are often applied to the exteriors of
cooking utensils for aesthetic reasons, and poly-
meric coatings to the food-contacting surfaces
for nonsticking characteristics. Alloys used in
commercial food processing include alloy 3003,
5xxx alloys, and casting alloys 444.0 and 514.0.
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Unsatisfactory performance is sometimes caused
by use of improper cleaners. Some alkaline
cleaners cause excessive corrosion and should
not be used unless they are inhibited effectively.

Aluminum alloys are used in processing,
handling, and packaging a wide variety of
chemical products (Ref 129, 130). Aluminum
alloys are compatible with dry salts of most
inorganic chemicals. Factors controlling com-
patibility of aluminum alloys with aqueous
solutions have been discussed in earlier sections
in this article. Within their passive pH range
(approximately 4 to 9), aluminum alloys resist
corrosion by solutions of most inorganic che-
micals, but they are subject to pitting in aerated
solutions, particularly halide solutions, in which
they are polarized to their pitting potentials.

Figure 27 illustrates the corrosion behavior
of aluminum in several acids and bases.
Aluminum alloys are not suitable for handling
mineral acids, with the exception of HNO3 in
concentrations above 82 wt% and H2SO4 from
98 to 100 wt%. Aluminum alloys resist most
alcohols; however, some alcohols may cause
corrosion when extremely dry and at elevated
temperatures (Fig. 27d). The same character-
istics are associated with phenol (Fig. 27f).
Aldehydes have little or no action on aluminum
(Fig. 27e). Under most conditions, particularly at
room temperature, aluminum alloys resist halo-
genated organic compounds, but under some
conditions, they may react rapidly or violently
with some of these chemicals. If water is present,
these chemicals may hydrolyze to yield mineral
acids that destroy the protective oxide film of
aluminum. Such corrosion by mineral acids
may in turn promote further reaction with the
chemicals themselves, because the aluminum
halides formed by this corrosion are catalysts for
some such reactions. To ensure safety, service
conditions should be ascertained before alumi-
num alloys are used with these chemicals,
and the most stringent precautions should be
exercised before they are used in finely divided
form.

Reactivity of aluminum alloys with haloge-
nated organic chemicals is inversely related to
the chemical stability of these reagents. Thus,
they are most resistant to chemicals containing
fluorine and are decreasingly resistant to those
containing chlorine, bromine, and iodine.
Aluminum alloys resist highly polymerized
halogenated chemicals, reflecting the high
degree of stability of these chemicals.

Resistance of aluminum and its alloys to many
foods and chemicals, representing practically all
classifications, has been established in laboratory
tests and, in many cases, by service experience.
Data are readily available from handbooks,
proprietary literature, and trade association
publications. Reference 131 is especially useful.

Much of the data from laboratory tests are for
chemicals of high purity. Caution should be
exercised in using these data to predict perfor-
mance of aluminum alloys with commercial
grades of chemicals. Corrosion of aluminum
alloys by inorganic chemicals is frequently

caused by such impurities as copper, lead, mer-
cury, and nickel, and corrosion by organic chem-
icals often results from the presence of other
organic chemicals. The combined effect of
impurities may exceed the sum of their individ-
ual effects.

Care of Aluminum

Handling and Storage. Because of the
excellent corrosion resistance of aluminum
alloys, users occasionally do not employ good
practice in the handling and storage of these
alloys. This can result in water stains or pitting.
Methods to avoid these unsightly surface effects
are described in the article “Surface Engineering
of Aluminum and Aluminum Alloys” in Surface
Engineering, Volume 5 of ASM Handbook,
1994.

Water stain is superficial corrosion that occurs
when sheets of bare metal are stacked or nested
in the presence of moisture. The source of
moisture may be condensation from the atmo-
sphere that forms on the edges of the stack and is
drawn between the sheets by capillary action.
Aluminum should not be stored at temperatures
or under atmospheric conditions conducive to
condensation. When such conditions cannot be
avoided, the metal sheets or parts should be
separated and coated with oil or a suitable cor-
rosion inhibitor. Once formed, water stain can be
removed by either mechanical or chemical
means, but the original surface brightness may be
altered.

Outdoor storage of aluminum, even under a
tarpaulin, is generally not desirable for long
periods of time; this varies with the alloy, the end
product, and the local environment. Moisture can
collect on the surface, sometimes at relative
humidities below the dewpoint, because of the
hygroscopic nature of the dust or particles that
deposit on the metal from the atmosphere. The
resulting staining or localized pitting, although
of little structural consequence in the 1xxx, 3xxx,
4xxx, 5xxx, and 6xxx alloys, is undesirable if the
aluminum will be used for an end product for
which surface finish is critical. The 2xxx and
7xxx bare alloys are susceptible to intergranular
attack under these conditions, and for these
alloys, use of strippable coatings, protective
wrappers, papers, or inhibited organic films is
advisable when adverse conditions cannot be
avoided.

Mechanical damage can be easily avoided by
good housekeeping practices, proper equipment,
and proper protection during transportation.
When transporting flat sheets or plates, the alu-
minum should be oiled or interleaved with
approved paper to prevent traffic marks, where
fretting action at points of contact causes surface
abrasion. Practices to avoid these defects are
described in Ref 132.

Cleaning and Deactivation of Corro-
sion. For many applications, minor surface
corrosion is of little consequence, and no clean-
ing is necessary. Where corrosion occurs that is

detrimental to strength or appearance if allowed
to continue, aluminum can be cleaned by a
number of methods (Ref 132). Removal of cor-
rosion products can be followed by deoxidizing
or brightening cleaners, if desired. Specifications
for all cleaners should state that they are suit-
able for aluminum. For architectural aluminum
products, aggressive or heavy-duty cleaners
should be avoided in favor of more frequent use
of mild cleaners. Other preventive and main-
tenance procedures are discussed in Ref 133.
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Corrosion of Copper and Copper Alloys
Revised by Arthur Cohen, Arthur Cohen & Associates

COPPER AND COPPER ALLOYS are
widely used in many environments and appli-
cations because of their excellent corrosion
resistance, which is coupled with combinations
of other desirable properties, such as superior
electrical and thermal conductivity, ease of fab-
ricating and joining, wide range of attainable
mechanical properties, and resistance to bio-
fouling. Copper corrodes at negligible rates in
unpolluted air, water, and deaerated nonoxidiz-
ing acids. Examples of the corrosion resistance
of copper alloys are artifacts that have been
found in nearly pristine condition after having
been buried in the earth for thousands of years,
and copper roofing in rural atmospheres has been
found to corrode at rates of less than 0.4 mm
(15 mils) in 200 years. Copper alloys resist many
saline solutions, alkaline solutions, and organic
chemicals. However, copper is susceptible to
more rapid attack in oxidizing acids, oxidizing
heavy-metal salts, sulfur, ammonia (NH3), and
some sulfur and NH3 compounds. Resistance to
acid solution depends mainly on the severity of
oxidizing conditions in the solution. Reaction of
copper with sulfur and sulfides to form copper
sulfide (CuS or Cu2S) usually precludes the use
of copper and copper alloys in environments
known to contain certain sulfur species.

Copper and copper alloys provide superior
service in many applications:

� Architectural components requiring resis-
tance to atmospheric exposure, such as roof-
ing, hardware, building fronts, grillework,
handrails, lock bodies, doorknobs, and kick
plates

� Freshwater supply lines and plumbing fittings
requiring resistance to corrosion by various
types of waters and soils

� Freshwater and seawater marine applica-
tions—supply lines, shafting, valve stems,
and marine hardware

� Heat exchangers and condensers in marine
service, steam power plants, and chemical
process applications, as well as liquid-to-gas
or gas-to-gas heat exchangers in which either
process stream may contain a corrosive con-
taminant

� Industrial and chemical plant process equip-
ment involving exposure to a wide variety of
organic and inorganic chemicals

� Electrical wire and cable, hardware, and
connectors; printed circuit boards; and elec-
tronic applications that require demanding
combinations of electrical, thermal, and
mechanical properties, such as semiconductor
packages, lead frames, and connectors

� Industrial products such as molds and bear-
ings

Copper and its alloys are unique among the
corrosion-resistant alloys in that they do not form
a truly passive corrosion product film. In aqueous
environments at ambient temperatures, the cor-
rosion product predominantly responsible for
protection is cuprous oxide (Cu2O). This Cu2O
film is adherent and follows parabolic growth
kinetics. Cuprous oxide is a p-type semi-
conductor formed by the electrochemical pro-
cesses:

4Cu+2H2O! 2Cu2O+4H++4e7 (anode)

(Eq 1)

and

O2+2H2O+4e7 ! 4(OH)7 (cathode)

(Eq 2)

with the net reaction: 4Cuþ O2! 2Cu2O.
For the corrosion reaction to proceed, copper

ions and electrons must migrate through the
Cu2O film. Consequently, reducing the ionic or
electronic conductivity of the film by doping
with divalent or trivalent cations should improve
corrosion resistance. In practice, alloying addi-
tions of aluminum, zinc, tin, iron, and nickel
are used to dope the corrosion product films,
and they generally reduce corrosion rates
significantly.

Effects of Alloy Composition

Copper alloys are traditionally classified
under the groupings listed in Table 1. The Uni-
fied Numbering System (UNS) numbers are
administered by the Copper Development
Association. Similar compositionally based
designation systems are used internationally.

Coppers and high-copper alloys have
similar corrosion resistance. They have excellent

resistance to seawater corrosion and biofouling
but are susceptible to erosion-corrosion at high
water velocities. The high-copper alloys with
beryllium, cadmium, and chromium are used in
applications that require enhanced mechanical
performance, often at slightly elevated tem-
perature, with good thermal or electrical con-
ductivity. Processing for increased strength in
the high-copper alloys generally improves their
resistance to erosion-corrosion. A number of
alloys in this category have been developed for
electronic applications—such as contact clips,
springs, and lead frames—that require specific
mechanical properties, relatively high electrical
conductivity, and atmospheric-corrosion resis-
tance.

Copper-Beryllium Alloys. These alloys
(C17000, C17200, and C17500) are essentially
immune to cracking in sodium, potassium,
magnesium, and mixed chloride salt solutions.
They show no loss of ductility or strength under
severe hydrogen-charging conditions. Superior
corrosion resistance and high hardness has led to
their long successful service as undersea com-
ponents, mold materials for plastic component
manufacture, and instrument housings for oil and
gas well drilling.

Brasses. The most widely used group of
copper alloys is the brasses, which are copper-
zinc alloys. The resistance of brasses to corrosion
by aqueous solutions does not change markedly
as long as the zinc content does not exceed 15%;
above 15% Zn, dezincification (dealloying) may
occur. Selective removal of zinc leaves a rela-
tively porous and weak layer of copper.
Dezincification may be either plug-type (Fig. 1)
or layer-type (Fig. 2).

By contrast, the resistance to pitting is almost
total when the zinc content exceeds 15%. The
brasses that resist pitting are severely degraded
by dezincification, however, causing them to
lose much of their strength, as illustrated in
Fig. 3.

Quiescent or slowly moving saline solutions,
brackish water, and mildly acidic solutions are
environments that often lead to the dezincifica-
tion of unmodified brasses. Susceptibility to
stress-corrosion cracking (SCC) is significantly
affected by zinc content; alloys that contain more
zinc are more susceptible. Resistance to SCC
increases substantially as zinc content decreases
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from 15 to 0%. Stress-corrosion cracking
is practically unknown in commercially pure
copper.

Elements such as lead, tellurium, beryllium,
chromium, phosphorus, and manganese have
little or no effect on the corrosion resistance of
coppers and binary copper-zinc alloys. These
elements are added to enhance such mechanical
properties as machinability, strength, and hard-
ness.

Tin Brasses. Tin additions significantly in-
crease the corrosion resistance of some brass-
es, especially dezincification. Examples of this
effect are two tin-bearing brasses: uninhibited
admiralty metal (no active UNS number) and un-
inhibited naval brass (C46400). Uninhibited
admiralty metal was once widely used to make
heat-exchanger tubes but has largely been
replaced by inhibited grades of admiralty metal
(C44300, C44400, and C44500), which have
even greater resistance to dealloying. Admiralty
metal is a variation of cartridge brass (C26000)
that is produced by adding approximately 1% Sn
to the basic 70Cu-30Zn composition. Similarly,
naval brass is the alloy resulting from the addi-
tion of 0.75% Sn to the basic 60Cu-40Zn com-
position of Muntz metal (C28000).

Cast tin brasses for marine use are also mod-
ified by the addition of tin, lead, and, sometimes,
nickel. The cast marine brasses are used for
plumbing in seawater piping systems and in deck
hardware, for which they are subsequently
chrome plated.

Aluminum Brass. Aluminum oxide (Al2O3)
is an important constituent of the corrosion film
on brass that contains a few percent aluminum in
addition to copper and zinc. This markedly
increases the resistance to impingement attack in
turbulent high-velocity saline water. For exam-
ple, the arsenical aluminum brass C68700
(76Cu-22Zn-2Al) is frequently used for marine
condensers and heat exchangers in which
impingement attack is likely to pose a serious
problem. Aluminum brasses are susceptible to
dezincification unless they are inhibited, which is
usually done by adding 0.02 to 0.10% As.

Inhibited Alloys. Addition of phosphorus,
arsenic, or antimony (typically 0.02 to 0.10%)
to admiralty metal, naval brass, or aluminum
brass effectively produces high resistance to
dezincification. Inhibited alloys have been
extensively used for such components as con-
denser tubes, which must accumulate years of
continuous service between shutdowns for repair
or replacement.

Phosphor Bronzes. Addition of tin and
phosphorus to copper produces good resistance
to flowing seawater and to most nonoxidizing
acids except hydrochloric (HCl). Alloys con-
taining 8 to 10% Sn have high resistance to
impingement attack. Phosphor bronzes are much
less susceptible to SCC than brasses and are
similar to copper in resistance to sulfur attack.
Tin bronzes—alloys of copper and tin—tend to
be used primarily in the cast form, in which they
are modified by further alloy additions of lead,
zinc, and nickel. Uses include pumps, valves,

Table 1 Classification of copper alloys

Generic name UNS numbers Composition

Wrought alloys

Coppers C10100–C15815 Most 499% Cu
High-copper alloys C16200–C19900 496% Cu
Brasses C21000–C28000 Cu-Zn
Leaded brasses C31200–C38500 Cu-Zn-Pb
Tin brasses C40400–C48600 Cu-Zn-Sn-Pb
Phosphor bronzes C50100–C52400 Cu-Sn-P
Leaded phosphor bronzes C53400–C54400 Cu-Sn-Pb-P
Copper-phosphorus and copper-silver-

phosphorus brazing filler metal
C55180–C55285 Cu-P-Ag

Thermal spray wire C56000 Cu-Zn-Ag
Aluminum bronzes C60800–C64210 Cu-Al-Ni-Fe-Si-Sn
Silicon bronzes C64700–C66100 Cu-Si-Sn
Other copper-zinc alloys C66200–C69710 . . .
Copper-nickels C70100–C72420 Cu-Ni-Fe
Copper-nickel-tin, spinodal alloy C72500–C72950 Cu-Ni-Sn
Nickel silvers C73500–C79830 Cu-Ni-Zn

Cast alloys

Coppers C80100–C81200 499% Cu
High-copper alloys C81400–C82800 494% Cu
Red and leaded red brasses C83300–C84800 Cu-Zn-Sn-Pb (75–89% Cu)
Yellow and leaded yellow brasses C85200–C85800 Cu-Zn-Sn-Pb (57–74% Cu)
Manganese and leaded manganese bronzes C86100–C86800 Cu-Zn-Mn-Fe-Pb
Silicon bronzes, silicon brasses C87300–C87800 Cu-Zn-Si
Copper-bismuth and copper-bismuth-selenium C89320–C89940 Cu-Zn-Sn-Bi (64–91% Cu)
Tin bronzes and leaded tin bronzes C90200–C94500 Cu-Sn-Zn-Pb
Nickel-tin bronzes C94700–C94900 Cu-Ni-Sn-Zn-Pb
Aluminum bronzes C95200–C95900 Cu-Al-Fe-Ni
Copper-nickels C96200–C96950 Cu-Ni-Fe
Nickel silvers C97300–C97800 Cu-Ni-Zn-Pb-Sn
Leaded coppers C98200–C98840 Cu-Pb
Miscellaneous alloys C99300–C99750 . . .

Fig. 1 Plug-type dezincification cross section in a yel-
low brass (C26000, cartridge brass) tube. Origi-

nal magnification 15 · . Source: Used with permission of
ASTM International

Fig. 2 Layer-type dezincification cross section in yellow
brass (C26000, cartridge brass) threaded fastener.

Original magnification 15 · . Source: Used with permission
of ASTM International
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Fig. 3 Effect of zinc content on corrosion of brasses. Brass strip, 0.8 mm (0.032 in.) thick, was immersed for 60 days in
0.01 M NH4Cl solution at 45 �C (113 �F).
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gears, and bushings. Wrought tin bronzes are
known as phosphor bronzes and find use in high-
strength wire applications, such as wire rope.
This group of alloys has fair resistance to
impingement and good resistance to biofouling.

Copper-Nickels. Alloy C71500 (Cu-30Ni)
has the best general resistance to aqueous cor-
rosion of all the commercially important copper
alloys, but C70600 (Cu-10Ni) is often selected
because it offers good resistance at lower cost.
Both of these alloys, although well suited to
applications in the chemical industry, have been
most extensively used for condenser tubes and
heat-exchanger tubes in recirculating steam
systems. They are superior to coppers and to
other copper alloys in resisting acid solutions and
are highly resistant to SCC and impingement
corrosion.

Nickel Silvers. The two most common nickel
silvers are C75200 (65Cu-18Ni-17Zn) and
C77000 (55Cu-18Ni-27Zn) and are so named
because of their luster, rather than silver content.
They have good resistance to corrosion in both
fresh and saltwaters. Primarily because their
relatively high nickel contents inhibit dezincifi-
cation, C75200 and C77000 are usually much
more resistant to corrosion in saline solutions
than brasses of similar copper content.

Copper-Silicon Alloys. These alloys gen-
erally have the same corrosion resistance as
copper, but they have higher mechanical prop-
erties and superior weldability. These alloys
appear to be much more resistant to SCC than the
common brasses. Silicon bronzes are susceptible
to embrittlement by high-pressure steam and
should be tested for suitability in the service
environment before being specified for compo-
nents to be used at elevated temperature.

Aluminum Bronzes. These alloys, contain-
ing 5 to 12% Al, have excellent resistance to
impingement corrosion and high-temperature
oxidation. Aluminum bronzes are used for beater
bars and for blades in wood pulp machines
because of their ability to withstand mechanical
abrasion and chemical attack by sulfite solutions.

In most practical commercial applications, the
corrosion characteristics of aluminum bronzes
are primarily related to aluminum content.
Alloys with up to 8% Al normally have com-
pletely face-centered cubica structures and good
resistance to corrosion attack. As aluminum
content increases above 8%, a-b duplex struc-
tures appear. The b phase is a high-temperature
phase retained at room temperature on fast
cooling from 565 �C (1050 �F) or above. Slow
cooling, which allows long exposure at tem-
peratures from 320 to 565 �C (610 to 1050 �F),
tends to decompose the b phase into a brittle
aþ c2 eutectoid having either a lamellar or a
nodular structure. The b phase is less resistant to
corrosion than the a phase, and eutectoid struc-
tures are even more susceptible to attack.

Depending on specific environmental condi-
tions, b phase or eutectoid structure in aluminum
bronze can be selectively attacked by a
mechanism similar to the dezincification of
brasses. Proper quench-and-temper treatment of

duplex alloys, such as C62400 and C95400,
produces a tempered b structure with reprecipi-
tated acicular a crystals, a combination that is
often superior in corrosion resistance to the
normal annealed structures.

Iron-rich particles are distributed as small
round or rosette particles throughout the struc-
tures of aluminum bronzes containing more
than approximately 0.5% Fe. These particles
sometimes impart a rusty tinge to the surface
but have no known effect on corrosion rates
(Fig. 4).

Nickel-aluminum bronzes are more complex
in structure with the introduction of the k phase.
Nickel appears to alter the corrosion character-
istics of the b phase to provide greater resistance
to dealloying and cavitation-erosion in most
liquids. For C63200 and perhaps C95800,
quench-and-temper treatments may yield even
greater resistance to dealloying. Alloy C95700, a
high-manganese (11 to 14% Mn) cast aluminum
bronze, is somewhat inferior in corrosion resis-
tance to C95500 and C95800, which are lower in
manganese and slightly higher in aluminum.

Aluminum bronzes are generally suitable for
service in nonoxidizing mineral acids, such as
phosphoric (H3PO4), sulfuric (H2SO4), and HCl;
organic acids, such as acetic (CH3COOH) or
oxalic; neutral saline solutions, such as sodium
chloride (NaCl) or potassium chloride (KCl);
alkalis, such as sodium hydroxide (NaOH),
potassium hydroxide (KOH), and anhydrous
ammonium hydroxide (NH4OH); and various
natural waters, including sea, brackish, and
potable waters. Environments to be avoided
include nitric acid (HNO3); some metallic salts,
such as ferric chloride (FeCl3) and chromic acid
(H2CrO4); moist, chlorinated hydrocarbons;
and moist HN3. Aeration can result in
accelerated corrosion in many media that appear
to be compatible.

Exposure under high tensile stress to moist
NH3 can result in SCC. In certain environments,
corrosion can lower the fatigue limit to 25 to 50%
of the normal atmospheric value.

Cast Copper-Bismuth and Copper-Bismuth-
Selenium Alloys. Cast alloys C89320 to
C89940 substitute bismuth and bismuth-
selenium for lead to facilitate machinability
and pressure tightness in fluid-carrying appli-
cations. Lead is intentionally not added to these
alloys, to minimize the amount that may leach in
potable water systems and in other applications,
such as dairy product processing.

Types of Attack

Coppers and copper alloys are susceptible to
several forms of corrosion, depending primarily
on environmental conditions. Table 2 lists the
identifying characteristics of the forms or
mechanisms of corrosion that commonly attack
copper metals, as well as the most effective
means of combating each. When studying a
particular form of corrosion or a particular

environment, take note of the Selected Refer-
ences at the end of this article, which are grouped
by form and environment.

Uniform Corrosion

Uniform corrosion is the slowest and most
predictable form of attack. Weight loss data can
be used to estimate penetration rates accurately
for a given environment. Uniform corrosion of
copper alloys results from prolonged contact
with environments in which the corrosion rate is
very low, such as fresh, brackish, and saltwaters;
many types of soil; neutral, alkaline, and acid salt
solutions; organic acids; and sugar juices. Other
substances that cause uniform thinning at a faster
rate include oxidizing acids, sulfur-bearing
compounds, NH3, and cyanides. Additional
information on this form of attack is available in
the articles “Evaluating Uniform Corrosion,”
“Aqueous Corrosion,” and “Atmospheric Cor-
rosion” in ASM Handbook, Volume 13A, 2003.

Galvanic Corrosion

Galvanic corrosion occurs when materials
with differing surface electrical potentials are in
electrical contact with each other in a conductive
electrolytic solution. A potential difference can
occur between dissimilar metals, between dif-
ferent areas of the same alloy, or between a metal
and a conductive nonmetal. The corrosion of
the more electronegative member of the couple
(the anode) is enhanced, and the more electro-
positive member (the cathode) is partly or com-
pletely protected. Copper metals are cathodic to
most other common structural metals, such as
steel and aluminum. When steel or aluminum is
in contact with a copper metal, the corrosion rate
of the steel or aluminum increases but that of the
copper metal decreases. The common grades of
stainless steel exhibit variable behavior; that is,

Fig. 4 Cast aluminum bronze (Cu-10Al-5Mo-5Fe),
annealed and furnace cooled. Alpha needles in

a pearlitic matrix of kappa and alpha. The small points are
rosettes and rods of kappa, a quarterly phase of CuAlNiFe.
Acid etched in ferric chloride. Original magnification
400 · . Courtesy of Frauke Hogue, Hogue Metallography

Corrosion of Copper and Copper Alloys / 127

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



copper metals may be anodic or cathodic to the
stainless steel, depending on conditions of
exposure. Copper metals usually corrode pref-
erentially when coupled with high-nickel alloys,
titanium, or graphite. Additional information,
including the galvanic series of metals in
seawater, is available in the article “Galvanic
Corrosion” in ASM Handbook, Volume 13A,
2003.

Corrosion potentials of copper metals gen-
erally range from �0.2 to �0.4 V when mea-
sured against a saturated calomel electrode; the
potential of pure copper is approximately
�0.3 V. Alloying additions of zinc or aluminum
move the potential toward the anodic (more
electronegative) end of the range; additions of tin
or nickel move the potential toward the cathodic
(less electronegative) end. Galvanic corrosion
between two copper metals is seldom a sig-
nificant problem, because the potential differ-
ence is so small.

The metals that are in proximity in a galvanic
series can be coupled to each other without sig-
nificant galvanic damage. However, the larger
the difference in galvanic potential between
metals, the greater the corrosion damage to the
anodic metal. Accelerated damage due to gal-
vanic effects is usually greatest near the junction,
where the electrochemical current density is the
highest.

The ratio of the surface areas affects the gal-
vanic corrosion damage. An unfavorable area
ratio exists when the cathodic area is large rela-
tive to the anodic area. The corrosion rate of the
small anodic area may be several hundred times
greater than if the anodic and cathodic areas were
equal in size. Conversely, when a large anodic
area is coupled to a small cathodic area, current
density and damage due to galvanic corrosion are
much less. For example, copper rivets fastening
steel plates together would survive in seawater,
but steel rivets used to fasten copper plates
would be completely destroyed during the same
period.

Pitting

Pitting is sometimes general over the entire
copper surface, giving the metal an irregular and
roughened appearance. In other cases, pits are
concentrated in specific areas and are of various
sizes and shapes. Detailed information on this
form of attack is available in the article “Pitting
Corrosion” in ASM Handbook, Volume 13A,
2003.

Localized pitting can be more damaging
because the function of the part can be compro-
mised by reduction of load-carrying capacity due
to increased stress concentration at the pits. If the
part is designed to contain a fluid under pressure,
a single throughhole will jeopardize the function.

Pitting is usually associated with a breakdown
in the protective film on metals, such as alumi-
num and stainless steel. Because copper alloys
do not have a true protective film, pitting is not a
prime corrosion mechanism; however, because
of metallurgical and environmental factors, the
corroded surface does show a tendency toward
nonuniformity. The occurrence of pitting is
somewhat random regarding the specific loca-
tion of a pit on the surface as well as whether it
will even occur on a particular metal sample.
Long-term tests of copper alloys show that the
average pit depth does not continually increase
with extended times of exposure. Instead, pits
tend to reach a certain limit beyond which little
apparent increase in depth occurs. Of the copper
alloys, the most pit resistant are the aluminum
bronzes with less than 8% Al and the low-zinc
brasses. Copper-nickels and tin bronzes tend to
have intermediate pitting resistance, but the
high-copper alloys and silicon bronzes are
somewhat more prone to pitting.

Waterline attack is a term used to describe
pitting due to a differential oxygen cell func-
tioning between the well-aerated surface layer of
a liquid and the oxygen-starved layer immedi-
ately beneath it. The pitting occurs immediately
below the waterline.

Crevice corrosion occurs near a crevice
formed by two metal surfaces or by a metal and a
nonmetal, such as a lap joint or flange interface.
Like pitting, the depth of attack appears to level
off rather than to increase continually with time.
This depth is usually less than that from pitting,
and for most copper alloys, it will be less than
400 mm (0.016 in.).

For most copper alloys, the location of the
attack will be outside but immediately adjacent
to the crevice, due to the formation of metal ion
concentration cells. Classic crevice corrosion
resulting from oxygen depletion and attack
within crevices is less common in copper alloys.
Aluminum- and chromium-bearing copper
alloys, which form more passive surface films,
are susceptible to differential oxygen cell attack,
as are aluminum alloys and stainless steels.
The occurrence of crevice attack is statistical in
nature, with the probability and its severity
increasing if the area within a crevice is small
compared to the area outside the crevice. Other
conditions that will increase crevice attack are
high water temperatures or water flow on the
surface outside the crevice.

Local cell action similar to crevice attack
may also result from the presence of foreign
objects or debris, such as dirt, shells, or vegeta-
tion, or it may result from rust, permeable scales,
or uneven accumulation of corrosion product on
the metallic surface. Routine cleaning main-
tenance can sometimes control this type of
attack.

Impingement

Various forms of impingement attack occur
where gases, vapors, or liquids impinge on metal
surfaces at high velocities, such as in condensers
or heat exchangers. Rapidly moving turbulent
water can strip away the protective films from
copper alloys. When this occurs, the metal
corrodes at a more rapid rate in an attempt to

Table 2 Guide to corrosion of copper alloys

Form of attack Characteristics Preventive measures

General thinning Uniform metal removal Select proper alloy for environmental conditions based on weight loss data.
Galvanic corrosion Corrosion preferentially near a more cathodic metal Avoid electrically coupling dissimilar metals; maintain optimal ratio of anode

to cathode area; maintain optimal concentration of oxidizing constituent in
corroding medium.

Pitting Localized pits, tubercles; water line pitting; crevice corrosion, pitting under
foreign objects or dirt

Alloy selection; design to avoid crevices; keep metal clean.

Impingement
Erosion-corrosion
Cavitation Erosion attack from turbulent flow plus dissolved gases, generally as lines of

pits in direction of fluid flow
Design for streamlined flow; keep velocity low; remove gases from liquid

phase; use erosion-resistant alloy.
Fretting Chafing or galling, often occurring during shipment Lubricate contacting surfaces; interleave sheets of paper between sheets of

metal; decrease load on bearing surfaces.
Intergranular corrosion Corrosion along grain boundaries without visible signs of cracking Select proper alloy for environmental conditions based on metallographic

examination of corrosion specimens.
Dealloying Preferential dissolution of zinc or nickel, resulting in a layer of sponge copper Select proper alloy for environmental conditions based on metallographic

examination of corrosion specimens.
Corrosion fatigue Several transgranular cracks Select proper alloy based on fatigue tests in service environment; reduce mean

or alternating stress.
Stress-corrosion cracking Cracking, usually intergranular but sometimes transgranular, that is often

fairly rapid
Select proper alloy based on stress-corrosion tests; reduce applied or residual

stress; remove mercury compounds or NH3 from environment.
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reestablish this film, but because the films are
being swept away as rapidly as they are being
formed, the corrosion rate remains constant and
high. The conditions under which the corrosion
product film is removed are different for each
alloy and are discussed in the section “Corrosion
of Copper Alloys in Specific Environments” in
this article.

Erosion-Corrosion. Undercut grooves, waves,
ruts, gullies, and rounded holes characterize
erosion-corrosion; it usually exhibits a direc-
tional pattern. Pits are elongated in the direction
of flow and are undercut on the downstream side.
When the condition becomes severe, it may
result in a pattern of horseshoe-shaped grooves
or pits with their open ends pointing down-
stream. As attack progresses, the pits may join,
forming fairly large patches of undercut pits.
When this form of corrosion occurs in a con-
denser tube, it is usually confined to a region near
the inlet end of the tube where fluid flow is rapid
and turbulent. If some of the tubes in a bundle
become plugged, the velocity is increased in
the remaining tubes; therefore, the unit should be
kept as clean as possible. Erosion-corrosion is
most often found with waters containing low
levels of sulfur compounds and with polluted,
contaminated, or silty saltwater or brackish
water. The erosive action locally removes pro-
tective films, thus contributing to the formation
of concentration cells and to localized pitting of
anodic sites.

Cavitation occurs in a fluid when the flow is
disturbed so as to create a local pressure drop.
A vapor bubble will form and then collapse,
applying a momentary stress of up to 1400 MPa
(200 ksi) to the surface. It is theorized that
this repeated mechanical work on the surface
creates local deformation and fatigue that aids
the removal of metal. This is in agreement with
the observations that the harder alloys tend to
have greater resistance to cavitation and that
there is often an incubation period before
the onset of cavitation attack. Of the copper
alloys, aluminum bronze has the best cavitation
resistance. Cavitation damage is confined to the
area where the bubbles collapse, usually imme-
diately downstream of the low-pressure zone.
Impellers and propellers are prone to cavitation
damage.

Impingement attack can be reduced through
design changes that decrease fluid velocity,
streamline the flow, eliminate low-pressure
pockets, and remove entrained air in water
boxes, injector nozzles, and piping. Proper
materials selection will lessen the effect. Alu-
minum brasses or copper-nickels are more ero-
sion resistant than the brasses or tin brasses.
Erosion-resistant inserts at tube inlets and epoxy-
type coatings are often effective repair methods
in existing shell and tube heat exchangers. When
contaminated waters are involved, filtering or
screening the liquids and cleaning the surfaces
can be very effective in minimizing impinge-
ment attack. The use of cathodic protection can
lessen all forms of localized attack except cavi-
tation.

Fretting

Fretting or fretting corrosion appears as pits or
grooves in the metal surface that are surrounded
or filled with corrosion product. Fretting is
sometimes referred to as chafing, road burn,
friction oxidation, wear oxidation, or galling.

Conditions for fretting include:

� Repeated relative (sliding) motion between
two surfaces must occur. The relative ampli-
tude of the motion may be very small (a few
tenths of a millimeter).

� The interface is under load.
� Both load and relative motion are sufficient to

produce deformation of the interface.
� Oxygen and/or moisture are present.

Fretting does not occur on lubricated surfaces
in continuous motion, such as axle bearings, but
instead on dry interfaces subject to repeated,
small relative displacements. (There is a type of
fretting, false brinelling, that occurs in bearings
at rest.) A classic type of fretting occurs during
shipment of bundles of mill products having flat
faces.

Fretting can be controlled or eliminated by:

� Lubricating with low-viscosity, high-tenacity
oils to reduce friction at the interface between
the two metals and to exclude oxygen from
the interface

� Separating the faying surfaces by interleaving
an insulating material

� Increasing the load to reduce motion between
faying surfaces; this may be difficult in prac-
tice, because only a minute amount of relative
motion is necessary to produce fretting

� Decreasing the load at bearing surfaces to
increase the relative motion between parts

Detailed information is available in the article
“Forms of Mechanically Assisted Degradation”
in ASM Handbook, Volume 13A, 2003.

Intergranular Corrosion

Intergranular corrosion is a rare form of attack
that occurs most often in applications involving
high-pressure steam. This type of corrosion
penetrates the metal along grain boundaries—
often to a depth of several grains—which dis-
tinguishes it from surface roughening. Mechan-
ical stress is apparently not a factor in
intergranular corrosion. The alloys that appear to
be the most susceptible to this form of attack
are Muntz metal, admiralty metal, aluminum
brasses, and silicon bronzes. Additional infor-
mation is provided in the article “Evaluating
Intergranular Corrosion” in ASM Handbook,
Volume 13A, 2003.

Dealloying

Dealloying is a corrosion process in which the
more active constituent metal is selectively
removed from an alloy, leaving behind a weak
deposit of the more noble metal. Copper-zinc

alloys containing more than 15% Zn are
susceptible to a dealloying process called
dezincification. Selective removal of zinc leaves
a relatively porous and weak layer of copper and
copper oxide in brass. Corrosion of a similar
nature continues beneath the primary corrosion
layer, resulting in gradual replacement of
sound brass by weak, porous copper that would
eventually penetrate the brass, weakening it
structurally and allowing liquids or gases to leak
through the porous mass.

Plug-type dealloying (Fig. 1) refers to the
dealloying that occurs in local areas; surrounding
areas are usually unaffected or only slightly
corroded. In uniform-layer dealloying, the active
component of the alloy is leached out over a
broad area of the surface. Dezincification is the
usual form of corrosion for uninhibited brasses in
prolonged contact with waters high in oxygen
and carbon dioxide (CO2). It is frequently
encountered with quiescent or slowly moving
solutions. Slightly acidic water, low in salt con-
tent and at room temperature, is likely to produce
uniform attack, but neutral or alkaline water,
high in salt content and above room temperature,
often produces plug-type attack.

Brasses with copper contents of 85% or more
resist dezincification. Dezincification of brasses
with two-phase structures is generally more
severe, particularly if the second phase is con-
tinuous; it usually occurs in two stages: the
high-zinc b phase, followed by the lower-zinc
a phase.

Tin tends to inhibit dealloying, especially in
cast alloys. Alloys C46400 (naval brass) and
C67500 (manganese bronze), which are a-b
brasses containing approximately 1% Sn, are
widely used for naval equipment and have rea-
sonably good resistance to dezincification.
Addition of a small amount of phosphorus,
arsenic, or antimony to admiralty metal (an all-a
71Cu-28Zn-1Sn brass) inhibits dezincification.
Inhibitors are not entirely effective in preventing
dezincification of the a-b brasses, because they
do not prevent dezincification of the b phase.

Where dezincification is a problem, red brass,
commercial bronze, inhibited admiralty metal,
and inhibited aluminum brass can be success-
fully used. In some cases, the economic penalty
of avoiding dealloying by selecting a low-zinc
alloy may be unacceptable. Low-zinc alloy tub-
ing requires fittings that are available only as
sand castings, but fittings for higher-zinc tube
can be die cast or forged much more econom-
ically. Where selection of a low-zinc alloy is
unacceptable, inhibited yellow brasses are gen-
erally preferred.

Dealloying has been observed in other alloys.
Dealloying of aluminum occurs in some copper-
aluminum alloys, particularly with those having
more than 8% Al. It is especially severe in alloys
with continuous c phase and usually occurs as
plug-type dealloying. Nickel additions exceed-
ing 3.5% or heat treatment to produce an aþ b
microstructure prevents dealloying. Dealloying
of nickel in C71500 is rare, having been observed
at temperatures over 100 �C (212 �F), low flow
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conditions, and high local heat flux. Dealloying
of tin in cast tin bronzes has been observed as a
rare occurrence in hot brine or steam. Cathodic
protection generally protects all but the two-
phase copper-zinc alloys from dealloying. The
mechanism of dealloying is explained in the
article “Effects of Metallurgical Variables on
Dealloying Corrosion” in ASM Handbook,
Volume 13A, 2003.

Corrosion Fatigue

The combined action of corrosion (usually
pitting corrosion) and cyclic stress may result in
corrosion fatigue cracking. Like ordinary fatigue
cracks, corrosion fatigue cracks generally prop-
agate at right angles to the maximum tensile
stress in the affected region. However, cracks
resulting from simultaneous fluctuating stress
and corrosion propagate much more rapidly than
cracks caused solely by fluctuating stress. Also,
corrosion fatigue failure usually involves several
parallel cracks, but it is rare for more than one
crack to be found in a part that has failed by
simple fatigue. The cracks shown in Fig. 5 are
characteristic of service failures resulting from
corrosion fatigue.

Ordinarily, corrosion fatigue can be readily
identified by the presence of several cracks
emanating from corrosion pits. Cracks not visi-
ble to the unaided eye or at low magnification can
be made visible by deep etching or plastic
deformation or can be detected by eddy-current
inspection. Corrosion fatigue cracking is often
transgranular, but there is evidence that certain
environments induce intergranular cracking
in copper metals.

Copper and copper alloys resist corrosion
fatigue in many applications involving repeated
stress and corrosion. These applications include
such parts as springs, switches, diaphragms,
bellows, aircraft and automotive gasoline and oil
lines, tubes for condensers and heat exchangers,
and fourdrinier wire for the paper industry.

Copper alloys that have high fatigue limits and
resistance to corrosion in the service environ-
ment are more likely to have good resistance to

corrosion fatigue. Alloys frequently used in
applications involving both cyclic stress and
corrosion include beryllium-coppers, phosphor
bronzes, aluminum bronzes, and copper-nickels.
More information on corrosion fatigue is avail-
able in the section “Corrosion Fatigue” of the
article “Mechanically Assisted Degradation” in
ASM Handbook, Volume 13A, 2003.

Stress-Corrosion Cracking

Stress-corrosion cracking, traditionally called
season cracking among copper alloys, occurs if a
susceptible metal is subjected to the combined
effects of sustained stress and certain chemicals,
resulting in apparently spontaneous cracking.
Stress-corrosion cracking is often intergranular
(Fig. 6), but transgranular cracking may occur in
some alloys in certain environments (Fig. 7).

Mechanism. Copper alloys crack in a wide
variety of electrolytes. In some cases, the crack
surfaces have the distinctive brittle appearance
that is associated with SCC. It is also clear in
many systems that cracking occurs at low
threshold stresses only when certain environ-
mental conditions exist. Variables that control
this threshold stress in a specific environment
include pH, oxygen concentration in the liquid,
strength of the corrodent, potential of the
metal, temperature, extent of cold work before
the test, and minor alloying elements in the
copper alloy.

A nonquantitative interpretation of SCC is that
it occurs in those environmental/metal systems
in which the rate of corrosion is low; the corro-
sion that does occur proceeds in a highly local-
ized manner. Intergranular attack, selective
removal of an alloy component, pitting, attack at
a metal/precipitate interface, or surface flaws,
when they occur in the presence of a surface
tensile stress, may lead to a surface defect at the
base of which the stress-intensity factor, KI,
exceeds the threshold stress intensity for SCC,
KISCC, for that specific environment/alloy system
under the conditions selected for the test or
encountered in service. Whether or not a crack
propagates depends on the specimen geometry

and how the magnitude of the stress field at the
crack tip changes as the crack develops. The
critical factor is how the metal reacts at the crack
tip. If the metallurgical structure or the kinetics
of chemical corrosion at the crack tip is such that
a small radius of curvature (sharp crack tip) is
maintained at the crack tip, the crack will con-
tinue to propagate, because the local stress at the
crack tip is high. High rates of corrosion at the
crack tip, which lead to a large radius of curva-
ture (blunt), will favor pitting rather than crack
growth. Details of SCC mechanisms, crack
initiation and growth, and SCC models are found
in the article “Stress-Corrosion Cracking,” in
ASM Handbook, Volume 13A, 2003.

A sharp crack tip is favored by:

� Selective removal of one component of an
alloy, with the resulting development of local
voids that provide a brittle crack path

� Brittle fracture of a corrosion product coating
at the base of a crack that continually reforms

� Attack along the interface of two discrete
phases

� Intergranular attack that does not spread lat-
erally

� Surface energy considerations that encourage
intrusion of the environment (a liquid metal in
particular) into minute flaws

Mattsson’s solution, a medium containing
ammonium sulfate [(NH4)2SO4], ammonium
hydroxide (NH4OH), and copper sulfate
(CuSO4), is used by many researchers for
studying the fundamentals of the SCC process
caused by ammonia (NH3) (Ref 1).

In a study of the chemistry and the electro-
chemistry of the brass-NH3 system (Ref 2),
cupric (Cu2þ) ammonium complex was con-
cluded to be necessary for the occurrence of SCC

Fig. 5 Typical corrosion fatigue cracking of a copper
alloy. Transgranular cracks originate at the base

of corrosion pits on the roughened inner surface of a tube.
Etched. Original magnification approximately 150 ·

Fig. 7 Alloy 44300 (arsenical admiralty) tube, drawn,
stress relieved, and bent 180� to induce trans-

granular stress-corrosion crack. Specimen was etched in
50 mL HNO3, 0.5 g AgHNO3, and 50 mL H2O. Original
magnification approximately 200 ·

Fig. 6 Typical stress-corrosion cracking in a copper
alloy. Intergranular cracking in Cu-27.5Zn-

1.0Sn alloy tube, probably caused by mercury or ammonia.
Specimen was etched in 50 mL HNO3, 0.5 g AgHNO3, and
50 mL H2O. Original magnification approximately 100 ·
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under open-circuit conditions in oxygenated
NH3 solutions. This complex becomes a com-
ponent in the predominant cathodic reaction:

Cu(NH3)
2+
4 + e7 ! Cu(NH3)

+
2 +2NH3

(Eq 3)

Equation 3 permits cracking by cyclic rupture
of a Cu2O film generated at the crack tip (Ref 3)
or by a mechanism involving dezincification
(Ref 4). Cracking can also occur in deoxygenated
solutions in the absence of significant con-
centrations of the Cu2þ ions, provided the
cuprous (Cuþ) complexes are available. It was
suggested that the role of the Cuþ complex is to
provide a cathodic reaction, in this case allowing
dezincification to occur. These findings are
consistent with the recognition that SCC failures
of brass are not limited to environments con-
taining NH3. See the section “Stress-Corrosion
Cracking of Copper Alloys in Specific Environ-
ments” in this article.

Conditions Leading to SCC. Ammonia and
ammonium compounds are the corrosive sub-
stances most often associated with SCC of cop-
per alloys. These compounds are sometimes
present in the atmosphere; in other cases, they
are in cleaning compounds or in chemicals used
to treat water in contact with the alloy. Both
oxygen and moisture must be present for NH3 to
be corrosive to copper alloys; other compounds,
such as CO2, are thought to accelerate SCC in
NH3 atmospheres. Moisture films on metal sur-
faces will dissolve significant quantities of NH3,
even from atmospheres with low NH3 con-
centrations.

While a specific corrosive environment and
sustained stress are the primary causes of SCC,
microstructure and alloy composition may affect
the rate of crack propagation in susceptible
alloys. Selecting the correct combination of
alloy, forming process, thermal treatment, and
metal-finishing process can control micro-
structure and composition. Although test results
may indicate that a finished part is not suscep-
tible to SCC, such an indication does not ensure
complete freedom from cracking, particularly
where service stresses are high.

Applied and residual stresses can both lead
to failure by SCC. Susceptibility is largely a
function of tensile stress magnitude. Stresses
near the yield strength are usually required, but
SCC can be initiated at 20% yield strength (Ref
5). In general, the higher the stress, the weaker
the corroding medium must be to cause SCC.
The reverse is also true: The stronger the cor-
roding medium, the lower the required stress.

Sources of Stress. Applied stresses result
from ordinary service loading or from fabricat-
ing techniques, such as riveting, bolting, shrink
fitting, brazing, and welding. Residual stresses
are of two types: differential-strain stresses,
which result from nonuniform plastic strain
during cold forming, and differential-thermal-
contraction stresses, which result from non-
uniform heating or cooling.

Residual stresses induced by nonuniform
straining are primarily influenced by the method
of fabrication. In some fabricating processes, it is
possible to cold work a metal extensively and yet
produce only a low level of residual stress. For
example, die angle and amount of reduction
influence residual stress in a drawn tube. Wide-
angle dies (approximately 32�) produce higher
residual stresses than narrow-angle dies
(approximately 8�). Light reductions yield high
residual stresses because only the surface of the
alloy is stressed; heavy reductions yield low
residual stresses because the region of cold
working extends deeper into the metal. Most
drawing operations can be planned so that
residual stresses are low and susceptibility to
SCC is negligible.

Residual stresses resulting from upsetting,
stretching, or spinning are more difficult to
evaluate and to control by varying tooling and
process conditions. For these operations, SCC
can be prevented more effectively by selecting a
resistant alloy or by treating the metal after
fabrication.

Alloy Composition. Brasses containing less
than 15% Zn are highly resistant to SCC. Phos-
phorus-deoxidized copper and tough pitch cop-
per rarely exhibit SCC, even under severe
conditions. On the other hand, brasses containing
20 to 40% Zn are highly susceptible. Suscepti-
bility increases only slightly as zinc content is
increased from 20 to 40%.

There is no indication that the other elements
commonly added to brasses increase the prob-
ability of SCC. Phosphorus, arsenic, magnesium,
tellurium, tin, beryllium, and manganese are
thought to decrease susceptibility under some
conditions. Addition of 1.5% Si is known to
decrease the probability of cracking.

Altering the microstructure cannot make a
susceptible alloy totally resistant to SCC. How-
ever, the rapidity with which susceptible alloys
crack appears to be affected by grain size and
structure. All other factors being equal, the rate
of cracking increases with grain size. The effects
of structure on SCC are not sharply defined,
primarily because they are interrelated with
effects of both composition and stress.

Control Measures. Stress-corrosion crack-
ing can be controlled, and sometimes prevented,
by selecting copper alloys that have high resis-
tance to cracking (notably, those with less than
15% Zn); by reducing residual stress to a safe
level by thermal stress relief, which can usually
be applied without significantly decreasing
strength; or by altering the environment, such as
by changing the predominant chemical species
present or introducing a corrosion inhibitor.

Residual and assembly stresses can be elimi-
nated by recrystallization annealing after form-
ing or assembly. Recrystallization annealing
cannot be used when the integrity of the structure
depends on the higher strength of strain-har-
dened metal, which always contains a certain
amount of residual stress. Thermal stress relief
(sometimes called relief annealing) can be spe-
cified when the higher strength of a cold-worked

temper must be retained. Thermal stress relief
consists of heating the part for a relatively short
time at low temperature. Specific times and
temperatures depend on alloy composition,
severity of deformation, prevailing stresses, and
the size of the load being heated. Usually, time is
from 30 min to 1 h and temperature is from 150
to 425 �C (300 to 795 �F). More details on stress
relieving are available in the article “Heat
Treating of Copper Alloys” in Heat Treating,
Volume 4 of ASM Handbook, 1991.

Mechanical methods, such as stretching,
flexing, bending, straightening between rollers,
peening, and shot blasting, can also be used to
reduce residual stresses to a safe level. These
methods depend on plastic deformation to
decrease dangerous tensile stresses or to convert
them to less objectionable compressive stresses.

For information on testing the success of
control methods and judging materials selection,
see the article “Evaluating Stress-Corrosion
Cracking” in ASM Handbook, Volume 13A,
2003, and specifically the section “Testing of
Copper Alloys (Smooth Specimens)” in that
article.

Corrosion of Copper Alloys in
Specific Environments

Selection of a suitably corrosion-resistant
material requires knowledge of the expected
environment and the interaction of particular
materials with all factors that influence corro-
sion. Operating records serve as a guideline, if
the data are accurately recorded and interpreted.
Results of short-term laboratory testing, simu-
lated service tests, and in-service techniques are
supportive in making materials selection deci-
sions. Details of the advantages and limitations
of these techniques are found in the Section
“Corrosion Testing and Evaluation” of ASM
Handbook, Volume 13A, 2003.

Uniform corrosion is the most reliable to
predict from historical weight loss or dimen-
sional change data. If damage occurs by pitting,
intergranular corrosion, or dealloying, or if a
thick adherent scale forms, corrosion rates cal-
culated from a change in weight may be mis-
leading. For these forms of corrosion, estimates
of reduction in mechanical strength are often
more meaningful. Corrosion fatigue and SCC are
also potential sources of failure that cannot be
predicted from routine measurements of weight
loss or dimensional change. When corrosion
occurs predominantly by pitting or some other
localized form, or when corrosion is inter-
granular or involves the formation of a thick,
adherent scale, direct measurement of the extent
of corrosion provides the most reliable infor-
mation. A common technique is to measure the
maximum depth of penetration observed on a
metallographic cross section through the region
of interest. Statistical averaging of repeated
measurements on multiple specimens may be
warranted. Information gained in this manner
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serves as a useful starting point for alloy selec-
tion. Operating experience may later indicate the
need for a more discriminating selection.

Over the years, experience has been the best
criterion for selecting the most suitable alloy for
a given environment. The Copper Development
Association (CDA) has compiled much field
experience in the form of the ratings for wrought
alloys shown in Table 3 and for cast alloys shown
in Table 4. These tables should be used only as a
guide; small changes in the environmental con-
ditions sometimes degrade the performance of a
given alloy from suitable to not suitable.

Whenever there is a lack of operating experi-
ence, whenever reported test conditions do not
closely match the conditions for which alloy
selection is being made, and whenever there is
doubt as to the applicability of published data, it
is always best to conduct an independent test.
Field tests are the most reliable. Laboratory tests
can be equally valuable, if operating conditions
are precisely defined and accurately simulated in
the laboratory. Long-term tests are generally
preferred because the reaction that dominates the
initial stages of corrosion may differ sig-
nificantly from the reaction that dominates later.
If short-term tests must be used as the basis for
alloy selection, the test program should be sup-
plemented with field tests so that the laboratory
results can be reevaluated in light of true oper-
ating experience.

Atmospheric Exposure

Comprehensive tests conducted over a 20 year
period under the supervision of ASTM Inter-
national, as well as many service records, have
confirmed the suitability of copper and copper
alloys for atmospheric exposure (Table 5). These
data support the fact that copper and copper
alloys resist corrosion by industrial, marine, and
rural atmospheres, except atmospheres contain-
ing NH3 or certain other agents where SCC has
been observed in high-zinc alloys (420% Zn).
The data should not be used to compare the
current severity of the sites. Atmospheric
cleanup initiated in the 1960s has resulted in the
average sulfur dioxide concentration at an
ASTM industrial site to be lower that the rural
ASTM State College site (Ref 6). The copper
metals most widely used in atmospheric expo-
sure are C11000, C22000, C23000, C38500, and
C75200. Alloy C11000 is an effective material
for roofing, flashings, gutters, and downspouts.

The colors of copper alloys are often impor-
tant in architectural applications, and color may
be the primary criterion for selecting a specific
alloy. After surface preparation, such as sanding
or polishing, copper alloys vary in color from
silver to yellow to gold to reddish shades. Alloys
having the same initial color may show differ-
ences in color after weathering under similar
conditions. Therefore, alloys having the same or
nearly the same composition are usually used
together for consistency of appearance in a spe-
cific structure.

Copper alloys are often specified for marine
atmosphere exposures because of the attractive
and protective patina formed during the expo-
sure. In marine atmospheric exposures, this
patina consists of a film of copper chloride or
carbonate, sometimes with an inner layer of
Cu2O. The severity of the corrosion attack in
marine atmospheres is somewhat less than that
in industrial atmospheres but greater than that
in rural atmospheres. However, these rates
decrease with time.

Differences in corrosion rates exist between
alloys, but these differences are frequently
less than those caused by environmental
factors. Thus, it becomes possible to classify the
corrosion behavior of copper alloys in a marine
atmosphere into two general categories: those
alloys that corrode at a moderate rate and include
high-copper alloys, silicon bronze, and tin
bronze; and those alloys that corrode at a slower
rate and include brass, aluminum bronze, nickel
silver, and copper-nickel. The average metal
loss, d, of the former group can be approximated
by d� t2/3; the latter group can be approximated
by d� t1/3, where t is exposure time. These
relationships are shown as solid lines in Fig. 8.

Environmental factors can cause this median
thickness loss to vary by as much as 50% or more
in a few extreme cases. Figure 8 shows the extent
of this variation as a pair of dashed lines forming
an envelope around the median. Environmental
factors that tend to accelerate metal loss include
high humidity, high temperatures (either ambi-
ent or due to solar radiation), proximity to the
ocean, long times of wetness, and the presence of
pollutants in the atmosphere.

Metallurgical factors can also affect metal
loss. Within a given alloy family, those with a
higher alloy content tend to corrode at a lower
rate. Surface finish also plays a role in that a
highly polished metal will corrode slower than
one with a rougher surface. Finally, design
details can affect corrosion behavior. For
example, designs that allow the collection and
stagnation of rainwater will often exhibit
wastage rates in the puddle areas that are more
typical of those encountered in seawater
immersions.

Certain copper alloys are susceptible to
various types of localized corrosion that can
greatly affect their utility in a marine atmo-
sphere. Brasses and nickel silvers containing
more than 15% Zn can suffer from dealloying.
The extent of this attack is greater on alloys that
contain higher proportions of zinc. In addition,
these same alloys are subject to SCC in the pre-
sence of small quantities of NH3 or other gaseous
pollutants. Inhibited grades of these alloys are
available that resist dealloying but are suscep-
tible to SCC.

Alloys containing large amounts of manga-
nese tend to be somewhat prone to pitting in
marine atmospheres, as are the cobalt-containing
beryllium-coppers. A tendency toward inter-
granular corrosion has been observed in silicon
bronzes and aluminum brass, but its occurrence
is somewhat sporadic.

On the whole, however, even under some-
what adverse conditions, the average thickness
losses for copper alloys in a marine atmosphere
tend to be very slight, typically under 20 mm
(Fig. 8). Thus, copper alloys can be safely
specified for applications requiring long-term
durability in a marine atmosphere. Design con-
siderations for the atmospheric use of copper
alloys include allowance for free drainage of
structures, the possibility of staining from
runoff water, and the use of smooth or polished
surfaces.

Soils and Groundwater

Copper, zinc, lead, and iron are commonly
used in underground construction. Data com-
piled by the National Bureau of Standards (now
National Institute of Standards and Technology)
compared the behavior of these materials in soils
of the following four types: well-aerated acid
soils low in soluble salts (Cecil clay loam),
poorly aerated soils (Lake Charles clay), alkaline
soils high in soluble salts (Docas clay), and soils
high in sulfides (Rifle peat). Corrosion data as a
function of time for copper, iron, lead, and zinc
exposed to these four types of soil are given in
Fig. 9. Copper exhibits high resistance to corro-
sion by these soils, which are representative of
most soils found in the United States. Where
local soil conditions are unusually corrosive, it
may be necessary to use some means of protec-
tion, such as cathodic protection, neutralizing
backfill (limestone, for example), protective
coating, or wrapping.

For many years, the National Bureau of
Standards conducted studies on the corrosion
of underground structures to determine the
specific behavior of metals and alloys when
exposed for long periods in a wide range of soils.
Results indicate that tough pitch coppers, de-
oxidized coppers, silicon bronzes, and low-zinc
brasses behave essentially alike. Soils contain-
ing cinders with high concentrations of sulfides,
chlorides, or hydrogen ions (Hþ) corrode these
materials. In this type of contaminated soil,
the corrosion rates of copper-zinc alloys con-
taining more than approximately 22% Zn
increase with zinc content. Corrosion generally
results from dezincification. In soils that contain
only sulfides, corrosion rates of the copper-zinc
alloys decrease with increasing zinc content,
and no dezincification occurs. Although not
included in these tests, inhibited admiralty
metals would offer significant resistance to
dezincification.

Electric cables that contain copper are often
buried underground. A study investigated the
corrosion behavior of phosphorus-deoxidized
copper (C12200) in four soil types: gravel, salt
marsh, swamp, and clay (Ref 7). After 3 years of
exposure, uniform corrosion rates were found to
vary between 1.3 and 8.8 mm/yr (0.05 and
0.35 mil/yr). No pitting attack was observed. In
general, the corrosion rate was highest for soils
of lowest resistivity.
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Table 3 Corrosion ratings of wrought copper alloys in various corrosive media
This table is intended to serve only as a general guide to the behavior of copper and copper alloys in corrosive environments. It is impossible to cover in a simple tabulation the

performance of a material for all possible variations of temperature, concentration, velocity, impurity content, degree of aeration, and stress. The ratings are based on general performance;
they should be used with caution, and then only for the purpose of screening candidate alloys.

The letters E, G, F, and P have the following significance:
E, excellent: resists corrosion under almost all conditions of service
G, good: some corrosion will take place, but satisfactory service can be expected under all but the most severe conditions.
F, fair: corrosion rates are higher than for the G classification, but the metal can be used if needed for a property other than corrosion resistance and if either the amount of corrosion does

not cause excessive maintenance expense or the effects of corrosion can be lessened, such as by use of coatings or inhibitors.
P, poor: corrosion rates are high, and service is generally unsatisfactory.
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Acetate solvents E E G E E E E E E
Acetic acid(a) E E P P E E E E G
Acetone E E E E E E E E E
Acetylene(b) P P(b) P P P P P P P
Alcohols(a) E E E E E E E E E
Aldehydes E E F F E E E E E
Alkylamines G G G G G G G G G
Alumina E E E E E E E E E
Aluminum chloride G G P P G G G G G
Aluminum hydroxide E E E E E E E E E
Aluminum sulfate and alum G G P G G G G E G
Ammonia, dry E E E E E E E E E
Ammonia, moist(c) P P P P P P P F P
Ammonium chloride(c) P P P P P P P F P
Ammonium hydroxide(c) P P P P P P P F P
Ammonium nitrate(c) P P P P P P P F P
Ammonium sulfate(c) F F P P F F F G F
Aniline and aniline dyes F F F F F F F F F
Asphalt E E E E E E E E E
Atmosphere:

Industrial(c) E E E E E E E E E
Marine E E E E E E E E E
Rural E E E E E E E E E

Barium carbonate E E E E E E E E E
Barium chloride G G F F G G G G G
Barium hydroxide E E G E E E E E E
Barium sulfate E E E E E E E E E
Beer(a) E E G E E E E E E
Beet-sugar syrup(a) E E G E E E E E E
Benzene, benzine, benzol E E E E E E E E E
Benzoic acid E E E E E E E E E
Black liquor, sulfate process P P P P P P P G P
Bleaching powder (wet) G G P G G G G G G
Borax E E E E E E E E E
Bordeaux mixture E E G E E E E E E
Boric acid E E G E E E E E E
Brines G G P G G G G E E
Bromine, dry E E E E E E E E E
Bromine, moist G G P F G G G G G
Butane(d) E E E E E E E E E
Calcium bisulfate G G P G G G G G G
Calcium chloride G G F G G G G G G
Calcium hydroxide E E G E E E E E E
Calcium hypochlorite G G P G G G G G G
Cane-sugar syrup(a) E E E E E E E E E
Carbolic acid (phenol) F G P G G G G G G
Carbonated beverages(a)(e) E E E E E E E E E
Carbon dioxide, dry E E E E E E E E E
Carbon dioxide, moist(a)(e) E E E E E E E E E
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Carbon tetrachloride (dry) E E E E E E E E E
Carbon tetrachloride (moist) G G F G E E E E E
Castor oil E E E E E E E E E
Chlorine, dry(f) E E E E E E E E E
Chlorine, moist F F P F F F F G F
Chloracetic acid G F P F G G G G G
Chloroform, dry E E E E E E E E E
Chromic acid P P P P P P P P P
Citric acid(a) E E F E E E E E E
Copper chloride F F P F F F F F F
Copper nitrate F F P F F F F F F
Copper sulfate G G P G G G G E G
Corn oil(a) E E G E E E E E E
Cottonseed oil(a) E E G E E E E E E
Creosote E E G E E E E E E
Dowtherm “A” E E E E E E E E E
Ethanol amine G G G G G G G G G
Ethers E E E E E E E E E
Ethyl acetate (esters) E E G E E E E E E
Ethylene glycol E E G E E E E E E
Ferric chloride P P P P P P P P P
Ferric sulfate P P P P P P P P P
Ferrous chloride G G P G G G G G G
Ferrous sulfate G G P G G G G G G
Formaldehyde (aldehydes) E E G E E E E E E
Formic acid G G P F G G G G G
Freon, dry E E E E E E E E E
Freon, moist E E E E E E E E E
Fuel oil, light E E E E E E E E E
Fuel oil, heavy E E G E E E E E E
Furfural E E F E E E E E E
Gasoline E E E E E E E E E
Gelatin(a) E E E E E E E E E
Glucose(a) E E E E E E E E E
Glue E E G E E E E E E
Glycerin E E G E E E E E E
Hydrobromic acid F F P F F F F F F
Hydrocarbons E E E E E E E E E
Hydrochloric acid (muriatic) F F P F F F F F F
Hydrocyanic acid, dry E E E E E E E E E
Hydrocyanic acid, moist P P P P P P P P P
Hydrofluoric acid, anhydrous G G P G G G G G G
Hydrofluoric acid, hydrated F F P F F F F F F
Hydrofluosilicic acid G G P G G G G G G
Hydrogen(d) E E E E E E E E E
Hydrogen peroxide, up to 10% G G F G G G G G G
Hydrogen peroxide over 10% P P P P P P P P P
Hydrogen sulfide, dry E E E E E E E E E
Hydrogen sulfide, moist P P F F P P P F F

(continued)

(a) Copper and copper alloys are resistant to corrosion by most food products. Traces of copper may be dissolved and affect taste or color of the products. In such cases, copper alloys are often tin coated. (b) Acetylene forms an
explosive compound with copper when moisture or certain impurities are present and the gas is under pressure. Alloys containing less than 65% Cu are satisfactory; when the gas is not under pressure, other copper alloys are
satisfactory. (c) Precautions should be taken to avoid SCC. (d) At elevated temperatures, hydrogen will react with tough pitch copper, causing failure by embrittlement. (e) Where air is present, corrosion rate may be increased. (f)
Below 150 �C (300 �F), corrosion rate is very low; above this temperature, corrosion is appreciable and increases rapidly with temperature. (g) Aeration and elevated temperature may increase corrosion rate substantially. (h)
Excessive oxidation may begin above 120 �C (250 �F). If moisture is present, oxidation may begin at lower temperatures. (j) Use of high-zinc brasses should be avoided in acids because of the likelihood of rapid corrosion by
dezincification. Copper, low-zinc brasses, phosphor bronzes, silicon bronzes, aluminum bronzes, and copper-nickels offer good resistance to corrosion by hot and cold dilute H2SO4 and to corrosion by cold concentrated H2SO4.
Intermediate concentrations of H2SO4 are sometimes more corrosive to copper alloys than either concentrated or dilute acid. Concentrated H2SO4 may be corrosive at elevated temperatures due to breakdown of acid and formation of
metallic sulfides and sulfur dioxide, which cause localized pitting. Tests indicate that copper alloys may undergo pitting in 90 to 95% H2SO4 at approximately 50 �C (122 �F), in 80% acid at approximately 70 �C (160 �F), and in 60%
acid at approximately 100 �C (212 �F). (k) Wetting agents may increase corrosion rates of copper and copper alloys slightly to substantially when carbon dioxide or oxygen is present by preventing formation of a film on the metal
surface and by combining (in some instances) with the dissolved copper to produce a green, insoluble compound.
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The use of copper components in systems for
the disposal of nuclear waste underground is
currently under investigation.

The corrosion rate of copper in quiescent
groundwaters tends to decrease with time. This is
due to the formation of a protective film, an
example of which is shown in Fig. 10. The
underlying layer consists of species from the
groundwater as well as copper. This layer is

brittle and is extensively cracked, permitting
continued dissolution of copper ions into solu-
tion. In Fig. 10, some of these copper ions
have precipitated on the underlying layer in
the form of cupric hydroxychloride [CuCl2.3
(Cu(OH)2)] and copper oxide crystals. The
corrosion layer is not truly passivating, and
corrosion will continue, although at a reduced
rate.

For copper and copper alloys, corrosion rate
depends strongly on the amount of dissolved
oxygen present. The data in Table 6 illustrate this
point for both pure copper and Cu-10Ni in var-
ious synthetic groundwaters. These data are
derived from experiments lasting from 2 to 4
weeks; therefore, they include the high initial
rates of corrosion and do not represent long-term
corrosion rates. However, they do serve to show

Corrosive medium C
o
p

p
er

s

L
o
w

-z
in

c
b

ra
ss

es
(
<

1
5
%

Z
n
)

H
ig

h
-z

in
c

b
ra

ss
es

(
‡

1
5
%

Z
n
)

S
p

ec
ia

l
b

ra
ss

es

P
h

o
sp

h
o
r

b
ro

n
ze

s

A
lu

m
in

u
m

b
ro

n
ze

s

S
il

ic
o
n

b
ro

n
ze

s

C
o
p

p
er

-n
ic

k
el

s

N
ic

k
el

si
lv

er
s

Kerosine E E E E E E E E E
Ketones E E E E E E E E E
Lacquers E E E E E E E E E
Lacquer thinners (solvents) E E E E E E E E E
Lactic acid(a) E E F E E E E E E
Lime E E E E E E E E E
Lime sulfur P P F F P P P F F
Linseed oil G G G G G G G G G
Lithium compounds G G P F G G G E E
Magnesium chloride G G F F G G G G G
Magnesium hydroxide E E G E E E E E E
Magnesium sulfate E E G E E E E E E
Mercury or mercury salts P P P P P P P P P
Milk(a) E E G E E E E E E
Molasses E E G E E E E E E
Natural gas(d) E E E E E E E E E
Nickel chloride F F P F F F F F F
Nickel sulfate F F P F F F F F F
Nitric acid P P P P P P P P P
Oleic acid G G F G G G G G G
Oxalic acid(g) E E P P E E E E E
Oxygen(h) E E E E E E E E E
Palmitic acid G G F G G G G G G
Paraffin E E E E E E E E E
Phosphoric acid G G P F G G G G G
Picric acid P P P P P P P P P
Potassium carbonate E G E E E E E E E
Potassium chloride G G P F G G G E E
Potassium cyanide P P P P P P P P P
Potassium dichromate (acid) P P P P P P P P P
Potassium hydroxide G G F G G G G E E
Potassium sulfate E E G E E E E E E
Propane(d) E E E E E E E E E
Rosin E E E E E E E E E
Seawater G G F E G E G E E
Sewage E E F E E E E E E
Silver salts P P P P P P P P P
Soap solution E E E E E E E E E
Sodium bicarbonate E E G E E E E E E
Sodium bisulfate G G F G G G G E E
Sodium carbonate E E G E E E E E E
Sodium chloride G G P F G G G E E
Sodium chromate E E E E E E E E E
Sodium cyanide P P P P P P P P P
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Sodium dichromate (acid) P P P P P P P P P
Sodium hydroxide G G F G G G G E E
Sodium hypochlorite G G P G G G G G G
Sodium nitrate G G P F G G G E E
Sodium peroxide F F P F F F F G G
Sodium phosphate E E G E E E E E E
Sodium silicate E E G E E E E E E
Sodium sulfate E E G E E E E E E
Sodium sulfide P P F F P P P F F
Sodium thiosulfate P P F F P P P F F
Steam E E F E E E F E E
Stearic acid E E F E E E E E E
Sugar solutions E E G E E E E E E
Sulfur, solid G G E G G G G E G
Sulfur, molten P P P P P P P P P
Sulfur chloride (dry) E E E E E E E E E
Sulfur chloride (moist) P P P P P P P P P
Sulfur dioxide (dry) E E E E E E E E E
Sulfur dioxide (moist) G G P G G G G F F
Sulfur trioxide (dry) E E E E E E E E E
Sulfuric acid 80–95%(j) G G P F G G G G G
Sulfuric acid 40–80%(j) F F F P F F F F F
Sulfuric acid 40%(j) G G P F G G G G G
Sulfurous acid G G P G G G G F F
Tannic acid E E E E E E E E E
Tartaric acid(a) E E G E E E E E E
Toluene E E E E E E E E E
Trichloracetic acid G G P F G G G G G
Trichlorethylene (dry) E E E E E E E E E
Trichlorethylene (moist) G G F G E E E E E
Turpentine E E E E E E E E E
Varnish E E E E E E E E E
Vinegar(a) E E P F E E E E G
Water, acidic mine F F P F G F F P F
Water, potable E E G E E E E E E
Water, condensate(c) E E E E E E E E E
Wetting agents(k) E E E E E E E E E
Whiskey(a) E E E E E E E E E
White water G G G E E E E E E
Zinc chloride G G P G G G G G G
Zinc sulfate E E P E E E E E E

(a) Copper and copper alloys are resistant to corrosion by most food products. Traces of copper may be dissolved and affect taste or color of the products. In such cases, copper alloys are often tin coated. (b) Acetylene forms an
explosive compound with copper when moisture or certain impurities are present and the gas is under pressure. Alloys containing less than 65% Cu are satisfactory; when the gas is not under pressure, other copper alloys are
satisfactory. (c) Precautions should be taken to avoid SCC. (d) At elevated temperatures, hydrogen will react with tough pitch copper, causing failure by embrittlement. (e) Where air is present, corrosion rate may be increased. (f)
Below 150 �C (300 �F), corrosion rate is very low; above this temperature, corrosion is appreciable and increases rapidly with temperature. (g) Aeration and elevated temperature may increase corrosion rate substantially. (h)
Excessive oxidation may begin above 120 �C (250 �F). If moisture is present, oxidation may begin at lower temperatures. (j) Use of high-zinc brasses should be avoided in acids because of the likelihood of rapid corrosion by
dezincification. Copper, low-zinc brasses, phosphor bronzes, silicon bronzes, aluminum bronzes, and copper-nickels offer good resistance to corrosion by hot and cold dilute H2SO4 and to corrosion by cold concentrated H2SO4.
Intermediate concentrations of H2SO4 are sometimes more corrosive to copper alloys than either concentrated or dilute acid. Concentrated H2SO4 may be corrosive at elevated temperatures due to breakdown of acid and formation of
metallic sulfides and sulfur dioxide, which cause localized pitting. Tests indicate that copper alloys may undergo pitting in 90 to 95% H2SO4 at approximately 50 �C (122 �F), in 80% acid at approximately 70 �C (160 �F), and in 60%

acid at approximately 100 �C (212 �F). (k) Wetting agents may increase corrosion rates of copper and copper alloys slightly to substantially when carbon dioxide or oxygen is present by preventing formation of a film on the metal
surface and by combining (in some instances) with the dissolved copper to produce a green, insoluble compound.
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Table 4 Corrosion ratings of cast copper alloys in various media
The letters A, B, and C have the following significance: A, recommended; B, acceptable; C, not recommended
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Acetate solvents B A A A A A B A A A A A A B
Acetic acid

20% A C B C B C C C C A C A A B
50% A C B C B C C C C A C B A B
Glacial A A A C A C C C C A B B A A

Acetone A A A A A A A A A A A A A A
Acetylene(a) C C C C C C C C C C C C C C
Alcohols(b) A A A A A A A A A A A A A A
Aluminum chloride C C C C C C C C C B C C C C
Aluminum sulfate B B B B B C C C C A C C A A
Ammonia, moist gas C C C C C C C C C C C C C C
Ammonia, moisture-free A A A A A A A A A A A A A A
Ammonium chloride C C C C C C C C C C C C C C
Ammonium hydroxide C C C C C C C C C C C C C C
Ammonium nitrate C C C C C C C C C C C C C C
Ammonium sulfate B B B B B C C C C A C C A A
Aniline and aniline dyes C C C C C C C C C B C C C C
Asphalt A A A A A A A A A A A A A A
Barium chloride A A A A A C C C C A A A A C
Barium sulfide C C C C C C C C B C C C C C
Beer(b) A A B B B C C C A A C A A B
Beet-sugar syrup A A B B B A A A B A A A B B
Benzine A A A A A A A A A A A A A A
Benzol A A A A A A A A A A A A A A
Boric acid A A A A A A A B A A A A A A
Butane A A A A A A A A A A A A A A
Calcium bisulfite A A B B B C C C C A B A A B
Calcium chloride (acid) B B B B B B C C C A C C A C
Calcium chloride (alkaline) C C C C C C C C C A C A C B
Calcium hydroxide C C C C C C C C C B C C C C
Calcium hypochlorite C C B B B C C C C B C C C C
Cane-sugar syrups A A B A B A A A A A A A A B
Carbonated beverages(b) A C C C C C C C C A C C A C
Carbon dioxide, dry A A A A A A A A A A A A A A
Carbon dioxide, moist(b) B B B C B C C C C A C A A B
Carbon tetrachloride, dry A A A A A A A A A A A A A A
Carbon tetrachloride, moist B B B B B B B B B B B A A A
Chlorine, dry A A A A A A A A A A A A A A
Chlorine, moist C C B B B C C C C C C C C C
Chromic acid C C C C C C C C C C C C C C
Citric acid A A A A A A A A A A A A A A
Copper sulfate B A A A A C C C C B B B A A
Cottonseed oil(b) A A A A A A A A A A A A A A
Creosote B B B B B C C C C A B B B B
Ethers A A A A A A A A A A A A A A
Ethylene glycol A A A A A A A A A A A A A A
Ferric chloride, sulfate C C C C C C C C C C C C C C
Ferrous chloride, sulfate C C C C C C C C C C C C C C
Formaldehyde A A A A A A A A A A A A A A
Formic acid A A A A A B B B B A B B B C
Freon A A A A A A A A A A A A A B
Fuel oil A A A A A A A A A A A A A A
Furfural A A A A A A A A A A A A A A
Gasoline A A A A A A A A A A A A A A
Gelatin(b) A A A A A A A A A A A A A A
Glucose A A A A A A A A A A A A A A
Glue A A A A A A A A A A A A A A
Glycerin A A A A A A A A A A A A A A
Hydrochloric or muriatic acid C C C C C C C C C B C C C C
Hydrofluoric acid B B B B B B B B B A B B B B
Hydrofluosilicic acid B B B B B C C C C B C C B C
Hydrogen A A A A A A A A A A A A A A
Hydrogen peroxide C C C C C C C C C C C C C C

(continued)

(a) Acetylene forms an explosive compound with copper when moist or when certain impurities are present and the gas is under pressure. Alloys containing less than 65% Cu are satisfactory for this use. When gas is not under
pressure, other copper alloys are satisfactory. (b) Copper and copper alloys resist corrosion by most food products. Traces of copper may be dissolved and affect taste or color. In such cases, copper metals are often tin coated.
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Hydrogen sulfide, dry C C C C C C C C C B C C B C
Hydrogen sulfide, moist C C C C C C C C C B C C C C
Lacquers A A A A A A A A A A A A A A
Lacquer thinners A A A A A A A A A A A A A A
Lactic acid A A A A A C C C C A C C A C
Linseed oil A A A A A A A A A A A A A A
Liquors

Black liquor B B B B B C C C C B C C B B
Green liquor C C C C C C C C C B C C C B
White liquor C C C C C C C C C A C C C B

Magnesium chloride A A A A A C C C C A C C A B
Magnesium hydroxide B B B B B B B B B A B B B B
Magnesium sulfate A A A A B C C C C A C B A B
Mercury, mercury salts C C C C C C C C C C C C C C
Milk(b) A A A A A A A A A A A A A A
Molasses(b) A A A A A A A A A A A A A A
Natural gas A A A A A A A A A A A A A A
Nickel chloride A A A A A C C C C B C C A C
Nickel sulfate A A A A A C C C C A C C A C
Nitric acid C C C C C C C C C C C C C C
Oleic acid A A B B B C C C C A C A A B
Oxalic acid A A B B B C C C C A C A A B
Phosphoric acid A A A A A C C C C A C A A A
Picric acid C C C C C C C C C C C C C C
Potassium chloride A A A A A C C C C A C C A C
Potassium cyanide C C C C C C C C C C C C C C
Potassium hydroxide C C C C C C C C C A C C C C
Potassium sulfate A A A A A C C C C A C C A C
Propane gas A A A A A A A A A A A A A A
Seawater A A A A A C C C C A C C B B
Soap solutions A A A A B C C C C A C C A C
Sodium bicarbonate A A A A A A A A A A A A A B
Sodium bisulfate C C C C C C C C C A C C C C
Sodium carbonate C A A A A C C C C A C C C A
Sodium chloride A A A A A B C C C A C C A C
Sodium cyanide C C C C C C C C C B C C C C
Sodium hydroxide C C C C C C C C C A C C C C
Sodium hypochlorite C C C C C C C C C C C C C C
Sodium nitrate B B B B B B B B B A B B A A
Sodium peroxide B B B B B B B B B B B B B B
Sodium phosphate A A A A A A A A A A A A A A
Sodium sulfate, silicate A A B B B B C C C A C C A B
Sodium sulfide, thiosulfate C C C C C C C C C B C C C C
Stearic acid A A A A A A A A A A A A A A
Sulfur, solid C C C C C C C C C A C C C C
Sulfur chloride C C C C C C C C C C C C C C
Sulfur dioxide, dry A A A A A A A A A A A A A A
Sulfur dioxide, moist A A A B B C C C C A C C A B
Sulfur trioxide, dry A A A A A A A A A A A A A A
Sulfuric acid

78% or less B B B B B C C C C A C C B B
78% to 90% C C C C C C C C C B C C C C
90% to 95% C C C C C C C C C B C C C C
Fuming C C C C C C C C C A C C C C

Tannic acid A A A A A A A A A A A A A A
Tartaric acid B A A A A A A A A A A A A A
Toluene B B A A A B B B B B B B B A
Trichlorethylene, dry A A A A A A A A A A A A A A
Trichlorethylene, moist A A A A A A A A A A A A A A
Turpentine A A A A A A A A A A A A A A
Varnish A A A A A A A A A A A A A A
Vinegar A A B B B C C C C B C C A B
Water, acid mine C C C C C C C C C C C C C C
Water, condensate A A A A A A A A A A A A A A

(continued)

(a) Acetylene forms an explosive compound with copper when moist or when certain impurities are present and the gas is under pressure. Alloys containing less than 65% Cu are satisfactory for this use. When gas is not under
pressure, other copper alloys are satisfactory. (b) Copper and copper alloys resist corrosion by most food products. Traces of copper may be dissolved and affect taste or color. In such cases, copper metals are often tin coated.

Table 4 (continued)
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that deoxygenation of the solution results in at
least an order of magnitude decrease in the short-
term corrosion rate. It is also apparent from these
data that, in aerated solutions at least, the addi-
tion of nickel decreases the uniform corrosion
rate of copper. This is due to the formation of a
more highly protective surface film.

The effects of salinity and temperature are
less well understood. In general, increasing the
total salinity of these groundwaters tends to
increase their corrosiveness. However, it is not
clear whether this is due to the sum effect of
all the dissolved ions or of some of the species
in particular. In open systems, it is difficult
to distinguish the effect of temperature from
that of dissolved oxygen, because the solubility
of oxygen decreases with increasing tempera-
ture. The combination of these two opposing
effects can lead to an apparent maximum in
the corrosion rate at some intermediate tem-
perature. Consequently, it is important that the
rates refer to a constant dissolved-oxygen con-
centration when considering the effects of tem-
perature.

Water

Freshwater. Copper is extensively used for
handling freshwater. Seamless copper tubing,

designated commercially as type K, L, and M in
inch units, and type A, B, and C in metric units, is
classified for water distribution service. All are
UNS C12200. The largest single application of
copper tubing is for hot- and cold-water dis-
tribution lines in homes and other buildings,
although considerable quantities are also used in
heating lines (including radiant heating lines for
homes), drain tubes, and fire safety systems. The
CDA (Ref 9) suggests, for reasons of excessive
noise as well as possible erosion-corrosion, that
the designer should limit the water velocity in
hot- and cold-water distribution systems to
2.4 m/s (8 ft/s) for cold water and 1.5 m/s
(5 ft/s) for water up to 60 �C (140 �F). Above
60 �C (140 �F), velocity should be limited to 0.6
to 0.9 m/s (2 to 3 ft/s).

Copper. Minerals in water combine with
dissolved CO2 and oxygen and react with copper
to form a protective film. Therefore, the corro-
sion rate is low (5 to 25 mm/yr, or 0.2 to 1.0 mil/
yr) in most exposures. In distilled water or very
soft water, protective films are less likely to
form; therefore, the corrosion rate may vary from
less than 2.5 to 125 mm/yr (0.1 to 5 mils/yr) or
more, depending on oxygen and CO2 contents.

Copper-Zinc Alloys. The corrosion resistance
of the brasses is good in unpolluted freshwater—
normally 2.5 to 25 mm/yr (0.1 to 1.0 mil/yr).
Corrosion rates are somewhat higher in non-

scaling water containing CO2 and oxygen.
Uninhibited brasses of high zinc content (35 to
40% Zn) are subject to dezincification when used
with stagnant or slowly moving brackish or
slightly acid waters. On the other hand, inhibited
admiralty metals and brasses containing 15% Zn
or less are highly resistant to dezincification and
are used very successfully in these waters.
Inhibited yellow brasses are widely used in
Europe and are gaining acceptance in North
America. Alloy C68700 (arsenical aluminum
brass, an inhibited 77Cu-21Zn-2Al alloy) has
been successfully used for condenser and heat-
exchanger tubes.

Copper-nickels generally have corrosion
rates under 25 mm/yr (1 mil/yr) in unpolluted
water. They are sometimes used to resist
impingement attack where severe velocity and
entrained-air conditions cannot be overcome by
changes in operating conditions or equipment
design.

Copper-silicon alloys (silicon bronzes) also
have excellent corrosion resistance, and for these
alloys, the amount of dissolved oxygen in the
water does not influence corrosion significantly.
If CO2 is also present, the corrosion rate will
increase (but not excessively), particularly at
temperatures above 60 �C (140 �F). Corrosion
rates for silicon bronzes are similar to those for
copper.
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Water, potable A A A A A A B B B A A A A A
Whiskey(b) A A C C C C C C C A C C A C
Zinc chloride C C C C C C C C C B C C B C
Zinc sulfate A A A A A C C C C B C A A C

(a) Acetylene forms an explosive compound with copper when moist or when certain impurities are present and the gas is under pressure. Alloys containing less than 65% Cu are satisfactory for this use. When gas is not under
pressure, other copper alloys are satisfactory. (b) Copper and copper alloys resist corrosion by most food products. Traces of copper may be dissolved and affect taste or color. In such cases, copper metals are often tin coated.

Table 5 Historic atmospheric corrosion of selected copper alloys

Alloy

Corrosion rates at indicated locations(a)

Altoona, PA New York, NY Key West, FL La Jolla, CA State College, PA Phoenix, AZ

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

C11000 1.40 0.055 1.38 0.054 0.56 0.022 1.27 0.050 0.43 0.017 0.13 0.005
C12000 1.32 0.052 1.22 0.048 0.51 0.020 1.42 0.056 0.36 0.014 0.08 0.003
C23000 1.88 0.074 1.88 0.074 0.56 0.022 0.33 0.013 0.46 0.018 0.10 0.004
C26000 3.05 0.120 2.41 0.095 0.20 0.008 0.15 0.006 0.46 0.018 0.10 0.004
C52100 2.24 0.088 2.54 0.100 0.71 0.028 2.31 0.091 0.33 0.013 0.13 0.005
C61000 1.63 0.064 1.60 0.063 0.10 0.004 0.15 0.006 0.25 0.010 0.51 0.002
C65500 1.65 0.065 1.73 0.068 . . . . . . 1.38 0.054 0.51 0.020 0.15 0.006
C44200 2.13 0.084 2.51 0.099 . . . . . . 0.33 0.013 0.53 0.021 0.10 0.004
70Cu-29Ni-1Sn(b) 2.64 0.104 2.13 0.084 0.28 0.011 0.36 0.014 0.48 0.019 0.10 0.004

(a) Derived from 20 year exposure tests. Types of atmospheres: Altoona, industrial; New York City, industrial marine; Key West, tropical rural marine; La Jolla, humid marine; State College, northern rural; Phoenix, dry rural.
(b) Although obsolete, this alloy indicates the corrosion resistance expected of C71500.

Table 4 (continued)
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Copper-Aluminum Alloys. The aluminum
bronzes have been used in many waters, from
potable water to brackish water to seawater.
Softened waters are usually more corrosive to

these materials than hard waters. Alloys C61300
and C63200 are used in cooling tower hardware
in which the makeup water is sewage effluent.
Aluminum bronzes resist oxidation and impin-
gement corrosion because of the aluminum in the
surface film.

Steam. Copper and copper alloys resist
attack by pure steam, but if much CO2, oxygen,
or NH3 is present, the condensate is corrosive.
Even though wet steam at high velocities can
cause severe impingement attack, copper alloys
are used extensively in condensers and heat
exchangers. Copper alloys are also used for
feedwater heaters, although their use in such
applications is somewhat limited because of their
rapid decline in strength and creep resistance at
moderately elevated temperatures. Copper-
nickels are the preferred copper alloys for the
higher temperatures and pressures.

The working pressures of tubes and joints limit
use of copper in systems handling hot water and
steam. For example, copper tubing of 6.4 to
25 mm (1/4 to 1 in.) nominal diameter joined
with 50Sn-50Pb solder can be used at tempera-
tures to 120 �C (250 �F) and pressures to
585 kPa (85 psi). The working pressure at this

temperature in tubing of the same size can be
increased to 1860 kPa (270 psi) when the system
is joined with 95Sn-5Sb solder. When the joining
material is a brazing alloy with a melting point
above 540 �C (1000 �F), the working pressure of
the system is the working pressure of the
annealed tubing. A few copper alloys have
shown a tendency to fail by SCC when they are
highly stressed and exposed to steam. Alpha
aluminum bronzes that do not contain tin are
among the susceptible alloys.

Steam condensate that has been properly
treated so that it is relatively free of non-
condensate gases, as in a power-generating sta-
tion, is relatively noncorrosive to copper and
copper alloys. Rates of attack in most such
exposures are less than 2.5 mm/yr (0.1 mil/yr).
Copper and its alloys are not attacked by con-
densate that contains a significant amount of oil,
such as condensate from a reciprocating steam
engine.

Dissolved CO2, oxygen, or both significantly
increase the rate of attack. For example, con-
densate with 4.6 ppm O, 14 ppm CO2, and a
pH of 5.5 at 68 �C (155 �F) caused an aver-
age penetration of 175 to 350 mm/yr (6.9 to
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Fig. 8 Typical corrosion rates of representative copper
alloys in a marine atmosphere. (a) Average data

for copper, silicon bronze, and phosphor bronze. (b)
Average data for brass, aluminum bronze, nickel silver, and
copper-nickel
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Fig. 9 Corrosion of copper, iron, lead, and zinc in four different soils

Fig. 10 Scanning electron micrograph of the corrosion
product formed on C10100 in complex

groundwater at 150 �C (300 �F). A, underlying film con-
taining copper, silicon, calcium, chlorine, and magnesium;
B, crystals of CuCl2.3(Cu(OH)2); C, crystals of CuO or
Cu2O. Courtesy of F. King and C.D. Litke

Table 6 Short-term corrosion rates of copper alloys in saline groundwaters

Alloy
Type of

groundwater

Oxygen
concentration,

mg/g

Temperature Corrosion rate

Ref�C �F mm/yr mils/yr

C10100 Synthetic 50.1 150 300 15 0.6 (b)
55 g/L TDS(a) 6 150 300 340 13.4

Copper Brine A 50.1 250 480 70 2.8 8
306 g/L TDS 600 250 480 1200 47.2

Seawater 50.1 250 480 50 2
35 g/L TDS 1750 250 480 5000 197

Cu-10Ni (C70600) Brine A 50.1 250 480 140 5.5 8
600 250 480 400 15.7

Seawater 50.1 250 480 70 2.8
1750 250 480 700 27.6

(a) TDS, total dissolved solids. (b) F. King and C.D. Litke, unpublished research, 1985
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13.8 mils/yr) when in contact with C12200
(phosphorus-deoxidized copper), C14200
(arsenical copper), C23000 (red brass), C44300
to C44500 (admiralty metal), and C71000
(copper-nickel, 20%). Steel tested under the
same conditions was penetrated at approxi-
mately twice the rate given for the copper alloys
listed previously, but tin-coated copper proved to
be much more resistant and was attacked at a rate
of less than 25 mm/yr (1 mil/yr). To attain the
optimal service life in condensate systems, it is
necessary to ensure that the tubes are installed
with enough slope to allow proper drainage, to
reduce the quantity of corrosive agents (usually
CO2 and oxygen) at the source by mechanical or
chemical treatment of the feedwater, or to treat
the steam chemically.

Modern power utility boiler feedwater treat-
ments commonly include the addition of organic
amines to inhibit the corrosion of iron compo-
nents of the system by scavenging oxygen and
increasing the pH of the feedwater. These che-
micals, such as morpholine and hydrazine,
decompose in service to yield NH3, which can be
quite corrosive toward some copper alloys. In the
main body of well-monitored operating con-
densers, oxygen and NH3 levels are quite low,
and corrosion is usually mild. More aggressive
conditions exist in the air-removal section.
Abnormal operating conditions, tube leakage,
and shutdown-startup cycles may also increase
the corrosivity of the steam-side environment by
raising the oxygen concentration. The corrosion
resistance in laboratory tests of a number of
copper alloys and low-carbon steel in both aer-
ated (8 to 12 ppm O2) and deaerated (100 to
200 ppb O2) NH3 solutions is illustrated in
Fig. 11 and 12. In these tests, NH3 enhanced the
corrosion resistance of the copper-nickel alloys,
modifying surface oxides by increasing nickel
content. Elevated oxygen levels are generally
more deleterious than elevated NH3 levels.
However, the elevated oxygen content mini-
mally affected C71500. These laboratory data
correlate well with field corrosion data from
operating power plants (Table 7). Additional
information on corrosion in power plant appli-
cations is available in the articles about corrosion
in fossil and alternative fuel industries in this
Volume.

Saltwater. An important use of copper alloys
is in handling seawater in ships and tidewater

power stations. Copper itself, although fairly
useful, is usually less resistant to general corro-
sion than C44300 to C44500, C61300, C68700,
C70600, or C71500. The superior performance
of these alloys results from the combination of
insolubility in seawater, erosion resistance, and
biofouling resistance. The corrosion rates of
copper and its alloys in relatively quiescent
seawater are typically less than 50 mm/yr
(2 mils/yr).

In the laboratory and in service, copper-nickel
alloys C70600, C71500, C72200, and C71640
exhibit excellent corrosion resistance in sea-
water. Average corrosion rates for both C70600
and C71500 were shown to range from 2 to
12 mm/yr (0.08 to 0.5 mil/yr) (Ref 12). The
long-term evaluations illustrated in Fig. 13 and
14 revealed corrosion rates less than 2.5 mm/yr
(0.1 mil/yr) for both alloys after 14 years of
exposure to quiescent and low-velocity seawater
(Ref 13). Sixteen-year tests confirmed this same
low corrosion rate (Ref 14).

Pitting Resistance. Alloys C70600 and
C71500 both display excellent resistance to pit-
ting in seawater. The average depth of the 20
deepest pits in C71500 observed at the end of the
16 year tests was less than 127 mm (5 mils)
(Ref 14).

Chromium-modified copper-nickel alloys,
developed for resistance to high-velocity sea-
water, were evaluated in both low- and high-
velocity conditions. The quiescent and low-
velocity performances of C72200, C70600, and
C71500 were compared (Ref 15, 16); results
showed uniform corrosion (5 to 25 mm/yr, or 0.2
to 1 mil/yr) on all three alloys. The chromium-
containing alloys, however, were slightly more
susceptible to localized attack in quiet seawater.
Another study reported that the pitting behavior
of C72200 is influenced by the presence of iron
and chromium in or out of solid solution (Ref
17). The fraction of iron plus chromium in
solution in C72200 must be kept higher than 0.7
to avoid pitting corrosion.

Velocity Effects. The corrosion resistance of
copper alloys in flowing seawater depends on the
growth and maintenance of a protective film or
corrosion product layers. These alloys typically
exhibit velocity-dependent corrosion rates. The
more adherent and protective the film on a par-
ticular alloy, the higher its breakaway velocity
(the velocity at which there is a transition from

low to high corrosion rate) and the greater its
resistance to impingement attack or erosion-
corrosion.

Some of the earliest work on copper-nickel
alloys demonstrated the beneficial effects of iron
additions on seawater impingement resistance.
The graphical summary of the effects of iron
shown in Fig. 15 qualitatively illustrates the
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Fig. 11 Corrosion rates of copper alloys and low-car-
bon A-285 steel in aerated NH3 solutions. Test

duration: 1000 h. Source: Ref 10
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Test duration: 1000 h. Source: Ref 10

Table 7 Comparison of field and laboratory condensate corrosion of copper alloys
Data are weight loss measured after total exposure time, expressed as penetration rates

Alloy

Corrosion rate, mm/yr (mils/yr)

Field tests(a) Laboratory tests(b)

Plant A Plant B Plant C 0 ppm NH3 2 ppm NH3 20 ppm NH3

C71500 0.2 (0.0083) 0.1 (0.004) 0.4 (0.0151) 0.3 (0.012) 0.05 (0.002) 0.025 (0.001)
C72200 0.4 (0.016) 0.4 (0.016) 0.38 (0.015) 0.61 (0.024) 0.2 (0.008) 0.18 (0.007)
C70600 0.48 (0.019) 0.36 (0.014) 0.46 (0.018) 1.3 (0.053) 1.1 (0.043) 0.94 (0.037)
C44300 1.27 (0.05) 0.79 (0.031) 0.61 (0.024) 0.61 (0.024) 2.3 (0.09) 5.6 (0.22)
A285 6.2 (0.243) 10.4 (0.411) 2.6 (0.103) 38 (1.5) 8.3 (0.325) 4.6 (0.183)

(a) 2 year tests in hot wells at three plant sites (A, B, and C). Plant A, pH range of 8.9–9.7; typical pH of 9.1–9.3. Plant B, pH range of 9–10, typical pH of 9.3–9.6. (b) Laboratory data extrapolated from 1000 h tests in deaerated
beakers. 0 pprn NH3 solution, pH 7; 2 ppm NH3 solution, pH 9.4; 20 ppm NH3 solution, pH 10. Source: Ref 11
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balance between pitting resistance and impin-
gement resistance that defines the optimal iron
content for 90Cu-10Ni and 70Cu-30Ni at 1.5 and
0.5% Fe, respectively. The effects of manganese
level in association with iron in copper-nickel
alloys are also addressed in Ref 18. The relative
beneficial effects of 2% Fe and 2% Mn in a
70Cu-30Ni alloy (C71640) are shown in Fig. 16,
which indicates that the C71640 and C72200
alloys are markedly more resistant to erosion-
corrosion than C70600 at velocities up to 9 m/s
(30 ft/s). The chromium-modified copper-nickel
alloys also provide increased resistance to
impingement attack compared to Cu-Ni-Fe
alloys. In jet impingement tests (Ref 16) on
several copper-base alloys at impingement
velocities as high as 10 m/s (33 ft/s), no mea-
surable impingement attack was observed on
alloys C72200 and C71900 at 4.6 m/s (15 ft/s)
(Table 8).

The behaviors of several copper-nickel alloys,
including C71640 and C72200, have been char-
acterized under conditions simulating partial
blockage of a condenser tube (Ref 19). In the 1
year natural seawater tests, enhanced erosion-
corrosion resistance was observed for the
C71640 and C72200 alloys as compared to
C70600 and C71500. Some localized pitting and/

or crevice corrosion associated with the non-
metallic blockage device was noted for C71640
and C72200, with no such attack occurring for
the C70600 and C71500 alloys. Superior per-
formance of the modified copper-nickel alloys
C72200 and C71640 was also observed under
severely erosive conditions in seawater con-
taining entrained sand (Ref 20).

The combined results of laboratory impinge-
ment studies and service performance have
produced maximum acceptable design velocities
for condenser tube materials (Table 9). Erosion-
corrosion was studied on the basis of fluid
dynamics (Ref 21–23). Instead of defining the
critical velocity for a material, which is difficult
to relate to service conditions and which is spe-
cific to tubing diameter, the use of critical surface
shear stress was advocated. This shear stress in a
dynamic fluid system is a measure of the force
applied by the moving fluid to the surface with
which it interacts. It takes into account the
changes in fluid density and kinematic viscosity
with variations in temperature, specific gravity,
and hydrodynamic parameters. Values of critical
surface shear stress for several copper-base
alloys are shown in Table 10.

Galvanic Effects. In general, the copper-base
alloys are galvanically compatible with one
another in seawater. The copper-nickel alloys are
slightly cathodic (noble) to the nickel-free cop-
per-base alloys, but the small differences in
corrosion potential generally do not lead to ser-
ious galvanic effects unless unusually adverse
anodic/cathodic area ratios are involved.

The data given in Table 11 demonstrate the
increased attack of less noble carbon steel

coupled to copper-nickel alloys (Cu-10Ni,
C70600; Cu-30Ni, C71500), the increased attack
on the copper-nickel alloys when coupled to
more noble titanium, and the general compat-
ibility of copper-nickel alloys with aluminum
bronze (Cu-7Al, C61400). Coupling copper-
nickel alloys to less noble materials affords
protection to the copper-nickel that effectively
reduces its corrosion rate, thus inhibiting the
natural fouling resistance of the alloy.

Results of short-term galvanic couple tests
between C70600 and several cast copper-base
and ferrous alloys are listed in Table 12. The
corrosion rate of cast 70Cu-30Ni was unaffected
by coupling with an equal area of C70600, but
some increased corrosion of other cast copper-
base alloys was noted. Corrosion rates of cast
stainless steels were reduced, with a resultant
increase in the corrosion of C70600. Gray iron
displayed the largest galvanic effect, while the
corrosion rates of Ni-Resist (heat- and corrosion-
resistant) cast irons nominally doubled.
Although some caution should be exercised in
using absolute values from any short-term tests,
the relative degree of acceleration of corrosion
from galvanic coupling was shown to be unaf-
fected by extending some tests with Ni-Resist/
C70600 couples to 1 year.
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Table 8 Summary of jet impingement test data for several copper alloys at three velocities
Test duration: 1–2 months; 10 to 26 �C (50 to 80 �F) seawater

Alloy

Impingement attack at velocity

4.6 m/s (15 ft/s) 6.8 m/s (22 ft/s) 9.8 m/s (32 ft/s)

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

C44300 1.8–4.8 71–189 Not tested Not tested
C68700 0.36–3 14.2–118 Not tested Not tested
C70600 0.12–2.16 4.7–85 0.36–1.56 14.2–61.4 1.56 61.4
C71500 0.12–1.08 4.7–42.5 0.36–6.84 14.2–269 1.68–2.04 66–80.3
C71900 No attack 0.12–0.36 4.7–14.2 1.08–1.44 42.5–56.7
C72200 No attack 0.12 4.7 No attack

Source: Ref 16
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Effect of Oxygen, Depth, and Temperature.
The corrosion of copper and copper-base alloys
in clean seawater is cathodically controlled by
oxygen reduction, with Hþ reduction being
thermodynamically unfavorable. Dissolved
oxygen retards corrosion by the promotion of a
protective film on the copper alloy surface but
increases the rate of corrosion by depolarizing
cathodic sites and oxidizing Cuþ ions to more
aggressive Cu2þ ions. Other factors, such as
velocity, temperature, salinity, and ocean depth,
affect the dissolved oxygen content of seawater,
thus influencing the corrosion rate. In general,
oxygen concentration decreases with increasing
salinity, temperature, and depth. These factors
can vary with depth in a complex manner and
also vary from location to location in the oceans
of the world (Ref 24).

Although cathodic control by oxygen reduc-
tion suggests a strong dependence of corrosion
rate on dissolved oxygen concentration, the
growth of a protective oxide film on copper-
nickel alloys minimizes the influence within the
normally observed range of oxygen content
found in seawater. Deep-ocean testing indicated
that the corrosion rates of copper and copper-
nickel alloys do not change significantly
for dissolved oxygen contents between 1 and
6 mL/L of seawater and consequently were not
significantly affected by variations in depth of
exposure (Ref 24).

Short-term laboratory tests indicated only a
small increase in corrosion rate with increasing
temperature up to 30 �C (85 �F) (Ref 25). Long-
term corrosion rate data from tests conducted at a
coastal site near Panama (Ref 14) agree very well
with long-term data for exposures in Wrights-
ville Beach, NC (Ref 13), where the seasonal
temperature variation is 5 to 30 �C (40 to 85 �F).

Final steady-state corrosion rates at both loca-
tions for C71500 ranged from 1 to 3 mm/yr (0.04
to 0.12 mil/yr).

In the last 30 years, desalination plant opera-
tions have provided data and experience for use
of copper alloys that has extended the design life
of these plants to 40 years (Ref 26). Copper-
nickel alloys, C70600, C71500, and C71640 are
used extensively. Inlet water temperatures have a
great influence on the formation of protective
films. In arctic waters (2 �C, or 35 �F), complete
coverage by film of a C70600 specimen takes a
week, whereas with inlet temperatures of 27 �C
(80 �F), common in desalination plants located
in Middle Eastern countries similar coverage
occurs in a few hours (Ref 27). Within the flash
desalination systems, the heat recovery, brine
heater, and vapor-side components experience
temperatures from 80 to 115 �C ( 175 to 240 �F).
Alloy C70600 tubing is used in a majority of
systems in these areas. In this temperature range,
corrosion tests show that controlling water
chemistry (bicarbonate alkalinity, dissolved
oxygen, and pH) was a critical factor to con-
trolling corrosion (Ref 28). In locations where
the sand loading of water is high, C71640 is
selected for use in the heat-recovery section for
its resistance to erosion-corrosion (Ref 26).

Effect of Chlorine. Coastal power plants that
use seawater as a coolant have long used chlorine
to control fouling and slime formation. The
effect of chlorination, both continuous and
intermittent, on the corrosion of copper-nickel
alloys was studied (Ref 29, 30). Continuous
chlorine additions increased the corrosion rate of
C70600 by a factor of 2. Intermittent chlorination
at a higher level controlled fouling yet had no
apparent effect on corrosion rates. A net reduc-
tion was noted in the corrosion rate of C71500

with continuous and most intermittent chlorine
additions.

Seawater impingement tests were conducted
on C70600, C71500, and C71640 with con-
tinuous additions of chlorine (and iron) (Ref 27).
Additions of 0.5 to 4.0 mg/L of chlorine caused
increased susceptibility to impingement attack
on C70600 at a velocity of 9 m/s (30 ft/s).
Addition of chlorine up to 4.0 mg/L had little
effect on the impingement resistance of C71500.
Figure 17 summarizes the results of these tests.

Polluted cooling waters, particularly in
coastal harbors and estuaries, reportedly cause
numerous premature failures of power station
and shipboard condensers using copper-base
alloys, including the copper-nickels. During the
early 1950s, polluted waters were identified as
the most important contributing factor in the
failure of condenser tubes (Ref 31). Enforcement
of strict pollution standards has dramatically
reduced pollution in many harbors in recent
years; however, accelerated attack of condenser
tubes and seawater piping materials by polluted
waters is still reported.

The attack of copper-containing materials by
polluted seawater has been addressed in numer-
ous test programs. The primary causes of accel-
erated attack of copper-base alloys in polluted
seawater are (1) the action of sulfate-reducing
bacteria, under anaerobic conditions (for exam-
ple, in bottom muds or sediments), on the natural
sulfates present in seawater and (2) the putre-
faction of organic sulfur compounds from
decaying plant and animal matter within sea-
water systems during periods of extended shut-
down (Ref 32). Partial putrefaction of organic
sulfur compounds may also result in the forma-
tion of organic sulfides, such as cystine or glu-
tathione, which can cause pitting of copper alloys
in seawater (Ref 33).

Alloys C70600 and C71500 have been found
to be susceptible to sulfide-induced attack in
aerated seawater containing sulfide concentra-
tions as low as 0.01 mg/L (Ref 34). Subsequent
tests showed that while both were subject to
localized attack, C71500 was more resistant to

Table 9 Accepted maximum tubular design
velocities for some copper alloys for
condenser tubes in seawater

Alloy

Maximum design velocity

m/s ft/s

C12200 0.6–0.9 2–3
C44300 1.2–1.8 4–6
C60800, C61300 2.7 9
C68700 2.4 8
C65100, C85500 0.9 3
C70600 3.0–3.6 10–12
C71500 4.5–4.6 14.8–15
C72200 9.0 30

Table 10 Critical surface shear stress for
copper-base alloys in seawater

Alloy

Critical shear stress

Pa psi

C12200 9.6 0.0014
C68700 19.2 0.0028
C70600 43.1 0.0063
C71500 47.9 0.007
C72200 296.9 0.043

Source: Ref 21

Table 11 Galvanic couple data for C70600
and C71500 with other materials in flowing
seawater
2 year exposures of equal-area couples at a velocity of
0.6 m/s (2 ft/s)

Alloy

Corrosion rate

mm/yr mils/yr

Uncoupled

C70600 31 1.2
C71500 20 0.8
C61400 43 1.7
Carbon steel 330 13
Titanium 2 0.08

Coupled

C70600 25 1
C61400 43 1.7
C70600 3 0.12
Carbon steel 787 31
C70600 208 8.2
Titanium 2 0.08
C71500 18 0.7
C61400 64 2.5
C71500 3 0.12
Carbon steel 711 28
C71500 107 4.2
Titanium 2 0.08

Table 12 Galvanic corrosion data for
C70600/cast alloy couples in seawater
32 day tests of equal-area couples in seawater at 10 �C
(50 �F). Velocity: 1.8 m/s (6 ft/s)

Alloy

Galvanic effect(a)

C70600 Other alloy

C70600 1.0
Cast 90Cu-10Ni 0.8 1.6
Cast 70Cu-30Ni 0.9 1.0
85-5-5-5 (C83600) 0.9 1.5
M Bronze (C92200) 0.7 1.8
ACI CN7M stainless steel 1.5 0.6
ACI CF8M stainless steel 1.2 0.1
Gray iron 0.1 6.0
Ni-Resist type I(b) 0.4 2.1
Ni-Resist type II 0.3 2.6
Ni-Resist type D2 0.3 2.0

(a) Ratio of weight loss in couple to weight loss of an uncoupled control
specimen. (b) Ni-Resist couple tests at 29 �C (85 �F)
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long-term exposures to low concentrations of
sulfide (Ref 35).

Inhibition of Corrosion. In some applications,
adding iron to the seawater further enhances the
corrosion resistance of copper alloys. This iron is
introduced either through the addition of ferrous
sulfate (FeSO4) or by direct oxidation of a
sacrificial iron anode either with or without an
externally applied current.

The effectiveness of environmental iron
additions against sulfide corrosion of copper-
nickel alloys was evaluated (Ref 36, 37). Iron
added continuously at a level of 0.2 mg/L by a
stimulated iron anode was effective against low-
level (0.01 mg/L) sulfide corrosion of both

C70600 and C71500, although some attack was
still observed. Corrosion, already actively pro-
ceeding, was significantly reduced, and the
effects of additional low-level sulfide exposure
were nullified by ferrous ion (Fe2þ) treatment.
Intermittent injection of FeSO4 for 2 h per day at
1.0 to 5.0 mg/L was not found effective against
high sulfide levels (0.2 mg/L) but was effective
in reducing corrosion at lower sulfide levels
(0.01 to 0.04 mg/L). Additional work demon-
strated that continuous low-level additions of
FeSO4 could counteract sulfide-accelerated cor-
rosion of copper-nickel alloys (Fig. 18).

In the use of FeSO4 or stimulated iron anodes
to counteract sulfide-induced corrosion, it should
also be considered that iron additions affect heat-
exchanger efficiency. The continued use of iron
additions can result in a significant buildup of
scale on the tube surface. At high enough levels
of iron addition, sufficient sludge or precipitate
may develop to result in complete blockage of
the heat-exchanger tubes. At lower levels of iron
addition, a bulky deposit will develop on the tube
surface that may also interfere with heat transfer.
In a study of the increase in deposit formation
and loss of heat transfer for aluminum brass in
seawater with both intermittent and continuous
Fe2þ ion dosing, it was recommended that some
consideration be given to a gradual reduction
in dosing levels after the initial film formation
(Ref 39).

Other preventive measures can be taken to
minimize the deleterious effects of sulfides (Ref
40–42). Elimination of decaying plant and ani-
mal life from inlet pipes and channels can alle-
viate the effects of sulfate-reducing bacteria.
Initial design or operational procedures, such as
eliminating stagnant legs in a piping system or
careful use of screening and filtration systems,
can yield a valuable return on investment. In one
study, impingement tests were performed on
C71500 in seawater containing 10 mg/L cystine
(an organic sulfur compound) and varying
amounts of an inhibitor, sodium dimethyl-
dithiocarbamate (Ref 42). The results indicated a
reduction in the depth of impingement attack. It
was noted, however, that a 0.10% solution would
be cost-prohibitive on a once-through basis but
would be cost-effective if circulated through the
shipboard piping system on first flooding and on
shutting down. It was further noted that inhibitor
injection is necessary only when the cooling
water source is polluted estuarine seawater.
Also see the article “Corrosion Inhibitors in the
Water Treatment Industry” in ASM Handbook,
Volume 13A, 2003.

Biofouling. Copper alloys, including the
copper-nickels, have long been recognized for
their inherent resistance to marine fouling. This
fouling resistance is usually associated with
macrobiological fouling, such as barnacles,
mussels, and marine invertebrates of corre-
sponding size. Service experience with shrimp
trawlers and private yachts fabricated with
C70600 or C71500 hulls has demonstrated
excellent resistance to hard-shell fouling and an
accompanying reduction in hull maintenance

costs (Ref 41). Copper-nickel alloys have also
performed successfully as seawater intake
screens by virtue of their mechanical strength,
corrosion resistance, and resistance to biofouling
(Ref 42).

Research demonstrated that fouling was not
observed on copper-nickel alloys containing
80% or more copper and that only incipient
fouling was noted on the 70Cu-30Ni alloy (Ref
43, 44). More recent evaluations indicated
approximately equivalent fouling resistance for
C70600 and C71500 in 14 and 5 year exposures,
respectively (Ref 13, 45). One investigation
concluded that the fouling resistances of pure
copper, C70600, and C71500 were virtually
identical (Ref 45).

Studies of copper-nickel alloys found that
some minimum copper solution rate from the
corrosion process is required to prevent fouling
(Ref 44). It was not established whether the
effect was due to toxicity of copper ions released
from the metal surface or to a continual slough-
ing off of corrosion products. Fouling was
minimal on C71500 exposed for 14 years, during
which time the corrosion rate approached
1.0 mm/yr (0.04 mil/yr) (Ref 13). It was further
demonstrated that copper ions released from a
bare C70600 surface offered no fouling protec-
tion to an adjacent painted surface (Ref 45). This
work concluded that the duplex nature of corro-
sion products on copper alloy surfaces is
responsible for fouling resistance. The initial
film formed on copper alloys exposed to sea-
water is Cu2O. This inherently fouling-resistant
material subsequently oxidizes to CuCl2.3
(Cu(OH)2), which does not appear to be as toxic
to marine organisms. The CuCl2.3(Cu(OH)2)
periodically sloughs off from the material sur-
face, carrying with it many marine organisms
that may have attached. This reexposes the
adherent, toxic Cu2O film and renews fouling
resistance.

Whatever the mechanism, the resistance to
fouling is a result of corrosion of the alloy. If this
is suppressed by galvanic effects or impressed
cathodic protection, fouling will not be pre-
vented.
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Biofouling growth was studied on titanium
and C70600 at 27 �C (80 �F) and at various
velocities (Ref 46). Results (Fig. 19) indicated
that the major fouling problem on titanium in the
tests was silt particles bound by organic growths,
while C70600 is fouled both by silt and corrosion
products. Increasing velocity removes more of
the silt and binding organisms but not the cor-
rosion products. Because titanium does not pro-
duce corrosion products, the change in the
fouling rate with increasing velocity was more
dramatic. The behavior of C70600 suggested the
periodic sloughing off of portions of the fouling
layer previously noted (Ref 45). At sufficient
velocities (1.8 and 2.4 m/s, or 6 to 8 ft/s), mac-
roorganisms did not adhere to the C70600 sur-
face, and heat-transfer resistance was due to
corrosion products and entrapped particles.
Fouling rates decrease by a factor of 10 on tita-
nium with an increase in velocity from 0.6 to
2.4 m/s (2 to 8 ft/s) and decrease by a factor of 5
on C70600 for the same velocity range.

Other studies demonstrated the excellent
resistance to fouling and resulting retention of
heat-transfer efficiency in natural seawater of the
copper alloys (Ref 47, 48). Figure 20 shows
corrosion data for C70600 specimens. The rela-
tively infrequent sponge ball mechanical clean-
ing did not increase corrosion of the C70600
compared to uncleaned controls. Mechanical
cleaning was required much more frequently for
the titanium in order to maintain a given level of
heat-transfer efficiency. Intermittent chlorina-
tion did increase the initial corrosion rates,
although the rates were comparable to uncleaned
controls after approximately 90 days. By con-
trast, in other tests in which excessive mechan-
ical cleaning was used in natural seawater, a
significant acceleration of corrosion occurred
with daily sponge ball cleaning at a rate of 12
passes/h (Ref 49).

Heat Exchangers and Condensers. The
selection of material for condenser and heat-
exchanger tubes necessitates a survey of service
conditions, an examination of tubes previously
used and evaluation of its service life, and a
review of the type, form, and location of corro-
sion experienced in the unit or in similar units.
Types of water and operating conditions vary
widely, and any estimate of probable tube per-
formance must be based on specific operating
factors. The tubes of the various alloys discussed
in this section provide satisfactory and eco-
nomical performance for the services described.

Inhibited Admiralty Metal. (C44300, C44400,
and C44500) has good corrosion resistance and is
extensively used for tubing in various services,
especially steam condensers cooled with fresh,
salt, or brackish water. Admiralty metal tubes are
also used for heat exchangers in oil refineries, in
which corrosion from sulfur compounds and
contaminated water may be very severe, and for
feedwater heaters and heat-exchanger equipment
as well as other industrial processes. Admiralty
metal tubes are often used in equipment operat-
ing at temperatures of 200 �C (400 �F) or higher.
Small amounts of phosphorus (0.02 to 0.06%)

added to admiralty metal markedly increase
dezincification resistance.

Inhibited aluminum brass (C68700) resists
the action of high-velocity salt and brackish
water and is commonly used for condenser tubes.
The outstanding characteristic of C68700 is its
high resistance to impingement attack. Tubes of
this alloy are frequently recommended for use in
marine and land power stations, in which cooling
water velocities are high and inhibited admiralty
metal tubes have failed because of impingement
attack.

Aluminum Bronzes. Tube sheets made of
C61300 and C63200 have been specified for
coastal power station condensers. The aluminum
bronzes of C61300, C63000, and C63200 in
wrought form and C95400, C95500, and C95800
in cast form are extensively used in saltwater
environments. They are used in Navy seawater

systems and submarine systems in pumps,
valves, heat exchangers, and structural compo-
nents for mounting electronic gear and propul-
sion units and are even more widely used in
minesweepers, for which their nonmagnetic
characteristics are important. They are used in
cast or wrought form for tube sheets and water
boxes in saltwater evaporators and in seawater
cooling loops in fossil and nuclear power plants.
Corrosion rates are of the order of 10 to 50 mm/yr
(0.4 to 2 mils/yr), depending on temperature
and velocity, and generally decrease with time.
Temper annealing is particularly important
in the cast forms of these alloys when used in
seawater.

Copper-nickel, 10% (C70600) exhibits excel-
lent resistance to impingement attack; it appears
to be inferior only to copper-nickel, 30%. It
is also highly resistant to SCC. This alloy is
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suitable for marine condenser tube installations
in place of aluminum brass, especially where
higher water velocities are encountered.

Copper-nickel, 30% (C71500) has, in gen-
eral, the best resistance of any of the copper
alloys to impingement attack and to corrosion by
most acids and waters. It is being used in
increasing quantities under severely corrosive
conditions for which service lives longer than
those of other copper alloys are desired. The
United States Navy uses it for most shipboard
condensers and heat exchangers.

Phosphorus-deoxidized coppers (C12000 to
C12300) are extensively used in sugar refineries
for condensers and evaporators. Deoxidized
coppers are standard materials in the refrigera-
tion industry and for transferring heat from steam
to water or air, because of their excellent resis-
tance to corrosion by freshwater and their high
thermal conductivities.

Bimetal tubes are sometimes used to meet
severe corrosion problems not handled ade-
quately by tubes of a single metal or alloy. Two
tubes of different alloys, one inside the other,
form one integral tube. Copper may be the inner
or outer layer, depending on the application.

Drain Tubes. Copper is used for waste and
vent lines in drains. The first such installations
were made in the mid-1930s, and since then,
many municipalities have approved the use of
copper drain lines. Development of Sovent fit-
tings now enables construction of a single-stack
drain system in high-rise buildings instead of the
two-stack system formerly used.

Corrosion in Acids

Copper is widely employed for industrial
equipment used to handle acid solutions. A fairly
definite separation exists between those acids
that can be handled by copper and those that
cannot. In general, copper alloys are successfully
used with nonoxidizing acids, such as
CH3COOH, H2SO4, HCl, and H3PO4, as long as
the concentration of oxidizing agents, such as
dissolved oxygen (air) and ferric (Fe3þ) or
dichromate ions, is low. Broadly speaking, a
thoroughly agitated or stirred solution or one into
which a stream of air has been bubbled approa-
ches air saturation and is therefore not a suitable
acid medium for copper. Acids that are oxidizing
agents in themselves, such as HNO3; sulfurous
(H2SO3); hot, concentrated H2SO4; and acids
carrying such oxidizing agents as Fe3þ salts,
dichromate ions, or permanganate (MnO4

� )
ions, cannot be handled in equipment made of
copper or its alloys.

The corrosive action of a dilute (up to 1% acid)
nonoxidizing acid on copper is relatively low;
corrosion rates are usually less than 6 g/m2/d
(equivalent penetration rate: 250 mm/yr, or
10 mils/yr). This is true only of oxidizing acids
when the concentration does not exceed 0.01%.
At such low acid concentrations, aeration has
little effect in either oxidizing or nonoxidizing
acids.

Nonoxidizing acids with near-zero aeration
have virtually no corrosive effect. Rates in 1.2 N
H2SO4, HCl, and CH3COOH are less than
0.1 g/m2/d (4 mm/yr, or 0.15 mil/yr) in the
absence of air. Figure 21 shows the general effect
of various concentrations of oxygen on the cor-
rosion rate of copper in these acids.

Except for HCl, nonoxidizing acids that
contain as much air as is absorbed in quiet con-
tact with the atmosphere are weakly corrosive.
Rates generally range from 0.5 to 6 g/m2/d
(approximately 20 to 250 mm/yr, or 0.8 to
10 mils/yr).

Air-saturated solutions of nonoxidizing acids
are likely to be strongly corrosive, with corrosion
rates of 5 to 30 g/m2/d (0.2 to 1.25 mm/yr, or 8 to
50 mils/yr). This rate is higher for HCl. The
actual corrosion in any aerated acid depends on
acid concentration, temperature, and other fac-
tors that are difficult to classify. Except in very
dilute solutions, oxidizing acids corrode copper
rapidly—usually at rates above 50 g/m2/d
(2.1 mm/yr, or 85 mils/yr). The reaction is
independent of aeration.

The corrosion rates of three common acids are
compared below (temperature and aeration are
not specified):

Acid

Corrosion rate

g/m2/d mm/yr mils/yr

32% HNO3 5700 240 9450
Concentrated HCl 18 0.75 30
17% H2SO4 2 0.1 4

Phosphoric, CH3COOH, tartaric, formic,
oxalic, malic, and similar acids normally react
comparably to H2SO4. Many of the copper alloys
can be brazed with brazing rod of the same
composition, which provides a joint that is
approximately as corrosion resistant in acids as
the base metal.

Factors that may accelerate corrosion vary
from one plant to another, and it is advisable to
conduct preliminary service or field tests under
actual operating conditions before purchasing
large quantities of an alloy. Corrosion-accel-
erating factors can then be evaluated. Selection
of the most suitable material for use in a chemical
process depends not only on corrosion resistance
but also on such factors as continuing availability
of the alloy in the desired form and size (which
should be ensured before any alloy is given ser-
ious consideration).

The following corrosion data were obtained in
tests made under various conditions for handling
different acids and acid solutions. Because of the
variety of factors affecting all chemical reac-
tions, the values shown cannot be taken as
absolute and should be considered only as trends.

Sulfuric Acid. The corrosion rate of C65500
(3% silicon bronze) in H2SO4 indicates that this
alloy can be successfully used with solutions of 3
to 7096 H2SO4 (by weight) at temperatures of 25
to 70 �C (75 to 160 �F). Laboratory test results
are shown in Fig. 22.

Rate of attack by H2SO4 varies with con-
centration (Table 13). The presence of copper or
iron salts in acid solutions accelerates the cor-
rosion rate of copper (Table 14).

Aluminum bronze C61300 (wrought) as well
as C95200 and C95800 (cast) are used exten-
sively in dilute (10 to 20%) H2SO4 service,
particularly in steel-pickling acids. Because
these alloys have good corrosion resistance and
high mechanical properties, thinner sections can
withstand the required loads. In general, the
copper alloys are quite resistant to the environ-
ment, but when in contact with the steel being
pickled, they are galvanically protected and in
turn accelerate the cleaning action of the acid on
the steels. In time, the iron salts are changed from
Fe2þ to Fe3þ (oxidizing) form, and there is
increased corrosion; therefore, filtering or elim-
ination of the salts is beneficial. Also, open tanks
made of copper for this medium will have a
higher corrosion rate at the liquid level line
because of higher oxygen concentration.
Hydrochloric acid added to H2SO4 greatly
increases the corrosion rate of copper alloys
compared to that in either acid individually.

Phosphoric Acid (H3PO4). Copper and
copper alloys are used in heat-exchanger tubes,
pipes, and fittings for handling H3PO4, although
the corrosion rates of some of these alloys may
be comparatively high. Laboratory tests were
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performed on seven groups of copper alloys in
aerated and unaerated acid, with specimens at the
water line, in quiet immersion, and totally sub-
merged. Acid concentrations ranged from 5 to
90%, and temperatures ranged from 20 to 85 �C
(70 to 185 �F) except for the Cu-Al-Si alloy,
which was tested only in 6.5% H3PO4 at 20 �C
(70 �F) with specimens at the water line and in
quiet immersion. Corrosion rates for the seven
alloy groups were as follows:

Alloy type

Corrosion rate

mm/yr mils/yr

Copper 0.55–3.7 22–146
Copper–zinc (70% Cu min) 0.13–7.0 5–280
Copper-tin 0.025–1.30 1–51
Copper-nickel 0.025–0.63 1–25
Copper-silicon 0.13–0.93 5–37
Copper-aluminum-iron 0.13–0.25 5–10
Copper-aluminum-silicon 0.28–2.4 11–94

In general, copper and copper alloys provide
satisfactory service in handling pure H3PO4

solutions in various concentrations. The acid
concentration seems to have less effect on the

corrosion rate than the amount of impurities. The
impure H3PO4 produced by the H2SO4 process
may contain a markedly higher concentration of
Fe3þ, SO4

2� , sulfite (SO3
2� ), Cl� , and fluoride

(F� ) ions than acid produced by the electric
furnace process. These ions increase the corro-
sion rate up to 150 times, which limits the service
lives of copper alloys.

Pure H3PO4 produced by the electric furnace
process contains only small quantities of impu-
rities and is therefore only slightly corrosive to
copper and its alloys. Inhibited admiralty metals
C44300, C44400, and C44500 are suggested for
solutions of pure H3PO4.

Accumulation of corrosion products on metal
surfaces may also increase both the rate of cor-
rosion and the possibility of pitting. Low-copper
alloys, such as C46400 (naval brass), appear to
form thin, adherent films of corrosion products.
Copper, copper-silicon alloys, and other high-
copper alloys form more voluminous, porous
films or scales beneath which roughened or pit-
ted surfaces are likely to be found.

The H3PO4 vapors that condense in electro-
static precipitators at approximately 120 �C
(250 �F) are noticeably more corrosive than

solutions of pure H3PO4 at the same or lower
temperatures. The corrosion rates encountered in
precipitators are so high that copper alloy wires
will not give satisfactory service as electrodes.
The high rate of corrosion is probably caused by
an abundant supply of oxygen.

Although the corrosion rates of copper cooling
tubes in H3PO4 condensation chambers are high
(approximately 10 mm/yr, or 400 mils/yr), the
rates are lower than those of some other materi-
als. Therefore, the use of copper tubes is feasible
for this application.

The previous discussion on the effect of
H3PO4 on copper and its alloys emphasizes the
value of keeping service records. Such records
are valuable for anticipating repairs, making
changes to minimize the effect of various factors,
and selecting materials for replacement parts.

Hydrochloric acid (HCl) is one of the most
corrosive of the nonoxidizing acids when in
contact with copper and its alloys and is
successfully handled only in dilute concentra-
tions. The rates for C65800 in HCI of vari-
ous concentrations are listed in Table 15. The
corrosion rates for two nonstandard silicon
bronzes were approximately the same as those
for C65800.

The corrosion rate of copper-nickels in 2 N
HCl at 25 �C (75 �F) may range from 2.3 to
7.6 mm/yr (90 to 300 mils/yr), depending on the
degree of aeration and other factors. Specimens
of C71000 (copper-nickel, 20%) in stagnant 1%
HCl solutions at room temperature corrode at a
rate of 305 mm/yr (12 mils/yr); in 10% HCl,
790 mm/yr (31 mils/yr).

Hydrofluoric acid (HF) is less corrosive
than HCl and can be successfully handled by
C71500 (copper-nickel, 30%), which has good
resistance to both aqueous and anhydrous HF.
Unlike some other copper alloys, C71500 is not
sensitive to velocity effects. The data given in
Table 16 were generated from laboratory tests in
conjunction with the HF alkylation process in
anhydrous acid.

Acetic Acid (CH3COOH) and Acetic
Anhydride [(CH3CO)2O]. Copper and copper
alloys are successfully used in commercial

Table 13 Corrosion of copper alloys completely immersed in H2SO4 of various
concentrations

Alloy

Average penetration for H2SO4 concentration of

30% 40% 50%

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

Exposure time 24–48 h, boiling at a pressure of 13.3 kPa (100 torr)

C11000 670–700 26.4–27.6 487–700 19.2–27.6 660–792 26.0–31.2
C14200 640–670 25.2–26.4 487–548 19.2–21.6 610 24.0
C51000 640 25.2 395–457 15.6–18.0 915 36.0
C26000 . . . . . . . . . . . . . . . . . .

Exposure time: 16–24 h, solution agitated

C11000 60–245 2.4–9.6 18–60 0.7–2.4 60 2.4
C14200 92–335 3.6–13.2 nil nil 50–60 2.0–2.4

Alloy

Average penetration for H2SO4 concentration of

60% 70% 80%

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

Exposure time: 24–48 h, boiling at a pressure of 13.3 kPa (100 torr)

C11000 2195–2255 86.4–88.8 853–1067 33.6–42.0 39,630–166,420 1560–6552
C14200 2285–2377 90.0–93.6 945 37.2 67,310–527,300 2650–20,760
C51000 2957–3385 116.4–133.2 945–1067 37.2–42.0 60,660–62,080 2388–2444
C26000 . . . . . . 580–793 22.8–31.2 72,850–206,050 2868–8112

Exposure time: 16–24 h, solution agitated

C11000 60–92 2.4–3.6 1830–2745 72.0–108.0 39,370–40,890 1550–1610
C14200 15–60 0.6–2.4 2135 84.0 39,370–50,550 1550–1990

Table 14 Corrosion of copper in boiling 30% H2SO4 containing copper and iron salts

Copper,
ppm

Average penetration
Iron,
ppm

Average penetration
Iron and copper,

ppm

Average penetration

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

0 60 2.4 0 122 4.8 0 13 0.5
20 183 7.2 28 122 4.8 20Cuþ 28Fe 152 6.0
40 213 8.4 58 245 9.6 40Cuþ 56Fe 244 9.6
80 243 9.6 112 427 16.8 80Cuþ 112Fe 457 18.0
200 335 13.2 196 782 30.8 200Cuþ 196Fe 730 28.8
280 360 14.2 280 975 38.4 280Cuþ 280Fe 1005 39.6
360 427 16.8 364 1097 43.2 360Cuþ 364Fe 1250 49.2
440 457 18.0 447 1280 50.4 440Cuþ 447Fe 1525 60.0

Table 15 Corrosion of C65800 totally
submerged in HCI
Size of specimens, 50 · 25 · 1.3 mm (2 · 1 · 0.050 in.);
surface condition, pickled; velocity of solution, natural
convection; aeration, none; duration of test, 48 h

HCl concentration,
wt.%

Corrosion rate

g/m2/d mm/yr mils/yr

At 25 �C (75 �F)

3 2.3 99 3.9
10 2.3 99 3.9
20 1.8 79 3.1
35 12.3 526 20.7

At 70 �C (160 �F)

3 18.3 780 30.7
10 13.7 508 20.0
20 23.8 102 4.0
35 160.8 6860 270.1
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processes involving exposure to CH3COOH and
related chemical compounds or in the manu-
facture of this acid. One plant kept records con-
cerning the corrosion rate of C11000 used in two
different CH3COOH still systems. One still
operated at 115 to 140 �C (240 to 285 �F) and
handled a solution containing 50% CH3COOH
and approximately 50% (CH3CO)2O, with some
esters also present. After operating for 663 h, the
kettle showed an average penetration rate of
210 mm/yr (8.4 mils/yr). The rate was lower
(60 mm/yr, or 2.4 mils/yr) for the bottom column
and was lower yet (30 mm/yr, or 1.2 mils/yr) for
the middle and top columns. A second still
operating at 60 to 140 �C (140 to 285 �F) con-
tained a 70% solution of CH3COOH, the
remainder being anhydride, esters, and ketones.
After 1464 h, the kettle showed a corrosion rate
of 120 mm/yr (4.8 mils/yr). The rate was only
30 mm/yr (1.2 mils/yr) for the middle and top
columns.

In another field test, C11000 and C65500
coupons were placed in an CH3COOH storage
tank at ambient temperature. The stored solution
contained 27% CH3COOH, 1% butyl acetate,
70% H2O, and small amounts of acetates, alde-
hydes, and other acids. During the 3984 h
exposure, the specimens were immersed in the
liquid phase 80% of the time and were in the

vapor phase 20% of the time. The C11000
specimens showed a corrosion rate of 38 to
53 mm/yr (1.5 to 2.1 mils/yr); the C65500 spe-
cimens, 30 to 45 mm/yr (1.2 to 1.8 mils/yr).

The results of other field tests for C11000 and
C65500 exposed in CH3COOH mixtures are
given in Tables 17 to 19. Test conditions
involved various temperatures, concentrations,
exposure times, locations in equipment, as well
as the presence of other chemicals.

In laboratory tests at room temperature,
C61300 and C62300 exhibited typical corrosion
rates of 65 to 80 mm/yr (2.5 to 3.2 mils/yr) in 10
to 40% CH3COOH. The copper-aluminum
alloys are suitable for use in CH3COOH and the
range of aliphatic and aromatic organic acids.
The addition of chlorine atoms to the organic
molecule will not increase the tendency toward
pitting or crevice corrosion. Alloy C61300 is
extensively used for pressure and valve castings.

Hydrocyanic acid (HCN) is successfully
handled by copper and copper alloys. Results of
field tests for C11000 and C65500 are given in
Tables 20 and 21.

Fatty Acids (CnH2nþ1COOH) are organic
acids of the aliphalic or open-chain structure.
They are common in animal fats and vegetable
fatty oils, and they attack copper alloys at
somewhat higher rates than other organic acids,

such as CH3COOH or citric. Tests were con-
ducted for 400 h in a copper-lined wooden
splitting tank containing a mixture of approxi-
mately 60% fatty acids, 39% H2O, and 1.17%
H2SO4 heated to 100 �C (212 �F) and agitated
violently with an open steam jet. Specimens of
C71000 (copper-nickel, 20%) showed a corro-
sion rate of 64 mm/yr (2.6 mils/yr); specimens of
C71500 (copper-nickel, 30%), 59 mm/yr
(2.4 mils/yr) when submerged just below the
liquid level in the tank. Similar specimens sub-
merged 150 mm (6 in.) from the bottom of the
tank showed corrosion rates of 178 and 185 mm/
yr (7.0 and 7.3 mils/yr) for C71000 and C71500,
respectively.

Oleic Acid. Copper and copper-zinc alloys
are highly resistant to attack by pure oleic acid.
However, oleic acid will attack these alloys when
air and water are present. Temperature also

Table 16 Corrosion of wrought copper alloys in anhydrous HF

Corrosion rate(a)

Temperature C51000 C44400 C71500

�C �F mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

16–27 60–80 510 20 255 10 180 7
27–38 80–100 480 18.8 480 18.8 . . . . . .
82–88 180–190 1525 60 510 20 255 10

(a) These values are representative of results on copper alloys having high copper content, such as copper, aluminum bronze, silicon bronze and
inhibited admiralty metal. Corrosion rates for C23000 are between those for C44400 and C51000.

Table 17 Corrosion of copper in CH3COOH-(CH3CO)2O mixtures

Copper alloy
Exposure

time, h Test conditions

Average
penetration rate

mm/yr mils/yr

C11000 1115 CH3COOH-(CH3CO)2O-acetone
mixture, 110 to 140 �C
(230 to 285 �F)

483 19.0

2952 Same as above 66–70 2.6–2.8
C65500 1115 Same as above 213 8.4

2952 Same as above 70–90 2.8–3.6
C11000 1115 1 : 1 CH3COOH-(CH3CO)2O

mixture, 130 to 145 �C
(265 to 295 �F)

120–533 4.7–21.0

C65500 1115 Same as above 116–236 4.6–9.3
C11000 865 95% CH3COOH-5%

(CH3CO)2O, liquid phase,
120 �C (250 �F)

97–116 3.8–4.6

C11000 coupled to type 316
stainless steel

865 Same as above 102–216 4.0–8.5

C11000 865 95% CH3COOH-5%
(CH3CO)2O, vapor phase, 120 �C
(250 �F)

102–104 4.0–4.1

C11000 coupled to type 316
stainless steel

865 Same as above 94–213 3.7–8.4

C11000 2448 50 : 50 CH3COOH-(CH3CO)2O,
150 �C (300 �F)

84–90 3.3–3.6

C11000 2448 Essentially pure CH3COOH 5 0.2

Table 19 Corrosion of copper alloys in
CH3COOH

Alloy
Exposure

time, h

Average penetration rate

mm/yr mils/yr

(CH3CO)2O(a)

C11000 2448(b) 60 2.4
2448(c) 915–1100 36.0–43.2

C65500 2448(b) 60 2.4
2448(c) 488–732 19.2–28.8

90% CH3COOH(d)

C11000, annealed 672 60 2.4
816 30 1.2

C11000, cold worked 672 90 3.6
792 90 3.6

Copper joint(e) 1512 183 7.2
4000 120 4.8

Copper joint(f) 1512 183 7.2
4000 120 4.8

45% CH3COOH(g)

C11000 1038 30 max 1.2 max
C65500 1038 30 max 1.2 max
Copper joint(f) 1038 30 max 1.2 max

25% CH3COOH(h)

C11000 432 274 10.8
792 152 6.0

(a) Test specimens were exposed in stills separating CH3COOH from
(CH3CO)2O, (b) Top of column. (c) Kettle. (d) Test specimens were
exposed in cycle feed lines at 30–50 �C (85–120 �F). (e) Joint brazed with
BCuP-5 filler metal. (f) BAg filler metal. (g) Test specimens were exposed
in the CH3COOH recovery column, in which concentration of the acetic
acid was 45% max. (h) Test specimens were exposed to crude by-product
CH3COOH (approximately 25% concentration) in pump suction line from
storage tank.

Table 18 Corrosion of C11000 in isopropyl
ether-CH3COOH mixtures

Concentration,%
Average

penetration rate

Isopropyl
ether CH3COOH mm/yr mils/yr

Exposed 72 h at 60–65 �C (140–150 �F)

93 7 40–50 1.6–2.0
85 15 18–20 0.7–0.8

Exposed 328 h at 20 �C (70 �F)

93 7 100 4.0
85 15 13 0.5
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influences the rate of attack. Copper and several
copper alloys were tested in oleic acid at 25 �C
(75 �F); C51000 and C61300 corroded at less
than 50 mm/yr (2 mils/yr) compared with

approximately 500 mm/yr (20 mils/yr) for
C26000 and C65500.

Stearic acid, like all other fatty acids, attacks
copper and copper alloys when moisture and air
are present. Temperature and impurities also
influence the rate of attack. Tests made at 25 to
100 �C (75 to 212 �F) in stearic acid showed
corrosion rates of C11000, C26000, and C65500
to be in the range of 500 to 1250 mm/yr (20 to
50 mils/yr).

Tartaric Acid. Copper and its alloys corrode
rather slowly when exposed to various con-
centrations of tartaric acid, as indicated by the
laboratory test data given in Table 22.

Corrosion in Alkalis

Copper and its alloys resist alkaline solutions,
except those containing NH4OH or compounds
that hydrolyze to NH4OH or cyanides. Ammo-
nium hydroxide reacts with copper to form
soluble complex copper cations, but the cyanides
react to form soluble complex copper anions.
The rate of attack for copper-zinc alloys exposed
to alkalis other than those specified previously is
approximately 50 to 500 mm/yr (2 to 20 mils/yr)
at room temperature under stagnant conditions
but is approximately 500 to 1750 mm/yr (20 to
70 mils/yr) in aerated boiling solutions.

Alloy C71500 corrodes at less than 5 mm/yr
(0.2 mil/yr) in 1 N to 2 N NaOH solutions at
room temperature and the degree of aeration
usually has no significant effect. This rate is two
to three times as great as the rate in boiling
solutions. Copper-tin alloys (phosphor bronzes)
corrode at less than 250 mm/yr (10 mils/yr) in
1 N to 2 N NaOH solutions at room temperature
and are apparently unaffected by aeration.

Copper and two grades of silicon bronze were
tested in a 50% NaOH solution at 60 �C (140 �F)
for 4 weeks. The specimens were bright rolled
and degreased sheet measuring approximately

25 by 50 by 1.3 mm (1 by 2 by 0.05 in.). The
solution was exposed to air (no additional aera-
tion), and velocity was limited to natural
convection. Alloy C11000 showed a corrosion
rate of 1.7 g/m2/day (70 mm/yr, or 2.8 mils/yr);
C65100, 1.5 g/m2/day (63 mm/yr, or 2.5 mils/
yr); and C65500, 1.1 g/m2/day (47 mm/yr, or
1.85 mils/yr).

Ammonium Hydroxide (NH4OH). Strong
solutions attack copper and copper alloys
rapidly, as compared with the rates of attack
by metallic hydroxides, because of the formation
of a soluble complex copper-ammonium com-
pound. However, in some applications, the
corrosion of copper exposed to dilute solutions
of NH4OH is low. For example, copper speci-
mens submerged in 0.01 N NH4OH solution
at room temperature for 1 week experienced
weight loss of 1.5 m/m2/day (60 mm/yr, or
2.5 mils/yr).

Ammonium hydroxide solutions also attack
copper-zinc alloys. Alloys containing more than
15% Zn are susceptible to SCC when exposed to
NH4OH. The stress may be due to applied ser-
vice loads or to unrelieved residual stresses. In
quiescent 2 N NH4OH solutions at room tem-
perature, copper-zinc alloys corrode at 1.8 to
6.6 mm/yr (70 to 260 mils/yr), copper-nickel
alloys at 0.25 to 0.50 mm/yr (10 to 20 mils/yr),
copper-tin alloys at 1.3 to 2.5 mm/yr (50 to
100 mils/yr), and copper-silicon alloys at 0.75 to
5 mm/yr (30 to 200 mils/yr).

Anhydrous NH3. Copper and its alloys are
suitable for handling anhydrous NH3 if the NH3

remains anhydrous and is not contaminated with
water and oxygen. In one test conducted for
1200 h, C11200 and C26000 each showed an
average penetration of 5 mm/yr (0.2 mil/yr) in
contact with anhydrous NH3 at atmospheric
temperature and pressure. Tests showed the
rates of corrosion to be low in the presence of
small amounts of water, but oxygen was prob-
ably excluded. Table 23 lists data on exposure
for 1600 h. For any new installation, tests
simulating the expected conditions are recom-
mended.

Corrosion in Salts

Copper metals are widely used in equipment
for handling saline solutions of various kinds,
particularly those that are nearly neutral. Among
these are the nitrates, sulfates, and chlorides of
sodium and potassium. Chlorides are usually
more corrosive than the other salts, especially in
strongly agitated, aerated solutions.

Nonoxidizing acid salts, such as the alums
and certain metal chlorides (magnesium and
calcium chlorides) that hydrolyze in water to
produce an acidic pH, exhibit essentially the
same behavior as dilute solutions of the corre-
sponding acids. Corrosion rates generally range
from 2.5 to 1500 mm/yr (0.1 to 60 mils/yr) at
room temperature, depending on the degree of
aeration and the acidity. Table 24 lists test data
for corrosion of copper in 30% calcium chloride

Table 20 Corrosion of copper alloys in production of HCN

Alloy Exposure time, h

Average penetration rate(a)

Stripping still Top of HCN refining still Base of HCN stripping still Base of partial condenser

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

C11000 573 173–218 6.8–8.6 54–60 2.1–2.4 1033–1186 40.7–46.7 1534–14,170 60.4–558
671 155–609 6.1–24.0 18–25 0.7–1.0 nil nil 478 18.8

C65500 573 229–244 9.0–9.6 18–25 0.7–1.0 777–1145 30.6–45.1 1138–5385 44.8–212
671 137–503 5.4–19.8 . . . . . . 275 10.8 343 13.5

(a) All data from separate specimens; differences at similar locations imply expected variability.

Table 21 Corrosion of C11000 and C65500 in HCN solutions

Alloy Exposure time, h Test conditions

Average penetration rate

mm/yr mils/yr

C11000 3144 Ethylene cyanohydrin residues, 70 �C (160 �F) 5–35 0.2–1.4
C11000 2232 Ethylene cyanohydrin residues, 30 to 90 �C (85 to 195 �F) 13 0.5
C65500 2232 Same as above 40 1.6
C11000 1621 Cyanohydrin stripping still products (kettle) 690 27
C65500 1621 Same as above 35 1.4

Table 22 Corrosion of copper alloys in
contact with tartaric acid at 25 �C (75 �F)

Acid concentration,%

Corrosion rate

mm/yr mils/yr

C26000 and C23000

10 50 max 2 max
30 500–1250 20–50
50 500–1250 20–50
100 50 max 2 max

C71000

5 25 max 1 max

C71300

2 40 1.6

Table 23 Corrosion of copper and brass
in NH3

Alloy

Average penetration rate(a)

Liquid Vapor

mm/yr mils/yr mm/yr mils/yr

Anhydrous NH3

C11000 2.5 0.1 52.5 50.1
C26000 52.5 50.1 52.5 50.1

Anhydrous NH3 plus 1% H2O(b)

C11000 52.5 50.1 52.5 50.1
C26000 2.5 0.1 52.5 50.1

Anhydrous NH3 plus 2% H2O(b)

C11000 2.5 0.1 2.5 0.1
C26000 5.0 0.2 2.5 0.1

(a) Atmospheric temperature and pressure of 345 to 1035 kPa (50 to 150
psi) for 1600 h exposure. Specimens were placed at the top and bottom of
2 L bombs that were charged with NH3. Pressure varied throughout the
test, depending on temperature. Water was added to two of the bombs
before charging with NH3. (b) Any air present was probably depleted
rapidly during initial stages of test.
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(CaCl2) refrigeration brine with and without
inhibitors.

Copper alloys can successfully handle neutral
saline solutions. Consequently, these alloys are
used in heat-exchanger and condenser equip-
ment exposed to seawater. Corrosion rates of
copper in NaCl brine are given in Table 24.
These rates are not necessarily the same as those
in seawater. There is renewed interest in brine as
a secondary coolant to minimize primary
refrigerants that may be potentially harmful to
the environment.

Such alkaline salts as sodium silicate
(Na2SiO3), sodium phosphate (Na3PO4), and
sodium carbonate (Na2CO3) attack copper alloys
at low but different rates at room temperature.
On the other hand, alkali cyanide is aggressive
and attacks copper alloys fairly rapidly, because
it forms a soluble complex copper anion.
Table 25 provides specific corrosion rates.

Oxidizing salts corrode copper and copper
alloys rapidly; therefore, copper metals should

not be used with oxidizing saline solutions,
except those that are very dilute. Aqueous
sodium dichromate (Na2Cr2O7) solutions can be
safely handled by copper alloys, but the presence
of a highly ionized acid, such as H2CrO4 or
H2SO4, may increase the corrosion rate several
hundred times, because the dichromate acts as an
oxidizing agent in acidic solutions. In one test, a
copper-nickel corroded at 2.5 to 250 mm/yr (0.1
to 10 mils/yr) and a copper-tin alloy (phosphor
bronze) at 5 mm/yr (0.2 mil/yr) when handling
an aqueous Na2Cr2O7 solution. The rate
increased 200 to 300 times for both metals when
H2CrO4 was added to the solution. In solutions
containing Fe3þ, mercuric (Hg2þ), or stannic
(Sn4þ) ions, a copper-nickel showed a corrosion
rate of 27.4 mm/yr (1080 mils/yr), while cop-
per-zinc and copper-tin alloys showed a still
greater rate of 228 mm/yr (8980 mils/yr).

Salts of metals more noble than copper, such
as the nitrates of mercury and silver, corrode
copper alloys rapidly, simultaneously plating out

the noble metal on the copper surface. Tem-
perature and acidity influence the rate of attack.
A film of mercury on high-zinc brass (more than
15% Zn) may cause intergranular cracking by
liquid metal embrittlement (LME) if the alloy is
under tensile stress, either residual or applied.

Corrosion in Organic Compounds

Copper and many of its alloys resist corrosive
attack by most organic solvents and by organic
compounds, such as amines, alkanolamines,
esters, glycols, ethers, ketones, alcohols, alde-
hydes, naphtha, and gasoline. Although the cor-
rosion rates of copper and copper alloys in pure
alkanolamines and amines are low, they can be
significantly increased if these compounds are
contaminated with water, acids, alkalis, salts, or
combinations of these impurities, particularly at
high temperatures. Tables 26 to 32 list the results
of corrosion testing of copper and a limited but
representative variety of copper alloys in contact
with various organic compounds under many
conditions.

Gasoline, naphtha, and other related hydro-
carbons in pure form will not attack copper or
any of the copper alloys. However, in the man-
ufacture of hydrocarbon materials, process
streams are likely to be contaminated with one or
more of such substances as water, sulfides, acids,
and various organic compounds. These con-
taminants attack copper and its alloys. Corrosion
rates for C44300 and C71500 exposed to gaso-
line are low (Table 33), and these two alloys are
successfully used in equipment for refining
gasoline. Table 34 lists corrosion rates for copper
and for alloys exposed to contaminated naphtha
in two different environments.

Creosote. Copper and copper alloys are
generally suitable for use with creosote, although
creosote attacks some high-zinc brasses. Alloys
C11000, C23000, C26000, C51000, and C65500
typically corrode at rates less than 500 mm/yr
(20 mils/yr) when exposed to creosote at 25 �C
(75 �F).

Linseed Oil. Copper and its alloys are fairly
resistant to corrosion by linseed oil. All of the
alloys show some attack, but none exhibits cor-
rosion severe enough to make it unsuitable for

Table 26 Corrosion of copper alloys in amine system service

Alloy
Exposure

time, h Test conditions

Average penetration rate

mm/yr mils/yr

C11000 1622 Coupons exposed in ethylenediamine refining still nil–180 nil–7
C11000 1580 Aqueous ethylenediamine 25 1
C71500 1580 Same as above 75 3
C11000 806 Liquid vapor containing NH3 and mono-, di-, and triethanol-

amines; 90–156 �C (195–315 �F)
760 30

C65500 806 Same as above 790 31.2
C11000 1437 Liquid vapor containing NH3 and mono-, di-, and

triethanolamines; 180–195 �C (355–385 �F)
28 1.1

C65500 1437 Same as above 48 1.9
C11000 2622 Vapor phase of diethanolamine still containing

mono-, di-, and triethanolamines;
180–195 �C (355–385 �F)

28 1.1

C26000 887 Denuded monoethanolamine (20%) nil nil
C26000 coupled

to carbon steel
168 20% monoethanolamine (MEA) (4 mol CO2 per mol

MEA); 60 �C (140 �F)
4550 179

C44200 900 Lean solution of diethanolamine containing
impurities

50 2

C26000 1440 Rich solution of monoethanolamine 330 13
Cl11000 1440 Same as above Dissolved Dissolved
C26000 1440 Lean solution of monoethanolamine 3000 118
C11000 1440 Same as above 11,500 454

Table 25 Corrosion of copper alloys in
alkaline saline solutions

Alloy family Common name

Corrosion rate

mm/yr mils/yr

Na2SiO3, Na3PO4, or Na2CO3

Copper-zinc Brass 50–125 2–5
Copper-tin Phosphor bronze 550 52
Copper-nickel Copper-nickel 2.5–40 0.1–1.5

NaCN

Copper-zinc Brass 250–500 10–20
Copper-tin Phosphor bronze 875 35
Copper-nickel Copper-nickel 500–2500 20–100

Table 24 Corrosion of C11000 in refrigeration brine

Brine Inhibitor Location

Corrosion rate

mm/yr mils/yr

30% CaCl2 None(a) . . . 10 0.4
K2Cr2O7(b) . . . 6.0 0.23

NaCl(c) None; pH 10.5 Open brine tank 160 6.3
Brine cooler outlet, rapid flow 360 14.2
Cooler inlet 157 6.2
Cooler outlet 250 9.8

Na2Cr2O7; pH 6.0 to 6.5 Brine tank for near main outlet 5 0.2
Top of brine pump, high agitation 10 0.4
Inside cooler tube 15 0.6
Return line to storage tank 2.5 0.1
Brine tank near agitator 2.5 0.1
Brine tank for near main outlet 5 0.2

(a) Exposed for 325 days at �12 �C (10 �F). (b) Exposed for 372 days, cold. (c) Field test; 98 days at –15 �C (4 �F)
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this application. Alloys C11000, C51000, and
C65500 showed corrosion rates less than
500 mm/yr (20 mils/yr) in linseed oil at 25 �C
(75 �F). Alloy C26000 had a rate of 500 to
1250 mm/yr (20 to 50 mils/yr).

Benzol and Benzene. Alloys C11000,
C23000, C26000, C51000, and C65500 tested in
these materials at 25 �C (75 �F) had corrosion
rates under 500 mm/yr (20 mils/yr).

Sugar. Copper is successfully used for
vacuum-pan heating coils, evaporators, and juice
extractors in the manufacture of both cane and
beet sugar. Inhibited admiralty metals, alumi-
num brass, aluminum bronzes, and copper-
nickels are also used for tubes in juice heaters
and evaporators. Bimetal tubes of copper and
steel have been used by manufacturers of beet
sugar to counteract SCC of copper tubes caused
by NH3 from beets grown in fertilized soil.
Table 35 lists the results of tests conducted
on copper and copper alloys in a beet-sugar
refinery.

Beer. Copper is extensively used in the
brewing of beer. In one installation, the wall
thickness of copper kettles thinned from an
original thickness of 16 mm (5/8 in.) to 10 mm
(3/8 in.) in a 30 year period. Brazing with BAg
(copper-silver) filler metals eliminates the pos-
sibility that the alkaline compounds used for
cleaning copper equipment will destroy joints
by attacking tin-lead solders. Steam coils
require more frequent replacement than any
other component in brewery equipment. They
have service lives of 15 to 20 years. The service
lives of other copper items exposed to process
streams in a brewery range from 30 to 40 years.
Additional information on metals and alloys for
this application is available in the article “Cor-
rosion in the Food and Beverage Industry” in this
Volume.

Sulfur compounds free to react with
copper, such as H2S, sodium sulfide (Na2S), or
potassium sulfide (K2S), form CuS. Reaction
rates depend on alloy composition; the alloys
of highest resistance are those of high zinc con-
tent.

Strip tensile specimens of eight copper alloys
were exposed in a fractionating tower in which
oil containing 1.4% S was being processed. The
results of this accelerated test are given in
Table 36. These data show the suitability of the
higher-zinc alloys for use with sulfur-bearing
compounds. Alloy C28000 (60Cu-40Zn) showed
good corrosion resistance, but C23000 (85Cu-
15Zn) was completely destroyed.

Inhibited admiralty metals are also excel-
lent alloys for use in heat exchangers and con-
densers that handle sulfur-bearing petroleum
products and use water as the coolant. Alloys
C44300, C44400, and C44500, which are
inhibited toward dezincification by the addition
of arsenic, antimony, or phosphorus to the basic
70Cu-29Zn-1Sn composition, offer good resis-
tance to corrosion from sulfur as well as excel-
lent resistance to the water side of the heat
exchanger.

Table 27 Corrosion of copper alloys in ester solutions

Alloy
Exposure

time, h Test conditions

Average penetration rate

mm/yr mils/yr

Acetates

C11000 400 Alkenyl acetate plus H2SO4 6100 240
C65500 400 Same as above 3050 120

257 Allylidene diacetate; 110 �C (230 �F) 183–213 7.2–8.4
C11000 240 Butyl acetate plus 1% H2SO4 1625–4090 64–161
C65500 240 Same as above 2870 113
C11000 2328 2-chloroallylidene diacetate 5 0.2
C11000 250 Crude vinyl acetate; 110–150 �C (230–300 �F) 25 1.0
C71500 250 Same as above 7.5–125 0.3–5
C11000 550 Ethyl acetate plus 1.0% H2SO4 483 19
C65500 550 Same as above 400 16
C11000 991 Ethyl acetate reaction mixture; liquid; 90 �C (195 �F) 550 21.6
C62300 991 Same as above 395 15.6
C65500 991 Same as above 518 20.4
C11000 991 Ethyl acetate reaction mixture; vapor; 90 �C (195 �F) 5 0.2
C62300 991 Same as above 15 0.6
C65500 991 Same as above 13 0.5
C11000 2976 Ethyl acetoacetate 10 0.4
C65500

Cold-worked 216 Isopropyl acetate 6700 264
Annealed 216 Isopropyl acetate 6100 240

480 Isopropyl acetate process; liquid; 120 �C (250 �F) 300 12
C11000 519 Methylamyl acetate process; batch still coils; 115 �C (240 �F) 500–685 22–27
C65500 519 Same as above 280–300 11–12
C11000 519 Methylamyl acetate process; batch still down pipe; 115 �C

(240 �F)
330 13

C65500 51 Same as above 300 12
C11000 1345 Methylamyl acetate process; batch still condenser; 30 �C (85 �F) 840–940 33–37
C65500 1345 Same as above 1400–1575 55–62
C63600 3312 Methylamyl acetate process; batch still coils; 95 �C (205 �F) 483 19
C51000 3312 Same as above 430–483 17–19
C60800 3312 Same as above 330 13
C51000 3312 Methylamyl acetate process; batch still downpipe; 95 �C

(205 �F)
380–483 15–19

C63600 3312 Same as above 400–460 16–18
C60800 3312 Same as above 280 11
C11000 217 Refined isopropenylacetate; 98 �C (210 �F) 60 2.4

2784 Vinyl acetate, inhibited 2.5 0.1
C11000 250 Vinyl acetate, process; 150–190 �C (300–375 �F) 355–400 14–16
C71500 250 Same as above 685–1250 27–49
C11000 768 Vinyl acetate process; batch still kettle 685–1170 27–46
C65500 768 Same as above 150–483 6–19
C11000 864 Same as above 2290–3500 90–138
C65500 864 Same as above 660–2160 26–85

Acrylates

C11000 240 Acidified sodium acrylate containing 5% H2SO4; 49 �C (120 �F) 945 37.2
254 Ethyl acrylate process; 130 to 150 �C (265 to 300 �F) 1220 48

C65500 254 Same as above 430 16.8
Cl1000 240 Isopropyl ether solution of acrylic acid (18%); 49 �C (120 �F) 18 0.7

240 Sodium acrylate solution containing 1% NaOH; 49 �C (120 �F) 5 0.2
240 Washings from isopropyl ether solution of acrylic acid; 49 �C

(120 �F)
210 8.3

240 Wet calcium acrylate 240 9.4
504 2-ethylhexylacrylate process; 95 �C (205 �F) 230–275 9.0–10.8

C65500 504 Same as above 220–275 8.6–10.8
C11000 566 2-ethylhexylacrylate process; condensate tank; 30 �C (85 �F) 66–74 2.6–2.9
C51000 566 Same as above 60–86 2.4–3.4
C65500 566 Same as above 114–122 4.5–4.8
C11000 566 2-ethylhexylacrylate process; 120 �C (250 �F) 236–239 9.3–9.4
C51000 566 Same as above 264 10.4
C65500 566 Same as above 328–360 12.9–14.2

Benzoates

C11000 1680 Butyl benzoate nil nil
1296 Butyl benzoate process; circulating line; 40 �C (100 �F) 800–1025 31.4–40.4

C60800 1296 Same as above 1060 41.8
C65500 1296 Same as above 843–1090 33.2–42.8
C23000 1296 Same as above 790–1085 31.2–42.7
C22000 1296 Same as above 900–985 35.6–38.8
C11000 1296 Butyl benzoate process; 40 �C (100 �F) 280 11.1
C65500 1296 Same as above 350–400 13.7–15.7
C11000 1296 Butyl benzoate process; batch still kettle; 185 �C (365 �F) 7.5–38 0.3–1.5
C65500 1296 Same as above 7.5–25 0.3–1.0
C11000 1680 Methyl benzoate (refined) 2.5 0.1
C11000 1680 Methyl benzoate (copper-free) 7.5 0.3
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Corrosion in Gases

Carbon dioxide (CO2) and carbon mon-
oxide (CO) in dry forms are usually inert to
copper and its alloys, but some corrosion takes
place when moisture is present. The rate of
reaction depends on the amount of moisture.
Because CO attacks some alloy steels, the high-
pressure equipment used to handle this gas is
often lined with copper or copper alloys.

Sulfur Dioxide (SO2). Gases containing SO2

attack copper in a manner similar to oxygen. The
dry gas does not corrode copper or copper alloys,
but the moist gas reacts to produce a mixture of
oxide and sulfide scale. Table 37 lists the cor-
rosion rates of some copper alloys in hot paper
mill vapor that contains SO2.

Hydrogen Sulfide (H2S). Moist gas reacts
with copper and copper-zinc alloys to form CuS.
Alloys containing more than 20% Zn have

considerably better resistance than lower-zinc
alloys or copper. Hot, wet H2S vapors corrode
C26000, C28000, or C44300 at a rate of only 50
to 75 mm/yr (2 to 3 mils/yr), but the rate for
C11000 and C23000 under the same conditions
is 1250 to 1625 mm/yr (50 to 65 mils/yr).

Halogen Gases. When dry, fluorine, chlor-
ine, bromine, and their hydrogen compounds are
not corrosive to copper and its alloys. However,
they are aggressive when moisture is present.
The corrosion rates of copper metals in wet
hydrogen compounds are comparable to those
given for HF and HCl in Tables 15 and 16.

Hydrogen. Copper and its alloys are not
susceptible to attack by hydrogen unless they
contain copper oxide. Tough pitch coppers, such
as C11000, contain small quantities of Cu2O.
Deoxidized coppers with low residual deoxidizer
contents—C12000, for example—may contain
Cu2O but will contain less than the tough pitch
coppers. These deoxidized coppers are not
immune to hydrogen embrittlement. Deoxidized
coppers with high residual deoxidizer contents,
however, are not susceptible to hydrogen
embrittlement, because the oxygen is tied up in
complex oxides that do not react appreciably
with hydrogen.

When oxygen-bearing copper is heated in
hydrogen or hydrogen-bearing gases, the
hydrogen diffuses into the metal and reacts with
the oxide to form water, which is converted to
high-pressure steam if the temperature is above
375 �C (705 �F). The steam produces fissures,
which decrease the ductility of the metal. This
condition is generally known as hydrogen
embrittlement. Any degree of embrittlement can
lead to catastrophic failure and therefore should
be avoided; there is no safe depth of attack.

Figure 23 shows the depth of damage, or
embrittlement, of C11000 after it has been
heated in hydrogen at approximately 600 �C
(1100 �F) for varying times. The reaction is
especially important when oxygen-containing
copper is bright annealed in reducing atmo-
spheres containing relatively small amounts of
hydrogen (1 to 1.5%). Annealing of tough pitch
coppers in such atmospheres at temperatures
much above 475 �C (900 �F) may lead to severe
embrittlement, especially when annealing times
are long. In fact, tough pitch coppers should not
be exposed to hydrogen at any temperature if
they will subsequently be exposed to tempera-
tures above 370 �C (700 �F).

When tough pitch coppers are welded or
brazed, the possibility of hydrogen embrittle-
ment must be anticipated, and hydrogen atmo-
spheres must not be used. Where copper must be
heated in hydrogen atmospheres, an oxygen-free
copper or deoxidized copper with high residual
deoxidizer content should be selected. No
hydrogen embrittlement problems have been
encountered with these materials. Additional
information on hydrogen damage in metals is
available in the article “Hydrogen Damage” in
ASM Handbook, Volume 13A, 2003.

Dry Oxygen. Copper and copper alloy tubing
is used to convey oxygen at room temperature, as

Table 28 Corrosion of C11000 and C65500 in ethers

Alloy
Exposure

time, h Test conditions

Average penetration rate

mm/yr mils/yr

C11000 2784 c-methylbenzyl ether, N2 atmosphere 2.5 max 0.1 max
C11000 2784 c-methylbenzyl ether, air atmosphere 2.5 max 0.1 max
C11000 288 Recovered butyl ether nil nil
C65500 288 Same as above 2.5 0.1
C11000 94 Dichloro ethyl ether residues, 80 �C (175 �F) 183–915 7.2–36
C65500 94 Same as above 61–245 2.4–9.6
C11000 71 Crude dichloro ethyl ether, 80 �C (175 �F) 2130–3050 84–120
C65500 71 Same as above 1220–3050 48–120
C11000 70 Dichloro ethyl ether, 80 �C (175 �F) 150 6
C65500 70 Same as above 120 4.8
C11000 70 Dichloro ethyl ether, 100 �C (212 �F) 610 24
C65500 70 Same as above 245 9.6
C11000 70 Dichloro ethyl ether, boiling 183 7.2
C65500 70 Same as above 213 8.4

Table 29 Corrosion of copper alloys in ketones

Alloy
Exposure

time, h Test conditions

Average penetration rate

mm/yr mils/yr

C11000 138 Phenylxylol ketone mixture 41–43 1.6–1.7
C65500 138 Same as above 76 3.0
C11000 163 Pentanedione mixture 46–91 1.8–3.6
C65500 163 Same as above 33–84 1.3–3.3
C12000 43 Diethyl ketone, 30 �C (86 �F) nil nil
C12000 42 Diethyl ketone, boiling nil-7.6 nil-0.3
C12000 43 Methyl n-propyl ketone, 30 �C (85 �F) nil nil
C12000 42 Methyl n-propyl ketone, boiling nil nil
C11000 216 Methylamyl ketone, boiling 2.5 0.1
C11000 353 Methyl ethyl ketone, boiling 12.7 0.5
C11000 409 Phenylxylol ketone containing NaOH 457–518 18–20.4
C65500 409 Same as above 701–823 27.6–32.4
C11000 165 Acetone dispersion of cellulose acetate, 56 �C (135 �F) 10.2 0.4
C26000 165 Same as above 5.1 0.2

Table 30 Corrosion of copper alloys in aldehydes

Alloy
Exposure

time, h Test conditions

Average penetration rate

mm/yr mils/yr

C11000 49 Boiling 2-ethylbutyraldehyde 33 1.3
C11000 112 Boiling butyraldehyde 33 1.3
C11000 1752 2-hydroxyadipaldehyde 20–23 0.8–0.9
C11000 168 Diethyl acetal mixture, 45 �C (115 �F) 60–120 2.4–4.8
C65500 168 Same as above 90–150 3.6–6.0
C26000 168 Same as above 90–150 3.6–6.0
C11000 70 2-ethyl–3–propylacrolein, 98 �C (210 �F) 33 1.3
C11000 168 Diacetoxybutyraldehyde, 160 �C (320 �F) 230–240 9.0–9.4
C65500 168 Same as above 75 3.0
C51000 168 Same as above 18–20 0.7–0.8
C11000 540 Propionaldehydc 1420–1550 56.0–61.0
C11000 216 Propionaldehyde, 190 �C (375 �F) 610–1220 24.0–48.0
C11000 443 Butylaldehyde 310 12.2
C51000 443 Same as above 360 14.2
C11000 2374 Same as above 165 6.5
C65500 2374 Same as above 20 0.8
C51000 2374 Same as above 10 0.4
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in hospital oxygen service systems. When heated
in air, copper develops a Cu2O film that exhibits
a series of interference tints (temper colors) as it
increases in thickness. The colors associated
with different oxide film thicknesses are:

Color Film thickness, nm

Dark brown 37–38
Very dark purple 45–46
Violet 48
Dark blue 50–52
Yellow 94–98
Orange 112–120
Red 124–126

Black cupric oxide (CuO) forms over the
Cu2O layer as the film thickness increases above
the interference color range.

Scaling results when copper is used at high
temperatures in air or oxygen. At low tempera-
tures (up to 100 �C, or 212 �F), the oxide
film increases in thickness logarithmically with
time.

Scaling rate increases irregularly with further
increases in temperature and rises rapidly with
pressure up to 1.6 kPa (12 torr). Above 20 kPa
(150 torr) the rate of increase is steady. Beyond
the interference color range, the growth rate of
the oxide film is approximately defined by:

W2=kt (Eq 4)

where W is weight gain (or increase in equivalent
thickness) per unit area, t is time, and k is a
constant of proportionality. Values for k are
given in Table 38. Different investigators report

different oxidation rates, but those given in Ref
50 appear to be reliable.

Low concentrations of lead, oxygen, zinc,
nickel, and phosphorus in copper have little
influence on oxidation rate. Silicon, magnesium,
beryllium, and aluminum form very thin insu-
lating (nonconductive) oxide films on copper,
which protect the metal surface and retard oxi-
dation.

Stress-Corrosion Cracking of
Copper Alloys in Specific
Environments

Properly selected copper alloys possess
excellent resistance to SCC in many industrial
and chemical environments; nevertheless,
cracking has been identified in a significant
number of environments. In some cases, the
conditions for cracking are very limited and exist
only within a narrow range of pH values or a
narrow range of potentials. In many cases, the
experimental data are limited to a single alloy,
and it is not known if the environment is gen-
erally deleterious to many copper alloys or to a
restricted group of alloys. Data are summarized
as follows for environments in which cracking
has been recognized. Additional information is
available in the references cited in this section;
they should be consulted when selecting a copper
alloy for a specific application.

Acetate Solution. Pure copper wire stressed
beyond the yield strength was observed to crack
in 0.05 N cupric acetate (Cu(C2H3O2)2) (Ref 51).
Alloy C26000 is susceptible to cracking in the
same solution, and the cracking rate under slow
strain-rate conditions is a function of both pH
and applied potential (Ref 52).

Amines. Alloy C26000 is susceptible to
cracking in solutions of methyl amine, ethyl
amine, and butyl amine when dissolved copper is
present in the solution (Ref 53). Susceptibility is
a maximum at a potential approximately 50 mV
anodic from the rest potential. Tubing fabricated
from C68700 exhibited cracks from the steam
side of a condenser system after 3048 h of ser-
vice in a desalination plant. The most likely
cause of the cracking was an amine used as a
water treatment chemical (Ref 54).

Ammonia. All copper-base alloys can be
made to crack in NH3 vapor, NH3 solutions,
ammonium ion (NH4

þ) solutions, NH3 and NH4
þ

salts, and environments in which NH3 is a
reaction product. The rate at which cracks
develop is critically dependent on many vari-
ables, including stress level, specific alloy,
oxygen concentration in the liquid, pH, NH3 or
NH4

þ concentration, copper ion concentration,
and potential.

The first reports of environmentally induced
cracking involved brass cartridge cases. It was
called season cracking because the failures
occurred during the rainy season in India when
cartridges were stored in horse barns where they
were exposed to ammonia vapors (Ref 55).

Table 31 Corrosion of copper alloys in ethylene glycol solutions

Alloy
Exposure

time, h Test conditions

Average
penetration rate

mm/yr mils/yr

C11000 1344 Triethylene glycol solution, aerated; room
temperature

nil nil

Cl1000 2560 Triethylene glycol air-conditioning
system; 175 �C (345 �F)

40 1.6

C26000 2560 Same as above 50 2.0
C11000 3320 Same as above 10 0.4
C26000 3320 Same as above 15 0.6
C11000 8328 Same as above 25 1.0
C26000 8328 Same as above 35 1.4
C11000 2880 Triethylene glycol air-conditioning

system(a); 160 �C (320 �F)
7.5 0.3

C26000 2880 Same as above 7.5 0.3
C11000 5760 Same as above 2.5 0.1
C26000 5760 Same as above 2.5 0.1
C51000 2880 Ethylene glycol solution(b) plus

0.03% H2S04; 99 �C (210 �F)
7.5–10 0.3–0.4

C60800 2880 Same as above 2.5–7.5 0.1–4.3
C63000 2880 Same as above 2.5–18 0.1–0.7
C65500 2880 Same as above 20–25 0.8–1.0
C11000 2400 Ethylene glycol solution(b) plus

0.03–0.05% H2SO4; second
run; 99 �C (210 �F)

580 23

C61800 2400 Same as above 380 15
C70600 2400 Same as above 480 19
C71500 2400 Same as above 460 18
C11000 305 Glycol maleate, 79 �C (175 �F) 20 0.8

(a) 87–95% glycol. (b) 15% glycol, 85% H2O

Table 32 Corrosion of copper alloys in alcohols

Alloy
Exposure

time, h Test conditions

Average
penetration rate

mm/yr mils/yr

C11000 503 Crude C-5 alcohols; 126–140 �C (260–285 �F) 7.5 0.3
C11000 210 Crude decyl alcohol; 175 �C (345 �F) 3–5 0.1–0.2
C11000 288 Primary decyl alcohol; 175 �C 15–45 0.6–1.8
C65500 288 Same as above 20–60 0.8–2.4
C44400 8160 Isopropanol and water; 118–145 �C (245–295 �F) 10–38 0.4–1.5
C23000 8160 Same as above 10–56 0.4–2.2
C11000 8160 Same as above 8–75 0.3–3.0
C65500 8160 Same as above 10–63 0.4–2.5
C11000 264 Allyl alcohol; refluxed at 88 �C (190 �F) 25 1
C11000 94 Methanol; boiling nil nil
C11000 46 Denaturing grade ethanol; boiling 25 1
C23000 165 2-ethyl–2-butyl–1,3 propanediol; 45 �C (115 �F) 5 0.2
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Table 39 provides a ranking of various copper
alloys according to their relative SCC suscept-
ibility in NH3 environments.

Atmosphere. Many natural environments
contain pollutants that, in the presence of
moisture, may cause stress-corrosion problems
(Ref 56). Sulfur dioxide, oxides of nitrogen, and
NH3 are known to induce SCC of some copper
alloys. Chlorides may also cause problems.

Atmospheric-exposure test data are summarized
in Table 40. In these tests, 150 by 13 mm (6 by
1/2-in.) U-bend samples were stressed in the
long-transverse direction. Bending around a
19 mm (3/4 in.) diameter mandrel produced the
bend, and the legs of each specimen were held in
nonconductive jigs during the test. The stress on
the specimens was not determined. The stressed
specimens were exposed in two industrial

locations in New Haven, CT, and Brooklyn,
NY, and in one marine location at Daytona
Beach, FL.

Chlorate Solutions. Brass was observed to
crack intergranularly and transgranularly when
immersed in 0.1 to 5 M sodium chlorate
(NaClO3) solutions at pHs from 3.5 to 9.5 when
subjected to slow straining (Ref 58). Crack
velocities in 1 N NaClO3 at pH 6.5 were
10�7 m/s at a crosshead speed of 10�4 cm/min
(4 · 10�5 in./min) and 10�6 m/s at a crosshead
speed of 10�3 cm/min (4 · 10�4 in./min).

Chloride Solutions. The service lives of
copper alloys under cyclic stress are shorter in
chloride solutions than in air. Slow strain-rate
experiments have also shown that C26000
(Ref 59) and C44300 (Ref 60, 61) have lower
fracture stresses in NaCl solutions when the
metal is anodically polarized. The changes in
fracture stress are insignificant relative to those
in air in the absence of an applied potential.

Citrate Solutions. Alloy C72000 is sensitive
to cracking in citrate solutions containing dis-
solved copper in the pH range of 7 to 11. The U-
bend test specimens exhibited intergranular
cracking (Ref 62).

Formate Solutions. Brass is susceptible to
SCC in sodium formate (NaCHO2) solutions at
pHs exceeding 11 over a considerable range of
applied potentials (Ref 52).

Hydroxide Solutions. Brass exhibits in-
creased crack growth rates under slow strain-rate
conditions when it is exposed to NaOH at pHs of
12 and 13. The rate of crack growth is a function
of the applied potential (Ref 52).

Mercury and Mercury Salt Solutions.
Stressed alloys and alloys with internal stress
crack readily when exposed to metallic mercury
or mercury salt solutions that deposit mercury on
the surface of the alloy. This high sensitivity to
mercury is the basis of an industry test for the
detection of internal stresses in which the alloy is
immersed in a solution of mercurous nitrate.
Cracking in mercury is the result of LME, not
stress corrosion. It does not indicate the SCC
susceptibility of an alloy.

Nitrate Solutions. Transgranular cracking
was observed on C44300 specimens immersed in
naturally aerated 1 N sodium nitrate (NaNO3) at

Table 34 Corrosion of copper alloys in
contaminated naphtha

Alloy

Corrosion rate

mm/yr mils/yr

At 21 �C (70 �F)(a)

C23000 230 9
C46400 50 2
C28000 75 3
C44200 200 8
C11000 1270 50

At 177 �C (350 �F)(b)

C23000 2030 80
C46400 10 0.4
C28000 10 0.4
C44200 200 8

(a) The naphtha contained H2S, H2O, and HCl. (b) The naphtha
contained H2S, mercaptans, and naphthenic acids.

Table 33 Corrosion of C44300 and C71500 exposed to gasoline in a refinery

Service condition(a)

Temperature
Average

penetration rate

�C �F mm/yr mils/yr

C44300

Straight-run (untreated)
Tower liquid(b) 121 250 1270 min 50 min
Storage(c) 4–27 40–80 63 2.5

Distilled tops from straight-run gasoline(d) 35 95 1270 50
Cracked gasoline (top tray in tower)(e) 204 400 15 0.6
Sweet gasoline vapor(f) 177 350 7.5 0.3

C71500

Straight-run (untreated)
Tower liquid(b) 121 250 180 7
Storage(c) 4–27 40–80 180 7

Distilled tops from straight-run gasoline(d) 35 95 1140 45
Cracked gasoline (top tray in tower)(e) 204 400 200 8
Sweet gasoline vapor(f) 177 350 10 0.4
Aviation gasoline (top of column) 121 250 2.5 0.1

(a) Gasoline or related hydrocarbons will not attack copper or its alloys. Attack depends on the type and amount of impurities in the gasoline, such as
water, sulfides, mercaptans, aliphatic acids, naphthenic acids, phenols, nitrogen bases, and dissolved gases. (b) 100 lb of H2S present per 1000 bbl of
gasoline. (c) 0.02–0.03 g H2S per liter of gasoline. (d) pH controlled by NH3. (e) H2S and HCl present. (f) Vacuum operation

Table 35 Corrosion of copper alloys in beet-
sugar solution

Alloy

Decrease in tensile strength, %,
for test rack number(a)

1 2 3 4

C11000 0 4.0 3.5 0
C44300 2.0 9.5 11.5 2.5
C44400 0 3.0 6.0 0
C44500 4.5 9.0 12.5 5.5
C71000 1.0 4.5 7.0 0
C71500 0 5.0 8.0 0

(a) Corrosion specimens (0.8 mm, or 0.032 in. thick strips) were exposed
in contact with beet-sugar solution for 100 days in normal refinery
operations. Test racks 1 and 4 were at the finishing pan containing Steffen’s
filtrate; rack 2 was in the first-effect thin-juice evaporator; rack 3 was at the
third body of the triple-effect evaporator.

Table 36 Corrosion of selected copper alloys in cracked oil containing 1.4% S

Alloy type
UNS

number

Exposure
time,
days

Loss in tensile strength (a),%

360 �C
(680 �F)

315 �C
(600 �F)

285 �C
(545 �F)

255 �C
(490 �F)

Red brass, 85% C23000 27 100(b) 100(c) 100 100
Muntz metal C28000 27 12(b) 7.5(d) 1 1.5
Naval brass C46400 24 . . . 1.5 0 2
Uninhibited admiralty metal . . . 27 13(b) 6(c) 3 2
Antimonial admiralty metal C44400 27 16.5(b) 6(c) 4 2.5
Aluminum brass . . . 24 . . . 7 16 10
Copper-nickel, 30% C71500 24 . . . 100 100 57
Silicon bronze, 3% . . . 34 . . . 100 100 100

(a) Specimens 0.8 · 13 mm (0.032 · 0.50 in.) in cross section were exposed at different locations within a high-pressure fractionating column, each
location having a characteristic average temperature. (b) 115 day exposure. (c) 26 day exposure. (d) Length of exposure unavailable

Table 37 Corrosion of copper alloys in hot
paper mill vapor containing SO2

Temperature, 200–220 �C (390–430 �F); atmosphere,
17–18% SO2 plus 1–2% O2; test duration, mainly 30 days
but some longer

Alloy Common name
Weight loss,

g/m2/d

90Cu-10Sn Bronze 22.0
C61800 Aluminum bronze 26.4
C51100 Phosphor bronze 28.6
C73200 Nickel silver, 75–20 35.6
C52100 Phosphor bronze, 8% C 39.4
C65800 Silicon bronze 50.2
C77000 Nickel silver, 55–18 63.8
C75200 Nickel silver, 65–18 67.4
88.5Cu-5Sn-

5Ni-1.5Si
Nickel bronze 70.5
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pH 8 and a potential of 0.15 V versus standard
hydrogen electrode (SHE). The fracture stress
relative to air was 0.34 (Ref 60).

Copper alloy (Cu-23Zn-12Ni) wires measur-
ing 0.6 mm (0.023 in.) in diameter and normally
under a 6 g load and a positive potential in tel-
ephone equipment were observed to undergo
SCC within 2 years (Ref 63). Laboratory tests
suggested that nitrate salts were the cause. The
phenomenon was duplicated in the laboratory by

exposing the wires to such nitrate salts as zinc
nitrate (Zn(NO3)2), ammonium nitrate
(NH4NO3), calcium nitrate (Ca(NO3)2), and
cupric nitrate (Cu(NO3)2) at high humidity; a
potential was applied such that the wires were
anodic to the normal corrosion potential. The
wires were tested under a constant load of
386 MPa (56 ksi). Cracking also occurred in the
absence of an applied potential when the nitrate
concentration of the surface was high. Cracking
did not occur in the presence of (NH4)2SO4 and
ammonium chloride (NH4Cl) salts. Wires of
Cu-20Ni did not crack under similar conditions.

Nitrite Solutions. Copper, 99.9 and 99.996%
pure, exhibited transgranular cracking when
subjected to a strain rate of 10�6 s�1 while
immersed in 1 M sodium nitrite (NaNO2) at a pH
of 8.2 (Ref 64). The 99.9% Cu tested in solution
showed an ultimate tensile strength of 160 MPa
(23 ksi) and 25% elongation, as opposed to the
196 MPa (28.5 ksi) and 55% elongation
obtained in air. Cracking in 1 M NaNO2 was also
observed in C26000, admiralty brasses, and
C70600.

Solder. In one investigation of the suscept-
ibility to cracking of copper alloys by various
solders, a U-shaped tube was coated with solder
at 400 �C (750 �F) and then immediately flat-
tened between steel tools in a hand press
(Ref 65). The sample was then examined for
cracks. The data are given in Table 41.

Sulfur Dioxide. Brass is susceptible to SCC
in moist air containing 0.05 to 0.5 vol% SO2.
In addition, pre-exposure of the brass to a solu-
tion of benzotriazole inhibits the cracking
(Ref 66).

Sulfate Solutions. Stress-corrosion cracking
of C26000 was observed in a solution of 1 N
sodium sulfate (Na2SO4) and 0.01 N H2SO4

when the alloy was polarized at a potential of
0.25 V versus SHE and subjected to a constant
strain (Ref 67).

Sulfide Solutions. National Association of
Corrosion Engineers committee T-1F issued a
report on the acceptability of various materials
for valves for production and pipeline service
(Ref 68). Bronze and other copper-base alloys
are generally not acceptable for highly stressed
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Fig. 23 Hydrogen embrittlement of tough pitch
coppers heated in pure hydrogen at 600 �C

(1100 �F)

Table 38 Values of rate constant for oxide
growth on unalloyed copper

Temperature Rate constant k(a)

�C �F Pure O2 Air

400 750 4.4 · 10�8 . . .
500 950 4.4 · 10�7 . . .
600 1100 3.24 · 10�6 . . .
700 1300 1.6 · 10�5 8.03 · 10�6

800 1475 8.69 · 10�5 7.97 · 10�5

900 1650 3.49 · 10�4 3.36 · 10�4

950 1750 7.30 · 10�4 . . .
1000 1850 1.78 · 10�3 1.35 · 10�3

(a) For calculation of weight pin in g/m2 from Eq 4 when time is
measured in seconds

Table 39 Relative susceptibility to stress-
corrosion cracking (SCC) of some copper
alloys in NH3

Alloy Susceptibility index(a)

C26000 1000
C35300 1000
C76200 300
C23000 200
C77000 175
C66400 100
C68800 75
C63800 50
C75200 40
C51000 20
C11000 0
C15100 0
C19400 0
C65400 0
C70600 0
C71500 0
C72200 0

(a) 0, essentially immune to SCC under normal service conditions; 1000,
highly susceptible to SCC, as typified by C26000

Table 40 Stress-corrosion cracking of wrought copper alloys in three atmospheres

UNS No.
Temper, %
cold rolled

Time to failure, years Crack morphology(a)

New
Haven, CT

Brooklyn,
NY

Daytona
Beach, FL

New
Haven, CT

Brooklyn,
NY

Daytona
Beach, FL

C11000 37 NF(b), 8.5 NF, 8.5 NF, 8.8 . . . . . . . . .
C19400 37 NF, 8.5 NF, 8.5 NF, 8.8 . . . . . . . . .
C19500 90 NF, 3.2 NF, 3.1 NF, 3.1 . . . . . . . . .
C23000 40 NF, 8.5 NF, 8.5 NF, 8.8 . . . . . . . . .
C26000 50 35–47 days 0–23 days NF, 2.7 I I . . .
C35300 50 51–136 days 70–104 days NF, 2.7 Tþ (I) Tþ (I) . . .
C40500 50 NF, 2.7 NT(c) NT . . . . . . . . .
C41100 50 NF, 2.7 NT NT . . . . . . . . .
C42200 37 NF, 8.5 NF, 8.5 NF, 8.8 . . . . . . . . .
C42500 50 NF, 2.7 NT NT . . . . . . . . .
C44300 10 NF, 2.7 NF, 2.7 NF, 2.7 . . . . . . . . .

40 51–95 days 41–70 days NF, 2.7 T T . . .

40%þ ordered(d) 51–67 days 33–49 days NF, 2.7 T T . . .
C51000 37 NF, 8.5 NF, 8.5 NF, 8.8 . . . . . . . . .
C52100 37 NF, 5.7 NF, 5.7 NF, 5.7 . . . . . . . . .
C61900 40%, 9% b phase(e) NF, 8.5 NF, 8.5 NF, 8.8 . . . . . . . . .

40%, 95% b phase NF, 8.5 NF, 8.5 NF, 8.8 . . . . . . . . .
C63800 50 NF, 5.7 NF, 5.7 NF, 5.7 . . . . . . . . .
C67200 Annealed 0–30 days 0–134 days NF, 3.1 I I . . .

50 0–30 days 0–22 days 18–40 days I I I
C68700 10 517–540 days 2.3-NF 2.7 NF, 2.7 T T . . .

40 221–495 days 311–362 days NF, 2.7 T T . . .
40%þ ordered(d) 216–286 days 143–297 days NF, 2.7 T T . . .

C68800 10 NF, 2.7 NF, 2.7 NF, 2.7 . . . . . . . . .
40 4.7–NF 6.4 2.7–NF 6.4 NF, 6.4 T T . . .

40%þ ordered(d) NF, 2.7 NF, 2.7 NF, 2.7 . . . . . . . . .
C70600 50 NF, 2.2 NF, 2.3 NF, 2.2 . . . . . . . . .
C72500 40 NF, 2.2 NF, 2.3 NF, 2.2 . . . . . . . . .
C75200 Annealed NF, 3.2 NF, 3.1 NF, 3.1 . . . . . . . . .

25 NF, 3.2 NF, 3.1 NF, 3.1 . . . . . . . . .
50 NF, 3.2 NF, 3.1 NF, 3.1 . . . . . . . . .

C76200 Annealed 171–NF 3.2 672–NF 3.1 NF, 3.1 T T . . .
25 142–173 days 236–282 days NF, 3.1 T T . . .
50 142–270 days 236–282 days NF, 3.1 T T . . .

C76600 38 127–966 days 197–216 days 754-NF 8.8 T T T
C77000 Annealed 731–1003 days 337–515 days NF, 3.1 T T . . .

38 137–490 days 196–518 days 596–1234 days T T T
50 153–337 days 489–540 days 692–970 days T T T

C78200 50 23–48 days 26–216 days 236–300 days Tþ (I) Tþ (I) T

(a) I, intergranular; T, transgranular Parentheses indicate minor mode. (b) NF, no failures in time specified. (c) NT, not tested. (d) Heated at 205 �C
(400 �F) for 30 min. (e) Normal structure for this alloy. Source: Ref 57
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parts in sour service. Some nickel-copper alloys
are considered satisfactory.

Tungstate Solutions. Mild transgranular
cracking of C44300 was observed in 1 N sodium
tungstate (Na2WO4) at pH 9.4 and a corrosion
potential of 0.080 V versus SHE. The fracture
stress relative to that in air was 0.89, and the
crack growth velocity was 2 · 10�9 m/s when a
strain rate of 1.5 · 10�5 s�1 was used (Ref 60).

Water. Several cases of the SCC of admiralty
brass heat-exchanger tubing are documented in
Ref 69. The environments in which such SCC
was observed included stagnant water, stagnant
water contaminated with NH3, and water acci-
dentally contaminated with a nitrate. No cases
were noted of SCC of the following alloys when
used in heat-exchanger service: C70600,
C71500, arsenical copper, C19400, and alumi-
num bronze.

Service data for various copper alloys used as
condenser tubing are given in Ref 61. Reference
70 ranked susceptibility to SCC for alloys used
as condenser tubes. In freshwater, admiralty
brass was very susceptible, C19400 had low
susceptibility, and C70600 and arsenical copper
were resistant. In seawater, arsenic-aluminum
brass bronze was susceptible, while C70600 and
C71500 were resistant.

An instance of the SCC of a Cu-7Al-2Si stud
from an extraction pump exposed to wet steam is
discussed in Ref 70. Also in Ref 70 are examples
of SCC failures of copper alloys in marine ser-
vice. These include tubing, a lifeboat keel pin,
brass bolts and screws, a brass propeller, a
flooding valve, and aluminum bronze valve
parts. Some of the failures were attributed to bird
excreta that provided a source of NH3.

Protective Coatings

Copper metals resist corrosion in many
environments because they react with one or
more constituents of the environment on initial
exposure, thus forming an inert surface layer of
protective reaction products. In certain applica-
tions, applying metallic or organic protective
coatings may increase the corrosion resistance of
copper metals. If the coating material is able to
resist corrosion adequately, service life may
depend on the impermeability, continuity, and

adhesion to the basis metal of the coating. The
electropotential relationship of the coating to the
basis metal may be important, especially with
metallic coatings and at uncoated edges. Tin,
lead, and solder, used extensively as coatings, are
applied by hot dipping or electroplating.

Tin arrests corrosion caused by sulfur. It is
most effective as a coating for copper wire and
cable insulated by rubber that contains sulfur.
Lead-coated copper is primarily used for roofing
applications, in which contact with flue gases or
other products that contain dilute H2SO4 is
likely. Tin or lead coatings are sometimes
applied to copper intended for ordinary atmo-
spheric exposure, but this is done primarily for
architectural effect; the atmospheric-corrosion
resistance of bare copper is excellent in rural,
urban, marine, and most industrial locations.
Additional information on the use of tin for
corrosion resistance is available in the article
“Corrosion of Tin and Tin Alloys” in this
Volume.

Electroplated chromium is used for decora-
tion, for improvement of wear resistance, or for
reflectivity. Because it is somewhat porous, it is
not effective for corrosion protection. Where
corrosion protection is important, electroplated
nickel is most often used as a protective coating
under electroplated chromium. Additional
information on the corrosion resistance of chro-
mium plate is available in the article “Corrosion
of Electroplated Hard Chromium” in this
Volume.

Various organic coatings are applied to
copper alloys to preserve a bright metallic
appearance (see the article “Organic Coatings
and Linings” in ASM Handbook, Volume 13A,
2003). Physical vapor deposition is also used on
plumbing fixtures to preserve their luster.

Corrosion Testing

Aqueous Corrosion Testing. Testing and
evaluation techniques are covered extensively in
ASM Handbook, Volume 13A, 2003. One spe-
cific static procedure that has been applied to
copper alloys in closed-container tests is the
determination of the partitioning of the major
alloying elements between the corrosion product
and the solution (Ref 10, 71). In this procedure,
the samples are exposed to the test solution for
some time period, after which the sample is
removed and the solution filtered to remove any
particulate. The collected particulate is dissolved
in an acidified solution and quantitatively ana-
lyzed for copper and other alloying elements of
interest; a similar analysis is performed on the
filtered solution. The corrosion product is then
stripped from the copper alloy using an inhibited
HCl solution and analyzed. The results indicate
which alloying elements contribute to film for-
mation and whether the element is more prone
to go into solution rather than into the film.
In addition, the amount of copper that has
entered solution and the amount that is actually

particulate that spalled off of the surface can be
determined. These data are of significance with
regard to heavy-metal ion contamination of
water sources.

Dynamic Corrosion Tests. One of the major
uses of copper alloys is the transport of aqueous
solutions; consequently, a significant number of
tests have been designed to examine the effects
of dynamic conditions on the corrosion behavior
of the materials in these environments. The tests,
which range in complexity from simple recir-
culating loops to jet impingement apparatus,
examine the effects of such variables as flow rate,
heat-transfer conditions, and blockages, as well
as various solution conditions. Of the systems
developed, the flow loop is probably the most
widely used test because it is easily constructed,
requiring only a pump, ducting, and valves, and
can incorporate a wide variety of test variables.
Because of their simplicity, flow loops can be
constructed on-site and tapped into process flow
systems so that the actual operating environment
can be used as the test environment. Descriptions
of test loops are available in Ref 21, 35, and
72 to 75.

Tubular samples are the most easily tested in
this system because they can be directly incor-
porated into the loop. As with any other corro-
sion test, the tube samples must be separated by
insulating connectors to avoid galvanic effects;
tube union fittings of plastic or flexible plastic
hose clamped to the tubes are generally ade-
quate. Flat samples can also be tested in flow
loops by using special sample holders, such as
those described in ASTM D 2688 (Ref 76) and in
Ref 21, 72, 73, and 77.

A major variable that affects the corrosion
behavior of copper alloys is solution velocity.
The effect of flow rate on copper alloys has been
examined by placing various diameters of the
same tube material in series within a loop and
pumping the solution through the loop at a con-
stant pump speed (Ref 73). Velocity effects have
also been studied in a parallel flow system with
orifice size and header pressure controlled to
produce various velocities simultaneously (Ref
21, 44). The effects of local velocity changes and
crevices, conditions that arise in power plant
condenser tubes because of lodged debris, have
been examined by introducing artificial blocka-
ges into tubes (Ref 72). The blockage reduces the
cross section of the tube, increasing local flow
rate, and produces crevice corrosion conditions
where it contacts the tube.

Heat-transfer effects have been studied by
running test tubes through small steam con-
densers to ovens and pumping the test solution
through the tubes. It should be noted that the
conditions provided by this type of test are
unlike those obtained when the bulk solution is
heated before pumping it through the tubes.
Heating the bulk solution may change the
concentration of components throughout the
solution, such as decreasing the oxygen con-
centration or promoting precipitation. Under
heat-transfer conditions, these changes may only
occur locally, resulting in different corrosion

Table 41 Susceptibility of copper alloy
tubes to cracking by solder
Solder applied at 400 �C (750 �F); specimens were
immediately deformed and examined for cracks

Solder

Alloy

80Cu–20Ni 97Cu–3Zn 70Cu–30Zn

Lead Shattered Cracked Cracked
97.5Pb–2.5Ag Shattered Uncracked Cracked
95Pb–5Sn Cracked Uncracked Cracked
80Pb–20Sn Cracked Uncracked Uncracked
Grade B solder Cracked Uncracked Uncracked
95Sn–5Sb Uncracked Uncracked Uncracked

Source: Ref 65
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behavior. Corrosion behavior can also be affec-
ted by the temperature gradient that exists
between the tube wall and the solution under
heat-transfer conditions, which is much larger
than that of a heated solution passing through a
tube surrounded by ambient air.

Loop tests are generally used to evaluate
the corrosion rates of materials based on their
weight loss over a period of time. Test duration
depends in large measure on the aggressiveness
of the solution and the sample thickness. How-
ever, for copper alloys in most aqueous solutions,
the test duration should be at least 120 days
in order to ensure attainment of steady-state
corrosion rates.

When evaluating the samples that have been
exposed to flowing systems, more than just the
weight loss should be considered. Evidence of
erosion should be sought, especially at leading
edges and obstructions, and the depth of erosion
should be monitored with respect to time. Evi-
dence of pitting should also be looked for, and
the depth of pitting as a function of time should
be determined. Depth of crevice attack should be
noted in samples with crevices, for example, at
clamp sites. With regard to crevice corrosion in
copper alloys, the attack usually occurs adjacent
to the contact site; therefore, the contact site will
generally be at the original thickness and can be
used as a reference point when measuring the
depth of attack.

Each alloy should also be examined for evi-
dence of dealloying. This can generally be
determined by metallographic examination of
the cross section to see if a copper-rich layer at
the sample surface is present. The material can
also be mechanically tested to determine whether
the mechanical properties have deteriorated with
respect to a control sample. This type of testing,
however, is generally performed only on mate-
rials that have not suffered from severe corro-
sion, which would obviously degrade the
properties of the material.

Other dynamic systems, in addition to flow
loops, have been developed primarily to evaluate
the maximum flow rate that materials can with-
stand before erosion-corrosion occurs (Ref 78).
An example of such a system is the jet impin-
gement test (Ref 79). In this test, a high-velocity
stream of solution is sprayed onto the specimen
for some period of time, after which the depth of
attack and the amount of surface area attacked
are determined. Based on this evaluation, the
relative erosion-corrosion resistance of various
materials can be ranked.

The spinning-disk test is used to define the
velocity that causes erosion in a material (Ref 79,
80). In this test, a disk of the material is immersed
in the solution and rotated at a specific rate
around the disk axis perpendicular to the plane of
the disk. At the conclusion of the test, the sample
is examined to determine the distance from the
center of the disk, and therefore the velocity, at
which erosion occurs.

One other test is used to examine the relative
resistance of various materials to erosion by
entrained particles in solution (Ref 20). In

this test, silica sand of controlled size is
introduced to the solution in which L-shaped
samples are mounted on the periphery of a
rotating disk.

Although any solution can be used in these
dynamic test systems, most tests are conducted
with seawater or freshwater. Natural waters,
such as from the sea, rivers, or lakes, are used
as test solutions, but their use is generally
restricted by the location of the test facility. In
addition, the compositions of natural waters vary
not only with location but also with time, making
a standardized test procedure difficult. To cir-
cumvent this problem for seawaters, substitute
seawater (Ref 81) and a 3.4% NaCl solution have
both been used. In general, these solutions
are slightly more aggressive than natural sea-
waters; as a result, predictions of corrosion life-
times based on data from these solutions are
generally conservative with respect to actual
performance.

A significant amount of work has recently
been done on the behavior of copper alloys in
sulfide-contaminated seawaters. An extensive
bibliography is given in Ref 82. Either bubbling
H2S gas through the solution or adding a Na2S
solution adds sulfides to the seawater. In general,
sulfide concentrations of the order of 1 ppm are
sufficient to cause accelerated attack. For rapid
corrosion to occur, the copper alloy must be
exposed to a solution that contains oxygen as
well as sulfide or must be alternately exposed to
sulfide-bearing deaerated solutions followed by
exposure to sulfide-free aerated solutions.

Because of the transient nature of sulfides in
water, it is necessary to monitor the sulfide level
in solution with time. Titration techniques are
available for measuring the sulfide concentra-
tion, but these are generally time-consuming and
tedious if continual monitoring is required. An
alternative is the use of a sulfide-specific ion
electrode, which provides accurate sulfide
readings in substitute ocean water in much less
time.

Atmospheric Testing. In a variety of appli-
cations, such as electrical and architectural
components, the behavior of copper alloys when
fully immersed in solution is not relevant with
regard to their performance under various
atmospheric conditions. Constant humidity and
temperature chambers are used to evaluate the
relative atmospheric behavior of the materials.
The design, typical test environments, and a list
of international standard test methods are
described in the article “Cabinet Testing” in ASM
Handbook, Volume 13A, 2003. As with aqueous
tests under artificial conditions, the corrosion
behavior determined in these tests is of value in
providing a controlled means of ranking the test
materials and a means of comparing test mate-
rials to standard materials.

Evaluation of tested specimens involves
typical corrosion parameters, such as weight
loss, depth of pitting, and crevice corrosion. In
addition, patina (oxide film formation) is eval-
uated with regard to color, continuity, and film
tenacity. After the specimen has been cleaned,

evidence of dealloying should also be sought by
examination of a metallographic cross section or
by loss of mechanical properties (as compared to
a control sample).

Atmospheric testing of copper alloys in nat-
ural environments is conducted to evaluate the
behavior of the materials in industrial, rural, and
marine atmospheres. International procedures
are listed in the article “Simulated Service
Testing in the Atmosphere” in ASM Handbook,
Volume 13A, 2003. This article describes
specimens, types of test racks, and analysis of
data.

Stress-Corrosion Testing. Much of the early
knowledge of the SCC tendencies of copper
alloys was based on service experience. Such
data were assimilated at laboratories involved in
the development of copper alloys and were used
to design alloys with greater resistance to SCC in
specific environments. Some of this information
reached the open literature. In other cases,
researchers concerned with specific objectives,
such as designing a desalination plant or oper-
ating power station, occasionally wrote summary
articles in which they cited their experience with
different alloy compositions. Such information is
useful but qualitative, and the environmental
constituents or conditions that led to the cracking
are unknown.

In the past several decades, the study of SCC
has been greatly accelerated, and materials sci-
entists, physicists, chemists, metallurgists, and
mechanical engineers have addressed the causes
and mechanisms for the behavior. Laboratory
studies under controlled conditions have been
expanded, ASTM International has developed
standardized tests, and laboratories have com-
pared data. As a result, considerable quantitative
information is now available in the literature.
In some cases, this information is obtained with
full knowledge of fracture mechanics principles.
The methods of generating SCC data are
numerous and include both static and dynamic
tests.

In the static tests, the sample is put under
tension by bending and restraining the sample or
by mounting it in a tensile-testing machine. The
data thus generated include time to first crack,
time to fracture, or time to relax to a certain
fraction (for example, 50 or 80%) of the unrest-
rained distance between the ends of the bent
specimen. The data generated in this fashion
allow comparison among different alloys, among
different pretreatments, and among other
experimental variables. The data are compara-
tive within one data set but yield no absolute
information.

Various NH3 environments are widely used to
test copper alloys, the most common being
Mattsson’s solution of pH 4.0, 7.2, and 10. Two
other NH3-base environments that produce very
aggressive stress-corrosion conditions are a
NH3-0.5 M copper solution of pH 14, and a
moist NH3 test. The pH 14 solution is made by
dissolving 3.18 g of copper powder in 1 L of
29.5% NH4OH solution (typical reagent-
strength NH4OH). The moist NH3 test requires
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the construction of a chamber in which 100%
relative humidity and a constant NH3 gas con-
centration are maintained (Ref 83).

One of the simplest laboratory stress-corro-
sion tests that provide a significant amount of
information is the U-bend test, in which the
springback of the sample is measured over time
in the test solution. Two sample sets of each
material are produced in a manner similar to that
described in Ref 84. One is placed in the test
solution, and the other remains in the room
environment as a control. A variety of test jigs
are described in Ref 84; however, the legs of the
jig must be compressed the same distance when
the sample is removed and then replaced in the
jig. A typical example of this type of jig is given
in Ref 84.

The samples are placed in the jig, removed,
and the springback between the legs measured;
this is also done for the control samples. The
samples are reinserted in the test jig and placed in
the test solution. At periodic intervals, the sam-
ples are removed from the solution, taken from
the jig, and the springback distance between the
legs remeasured. Similar measurements are
made on the air control samples. The test con-
tinues until either physical failure occurs— that
is, if the sample breaks or if it no longer has
enough tension to hold it in the jig—or some
predetermined performance criteria are met, for
example, 1000 h elapsed time or springback
reduction to 80% of its initial value. At the
conclusion of the test, the average change in
percent springback for each material at each time
is determined, taking into account the loss in
springback that occurred as a result of stress
relaxation based on springback measurements of
the air control samples.

A constant percent springback versus time
indicates that the material is not susceptible to
SCC in the test solution over that time period. A
decrease in percent springback with time indi-
cates the SCC has occurred. This should be
verified by optical examination for cracking as
well as metallographic examination of the sam-
ple to determine the mode of cracking. An
increase in percent springback indicates that the
tension side of the sample dissolved at a faster
rate than the compressive side due to stress-
assisted dissolution. Examination will reveal that
the specimen has thinned and that failure
occurred because of overload, not cracking.
This result indicates that the solution is too
aggressive for SCC to occur and that another
solution should be used to compare stress-cor-
rosion behavior.

Dynamic Tests. Reently, there has been a
move toward the use of dynamic tests, which
yield values that can be quantitatively applied to
the proposed mechanisms of SCC. Primary
among these is the slow strain-rate technique,
which produces test results faster than static
methods. An excellent summary of the slow
strain-rate technique and its applications to SCC
is given in Ref 85. The International Organiza-
tion for Standardization standard ISO 7539-7
provides a guide to this method (Ref 86).
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Corrosion of Cobalt and
Cobalt-Base Alloys

COBALT ALLOYS are selected for applica-
tions requiring high strength in corrosive aqu-
eous environments or in high-temperature
environments. This article first addresses the
alloys most suited for aqueous environments and
then those suited for high temperatures. There
are some alloys that are used in both environ-
ments.

Alloys Resistant to
Aqueous Corrosion

Paul Crook, Haynes International, Inc.
Jim Wu, Deloro Stellite, Inc.

Something unique about the cobalt alloys was
discovered by Elwood Haynes as he experi-
mented with additions of chromium to iron,
nickel, and cobalt in the early 1900s: They were
very strong. Adding tungsten to these cobalt-
chromium alloys made them even stronger and
led to the introduction of a family of wear-
resistant materials (the Stellite alloys) capable of
operating in corrosive environments over a wide
temperature range. Later in the 20th century,
when materials were being sought for aircraft
engine applications, the intrinsic strength of the
cobalt-chromium system led to the development
of several cast and wrought high-temperature
cobalt alloys, some of which are still in use
today. The high cost of cobalt, however, has
limited their use to critical applications.

The original Stellite (Co-Cr-W) alloys were
casting materials. However, they soon became
popular for hardfacing critical surfaces subjected
to wear, using welding as the means of applica-
tion. Carbon, which was an impurity in the ori-
ginal alloys, is now a controlled ingredient that
gives rise to an abundance of carbide precipitates
in the microstructure of these alloys, imparting
high resistance to abrasion. The resistance of
these alloys to other forms of wear, such as gal-
ling and cavitation erosion, is attributed to the
unusual characteristics of cobalt. These include

an ability to transform under mechanical stress
from a face-centered cubic (fcc) to a hexagonal
close-packed (hcp) structure, a high twinning
propensity, and a low stacking-fault energy.

The resistance to corrosion of the Co-Cr-W
alloys and newer cobalt alloys stems from the
effects of chromium, which enhances passivity
in aqueous media and encourages the formation
of protective oxide films at high temperatures.
The aqueous corrosion resistance of these alloys
is enhanced by the tungsten (and, in some cases,
molybdenum) additions. However, in the high-
carbon cobalt alloys, significant amounts of
chromium and tungsten partition to the carbide
precipitates, thus reducing their effective levels
with regard to corrosion resistance.

The cobalt alloys considered resistant to aqu-
eous corrosion fall generally into five categories:
high-carbon Co-Cr-W alloys, low-carbon Co-
Cr-Mo alloys, high-carbon Co-Cr-Mo alloys,
low-carbon Co-Mo-Cr-Si (Tribaloy) alloys, and
age-hardenable Co-Ni-Cr-Mo (Multiphase)
materials. The compositions of several com-
mercially important alloys from these groups are
given in Table 1. Note that there is more than one
version of alloy 6 (UNS R30006, R30016,
R30106, W73006), the most widely used high-
carbon Co-Cr-W material. The basic alloy 6
composition is used for castings and hardfacing
consumables, such as wires, bare rods, coated
electrodes, and powders. Alloy 6B (UNS
R30016) is a wrought version. A powder metal-
lurgy (P/M) version (UNS R30106), optimized
for sinterability, is also available.

To harden the Co-Ni-Cr-Mo alloys, they are
first cold worked. This generates either hcp pla-
telets or an intersecting network of deformation
twin platelets; there are conflicting views on the
precise hardening mechanism (Ref 1, 2). Sub-
sequent exposure of the materials to elevated
temperatures, for example, between 430 and
650 �C (805 and 1200 �F) for MP35N, causes
precipitates to form at the platelet boundaries,
enhancing strength still further (Ref 1).

High-Carbon Co-Cr-W Alloys

Carbon has a profound influence on the
properties of the high-carbon Co-Cr-W (Stellite)

alloys. By causing carbides to form in the
microstructure during solidification, carbon
enhances hardness and resistance to low-stress
abrasion but degrades ductility and corrosion
resistance. To provide industry with various
options, several high-carbon Co-Cr-W alloys
have been developed through the years, the main
difference being their carbon contents. For low-
impact conditions, where high hardness is
required, alloys with carbon contents as high as
3.2 wt% are available. Such alloys have low
ductilities, and special techniques (such as
careful substrate preheating and postdeposition
cooling) are required when applying them as
weld overlays. For more corrosive environments,
where the hardness requirements are not so
stringent, compositions such as alloy 6 (with
1 wt% C) are available. These are more amen-
able to weld overlay processes, although pre-
cautions are still necessary to attain crack-free
deposits. The hot ductility of alloys containing
approximately 1.6 wt% C or less is sufficient to
allow some wrought processing, thus the exis-
tence of the wrought alloys 6B and 6K. Cold
working and cold forming, however, are not
possible with these materials.

The microstructures of the high-carbon Co-
Cr-W alloys are complex. In cast and weld
overlay form, those alloys with relatively low
carbon and tungsten contents, such as alloy 6,
exhibit hypoeutectic structures comprised of
networks of chromium-rich M7C3 particles
within the cobalt-rich solid solution (matrix).
Sand-cast alloy 6 contains approximately
13 wt% of such carbides. Castings and weld
overlays of those alloys with higher carbon and
tungsten contents exhibit hypereutectic struc-
tures containing very large chromium-rich M7C3

particles, along with networks of smaller chro-
mium-rich M7C3 and tungsten-rich M6C pre-
cipitates. The proportion of carbides in sand-cast
alloy 3 (2.4 wt% C) is approximately 30 wt%
(Ref 3).

Although these carbide precipitates within the
microstructure provide enhanced strength and
low stress abrasion resistance, the outstanding
wear characteristics of the Co-Cr-W alloys are
due primarily to the properties of the cobalt-
rich matrix, which has a metastable fcc struc-
ture in the as-cast or as-deposited condition.
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This structure can transform and twin under the
action of mechanical stress. As a result, work
hardening rates are high, stresses can be
accommodated without the onset of cracking,
and fatigue crack propagation is restricted. Of
course, the presence of carbides has a strong
influence, particularly on the nucleation and
propagation of mechanically induced cracks, so
the matrix properties become less influential as
the alloy carbon content (hence carbide volume
fraction) increases. The types of wear to which
the Co-Cr-W alloys are resistant include galling,
fretting, cavitation erosion, and liquid droplet
impingement erosion. All of these have a
microfatigue component.

As to the general corrosion characteristics of
the high-carbon Co-Cr-W alloys, these are
strongly dependent on carbon content, because
chromium, in particular, partitions to the carbide
precipitates. Alloy 6, with a carbon content of
1 wt%, can be considered equivalent to the 300-
type stainless steels in many corrosive media.
As is discussed in the section “Environmental
Cracking” in this article, the cobalt alloys are
similar to the austenitic stainless steels in
terms of their susceptibility to stress-corrosion
cracking.

Low-Carbon Co-Cr-Mo Alloys

The Elwood Haynes patent covering the Co-
Cr-W system (Ref 4) indicates that tungsten can
be partially or wholly replaced by molybdenum.
It was not until many years later, however, that
the first Co-Cr-Mo material (a casting alloy for
dental applications) was introduced. Named
Vitallium alloy, it was to have a profound effect
on the development of cobalt alloys for biome-
dical implants and, by chance, aerospace appli-
cations.

The development of Vitallium alloy (circa
1930) was a result of a search by the Austenal
Laboratories for an alternate to gold for dentures.
In a joint development with the Haynes Stellite
Company, a castable Co-Cr-Mo composition,
with a carbon content lower than that of the
original Stellite alloys, was selected (Ref 5, 6).
Interest in both the alloy and the casting method
(known as investment casting) spread to the
biomedical industry in the mid-1930s and then to
the aircraft engine industry for turbocharger
blades at the start of World War II. Fine-tuning of
the Vitallium composition led to the ASTM F 75
alloy (UNS R30075), a material that is still
widely used by the biomedical industry. Fine-

tuning of the composition for aircraft engine use
led to a family of cobalt superalloys, some of
which are described in the section “Alloys
Resistant to High-Temperature Corrosion” in
this article.

One of the alloys to emerge from fine-tuning
of the Vitallium composition was Stellite 21
alloy (UNS R30021). Over the years, this has
become well established, in weld overlay form,
for steam valve applications. A half-century after
the introduction of Vitallium alloy, there was a
further significant development in the field of
corrosion-resistant Co-Cr-Mo alloys, namely,
the introduction of Ultimet alloy (UNS R31233).
This was an attempt to provide industry with an
easily formed and welded wrought alloy, with
high resistance to both aqueous corrosion and
wear.

To minimize the precipitation of carbides in
the grain boundaries of Ultimet alloy (these
being deleterious to both corrosion resistance
and mechanical properties), a carbon content
lower than that of the F 75 alloy was used. Also,
nitrogen was added to enhance strength and pit-
ting resistance. More importantly, a significant
nickel addition was used to provide a balance
between ease of processing, formability, and

Table 1 Nominal compositions of cobalt alloys resistant to aqueous corrosion

Family
Common

name UNS No. Primary product forms

Composition, wt%

Co Ni Mo Cr Fe W Mn Si C Other

High-carbon
Co-Cr-W

1 R30001
W73001(a)

Welding consumables bal 1.5 0.5 30 3(b) 13 0.5 1.3 2.5 . . .

3 . . . Castings bal 3(b) . . . 31 3(b) 12.5 1(b) 1(b) 2.4 . . .
6 R30006

W73006(a)
Castings bal 3(b) 1.5(b) 29 3(b) 4.5 1(b) 1.5(b) 1.2 . . .

Welding consumables

6B R30016 Wrought bal 2.5 1.5(b) 30 3(b) 4 1.4 0.7 1 . . .
6K . . . Wrought bal 3(b) 1.5(b) 30 3(b) 4.5 2(b) 2(b) 1.6 . . .
12 R30012

W73012(a)
Castings bal 3(b) 1(b) 29.5 3(b) 8.25 1(b) 1.2 1.5 . . .

Welding consumables

306 . . . Welding consumables bal 5 . . . 25 5(b) 1.5 1 1 0.55 Nb 7.5
F R30002 Welding consumables bal 22.5 1(b) 25.5 6(b) 12 1 1.2 1.75 . . .

Low-carbon
Co-Cr-Mo

21 R30021
W73021(a)

Castings bal 2.75 5.5 27 3(b) . . . 1(b) 1(b) 0.25 B 0.007(b)

Welding consumables
F 75 R30075 Castings bal 1(b) 6 28.5 0.75(b) 0.2(b) 1(b) 1(b) 0.35(b) Al 0.3(b)

B 0.01(b)
N 0.25(b)

Ultimet R31233 Wrought bal 9 5 26 3 2 0.8 0.3 0.06 N 0.08
Welding consumables

Castings
Vitallium . . . Castings bal . . . 6 30 . . . . . . 0.75(b) . . . 0.5(b) . . .

High-carbon
Co-Cr-Mo

706 . . . Castings bal 3(b) 5 29 3(b) . . . 1.5(b) 1.5(b) 1.2 . . .

Welding consumables
706K . . . Wrought bal 1.5 4.5 31 1.5 . . . 1 1 1.6 . . .

Low-carbon
Co-Mo-Cr-Si

T-400 R30400 Welding consumables bal 2(b) 29 8.5 1.5(b) . . . . . . 2.6 0.08(b) . . .
Thermal spray powders

T-400C . . . Welding consumables bal . . . 27 14 . . . . . . . . . 2.6 . . . . . .
Thermal spray powders

T-800 . . . Welding consumables bal 3(b)
(Niþ Fe)

29 18 3(b)
(Niþ Fe)

. . . . . . 3.4 0.08(b) . . .
Thermal spray powders

T-900 . . . Welding consumables bal 16 23 18 . . . . . . . . . 2.7 0.08(b) . . .
Thermal spray powders

Age-hardenable
Co-Ni-Cr-Mo

MP35N R30035 Wrought bal 35 9.75 20 1(b) . . . 0.15(b) 0.15(b) 0.025(b) Ti 1(b)

MP159 R30159 Wrought 36 bal 7 19 9 . . . 0.2(b) 0.2(b) 0.04(b) Al 0.2
B 0.03(b)
Nb 0.5
Ti 2.9

(a) Welding filler metal has slightly different composition. (b) Maximum value
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wear performance. Nickel stabilizes the high-
temperature fcc structure in cobalt alloys and
reduces their tendency to transform to hcp during
cold working. Chromium and molybdenum have
the opposite effect. For ease of processing and
good formability, stability of the fcc phase is
desirable. For optimal wear performance, a
strong transformation tendency (in other words,
a high transformation temperature) is desirable.

High-Carbon Co-Cr-Mo Alloys

Recently, a new family of high-carbon mate-
rials, containing molybdenum in place of tung-
sten, was developed (Ref 7). Molybdenum-rich
carbide particles, in the form of M6C, form
readily in these materials on cooling. Together
with chromium-rich M7C3 particles, these alloys
have a high amount of carbide particles, result-
ing in improvement in abrasion resistance over
the Co-Cr-W alloys. Another effect of replacing
tungsten with molybdenum is the improvement
of corrosion resistance in reducing acids. Pitting
resistance is also increased.

As with the Co-Cr-W alloys, hot working is
possible only if the carbon content is approxi-
mately 1.6 wt% or less, and cold working is not
possible due to cracking. Alloy 706K (with a
carbon content of 1.6 wt%) is hot rolled for
making industrial cutting knives for use in cor-
rosive media.

Low-Carbon Co-Mo-Cr-Si Alloys

These alloys are widely known as Laves-phase
alloys because they are hardened not by the
formation of carbides, but rather by the pre-
cipitation of Laves phase. In cobalt alloys, Laves
phase typically involves cobalt, molybdenum,
chromium, and silicon. Molybdenum and silicon
partition strongly to the Laves phase, whereas
chromium and cobalt partition only modestly.
The fact that Laves phase is stable at high tem-
peratures makes these alloys highly resistant
to high-temperature degradation. Due to their
high molybdenum contents (23 to 29 wt%) and
significant chromium contents, these alloys are
resistant to a variety of corrosive media.

There are several of these alloys containing 20
to 60 vol% of Laves phase, with Rockwell C
hardnesses ranging from 48 to 58. Although the
mechanical strength of this family of alloys is
high, the ductility is low. They are used as cast-
ings, P/M parts, thermal-sprayed coatings, and
weld overlays. No hot working is possible on
these alloys. Hot isostatic pressing has been used
to consolidate powders into a solid piece.

The precipitation of Laves phase is cooling-
rate dependent. Therefore, the microstructure
and properties vary with the manufacturing
process. A high cooling rate, such as found in
laser cladding, may result in a supersaturated
microstructure with a reduced amount of Laves
phase. On the other hand, investment casting

allows the complete precipitation of Laves
phase. Powder metallurgy processing, using
rapidly cooled powders, can result in improved
toughness.

Welding with these alloys requires extreme
care to prevent cracking. Preheating, tempera-
ture uniformity, and slowly cooling are all keys
to the success of weld overlaying these alloys.

Age-Hardenable
Co-Ni-Cr-Mo Alloys

There are two important age-hardenable Co-
Ni-Cr-Mo alloys, MP35N (UNS R30035) and
MP159 (UNS R30159) alloys. They differ in
their maximum operating temperature. The
MP35N alloy is useful up to 400 �C (750 �F),
while the MP159 alloy maintains high strength to
approximately 600 �C (1110 �F). This differ-
ence relates to the type of precipitation reaction
employed. Following cold work, precipitates of
Co3Mo form at platelet boundaries in MP35N
alloy during age hardening (Ref 1, 8). In the case
of MP159 alloy, the precipitation of gamma
prime, Ni3(Al, Ti), at platelet boundaries is
encouraged during age hardening by the addition
of 3 wt% Ti.

There are differences of opinion as to the
precise nature of the platelets formed in the
microstructure of the age-hardenable (multi-
phase) materials during cold work. It was ori-
ginally believed that the platelets resulted from
the allotropic fcc-to-hcp transformation common
in cobalt alloys. More recent studies indicate,
however, that the platelets are finely spaced
deformation twins (Ref 2). This is consistent
with the fact that nickel and iron, the combined
levels of which are approximately 35 wt% in
these materials, are strong stabilizers of the fcc
form of cobalt and suppress the formation of the
hcp form during cold deformation.

As to the general characteristics of the age-
hardenable Co-Ni-Cr-Mo alloys, high strength
and general corrosion resistance are the main
attributes. In particular, MP35N alloy has been
shown to possess good resistance to environ-
mental cracking in oilfield environments.

Product Forms

High-carbon Co-Cr-W alloys are applied by
welding to critical industrial surfaces and are
available in several welding consumable forms:

� Bare rods, for gas tungsten arc and oxyace-
tylene welding

� Coated electrodes, for shielded metal arc
welding

� Tubular wires, for gas metal arc and sub-
merged arc welding

� Powders, for plasma-transferred arc welding

The bare rods and the cores of the coated
electrodes are typically made by continuous
casting. The powders are normally made by gas

atomization; this process results in spherical
powders that flow easily. The tubular wires are
normally made by tightly wrapping powdered
alloying ingredients in a Co-5Fe (wt%) strip,
made by P/M.

The high-carbon Co-Cr-W alloys are widely
used in the form of castings. Many of these are
investment cast, using high-frequency rollover
furnaces. Others are sand or resin-shell cast.
Powder metallurgy parts are also available in
several high-carbon Co-Cr-W compositions. To
enhance their sinterability, many P/M versions
include boron.

Alloy 6B (UNS R30016) is a wrought version
of alloy 6, available in the form of bars, plates,
and sheets. All of the wrought processing is
performed at high temperatures, using electro-
slag remelted ingots. Wrought processing results
in discrete carbide particles in the micro-
structure, rather than continuous carbide net-
works, and a much more homogeneous matrix.
These lead to enhanced ductility and improved
resistance to aqueous corrosion (when compared
with the cast version).

Ultimet alloy (UNS R31233), as a repre-
sentative of the low-carbon Co-Cr-Mo system, is
available in a very wide range of product forms.
Available wrought forms include plates, sheets,
bars, and solid wires (cold drawn from hot-
worked rod coils). No tubes have been made
from Ultimet alloy, however, due to the fact that
the material work hardens so quickly and would
therefore require an impractical number of inter-
mediate anneals during tube processing. Most
wrought products of Ultimet alloy are used in the
solution-annealed condition. However, at least
one major application (which requires a high
yield strength) uses cold-reduced bars. Other
important product forms of Ultimet alloy include
castings (investment and sand castings, in parti-
cular) and gas-atomized powders, for plasma-
transferred arc weld overlays and laser cladding.

The age-hardenable Co-Ni-Cr-Mo (Multi-
phase) alloys are wrought materials. Round
products (bars, rods, tubes, and solid wires) are
the most widely used, but flat products (sheets,
strips, and plates) are also available. With these
alloys, the microstructural condition (solution
annealed, cold worked, cold worked and aged) is
very important, and specifications covering the
product forms and the different microstructural
conditions exist.

Aqueous Corrosion
Properties

Paul Crook, Haynes International, Inc.

The performance of cobalt alloys in aqueous
environments encountered in commercial appli-
cations follows.
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Hydrochloric Acid

Hydrochloric acid is one of the most exten-
sively used chemicals within the chemical pro-
cess and pharmaceutical industries. It is also one
of the most aggressive. The high-carbon Co-Cr-
W alloys, like the stainless steels, are only useful
in dilute hydrochloric acid and at moderate
temperatures. Naturally, the higher the carbon
content of these alloys, the poorer is their per-
formance in hydrochloric acid (because those
elements that provide corrosion resistance par-
tition to the carbide precipitates). Also, wrought
products are more resistant than corresponding
cast materials, because they are more homo-
geneous.

The effects of acid concentration and tem-
perature on the resistance of alloy 6B (UNS
R30016) to hydrochloric acid are indicated by
the corrosion rates in Table 2.

Generally, a material is considered unac-
ceptable for service if its corrosion rate exceeds
0.5 mm/yr (20 mils/yr); for some applications,
where component dimensions are critical,
0.1 mm/yr (4 mils/yr) is considered the upper
limit. These data indicate that alloy 6B is useful
up to at least 66 �C (150 �F), at an acid con-
centration of 2 wt%, but is unsuitable (even at
room temperature) in higher concentrations of
hydrochloric acid.

Those low-carbon Co-Cr-Mo alloys designed
specifically to resist both aqueous corrosion and
wear are much more resistant to hydrochloric
acid, as indicated by the isocorrosion diagram for
Ultimet alloy in Fig. 1. This diagram was con-
structed using interpolative mathematical tech-
niques and laboratory data generated at many
different concentration/temperature combina-
tions. It indicates the regimes over which low
(under 0.1 mm/yr, or 4 mils/yr), moderate (0.1
to 0.5 mm/yr, or 4 to 20 mils/yr), and high (over
0.5 mm/yr, or 20 mils/yr) corrosion rates can be
expected.

Sulfuric Acid

Sulfuric acid is one of the most important
industrial chemicals. It is used in the manu-
facture of fertilizers, detergents, plastics, syn-
thetic fibers, and pigments and as a catalyst in the
petroleum industry.

The high-carbon Co-Cr-W alloys possess
moderate resistance to sulfuric acid. Alloy 6B
(UNS R30016), for example, can withstand most

concentrations of the acid at room temperature
and is useful up to 66 �C (150 �F) in dilute sul-
furic (Table 3). As with other acids, there is an
inverse relationship between the carbon content
of these alloys and their corrosion resistance, due
to the partitioning of key elements to carbide
precipitates in the microstructure.

Ultimet alloy (UNS R31233), as a repre-
sentative of the low-carbon Co-Cr-Mo system,
has been tested extensively in sulfuric acid. The
resulting isocorrosion diagram is shown in Fig. 2.
Corrosion rates in the under 0.1 mm/yr (4 mils/
yr) regime are generally very low. Together with
the small 0.1 to 0.5 mm/yr (4 to 20 mils/yr)
regime, this indicates the presence of protective
films, then their breakdown at critical tempera-
tures. The performance of Ultimet alloy in sul-
furic acid is approximately equivalent to those of
the 6 wt% Mo stainless steels and 20Cb-3 alloy
(UNS N08020). Its performance is below that of
the Ni-Cr-Mo (C-type) alloys, however.

Phosphoric Acid

There are two industrially important forms of
phosphoric acid. Reagent-grade (pure) phos-
phoric acid is used in the food industry and is
made from elemental phosphorus that is oxidized
then reacted with water. Wet process phosphoric
acid, which is made by reacting phosphate rock
with sulfuric acid, is very important as the pri-
mary source of phosphorus in agrichemical fer-
tilizers. This wet process acid contains many
impurities (including chlorides) that increase its
corrosivity.

Pure phosphoric acid is not as aggressive as
the halogen acids (such as hydrochloric). The
most widely used cast high-carbon Co-Cr-W
material, alloy 6 (UNS R30006), for example, is
capable of withstanding even high concentra-
tions at 66 �C (150 �F), as indicated in Table 4.
The low-carbon Co-Cr-Mo alloys possess even
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Table 2 Corrosion rates for alloy 6B (UNS
R30016) in hydrochloric acid

Acid
concentration,
wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

2 Room 50.01 50.4
66 150 50.01 50.4

5 Room 1.6 63
66 150 425 4985

10 Room 2.74 108
66 150 425 4985

20 Room 2.36 93
66 150 425 4985

Table 3 Corrosion rates for alloy 6B (UNS
R30016) in sulfuric acid

Acid
concentration,
wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

2 Boiling 0.79 31
5 Boiling 2.31 91

10 Room 50.01 50.4
66 150 50.01 50.4

Boiling 3.99 157
30 Room 50.01 50.4

66 150 50.01 50.4
Boiling 425 4985

50 Room 0.01 50.4
66 150 425 4985

Boiling 425 4985
77 Room 0.02 0.8

66 150 4.5 177
Boiling 425 4985
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higher resistance to pure phosphoric acid.
Wrought Ultimet alloy (UNS R31233), for
example, exhibits a corrosion rate of 0.01 mm/yr
(0.4 mils/yr) or less in concentrations up to
85 wt% at 93 �C (200 �F) and in concentrations
up to 30 wt% at boiling.

With regard to the performance of the cobalt
alloys in wet process phosphoric acid, no data are
available for the high carbon Co-Cr-W alloys.
Ultimet alloy (low-carbon Co-Cr-Mo), however,
has been tested in 30 and 40 wt% acid (these
concentrations representing the P2O5 contents) at
various temperatures. The resistance of Ultimet
alloy was similar to that of the most widely used
nickel composition for wet process acid service,
G-30 alloy (UNS N06030). While not currently
used in the agrichemical industry, these cobalt
alloys could be a solution if a wear problem
arises in this environment.

Hydrofluoric Acid

Data concerning the performance of the cobalt
alloys in hydrofluoric acid are scarce. In fact, the
only known study involved Ultimet alloy (UNS
R31233) and yielded the results in Table 5. These
data indicate strong concentration and tempera-
ture dependencies. Given that 0.5 mm/yr
(20 mils/yr) is the generally accepted upper-use
limit, it is evident that Ultimet alloy is only
useful in hydrofluoric acid at low concentrations
and temperatures.

The data in Table 5 were generated over a test
period of 24 h and therefore should only be used
as a guide. Also, condensing hydrofluoric acid
can be more of a problem than the bulk liquid,
due to a higher dissolved oxygen content; that
can cause surface cracking in stressed nickel
alloy components.

Nitric Acid

Nitric is a strong oxidizing acid for which
chromium is a very beneficial alloying element.
The performance of the cobalt alloys in nitric
acid is therefore tied to the content of chromium
in solid solution. In the case of the high-carbon
alloys, the nominal chromium content can be
misleading, because a significant quantity of
chromium can partition to the carbides in the
microstructure. Nitric acid data for the cast and
wrought versions of the most widely used Co-Cr-
W alloys are presented in Table 6. These results
indicate that few problems exist at room tem-
perature, but that high corrosion rates can be
expected in boiling solutions at concentrations in
excess of 40 wt%.

The low-carbon Co-Cr-Mo alloys possess
high resistance to nitric acid, as illustrated in the
iso-corrosion diagram for Ultimet alloy (UNS
R31233) (Fig. 3). This indicates that the alloy
can be used at all temperatures below the boiling
point curve at concentrations up to at least

70 wt%, and that low corrosion rates of less than
0.1 mm/yr (4 mils/yr) can be expected at most
concentration/temperature combinations.

Organic Acids

The organic acids do not ionize as readily as
the inorganic (mineral) acids and are therefore
less corrosive to metallic materials (Ref 9). As a
result of their importance to the chemical process
industries, acetic acid and formic acid are the
most common organic test environments. Cor-
rosion rates for alloy 6B (UNS R30006) in
boiling solutions of these two acids are given in
Table 7. From these data, it is evident that formic
acid is much more corrosive than acetic acid. In
fact, all of the corrosion rates exhibited by alloy
6B in boiling formic acid exceed 0.5 mm/yr
(20 mils/yr), the generally accepted upper limit
for use of a material.

Salts

The salts, especially the halides (chlorides,
bromides, and fluorides), are very important in
the chemical process industries. Although not
very aggressive with regard to uniform corro-
sion, they can cause localized corrosion of a very
destructive nature. Chlorides promote pitting,
crevice attack (in gaps between components, or
under deposits), and stress-corrosion cracking.
The austenitic stainless steels are very prone to
these forms of corrosion.

The resistance to pitting and crevice corrosion
of alloy 6B (UNS R30016) from the high-carbon
Co-Cr-W family and Ultimet alloy (UNS
R31233) from the low-carbon Co-Cr-Mo group,
in the presence of chlorides, is apparent from
Table 8. The critical pitting temperature in Green
Death is the lowest temperature at which pit-
ting is observed in Green Death (a mixture of
sulfuric and hydrochloric acids and ferric and
cupric chlorides) in 24 h. The critical crevice

Table 4 Corrosion rates for alloys 6 (UNS R30006) and 6B (UNS R30016) in reagent-grade
phosphoric acid

Acid
concentration,
wt%

Corrosion rate

Temperature
Alloy 6

sand cast
Alloy 6B

wrought sheet

�C �F mm/yr mils/yr mm/yr mils/yr

10 24 75 50.01 50.4 Not tested
66 150 50.01 50.4 Not tested

Boiling 50.01 50.4 50.01 50.4
30 Boiling Not tested 0.05 2
50 Boiling Not tested 0.48 19
70 Boiling Not tested 0.58 23
85 24 75 50.01 50.4 Not tested

66 150 50.01 50.4 Not tested
Boiling 425 4985 15.5 611

Table 5 Corrosion rates for Ultimet alloy (UNS R31233) in hydrofluoric acid

Corrosion rate(a)

Temperature 1% 3% 5% 10%

�C �F mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

20 68 Not tested Not tested Not tested 0.06 2.4
38 100 Not tested 0.01 0.4 0.06 2.4 Not tested
52 125 Not tested 0.14 5.5 0.46 18 Not tested
66 150 0.15 5.9 0.92 36 1.88 74 Not tested
79 175 0.64 25 2.62 103 4.75 187 Not tested

(a) Hydrofluoric acid concentration, wt%

Table 6 Corrosion rates for alloys 6 (UNS R30006) and 6B (UNS R30016) in nitric acid

Acid concentration, wt%

Corrosion rate

Temperature
Alloy 6

sand cast
Alloy 6B

wrought sheet

�C �F mm/yr mils/yr mm/yr mils/yr

10 24 75 50.01 50.4 Not tested
Boiling Not tested 50.01 50.4

20 Boiling 0.04 1.6 Not tested
30 Boiling Not tested 0.15 5.9
40 24 75 50.01 50.4 Not tested
50 Boiling Not tested 425 4985
70 24 75 50.01 50.4 Not tested

Boiling Not tested 425 4985
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temperature is the lowest temperature at which
crevice attack occurs in 72 h in 6 wt% ferric
chloride. Ultimet alloy possesses very high
resistance to these forms of corrosion. Indeed, its
performance is similar to that of the Ni-Cr-Mo
material C-22 alloy (UNS N06022). This result
was not expected, given that Ultimet alloy con-
tains only 5 wt% Mo and 2 wt% W, as compared
with 13 and 3 wt%, respectively, in the case of

C-22 alloy, and given that molybdenum and
tungsten are known to be extremely beneficial to
performance in chloride media. Alloy 6B exhi-
bits reasonable resistance to pitting and crevice
corrosion, relative to type 316L stainless steel
(UNS S31603).

The chloride-induced stress-corrosion crack-
ing resistance of the cobalt alloys is discussed in
the section “Environmental Cracking” in this
article.

Seawater

The cobalt alloys possess good to excellent
resistance to seawater. In fact, Stellite 306, a
Co-Cr-W alloy modified by the addition of nio-
bium (and with a carbon level of 0.55 wt%), has
been used as a wear-resistant overlay material on
the rudder bearings of ships. As to the effects of
increasing carbon content within the Co-Cr-W
system on performance in seawater, there are no
relevant data.

With regard to the low-carbon Co-Cr-Mo
alloys, Ultimet alloy (UNS R31233) has twice
been included in seawater tests at the LaQue
Corrosion Services laboratories at Wrightsville
Beach, NC. The most recent study involved a
wide range of materials (copper alloys, nickel
alloys, titanium alloys, cobalt alloys, and stain-
less steels), the objective being to assess their
crevice-corrosion performance, with a view to
their use in seawater valves. The two cobalt
alloys tested, Ultimet alloy and alloy 25 (a low-
carbon Co-Cr-Ni-W alloy), were among the few
metallic materials that exhibited no crevice
attack in either quiescent or flowing seawater at
29 �C (84 �F).

The importance of a homogeneous micro-
structure, with regard to seawater resistance, was
recently established electrochemically, using

investment castings and hot isostatically pressed
(HIPed) P/M products of alloy 6. This study used
solutions of 3.5 wt% sodium chloride to simulate
seawater and established that the more homo-
geneous HIPed material is considerably more
resistant to localized attack, as measured by the
breakdown potential. The results are summar-
ized in Fig. 4.

Alkalis

The performance of the cobalt alloys in caustic
environments is little understood. However, it is
apparent from previous work (Ref 10) that sev-
eral cobalt alloys are susceptible to stress-cor-
rosion cracking in boiling 50% sodium
hydroxide. A recent study of alloy 6B and Ulti-
met alloy in 50% sodium hydroxide at 93 and
107 �C (200 and 225 �F) indicates that the cobalt
alloys are also prone to a phenomenon known as
caustic dealloying, whereby certain alloying
constituents are selectively leached from the
surface of the material. Nickel alloys are also
prone to this form of degradation in concentrated
sodium hydroxide, at temperatures in excess of
approximately 100 �C (212 �F).

Environmental Cracking

Paul Crook, Haynes International, Inc.

The high-carbon Co-Cr-W (Stellite) alloys are
not amenable to cold working or cold forming.
Therefore, it has not been possible to establish

Table 7 Corrosion rates for alloy 6B (UNS
R30016) in boiling solutions of acetic and
formic acids

Acid Concentration, wt%

Corrosion rate

mm/yr mils/yr

Acetic 10 50.01 50.4
30 50.01 50.4
50 50.01 50.4
70 50.01 50.4
99 50.01 50.4

Formic 10 0.51 20.1
30 0.66 26
50 1.19 46.9
70 1.27 50
88 0.58 23

Table 8 Critical pitting temperatures and
critical crevice temperatures of selected
alloys in Green Death and 6% ferric chloride

Common
name UNS No.

Critical pitting
temperature

in Green Death(a)

Critical crevice
temperature
in 6% ferric

chloride

�C �F �C �F

Alloy 6B R30016 45 113 25 77
Ultimet alloy R31233 120 248 65 149
Alloy 625 N06625 75 167 30 86
C-22 alloy N06022 120 248 70 158
C-276 alloy N10276 110 230 65 149
Type 316L

stainless
steel

S31603 25 77 50 532

(a) 11.5% H2SO4þ 1.2% HClþ 1% FeCl3þ 1% CuCl2
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their resistance to environmental cracking by
conventional means, such as U-bend testing.
However, data concerning chloride stress-cor-
rosion cracking, sulfide stress cracking, and
caustic stress cracking are available for the
low-carbon Co-Cr-Mo and age-hardenable Co-
Ni-Cr-Mo alloys.

Reference 10 indicates that the nickel content
of the cobalt alloys is important to their envir-
onmental cracking resistance. This is not unex-
pected, given that nickel has the same positive
effect on the austenitic stainless steels. The age-
hardenable Co-Ni-Cr-Mo material MP-35N
alloy (UNS R30035), with a 35 wt% Ni, resists
stress-corrosion cracking in boiling magnesium
chloride, whereas alloy 25 (a high-temperature
cobalt alloy with 10 wt% Ni) is susceptible (Ref
10). These results are consistent with more recent
data generated during the development of Ulti-
met alloy (which contains 9 wt% Ni). U-bend
testing of this alloy, along with two austenitic
stainless steels, in three different chloride
environments gave the results in Table 9.

Although these results do not take into account
the fact that Ultimet alloy is much stronger and
work hardens much more rapidly than the
stainless steels, they do indicate that Ultimet
alloy is considerably more resistant to chloride
stress-corrosion cracking than type 316L stain-
less steel.

The low-nickel cobalt alloy 21 (2.75 wt%
Ni) has been tested in boiling magnesium
chloride for stress-corrosion cracking (Ref 10).
Cracking in 200 h or less was reported, using
C-shaped samples stressed beyond the elastic
limit.

Data concerning sulfide stress cracking of the
cobalt alloys are sparse. However, for many
years, the high-carbon Co-Cr-W alloys have
been used as weld overlays for oilfield applica-
tions involving hydrogen sulfide and elemental
sulfur at moderate temperatures. An appreciation
of the sulfide stress cracking properties of the
cobalt alloys, in the presence of hydrogen
sulfide, can be gained from data developed for
Ultimet alloy, as part of the approval process of
NACE standard MR0175 (Ref 11).

At room temperature, tests were performed
according to NACE standard TM0177 (Ref 12).

This document defines sulfide stress cracking as
a room-temperature phenomenon resulting from
hydrogen embrittlement; cracking at elevated
temperatures in environments containing
hydrogen sulfide is defined as a form of stress-
corrosion cracking. The TM0177 tests of Ultimet
alloy involved 5% NaClþ 0.5% glacial acetic
acidþ water, saturated with H2S, proof-ring
apparatus, and samples coupled to carbon
steel and stressed to the point of yield. Ultimet
alloy did not crack in these tests, either in the
annealed or cold-reduced (15%) conditions,
indicating good resistance to hydrogen embrit-
tlement.

At elevated temperatures, four-point bent-
beam stress-corrosion tests of Ultimet alloy
were performed, according to the recommenda-
tions of ASTM standard G 39 (Ref 13). This
time, the test fixtures were also made from
Ultimet alloy, to prevent galvanic effects. Again,
the samples were stressed to the room-tempera-
ture yield point. The specimens sustained
immersion in test environments of waterþ 20%
NaClþ 0.517 MPa (75 psi) H2Sþ 4.83 MPa
(700 psi) CO2, with and without 0.5 g/L sulfur.
In the annealed condition, no cracking was
observed after 720 h at either of the two test
temperatures, 121 and 177 �C (250 and 350 �F).
In the cold-reduced (15%) condition, Ultimet
alloy was prone to cracking, even at 93 �C
(200 �F). From this may be ascertained that
the presence of the hcp structure (which
occurs during cold working of the cobalt
alloys) is detrimental to their stress-corrosion
cracking resistance in the presence of hydrogen
sulfide.

Interestingly, MP35N, which has a nickel
content of 35 wt% and therefore a much reduced
tendency to transform at a given level of cold
work, has outstanding resistance to cracking in
the presence of hydrogen sulfide. In the
strengthened condition, it appears to be limited
to a stress level of approximately 2000 MPa (290
ksi) at temperatures above 200 �C (392 �F) in
deep sour wells (Ref 1).

Applications and
Fabrication

SteveMatthews,HaynesInternational, Inc.
Jim Wu, Deloro Stellite, Inc.

Cobalt alloys are mainly chosen for applica-
tions where wear resistance is a primary con-
sideration, especially in hostile environments.
Examples include:

� Exhaust valves in many automotive engines
were originally hardfaced with a cobalt
alloy to lengthen their service lives. How-
ever, as a cost reduction measure, iron-base

alloys have largely replaced cobalt alloys
on the engine valves, except in certain
high-performance engines where alloy F
(UNS R30002), a cobalt alloy containing 22%
Ni, is still used. In diesel engines, where the
environment is more hostile and the tem-
perature is higher than in gasoline engines,
Tribaloy alloy T-400 (UNS R30400), a Laves-
phase cobalt alloy, is still used on the valve
trims. With the advent of turbochargers,
which use exhaust gas to drive a turbine, alloy
T-400 has become a preferred alloy for mak-
ing the sliding parts, due to its high-tem-
perature wear resistance. This alloy is also
used in the form of thermal-sprayed coatings
on certain components of gas turbines. The
higher-chromium variant, T-400C, is another
prime candidate for this type of application,
especially when oxidation resistance is a
consideration.

� In making glassware, cobalt alloys with good
high-temperature and glass corrosion resis-
tance are used to make plungers for forming
molten glass into rough shapes. Any reaction
between the plunger and the glass would
result in defects, that could embrittle the glass.

� In the food and beverage canning industry, the
lid-seaming rolls and chucks are made of
high-carbon Co-Cr-W alloys to enable high-
speed canning operations. The alloys are
chosen for their wear resistance and corrosion
from the beverage or contents, such as tomato
juice.

� Cutting rayon fibers in the textile industry
requires a knife material that resists wear from
the cutting action and corrosion from the
process fluid. The wrought alloys 6B (UNS
R30016) and 706K are commonly used to
make the knives.

� Molten metal attack on the pot hardware is a
great concern in the galvanizing industry.
Tribaloy T-800 alloy has been found to be the
best choice for making the bearings on the
rolls that carry steel sheets through the molten
zinc bath.

� In refineries, cobalt alloys are widely used
where high-temperature degradation and
abrasion exist. In fluidized catalytic cracking
units, riser nozzles experience high-speed
flow of hydrocarbon feedstock at a high
temperature. In the regeneration section, the
air nozzles suffer erosion from catalyst parti-
cles in high-temperature steam, and here,
cobalt alloys offer a longer service life than
the stainless steels. In thermowells used to
protect thermocouples from attack by process
streams at high temperature, cobalt alloys are
used either to make the casing or coat the
casing by weld overlaying or thermal spray-
ing.

� In oil drilling, the tricone drill bit bearings
offer a unique challenge to materials selec-
tion. There is severe abrasion from the mud,
and corrosion as well. High-carbon Co-Cr-W
alloys are widely used to hardface the bearing
surfaces. In deep-sea drilling, the combination
of wear and corrosion by seawater calls for

Table 9 U-bend stress corrosion cracking
test results

Common name UNS No. Solution(a)
Time to

cracking, h

Ultimet R31233 1 1008(b)
2 1008(b)
3 80

316L S31603 1 168
2 288
3 72

20Cb-3 N08020 1 1008(b)
2 1008(b)
3 448

(a) Solution 1: waterþ 0.8% NaClþ 0.2% H3PO4, 141 �C (286 �F);
Solution 2: waterþ 0.8% NaClþ 0.5% CH3COOH, 141 �C (286 �F);
Solution 3: waterþ 35% MgCl2, 126 �C (259 �F). (b) Did not crack
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high-carbon Co-Cr-W or Co-Cr-Mo alloys to
make pump casings.

� Desalination can induce seawater corrosion of
the processing equipment. Overlaying pump
shafts with T-800 alloy can alleviate crevice
and pitting attack in this application, as well as
wear.

� In chemical processing, where both wear and
corrosion are concerns, cobalt alloys are often
chosen to battle the degradation. For example,
in the case of a pump shaft suffering corrosion
attack from phosphoric acid, as well as wear, a
T-900 alloy weld overlay has been found to
prolong the service life.

� In primary woodcutting, where both abrasion
and corrosion are present, especially when
cutting green wood, cobalt alloys are used to
tip the saw teeth, to minimize downtime in
sawmills. Saw tipping can be accomplished
either by attaching a preformed tip made by
P/M or by using a weld deposit, followed by
grinding.

� Alloy F 75, from the low-carbon Co-Cr-Mo
system, is commonly used to make prosthetic
parts, due to its resistance to wear and corro-
sion by human body fluids. The alloy is also
used to make partial dentures, which need to
be able to stand the wear from chewing food
and the corrosion from a mixture of food and
saliva.

Hardfacing with the High-Carbon
Co-Cr-W Alloys

The high-carbon Co-Cr-W alloys, which are
resistant to both wear and aqueous corrosion, are
typically used in the form of hardfacing deposits.
Hardfacing is a term that describes the applica-
tion of a material to the surface of a component
by welding or thermal spraying, for the main
purpose of reducing wear. Wear can be defined
as the loss of material by abrasion, sliding wear,
or erosion (solid particle, liquid droplet, slurry,
or cavitation). These forms of wear are described
in detail in Ref 14.

Table 10 lists advantages and disadvantages of
commonly used hardfacing processes. Factors
that influence the choice of a hardfacing process
include the size and shape of the component, its
composition, the area to be hardfaced, and dilu-
tion (intermixing of the substrate and overlay
materials). Cobalt alloys are available in a vari-
ety of product forms for hardfacing (bare cast
rod, coated electrodes, tubular wires, solid wires,
and powder).

Most welding processes are readily adaptable
to hardfacing, if proper techniques are imple-
mented to prevent cracking of the deposit due
to thermally induced stresses and to minimize
base-metal dilution. The occurrence of thermally
induced stresses can be minimized by the
use of preheat, high interpass temperatures,
and very slow cooling. The hardfacing of
transformation-hardenable steels, such as type

410 stainless steel, can compound the stresses
operating on the hardfacing deposit during
cooling and can require special precautions to
minimize cracking. Specifically, preheat and
interpass temperatures should be maintained
above the Ms temperature (the temperature at
which austenite begins to transform to marten-
site) of the steel. Depending on the size and mass
of the part, a postweld heat treatment immedi-
ately after hardfacing may also be required to
minimize cracking. Three welding processes that
have been extensively used for hardfacing with
the high-carbon Co-Cr-W alloys are oxyacety-
lene, gas tungsten arc, and plasma-transferred
arc.

The oxyacetylene process produces the
lowest achievable base-metal dilution by weld-
ing (less than 5%); unfortunately, the process is
relatively slow and time-consuming, depositing
only approximately 1 kg/h (2.2 lb/h) of hard-
facing deposit. Furthermore, the low-carbon Co-
Cr-Mo alloys intrinsically do not have good
oxyacetylene weldability. Alloy 6 (UNS
W73006) can be deposited by oxyacetylene
welding. However, special melting practices and
compositional control are required during the
manufacture of the cast rod in order to produce
consumables that do not generate porosity during
deposition.

Gas Tungsten Arc Welding (GTAW).
Oxyacetylene methods have given way, in many
cases, to GTAW processes, especially when
hardfacing the austenitic stainless steels, which
sensitize if exposed to a carburizing oxyacety-
lene flame. However, GTAW is a more intense
heat source; therefore, more base-metal dilution
(approximately 20%) can be expected. How-
ever, the overall dilution can usually be mini-
mized by using two or more layers of hardfacing
deposit. Hot cracking can be a potential problem
in GTAW hardfacing. Hot cracking may be
caused by high levels of deleterious elements,
such as sulfur. Attempts to hardface a free-
machining steel, such as type 303 (UNS S30300)
or 303Se (UNS S30323), may result in hot

cracking, because harmful elements to cobalt
alloys can be introduced to the deposit through
dilution.

The plasma-transferred arc process is
characterized by the ideal combination of rela-
tively low base-metal dilution (approximately
10%) and a relatively high deposition rate
(up to 5 kg/h, or 11 lb/h). In the plasma-
transferred arc process, powder is used as the
consumable, rather than a cast welding rod. The
process is mechanized rather than manual. A
tungsten electrode, recessed into a torch body,
generates a transferred arc to the workpiece.
Plasma gas (usually argon) is ionized within the
torch and exits through a constricted orifice. At
this location, the hardfacing filler material is
introduced in powder form through powder
injection ports, assisted by an argon carrier
gas. The powder particles melt completely and
resolidify as a fusion-welded overlay. The
weldability of cobalt alloy powders for plasma-
transferred arc hardfacing is very good, and they
will usually produce clean, smooth, sound
deposits.

Hardfacing techniques that use welding as the
method of deposition should always be selected
to minimize dilution, for the obvious reason that
excessive dilution compromises the metallurgi-
cal effectiveness of the hardfacing alloy. The
deposition of cobalt alloys by thermal spray
methods offers the advantage of no dilution,
because most spray processes do not melt the
substrate material. Cobalt hardfacing alloys in
powder form can be deposited by the conven-
tional flame spray process. The flame spray
process is usually followed by a second fusing
operation with an oxyacetylene torch. For this
reason, cobalt alloys intended for spray and fuse
deposition are modified with intentional addi-
tions of boron to lower the melting point and to
allow for good fusing. Cobalt alloy powders that
are not modified with boron can be deposited by
high-energy thermal spray processes, such as
plasma spray, detonation gun, or high-velocity
oxyfuel. All three of these processes are designed

Table 10 Advantages and disadvantages of commonly used hardfacing processes and
consumables

Process Consumables(a) Advantages Disadvantages

Gas tungsten arc CR High-quality deposits Relatively slow process
Shielded metal arc CE, TW Portability (field repair) Slag removal and low deposit

efficiency
Open arc TW High deposition rate Spatter and rough deposits
Submerged arc TW High deposition rate and efficiency High base-metal dilution
Gas metal arc TW Good quality and good deposition

rate
Relatively high dilution

Oxyacetylene CR, TW, P Low dilution Slow process
Plasma arc CR, TW, P Very smooth high-quality deposits Some overspray (powder loss) with

plasma-transferred arc process
Flame spray P Very smooth deposit (after fusing) Maximum thickness of 3.2 mm

(0.126 in.)
Plasma spray P No dilution, no distortion Only thin coatings, not 100% dense
High-velocity oxy-fuel P High-quality dense coatings Higher gas consumption than flame

spray
Laser P High volume production capability Very expensive equipment

(a) CR, cast rod; CE, coated electrode; TW, tubular wire; P, powder
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to achieve an extremely high-velocity gas stream
into which the powders are introduced. Powder
particles pick up heat and kinetic energy from
the high-velocity gas stream and are driven
against the substrate surface; this produces an
extremely dense coating. Coatings, however,
never achieve full theoretical density, and some
degree of porosity is intrinsic to this type of
hardfacing. For maximum effectiveness in
corrosion environments, thermal spray coatings
are generally sealed with a suitable sealer, such
as an epoxy.

Welding of Wrought Cobalt Alloys

The welding characteristics of wrought cobalt
alloys are very similar to those of the wrought
nickel alloys. Conventional fusion-welding pro-
cesses can be used, although oxyacetylene
welding is not recommended for joining cobalt
alloys. Gas tungsten arc welding or gas metal arc
welding will produce the most satisfactory
results. The submerged arc welding process
should be used with caution, because this process
tends to use high heat-input parameters (high
voltage and current) that can lead to weld metal
solidification cracking. Regardless of the weld-
ing process selected, the development and qua-
lification of a welding procedure specification
is recommended. Cobalt alloys are generally
welded using a filler-metal composition that
matches the composition of the base material.
Like low-carbon, corrosion-resistant nickel
alloys, cobalt alloys have relatively good resis-
tance to fusion-zone solidification cracking. The
lower the carbon content, the greater the resis-
tance to hot cracking. Sound welds are readily
achieved when good welding practices are
observed. These include thorough joint pre-
paration and cleaning prior to welding. For
cobalt alloys with carbon contents less than
0.15 wt%, preheat is not required, and weld
interpass temperatures should be below 93 �C
(200 �F) when possible.

Cobalt alloys are highly susceptible to copper
contamination cracking. Molten copper will
initiate liquid metal embrittlement in the heat-
affected zone (Ref 15, 16). Care must be taken,
therefore, to avoid copper contamination of the
area to be welded, either from copper jigs and
fixtures or from the use of copper wire cleaning
brushes. Stainless steel wire brushes are recom-
mended for interpass cleaning.

Cobalt alloys with relatively low nickel or iron
contents (for example, Ultimet alloy, or UNS
R31233) exhibit unique mechanical properties
in the as-welded condition. Weldments are
characterized by high strength and only moder-
ate ductility, because of stress-induced structural
transformations from fcc to hcp (Ref 17).
Because the as-deposited weld metal possesses
limited ductility, a 3T longitudinal bend test
is recommended for weld procedure develop-
ment. In this test, the weld is oriented long-
itudinally to the bend, and the bar is bent over

a mandrel with a radius three times the
specimen thickness. Furthermore, if cold form-
ing of a weldment is necessary, a postsweld
solution anneal at 1121 �C (2050 �F), followed
by water quenching, is recommended prior to
cold forming.

Alloys Resistant to
High-Temperature
Corrosion

Dwaine Klarstrom, Haynes
International, Inc.

Cobalt alloys are industrially important for
their resistance to certain types of high-tem-
perature corrosion. For example, they have
outstanding resistance to sulfidation and are
generally superior to nickel alloys and stainless
steels in this mode of attack.

The cobalt alloys are not as resistant to oxi-
dation as the high-temperature nickel alloys.
However, they are much more resistant to
oxidation than stainless steels, and, with suit-
able alloying, they can be made quite resist-
ant to oxidation attack. Likewise, the resistance
of cobalt alloys to carburization and nitridation
attack is not as good as that of the nickel alloys,
but it is much better than that of the stainless
steels.

Essentially all of the commercially important
high-temperature cobalt alloys are solid-solution
strengthened. In the past, there were many
attempts to develop age-hardenable cobalt
alloys. However, they were easily surpassed in
terms of high-temperature strength by the age-
hardenable nickel alloy compositions, and they
never became commercially viable.

Some important cast and wrought high-tem-
perature cobalt alloys are shown in Table 11. As
is evident, most compositions contain nickel to

provide a metastable or stable fcc structure. The
good resistance of the alloys to oxidation and
sulfidation is attributed to their chromium con-
tents. Additions of aluminum are not used for this
purpose, due to the formation of the brittle b-
CoAl phase. High-temperature strength is
imparted by significant additions of tungsten,
along with carbon.

Cast alloys are used for nozzle guide vanes in
gas turbine engines. The wrought alloys 25 (UNS
R30605) and 188 (UNS R30188) are also used
for gas turbine components such as combustors,
afterburner parts, and brush seals. The use of
alloy 6B (UNS R30016) for high-temperature
corrosion applications is quite limited, due to its
fabrication difficulties. However, it offers a
unique combination of resistance to wear and
high-temperature corrosion.

High-Temperature
Corrosion Properties

Dwaine Klarstrom and Krishna
Srivastava, Haynes International, Inc.

The effects of various modes of high-tem-
perature corrosion are discussed.

Oxidation

To provide resistance to high-temperature
oxidation, cobalt alloys rely on additions of
chromium in the range of 20 to 30 wt%
(Table 11). In the wrought compositions, small
additions of manganese and silicon promote the
formation of more protective spinel oxides. In
the case of (UNS R30188), 188 alloy the
addition of lanthanum has been used to increase
the resistance of the protective scale to spalla-
tion.

Table 11 Nominal compositions of cobalt alloys resistant to high-temperature corrosion

Common name UNS No.

Composition, wt%

Co Ni Mo Cr Fe Mn W Si C Other

Cast alloys

FX-414 . . . bal 10.5 . . . 29.5 2 . . . 7 . . . 0.35 B 0.01
MAR-M 302 . . . bal . . . . . . 21.5 . . . . . . 10 . . . 0.85 B 0.005

Ta 9
Zr 0.2

MAR-M 509 . . . bal 10 . . . 24 . . . . . . 7 . . . 0.6 Ta 3.5
Zr 0.5
Ti 0.2

Wrought alloys

6B R30016 bal 2.5 1.5(a) 30 3(a) 1.4 4 0.7 1 . . .
25 (L-605) R30605 bal 10 . . . 20 3(a) 1.5 15 0.4(a) 0.10 . . .
150 . . . bal . . . . . . 28 20 0.65 . . . 0.75 0.08 . . .
188 R30188 bal 22 . . . 22 3(a) 1.25(a) 14 0.35 0.1 La 0.03

(a) Maximum value
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Table 12 compares the oxidation behavior of
two wrought cobalt alloys (25 and 188) with that
of 230 alloy (UNS N06230), a well-known oxi-
dation-resistant nickel alloy, in flowing air. In
terms of average metal affected, there is little to
choose between the alloys at 980 �C (1800 �F).
However, at 1095 �C (2000 �F), 188 and 230
alloys exhibit significant advantages over 25
alloy, and above 1095 �C (2000 �F), the super-
iority of the nickel alloy is evident. The average
metal affected represents half the difference in
the thickness of the sample, due to metal loss,
plus the average depth of internal attack.

A comparison of the same alloys under con-
ditions of dynamic oxidation is shown in
Table 13. These data indicate that 188 alloy is
clearly superior to 25 alloy. This difference is
principally due to its better resistance to oxide
spallation, which, in turn, is due to the lanthanum
addition. At 980 �C (1800 �F), 188 and 230
alloys have comparable resistance, but 230 alloy
is significantly better at 1095 �C (2000 �F).
Because there are many compositional simila-
rities between 188 and 230 alloys, other than
their base elements, these results imply that
nickel is more advantageous than cobalt within
the protective oxide scales, which are pre-
dominantly Cr2O3 but may include the spinels
(NiCr2O4 and CoCr2O4) and/or the base-metal
monoxides NiO and CoO.

Sulfidation

Cobalt sulfides will form in an environment
comprising only H2 and H2S. Co-Co4S3 forms a
low-temperature eutectic, that melts at 880 �C
(1616 �F). Liquid sulfide products accelerate the
corrosion rate greatly; therefore, cobalt alloys
are unsuitable for use in such environments

above approximately 850 �C (1560 �F). Sulfide
scales are not protective. They contain many
defects; therefore, diffusion rates of metal ions
through sulfides are rapid. The kinetics of sulfi-
dation, like those of oxidation, depend on metal
ion diffusion and are parabolic in nature. How-
ever, the rate constants for sulfidation are several
orders of magnitude higher than those for oxi-
dation.

Fortunately, most industrial sulfur-bearing
environments give rise to sulfidizing-oxidizing
conditions, because they also contain gases such
as H2O, SO2, CO, CO2, and so on. Under such
conditions, the chromium-bearing cobalt alloys
develop protective oxide scales.

The magnitude of corrosion is determined by
the environment, temperature, and the duration
of exposure. A thermodynamic analysis is
necessary to determine the partial pressures of
sulfur and oxygen, which essentially define the
environment at the temperature of concern.
Knowing the partial pressures of sulfur and
oxygen, it is possible to determine from phase
stability diagrams whether a metal will form only
sulfides, a mixture of sulfides and oxides, or just
oxides. For complex alloys, such as those cobalt
alloys in Table 11, such an analysis becomes
extremely complicated, requiring the super-
imposition of several phase stability diagrams.
References 18 and 19 provide an understanding
of the underlying thermochemical principles.

Sulfidation data at 760, 871, and 982 �C
(1400, 1600, and 1800 �F) for a variety of cobalt
alloys, in a sulfidizing-oxidizing gas mixture
comprised of 5% H2, 5% CO, 1% CO2, 0.15%
H2S, and balance argon, are reported in
Tables 14 to 16 (Ref 20). Metal loss corresponds
to half the difference in thickness of the sample,
due to metal loss. The maximum metal affected
corresponds to this plus the maximum depth of

internal attack. The 556 alloy (UNS R30556) has
an iron base but contains significant quantities
of nickel (20 wt%), chromium (22 wt%), and
cobalt (18 wt%). Ultimet alloy was described
earlier in this article.

At 760 �C (1400 �F), none of the alloys tested
showed excessive corrosion. At 871 �C
(1600 �F), the partial pressure of oxygen
increased a little, and the carbon activity went to
0. In the 215 h test, alloys 25, 6B, and Ultimet
alloy exhibited excellent resistance to sulfida-
tion. In the 500 h test, however, only alloy 6B
showed excellent resistance. It is worth noting
that alloy 6B contains 30 wt% Cr and only small
amounts of nickel and iron. At 982 �C (1800 �F),
only alloy 6B did not undergo catastrophic sul-
fidation.

Table 17 presents results from sulfidation tests
in a SO2-bearing oxidizing environment, com-
prising 10% SO2, 5% O2, 5% CO2, and balance
argon. The duration of all tests was 215 h. In
these tests, the partial pressure of oxygen was
substantially higher and that of sulfur much
lower.

In this section, short-term (5500 h) sulfida-
tion data have been reported for 556 and several
cobalt alloys. These results should not be extra-
polated to estimate the long-term performance of
the alloys. However, the results are useful in
discriminating the relative performance of the
various alloys.

Carburization

Carburization refers to the ingress of carbon
into a metal. This phenomenon occurs in many
processing industries, in the presence of carbo-
naceous gases such as CO, CO2, CH4, and other
hydrocarbons. Carbon is transferred to the metal
surface, diffuses through the metal, and forms
various carbides with the alloying elements. It is

Table 13 Dynamic oxidation data

Common
name UNS No.

Average metal affected

980 �C (1800 �F),
1000 h(a)

1095 �C (2000 �F),
500 h(a)

mm mils mm mils

25 R30605 211 8.3 4635 425
188 R30188 89 3.5 249 9.8
230 R06230 71 2.8 132 5.2

(a) Rapid cooled to room temperature every 30 min

Table 14 Sulfidation data for 556
and cobalt alloys at 760 �C (1400 �F)
P s2=1.02 · 10�7 atm; Po2=3.87 · 10�22 atm; carbon
activity=0.16; test duration=500 h

Common
name UNS No.

Metal loss
Maximum metal

affected

mm mils mm Mils

150 . . . 157 6.2 239 9.4
556 R30556 91 3.6 168 6.6
188 R30188 122 4.8 165 6.5
6B R30016 71 2.8 130 5.1

Source: Ref 20

Table 15 Sulfidation data for 556
and cobalt alloys at 871 �C (1600 �F)
P s2=8.11 · 10�7 atm; P o2=1.62 · 10�19 atm; carbon
activity=0

Common
name UNS No.

Metal loss
Maximum

metal affected

mm mils mm mils

Test duration, 215 h

150 . . . 5 0.2 145 5.7
556 R30556 157 6.2 521 20.5
188 R30188 43 1.7 277 10.9
25 R30605 28 1.1 193 7.6
6B R30016 8 0.3 79 3.1
Ultimet R31233 0 0 76 3.0

Test duration, 500 h

150 . . . 127 5.0 414 16.3
556 R30556 417 16.4 1013 39.9
188 R30188 Consumed 4546 421.5
25 R30605 107 4.2 373 14.7
6B R30016 5 0.2 91 3.6

Source: Ref 20

Table 12 Oxidation data in flowing air

Common
name UNS No.

Average metal affected

980 �C (1800 �F) 1095 �C (2000 �F) 1150 �C (2100 �F) 1205 �C (2200 �F)

mm mils mm mils mm mils mm mils

25 R30605 18 0.7 259 10.2 488 19.2 4963 437.9
188 R30188 15 0.6 33 1.3 203 8.0 4551 421.7
230 N06230 18 0.7 33 1.3 86 3.4 201 7.9

Test duration: 1008 h, with cycle to room temperature every 168 h
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generally observed at temperatures greater than
800 �C (1470 �F) and a carbon activity less than
1. When the temperature is lower and the carbon
activity is greater than 1, another mode of
corrosion, namely metal dusting, occurs. See the
section “Metal Dusting” in the article “Corrosion
of Nickel and Nickel-Base Alloys” in this
Volume.

Carburization is different from most other
modes of high-temperature corrosion; the for-
mation of internal carbides leads to metal
degradation, embrittlement, and fracture. In this
mode, metal loss due to scale formation does not
occur; corrosion damage cannot be defined in
terms of the sum of the metal loss and internal
attack. Instead, the magnitude of carburization is
defined by the mass carbon pickup (mg/cm2) and
the depth of carburization. The kinetics of car-
burization depend on the solubility and diffu-
sivity of carbon at the operating temperature.

The solubility of carbon in cobalt alloys is
higher than that in nickel alloys. High-tempera-
ture cobalt alloys contain many alloying ele-
ments, including chromium. Carburization thus
always leads to the formation of various chro-
mium carbides. As with the nickel alloys, cobalt
alloys are protected from carburization by the
formation of stable oxide scales.

Whether an alloy undergoes oxidation or
carburization in a gas mixture at a given tem-
perature is determined by the partial pressure of

oxygen (the oxygen potential) and the carbon
activity at that temperature. Reference 21 pro-
vides an understanding of the thermodynamic
principles underlying carburization. At higher
temperatures, typically greater than 1050 �C
(1920 �F), oxide scales are stable in the follow-
ing order: Al2O34SiO24Cr2O3. For service
below 1050 �C, chromia-forming alloys gen-
erally offer satisfactory life. However, for ser-
vice above 1050 �C, alumina- or silica-forming
alloys are preferred. Given that there are no
alumina- or silica-forming cobalt alloys (they are
all chromia forming), it follows that cobalt alloys
are unsuitable for carburizing environments
above 1050 �C.

Carburization data for several cobalt alloys are
given in Table 18. All alloys were tested in a
gaseous mixture comprised of 5% H2, 5% CO,
5% CH4, and balance argon (by volume). They
were tested at 870 �C (1600 �F) and 930 �C
(1700 �F) for 215 h and at 980 �C (1800 �F) for
55 h. The environment was characterized by a
low oxygen potential and unit carbon activity.
While the gaseous composition remained con-
stant, the partial pressures of oxygen changed at
different temperatures. The calculated equili-
brium oxygen partial pressures at the test tem-
peratures were as follows: at 870 �C, Po2=
8.13 · 10�23 atm; at 930 �C, Po2=2.47 ·
10�22 atm; and at 980 �C, Po2=6.78 ·
10�22 atm. From Table 18, it is evident that the
magnitude of carbon pickup increased sig-
nificantly at 980 �C (1800 �F), even though the
duration of the test was much shorter.

Additional carburization data are shown in
Table 19. In this instance, the test alloys were
exposed to a gaseous mixture comprised of 5%
H2, 1% CH4, and balance argon (by volume) at
980 �C for 55 h. The results are reported in terms
of the mass carbon pickup and also the average
and maximum depths of internal attack (pene-

tration). The latter two were measured using an
optical microscope. The oxygen potential for this
environment was especially low, impurities
being the only source of oxygen. The carbon
activity for the environment, at the test tem-
perature, equaled 1.

Comparison of Tables 18 and 19 indicates
that, in the second environment (5% H2þ 1%
CH4þ Ar), the magnitude of carbon pickup of
the alloys was much higher, probably because
the alloys did not have sufficient oxygen to form
a protective scale.

Corrosion by Halogens

This primarily refers to corrosion by
gaseous Cl2/HCl and occurs in many industrial
environments. Examples include coal combus-
tion (less than 950 �C, or 1740 �F), mineral
chlorination (300–900 �C, or 570–1650 �F),
the production of ethylene dichloride
(280–480 �C, or 540–900 �F), titanium dioxide
production (900 �C, or 1650 �F), and waste
incineration (approximately 900 �C, or 1650 �F)
(Ref 23).

The amount of chlorine in the environment
can range from approximately 0.01 vol% in coal
combustion to approximately 2 vol% in hazar-
dous waste incineration. Corrosion by Cl2/HCl
presents a very challenging problem; in con-
trast to oxides, metal chlorides are marked by
low melting points and high vapor pressures.
The melting point of CoCl2 is 740 �C (1360 �F),
and it reaches a partial pressure of 10�4 atm
at 587 �C (1090 �F). Therefore, significant
evaporation of metal chlorides will take place at
service temperatures above 600 �C (1110 �F).
The cobalt alloys are much less resistant to gas-
eous Cl2/HCl environments than the nickel
alloys, because the melting point of CoCl2 is
lower than that of NiCl2. In the presence of
oxygen, corrosion involves the formation of
oxides as well as volatile chlorides. Corrosion
data from Ref 24 and 25 for two cobalt-con-
taining alloys, tested in Arþ 20 O2þ 0.25 Cl2 at
various temperatures for 400 h, are given in
Table 20. Corrosion data taken from Ref 26, for
tests run in airþ 2% Cl2 at 900 �C for 50 h, are
given in Table 21.

Elements such as tungsten and molybdenum
are known to be detrimental to chloridation
resistance. Cobalt alloys such as 25 and 188 both
contain high tungsten contents (14 to 15 wt%).
In oxidizing environments, this can lead to

Table 19 Carburization data for 556 and cobalt alloys at low oxygen potential
Test duration=55 h

Common name UNS No.

Mass carbon
pickup,
mg/cm2

Average internal penetration Maximum internal penetration

mm mils mm mils

188 R30188 6.2 732 28.8 787 31.0
556 R30556 7.9 831 32.7 884 34.8
Ultimet R31233 5.4 655 25.8 686 27.0

Table 18 Carburization data for 556 and
cobalt alloys

Common
name UNS No.

Mass carbon pickup, mg/cm2

870 �C
(1600 �F),

215 h

930 �C
(1700 �F),

215 h

980 �C
(1800 �F),

55 h

25 R30605 0.1 0.9 4.5
6B R30016 0.2 0.8 1.5

556 R30556 0.4 1.0 1.3
188 R30188 0.5 1.1 2.7

Source: Ref 22

Table 16 Sulfidation data for 556
and cobalt alloys at 982 �C (1800 �F)
P s2=4.43 · 10�6 atm; Po2=2.24 · 10�17 atm; carbon
activity=0

Common
name UNS No.

Metal loss
Maximum metal

affected

mm mils mm mils

Test duration, 215 h

556 R30556 25 1.0 381 15
188 R30188 20 0.8 123 4.8
6B R30016 10 0.4 102 4.0

Test duration, 500 h

556 R30556 Consumed 41549 461.0
188 R30188 Consumed 4533 421.0
150 . . . 310 12.2 937 36.9
6B R30016 94 3.7 157 6.2

Source: Ref 20

Table 17 Sulfidation data for 556
and cobalt alloys at 1093 �C (2000 �F)
Po2=4.92 · 10�2 atm Ps2=3.73 · 10�20 atm; carbon
activity=0; test duration=215 h

Common
name UNS No.

Metal loss
Maximum metal

affected

mm mils mm mils

556 R30556 10 0.4 102 4
188 R30188 8 0.3 84 3.3
150 . . . 20 0.8 160 6.3
25 R30605 15 0.6 142 5.6
6B R30016 15 0.6 130 5.1
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the formation of highly volatile oxychlorides.
Also, the high iron content of 556 alloy will lead
to the formation of the low-melting-point
chlorides FeCl2 (676 �C, or 1249 �F) and FeCl3
(303 �C, or 577 �F), which will contribute to the
corrosion.

Corrosion by Molten Salts

An introduction to corrosion by molten salts is
provided in the article “Corrosion of Nickel and
Nickel-Base Alloys” in this Volume. For reasons
of cost, cobalt alloys have not been popular in
the heat treating industry. However, available
experimental data indicate that cobalt alloys
can be used in many applications. For example,
one cobalt-base material (188 alloy) and one
with a significant cobalt content (556 alloy) were
subjected to field tests in NaClþ KClþ BaCl2
at 840 �C (1540 �F) for one month. The total
depths of attack, equal to the metal loss
plus internal attack, were 0.69 mm/month
(0.027 in./month) for 188 alloy, and 1.12 mm/
month (0.044 in./month) for 556 alloy. The
mechanism of attack was predominantly inter-
granular corrosion by the salt components,
especially chlorine (Ref 27).

The results of laboratory testing in a sodium
chloride salt bath at 840 �C for 100 h are given in
Table 22. A fresh salt bath was used for each run,
and air was used as the cover gas. Again, the
corrosion attack was mainly intergranular,
without discernible metal loss.

Two materials, 188 alloy and the Ni-Co-Cr
HR-160 alloy (UNS N12160), have been tested
in the atmosphere above a mixture of molten
salts at 870 �C (1600 �F), that is, in the salt

vapor. The mixture was comprised of 54% bar-
ium chloride, 27% potassium chloride, and 19%
sodium chloride. The samples were held
150 mm (5.9 in.) above the salt bath, and the test
duration was 173 h (8 h of exposure, with 22
cycles to room temperature). The calculated
metal losses were 1.30 mm (51.2 mils) for 188
alloy and 0.25 mm (9.9 mils) for HR-160 alloy.
In contrast, the metal loss for type 310 stainless
steel (UNS S31000) was 1.80 mm (71 mils).
Also, it was found that the average and maximum
internal attacks for HR-160 alloy were 0.17 and
0.38 mm (6.7 and 15 mils), respectively.

Applications and
Fabrication for High-
Temperature Service

Lee Flower and Steve Matthews,
Haynes International, Inc.

Wrought and cast cobalt alloys find wide use
in aircraft gas turbines and airframe hot sections
due to their high-temperature strength coupled
with excellent resistance to high-temperature
combustion environments. Cobalt alloys typi-
cally are used in static gas turbine engine com-
ponents, such as fuel nozzles, brush seals, vanes,
and combustor components. Near the engine
exhaust in airframe applications, cobalt alloys
are used in afterburner components, such as fla-

meholders, and in nozzle assemblies. Cobalt
alloys also are used in high-temperature rocket
engine and automotive applications.

Forming and Annealing

Cold working is the preferred method of
bending, drawing, and spinning wrought high-
temperature cobalt alloys. In the annealed
condition, they have excellent ductility, but the
cobalt-rich matrix will tend to work harden more
readily than the nickel alloys. Because of work
hardening, more intermediate anneals may be
required to produce the final shape. Intermediate
annealing near the final annealing temperature,
usually between 1180 and 1200 �C (2150 and
2200 �F), depending on the alloy, will restore the
original ductility and allow further cold work.
The strain introduced during cold deformation
should exceed 10% cold work. Lower percen-
tages of cold work can reduce the grain nuclea-
tion rate during recrystallization, leading to
abnormally large grain growth. Final annealing
should also be accompanied by water quench-
ing, for heavy sections, or rapid air cooling, if
the material thickness is less than 9.5 mm
(0.375 in.). Vacuum annealing should employ an
argon or helium gas quench.

Following heat treatment in an oxidizing
atmosphere, the oxide films that form are more
adherent than those associated with stainless
steel. A molten caustic dip followed by acid
pickling has been found to be most effective in
final cleaning. Descaling should be performed at
480 �C (900 �F) in a commercial molten
hydroxide salt bath. Subsequent acid pickling
should be performed at 65 �C (150 �F) in a bath
containing 20% nitric acid and 5% hydrofluoric
acid, followed by water rinsing.

Welding Characteristics

The welding characteristics of the wrought
cobalt alloys resistant to high-temperature cor-
rosion are similar to those of the wrought alloys
resistant to aqueous corrosion.

Following welding, the use of a postweld heat
treatment is neither required nor prohibited. The
use of a stress-relief temperature between 540
and 1120 �C (1000 and 2050 �F) is not recom-
mended. These intermediate temperatures are
not as effective in relieving residual stresses as a
full solution anneal and will result in grain-
boundary carbide precipitation, with consequent
negative effects on mechanical properties and
corrosion resistance.
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Table 22 Corrosion of 556 and cobalt
alloys in salt bath at 840 �C (1540 �F)
Test duration=100 h

Common
name UNS No.

Total depth

mm mils

188 R30188 0.051 2.0
25 R30605 0.064 2.5

556 R30556 0.066 2.6
150 . . . 0.076 3.0

Table 21 Corrosion in airþ2% chlorine at
900 �C (1650 �F)
Test duration=50 h

Common
name UNS No.

Metal loss Total depth

mm mils mm mils

556 R30566 50.8 2.0 109.2 4.3
25 R30605 114.3 4.5 152.4 6.0

Source: Ref 26

Table 20 Corrosion in halogen-bearing environments
Test duration=400 h

Metal loss Total depth

Temperature
556

R30556
188

R30188
556

R30556
188

R30188

�C �F mm mils mm mils mm mils mm mils

800 1470 20.3 0.8 58.4 2.3 50.8 2.0 73.7 2.9
850 1560 20.3 0.8 25.4 1.0 78.7 3.1 264.2 10.4
900 1650 45.7 1.8 215.9 8.5 152.4 6.0 4355.6 414.0

1000 1830 152.4 6.0 254.0 10.0 299.7 11.8 416.6 16.4

Total depth=Metal lossþ average internal attack. Source: Ref 24, 25
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Corrosion of Tin and Tin Alloys

TIN, a soft, brilliant white, low-melting metal,
is widely known and characterized in the form
of coating for steel, that is, tinplate, and as a
component of solder. In the molten state, it reacts
with and readily wets most of the common
metals and their alloys. Because of its low
strength, the pure metal is not regarded as a
structural material and is rarely used in mono-
lithic form. Rather, the metal is most frequently
used as coating for other metals and in alloys to
impart corrosion resistance, enhance appear-
ance, or improve solderability. It also finds wide
use in alloys, the most important of which are
tin-base soft solders and bearing alloys and
copper-base bronzes.

Pure Tin

Pure tin is subject to two phenomena that are
sometimes confused with the corrosion process
in the ordinary atmosphere. These are its low-
temperature allotropic modification and its
susceptibility to whisker growth. To avoid this
confusion, these processes are discussed as
follows.

Allotropic Modification. At temperatures
from 13.2 �C (55.8 �F) to its melting point of
232 �C (450 �F), tin exists in a body-centered
tetragonal structure commonly known as b-tin.
Below 13.2 �C (55.8 �F), the b form can change
to a diamond cubic structure known as a-tin,
which lacks cohesion and appears as a friable
gray powder. This is sometimes called the
tin pest. This transformation does not occur
spontaneously unless the tin is of extremely high
purity and is exposed to subzero temperatures.
The transformation can be accelerated by
inoculating the b with a crystals or by deforming
the b-tin at low temperatures (Fig. 1). Some

details of the mechanisms and kinetics of this
process are discussed in Ref 1.

The transformation is inhibited by the pre-
sence of small amounts of bismuth, antimony, or
lead. Hot-dipped tin coatings and most electro-
deposited coatings seem to be immune to this
phenomenon, probably because of impurity
effects. Thus, no traces of transformation were
evident on hot-dipped tinplate cans after burial
for 46 years in arctic snow or on electroplated tin
coatings on refrigerator parts (Ref 2). However,
transformation has occurred with thicker
deposits; when such low-temperature exposure is
anticipated, the incorporation of approximately
0.1% Bi is recommended to avoid the problem
(Ref 3).

Tin Whiskers. Tin is subject to a form of
recrystallization at room temperature that man-
ifests itself as a growth of thin (1 to 2 mm, or 0.04
to 0.08 mil, diam), single-crystal filaments from
the surface of tin coatings. These can begin to
form in as little as 5 weeks and may grow at a rate
up to 1 mm/mo (0.04 in./mo). Although the
mechanism is not clearly understood, formation
of tin whiskers appears to be favored by residual
or applied stress, by the presence of a brass
substrate, and by high-purity electrodeposited tin
(Ref 4–6). The potential for whisker growth can
be minimized, if not completely eliminated, by
reflowing the tin coating or by incorporating 2 to
10% Pb into the electrodeposited tin.

Atmospheric Corrosion. In clean dry air, tin
retains a bright appearance for many days. In one
study, a light dulling was observed after 100
days, and a noticeable, faint yellow-gray tarnish
film was seen after 150 days (Ref 7). However, it
was also reported that the reflectivity of tin
remains practically unchanged over long periods
when the tin is washed with soap and water
(Ref 8). Thus, at ordinary temperatures, the

surface oxide film on tin is very thin and exhibits
a very slow rate of growth. The rate of oxidation
increases with temperature. Above 190 �C
(375 �F), a film thickness sufficient to produce
interference colors is reportedly produced in a
few hours; at 210 �C (410 �F), this film thickness
is produced in 20 min (Ref 2).

The results of a comprehensive 20 year study
of the atmospheric corrosion resistance of bulk
tin were reported by an ASTM International
committee (Ref 9–13). Sheets of commercial
99.85% purity tin, measuring 230 by 300 mm
(9 by 12 in.) were exposed at seven sites in
the United States, including industrial, seacoast,
and rural atmospheres. Results are listed in
Table 1.

Ancient tin coins from Malaysia were found to
be covered with successive layers of brown and
gray scale that were principally stannic oxide
(SnO2) that contained sulfate plus traces of silica
and iron (Ref 14). Examination of seventeenth
and eighteenth century sarcophagi in Vienna
revealed some evidence of deterioration that
was suspected to be the tin pest. It was found,
however, that the casting was porous and that air
and moisture produced corrosion products of
stannous oxide (SnO) and SnO2, causing the
observed swelling, blistering, and cracking.

Oxidation. At extremely low temperatures,
the oxidation of tin is very superficial. In one
investigation, resistivity measurements were
used on tin condensation films formed at 1.5 to
300 K; in all cases, a step function indicating that
the growth of tin oxide first began at 23 K was
found (Ref 15). No further growth of the oxide
was detected at 50 to 150 K.

The most comprehensive studies of inter-
actions between tin and oxygen were those dis-
cussed in Ref 16 to 19, in which 99.994% pure
foils and a vacuum microbalance were used to

Fig. 1 Gray tin transformation on pure tin. Both sam-
ples were stored at �20 �C (�4 �F), but the

sample on the left was bent at this temperature, and the
other was left undisturbed.

Table 1 Corrosion of tin exposed in different environments for 10 and 20 years

Sample location

Average corrosion rate(a)

10 years 20 years

mm/yr mil/yr mm/yr mil/yr

Heavy industrial . . . . . . 0.0017 0.067
Marine heavy industrial . . . . . . 0.0013 0.051
Marine (New Jersey) 0.0019 0.075 . . . . . .
Marine (Florida) 0.0023 0.09 . . . . . .
Marine (California) . . . . . . 0.0029 0.11
Semiarid . . . . . . 0.00044 0.017
Rural 0.00049 0.019 . . . . . .

(a) Converted from weight loss data, assuming a tin density of 7.29 g/cm3. Source: Ref 13
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measure oxidation rates at oxygen pressures
between 10�3 and 500 torr (0.13 and 6.7·
104 Pa) and temperatures from 150 to 220 �C
(300 to 430 �F). The essential features of oxi-
dation behavior were found to be explainable in
terms of the microstructure of the oxide. With
oxygen pressure under 1 torr (133 Pa), dendritic
a-SnO crystallites grew at an increasing rate,
with the rate-determining factor apparently
being the dissociation of oxygen. Above 1 torr
(133 Pa), the oxidation rate curves had a char-
acteristic sigmoid shape, in which the initial
stages corresponded to the lateral spread of oxide
from numerous nuclei to form a-SnO platelets.
Subsequent growth followed a logarithmic law
and was consistent with control by tin diffusion
through an oxide film under a parabolic or cubic
law, while the formation of cavities in the oxide
film progressively reduced the area through
which diffusion could take place. For long
oxidation times, the thick oxide film was subject
to random fracture, leading to erratic results.

The oxidation of tin containing 0.17% Pb and
0.024% Sb was examined at 168 to 211.5 �C
(335 to 413 �F) and oxygen pressures of 4 to 9
torr (533 to 1200 Pa) (Ref 20). These oxidation
rate data were not significantly different from
those given in Ref 16 to 19.

The effects of impurities on the oxidation
rate of tin were also studied by using micro-
balance techniques under conditions similar to
those described in Ref 16 to 19 (Ref 21). The
results are summarized in Table 2. These results
were later rationalized in terms of the relative
thermodynamic stability of the oxides formed, as
follows. If the oxide of the alloying element is
less thermodynamically stable than SnO, the
oxidation rate of the alloy remains unchanged for
additions whose ions have the same valence as
the tin. However, when the formal ionic charge
of the alloying element exceeds that of the tin—
for example, antimony, bismuth, iron, and
titanium—then the oxidation rate of the tin
increases. Those alloying elements forming an
oxide more stable than SnO—for example, zinc,
indium, phosphorus, and germanium—undergo
preferential oxidation at the surface, thus inhi-
biting the oxidation of tin (Ref 22).

The oxidation rate of molten tin was studied at
400 to 800 �C (750 to 1470 �F) with oxygen

pressures of 50 to 500 torr (6.7 to 67 kPa)
(Ref 23). The rate varied greatly from specimen
to specimen at any one temperature but was
apparently linear under all conditions. The
variability was attributed to crystal orientation in
the oxide film, which was in apparent agreement
with the results of other investigations (Ref 24).
One researcher commented that another possi-
bility is the continuous conversion of SnO to a
nonprotective SnO2 (Ref 25). In one experiment
conducted at 800 �C (1470 �F), the initially
formed jet-black film of SnO became incandes-
cent at one end of a boat, and the incandescence
traveled rapidly to the other end of the boat,
leaving an orange coating.

Another study investigated the effects of
alloying additions at levels of 0.01, 0.1, and 1%
on the oxidation of molten tin (Ref 26). Anti-
mony, lead, bismuth, and copper had negligible
effects, while higher concentrations of lead
increased the temperature at which significant
oxidation occurs. Magnesium, lithium, and
sodium significantly increased the oxidation rate,
but zinc, phosphorus, indium, and aluminum
decreased the rate. The oxidation of an alloy
containing 0.01% Al was approximately the
same as that of pure tin at 425 �C (795 �F).

Other laboratory oxidation studies were con-
cerned with tin in contact with air. The formation
of an oxide film was shown in Ref 27 and 28, and
weight increment curves were developed in
Ref 29. In another study, the oxidation rate was
determined to be linear after the first few days
and was nonprotective (Ref 6). Lastly, the
oxidation of tin and tinplate was investigated by
using coulometric and x-ray techniques (Ref 30,
31). Up to 130 �C (265 �F), the oxidation
followed a logarithmic rate law that tended to
become parabolic at higher temperatures.
At room temperature, the oxide film appeared
to be amorphous, but at higher temperatures,
a-SnO was detected, possibly with some SnO2.

One study found that SnO forms on tin
immediately above its melting point and that
SnO2 forms at higher temperatures (Ref 32). This
effect was demonstrated by spot heating a piece
of tinfoil (Ref 33). Stannic oxide was found at the
center and was surrounded by SnO, which was in
turn ringed with an amorphous oxide. According
to other researchers, the disproportionation of
SnO to tin and SnO2 is a slow process, even at
300 �C (570 �F) (Ref 34). The need for extreme
care in oxidation studies, especially with regard
to surface preparation, was emphasized in
Ref 22. This was demonstrated by using cathodic
cleaning to show the effects of humidity
(Ref 35). Minor impurities in tin also affect its
oxidation behavior in air. Small amounts of
indium, phosphorus, or zinc were found to slow
the oxidation (Ref 30). In addition, traces of
aluminum were shown to cause embrittlement as
a result of intercrystalline attack (Ref 36). Anti-
mony additions, however, counteracted this
effect.

Reaction with Other Gases. Tin does not
react with hydrogen or nitrogen below its melt-
ing point, nor is it reactive with dry ammonia

(NH3). Molten tin reacts with carbon dioxide
(CO2) as:

Snþ 2CO2 ? SnO2 þ 2CO (Eq 1)

Above 650 �C (1200 �F), molten tin reacts with
water vapor to form SnO2 and hydrogen.

From 25 to 100 �C (75 to 212 �F), hydrogen
sulfide (H2S) has little apparent effect on tin, but
above 100 �C (212 �F), stannous sulfide (SnS)
forms. Stannous sulfide and stannic sulfide
(SnS2) are also formed by reacting tin with sulfur
at high temperatures. Tin also reacts readily with
SCl2, S2Cl2, NOF, and hydrofluoric acid (HF).
Tin is readily attacked by chlorine, bromine, and
iodine at room temperature, but fluorine reac-
tions become significant only above 100 �C
(212 �F).

Water. In hot or cold distilled water, the only
action of tin is the slow growth of an oxide film
with a negligible amount of metal entering
solution. Water that was freshly distilled in a tin
was found to have less than 1 ppb Sn in solution
(Ref 2). Storage in tin-lined or tinned copper
tanks for 24 h produced, in the worst instances,
only a few parts per billion, but in some cases, the
tin content remained below 1 ppb.

In tapwater of 7.2 pH at 25 �C (75 �F),
specimens of 99.99% cold-rolled tin showed a
weight gain of 0.023 mg/dm2/d (1.2·10�4 mm/
yr, or 0.004 mil/yr) in 50 days and the formation
of an insoluble film (Ref 37). With harder tap-
waters of 7.4 and 8.6 pH, weight losses of the
order 0.046 and 0.01 mg/dm2/d (2.3·10�4 and
5·10�5 mm/yr, or 0.009 and 0.002 mil/yr),
respectively, were incurred in 50 days. Pre-
cipitated carbonate was mainly responsible for
localized waterline attack with hot and cold
hard waters, because no attack occurred without
the precipitate. Addition of 5% Sb to the tin
prevented localized attack by hard water.

The results of corrosion test data on tin and
several tin alloys in seawater under conditions of
total immersion are shown in Table 3. It was
also observed that application of a fairly thick
60Pb-40Sn alloy coating over copper will protect
it from erosion by seawater at high velocity
(Ref 38).

Acids. Tin may be corroded by acidic aqu-
eous solutions of pH less than 3 or by less acidic
solutions containing compounds that form stable
complex ions with tin. The corrosion rate is also
highly influenced by oxygen concentration and
the presence of metallic impurities in the tin or by
the acid that can concentrate on the surface and
facilitate the cathodic half reaction.

Table 4 compares the corrosion rates for tin
samples exposed vertically in various acids open
to the air at 30 �C (85 �F). The greater weight
loss over the 96 h period was largely attributed to
the access of oxygen to the solutions.

The following general comments concern the
effects of other acids (Ref 25). Hot hydrobromic
(HBr) and hydroiodic (HI) acids rapidly attack
tin, but the rate of attack is slow with HF. Tin is
slowly attacked by HClO2 and is readily attacked
by HClO3. Sulfurous acid (H2SO3) attacks tin,

Table 2 Effect of alloy additions of 0.1 at.%
on the oxidation rate of tin at 190 �C (375 �F)
and an oxygen pressure of 10 torr (1330 Pa)

Alloying element
Increase in weight after

1000 min, mg/cm2

Manganese 2.7
Antimony 2.5
Thorium 2.1
Bismuth 1.7
Iron 1.6
Lead 1.3
Nothing added 1.0
Cadmium 1.0
Phosphorus (0.5 at.%) 0.3
Zinc 0.2
Indium 0.1

Source: Ref 21
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but sodium acid sulfite (NaHSO3) is non-
corrosive. Pyrosulfuric acid (H2S2O7) and
chlorosulfonic acid (SO2ClOH) react rapidly
with tin; nitric acid (HNO3) reacts rapidly with
tin over a wide range of concentrations, and the
reaction is complex.

Bases. Tin may be dissolved by alkaline
solutions, with the production of soluble stan-
nates or stannites. Corrosion will usually follow
if the surface oxide layer can be dissolved; this
will occur with pH greater than 12 and may occur
at pH values down to 10. When corrosion is
possible, its rate is governed by the temperature
and the rate of arrival of oxygen or other
oxidizing agents to the initial surface and is not
greatly affected by the character of the alkali in
long periods of immersion. However, in inter-
mittent immersion, the corrosion rate is affected
by the nature of the alkali and its concentration,
because these affect the time for removal of the
oxide film. The corrosion rates of tin in various
alkaline solutions exposed to air at 60 �C
(140 �F) are summarized in Table 5.

Hydrogen evolution does not occur on a tin
surface in alkaline solutions. Thus, exclusion of
oxidizing agents, including air, can provide
complete protection unless the tin is in contact
with another metal on which hydrogen evolution
can occur. Additions of oxygen absorber can
prevent corrosion even without the exclusion of
air, but they must be replenished. Small additions
of oxidizing agents to alkalis stimulate corrosion,
but sufficiently large additions can be completely
effective. Soluble chromates are particularly

effective in this way. Saturated NH3 solutions do
not attack tin, but more dilute solutions behave
like other alkaline solutions of comparable pH.

Other Liquid Media. Milk and milk pro-
ducts are usually nonreactive with tin, although a
long period of stagnant contact may produce
local corrosion (Ref 41). Sulfide solutions and
materials containing sulfur dioxide (SO2) as a
preservative produce sulfide stains, but the rate
of metal loss is low. Beer dissolves a trace of tin
from freshly exposed metal. Although this may
cause an objectionable haze in the beverage,
the action usually ceases within a short period.
To avoid this effect, the tin surfaces can be
passivated by using alkaline chromate solutions.

Most organic liquids, including ethers, alco-
hols, ketones, esters, hydrocarbons, and chlori-
nated hydrocarbons, are inert toward tin in the
absence of water (Ref 25). However, a reaction
was reported between tin and lower alcohols at
elevated temperatures, and when mineral acidity
can arise, as with chlorinated hydrocarbons
containing water, there may be some corrosion
(Ref 42). Animal, vegetable, or mineral oils and
fatty acids are also essentially inactive, and the
absence of any catalytic action of tin on their
oxidation makes tin or tin-coated vessels suitable
for these products.

Galvanic Behavior. When immersed in
electrical contact with a more noble metal, such
as copper or nickel, tin is much more likely to
be corroded, and any loss of metal will be
faster, with an increase in the number of locally
corroded spots in conditions favorable to local

corrosion. However, contact with such metals as
aluminum or zinc can prevent corrosion of tin
entirely, and a tin coil or vessel can be protected
by joining it to a strip of one of these metals. The
galvanic-corrosion behavior of tin and tin-lead
alloys in contact in seawater with numerous
alloy steels and other structural materials is
summarized in Table 6.

Passivation of Tin. Tin can be readily pas-
sivated with or without an applied potential. The
solutions most frequently used are the strongly
oxidizing chromate solutions, which produce a
thin, tenacious oxide layer that is quite protec-
tive. This film is 4 to 5 nm (16·10�8 to 20·
10�8 in.) thick when prepared by immersion in
an alkaline chromate solution at 80 to 90 �C (175
to 195 �F) for 15 min (Ref 43). Anodic passi-
vation with a current density of 500 A/dm2 (32 A/
in.2) for 5 s in 0.5% sodium hydroxide (NaOH)
forms a 30 nm (12·10�7 in.) thick film. In
0.005 M potassium chromate (K2CrO4) solution,
SnO is oxidized to SnO2 above a potential of
0.2 V versus a Ag/AgCl electrode, and the oxide
continues to thicken even after the oxygen
evolution potential is reached. The passivation
behavior of tin in solutions of phosphoric acid
(H3PO4) (Ref 44), NaOH (Ref 45), sodium
borate (NaBO2), and sodium carbonate
(Na2CO3) has also been studied, and is reviewed
in detail in Ref 25.

Soft Solders

Until the 1990s, most soft solders contained
from 2 to 100% Sn, with the balance consisting
of lead, although some special-purpose solders
substituted silver or antimony for some or
all of the lead. In 1990, concern for health and
the effect of increasing quantities of discarded
electronic items containing lead in landfills
prompted legislation in the United States to
encourage lead-free solders in these applica-
tions. In 1998, the European Union had
similar directives to eliminate lead. Work on
low-melting-point alternatives has met with
success, but high-melting-point alternatives
to lead-rich solders still need to be found. In
the mid-1990s, the electronics industry used
approximately 60,000 tonnes (66,000 tons) of
lead-tin solder annually (Ref 46).

Table 3 Corrosion of tin and tin alloys totally immersed in seawater

Material Form
Exposure time,

years

Corrosion rate(a)

Test locationmm/yr mils/yr

99.75 tin Cast bar 4 0.0022 0.087 Bristol Channel
99.2 tin Cast bar 4 0.0008 0.03 Bristol Channel
Babbitt alloy

(Sn-7.4Sb-3.7Cu)
Cast plate 1.4 0.060 2.4 Kure Beach, NC

Solder (Sn-50Pb) Sheet 0.5 0.075 2.95 Bogue Inlet, NC
Solder (Sn-60Pb

on copper)
Plate 2.1 0.011 0.43 Kure Beach, NC

(a) Converted from weight loss data, assuming cast densities of 7.29 g/cm3 for tin, 7.39 g/cm3 for babbitt, 8.90 g/cm3 for 50-50 solder, and 9.28 g/cm3 for
40-60 solder. Source: Ref 38

Table 4 Corrosion rate of tin in 0.1 N acids
at 30 �C (85 �F) exposed vertically in
solutions open to air

Acid

Average corrosion rate(a)

24-h test 96-h test

mm/yr mils/yr mm/yr mils/yr

Hydrochloric 0.40 15.7 0.30 11.8
Sulfuric 0.32 12.6 0.29 11.4
Phosphoric 0.03 1.2 0.01 0.4
Formic 0.34 13.4 0.25 9.8
Acetic 0.29 11.4 0.24 9.4
Oxalic 0.17 6.7 0.17 6.7
Citric 0.25 9.8 0.21 8.3
Malic 0.22 8.7 0.22 8.7
Lactic 0.24 9.4 0.21 8.3

(a) Converted from weight loss data, assuming a tin density of 7.29 g/cm3.
Source: Ref 39

Table 5 Corrosion rate of tin in alkaline solutions exposed to air at 60 �C (140 �F)

Concentration of
solution, %

Corrosion rate(a)

Na3PO4 Na2CO3 Na2SiO3 NaOH

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

0.005 0.015 0.6 0.030 1.2 0.030 1.2 0.21 8.3
0.02 0.015 0.6 0.045 1.8 0.045 1.8 0.24 9.4
0.05 0.21 8.3 0.24 9.4 nil 0.21 8.3
0.10 0.23 9.1 0.26 10.2 0.015 0.6 0.20 7.9
0.15 0.24 9.4 0.27 10.6 0.075 2.95 0.20 7.9
0.20 0.26 10.2 0.27 10.6 0.090 3.5 0.21 8.3
0.25 0.26 10.2 0.27 10.6 0.12 4.7 0.24 9.4

(a) Converted from weight loss data, assuming a tin density of 7.29 g/cm3. Source: Ref 40
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Two features are particularly relevant to the
corrosion behavior of solders with regard to their
function as a joining material. First, fluxes are
usually used, and, second, the solder exposure

areas are usually much smaller than the area of
the materials being joined.

By nature, fluxes function as oxide removers
and may contain hygroscopic products that, if not

removed, will promote corrosion. A mild flux,
such as pure natural resin, is inactive at normal
(room) temperatures and therefore has a harm-
less residue.

Table 6 Seawater corrosion of galvanic couples

Low-carbon steel

Metal considered

The corrosion of the metal under consideration will be reduced considerably in
the vicinity of the contact

S  Exposed area of the metal under consideration is small compared with the area of the
     metal with which it is coupled
E  Exposed area of the metal under consideration is approximately equal to that of the 
     metal with which it is coupled
L   Exposed area of the metal under consideration is large compared to that of the 
     metal with which it is coupled

The corrosion of the metal under consideration will be reduced slightly
The galvanic effect will be slight with the direction  uncertain
The corrosion of the metal under consideration will be increased slightly
The corrosion of the metal under consideration will be increased moderately
The corrosion of the metal under consideration will be increased considerably
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More powerful fluxes may consist of natural
resin with additions—for example, chlorides and
bromides—or mixtures of chlorides, H3PO4, and
derivatives. Residues from such fluxes must
usually be completely removed by mechanical
wiping or with solvents.

The area effect can be minimized by coating
the joined metals with tin or tin-lead alloys.
However, the suitable design of joints and the
formation of protective corrosion products over
the solder often permit the satisfactory use of
soldered joints in conditions that may at first
appear hostile.

Simple binary tin-lead solders consist essen-
tially of eutectic mixtures, and their corrosion
behavior is similar to that for either metal,
with the overall behavior similar to that of the
predominant metal. Both metals are attacked by
acids and alkalis, but the presence of lead, which
forms many more insoluble compounds than tin,
creates further possibilities for the formation of
protective layers in near-neutral aqueous media.
The addition of other elements has not been
found to affect the corrosion resistance of
tin-lead alloys appreciably (Ref 2). Also, the
behavior of lead-free solders containing silver or
antimony with tin does not differ greatly from
that of pure tin.

Atmospheric Corrosion. Even small addi-
tions of lead to tin impair the retention of its
bright reflective surface in common atmo-
spheres. With increasing lead content, the
appearance of soldered joints becomes increas-
ingly dull, like that of lead. However, destructive
corrosion (except effects from flux residues) is
highly unusual. On rare occasions, within
enclosed spaces, condensed pure water may
extract lead, but more common causes of trouble
are volatile organic acids. Acetic acid
(CH3COOH) vapors from wood or insulating
materials and formic acid (HCOOH) or other
acids that may come from insulating materials
may attack lead-containing solders to produce a
white incrustation and cause serious destruction
of metal. Where such attack occurs, substitution
of a solder with a higher tin content may elim-
inate the problem.

Lead-tin alloys used to make the pipes for
historic organs in Europe have become more sus-
ceptible to corrosion recently. These centuries-
old instruments may be affected by air pollution
or by the acetic acid from oak wood used to
build or restore parts of the organs. This corro-
sion is being investigated by a European Union-
funded research project, Corrosion of Lead and
Lead-Tin Alloys of Organ Pipes in Europe
(COLLAPSE). The COLLAPSE group noted
that the amount of tin varied in the pipes
depending on the cost and availability of tin
at the time of construction. Pipes with greater
tin content generally experienced less
corrosion. The introduction of central heating
into the churches may also have been a factor
in driving more acetic acid from the oak wood
(Ref 47).

Contact of solder with other metals can
impose a serious risk in conditions of exposure to

sea spray or where pockets or crevices can trap
moisture or flux residues. In most atmospheric
conditions, the formation of lead sulfate (PbSO4)
protects the solder. However, in chloride pollu-
tion conditions, nickel, copper, and their alloys
are likely to be more noble than the solder. Zinc
tends to be strongly active to soft solders, but
correctly designed zinc roof coverings appear
to suffer no deterioration at the soldered joints
(Ref 2).

The Sn-9Zn eutectic alloy is unsuitable for
most electronic soldering applications, because
it will corrode in chlorine-containing atmo-
spheres and produce a conductive zinc chloride
film (Ref 46).

Immersion. Natural waters and commer-
cially treated waters that are aggressive to lead
are likely to corrode solder at a rate that increases
slowly, in proportion to its lead content, up to
approximately 70% Pb, then more rapidly at
higher lead contents. Selective dissolution of
lead can also occur in distilled, demineralized, or
naturally soft waters, causing serious weakening
of joints (Ref 2). In the general run of commer-
cial waters, the ability of lead to form insoluble
oxides, sulfates, and carbonates usually protects
solders against serious attack. Although rare,
selective dissolution of tin has been reported
during prolonged contact of solders with solu-
tions of anionic surface-active agents.

When freshly exposed to water, solders are
anodic to copper, but soldered joints in copper
pipes are widely used without trouble in con-
ventional commercial and domestic cold- and
hot-water systems. Despite this generally good
corrosion resistance, it has been demonstrated
that, under adverse conditions, lead may be
leached from the commonly used 50Sn-50Pb
plumbing solder into water traveling through the
pipe; this is a cause of increasing concern
(Ref 48, 49). The lead content of water passing
through soldered copper pipes is usually less than
that recommended by various regulatory autho-
rities, although higher values may be found in
new installations and in some soft water areas
(Ref 49). Public concern about all sources of lead
in the human diet is well documented in
numerous publications, and in some countries,
including the United States, legislative action
has been undertaken to prohibit the use of lead-
containing solders and to tighten existing water
quality standards (Ref 50).

Soldered joints in brass usually perform well
in domestic waters, but good joint design is
imperative. In automobile radiators in which
there are no inhibitors, ethylene glycol, although
not directly aggressive, does appear able to
detach protective deposits that may form on
soldered joints. Properly tested and approved
inhibitors avoid this problem. Sodium nitrite
(NaNO2), which is used as an inhibitor for some
metals, will attack solders and must be used in
conjunction with sodium benzoate (NaC7H5O2).

In seawater or uninhibited brines, the high
conductivity and predominance of chloride
makes galvanic action at a soldered joint more
likely to continue destructively, and soldered

joints in copper, nickel, and their alloys may
need protection by coatings. Although tin or
tin-coated metals can be used in contact with
aluminum alloys even in saltwater, the soldering
process introduces sufficient aluminum to the
solder to render it susceptible to intergranular
corrosion. If tin-zinc solders are used, the zinc
can prevent the serious embrittling action,
although some corrosion will still occur under
moist conditions.

Pewter

By definition, modern pewter is an alloy that
contains 90 to 98% Sn, 1 to 8% Sb, 0.25 to
3% Cu, and a maximum of 0.05% Pb and As
(Ref 51). Material that conforms to these stan-
dards has approximately the same degree of
corrosion resistance to ordinary atmospheres as
pure tin. Alloys within this range are widely used
for decorative items, containers, and flatware.
Indoors, they retain a bright, white luster in the
same manner as pure tin. Because contamination
from fabrication residues can deteriorate the
protective oxide, care should be exercised in
removing residues of soldering fluxes and
cleaning solutions. Regular, simple washing
with a mild soap solution will ensure that the
surface remains in good condition.

Pewter tankards and plates also have
approximately the same degree of corrosion
resistance to foods and drinks as tin does. With
the normal contact time, the amount of tin dis-
solved by beer is insufficient to cause a haze.
However, citrus juices or vinegar will etch a
pewter surface if contact is maintained for more
than an hour. Undisturbed neutral salt solutions
may produce black spots and, later, local pitting.
Strong alkaline cleaning agents may also etch the
surface.

In years past, pewter alloys contained lead in
sufficient quantities to affect its corrosion resis-
tance significantly, for example, by producing a
dark patina during atmospheric exposure. Mod-
ern pewter can be chemically treated to repro-
duce this patina. Several proprietary processes
are available, including those based on immer-
sion in iron chloride (FeCl3) or sodium nitrate
(Na2NO3) solutions or acidic solutions of copper
and arsenic (Ref 52, 53).

Bearing Alloys

The most widely used babbitt-bearing alloys
are usually classified as tin- or lead-base and
have composition ranges within the following
limits:

Alloy addition

Composition, %

Tin-base Lead-base

Tin 65–91 0–20
Lead 0.35–18 63 (min)
Antimony 4.5–15 10–15
Copper 2–8 1.5 (max)
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The tin-base alloys are much more corrosion
resistant against the action of the acids contained
or formed in lubricating oils (see the article “Tin
and Tin Alloys” in Properties and Selection:
Nonferrous Alloys and Special-Purpose Materi-
als, Volume 2, ASM Handbook, 1990). An
addition of as little as 3% Sn in lead appears to
prevent corrosion from the development of oil
acidity (Ref 54).

In some instances of marine use, the formation
of a hard, crusty oxidation product has been
observed on tin-rich bearings (Ref 55). When
free access of saltwater to a bearing is possible,
the cathodic relationship of the babbitt alloys to
steel renders them unsuitable, and bearing alloys
such as Zn-70Sn-1.5Cu are preferred (Ref 2).

Some aluminum-base alloys containing 5 to
40% Sn and 0.7 to 1.3% Cu have also found use
as bearing alloys in automobiles. These alloys
are manufactured using thermal treatments
designed to produce structures that avoid a
continuous network of the tin in order to obviate
the risk of susceptibility to corrosion by the
presence of moisture (Ref 56). With normal
lubrication, the aluminum-tin alloys appear to
be as fully resistant to corrosion as the tin-
base babbitt alloys. The aluminum-tin alloys,
however, are not suitable for exposure to wet
conditions.

Other Tin Alloys

Tin-Copper. Alloys in this group are all
copper-base and consist mainly of bronzes,
gunmetal, and brass that contains tin additions.
Understandably, their corrosion behavior in air is
based on the behavior of copper, which tends to
develop a layer of basic green salts (mainly sul-
fates), that is adherent, protective, and has a
pleasing appearance. More information on the
corrosion resistance of copper alloys is available
in the article “Corrosion of Copper and Copper
Alloys” in this Volume.

Atmospheric Corrosion. Early studies were
conducted on Cu-6.3Sn-0.08P wire and Cu-
6.3Sn-0.08P-0.5Zn sheet in rural, suburban,
urban, industrial, and marine environments for 1

year (Ref 57). Evaluations included weight gains
as well as changes in tensile strength and elec-
trical resistance. The bronze samples ranked
consistently high among the materials tested, as
indicated by the tensile strength data shown in
Table 7.

A more extensive study covering 20 years and
seven sites compared the behavior of a variety of
alloys, including phosphor bronze (Cu-7.85Sn-
0.03P), admiralty brass (Cu-29.01Zn-1.22Sn),
and a nickel-tin bronze (Cu-28.6Ni-1.04Sn-
0.55Zn) (Ref 59). Weight changes were used to
assess corrosion behavior, along with changes in
electrical resistance and tensile strength. Some
representative data are given in Table 8. Small
tin additions also impart dezincification resis-
tance to brass.

A similar study involved exposure of screen
wire cloth at four sites for up to 9 years (Ref 60).
A Cu-2Sn bronze was found to exhibit the lowest
strength losses at all sites from a group of alloys
that included brasses, aluminum bronze, and
nickel-copper. Outstanding corrosion resistance
of a Cu-2Sn bronze exposed to sulfur-bearing
gases in railway tunnels was also reported
(Ref 61).

Another investigation compared the behavior
of five stainless steels and a low-alloy steel with
that of a Cu-4.38Sn-0.36P bronze exposed
at tropical inland and seacoast sites for 8 years
(Ref 62). The coastal site was more aggressive
toward the bronze, which showed higher weight
losses at both sites than the stainless, but the low-
alloy steel was more severely attacked. How-
ever, the bronze was free of pitting and suffered
no loss in strength, which was not the case with
some of the stainless steels. In Ref 63, these
researchers summarized the results of 16 year
exposures on three tin-containing alloys
(Cu-4.38Sn-0.36P, Cu-39Zn-0.84Sn, and Cu-
40Zn-1Fe-0.65Sn) exposed at marine, inland
semirural, and two tropical sites. In general, the
copper alloys resisted corrosion in the tropical
zones, although less so at coastal sites as com-
pared to inland sites. The tin-containing alloys
were as good as, or slightly superior to, the other
alloys.

More recent work by the same investigators
included previous data plus additional informa-

tion on the following cast bronzes: Cu-5Sn-5Pb-
5Zn, Cu-6Sn-2Pb-3Zn-1Ni, Cu-9Sn-3Zn-1Ni,
and Cu-3Sn-2Zn-6Ni (Ref 64). The conclusions
were much the same as before. The later work
included a study of the effect of coupling phos-
phor bronze to equal areas of numerous other
metals, and this work indicated that the coastal
sites were 4 to 8 times more aggressive than
the inland sites. Evaluation of the effect of cor-
rosion on the solderability of a Cu-2Sn-9Ni
alloy was reported by workers at Bell Telephone,
who found this material to be superior to both
nickel-silver and an 8% Sn phosphor bronze
(Ref 65).

Alloys in the Cu-Sn-Al system were eval-
uated, and those alloys containing at least 5%
each of tin and aluminum were found to have
good corrosion resistance in rural, urban, and
industrial environments (Ref 66). The most
promising material was Cu-5Sn-7Al. Another
researcher noted that such alloys could be
brittle, but that the addition of 1% Fe and 1%
Mn overcame this difficulty without detracting
from the corrosion resistance of the alloy
(Ref 67).

Tin-Silver. In the mid-1930s, tin-silver alloys
were assessed as potential replacements for
sterling silver (silver-copper alloy) in decorative
applications (Ref 68). In this work, a Ag-7.5Sn
alloy was found to show improved corrosion
resistance over pure silver in several environ-
ments. In a later extension of this work, alloys
with up to 10% Sn were tested in atmospheres
containing H2S, SO2, and indoor air as well as for
resistance to salt and oxidation upon heating in
air (Ref 69). Comparison to sterling silver
showed the tin-silver alloys to be at least as good
as the sterling alloys, and in some cases even
better. Specifically, their resistance to chloride
attack was considerably better, and less dis-
coloration occurred upon heating in air. Also,
preoxidation of the tin-silver alloys improved
resistance to attack by sulfur-containing atmo-
spheres.

Tin and Tin-Alloy Coatings

Tin coatings can be applied by various pro-
cesses, including hot dipping, electrodeposition,
spraying, and chemical displacement. Electro-
deposits can be matte or bright as plated, and
matte deposits less than 8 mm (0.3 mil) thick
can be brightened by momentary fusion. The
latter fusion can be effected by conductive
or resistive heating in air or by immersion in
suitable oil.

In the standard electrodeposition process,
alkaline stannate, acid sulfate, or fluoborate solu-
tions are all widely used. The alkaline solutions
give smooth, matte deposits, but the acid solu-
tions usually require organic addition agents to
produce smooth, coherent coatings. If impro-
perly controlled, these agents can increase
the risk of dewetting during soldering or flow
melting.

Table 7 Tensile strength loss in copper
alloys after exposure for 1 year in various
environments
Environments included industrial, marine, rural, sub-
urban, and urban locations; data are averages for all five
environments.

Alloy Strength loss, %

Tin bronze (6% Sn) 1.2
High-conductivity copper 2.4
Aluminum bronze (3.5% Al) 2.1
70-30 nickel-copper 3.2
60-40 copper-zinc 18.4
70-30 copper-zinc 8.6

Source: Ref 58

Table 8 Tensile strength loss in copper
alloys after exposure for 10 years at four sites

Exposure site

Strength loss, %

Copper

Tin
bronze

(8% Sn)
70-30

copper-zinc
70 Cu-

29Zn-1Sn

Heavy
industrial

5.9 7.2 30.9 9.0

Marine,
heavy
industrial

6.3 8.0 28.2 7.9

Severe
marine

7.6 5.7 8.0 2.5

Rural 3.1 3.1 3.2 2.2

Source: Ref 59
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The ranges of coating thicknesses that are
practical for the various processes are as follows
(Ref 2):

Process

Thickness

mm mils

Chemical replacement Trace–2.5 Trace–0.1
Flow-melted electrodeposition 0.4–7.5 0.02–0.3
Electrodeposition, general 2.5–75 0.1–2.9
Hot dipping 1.5–25 0.06–1
Spraying 75–350 2.9–13.6

Coatings applied by any method may contain
pores that will expose the base metal. Porosity
should be minimal for electrodeposited and hot-
dipped coatings thicker than 15 mm (0.6 mil)
(Ref 2). However, the behavior of the coating
will be strongly influenced by the relative
polarity of tin and substrate, by the nature of any
intermetallic layers formed by reactions between
these, and by the extremely low rate of corrosion
of tin in alkaline and mildly acidic media in the
absence of oxygen or other cathode depolarizers.

Because deposits less than approximately
12 mm (0.5 mil) thick are not likely to be pore
free, the heaviest practical deposits should be
used when tin is specified for corrosion resis-
tance. Table 9 lists recommended tin coating
thicknesses for quality tin coatings for various
service conditions.

Tests conducted by the Metal Finishing Sup-
plies Association (MFSA) showed that bright
acid tin deposits generally perform better than
the matte tin deposits in salt spray corrosion tests
(Ref 70). However, no published specifications
recognize any difference between the corrosion
performance of these processes. Similarly,
because tin is more noble than almost all of the
commonly used base metals and undercoating
metals, the MSFA recommends that the same tin
coating thicknesses be applied to any of the
common base metals. Also, the use of a copper or
nickel undercoating does not justify the use of
thinner tin deposits (Ref 70).

Tin Coatings on Steel. Tin on steel is widely
used in packaging. The single most important
product of this type is tinplate. Modern tinplate is
a highly developed, sophisticated product that is
produced at high speeds to yield a coiled, thin,
low-carbon steel strip carrying a very thin (0.1 to
2 mm, or 0.004 to 0.08 mil) tin coating on each
side. Because of the importance of tinplate, its
preparation and properties as well as its perfor-
mance as a container for food and food products
are discussed in the section “Tinplate” in this
article.

This section primarily deals with heavier tin
coatings that are usually applied to individual
components by batch processing for nonpacka-
ging applications, such as food-processing
equipment, electrical and electronic compo-
nents, wire, and fasteners. Unless otherwise
stated, these coatings, unlike tinplate, have not
been subjected to fusion or reflow treatments and
are therefore free of the iron-tin intermetallic
layer, which can exert profound effects.

One study compared the behavior of 25 mm
(1 mil) thick plated layers of tin, 80Sn-20Zn, and
zinc on steel at three sites in Nigeria for 2 years
(Ref 71). Samples were exposed at 30� to the
horizontal, approximately 1.2 m (47 in.) above
ground, facing south and in sheltered exposure
where they were supported vertically inside a
ventilated box. The test results are given in
Table 10.

An evaluation of various protective coatings
based on many years of testing is summarized in
Ref 72, in which a 12 mm (0.5 mil) thick coating

is concluded to be a practical minimum for rea-
sonable protection of steel in a mild indoor
exposure; for outdoors, the minimum coating
thickness should be 50 mm (2 mils).

The Protective Coatings (Corrosion) Sub-
committee of the Corrosion Committee of the
British Iron and Steel Research Association
reported test results after 12 years of exposure in
an industrial area (Sheffield), two marine atmo-
spheres (Colshot and Congella, South Africa),
and a rural area with heavy rainfall (Flanwryted
Falls) (Ref 73, 74). These data, listed in Table 11,

Table 11 Summary of atmospheric corrosion tests on tin-coated steel at four exposure sites

Coating method

Sheffield Flanwryted Falls Colshot Congella

T(a) L(b) T L T L T L

Electrodeposited
from stannate bath

0.076 411.9 0.077 2.4 0.063 1.0 . . . . . .

Hot-dipped 0.015 5.9 . . . . . . . . . . . . . . . . . .
Sprayed by molten-
metal pistol

0.023 1.5(c) . . . . . . . . . . . . . . . . . .

0.031 5.9(c) 0.034 0.6 0.037 0.7(c) 0.041 0.9(c)
0.067 411.9 . . . . . . . . . . . . . . . . . .

Sprayed by powder
pistol

0.096 3.0 . . . . . . 0.102 0.8 . . . . . .

(a) T, coating thickness in mm. (b) L, lifetime in years of coating as determined by rust appearing on more than 5% of the specimen. (c) Average of
duplicate results that did not agree well. Source: Ref 73, 74

Table 10 Corrosion rate of 25 mm (1 mil) thick coatings on steel at three tropical sites after 2
years of exposure

Coating

Corrosion rate, full exposure test

Jungle Town Coast

mm/yr mil/yr mm/yr mil/yr mm/yr mil/yr

Tin 0.18 0.007 1.02 0.04 3.02 0.12
80Sn-20Zn 0.46 0.018 1.35 0.053 2.87 0.113
Zinc 0.53 0.021 1.45 0.057 2.90 0.114

Weight loss, sheltered exposure test mg/dm2

Jungle Town Coast

Tin 1.6 11.3 40
80Sn-20Zn 9.3 15.5 23
Zinc 16.5 10.7 18.1

Source: Ref 71

Table 9 Recommended tin coating thicknesses for typical applications

Service condition

Thickness range

Typical applicationsmm mils

Very mild (little or no exposure to atmospheric
conditions)

1.3–2.5 0.05–0.1 Insulated copper wire; pistons and other
lubricated machine components

Mild (exposure to relatively clean indoor
atmospheres)

2.5–5.0 0.1–0.2 Connectors, wires, etc., plated primarily for
immediate solderability or where storage
periods are short

Moderate (exposure to average shop and
warehouse atmospheres)

3.8–7.6 0.15–0.3 This range is considered best for parts that
must be reflowed: connectors, circuit
boards, wire, busbars; deposits heavier
than 7.5 mm (0.3 mil) may dewet

7.6–12.7 0.3–0.5 Connectors, fasteners, busbars, wire,
transformer cans, chassis frames; adequate
for good shelf life and in service

Severe (exposure to humid air, mildly
corrosive industrial environments)

12.7–25.4 0.5–1.0 Connectors, wire, gas meter components,
automotive air cleaners; adequate as a
nitride stop-off

Very severe (exposure to seacoast
atmospheres; contact with certain chemical
corrosives)

25.4–127 1.0–5.0 Water containers; oil-drilling pipe couplings

Source: Ref 70
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indicated that tin deposited by any of several
methods appeared more protective in the indus-
trial area than at the other sites. This behavior
was attributed to the production of protective
corrosion products in the pores of the coatings.
Similar observations have been reported
(Ref 75), and similar evaluations have been
conducted using accelerated corrosion tests and
outdoor exposure in urban Berlin (Ref 76). One
conclusion, based on 1 year of exposure, was that
reflowing of tin coatings improved their corro-
sion resistance, except in salt spray exposure.
Also, deposits from an acid electrolyte were said
to be better than those from a stannate bath.

Additional atmospheric corrosion test results
have been reported (Ref 77–80). In one study,
data were summarized from 10 years of exposure
for tin-plated steel in industrial, marine, and rural
atmospheres that included estimates of the added
cost of SO2 pollution. Another study included
tropical exposures of samples in China in two
environments. In the first environment, samples
were mounted at 45� outdoors facing south.
In the second, the racks were sheltered from solar
radiation, wind, and rain. Recommendations
based on 58 months of testing were that matte tin
coatings 25 mm (1 mil) thick should not be
exposed to either environment for more than 1
year and that the life of similar coatings 32 mm
(1.2 mils) thick would be less than 2 years
(Ref 80). The general conclusion, based on
results of most of the aforementioned outdoor
studies, was that the corrosion resistance of tin
coatings, that is, their protection of steel, was not
very high (Ref 22). In addition, this is reflected in
the international standard ISO 2093-1973 cov-
ering tin coatings, which carries the following tin
coating thickness recommendations:

Type of service

Minimum tin thickness

On steel
On nonferrous

metals(a)

mm mils mm mils

Exceptionally
severe

30 1.2 30 1.2

Severe 20 0.8 15 0.6
Moderate 12 0.5 8 0.3
Mild 4 0.2 4 0.2

(a) Except brass

Tin Coatings on Nonferrous Metals. Tin
coatings are widely used on nonferrous sub-
strates, usually for one or more of the following
reasons:

� Improvement and retention of solderability
� Excellent compatibility (low toxicity) with

foods
� Prevention of galvanic effects between dis-

similar metals
� Low electrical resistance

Not surprisingly, copper and copper-base alloys
are the most frequently tinned nonferrous mate-
rials. Tin tends to be more active than copper
and copper alloys, including the intermetallic
tin-copper compounds. Therefore, accelerated

corrosion of the tin coating may be expected in
aqueous environments. Indeed, this is sometimes
evidenced by black spots on a tin coating that
result from localized corrosion around dis-
continuities. Although normally associated with
total aqueous immersion, these black spots can
also appear on outdoor exposure involving cyclic
condensation (Ref 22).

Deterioration of the solderability of tinned
copper during aging has been studied by many
researchers, and accelerated test procedures have
been devised to simulate the effect (Ref 81–83).
Similarly, changes in the contact resistance of
tin coatings have been related to increases in the
thickness of the oxide film on its surface
(Ref 84).

Special mention should be made of the cor-
rosion behavior of tin coatings on brass in
ordinary atmospheres. Zinc diffuses through tin
coatings fairly rapidly; significant zinc levels are
reached on the surface of a coating thickness of
7.5 mm (0.3 mil) in approximately 1 year (Ref
34). Zinc at the surface oxidizes readily to form
white corrosion products that adversely affect its
solderability and contact resistance. To avoid
such problems, a 2.5 mm (0.1 mil) thick barrier
layer of either copper or nickel is recommended
over the brass (Ref 85).

Immersion Tin Coating. Contrary to the
standard electromotive force series of metals, tin
can be applied by immersion (chemical dis-
placement) on copper. This is done by using a
cyanide or a thiourea type of solution.

An outstanding application is tinning of the
inside of copper tubing. Such tubing in coil form
is used in water coolers. The tin prevents delivery
of greenish water from new coolers and even-
tually disappears. By then, the copper surface has
become conditioned to deliver water appearing
as it did when it entered the cooler.

Tin-cadmium alloy coatings for the corro-
sion protection of tin were first studied by plating
duplex coatings of tin on cadmium and then
heat treating. These and later electrodeposited
surfaces (Ref 86) were found to have phenom-
enal resistance to salt spray tests, and they
were successfully used for some time to
protect the engine components of naval aircraft
(Ref 87).

Tin-cadmium coatings resemble tin-zinc
coatings in appearance and behavior. Because
cadmium is less effective at sacrificially pro-
tecting steel exposed at pores, the optimal
cadmium content in the coating ranges from 25
to 50%. The initial electrolyte development
discussed in Ref 86 was followed by an investi-
gation of a range of alloys; it was concluded that
the alloys performed better than cadmium alone
in marine environments (Ref 88). Another study
found that the attack on tin-cadmium coatings by
organic vapors was less than for pure cadmium
(Ref 89). In addition, tin-cadmium was found to
be superior to tin-zinc when in contact with jet
fuels or in hot synthetic oils. This work was
supplemented by that described in Ref 90, which
suggests that tin-cadmium alloys, particularly
with a chromate surface treatment, performed

better than cadmium coatings of the same
thickness.

More recently, tin-cadmium alloy coatings
were shown to provide better corrosion resis-
tance to steel than duplex coatings of tin and
cadmium (Ref 91). Lastly, zinc or tin-
zinc coatings were found to be more protective
to steel in industrial atmospheres than tin
on cadmium or cadmium on tin, but this
behavior was reversed in a marine environment
(Ref 92).

Tin-Cobalt Coatings. As expected, the
properties of tin-cobalt electrodeposits are
similar to those for tin-nickel. Intermetallic
deposits of SnCo (Ref 93, 94) or SnCo mixed
with Sn2Co (Ref 95) have been produced, and
proprietary plating systems have been patented.
These deposits are bright and are similar to
chromium plate; most studies of their perfor-
mance have concerned systems of steel coated by
nickel, with a thin film of tin-cobalt applied to
obtain a bright finish.

An evaluation of tin-cobalt coatings for their
resistance to salt spray, NH3, and in copper-
accelerated salt spray (CASS) tests revealed that
the deposit was resistant to all of these environ-
ments and was more ductile than tin-nickel
electrodeposits (Ref 96).

Two researchers also tested systems of nickel
plus tin-cobalt in CASS and outdoor exposure
tests (Ref 97, 98). Their conclusions were similar
even though different baths were used and minor
differences in the deposits were obtained. Thus,
their corrosion resistance was comparable to that
for a nickel-chromium system in all but the more
severe conditions.

Corrosion tests on coatings of 0.2 mm
(0.008 mil) tin-cobalt over duplex bright nickel
were compared with the same thickness of
chromium (Ref 99). The tin-cobalt appeared
markedly inferior to chromium in outdoor
exposure and wear resistance but was reasonably
satisfactory as a substitute for decorative chro-
mium for indoor use.

Tin-Copper Coatings. Tin alloys close to the
Cu3Sn intermetallic composition (40 to 45% Sn)
were once used as a material for mirrors; hence
the name speculum. These alloys resemble silver
in brightness and appearance; they find some use
as tableware and on bathroom fixtures but are not
used outdoors, where they rapidly turn dull and
gray. However, even the indoor corrosion resis-
tance of the alloy is seriously impaired if the
composition is not optimum (~42% Sn), and the
subsequent need for close control of plating
conditions has prevented large-scale develop-
ment of the coating.

Tin-bronze deposits containing approximately
12% Sn were reported to be superior to copper as
an undercoat for nickel-chromium coatings with
regard to weathering behavior (Ref 100, 101).
Some results were also reported with tin-copper
coatings over steel in industrial and marine
environments (Ref 102).

Tin-lead coatings with a wide range of
composition are applied by hot dipping or elec-
trodeposition. Steel strip coated with tin-lead
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alloys by hot dipping and sold as sheet or coil
carries the general designation of terneplate. The
tin content varies from 2 to 20%. In general, the
higher the tin content, the lower the porosity of
the terneplate and therefore the greater the pro-
tection afforded to the substrate. Like tin coat-
ings, tin-lead coatings do not offer any galvanic
protection to steel in the atmosphere; protection
against rusting depends on coating continuity
and on the formation of protective corrosion
products. A comparison of the behavior of a
Pb-12Sn coating with pure tin and lead revealed
that both lead-containing coatings developed
white films believed to be PbSO4 (Ref 73).

In a more comprehensive study, a range of
electrodeposited tin-lead coatings obtained with
different bath additives was evaluated (Ref 58).
The performance of a Pb-5.5Sn coating in salt
spray and outdoor testing was found to be
superior to pure lead and lead-tin alloys con-
taining tin additions of 7, 10, or 15%. The Pb-
10Sn and Pb-15Sn alloys were comparable in
behavior to pure tin. These results were partially
supported by those of another study, which
consisted of atmospheric exposures at three sites
on electrodeposited lead and coatings of Pb-5Sn
and Pb-14Sn (Ref 103). Superior protection was
achieved with the tin-containing alloys at all
sites, which included severe industrial, rural, and
marine environments.

The results of tests on a number of commercial
terneplate compositions in accelerated corrosion
tests, SO2, humidity, and salt spray as well as
outdoor exposure in both industrial and marine
environments are given in Ref 104. Performance
was assessed largely on the degree of rusting of
the underlying steel after 12 months of exposure.
Lead-tin alloys showed greater resistance to
chloride attack than lead-antimony alloys. It was
also noted that coverage of the steel increased
with the tin content of the alloy and that
resistance of the coating to attack appeared
to increase in both chloride-rich and humid
conditions.

Tin-Nickel Coatings. Alloys containing 18
to 25% Ni can be deposited from a cyanide-
stannate bath to give bright coatings with good
resistance to HNO3 (Ref 105). However, because
of their high hardness and brittleness, no interest
has been shown in these coatings. Similar results
have been reported with a complex pyropho-
sphate bath (Ref 106). Primary commercial
interest has centered on the intermetallic com-
pound SnNi (containing approximately 67 wt%
Sn), which is readily deposited from mixed
chloride/fluoride electrolytes (Ref 107, 108).

The SnNi intermetallic is metastable and does
not transform to a mixture of other intermetallics
unless it is heated (Ref 109). The deposit is hard,
bright, and has reasonable solderability. It also
has good wear resistance and remarkable resis-
tance to attack by a wide range of solutions. For
these reasons, tin-nickel coatings have found use
as decorative corrosion-resistant finishes for
balance weights, drawing instruments, pistons in
automobile braking systems, and some food
contact applications. Recommended coating

thicknesses for this alloy coating have been
specified in ISO 2179 1972 as follows:

Intended duty

Thickness

mm mil

Severe environments 25 1
Moderate environments 15 0.6
Mild environments 8 0.3

For coatings on steel intended for moderate or
severe service, an undercoat of copper, tin, or
bronze with a minimum thickness of 8 mm
(0.3 mil) is also specified, and porosity tests are
required.

Studies of tin-nickel coatings showed them to
be unaffected by atmospheres containing SO2 or
H2S (Ref 110–112). This work also indicated
that these coatings retained their brilliance more
readily than nickel-chromium in positions shel-
tered from rain. Similar conclusions were
reached in other investigations (Ref 113, 114),
taking into consideration the undercoatings used
for both alloy deposits on steel. On the other
hand, nickel-chromium deposits were reported
as superior to tin-nickel in marine environments
(Ref 115).

Within the past 10 years, studies of the
corrosion resistance of tin-nickel deposits have
centered on their effect on the electrical contact
resistance of this alloy, either alone or with a
thin coating of gold. The contact resistance of
tin-nickel is sufficiently low to merit con-
sideration for moderate-voltage applications
(approximately 50 V), but too high for low-
voltage uses. Several extensive studies have been
reported in this field (Ref 116, 117). This effect
on contact resistance is largely a result of the
insulating passive film that forms on SnNi and
the high hardness of the material. An excellent

review of the work in this field is available in
Ref 22. It is generally agreed that tin tends to
concentrate at the surface of tin-nickel electro-
deposits, but no adequate explanation of the
oxidation behavior of this alloy is currently
available.

The resistance to attack of the coating by
various acids and chemicals has been studied,
and the results are given in Table 12, which also
compares these with coatings of tin and nickel
(Ref 118). Generally, the results show that tin-
nickel has a high resistance to attack by acids,
alkalis, and several neutral salt solutions. This
behavior is attributed to the presence of a passive
air-formed film.

Tin-Zinc Coatings. The general shortage of
cadmium after World War II led to an interest in
the possibilities of tin-zinc coatings for the pro-
tection of steel. One of the first studies to explore
this possibility compared the behavior of tin-zinc
alloy coatings containing 8 to 72% Zn with that
of electrodeposited coatings of tin, zinc, and
cadmium and with hot-dipped zinc (Ref 119).
Coatings 8 to 25 mm (0.3 to 1 mil) thick were
compared to exposures to a humidity cabinet, salt
spray, and hot water. Coating failure occurred as
a result of zinc dissolution such that deposits
containing low percentages of zinc did not pro-
tect the steel from rusting at pores, but coatings
with more than 40% Zn soon developed volu-
minous white corrosion products at the surface.
The best overall results were indicated for tin-
zinc coatings with compositions near Sn-25Zn,
which were superior to zinc and cadmium in salt
spray and were superior to zinc but approxi-
mately equal to cadmium in the humidity test.
This work also suggested that chromate passi-
vation treatments improved the overall perfor-
mance of tin-zinc coatings, making them less
susceptible to staining by finger or grease marks.

Table 12 Corrosion resistance in various media of tin, nickel, and tin-nickel alloy

Solution(a)

Weight losses, mg
Change in appearance of

tin-nickel coatingTin Nickel Tin-nickel

1 M hydrochloric acid 61.5 41.5 24.8 Covered by adherent
brown film

0.5 M sulfuric acid 19.5 25.6 14.5 Slightly darkened
1 M nitric acid 205.0 97.6 1.1 None
0.05 M sulfurous acid 0.2 725.0 0.5 None
1 M formic acid (pH 1.8) 22.1 35.5 nil None
1 M acetic acid (pH 2.4) 22.2 43.6 0.6 Very slightly darkened
0.5 M oxalic acid (pH 1.1) 12.3 16.4 12.0 Etched on immersed area;

dark stain at waterline
1 M lactic acid (pH 1.9) 18.0 17.8 2.1 None
0.5 M tartaric acid (pH 1.7) 10.6 10.0 0.5 None
0.3 M citric acid (pH 1.9) 12.0 19.2 0.4 None
0.5 M phenol (pH 2.3) nil 0.3 nil None
1 M sodium chloride 0.5 1.0 0.8 None
Seawater 1.4 0.3 1.0 . . .
0.3 M ferric chloride (pH 1.5) 290.0 303.0 2.3 None, except slight local

action on edge
Sodium hypochlorite
(40 g/L available chlorine)

1.3 625.0 22.0 and 67.0 Bottom edge badly
etched; none elsewhere

Sodium hypochlorite
(0.1 g/L available chlorine)

1.8 1.8 0.8 None

1 M sodium hydroxide 36.6 0.2 0.7 None

(a) Specimens (75 · 25 mm, or 3 · 1 in.) vertically suspended in solutions at 30 �C (85 �F) with a length of 58 mm (2.3 in.) immersed for 24 h.
Source: Ref 118
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This study was followed by a number of others
that reached the same general conclusion about
the usefulness of tin-zinc coatings for protecting
steel against atmospheric corrosion (Ref 72, 76,
120, 121).

Another comprehensive study compared
coating corrosion resistance in urban and marine
environments (Ref 122). The order of merit (best
to worst performance) in urban exposures was
zinc, 50Sn-50Zn, 80Sn-20Zn, and cadmium. For
marine exposures, 50Sn-50Zn and zinc were
superior, while 80Sn-20Zn and cadmium per-
formed approximately the same. Details on the
results of the marine exposures are given in
Table 13.

The effectiveness of tin-zinc coatings in pro-
tecting steel nuts and screws was studied by
exposing these coatings to suburban, industrial,
and marine environments in contact with alu-
minum plates (Ref 123). Although failure of the
80Sn-20Zn coating was indicated by rusting of
the steel more quickly than with zinc or cad-
mium, the presence of the 80Sn-20Zn was
observed to prevent rapid attack of the alumi-
num. Another advantage was the absence of
hygroscopic products on the tin-zinc; that is,
rings of moisture tended to form around the
corrosion products on nuts and screws coated
with zinc and cadmium, but this behavior was not
noted with the 80Sn-20Zn.

Tin-zinc alloys have also been used to solder
aluminum (Ref 124). Again, it was found that
corrosion resistance of the solders in a tropical
atmosphere was a function of zinc content. After
nine months of exposure, the 80Sn-20Zn alloy
appeared to be the most resistant to attack and
had the best retention of strength.

In another study, contact resistance measure-
ments were used to follow the progress of
corrosion on binary alloys of tin with zinc, lead,
antimony, and cadmium on steel in a rural out-
door atmosphere (Ref 125). It was noted that
tin-zinc and tin-cadmium coatings maintained a
lower contact resistance than equal thicknesses
of tin, tin-lead, or tin-antimony alloys after two
months of exposure.

The most recent studies with tin-zinc coatings
explored the effects of four passivation treat-
ments on the resistance to attack of a Sn-25Zn
coating by a salt fog and in cyclic humidity
(Ref 126). An electrolytic treatment using
sodium dichromate (Na2Cr2O7) was found to be
superior to the others and was particularly out-
standing in the salt fog. The other treatments, in
decreasing order of merit, used passivation based
on electrolytic molybdate, electrolytic tungstate,
and nonelectrolytic chromate solutions.

Another investigation concluded that tin-zinc
solders exhibit a significant decrease in shear
strength after immersion in 3% sodium chloride
(NaCl)-0.1% hydrogen peroxide (H2O2) solu-
tions (Ref 124). However, other soft solders,
including tin-cadmium and tin-antimony alloys,
also behaved in the same manner.

Tinplate

As noted earlier, the term tinplate is reserved
for a low-carbon steel strip product coated on
both sides with a thin layer of tin. For almost 200
years, tinplate has been the primary material
used to make containers (tin cans) for the long-
term storage of food. Most of the tinplate man-
ufactured is used to make food cans, and nearly
all food cans are made of tinplate.

Modern tinplate is much more sophisticated
than a simple coating of tin on steel. To achieve
the demanding deep-drawing properties neces-
sary for the production of can bodies for two-
piece can manufacture, the steel base for tinplate
is often continuously cast using the most current
technology. Inclusions or other defects in the
steel may otherwise cause breakage in the can-
body drawing operation. Because the economics
of canmaking depend on high-speed operation
using a continuous coiled strip, such breakage
cannot be tolerated due to the lost production
time; therefore, the steel must be as clean as
possible.

In preparing the base steel, the metal is pro-
cessed to strip form, the final step being a cold
reduction that brings the strip to a thickness that
is typically from 0.15 to 0.50 mm (6 to 20 mils).
Next, the strip is annealed and then temper rolled
to obtain the desired mechanical properties.
At the final stage of temper rolling, textured rolls
can be used to produce a special surface finish for
particular applications. A cold reduction in place
of temper rolling yields a product that is termed
double reduced.

The coiled steel is now ready for the tinplate
line. It is first welded to the end of the previous
coil to form a continuous strip for processing.
The strip passes through cleaning and pickling
sections to prepare it for plating, then immedi-
ately through the plating cells, where up to
11.2 g/m2 (1 g/ft2) of tin is deposited. Any one
of three different electrolytes can be used,
depending on the other details of the installation,
and strip speeds typically approach 600 m/min
(1970 ft/min). More details of tinplate produc-

tion and commerce are available in Ref 127
to 130.

The production steps that typically follow
plating create additional layers in the tinplate
structure that significantly affect corrosion
properties. Upon exiting the plating cells, the
tinplate has a matte surface that is usually
reflowed by momentarily melting the tin coating
in a resistance or induction heating unit. In doing
so, a thin layer of tin-iron intermetallic com-
pound is formed at the tin/steel interface. Next,
an extremely thin passivation film based on
chromium oxide is created by immersion or
spraying of chromic acid (H2CrO4) on the tin-
plate surface or by passing the tinplate through a
solution of Na2Cr2O7, with or without the
simultaneous application of electrical current.
Finally, a very thin, uniform layer of lubricant,
usually either dioctyl sebacate or acetyl tributyl
citrate, is electrostatically applied.

Therefore, as supplied to the can maker, the
typical tinplate product consists of five layers,
the innermost being a steel sheet approximately
200 to 300 mm (7.8 to 11.7 mils) thick. This steel
is covered on each side with perhaps 0.08 mm
(0.004 mil) of tin-iron intermetallic compound.
The next layer is free tin that is perhaps 0.3 mm
(0.012 mil) thick, with a passivation film of
approximately 0.002 mm (0.00008 mil) and
an oil film also approximately 0.002 mm
(0.00008 mil) thick. All five layers affect cor-
rosion behavior.

General Properties. Although the unique
corrosion properties of tinplate have kept it the
material of choice for food cans, other useful
properties should be mentioned. Until a few
years ago, all food cans were soldered, and tin
coatings were used quite often for their excellent
solderability. Can welding has recently replaced
soldering, and the favorable electrical contact
properties of tinplate have made it very amenable
to high-speed resistance welding.

The strength of the steel base gives tin cans the
durability to withstand the filling, sterilization,
and transportation phases of processing. Because
a wide range of mechanical properties is possi-
ble, the steel base properties can be adjusted, for
example, to maximize strength and stiffness, to
maximize ductility and elongation, or to mini-
mize directional properties.

Corrosion Resistance in Sealed Cans. A
cursory glance at a seawater galvanic series
would lead one to expect tin to be more noble
than steel. Therefore, with a very thin coating of
tin, the rapid dissolution of iron at any plating
pores, scratches, or other breaks in the coating
would be anticipated, resulting in pitting corro-
sion and eventual perforation of the tinplate.
Fortunately, inside the sealed can of food, the
situation is very different.

The good performance of the tinplate food can
begins with the ability of tin to form chemical
complexes with a variety of organic liquids,
especially those found in foodstuffs. This fact
reverses the situation described in the preceding
paragraph; therefore, tin becomes more active
than steel and thus becomes a sacrificial anode,

Table 13 Relative ability of different
coatings to prevent the rusting of steel in a
marine atmosphere

Coating

Months to first appearance of rust for
coating thicknesses indicated, mm

7.5 12.5 25

Zinc 18 33 36
Passivated zinc 18 18 36
50-50 tin-zinc 25 35 448
Passivated 50-50

tin-zinc
29 35 448

80-20 tin-zinc 9 18 36
Passivated 80-20

tin-zinc
13 21 36

Cadmium 8 21 34
Passivated

cadmium
13 21 25

Tin 1 1 1

Source: Ref 122
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greatly diminishing the rate of dissolution of the
iron. Once in solution, the tin ions have a very
strong inhibiting effect on iron dissolution,
because the tin may actually plate out on the
exposed steel to form a thin surface layer of tin-
iron intermetallic that would be more noble than
the steel surface it covers (Ref 25).

With the available atmospheric oxygen lim-
ited to only that in the headspace (the volume
between the top of the contents and the bottom of
the can lid), dissolution of tin is usually rapid
only at the very beginning of storage, that is, until
the cathodic reaction involving this small
amount of oxygen has gone to completion. This
effect is desirable because it provides quick
protection of the steel. Too large a headspace,
however, may allow too much tin to be dis-
solved, which would allow iron dissolution and
probably hydrogen evolution. Hydrogen evolu-
tion usually leads to swells, or bulging can ends,
a condition the consumer has come to recognize
as the sign of can failure. A similar situation
applies if a leak in the can allows the free entry of
oxygen; the contents are spoiled by iron dis-
solution, but swelling is not expected to occur.

The small amount of tin dissolved in the food
passes easily and quickly through the human
body with no known effect, although there is
circumstantial evidence that tin is an essential
element for human well-being. Too much tin,
that is, of the order of 1000 ppm, in the food may
cause gastric distress in sensitive individuals.
This distress lasts only as long as the irritant is
present, and no permanent damage is expected.
As a precaution, most governmental regulations
limit the tin content of food containers to well
below this threshold, typically at a level of
approximately 250 ppm. This lower level is not
known to have an effect on any individuals and
appears to provide a substantial margin of safety
while assuring the effectiveness of tin in pre-
serving the food.

Until a decade ago, food cans were typically of
three-piece soldered construction. Recent con-
cerns over the lead content of foods, however,
resulted in the abandonment of soldering in favor
of welded construction or of two-piece (no side
seam) fabrication, even though this source of
lead was probably a small component in the
overall human intake of lead. Both of these
newer techniques appear to produce improved
can integrity in general, although the soldered
tinplate container is capable of many years of
safe, stable shelf life. Soldered construction is
still used for dry packs, in which the absence of a
liquid food component eliminates the migration
of lead into the packed product, and of course for
nonfood items, because there is no reason to
change from a successful time-tested production
method.

Can Corrosion Problems. Even with nearly
200 years of experience and some of the strictest
quality-control programs imaginable, the can-
ning industry is not perfect. Although not at all
common, failures tend to be serious when they
occur, because the economics of efficient food
production depend on large, rapid production

runs. The slightest misjudgment can result in a
problem during long-term storage.

The first consideration in matching a given
food product to the appropriate can has always
been the thickness of the tin coating, as indi-
cated previously. Recent years have seen more
extensive use of lacquers to provide an inert
barrier against any metal dissolution (see
the section “Lacquers” in this article). However,
the inevitable defects in lacquer coverage
make the tin coating the last defense against
corrosion.

Tin is necessary for pale (uncolored or yellow)
fruits and many vegetables to preserve the taste
and color of the product. Suitable cans are made
of plain (unlacquered) tinplate with a coating
weight (the usual way of expressing the thick-
ness) of 8.4 to 11.2 g/m2 (0.8 to 1 g/ft2). A
special grade of tinplate called grade K uses an
altered tin-iron intermetallic layer (probably
thicker and more continuous over the tin/steel
interface) to improve corrosion resistance with
these products (Ref 2). Grade K tinplate then
allows the use of tin coatings at the lower end of
the thickness range.

Parenthetically, it may be mentioned that
inorganic tin chemicals have been used as
intentionally added preservatives for some food
products that have been packed in containers
other than tin cans. This fact emphasizes the
importance of tin in preserving the organoleptic
properties of foodstuffs.

Certain other vegetable packs, such as aspar-
agus, green beans, and tomato-based products,
would benefit from tin availability but are strong
detinners. This rapid dissolution of tin may
produce an unsightly interior can surface or tin
levels above the regulatory limit. The usual
remedy is to use lacquer as an inert barrier, but
this practice involves the possibility of even
more rapid and concentrated attack at any
interior scratch or other defect in coverage.
Double lacquering reduces this possibility. Dark
fruit packs, such as cherries, behave similarly in
that strong detinning may produce undesirable
color changes, which can be controlled by double
lacquering.

Dairy products can be stored in plain tinplate
cans, but it is advisable to use a weak passivation
film, because dark stains may be produced.
Sodium dichromate (Na2Cr2O7) and a sodium
bicarbonate (Na2CO3) treatment have each pro-
ven successful for these packs.

A stronger-than-normal passivation film (or,
more precisely, one with higher metallic chro-
mium content) is used to prevent staining from
sulfur, which is a naturally occurring con-
taminant of some meat products and soups, for
example. Tin sulfide stains may be unsightly on
the can interior surface or may be protective
enough of the tin surface to reverse the tin-iron
polarity and cause rapid iron dissolution. Too
thick a passivation film may adversely affect
lacquerability; therefore, again, correct specifi-
cation and quality control are needed to produce
the required product. An alternative is special
lacquers containing zinc compounds that react

with the sulfur to form less objectionable, non-
staining sulfides.

Sulfur can also have a deleterious effect if
present as an impurity in the base steel, as can
copper, phosphorus, and silicon. In these cases,
impurity control in steelmaking provides a
usable base material. Various tests are used to
provide the suitability of the complete tinplate
product (see the section “Corrosion Testing of
Coatings” in this article).

Still another source of sulfur is as a residual
chemical contaminant in the foodstuff. Nitrate
contamination is also possible as plant uptake
from fertilizers. Nitrates and certain other natu-
rally occurring and additive organic compounds
can act as cathode depolarizers, which, by
increasing cathodic activity, require an increase
in anodic activity, that is, tin dissolution, prob-
ably leading to early pack failure.

The wide variations in natural food products,
even the same product produced in different
locales, make it impossible to be more specific
regarding container-product interactions. Tin-
plate makers and users always find it necessary to
perform pack testing, that is, preparing larger
samples of the canned product and observing
their performance over several months of sto-
rage. Although this testing is expensive, there is
no alternative, given the wide variations in pro-
duct chemistry. A laboratory simulation test has
recently been developed that may help in
screening variables for subsequent pack testing
(Ref 131).

Lacquers, also called enamels, are combina-
tions of various resins modified with various
additives (Table 14). These formulations (only
the main ingredients are listed in Table 14) must
produce an inert, protective film on the tinplate
surface at a reasonable cost. To keep costs low,
the lacquers must wet well over a surface that has
received minimal preparation. In fact, cost is
often one of the primary reasons for using
lacquers, because they tend to substitute for the
use of thicker tin coatings. In covering up so
much of the sacrificial anode, however, the
integrity of the lacquer film becomes extremely
important in determining can performance due to
the risk of more concentrated attack at defects.

Difficulties in lacquer application appear as
eyeholing, which consists of roundish areas of
uncovered tinplate surface in the cured coating.
These eyeholes may occur singly or as parts of
larger affected areas. They may be caused by
incompatibility between the lacquer and the
surface to be coated, either the oil that must be
displaced or the passivation film to which the
lacquer must adhere. Dust contamination or
improper tinplate surface temperature are other
possible causes. Heating the tinplate before
lacquer is applied usually alleviates all of these
potential problems.

Once successfully applied, the lacquer must
adhere to the tinplate surface through processing
and storage. It must not crack during mechanical
deformation, as in a beading process in which
circumferential expansions in the sidewall are
used for strengthening. The lacquer must also
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adhere through the heat-processing steps. If the
lacquer cracks, there may be rapid attack in the
crack. The tin layer under the crack is corroded
away (undermining corrosion), causing collapse
of the lacquer, widening of the crack, and
exposure of the steel. Undermining corrosion
may also cause failure after initiation at scratches
or other lacquer defects that may occur during
processing, transportation, or storage. Corrosion
proceeds rapidly in such cracks because of their
small relative areas. Therefore, lacquers are
usually applied as two coats; additional coats
are applied to particularly sensitive corrosion
areas, such as the side seam in three-piece can
technology.

Undermining corrosion becomes more severe
with increased tin coating weights, because there
is more of the readily dissolvable tin under
the defect. Therefore, lacquer detachment is a
greater possibility, leading to consumer com-
plaints. As outlined previously, the use of thinner
tin coatings to combat undermining corrosion
also increases the possibility of pack failure due
to iron dissolution.

External corrosion of tinplate cans follows
more closely the classical galvanic behavior
described previously. The ready availability of
oxygen and the lack of complexing agents make
the tin coating more noble, and the unprotected
steel will readily rust at plating pores and scrat-
ches in the coating that expose the underlying
base steel. Coils or sheets of tinplate in transit
from tinplate production to canmaking, as well as
unfilled cans, are equally susceptible to this kind
of deterioration.

A thicker tin coating will provide improved
protection by reducing the steel exposure
through plating pores. The passivation film also
helps to provide corrosion protection. Because
both of these factors are usually limited by other
considerations, special precautions are taken
to minimize moisture and pollution exposure.
Where water is an essential part of the proces-

sing, as in steam retorting of cans or the sub-
sequent cooling, the water is deoxygenated and
treated with corrosion control agents. Minimiz-
ing the time of exposure to water is also prac-
ticed, as is the use of wetting agents to promote
drying of the cans.

The paper to be used for labels and the mate-
rials to be used for shipping containers must be
carefully selected. The presence of chloride or
sulfate compounds in the paper, for example,
may create a serious corrosion problem during
storage. Wooden shipping cases may release
corrosive organic vapors, and these and other
materials can promote moisture exposure during
transit. Again, it is difficult to be specific,
because various foods are packed and then
shipped literally all around the world.

A special type of corrosion may occur during
transportation or handling of the tinplate. Fret-
ting corrosion results from the intimate contact
of two tinned surfaces combined with small
relative movements between the two. The rub-
bing together of the surface asperities produces
erosion, and the increased surface area yields
more oxidation. Oxide particles are formed, and
they act as very effective abrasives to cause
additional damage to the surface. Fretting cor-
rosion, therefore, typically features fine spots of
dark, embedded tin oxide particles in areas of the
tinplate that were subjected to pressure, such as
from steel strapping used to secure a bundle of
tinplate sheets. The most effective preventive
measure is to pack the tinplates so as to minimize
the relative movement of the tinplate surfaces.
One purpose of the lubricant applied to the tin-
plate is to reduce fretting corrosion.

Corrosion Testing of Coatings

The preceding sections point out the excellent
corrosion resistance of tin and tin alloys and how

this property is used to advantage by coatings on
stronger structural metals, typically steel or a
copper alloy. Because the tin is more noble than
the base metal in normal environments, complete
coverage of the base metal is important for
preventing rapid attack at any pores in the coat-
ing. Therefore, porosity testing is valuable in
predicting corrosion performance; however,
because porosity tends to decrease with in-
creasing coating thickness, thickness measure-
ments often provide a more convenient
indication of suitability.

In fact, most international and national speci-
fications stipulate certain minimum coating
thicknesses for anticipated service conditions.
For example, ASTM B 545 specifies a minimum
tin thickness of 5 mm (0.2 mil) for mild service
conditions or where solderability is a primary
concern (Ref 132). For exceptionally severe
service conditions, such as where abrasion is
combined with corrosion, the specification calls
for a minimum tin thickness of 30 mm (1.2 mils).
Between these extremes, for so-called normal
conditions, 20 mm (0.8 mil) on steel or 8 mm
(0.3 mil) on copper alloys is the specified mini-
mum (Table 9).

The test methods described subsequently are
suited only to the purpose for which they were
designed. Corrosion resistance can only be
defined relative to a metal and to a particular
environment; it is not an absolute property
(Ref 2).

Coating Thickness Measurements. Several
commercial instruments are available for
measuring tin and tin alloy coating thicknesses.
They have been developed to satisfy the need for
a nondestructive test, and each has advantages
and disadvantages.

Perhaps the simplest are the magnetic meth-
ods, which require the base metal to be magnetic
or ferromagnetic. The tests determine how the
coating alters the strength of a magnetic field that
is passed through the coating when a magnet is

Table 14 Main types of internal can lacquer

General type of resin and
components blended to produce it Flexibility

Sulfide-stain
resistance Typical uses Comments

Oleo-resinous (drying oil and natural or
synthetic resins)

Good Poor Acid fruits Good general-purpose range at relatively
low cost

Sulfur-resistant oleo-resinous (added ZnO) Good Good Vegetables and soups (especially can ends or
as topcoat over epoxy phenolic)

Not for use with acid products; possible
intense green color with such vegetables
as spinach

Phenolic (phenol or substituted phenol with
formaldehyde)

Moderate-poor Very good Meat, fish, vegetables, and soups Good at relatively low cost, but film thickness
is restricted by flexibility

Epoxy-phenolic (epoxy resins with phenolic
resins)

Good Poor Meat, fish, vegetables, soups, beer, and
beverages (first coat)

Wide range of properties can be obtained by
modifications

Epoxy-phenolic with ZnO (ZnO added) Good Good Vegetables and soups (especially can ends) Not for use with acid products; possible color
change with some green vegetables

Aluminized epoxy-phenolic (metallic
aluminum powder added)

Good Very good Meat products Clean but rather dull appearance

Vinyl, solution (vinyl chloride-vinyl acetate
copolymers)

Excellent Not applicable Spray on can bodies, roller coating on ends, as
topcoat for beer and beverages

Free from flavor taints; sensitive to soldering
heat and not usually suitable for direct
application to tinplate

Vinyl, organosol, or plastisol (high-
molecular-weight vinyl resins suspended
in a nonsolvent)

Good Not applicable Beer and beverage topcoat on ends, bottle
closures, drawn cans for sweets,
pharmaceuticals, and tobacco

Same as for vinyl solutions, but giving a
thicker, tougher layer

Acrylic (acrylic resin, usually pigmented
white)

Very good in some
ranges

Very good when
pigmented

Vegetables, soups, and prepared foods
containing sulfide stainers

Attractive, clean appearance of opened cans

Polybutadiene (hydrocarbon resins) Moderate-poor Very good if zinc-
oxide is added

Beer and beverages first coat; vegetables
and soups if with ZnO

Cost and therefore popularity depend on
country
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positioned on the coating surface. The force
required to remove the magnet is proportional to
the tin thickness. The accuracy of the determi-
nation is enhanced by the use of accurate
standards of known coating thickness to which
comparisons can be made. The surface condition
of the test sample is obviously very important for
accurate measurements, because the magnet is
brought into contact with that surface.

The b backscatter method directs a beam of
electrons (b particles) at the surface to be mea-
sured and detects particles scattered back in the
direction of the source. This backscatter is in
proportion to the coating thickness, and the
instrument reads thickness after careful calibra-
tion to standards. The accuracy of the method
relies on proper alignment of the source, sample,
and backscatter collector, and periodic recali-
bration is important to allow for the gradual
depletion of the radioactive source that generates
the electron beam. Because the method does not
require contact with the surface to be measured,
it is particularly useful for high-speed continuous
plating operations.

Somewhat similar is the x-ray fluorescence
method, which directs x-rays onto the test sample
and records secondary emissions that are caused
by the excitation of the coating and/or base
metal. The secondary emissions are not only in
proportion to the coating thickness but are also
characteristic of the coating alloy. X-ray fluor-
escence, therefore, provides a quick alloy
analysis in addition to the coating thickness
measurement. It also has the advantage of being
noncontacting.

Among the destructive tests are the coulo-
metric and microscopic methods. The coulo-
metric test involves essentially a controlled
stripping or deplating of the coated surface
within an accurately determined area. An elec-
trical current is applied through an electrolyte,
resulting in anodic dissolution of the coating.
When the coating is removed, a voltage change
signals the end of the test. The amount of current
passed through this small test cell is proportional
to the amount of material removed and therefore
implies a coating thickness.

In the microscopic method, the surface to be
measured is simply sectioned and then examined
optically. A direct measurement of the coating
thickness is possible without using plated
standards, but there is the potential problem of
subjective evaluation. The other metallurgical
observations that can be made on a cross
section often constitute the reason for using this
method.

A few other methods are available for coating
thickness measurements. A micrometer can be
used before and after application of the coating
for thicker coatings. Gravimetric methods
involve weighing parts before and after coating
or before and after coating dissolution and then
calculating an average thickness based on the
weight difference (coating weight) and the sur-
face area from which it was dissolved. A drop
test involves a stream of droplets of, for example,
trichloroacetic acid solution, applied to a specific

spot at a certain rate until the coating is pene-
trated, with the time to penetration being an
indication of the coating thickness. In all test
methods, the thinness of the typical tin alloy
coating makes it important to perform the test
carefully.

Porosity and Rust Resistance Testing.
Although thickness testing can be performed
quickly to provide process control feedback,
common industrial practice includes porosity
testing of statistically selected samples. This
testing can predict performance more accurately
by revealing the extent of variations in coating
coverage that may go unobserved in thickness
testing, because the latter tends to give an aver-
age over an area. The porosity test often uses
simulated service conditions, usually with some
accelerating factor to provide results more
quickly.

Although techniques have been devised for
automated test evaluation, most porosity tests
rely on a visual assessment of the results.
Therefore, the corrosive medium is often selec-
ted to give a readily visible corrosion product.
This choice facilitates the reporting of both the
quantity and distribution of porosity, along with
any abnormalities in coverage.

For tin coatings on steel, SO2, ferricyanide, or
ammonium thiocyanate (NH4CNS) tests have
been used, and either of the first two is suitable
for testing tin-lead coatings on steel. Tin coatings
on copper alloys can be evaluated by using SO2

or ammonium persulfate ((NH4)2S2O8) tests.
Tin-nickel coatings are tested in a manner similar
to tin coatings.

The sample of the coated metal is exposed to
the corrosive medium for a specified time, per-
haps at an elevated temperature to accelerate the
corrosive action. After exposure, the test panel is
removed and examined for rust or corrosion
product. The number of attacked pores per unit
area or the percentage of attacked area compared
to the total area is the criterion for evaluation.

Solderability. Because tin and tin alloy
coatings are so widely used to provide long-term
protection to a solderable surface, much effort
has recently been devoted to developing solder-
ability tests, including accelerated aging techni-
ques to predict shelf life. Indeed, if the coating is
applied molten or if a plated coating is reflowed
(also called flow melting), a form of solderability
test has already been done in the sense that
wetting difficulties will have been revealed
during processing.

The simplest solderability test is a vertical dip
of the properly fluxed sample into a solder pot.
After a typical dwell time of approximately 3 s,
the sample is withdrawn, the coating is allowed
to solidify, and the surface is visually inspected
for evidence of good wetting.

The other solderability tests tend to be varia-
tions of this dip test. In the rotary dip test, the
sample is fixed to the end of a rotating arm, which
is aligned so that the sample is passed through the
upper surface of a solder bath. This test physi-
cally simulates the relative motion of surface and
bath as it may happen in a wave-soldering

operation. By testing a series of samples, a
minimum time for complete wetting can be
established and compared to the required stan-
dards. Another popular solderability test, the
surface tension balance test, is also a variation of
the vertical dip test. The most significant differ-
ence is that the sample is suspended from an
instrumented test rig that accurately records the
forces that act on the sample during the dip
into the solder pot. If wetting occurs, a force
develops that attempts to pull the sample into
the bath. The speed with which this force
develops and its magnitude are two of the
sensitive parameters often specified in standards
for this test.

As indicated previously, accelerated aging
techniques are under investigation. The problem
is that the current solderability tests may give a
good correlation to actual soldering behavior in
the short term, but none can predict soldering
performance weeks or months from the time of
testing; the latter is almost always more impor-
tant. Solderability tends to maintain a certain
level over the shelf life of the part and then to
degrade very quickly to an unacceptable level.
Aging the samples in steam for 16 to 24 h seems
to give tin or tin-lead coatings the correct tem-
perature and moisture exposure to cause poor
samples to degrade. This procedure has won
some acceptance for estimating the effects of 6
months to 1 year of normal storage, but only for
tin-base coatings.

Special Test for Tinplate. Because of its
commercial importance, tinplate is subjected to
several special tests. Coating weights (thick-
nesses) are often determined coulometrically,
although some installations use b backscatter or
x-ray fluorescence methods to obtain a quick
continuous evaluation for process control. Por-
osity tests may involve the SO2 or NH4CNS tests
mentioned in the section “Porosity and Rust
Resistance Testing” in this article. Other tests
determine the presence of tin oxides, the com-
position of the passivation film, and the coverage
of the oil film, all of which are important for good
corrosion performance. Several of the special
tinplate tests are outlined as follows.

The Iron Solution Test (Ref 2). The tinplate
sample is exposed to a solution containing sul-
furic acid (H2SO4), H2O2, and NH4CNS under
controlled conditions. The amount of iron (in
micrograms) dissolved during the fixed test
period is termed the iron solution value. This
value reflects to some extent the continuity of the
coating; however, it may also be influenced by
the quality of the steel, because the test solution
was devised as one in which exposed steel is on
the threshold of protection by tin.

The Pickle-Lag Test (Ref 2). The steel base of
the tinplate is exposed to 6 M hydrochloric acid
(HCl) under defined conditions, and the time
before hydrogen is steadily evolved is measured.
This time period (in seconds) is the pickle-lag
value; the lower the value, the better. A high
value is associated with subsurface oxidation
during annealing, and it seems likely that this
defect may influence both the continuity of the
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coating and the continuity of the tin-iron alloy
layer.

The Alloy-Tin Couple (ATC) Test (Ref 2). A
sample of the tinplate from which the free tin
layer has been removed, but with the tin-iron
intermetallic layer intact, is coupled to a rela-
tively large electrode of pure tin in deoxygenated
grapefruit juice. The current flowing between the
test sample and the tin electrode is measured; its
value after 23 h is termed the ATC value. The
purpose of this test is to assess the restraining
effect of the tin-iron compound layer on the
cathodic efficiency of the metal exposed when
the free tin layer is dissolved from part of the
surface. Thus, test results are affected by
the continuity of the compound layer and by the
characteristics of the steel.

The Tin Grain Size Test (Ref 2). The tin
coating is lightly etched, and the size of the
crystals revealed is expressed on the ASTM
International Standard Scale for the grain size of
nonferrous metals. Increased grain size is con-
sidered beneficial. This is based on experience
without, as yet, support from experimental
measurements, but the effect of this factor is
most likely to be seen in the initial rate of tin
dissolution. It has been shown that different
crystal faces of tin have differing dissolution
and oxidation rates, and perhaps the effects of
crystal orientation and crystal size are asso-
ciated. It is also possible that impurities
segregated at the grain boundaries produce a
change related to boundary length and thus to
grain size.

Other Tests. A cysteine hydrochloride
(C3H7O2NS . HCl) staining test measures the
tendency toward sulfide staining. A heating test
simulates stoving (baking) to reveal any ten-
dency toward discoloration during that opera-
tion. Finally, a series of tests can be used to
evaluate lacquerability and lacquer adhesion to
the tinplate. Additional information on these
specialized tests is available in Ref 2, 129,
and 130.
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Corrosion of Lead and Lead Alloys
Revised by Safaa J. Alhassan, International Lead Zinc Research Organization, Inc.

LEAD has such a successful record of service
in exposure to the atmosphere and to water that
its resistance to corrosion by these media is often
taken for granted. Underground, thousands of
kilometers of lead-sheathed cable and lead pipe
give reliable long-term performance all over the
world. In the chemical industry, lead is used in
the corrosion-resistant equipment necessary for
handling many chemicals. Batteries account for
the largest use of lead and are the source of most
recycled lead. General information on composi-
tions, properties, and applications can be found
in the article “Lead and Lead Alloys” in Prop-
erties and Selection: Nonferrous Alloys and
Special-Purpose Materials, Volume 2 of ASM
Handbook, 1990.

The Nature of Lead Corrosion

The corrosion of lead in aqueous electrolytes
is an electrochemical process. The metal either
enters the solution at anodic sites as metallic
cations or is converted anodically to solid com-
pounds. Both corrosion reactions can be repre-
sented by the reaction:

Pb� 2e�! Pb2þ (Eq 1)

This oxidation reaction (standard oxidation
potential, E�=0.126 V), which takes place at
anodic sites, is accompanied by a reduction of
some constituent in the electrolyte at cathodic
sites. In neutral salt solutions, the cathodic
reaction is the reduction of dissolved oxygen:

1/2O2+H2O+2e7 ! 2OH7 (Eq 2)

In acid solutions free of oxygen, the corre-
sponding cathodic reaction is:

2Hþ þ 2e�!H2 (Eq 3)

The rate of corrosion is a function of the cur-
rent flowing between the anodes and cathodes of
the corrosion cell. Many factors and conditions
can initiate or influence this flow of current. In
the corrosion of a single metal, such as lead, local
anodes and cathodes may be set up as a result of
inclusions, inhomogeneities, stress variations,
and differences in temperature. In galvanic cor-
rosion, the anodic and cathodic sites are on

different metals, with the less noble metal
(anode) corroding in preference to the more
noble metal (cathode).

In most environments, lead is cathodic to steel,
aluminum, zinc, cadmium, and magnesium and
therefore will accelerate the corrosion of these
metals. With titanium, copper, silver, and pas-
sivated stainless steels, lead is the anode of the
cell and suffers accelerated attack. In either case,
the rate of corrosion is governed by the differ-
ence in potential between the two metals, the
ratio of their areas, and their polarization char-
acteristics.

The corrosion rate of lead is usually under
anodic control, because the most important
determinant generally is the solubility and other
physical characteristics of the corrosion products
formed at anodic sites. Most of these products are
relatively insoluble lead salts that are deposited
on the lead surface as impervious films, which
tend to stifle further attack. The formation of
such insoluble protective films is responsible for
the high resistance of lead to corrosion by sul-
furic (H2SO4), chromic (H2CrO4), and phos-
phoric (H3PO4) acids.

In general, anything that damages the protec-
tive film increases the corrosion rate. Factors that
help create or strengthen the film reduce the
corrosion rate. Therefore, the life of lead-
protected equipment can be extended, for
example, by washing it with film-forming
aqueous solutions containing sulfates, carbon-
ates, or silicates. This procedure is suggested
for protecting lead when it will be in contact with
corrosives that do not form protective films.

Forms of Corrosion. The corrosion of lead
can take many forms. Lead exposed to the usual
type of atmospheric attack will corrode uni-
formly. Pitting will occur under conditions of
partial passivity or cavitation, which is the for-
mation and collapse of gas bubbles at a liquid/
metal interface.

In some cases, a combination of corrosion and
other forms of deterioration, such as erosion,
fatigue, and fretting, will cause damage much
more severe than that caused by each form of
attack working independently. Another type of
accelerated corrosion can occur when lead is in
contact with a corrosive environment and is
subjected to a continuous load exceeding its
creep strength. The process of creep will

continually expose fresh surface to the corroding
environment.

Intergranular corrosion is another form of
attack on lead. It occurs at grain boundaries of
lead generally in the cast form and can cause a
significant loss in strength.

It is evident that the specific rate and form of
corrosion that occur in a particular situation
depend on many complex variables. However, in
each of the four major environments discussed
subsequently—water, atmosphere, underground,
and chemical—certain factors have a determin-
ing influence on what form and rate lead corro-
sion will have.

Corrosion in Water

Distilled water free of oxygen and carbon
dioxide (CO2) does not attack lead. Distilled
water containing CO2 but not oxygen also has
little effect on lead. The corrosion behavior of
lead in distilled water containing dissolved CO2

and dissolved oxygen depends on CO2 con-
centration. This dependency, which causes many
different reactions to take place in a narrow range
of concentration, explains the contradictory
nature of much of the corrosion data reported in
the literature.

For example, lead steam coils that handle pure
water condensate are not severely corroded in
systems in which all condensate is returned to the
boiler and negligible makeup water is used.
However, if makeup water is used, dissolved
oxygen can be introduced to the condensate, and
corrosion can be severe. Carbon dioxide can also
be generated from the breakdown of carbonates
and bicarbonates in boiler water, decreasing the
severity of corrosion of lead. The oxygen level in
the makeup water is usually controlled by adding
oxygen scavengers, such as hydrazine or sodium
sulfite.

In general, the corrosion rate in natural and
domestic waters depends on the degree of water
hardness, which is primarily caused by calcium
and magnesium salts in the water. However,
environmental regulations do not permit the use
of lead in the drinking water supply system
despite the very low corrosion rate of lead and
lead alloys in these environments. Water hard-
ness in the form of salts, if present in at least
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moderate amounts (4125 ppm), forms films on
lead that adequately protect it against corrosive
attack. Silicate salts present in the water increase
both the hardness and the protective value of the
film. In contrast, nitrate and chloride ions either
interfere with the formation of the protective film
or penetrate it; thus, they increase corrosion.

In soft, aerated natural and domestic waters,
the corrosion rate depends on both the hardness
and the oxygen content of the water. When water
hardness is less than 125 ppm, corrosion rate,
like the rate in distilled water, depends on the
relative proportions of dissolved CO2 and dis-
solved oxygen. Potable waters, which in the
United States have a zero maximum containment
level, often have hardness below 125 ppm and
often contain considerable amounts of CO2 and
oxygen; thus, lead cannot be used for pipe or
containers that handle potable waters. The U.S.
Environmental Protection Agency calls for an
action level of 0.015 mg/L of lead in drinking
water. This problem of contamination limits the
use of lead in such applications, even though
from a service point of view, the corrosion rate is
negligible.

The corrosion rates of chemical lead (99.9%
Pb) in several industrial and domestic waters are
presented in Table 1. It should be noted that
corrosion rate is relatively low, even where water
hardness is below 125 ppm. A corrosion rate for
a freshwater is also included among the data for
seawater in Table 2.

The corrosion of lead in seawater is relatively
slight and may be retarded by incrustations of
lead salts. Data on the performance of lead in
seawater at several locations are given in
Table 2. Comparison of two of the entries in this
table shows that at the same tropical location
(Panama), the corrosion rate of lead in freshwater
is approximately one-fourth the rate in seawater.

Extensive service experience and laboratory
testing have indicated that the corrosion rate of
lead is generally quite low in a wide variety of
waters. The only major applications in which
lead cannot be used are those involving some
pure waters containing oxygen and soft natural
waters, especially if contamination is of concern.
In contrast, as discussed previously, addition of
calcium and magnesium salts further enhances
the resistance of lead to corrosion by water.

Atmospheric Corrosion

In most of its forms, lead exhibits consistent
durability in all types of atmospheric exposure,
including industrial, rural, and marine (Table 3).
The corrosion rate of lead in industrial environ-
ment (Altoona, PA) is 0.6 to 0.7 mm/yr (0.02 to
0.03 mils/yr) and 1.0 to 1.3 mm/yr (0.04 to
0.05 mils/yr) in marine environment (Kure
Beach, NC). The corrosion rate of lead in a rural
environment (State College, PA) is 1.0 to
1.4 mm/yr (0.04 to 0.06 mils/yr) in 2 years and
0.33 to 0.35 mm/yr (0.013 to 0.014 mils/yr) in 20
years. These three atmospheric environments are

distinct because each involves different factors
that promote corrosion. In rural areas, which are
relatively free of pollutants, the only important
environmental factors influencing corrosion rate

are humidity, rainfall, and air flow. However,
near or on the sea, chlorides entrained in marine
air often exert a strong effect on corrosivity. In
industrial environments, sulfur oxide gases and

Table 1 Corrosion of chemical lead in industrial and domestic waters
Total immersion

Type of water

Temperature

Aeration Agitation

Corrosion rate

�C �F mm/yr mils/yr

Condensed steam, traces of acid 21–38 70–100 None Slow 21.59 0.85
Mine water

pH 8.3, 110 ppm hardness 20 68 Yes Slow 6.60 0.26
160 ppm hardness 19 67 Yes Slow 7.11 0.28
110 ppm hardness 22 72 Yes Slow 6.35 0.25

Cooling tower water, oxygenated,
from Lake Erie

16–29 60–85 Complete None 134.6 5.3

Los Angeles aqueduct water, treated
with chlorine and copper sulfate

Ambient . . . 150 mm/s (0.5 ft/s) 9.65 0.38

Spray cooling water, chromate treated 16 60 Yes . . . 9.4 0.37

Table 2 Corrosion of lead in natural waters

Location Type of water Type of test Agitation

Corrosion rate

Refmm/yr mils/yr

Bristol Channel Seawater Immersion approx. 93%
of the time

. . . 12.7 0.50 1

Southampton Docks Seawater Half tide level . . . 2.79 0.11 2
Gatun Lake, Panama Tropical freshwater Immersion None 2.03 0.08 3
Fort Amador, Panama Tropical Pacific Ocean Immersion Flowing(a) 9.14 0.36 4
Fort Amador, Panama Tropical Pacific Ocean Mean tide level Flowing(a) 5.08 0.20 4
San Francisco Harbor Seawater Mean tide level Flowing 10.67 0.42 4
Port Hueneme Harbor, CA Seawater Immersion Flowing(b) 5.59 0.22 5
Kure Beach, NC Seawater Immersion . . . 15.24 0.60 4

(a) At 150 mm/s (0.5 ft/s). (b) At 60 mm/s (0.2 ft/s)

Table 3 Corrosion of lead in various natural outdoor atmospheres

Location Type of atmosphere
Duration of test,

years Type of lead

Corrosion rate

Refmm/yr mils/yr

Altoona, PA Industrial 10 Chemical 0.737 0.029 6, 7
Pb-1Sb 0.584 0.023 6, 7

New York City Industrial 20 Chemical 0.381 0.015 6, 7
Pb-1Sb 0.330 0.013 6, 7

Sandy Hook, NJ Seacoast 20 Chemical 0.533 0.021 6, 7
Pb-1Sb 0.508 0.020 6, 7

Key West, FL Seacoast 10 Chemical 0.584 0.023 6, 7
Pb-1Sb 0.559 0.022 6, 7

LaJolla, CA Seacoast 20 Chemical 0.533 0.021 6, 7
Pb-1Sb 0.584 0.023 6, 7

State College, PA Rural 20 Chemical 0.330 0.013 6, 7
Pb-1Sb 0.356 0.014 6, 7

Phoenix, AZ Semiarid 20 Chemical 0.102 0.004 6, 7
Pb-1Sb 0.308 0.012 6, 7

Kure Beach, NC
(25 m, or 80 ft site)

East coast, marine 2 Chemical 1.321 0.052 8

Pb-6Sb 1.041 0.041 8
Newark, NJ Industrial 2 Chemical 1.473 0.058 8

Pb-6Sb 1.067 0.042 8
Point Reyes, CA West coast, marine 2 Chemical 0.914 0.036 8

Pb-6Sb 0.660 0.026 8
State College, PA Rural 2 Chemical 1.397 0.055 8

Pb-6Sb 0.991 0.039 8
Birmingham, England Urban 7 99.96% Pb 0.939 0.037 9

Pb-1.6Sb 0.102 0.004 9
Wakefield, England Industrial 1 99.995% Pb 1.879 0.074 9
Southport, England Marine 1 99.995% Pb 1.778 0.070 9
Bourneville, England Suburban 1 99.995% Pb 1.956 0.077 9
Cardington, England Rural 1 99.995% Pb 1.422 0.056 9
Cristobal, Panama Tropical, marine 8 Chemical 1.346 0.053 3
Miraflores, Panama Tropical, marine 8 Chemical 0.762 0.030 3
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the minerals in solid emissions change the pat-
terns of corrosion behavior considerably. How-
ever, the protective films that form on lead and its
alloys are so effective that corrosion is insignif-
icant in most natural atmospheres. The extent of
this protection is demonstrated by the survival of
lead roofing and auxiliary products after hun-
dreds of years of atmospheric exposure. In fact,
the metal is preserved permanently if these films
are not damaged (Ref 10). A detailed review (Ref
11) reported that the aggressiveness and abun-
dance of various potentially interacting anions
produce a composite diagram of lead corrosion
reactions and products for atmospheric labora-
tory exposures of lead involving H2S, SO2, CO2,
and Cl2 gases. Depending on the characteristic of
the environment, atmospheric corrosion pro-
ducts on lead customarily include anglesite
(PbSO4) and cerussite (PbCO3). In addition to
the products reported for exposed lead samples,
it would not be surprising to find lead oxalates
where oxalic acid is abundant, such as in fog
droplets in urban areas (Ref 11).

Furthermore, lead runoff is an important issue
because of the possible adverse effect on human
health. Modern structures may use considerable
quantities of lead for aesthetic purposes in the
form of leaded-copper sheeting.

An analysis of precipitation runoff from high-
purity lead sheets at unpolluted sites in Newport
(marine) and Albany (rural), OR, found lead
levels of 0.7 and 3.7 mg/L, respectively (Ref 12).
The study also showed that lead corrosion films
consisted mainly of lead carbonate and lead
hydroxy carbonate that showed extensive
cracking.

Antimonial lead, such as UNS 52760
(Pb-2.75Sb-0.2Sn-0.18As-0.075Cu), exhibits
approximately the same corrosion rate in atmo-
spheric environments as chemical lead (99.9%
commercial-purity lead). However, the greater
hardness, strength, and resistance to creep of
antimonial lead often make it more desirable for
use in specific chemical and architectural appli-
cations. The ability of some antimonial leads to

retain this greater mechanical strength in atmo-
spheric environments has been demonstrated in
exposure tests in which sheets containing 4% Sb
and smaller amounts of arsenic and tin were
placed in semirestricted positions for 3 years.
They showed less tendency to buckle than che-
mical lead, indicating that their greater resistance
to creep had been retained.

Painting of lead coatings, especially terne
metal (a coating containing 8 to 12% Sn, bal Pb),

further raises their resistance to corrosion in
outdoor environments. Terne metal has such
good paint retention that one coat will far outlast
two separate coats on plain steel.

Corrosion in Underground Ducts

Lead is extensively used in the form of
sheathing for power and communications cables
because of its impermeability to water and its
excellent resistance to corrosion in a wide variety
of soil conditions. Cables are either buried
directly in the ground or installed in ducts or
conduits made of such materials as cement or
vitrified clay.

Severe corrosion of lead in underground ser-
vice (in ducts or directly in the soil) is the
exception rather than the rule. However, because
repair or replacement of underground compo-
nents is difficult and expensive, proper corrosion
protection is recommended in any underground

Galvanized
racks

Copper bonding ribbon

Lead-sheated
cable

Copper service pipe

Rusted steel
water main

Lead-sheathed cable

Bond

Fig. 1 Corrosion caused by galvanic coupling. Arrows
indicate direction of current flow. Source: Ref 2

Wet
silt High O2

Low O2

Fig. 2 Corrosion caused by differential aeration in a
duct. Arrows indicate direction of current flow.

Source: Ref 2

Table 4 Corrosion of lead alloys in various soils
Maximum exposure time: 11 years

Type of soil

Chemical lead(a) Tellurium lead(b) Antimonial lead(c)

Corrosion rate Max pit depth Corrosion rate Max pit depth Corrosion rate Max pit depth

mm/yr mils/yr mm mils mm/yr mils/yr mm mils mm/yr mils/yr mm mils

Cecil clay loam 52.54 50.1 457 18 52.54 50.1 406 16 52.54 50.1 229 9
Hagerstown loam 52.54 50.1 787 31 52.54 50.1 762 30 52.54 50.1 406 16
Lake Charles clay 7.62 0.3 2540 100 10.16 0.4 2718 107 10.16 0.4 2642 104
Muck 7.62 0.3 1321 52 7.62 0.3 1346 53 7.62 0.3 1295 51
Carlisle muck 5.08 0.2 508 20 5.08 0.2 533 21 2.54 0.1 305 12
Rifle peat 52.54 50.1 838 33 52.54 50.1 584 23 52.54 50.1 711 28
Sharkey clay 7.62 0.3 1778 70 7.62 0.3 1854 73 10.16 0.4 2261 89
Susquehanna clay 52.54 50.1 864 34 2.54 0.1 1016 40 2.54 0.1 356 14
Tidal marsh 50.25 50.01 305 12 50.25 50.01 203 8 50.25 50.01 152 6
Docas clay 52.54 50.1 635 25 52.54 50.1 432 17 52.54 50.1 483 19
Chino silt loam 52.54 50.1 381 15 52.54 50.1 508 20 52.54 50.1 178 7
Mohave fine gravelly clay 52.54 50.1 610 24 52.54 50.1 584 23 2.54 50.1 406 16
Cinders 7.62 0.3 2159 85 7.62 0.3 1549 61 10.16 0.4 1168 46
Merced silt loam 52.54 50.1 610 24 52.54 50.1 406 16 52.54 50.1 229 9

(a) 0.056 Cu, 0.002 Bi, 0.001 Sb. (b) 0.08 Cu, 0.01 Sb, 0.043 Te. (c) 0.036 Cu, 5.3 Sb, 0.016 Bi. Source: Ref 19
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service. Although the discussion that follows is
based on preventive methods used for lead-
sheathed cables, it is directly applicable in many
ways to the underground behavior of other lead
products, such as chemical service pipe.

The environment within ducts is often quite
complex (Ref 10). It can include combinations of
highly humid manhole and soil atmospheres, free
lime leached from concrete, and alkalis formed
by the electrolysis of salts in the water that seeps

into ducts. Some of the factors involved in the
corrosion of lead cable sheathing and how they
relate to cable assembly and installation are
discussed in Ref 13. Their influence in initiating
or accelerating corrosion is described in Ref 13,
with simple sketches used for illustration. Two of
these factors—galvanic coupling and differential
aeration—are discussed as follows.

Galvanic Coupling. Figure 1 illustrates two
typical examples of contact between lead and
other metals. In the presence of an electrolyte,
such a dissimilar-metal couple forms a galvanic
cell in which the more anodic metal is corroded.
A difference in potential sufficient to cause
corrosion may also arise when the surface of the
lead is scratched to expose bright, active metal.
In such cases, the exposed metal is the anode and
is attacked.

Differential Aeration. Figure 2 illustrates
differential-aeration corrosion. In this type of
corrosion cell, areas exposed to low oxygen
concentration tend to become anodic to areas
exposed to higher oxygen concentrations. As
shown, the amount of air able to penetrate the silt
and reach the crevice where the cable sheath and
the duct meet is less than the amount available at
the upper surface of the sheath; this results in
corrosion.

An actual example of differential-aeration
corrosion is described in Ref 14. Lead-sheathed
cable was pressed tightly against the inner sur-
face of a tile duct, and water formed a meniscus
extending from the sheathing surface to the tile.
The area that was pressed against the tile did not
corrode. However, an adjacent area, where the
water was farthest from contact with air, cor-
roded severely. The lead surface in contact with
water closer to the air in the duct was the cathode.

Alkalinity is another factor that causes the
corrosion of cable sheathing (Ref 15). Sheathing
on cable installed in continuous concrete or
asbestos cement ducts in concrete tunnels under
waterways was found to be severely corroded.
Analysis of water samples from these locations
revealed that the corrosion had resulted from the
presence of up to 1000 ppm of hydroxides.

Table 5 Solubility of lead compounds in water

Lead compound Formula

Temperature

Solubility, kg/m3�C �F

Acetate Pb(C2H3O2)2 20 68 433
Bromide PbBr2 20 68 8.441
Carbonate PbCO3 20 68 0.0011
Basic carbonate(a) 2PbCO3, Pb(OH)2 . . . . . . Insoluble
Chlorate Pb(ClO3)2, H2O 18 64 0.513
Chloride PbCl2 20 68 9.9
Chromate PbCrO4 25 77 0.000058
Fluoride PbF2 18 64 0.64
Hydroxide Pb(OH)2 18 64 0.155
Iodide PbI2 18 64 0.63
Nitrate Pb(NO3)2 18 64 565
Oxalate PbC2O4 18 64 0.0016
Oxide PbO 18 64 0.017
Orthophosphate Pb3(PO4)2 18 64 0.00014
Sulfate PbSO4 25 77 0.0425
Sulfide PbS 18 64 0.1244
Sulfite(a) PbSO3 . . . . . . Insoluble

(a) At room temperature. Source: Ref 21

60

50

40

30

20

10

0
0 1 10 20 30 40 50 60 70 80 90

H2SO4, wt %

P
bS

O
4 

di
ss

ol
ve

d,
 m

g/
L

0 °C

25 °C

50 °C

H2SO4, wt%

PbSO4, dissolved, mg/L, at:

0 C (32 F) 25 C (75 F) 50 C (120 F)

0 33.0 44.5 57.7
0.005 8.0 10.0 24.0
0.01 7.0 8.0 21.0
0.10 4.6 5.2 13.0
1.0 1.8 2.2 11.3

10.0 1.2 1.6 9.6
20.0 0.5 8.0
30.0 0.4 1.2 4.6
60.0 0.4 1.2 2.8
70.0 1.2 1.8 3.0
75.0 2.8 3.0 6.6
80.0 6.5 11.5 42.0

Fig. 3 Solubility of lead sulfate in sulfuric acid

80

70

60

50

40

30

20

10

0
0 10 20 30 40 50

HNO3 concentration, wt %

Le
ad

 n
itr

at
e,

 p
ar

ts
 p

er
 1

00
 p

ar
ts

 s
ol

ut
io

n

Fig. 4 Solubility of lead nitrate in nitric acid

198 / Corrosion of Nonferrous Metals and Specialty Products

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



These alkaline water samples (pH 10.9 to 12.2)
contained mainly calcium hydroxide. Sodium
hydroxide was also found in some tunnels.

The source of the calcium hydroxide was
incompletely cured concrete. Electrolysis of
solutions of deicing salts that had seeped into the

tunnels was believed to be the source of sodium
hydroxide. The buildup in concentration occur-
red because seepage water was not being
removed (the ducts had been designed to func-
tion without removal of seepage water). Proper
drainage and use of completely cured, imper-
vious concrete were suggested as corrective
measures.

The process of passive film formation on lead
in alkaline solutions and its breakdown were
examined (Ref 16) and it was found that the
anodic polarization curves exhibit three peaks
that correspond to PbO, Pb3O4, and PbO2 prior to
the oxygen evolution reaction. It was also found
that the addition of NO3

� ions enhances the
anodic dissolution of PbO and, at certain pitting
potentials, causes the breakdown of the passi-
vation layer itself. The critical potential was
found to decrease linearly with both the loga-
rithmic concentration of nitrate and temperature,
while increasing the alkali concentration or
the potential scan rate increased the pitting
potential.

Stray currents can cause severe corrosion of
lead pipe or lead cable sheathing. Stray currents
are those that follow paths outside intended cir-
cuits. They may also be minor earth currents.
Stray currents cause corrosion at the point where
they leave the metal. Sources of stray currents
include electric railway systems, grounded
electric direct current power, electric welders,
cathodic protection systems, and electroplating
plants. Stray alternating currents are much less
damaging than stray direct currents.

It has also been found that corrosion of lead
cable sheathing in manhole water depends more
on the magnitude and polarity of the potential
between the ground and the lead sheathing than it
does on the natural dissolved salts in the water.
Corrosion is at a minimum when the sheathing is
cathodic to the ground (Ref 17, 18). Proper
grounding prevents this type of corrosion.

Other factors that can initiate the corrosion
of lead sheathing include contact with acetic acid
(in wooden ducts), microorganisms, and cor-
roded steel-tape armor. Bacterial corrosion
usually occurs when aeration is poor and mud,
water, or organic matter is present. Bacteria
capable of reducing sulfates to sulfides are the
principal cause of attack. Microbial decomposi-
tion of the hydrocarbons present in cable coat-
ings may also produce organic acids corrosive to
lead. Corrosion of lead by corroded steel-tape
armor can occur when the oxide coating formed
on the steel is cathodic to lead.

Corrosion in Soil

Soils vary widely in physical and chemical
characteristics and, consequently, in corrosive
effect. More than 200 varieties of soil in the
United States have been classified according to
texture, color, and natural drainage. The physical
properties of soils that most influence the cor-
rosion of lead in underground service are those
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Fig. 5 Corrosion rate of lead in H2SO4. Source: Ref 22

Table 6 Corrosion of chemical lead in
commercial phosphoric acid at 21 �C (70 �F)

Solution

Corrosion rate

mm/yr mils/yr

20% H3PO4 86.4 3.4
30% H3PO4 124.5 4.9
40% H3PO4 144.8 5.7
50% H3PO4 162.6 6.4
85% H3PO4 40.6 1.6
80% H3PO4(a) 325.1 12.8

(a) Pure grade

Table 7 Corrosion of lead in hydrochloric
acid at 24 �C (75 �F)

HCl
concentration, %

Chemical lead 6% antimonial lead

mm/yr mils/yr mm/yr mils/yr

1 610 24 840 33
5 410 16 510 20

10 560 22 1090 43
15 790 31 3810 150
20 1880 74 4060 160
25 4830 190 5080 200
35(a) 8890 350 13,720 540

(a) Commercially concentrated HCl
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Fig. 6 Resistance of lead to corrosion in air-free
hydrofluoric acid

Table 8 Corrosion of lead in hydrochloric
acid-ferric chloride mixtures at 24 �C (75 �F)

Solution

Chemical lead
6% antimonial

lead

mm/yr mils/yr mm/yr mils/yr

5% HClþ 5% FeCl3 711 28 940 37
10% HClþ 5% FeCl3 1041 41 1930 76
15% HClþ 5% FeCl3 2235 88 4064 160
20% HClþ 5% FeCl3 3810 150 4826 190

Table 9 Corrosion of lead in nitric acid

HNO3

solution, %

Corrosion rate

24 �C (75 �F) 50 �C (122 �F)

mm/yr mils/yr mm/yr mils/yr

1 3556 140 15,240 600
5 41,910 1650 46,990 1850

10 86,360 3400 88,646 3490
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that affect the permeability of the soil to air and
water, because good drainage tends to minimize
corrosion. Soils with coarse textures, such as
sands and gravels, permit free circulation of air.
Corrosion in such soils is approximately the
same as in the atmosphere. Clays and silty soils
generally exhibit fine texture and high water-
holding capacity and therefore poor aeration and
drainage.

Numerous chemical compounds are present in
soils, but only those soluble in water play
important roles in the corrosion of metals. For
example, the calcareous nature of some Indiana
soils influences corrosion through alkaline attack
or the promotion of bacterial activity.

Considerable corrosion testing of lead and
lead alloys in numerous soils has indicated that
corrosion rate decreases with increasing particle
size and that the distribution of anodic and
cathodic areas depends on soil particle size,
water activation value of the soil, soil pH, and
duration of exposure. Test results also show that
lead tends to become passive in soils regardless
of water content; however, addition of sodium
bicarbonate reactivates it.

The data in Table 4 show that in most soils the
average corrosion rate of lead is low—from less
than 2.5 to 10 mm (0.1 to 0.4 mil) per year. It
should be noted, however, that the depth of pit-
ting is often a more important measure of
underground corrosion behavior than corrosion
rate.

The most comprehensive investigation of
corrosion of metals buried in soils was conducted
by the National Bureau of Standards from 1910
to 1955 (Ref 19). This investigation included
lead alloy pipe of three different compositions
buried in 14 soils. Specimens were removed
periodically; maximum exposure time was 11
years (Table 4).

Analysis of the data in Table 4 indicates that,
in general, weight lost and maximum pit depth
decrease with increasing aeration of the soil. For
example, poor aeration caused severely deep
pitting of the lead buried in Sharkey clay, in Lake
Charles clay, and in cinders, but pitting of pipe
buried in the well-aerated Cecil clay loam was
shallow.

Resistance to Chemicals

The excellent resistance of lead and lead
alloys to corrosion by a wide variety of chemi-
cals is attributed to the polarization of local
anodes caused by the formation of a relatively
insoluble surface film of lead corrosion products
(Ref 20). The extent of protection depends on the
compactness, adherence, and solubility of these
films.

Solubilities of various lead compounds in
water at room temperature are given in Table 5.
These data are general indicators of the behavior
of lead in solutions that promote the formation of
these compounds. The solubility of a lead cor-
rosion product, however, depends on the solution
in which the lead is immersed. Therefore, the
solubility of that corrosion product in water is not
always an adequate indicator of its behavior in
another solution. This fact is illustrated by the
variation in solubility of lead sulfate (PbSO4) in
H2SO4 as acid concentration and temperature
change (Fig. 3). The PbSO4 film is less soluble in
H2SO4 solutions than it is in water. Solubility

drops to a minimum value at acid concentrations
of 30 to 60% and then increases at higher con-
centrations. At intermediate concentrations, the
sulfate film is so insoluble that corrosion is
negligible.

Another example of the importance of the
solubility relationship of the lead film to its
environment is shown in Fig. 4. Lead nitrate
(Pb(NO3)2) is quite soluble in dilute and inter-
mediate-strength solutions of nitric acid (HNO3)
at room temperature. Lead is not resistant to
corrosion under such conditions. However,
above an HNO3 concentration of 50%, Pb(NO3)2

is only slightly soluble, and lead is quite resistant
to attack.

Increases in temperature generally increase
corrosion rate (Fig. 3). This effect is primarily
due to increases in film solubility.

Galvanic Corrosion. When lead is anodic to
a metal to which it is coupled and a firm film
develops on the lead, galvanic corrosion of the
lead will be negligible. For example, when lead
is galvanically connected to a copper or a copper
alloy in a H2SO4, H2CrO4, or H3PO4 solution,

100% H2O

>0.5 mm/yr

<0.5 mm/yr

100% HNO3100% H2SO4

Fig. 7 Corrosion rates of lead in H2SO4-HNO3-H2O
mixtures

Table 12 Corrosion of lead in hydrochloric acid-sulfuric acid mixtures

Solution

Chemical lead 6% antimonial lead

24 �C (75 �F) 66 �C (150 �F) 24 �C (75 �F) 66 �C (150 �F)

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

1% HClþ 9% H2SO4 130 5 230 9 130 5 300 12
3% HClþ 7% H2SO4 360 14 810 32 530 21 1040 41
5% HClþ 5% H2SO4 360 14 1070 42 530 21 1650 65
7% HClþ 3% H2SO4 410 16 1140 45 560 22 1880 74
9% HClþ 3% H2SO4 460 18 1190 47 760 30 2130 84
5% HClþ 25% H2SO4 250 10 560 22 560 22 860 34

10% HClþ 20% H2SO4 430 17 1070 42 2030 80 1470 58
15% HClþ 15% H2SO4 1040 41 1880 74 2290 90 4570 180
20% HClþ 10% H2SO4 2180 86 3050 120 2790 110 4570 180
25% HClþ 5% H2SO4 3560 140 4060 160 3810 150 5330 210

5% HClþ 45% H2SO4 1580 62 . . . . . . 1350 53 . . . . . .
10% HClþ 40% H2SO4 1650 65 . . . . . . 2130 84 . . . . . .
15% HClþ 35% H2SO4 1680 66 . . . . . . 3050 120 . . . . . .
20% HClþ 30% H2SO4 2130 84 . . . . . . 3300 130 . . . . . .
25% HClþ 25% H2SO4 3050 120 . . . . . . 5330 210 . . . . . .

Table 13 Effect of sulfuric acid on the corrosion of lead by fluosilicic acid at 45 �C (113 �F)

Solution

Chemical lead 6% Sb lead

mm/yr mils/yr mm/yr mils/yr

5% H2SiF6 1346 53 1956 77
5% H2SiF6þ 5% H2SO4 229 9 356 14
10% H2SiF6 1626 64 2921 115
10% H2SiF6þ 1% H2SO4 2235 88 1930 76
1% H2SiF6þ 10% H2SO4 102 4 229 9

Table 10 Effect of nitric acid in sulfuric acid
on the corrosion of lead at 118 �C (245 �F)

Solution

Chemical lead
6% antimonial

lead

mm/yr mils/yr mm/yr mils/yr

54% H2SO4þ 0% HNO3 188 7.4 356 14
54% H2SO4þ 1% HNO3 150 5.9 559 22
54% H2SO4þ 5% HNO3 213 8.4 2896 114

Table 11 Corrosion of chemical lead with
sulfuric-nitric mixed acids

Solution

Corrosion rate

24 �C (75 �F) 50 �C (122 �F)

mm/yr mils/yr mm/yr mils/yr

78% H2SO4þ 0% HNO3 25.4 1 50.8 2
78% H2SO4þ 1% HNO3 76.2 3 304.8 12
78% H2SO4þ 3.5% HNO3 91.4 3.6 457.2 18
78% H2SO4þ 7.5% HNO3 101.6 4 889 35
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the lead is protected by a firm film even though
it is the anode in the galvanic cell. However,
when the other metal is the anode and forms a
protective film, galvanic corrosion of the lead
may occur, and it is sometimes severe. Alumi-
num or magnesium will be severely corroded if
coupled with lead in the presence of an electro-
lyte. If lead is coupled with Monel in a 6%
H2SO4 solution, corrosion of the Monel will be
accelerated.

A factor to be kept in mind is that environ-
mental changes can reverse the galvanic posi-
tions of the two metals. For example, iron is
anodic to lead in acids and cathodic to it in
alkalis.

In general, galvanic corrosion of lead is sig-
nificant only when the lead is coupled with a
metal to which it is anodic, when an electrolyte is
present, and when a firm film cannot be main-
tained; corrosion of metals anodic to lead seldom
occurs. When galvanic corrosion of either lead or
the dissimilar metal does occur, it is unlikely to
be severe, because lead occupies a central posi-
tion in the galvanic series.

Physical variables also influence the corro-
sion rate of lead in many situations. For example,
if the flow velocity of a solution is above a cri-
tical point, it can completely erode the protective
film, leaving only a clean lead surface exposed
for continued attack. This is demonstrated by the
rapid increase in corrosion of lead in 20% H2SO4

at velocities greater than 1.5 m/s (300 ft/min).
The presence of foreign insoluble matter further
aggravates this condition.

Fatigue stresses may also break the protective
film on lead, repeatedly exposing lead to
environmental attack. However, applied fatigue
stresses no greater than the creep strength of lead
do not significantly affect corrosion properties.

Quantitative Corrosion Data. It is impor-
tant to remember when evaluating quantitative
corrosion data that lead weighs more per unit
of volume and is normally used in greater
thicknesses than most other metals. The effects
of these two factors should be considered in
evaluating the data presented in this section.

Lead has high corrosion resistance to H2CrO4,
H3PO4, H2SO4, and sulfurous (H2SO3) acids and
is widely used in their manufacture and handling.
Lead satisfactorily resists all but the most dilute
solutions of H2SO4. It performs well at acid
concentrations up to 95% at ambient tempera-
tures, up to 93% at 150 �C (302 �F), and up to
85% at 220 �C (428 �F) (Fig. 5). Below a con-
centration of 5%, the corrosion rate increases,
but it is still relatively low. In the lower range of
acid concentration, antimonial lead is recom-
mended.

Lead exhibits the same excellent corrosion
resistance to higher concentrations of H2CrO4,
H2SO3, and H3PO4 at elevated temperatures.
Lead finds especially wide application in the
manufacture of H3PO4 from phosphate rock
when H2SO4 is used in the process. Corrosion
rates are low for all acid concentrations up to
85% (Table 6). However, when in pure H3PO4

manufactured from elemental phosphorus, lead

Table 14 Corrosion of lead in chemical process fluids

Fluids

Temperature Corrosion rate

�C �F mm/yr mils/yr

Sulfation of oils with 25% sulfuric acid (66� Bé) at 60 �C (140 �F)

Castor . . . . . . 76.2 3
Tallow . . . . . . 304.8 12
Olive . . . . . . 76.2 3
Cod liver . . . . . . 152.4 6
Neatsfoot . . . . . . 279.4 11
Fish . . . . . . 279.4 11
Vegetable . . . . . . 584.2 23
Peanut . . . . . . 457.2 18

Sulfonation with 93% sulfuric acid (66� Bé)

Naphthalene 166 330 1143 45
Phenol 120 248 76.2 3

Washing and neutralization of sulfated and sulfonated compounds

Sulfated vegetable oilþ water wash—neutralized
with sodium hydroxide

60 140 228.6 9

Naphthalene sulfonic acidþ water wash—
neutralized with caustic soda pH 3

70 158 990.6 39

Washing tallow with 2% by wt 60� Bé sulfuric acid 121 250 127 5
Storage of liquid alkyl detergent . . . . . . 7.62 0.3
Storage of 50% chlorosulfonic acid-50% sulfur

trioxide
. . . . . . 15.24 0.6

Mixing tank and crystallizer-saturated ammonium
sulfate-5% sulfuric acid solution

47 116 25.4–127 1–5

Splitting

Olive oil and 0.5% sulfuric acid (66� Bé) 88 190 279.4 11
Storage of split fatty acids . . . . . . Liquid 20.32 Liquid 0.8
Storage of split fatty acids . . . . . . Liquid level 304.8 Liquid level 12

Extraction of aluminum sulfate from alumina

Bauxiteþ sulfuric acid—boiling . . . . . . Liquid 406.4 Liquid 16
Bauxiteþ sulfuric acid—boiling . . . . . . Vapor 127 Vapor 5
Alum evaporator 116 240 76.2 3
Tank for dissolving alum paper mill 49 120 406.4 16
Storage of 24% alum solution . . . . . . 15.24 0.6

Dorr settling tank

19.5 sulfuric acid, 20% ferrous sulfate, 10% titanium
oxide as TiSO4

70 158 254 10

Evaporator

Nickel sulfate solution 100 212 152.4 6
Zinc sulfate solution 107 225 152.4 6

Ammonium sulfate production

Solution-saturated ammonium sulfateþ
5% sulfuric acid

47 116 Mixing tank 25.4 Mixing tank 1

Solution-saturated ammonium sulfateþ
5% sulfuric acid

47 116 Crystallizer 127 Crystallizer 5

Acid washing

Lube oil-treatment with 25% sulfuric acid 104 220 635 25
Sludge oilþ 15% sulfuric acid-steam treatment . . . . . . 508 20
Benzol (crude)-treatment with 3% sulfuric acid

washed with water, neutralized with lime
60 140 152.4 6

Tar oil-treatment with 25% sulfuric acid, washed
with water, neutralized with sodium hydroxide

77 170 609.6 24

Wet acid gases from regeneration of sulfuric acid 121 250 152.4 6

Polymerization

Polymerization of butenes with 72% sulfuric acid 80 175 12.7 0.5
Polymerization of butenes with 72% sulfuric acid 80 175 356 pits 14 pits

Viscose rayon spinning bath

Evaporator—6% sulfuric acid, 17% sodium sulfate,
30% other inorganic sulfates

40 104 127 5

Evaporator—concentrated bath of 20% sulfuric acid,
30% sodium sulfate

55 130 101.6 4

Vapors from spin bath evaporator 49 120 127 5
Spinning bath drippings 46 115 203.2 8
Storage-reclaimed spinning bath liquor . . . . . . 50.8 2

Pickling solution

Brass and copper-sulfuric acidþ 5% cupric sulfate 71 160 127 5

Source: Ref 23

Corrosion of Lead and Lead Alloys / 201

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



shows a higher rate due to the absence of sulfates.
The corrosion rate of 6% antimonial lead has
been reported to be lower than that of chemical
lead in a plant test using a solution containing
32% H3PO4, 0.4% H2SO4, and 1% chlorides at
88 �C (190 �F). In pure acid manufactured from
elemental phosphor, lead corrodes at a higher
rate because of the absence of sulfates.

Lead has fair corrosion resistance to dilute
hydrochloric acid (HCl) (up to 15%) at 24 �C
(75 �F); the corrosion rate increases at higher
concentrations and at higher temperatures
(Table 7). The presence of 5% ferric chlorides
also accelerates corrosion (Table 8).

The resistance of lead to corrosion by hydro-
fluoric acid (HF) is only fair. However, lead is
used to handle HF because it is the only low-
priced metal that has adequate corrosion resis-
tance. The corrosion rate in this acid (if it is free
of air) is less than 510 mm/yr (20 mils/yr) for a
wide range of temperatures and concentrations
(Fig. 6).

Nitric, acetic, and formic acids in most con-
centrations corrode lead at rates high enough to
preclude its use in these acids. However,
although HNO3 rapidly attacks lead when dilute,
it has little effect at strengths of 52 to 70%. The
same is true of HF and acetic acid.

Addition of H2SO4 to acids corrosive to lead
often lowers the corrosion rate. For example,
although HNO3 in concentrations less than 50%
is quite corrosive to lead (Table 9), in the pre-
sence of 54% H2SO4 the corrosion rate in 1% and
5% HNO3 is quite low even at 118 �C (245 �F)
(Table 10). Other concentrations of H2SO4 also
lower the corrosion rate in HNO3 (Table 11). The
composition range of mixed H2SO4 and HNO3

solutions for which chemical lead has a corrosion
rate of less than 500 mm (20 mils) per year is
shown in Fig. 7. Chemical lead is preferred over
6% antimonial lead for handling these mixtures
of acids.

The corrosion rates of chemical lead and
6% antimonial lead in HCl and in fluosilicic
acid are retarded by the presence of H2SO4

(Tables 12 and 13). Data on the corrosion of lead
in chemical process fluids containing H2SO4 or
closely related compounds are presented in
Table 14.

Qualitative corrosion data serve to provide
guidelines for screening suitable metals for
chemical equipment. Laboratory test environ-
ments may not always simulate actual plant
conditions, and there may be significant varia-
tions among plants manufacturing the same
product. Therefore, it is often more helpful to be
less specific when categorizing the corrosion
rates of lead in various chemicals. Table 15
presents such less specific information and
should be used only as a guide for determining
whether further tests are warranted. Most of the
data in Table 15 are for chemical lead. The cor-
rosion rates of different grades of lead in the
same chemical all normally fall within the same
category. Therefore, no mention is made of
variations in corrosion rate for other grades of
lead.

Table 15 Corrosion rate of lead in chemical environments
For corrosion rate information on lead in other chemical environments, see the more extensive tables contained in Lead for
Corrosion Resistant Applications—A Guide, Lead Industries Association, Inc., 295 Madison Avenue, New York, NY,
10017, 1974

Chemical

Temperature

Concentration, % Corrosion class(a)�C �F

Acetic acid 24 75 Glacial B
Acetic anhydride 24 75 . . . A
Acetone 24–100 75–212 10–90 A
Alcohol, ethyl 24–100 75–212 10–100 A
Alcohol, methyl 24–100 75–212 10–100 A
Aluminum chloride 24 75 0–10 B
Aluminum potassium

sulfate
24–100 75–212 10–20 A

Aluminum potassium
sulfate

24–100 75–212 20–100 B

Ammonia 24–100 75–212 10–30 B
Ammonium chloride 24 75 0–10 B
Ammonium hydroxide 27 80 3.5–40 A
Ammonium nitrate 24–49 75–120 10–30 D
Ammonium sulfate 24 75 . . . B
Amyl acetate 24 75 80–100 B
Aniline 20 68 . . . A
Antimony chloride 24 75 . . . C
Arsenic trichloride 100–149 212–300 . . . B
Barium chloride 24–100 75–212 10 B
Benzaldehyde 24 75 10–100 D
Benzene 24 75 . . . B
Benzoic acid 24 75 . . . D
Benzyl alcohol 24–100 75–212 . . . B
Benzyl chloride 24–100 75–212 . . . B
Beryllium chloride 100 212 . . . D
Boric acid 24–149 75–300 10–100 B
Bromine 24 75 . . . B
Butyric acid 24 75 10–100 D
Cadmium sulfate 24–100 75–212 10–30 A
Calcium bicarbonate 24 75 . . . C
Calcium chloride 24 75 20 A
Calcium fluoride 24–100 75–212 . . . B
Calcium nitrate 24 75 10 D
Calcium sulfate 24–100 75–212 10 B
Carbon disulfide 24–100 75–212 . . . A
Carbonic acid 24 75 . . . D
Cellulose acetate 24 75 . . . A
Cellulose nitrate 24–100 75–212 . . . B
Chloroacetic acid 24 75 . . . B
Chloric acid 24 75 10 D
Chlorine 38 100 . . . B
Chloroform 24–62 75–143 . . . B
Chromic acid 24 75 . . . B
Copper chloride 24 75 10–40 D
Creosote 24 75 90 D
Dichlorobenzene 24–100 75–212 10–100 B
Diethyl ether 24 75 . . . B
Dioxane 24–100 75–212 . . . B
Ethyl acetate 24–79 75–175 . . . B
Ferric ammonium sulfate 24–100 75–212 10–20 A
Ferric chloride 24 75 20–30 D
Ferric sulfate 24–79 75–175 10–20 A
Ferrous chloride 24 75 10–30 C
Ferrous sulfate 24–100 75–212 10 B
Fluosilicic acid 45 113 10 D
Formaldehyde 24–52 75–125 20–100 B
Formic acid 24–100 75–212 10–100 D
Glycerol 24 75 . . . B
Hydrazine 24 75 20–100 D
Hydriodic acid 24 75 10–50 D
Hydrobromic acid 24 75 10–70 D
Hydrochloric acid 24 75 0–10 C
Hydrogen peroxide 24 75 10–30 D
Isopropanol 24 75 . . . A
Lead acetate 24 75 10–30 D
Lead chloride 24–100 75–212 . . . B
Lithium hydroxide 24 75 . . . D
Magnesium chloride 24 75 10–100 D

(continued)

(a) The four categories of the table are: A, 550 mm/yr (52 mils/yr): negligible corrosion—lead recommended for use. B, 5500 mm/yr (520 mils/yr):
practically resistant—lead recommended for use. (When the only information available is that “lead is resistant” to a certain chemical, that chemical was

arbitrarily placed in this category.) C, 500–1270 mm/yr (20–50 mils/yr): lead may be used where this effect on life can be tolerated. D, 41270 mm/yr
(450 mils/yr): corrosion rate too high to merit any consideration of lead
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Tin-Lead Solder Alloys

Solders were based on the tin-lead system.
Industrial solder alloys contain a combination of
materials ranging from 100% Pb to 100% Sn, as
demanded by the application. Each alloy has
unique melting characteristics and load-carrying
and temperature capabilities. Because electronic
equipment is not recycled as efficiently as
batteries, there are health concerns about dis-
carded electronic equipment in landfills. Initia-
tives worldwide have sought to eliminate lead in
solder for electrical and electronic equipment.
There are exceptions where no substitutes are
available, and, in some cases, implementation
dates have been delayed (Ref 24).

Table 16 gives the melting temperatures of
some tin-lead compositions and their respective
applications. More detailed information on the
compositions and melting characteristics of tin-
lead solders can be found in the article “General
Soldering” in Welding, Brazing, and Soldering,
Volume 6 of ASM Handbook, 1993. Corrosion-
related data of these alloys are also presented in
the article “Corrosion of Tin and Tin Alloys” in
this Volume.

Applications. Solder alloys containing less
than 5% Sn are used for joining tin-plated con-
tainers and for automobile radiator manufacture.
For automobiles, a small additional amount of
silver is usually added to provide extra joint
strength at automobile radiator operating

temperatures. Solder alloys of 10Sn-90Pb and
20Sn-80Pb are also used in radiator joints. With
compositions between 10Sn-90Pb and 25Sn-
75Pb, care must be taken to avoid any kind of
movement during the solidification phase to
prevent hot tearing in solders with a wide
freezing range.

Higher tin content solders at the 25Sn-75Pb
and 30Sn-70Pb compositions have lower liqui-
dus temperatures and can be used for joining
materials with sensitivity to high temperature or
where the wetting characteristics of the tin are
important to providing sound soldering joints.
Solder alloys in the composition range described
previously are usually applicable to industrial
products and generally are used in conjunction
with inorganic fluxing materials.

The widely used general-purpose solder alloys
contain 40 to 50% Sn. These solders are used for
plumbing applications, electrical connections,
and general soldering of domestic items. The
60Sn-40Pb and 63Sn-37Pb alloys are used most
extensively in the electronic industries for both
hand soldering and wave or dip applications.
Sometimes, silver additions are made to alloys
used in the electronics industries to reduce dis-
solution of silver-base coatings.
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Corrosion of Magnesium and
Magnesium-Base Alloys
Revised by Barbara A. Shaw and Ryan C. Wolfe, Pennsylvania State University

LOW DENSITY and high strength-to-weight
ratio are usually the prime reasons for specifying
the use of magnesium alloys in engineering
designs. High stiffness-to-weight ratios, good
castability, high thermal and electrical con-
ductivity, and high damping capacity of mag-
nesium alloys are also attractive properties.
However, magnesium possesses a strong ther-
modynamic driving force for corrosion, and its
surface film does not present a very protective
kinetic barrier to corrosion. Despite these short-
comings, the interest in using magnesium alloys
for a variety of applications is still high because
of its weight advantage. Consumer uses of
magnesium alloys include cases for personal
electronics (laptop computers, cameras), lug-
gage enclosures, handtools, frames for sun-
glasses, and even in space suits designed for use
on Mars. The premier automotive use of mag-
nesium is in the form of transmission casings;
because these components are necessarily large
structures, the weight savings realized with
magnesium are substantial (20 to 25% over alu-
minum). Military uses for magnesium are
extensive and include radar equipment, portable
ground equipment, decoy flare ordnance, heli-
copter transmission and rotor housings, and in
torpedoes.

In the past 20 years, numerous efforts have
been made toward improving the corrosion
properties of magnesium and magnesium alloys
to make them more suitable for use in structural
designs. In fact, the corrosion rate of newer
magnesium alloys is similar to that of mild steel
when used in suitable applications and ade-
quately insulated from more noble metals
(Ref 1). Coatings, control of impurities, alloying
additions, inhibitors, and careful attention to
design details (to address galvanic corrosion
issues) are the primary ways in which the cor-
rosion of magnesium and magnesium alloys are
addressed.

Impurities, in particular, exacerbate corrosion
by increasing the rate of hydrogen evolution. The
tolerance limits for impurities such as iron,
nickel, and copper in magnesium were quantified
(Ref 1), as was the importance of manganese in
mitigating these effects (Ref 2). Corrosion of

magnesium can be reduced by the mere elim-
ination of impurities, and improvements in cor-
rosion resistance of many of the newer
magnesium alloys are due to the careful control
of impurities.

The electrochemical thermodynamics of mag-
nesium can be visualized in the form of a
Pourbaix diagram. Figure 1 is the potential-pH
diagram of the magnesium-water system (Ref 3).
Magnesium is shown to dissolve over a wide
range of pH and potential. At high pH, the cor-
rosion product film of magnesium hydroxide
(brucite) that forms on the surface is only semi-
protective. The film is of low density due to the
platelike structure of magnesium hydroxide,
allowing for the ingress of electrolyte to the
metal underneath. In addition, the film undergoes
compressive rupture due to the higher molar
volume of magnesium hydroxide compared to
metallic magnesium, resulting in the constant
exposure of fresh metal (Ref 4). Thus, the region
of presumed passivity in the Pourbaix diagram
must be considered with skepticism.

The corrosion product film on magnesium
causes the lustrous metal to assume a dull gray
appearance when exposed to air. When observed
under a transmission electron microscope, this
film is shown to comprise of an outer layer and
at least one inner layer near the magnesium
metal/oxide interface (Ref 5–7). Native oxide
films were found to be 20 to 50 nm (0.8 to 2 min.)
thick, while films grown at 65% relative
humidity (RH) and 30 �C (85 �F) were 100 to
150 nm (4 to 6 min.) thick. Films grown in dis-
tilled water for 48 h consisted of an inner cellular
layer (0.4 to 0.6 mm, or 0.016 to 0.024 mil, thick)
and a platelike outer layer (1.8 to 2.2 mm, or
0.071 to 0.087 mil, thick). The inner layer is
assumed to be responsible for corrosion resis-
tance. Improvements in corrosion resistance
have been found to correlate with an increase in
the concentration of the alloying element or its
oxide in the passive film.

The measurement of magnesium corrosion by
electrochemical methods is complicated by the
negative difference effect. The negative differ-
ence effect is a unique and important aspect of
magnesium corrosion. The negative difference

effect is described by the observation that the rate
of the cathodic reaction (hydrogen evolution)
can increase even when the driving force for
reduction decreases (by application of an anodic
potential). In most cases, on application of
potentials anodic to the open-circuit potential,
the rate of the expected anodic reaction will
increase, while the rate of the expected cathodic
reaction would decrease. Four different theories
for the negative difference effect are commonly
described: the partially protective oxide theory,
the monovalent magnesium ion theory, the par-
ticle undermining model, and the magnesium
hydride model (Ref 1). Understanding the actual
mechanism may lead to corrosion prevention
methods in new magnesium alloys.

Galvanic corrosion plagues magnesium
alloys. The origin of the problem is the large
difference in potential between magnesium and
most alloys with which it is coupled. One can
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by Perrault. Source: Ref 3
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also attribute galvanic corrosion to the oxidation
of magnesium due to the occurrence of the sup-
porting cathodic reaction on another metal. Still
another way in which to view galvanic corrosion
of magnesium is the corrosion due to magnesium
being coupled with a metal that is more noble on
the galvanic series. The meaning and effect of
galvanic corrosion are the same regardless of the
definition used.

There is also considerable interest in the use of
magnesium alloys in metal-matrix composites
(MMCs). This is a strenuous application for
magnesium, considering the extreme galvanic
nobility of many composite materials, such as
graphite. In the case of AZ91 combined with
alumina fibers, the corrosion rate of the MMC is
7 times higher than that of the bulk alloy,
showing the paramount importance of galvanic
effects (Ref 8). The microstructural as well as
macroscopic effects of galvanic corrosion must
be carefully regarded.

Environmental Factors

The information in this section is based on the
behavior of unprotected metal. Improved resis-
tance is obtained by using proper protection
systems. The alloy composition also affects
corrosion behavior.

Atmospheres. A clean, unprotected magne-
sium alloy surface exposed to indoor or outdoor
atmospheres free from salt spray will develop a
gray film that partly protects the metal from
corrosion while causing only negligible losses in
mechanical properties. Chlorides, sulfates, and
foreign materials that hold moisture on the sur-
face can promote corrosion and pitting of some
alloys unless the metal is protected by properly
applied coatings.

The surface film that ordinarily forms on
magnesium alloys exposed to the atmosphere
gives limited protection from further attack.
Unprotected magnesium and magnesium alloy
parts are resistant to rural atmospheres and
moderately resistant to industrial and mild mar-
ine atmospheres, provided they do not contain
joints or recesses that entrap water and thus
promote the establishment of galvanic couples.
Compositions of the corrosion products that form
on magnesium vary from one location to another
and from indoor to outdoor exposure. X-ray
diffraction analysis of corrosion products
scraped from magnesium ingots after 18 months
of exposure in a rural atmosphere have shown
the presence of various hydrated carbo-
nates of magnesium, including MgCO3

.H2O,
MgCO3

.5H2O, and 3MgCO3Mg(OH)2
.3H2O. In

an industrial atmosphere, hydrated and basic
carbonates were found, together with magne-
sium sulfite (MgSO3

.6H2O) and magnesium
sulfate (MgSO4

.7H2O). These analyses, in addi-
tion to similar analyses after shorter periods of
exposure, indicate that the primary reaction in
corrosion of magnesium is the formation of
magnesium hydroxide, Mg(OH)2, followed by a
secondary reaction with carbonic acid to convert

the hydroxide to a hydrated carbonate. In atmo-
spheres contaminated with sulfur compounds,
sulfites or sulfates may also be present in the
corrosion product. The sulfates may be formed
by the reaction of acidic sulfur-bearing gases
with Mg(OH)2 or MgCO3.

Corrosion of magnesium alloys increases with
RH. At 9.5% RH, neither pure magnesium nor
any of its alloys exhibit evidence of surface
corrosion after 18 months. At 30% RH, only
minor corrosion may occur. At 80% RH, the
surface may exhibit considerable corrosion. In
marine atmospheres heavily loaded with salt
spray, magnesium alloys require protection for
prolonged survival.

Freshwater. In stagnant distilled water at
room temperature, magnesium alloys rapidly
form a protective film that prevents further cor-
rosion. Small amounts of dissolved salts in water,
particularly chlorides or heavy-metal salts, will
break down the protective film locally, which
usually results in pitting.

Dissolved oxygen plays no major role in the
corrosion of magnesium in either freshwater or
saline solutions. However, agitation or any other
means of destroying or preventing the formation
of a protective film leads to corrosion. When mag-
nesium is immersed in a small volume of stagnant
water, its corrosion rate is negligible. The magne-
sium ions that initially dissolve increase the pH of
the solution and cause the precipitation of insolu-
ble Mg(OH)2. When the water is constantly replen-
ished so that the solubility limit of Mg(OH)2 is
never reached, the corrosion rate may increase.

The corrosion of magnesium alloys by pure
water increases substantially with temperature.
At 100 �C (210 �F), the aluminum-zinc (AZ)
alloys typically corrode at 0.25 to 0.50 mm/yr
(10 to 20 mils/yr). Pure magnesium and alloy
ZK60A corrode excessively at 100 �C (212 �F),
with rates up to 25 mm/yr (1000 mils/yr).
At 150 �C (300 �F), all magnesium alloys cor-
rode excessively (Ref 9).

Salt Solutions. When exposed to magne-
sium-salt solutions, the corrosivities of chlorides
were greater than that of bromides, which was
greater than that of chlorates, as shown in Table 1.
The lower corrosion rates in the 2 M solutions
were attributed to concentration polarization.

Severe corrosion may occur in neutral solu-
tions of salts of heavy metals, such as copper,
iron, and nickel. Such corrosion occurs when the
heavy metal, the heavy-metal basic salts, or both
plate out to form active cathodes on the anodic
magnesium surface.

Chloride solutions are corrosive because
chlorides, even in small amounts, tend to break
down the protective film on magnesium. Fluorides
form insoluble magnesium fluoride and conse-
quently are not appreciably corrosive. Oxidizing
salts, especially those containing chlorine or sulfur
atoms, are more corrosive than nonoxidizing salts,
but chromates, vanadates, phosphates, and many
others promote film formation and thus retard
corrosion, except at elevated temperatures.

Acids and Alkalis. Magnesium is rapidly
attacked by all mineral acids except hydrofluoric
acid (HF) and chromic acid (H2CrO4). Hydro-
fluoric acid does not attack magnesium to an
appreciable extent, because it forms an insoluble,
protective magnesium fluoride film on the mag-
nesium; however, pitting develops at low acid
concentrations. With increasing temperature, the
rate of attack increases at the liquid line, but to a
negligible extent elsewhere.

Pure H2CrO4 attacks magnesium and its alloys
at a very low rate. However, traces of chloride
ion in the acid will markedly increase this rate.
A boiling solution of 20% H2CrO4 in water is
widely used to remove corrosion products from
magnesium alloys without attacking the base
metal. Magnesium resists dilute alkalis, and 10%
caustic solution is commonly used for cleaning at
temperatures up to the boiling point.

Organic Compounds. Aliphatic and aro-
matic hydrocarbons, ketones, ethers, glycols,
and higher alcohols are not corrosive to magne-
sium and its alloys. Ethanol causes slight attack,
but anhydrous methanol causes severe attack.
The rate of attack in the latter is reduced by
the presence of water. Gasoline-methanol fuel
blends in which the water content equals or ex-
ceeds approximately 0.25 wt% of the methanol
content do not attack magnesium (Ref 11).

Pure halogenated organic compounds do not
attack magnesium at ambient temperatures.
At elevated temperatures or if water is present,
such compounds may cause severe corrosion,
particularly those compounds having acidic
reaction products.

Dry fluorinated hydrocarbons, such as the
Freon (E.I. Du Pont de Nemours, Inc.) refriger-
ants, usually do not attack magnesium alloys at
room temperature, but when water is present,
they may stimulate significant attack. While
fluorinated hydrocarbons may react violently
with magnesium alloys at elevated temperatures,
newer processes involving fluoronated ketones
are being developed to protect molten magne-
sium from burning.

Table 1 Corrosion rates of magnesium and magnesium-aluminum alloys in various
magnesium-salt solutions

Alloy

1 M solution, mg/cm2/day 2 M solution, mg/cm2/day

Mg(ClO4)2 MgBr2 MgCl2 Mg(ClO4)2 MgBr2 MgCl2

AZ31 9.2 142 289 4.2 117 264
AZ61 27 153 311 6.4 127 272
Mg 258 289 473 128 225 384

Specimens were immersed in the solutions for 5 h and the weight loss measured. Source: Ref 10
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In acidic foodstuffs, such as fruit juices and
carbonated beverages, attack of magnesium is
slow but measurable. Milk causes attack, parti-
cularly when souring.

At room temperature, ethylene glycol solu-
tions produce negligible corrosion of magnesium
that is used alone or galvanically connected
to steel; at elevated temperatures, such as
115 �C (240 �F), the rate increases, and cor-
rosion occurs unless proper inhibitors are added.
Measures should be taken to control the galvanic
corrosion.

Gases. Dry chlorine, iodine, bromine, and
fluorine cause little or no corrosion of magne-
sium at room or slightly elevated temperature.
Even when it contains 0.02% H2O, dry bromine
causes no more attack at its boiling temperature
(58 �C, or 136 �F) than at room temperature. The
presence of a small amount of water causes
pronounced attack by chlorine, some attack by
iodine and bromine, and negligible attack by
fluorine. Wet chlorine, iodine, or bromine below
the dewpoint of any aqueous phase causes severe
attack of magnesium. Water vapor in air or in
oxygen sharply increases the rates of oxidation
of magnesium and its alloys above 100 �C
(212 �F), but boron trifluoride (BF3), SO2, and
SF6 are effective in reducing oxidation rates. The
presence of BF3 or SF6 in the ambient atmo-
sphere is particularly effective in suppressing
high-temperature oxidation up to and including
the temperature at which the alloy normally
ignites.

The oxidation rate of magnesium in oxygen
increases with temperature. At elevated tem-
perature (approaching melting), the oxidation
rate is a linear function of time. Cerium, lan-
thanum, calcium, and beryllium in the metal
reduce the oxidation rate below that of pure
magnesium. Beryllium additions have the most
striking effects, protecting some alloys at tem-
peratures up to the melting point over extended
periods of time. Structural applications of mag-
nesium alloys at elevated temperature are usually
limited by creep strength rather than by oxida-
tion.

Soils. Except when used as galvanic anodes,
magnesium alloys have good corrosion resis-
tance in clay or nonsaline sandy soils but have
poor resistance in saline sandy soils.

Corrosion in Real and
Simulated Environments

Structural applications of magnesium alloys
usually involve environmental conditions rang-
ing from indoor atmospheres (computer disk
drive components and notebook computer
housings) to intermittent salt splash (automotive
clutch housings). Allowable corrosion in these
applications may range from zero for disk drive
parts or critical military and aerospace compo-
nents to substantial for some automotive cast-
ings, provided there is no interference with
function for a specified period. Magnesium
alloys of controlled high purity have demon-
strated the capability of withstanding these
environments in properly designed assemblies.
Designers, however, must have advance infor-
mation about the type and magnitude of corro-
sion that can occur under particular service
conditions.

The best sources of such information would be
previous service experience or long-term data
from tests in the actual environment. When these
are lacking, accelerated corrosion tests, such as
alternate (intermittent) immersion in saltwater or
salt spray, are often used to compare the corro-
sion resistance of magnesium alloys to each
other and to other metals. In addition, such tests
are used to examine the relative merits of pro-
tective chemical treatments and coatings and the
galvanic compatibilities of dissimilar metals
with magnesium. The ASTM B 117 salt spray
test (Ref 12) in particular is widely used and is
firmly established as an acceptance test in many
specifications. Magnesium is also subjected to
various saltwater-based accelerated corrosion
tests developed for special purposes. An impor-
tant example is the proving ground cycle tests
used by automobile manufacturers. Correlation
has been established between proving ground
cycle performance and vehicle corrosion in long-
term service.

Corrosion Testing. Weight-loss and pene-
tration measurements are the most common
ways of assessing the corrosion resistance of
magnesium and magnesium alloys. However,
electrochemical techniques, such as polarization
methods or electrochemical impedance spec-
troscopy, are often used to supplement weight-
loss measurements and to evaluate corrosion
mechanisms.

Potentiodynamic polarization curves for
magnesium in 0.5 M sodium sulfate solutions
having different values of pH are shown in Fig. 2.
The anodic polarization shows active dissolution
of magnesium over the entire pH range test, and
the effect of pH seems minor over this range.
Electrochemical impedance data for cast pure
magnesium (99.98% purity) in sodium borate
having a pH of 9.2 are presented in Fig. 3, which
shows a single capacitance semicircle, indicative
that the only process occurring is charge transfer.

For most metal systems, there is usually good
quantitative agreement between weight-loss and
electrochemical measurements. However, for
magnesium metal, especially pure magnesium,
this does not seem to be true. Figure 4 gives a
comparison of corrosion rates of alloys in pH 9.2
sodium borate determined from electrochemical
and gravimetric techniques. For pure magne-
sium, the weight-loss values are roughly an order
of magnitude higher than predicted by electro-
chemical techniques. This is a result of the
negative difference effect, which is the phe-
nomenon described by the increase of hydrogen
evolution upon anodic polarization. The hydro-
gen evolution reaction consumes the electrons
generated by the corrosion of magnesium,
resulting in a corrosion rate measurement that is
lower that the actual corrosion rate.

Figure 5 shows the effect of current density on
the negative difference for anodic dissolution of
magnesium in sulfuric acid obtained by hydro-
gen-evolution rate. When there is no negative
difference effect, the voltage is proportional to
6.97 I, where I is the current input. The devi-
ation from linearity becomes more pronounced
with increasing current density and decreasing
acid concentration. The reasons for this effect
have been extensively discussed in the literature
(Ref 16) and explained as:

� Formation of metastable monovalent magne-
sium ions

� Loss of metal by disintegration (chunk effect)
� Damage to protective film, exposing active

metal
� Formation of magnesium hydride

Specific Effects of Chloride Environments.
Salt-based accelerated tests can provide useful
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information on the performance of magnesium
alloys and assemblies, both bare and coated, in
saline environments. The results of such tests
must be interpreted with care, however, and no
attempt should be made to relate them to the
behavior of magnesium in rural, urban, or
industrial atmospheres in which chloride is not
the controlling constituent of the environment.

The corrosion of magnesium alloys in saline
solutions is governed by the concentration and
distribution of the critical impurities of nickel,
iron, and copper, whose presence in precipitated
alloy phases creates active cathodic sites of low
hydrogen overvoltage. The chloride ion further
stimulates corrosion through its interference
with protective-film formation and through the
high solubility and acidic nature of magnesium
chloride that accumulates at local anodic sites.
The high conductivity of the chloride electrolyte
also promotes the flow of corrosion current.
If an adverse galvanic couple is introduced

(by attaching a steel bolt to the magnesium, for
example) and if the junction is bridged by salt-
water, corrosion of magnesium is greatly accel-
erated, and alloy purity provides no defense. In a
salt spray test, galvanic corrosion of magnesium
in such an assembly would be excessive com-
pared to that which would occur in a marine
atmosphere or even under road salt splash con-
ditions.

Corrosion Rates in Salt Spray, Salt-Immer-
sion, and Natural Marine Environments. The
marine atmosphere corrosion rate of magne-
sium-aluminum alloys is much smaller than the
salt spray rate, but both rates are affected by the
impurity content. Figures 6(a) and (b) show
the effects of nickel, iron, and copper content
on the corrosion of controlled-purity AZ91 die-
casting alloy in a 10 day salt spray (5% NaCl,
ASTM B 117) test and in a 2 year atmospheric
exposure on the Texas Gulf Coast, respectively.
Although the salt spray corrosion scale is 200
times larger than the marine atmospheric corro-
sion scale, some parallels can be drawn:

� Breakpoints relative to nickel and copper
contamination are the same in both exposures
(50 and 550 ppm, respectively).

� AZ91 corrosion remains low in both expo-
sures over the iron contamination range stu-
died (0.31% Mn alloy), confirming that the
critical iron/manganese ratio (0.032 for this
alloy) was not significantly exceeded.

� High-purity AZ91 alloy is shown in both ex-
posures to have lower overall corrosion rates
than carbon steel or die-cast aluminum 380.

Average corrosion rates found for three
unprotected magnesium alloys in salt spray (20%
NaCl), tidal-immersion, and marine atmospheres
are presented in Fig. 7. The principal alloy and
impurity constituents of the specimens tested are
shown in Table 2.

The marine atmosphere and tidal-immersion
exposures were conducted at the Naval Air Sta-
tion, Norfolk, VA. The atmospheric panels were
suspended directly over the water, 3 m (10 ft)
above mean tide level, at an angle of 45� from the

horizontal and facing east-southeast. The tidal-
immersion panels were mounted vertically so
that they were totally immersed in the water at
high tide and totally exposed to atmosphere at
low tide.

The salt spray and tidal-immersion results are
in good agreement in rating the three alloys in
order of actual corrosion rates. The atmospheric
panels, even though directly above the water,
sustained only a small fraction of the corrosion
damage seen in the salt spray and tidal tests.

Good correlation in the ranking of the alumi-
num-zinc alloys between the salt spray cabinet
test results and the immersion results is shown in
Fig. 7, but this is often not the case with salt spray
cabinet testing.

Caution should be exercised when comparing
the relative performance of magnesium alloys of
different families, for example, QE22 and ZE41,
or when comparing magnesium with other
metals. Figure 8 shows average corrosion rates
over various exposure times for a standard alloy
and a high-purity die-cast alloy in salt spray and
in 5% NaCl continuous immersion.

There are also interactive effects of casting
method and temper on corrosion rates obtained
in salt-immersion tests. Table 3 shows the cor-
rosion rate of gravity-cast AZ91 in 5 wt% NaCl
solution. The alloy exhibits the highest corrosion
resistance in the T6 condition, whereas treatment
to the T4 temper leads to the largest weight loss.
The mold temperature during casting, which
affects the cooling rate, does not appear to have a
significant influence on the corrosion rate.

Table 4 presents the pit-initiation results for
cast magnesium-aluminum alloys in salt solu-
tion. The tolerance limit for Cl� falls in the range
of 2 · 10�3 to 2 · 10�2 M NaCl. Pure unalloyed
magnesium shows exfoliation, in which indivi-
dual grains were preferentially attacked along
certain crystallographic planes.

Marine atmospheres also produce pitting
corrosion in addition to general atmospheric
corrosion. The fine pitting, which is commonly
seen on exposure to marine atmosphere at the
24 m (80 ft) Kure Beach site, had little effect on
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the strength, but it did reduce the ductility
(Fig. 9).

Influence of Galvanic Couples in Salt Spray
and Marine Atmospheres. The combination of
salt spray and dissimilar metals coupled to
magnesium represents an extreme in accelerated
corrosion testing. The disparity between such a
test and a marine atmosphere exposure is illu-
strated in Fig. 10 and in Table 5. Figure 10 shows
magnesium die-cast plates that were assembled
with steel cap screws and nuts and exposed to salt
spray (5% NaCl) for 10 days. Table 5 lists losses
of tensile strength of AZ31B-H24 sheet with an
original thickness of 4.8 mm (0.188 in.), cou-
pled with various dissimilar-metal cleats and
exposed for 13 months at Kure Beach, NC, at
24.4 m (80 ft) from the mean-tide point. Com-
parative data are shown for a rural and an urban-
industrial test site. Saltwater immersion of steel/
magnesium couples will produce nearly com-
plete perforation failure of 4.8 mm (0.188 in.)
magnesium panels in 10 days. However, it
should be noted that the panels retained 88% of
their tensile strength after 13 months.

Corrosion in Rural, Urban, and Industrial
Atmospheres. In contrast to wet-chloride
exposure, a rural atmosphere would probably
cause negligible corrosion damage to the mag-
nesium assembly referred to earlier. Some cor-
rosion, still minor compared to that caused by
saltwater, will occur in atmospheres containing
significant acidic gas pollution, principally SO2.
These gases convert the insoluble hydroxide-
carbonate films that form naturally on magne-
sium alloys into soluble bicarbonates, sulfites,

and sulfates that can be washed away by rain.
This increases the rate of weathering and can
provide conductive electrolytic paths, allowing
some galvanic corrosion to occur.

To simulate atmospheric exposure where
chloride does not exert a controlling influence,
various humidity tests have been used or pro-
posed. Water fog and water-immersion tests are
also used, primarily to evaluate the adhesion and
blister resistance of organic coatings. Table 6
lists some simulated environmental tests and
their intended purposes.

Magnesium-aluminum alloys, like most other
metals, form protective films when exposed to
the atmosphere. If CO2 is present (in industrial
atmospheres), the film is a mixture of hydro-
talcite, MgCO3

.5Mg(OH)2
.2Al(OH)3

.4H2O,
and hydromagnesite, 3MgCO3

.Mg(OH)2
.3H2O.

Due to hydrotalcite film formation, the magne-
sium-aluminum alloys are more tarnish resistant
than other magnesium alloys when exposed to
the atmosphere. Wrought magnesium-aluminum
alloys show slightly higher corrosion rates than
cast magnesium-aluminum alloys because the
aluminum levels are usually lower than cast
alloys (3 to 8% instead of 6 to 9%), and the purity
of the alloys is often lower. In addition, wrought

alloys are less isotropic, which may contribute to
the higher corrosion rate.

Listed in Table 7 are the average corrosion
rates reported for several magnesium alloys after
2.5 to 3 years of exposure at three different
atmospheric test sites: a rural site (Midland, MI),
an industrial site (Madison, IL), and a severe
marine site (Kure Beach, NC). It can be seen that
the alloy purity level (iron content) and the type
of atmosphere affect the corrosion rate. The
difference in corrosion rate between sheet and
extrusions, however, was found to be negligible.
Alloys not containing aluminum corroded at a
somewhat higher rate than those of the AZ type;
the ratios were approximately 2 to 1 in rural, 1.65
to 1 in industrial, and 1.25 to 1 in marine-rural
exposure. Table 8 shows the composition of the
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Table 2 Principal alloy and impurity constituents in selected magnesium alloys

Alloy and temper UNS No. Form

Content, %

Al Zn Mn Si Ni Fe Cu Fe/Mn

AZ31B-H24 M11311 Sheet 2.6 1.0 0.51 0.0017 0.0005 0.0007 0.0019 0.0014
AZ63A-F M11630 Sand cast 5.8 2.9 0.25 50.05 50.001 0.005 0.015 0.020
AZ91C-F M11914 Sand cast 8.8 0.68 0.22 50.05 50.01 0.006 0.013 0.027
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Fig. 8 Corrosion rates of die-cast magnesium in 5%
NaCl salt spray and continuous-immersion

exposures. Source: Ref 18

Table 3 Corrosion rate of gravity-cast AZ91
immersed in 5 wt% NaCl solution for 3 days

Temper

Mold temperature
Corrosion rate,

mg/cm2/day�C �F

F 400 750 1.1+0.2
350 660 1.4+0.1
250 480 2.0+0.6

T4 400 750 3.6+1
350 660 1.8+0.3
250 480 2.7+0.1

T6 400 750 0.5+0.1
350 660 0.4+0.1
250 480 0.4+0.1

Source: Ref 19

Table 4 Pit-initiation results for wrought
and cast magnesium alloys immersed in salt
solutions for 24 h at room temperature

Alloy

Percentage of five coupons showing
pitting in 0.1 M NaOH+

0.005 M
NaCl

0.01 M
NaCl

0.02 M
NaCl

Wrought

Magnesium A8 100(ex) . . . . . .
MA 0 100 . . .
M1 0 100 . . .
AZ31 0 0 100
AZ61 0 0 100
AZ91 0 0 100

Cast

AM60B cold chamber 100 . . . . . .
AM50 high purity 100 . . . . . .
WE43 100 . . . . . .
ZE41 100 . . . . . .
ZE41A 100 . . . . . .
A3A 100 . . . . . .
EZ33 80 100 . . .
AZ92 40(ex) 60(ex) 100(ex)
AZ92A 40 100 . . .
AZ31 0 40 100
AZ91E 0 60 100
AZ91D hot chamber 0 80 100
AZ91 0 80 100
AM20 high purity 0 80 100
QE22 0 0 100
QE22A 0 0 100
AZ91D cold chamber 0 0 100

Note: ex, exfoliation. Source: Ref 20
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corrosion products on AZ31B-O alloy after 4
years of exposure to various atmospheres. It is
deduced that aluminum ions concentrate in the
film during weathering as the magnesium ions
are leached away and form hydrotalcite on the
top surface.

The data in Table 7 also show that of the alloys
and forms tested, the combination having the
best corrosion resistance in all three environ-
ments is cast AZ91C-T6 (10 ppm Fe). The alloys
with the worst performance are ZE10A-O,
EZ33A-T5/ZH62A-T5, and ZH62A-T5 in the
rural, industrial, and marine exposures, respec-
tively. Based on the average corrosion rates for
all alloys at each of the rural, industrial, and
marine-rural sites, the relative severity of the
exposures is 1 to 2.1 to 1.7. Therefore, the indus-
trial, SO2-rich atmosphere is the most severe of
the three sites.

Effect of SO2 Pollution. Figure 11, prepared
from data of the National Research Council of

Canada, shows the effects of SO2 pollution on
the corrosion of ZK61A, AZ80A, and low-car-
bon steel. These effects may cause industrial
atmospheres to corrode magnesium at average
rates that are somewhat higher than those found
in marine atmospheres (Table 7). The marine
atmosphere poses a greater threat, however, for
two reasons:

� Greater sensitivity of the marine corrosion
rate to critical impurity content

� Greatly increased susceptibility to galvanic-
corrosion damage by incompatible coupling
of metals in a wet-chloride environment

These principles are demonstrated in Tables 5
and 9. Table 9 lists the corrosion rates of high-
and low-iron samplings of AZ31 sheet and
AZ91C-T6 castings at the three test sites repre-
sented in Table 7 plus a 20% NaCl salt spray test
for the AZ91 castings. Table 5 assesses the
relative galvanic damage to AZ31B-H24 caused

by various cleat metals in rural, industrial, and
marine exposures.

Indoor Atmospheres. Before the computer
age, the reaction of magnesium alloys with
indoor atmospheres was of concern primarily
from the standpoint of appearance, not function.
The widespread introduction of magnesium die
castings into the computer disk drive environ-
ment has imposed strict new standards of surface
stability on the metal because of the need to
maintain a clean, particle-free atmosphere at the
disk/head interface. The corrosion of magnesium
alloys in indoor atmospheres increases with RH.
At RHs up to approximately 80%, corrosion
is very minor, resulting in the formation of a
nearly invisible film of amorphous Mg(OH)2. As
humidity increases beyond this level, heavier
tarnish films develop, the principal corrosion
product now being crystalline Mg(OH)2. In die
castings, small traces of chloride residues from
cover or refining fluxes may serve as nuclei for
corrosion spots in humid air.
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Fig. 10 Galvanic corrosion of AZ91D caused by bare
steel fasteners during a 10 day exposure to 5%

NaCl salt spray. Source: Ref 18

Table 6 Accelerated or simulated environmental corrosion tests for magnesium alloys

Test condition Used to evaluate

Humidity tests

95% relative humidity, 38 �C (100 �F) Flux inclusions, indoor tarnishing, filiform corrosion
100% relative humidity, 38 �C (100 �F), condensing

(ASTM D 2247)
Paint adhesion and blistering, corrosion in rural

(uncontaminated) atmospheres
Polluted atmosphere (DIN-50018-1960), 100%

relative humidity, 40 �C (105 �F), Air+SO2+CO2 for
8 h, then 16 h in air at room temperature

Corrosion and coating performance in industrial atmospheres

Water tests

Water fog (ASTM D 1735), deionized water, 38 �C (100 �F) Paint adhesion and blistering (roughly equivalent to
condensing humidity)

Water immersion (ASTM D 870), deionized water,
38 �C (100 �F)

Paint adhesion and blistering (severe test)

Salt tests

Salt spray (ASTM B 117), 5% NaCl, pH 6.5–7.2 Corrosion of magnesium alloys, impurity effects, surface
treatments and coatings on the same substrate alloy,
galvanic compatibilities of other materials with
magnesium. Valid for chloride environments, with careful
interpretation. A severe accelerated test

Salt immersion, 5% NaCl, 25 �C (75 �F), pH 10.5,
intermittent or continuous immersion with mild air
agitation

Same as salt spray

Copper-accelerated acetic acid salt spray
(ASTM B 368), 5% NaCl, 1 g CuCl2.2H2O per 3.8 L,
of solution, 49 �C (120 �F), pH 3.1–3.3

Plated coatings on magnesium

Salt spray-SO2, 5% NaCl+SO2, 35 �C (95 �F), pH 2.5–3.2.
Naval Air Development Center

Naval aircraft materials (simulates sea spray plus ship
stack gases)

Automotive proving ground test, repeated cycles of salt-mud
splash, partial drying, and high-humidity storage

Magnesium alloys, bare or coated, for exposed automobiles
and truck parts. Galvanic compatibilities. Simulates severe
road deicing salts exposure

Table 5 Severity of galvanic attack on AZ31B-H24 sheet versus coupled metal cleat
and exposure

Cleat metal

Relative loss of tensile strength(a)

Rural (State College, PA) Urban-industrial (Newark, NJ)
Marine (Kure Beach, NC, 24.4 m,

or 80 ft, site)

Aluminum alloy 5052 1.0 2.4 3.2
Aluminum alloy 7075 1.0 4.0 10.2
AISI type 304 stainless steel 1.8 6.8 18.0
Monel 2.2 8.8 21.4
Low-carbon steel 3.0 13.6 24.8
85-15 brass 3.6 14.2 30.4

(a) Aluminum alloy 5052 tested at State College, PA=1.00. Source: Ref 21
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The strict requirements of these applications
are being met by a combination of the following
factors:

� Constant efforts by alloy producers and die
casters to provide metal that is extremely low
in nonmetallic inclusions

� Use of selected conversion coatings and pro-
prietary protective coatings for supplemen-
tary surface stabilization

Accelerated tests involving cyclic humidity
and temperature variation provide useful infor-
mation for these applications, both on coating

performance and by detection of any nonmetallic
inclusions that may be present.

Localized Corrosion Mechanisms

The previous discussion was, for the most part,
about general or uniform corrosion where cor-
rosion rates can be determined and are mean-
ingful. Localized corrosion involves specific
factors that determine the severity of the degra-
dation.

Stress-Corrosion Cracking

Magnesium alloys containing more than a
threshold value of 0.15 to 2.5% Al are suscep-
tible to stress-corrosion cracking (SCC), and the
tendency increases with aluminum content
(reaching a maximum at approximately 6% Al)
(Ref 16).

Effects of Alloy and Condition. Com-
mercially pure magnesium is not susceptible to
SCC when loaded up to its yield strength in
atmospheric and most aqueous environments.
The only reports of SCC of commercially pure
magnesium have emanated from laboratory tests
in which specimens were immersed in very
severe corrosive solutions.

Aluminum-containing magnesium alloys
have the highest SCC susceptibility, with the
sensitivity generally increasing with increasing
aluminum content, as illustrated in Fig. 12. An
aluminum content above a threshold of 0.15 to
2.5% is reportedly required to induce SCC
behavior, with the effect peaking at approxi-
mately 6% Al. In contrast, a study of magne-
sium-aluminum die-casting alloys revealed no
significant increase in SCC susceptibility be-
tween 4 and 9% Al.

Zinc also induces SCC susceptibility in mag-
nesium alloys, so it is not surprising that the
aluminum- and zinc-bearing AZ alloys, which
are the most commonly used magnesium alloys,
have the greatest susceptibility to SCC. Alloys
with higher aluminum content, such as AZ61,
AZ80, and AZ91, can be very susceptible to SCC
in atmospheric and more severe environments.

Table 7 Corrosion rates of magnesium alloys during atmospheric exposure for 2.5 to 3 years

UNS No.(a) Alloy and temper

Rural Industrial Marine-rural

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

Sheet

M11311 AZ31B-H24 (10 ppm Fe) 0.013 0.52 0.025 1.0 0.017 0.69
M11312 AZ31C-O (70 ppm Fe)(b) 0.012 0.46 0.025 1.0 0.038 1.5
M13310 HK31A-H24 0.018 0.73 0.030 1.2 0.016 0.64
M13210 HM21A-T8 0.020 0.80 0.032 1.3 0.022 0.88
M16100 ZE10A-O 0.022 0.88 0.030 1.2 0.028 1.1

Extrusions

M11311 AZ31B-F 0.013 0.53 0.025 1.0 0.019 0.77
M13312 HM31A-F 0.018 0.70 0.035 1.4 0.020 0.80
M 16600 ZK60A-T5 0.017 0.66 0.032 1.3 0.025 1.0

Castings

M11630 AZ63A-T4 0.0086 0.34 0.022 0.88 0.019 0.76
M11914 AZ91C-T6 (350 ppm Fe)(b) 0.0043 0.17 0.015 0.62 0.022 0.88

AZ91C-T6 (10 ppm Fe) 0.0027 0.11 0.014 0.57 0.0064 0.25
M11920 AZ92A-T6 0.0094 0.37 0.020 0.80 0.025 1.0
M12330 EZ33A-T5 0.020 0.79 0.040 1.6 0.028 1.1
M13310 HK31A-T6 0.017 0.67 0.035 1.4 0.028 1.1
M13320 HZ32A-T5 0.015 0.61 0.038 1.5 0.028 1.1
M16620 ZH62A-T5 0.015 0.58 0.040 1.6 0.041 1.6
M16510 ZK51A-T5 0.014 0.57 0.035 1.4 0.025 1.0

Site average 0.014 0.56 0.030 1.2 0.024 1.0

(a) Possible UNS composition equivalent of the tested alloy is listed. In some cases, more than one UNS number is registered to an alloy designation.
(b) Iron content would exceed specification. Source: Ref 21

Table 8 Composition of corrosion product on AZ31B-O alloy after 4 years atmospheric
exposure

Exposure site

Corrosion rate
Panel

surface

% by x-ray diffraction

mm/yr mils/yr Hydromagnesite(a) Hydrotalcite(b) Chloride, % Sulfate, %

Kure Beach, NC, 24 m 0.014 0.57 Top 50 50 0.070 0.14
(80 ft) (marine-rural) Bottom 100 0 0.031 0.18

Kure Beach, NC, 244 m 0.012 0.50 Top 50 50 0.024 0.05
(800 ft) (marine-rural) Bottom 100 0 0.022 0.13

Midland, MI, (rural) 0.012 0.50 Top 50 50 0.006 0.36
Bottom 100 0 0.011 0.57

Midland, MI, (industrial) 0.023 0.92 Top 25 75 0.016 1.2
Bottom 75 25 0.010 4.5

Madison, WI, (industrial) 0.025 1.02 Top 25 75 0.016 1.0
Bottom 75 25 3.3

(a) 3MgCo3
.Mg(OH)2

.3H2O. (b) Mg6Al2(OH)16CO3
.4H2O

Table 9 Corrosion rates versus exposure and iron content for AZ31 sheet and AZ91 castings

Alloy(a) Iron, ppm

Exposure and average corrosion rates

Rural Industrial Marine 20% NaCl spray

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

(1)AZ31 70 0.012 0.5 0.025 1.0 0.038 1.5 . . . . . .
(2)AZ31 10 0.013 0.51 0.025 1.0 0.018 0.7 . . . . . .
Ratio of (1) to (2) 7 0.9 0.9 1.0 1.0 2.2 2.2 . . . . . .
(3)AZ91 350 0.0043 0.17 0.016 0.6 0.022 0.87 95 3740
(4)AZ91 10 0.0028 0.11 0.014 0.55 0.0064 0.25 0.71 27.9
Ratio of (3) to (4) 35 1.5 1.5 1.1 1.1 3.5 3.5 134 134

(a) (1) AZ31C sheet. (2) AZ31B-H24 sheet. (3) AZ91C-T6 cast plate (Fe/Mn=0.15). (4) AZ91C-T6 cast plate (Fe/Mn=0.007). Source: Ref 21
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For example, Fig. 13 and 14 show that AZ91
is quite susceptible to SCC in rural atmosphere,
and very susceptible when partially immersed
in distilled water, with fractures occurring at
stresses at least 50% of the yield strength. The
SCC fractures plotted in Fig. 14 generally
occurred at, or very close to, the tip of
the meniscus formed at the water-air interface.
Figure 15 shows the stress at fracture versus
strain rate in the slow-strain-rate SCC tests.
Fracture stress during these tests was a func-
tion of strain rate when it was below 0.01%/h,
indicating the effects of a rate-dependent
SCC interaction. The mechanism may be a
cathodically driven, film-rupture SCC process.
The effect of immersion in an electrolytic
solution (NaCl+Na2CrO4) is shown in Fig. 16.

In contrast to the magnesium alloys that
contain higher amounts of aluminum, lower-
aluminum AZ31 is generally more resistant.
However, it too can suffer SCC under certain
conditions (Fig. 17).

Magnesium-zinc alloys that are alloyed with
either zirconium or rare earths, but not with
aluminum, such as ZK60 and ZE10, have inter-
mediate SCC resistance (Fig. 18). SCC has not
been a serious problem in some applications.
However, SCC can still occur in atmospheric
environments at stresses as low as 50% of the
yield strength, although life is significantly
longer than for Mg-Al-Zn alloys.

Magnesium alloys that contain neither alu-
minum nor zinc are the most SCC resistant.
Magnesium-manganese alloys, such as M1, are
among the alloys with the highest resistance to
SCC, and they are generally considered to be
immune when loaded up to the yield strength in
normal environments. In fact, SCC of Mg-Mn
alloys has been reported only in tests involving
stresses higher than the yield strength and/or
exposure to very severe laboratory environments.
Alloy QE22 is also resistant to SCC, exhibiting
SCC thresholds at approximately 70 to 80% of
the yield strength in rural-atmosphere tests.

Magnesium-lithium alloys are of commercial
interest because of their higher stiffness and
lower density compared with other magnesium
alloys. Tests in humid air have resulted in SCC
failures of Mg-Li-Al alloys, but SCC did not
occur during testing of magnesium-lithium
alloys strengthened with zinc, silicon, and/or
silver instead of aluminum.

Iron is found in commercial magnesium alloys
in small, residual amounts and, although iron is
known to reduce general corrosion resistance, its
effect on SCC remains unclear. Early investiga-
tions indicated that iron was associated with
decreased SCC resistance in Mg-Al-Zn alloy.
Later studies, however, found that iron had
minimal or no effect.

The effects of other alloying elements have
had limited study. It has been reported that
additions of cadmium increase SCC suscept-
ibility, while cerium, tin, lead, copper, nickel,
and silicon have no effect. Other researchers,
however, have indicated that the addition of
cerium or tin to Mg-Al-Mn alloys somewhat
increases SCC susceptibility.
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Effects of Environment. Stress-corrosion
cracking of magnesium alloys can occur in many
environments. In general, the only solutions that
do not induce SCC are either those that are
nonactive to magnesium, such as dilute alkalies,
concentrated hydrofluoric acid, and chromic
acid, or those that are highly active, in which
general corrosion predominates.

Air Environments. Exposure to normal atmo-
spheric environments has been shown to
produce SCC in susceptible magnesium alloys;
such environments include rural, urban, indus-
trial, and coastal conditions. Tests of identical
materials at different sites—for example, sea-
coast versus rural and rural versus industrial—
have produced nearly identical results, indicating
that SCC severity is not necessarily associated
with the corrosion severity of the environment.

Rainfall, dew, and high humidity accelerate
SCC of magnesium alloys during atmospheric
exposure, with failures often occurring during
the drying period after a rain. Laboratory tests
have shown that SCC occurs in indoor air only
when the relative humidity exceeds 85 to 98%,
with additions of oxygen or carbon dioxide
slightly reducing this threshold.

Water Environments. Distilled water pro-
duces SCC in magnesium alloys during spraying
or full, partial, or intermittent immersion. Dis-
solved oxygen accelerates SCC, and deaeration
considerably retards or even prevents it. Rapid
SCC has also been observed during seawater
immersion.

Aqueous Solutions. The desire for an accel-
erated test to study SCC of magnesium alloys led
to the development of an aqueous NaCl+
K2CrO4 solution that produces very rapid cracking
and a ranking of alloy susceptibility that appears
to correlate with atmospheric tests. The aggres-
siveness of this solution is thought to result from
the partial passivation of the magnesium by the
chromate, which retards general corrosion but

allows, or even promotes, local attack by the
chloride. This electrolyte has remained very
popular in laboratory studies of magnesium
SCC, even though it has since been found to
correlate poorly with service experience. In fact,
no accelerated laboratory test has been devel-
oped that adequately predicts service life or the
relative susceptibility of different alloys.

The addition of nitrate ions or carbonate ions
to salt-chromate solutions inhibits SCC. This is
believed to be associated with the formation of a
stronger, more stable or more readily repaired
passive film.

Magnesium SCC is also produced in many
other dilute aqueous solutions, including (in
approximate decreasing severity): NaBr,
Na2SO4, NaCl, NaNO3, Na2CO3, NaC2H3O2,
NaF, and Na2HPO4. Accelerated SCC has also
been reported in dilute solutions of KF, KHF2,
HF, KCl, CsCl, NaI, KI, MgCO3, NaOH, and
H2SO4, HNO3, and HCl acids.

Although pH can affect the general corrosion
of magnesium alloys, a pH of between 1.05 and
11.5 has been found to have no effect on SCC
susceptibility in a salt solution. However, when
pH is greater than 12, magnesium alloys become
very resistant to SCC. The pH of salt-chromate
solutions has been reported to have an effect on
whether the SCC crack path is intergranular or
transgranular, although other studies have shown
the path to be independent of pH.

Cathodic polarization has been shown in
many studies to reduce, if not prevent, SCC of
magnesium alloys in salt-chromate and other
aqueous solutions. In a few cases, however,
cathodic polarization was found to accelerate
SCC.

Anodic polarization generally has been found
to increase the SCC susceptibility of magnesium
and magnesium alloys, although mixed behavior
has also been reported. In single-phase magne-
sium-aluminum alloys, it was shown that high

anodic potentials can produce a passive film that
prevents SCC in a salt-chromate solution. In a
multiphase alloy, however, the same conditions
do not produce a protective film, and the elec-
trochemical potential difference between the
Mg17Al12 phase and matrix solid solution can
promote pitting.

Service Failures. Despite the SCC sensitivity
shown by magnesium alloys in laboratory tests, it
has often been reported that service failures are
rare and normally result from excessive residual
stress produced during fabrication. In 1970,
however, failures of several forged AZ80 French
aircraft components were reported, apparently
resulting from excessive assembly and residual
stresses. Service failures of cast plus forged
South African magnesium aircraft wheels have
also been described. In addition, a comprehen-
sive review of more than 3000 unclassified
failure reports from aerospace companies, gov-
ernment agencies, and research laboratories in
the United States and five Western European
countries estimate that approximately 10 to 60
magnesium aerospace-component SCC service
failures occurred each year from 1960 to 1970.
Of this total, more than 70% involved either
cast alloy AZ91-T6 or wrought alloy AZ80-F,
both of which contain aluminum. In contrast,
magnesium alloys without aluminum do not, in
practice, have a stress-corrosion problem. The
broad class of alloys containing zirconium are
also sufficiently insensitive that SCC is not a
problem in practice.

The fastest growing segment of the structural
market for magnesium alloys is die castings,
principally for automotive applications. The
alloys involved contain from 2 to 9% Al, the
most common being AZ91D alloy. These are the
alloys that have been demonstrated in published
literature to be most susceptible to SCC. The risk
of SCC failure is of great concern in many of
these applications, which involve safety-related
components. Despite the variety of environ-
mental conditions to which these components
have been exposed, documented SCC failures
have been rare. This has been attributed to low
levels of actual applied stress, stresses due to
imposed deflections being relieved by yielding
and subsequent creep, and benign environmental
conditions (Ref 27).
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Under severe salt-spray test conditions in the
presence of a galvanic couple, a bracket fracture
suspected to be SCC was actually caused by
stress concentration at notches generated by
severe surface corrosion.

Corrosion Fatigue

Substantial reductions in fatigue strength are
shown in laboratory tests using sodium chloride
(NaCl) spray or drops. Such tests are useful for
comparing alloys, heat treatments, and protec-
tive coatings. Effective coatings, by excluding
the corrosive environment, provide the primary
defense against corrosion fatigue.

A fundamental study of the corrosion fatigue
of magnesium alloys is that of Speidel et al. on
high-strength magnesium alloy ZK60A (Ref
28, 29) (Fig. 19). All magnesium alloys behave
similarly with respect to environmentally
enhanced subcritical crack growth, according

to Speidel et al. They found that both stress-
corrosion and corrosion-fatigue cracks propa-
gate in a mixed transgranular-intergranular
mode. They measured the corrosion-fatigue
crack growth for all of the aqueous environments
shown in Fig. 19 and compared the corrosion
fatigue with stress-corrosion behavior. They
found that:

� Corrosion-fatigue-crack-growth rate is accel-
erated by the same environments as those that
accelerate stress-corrosion crack growth (i.e.,
sulfate and halide ions).

� The boundary between regions II and III in
sodium bromide (NaBr) solutions of the da/dn
versus DK curve is higher than the stress-
corrosion threshold (KISCC), which occurs at a
much lower stress intensity.

� There is a distinct boundary between
regions II and III for all the media given
in Fig. 19 (except dry argon). This boundary
occurs at about the same stress intensity
(~14 MPa

ffiffiffiffi

m
p

) as KISCC in distilled water.

Galvanic Corrosion

Insufficient attention to galvanic corrosion has
been one of the major obstacles to the growth of
structural applications of magnesium alloys.
Serious galvanic problems occur mainly in wet
saline environments for the reasons described
earlier. This form of localized corrosion is dis-
cussed in more detail.

As applied to uniform corrosion, outstanding
improvements in saltwater corrosion resistance
of magnesium alloys have been achieved by
reducing the internal corrosion currents through
strict limitations on the critical impurities of
nickel, iron, and copper, as well as on the iron-to-
manganese ratio.

Principles of Galvanic Corrosion. The
conditions necessary for galvanic corrosion to
occur are shown in Fig. 20. If only one of these
factors is eliminated, galvanic corrosion can be
prevented.

The basic principles of corrosion are funda-
mental to any design involving metals; the
degree to which they can be employed properly
determines the amount and the kind of finishing
protection required in a given environment.
These basic design principles are summarized
briefly in Table 10 in their order of importance.

Details of these measures are treated in the
section “Protection of Assemblies” in this article.
It is useful, however, to review the basic princi-
ples governing the galvanic corrosion of mag-
nesium and the relative compatibility of dis-
similar metals with magnesium.

Relative Compatibility with Other Metals.
All structural metals are cathodic to (more noble
than) magnesium. The degree to which the
corrosion of magnesium is accelerated under a
given set of exposure conditions depends partly
on the relative positions of the two metals in the
electromotive force series or galvanic series (if
available) but more importantly on how rapidly
the effective potential of the couple is reduced
by polarization as galvanic current flows.
The principal polarization mechanism in a
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Table 10 How to design corrosion out of magnesium structures

Procedure Method

Eliminate “sump” areas where trapped � Design them out in the first place by careful attention to
design of structure details.moisture is held in contact with metal.

� Provide properly located drain holes. Minimum hole size
approximately 3.2 mm (1/8 in.) to prevent plugging

Choose nonabsorbent, nonwicking � Determine water absorption qualities of materials to be used.
materials to contact magnesium. � Use epoxy and vinyl tapes and coatings, wax, or latex for

protective barriers.
� Avoid, if possible, use of wood, paper, cardboard, open-cell

foams, and sponge rubbers.
Protect all faying surfaces. � Use proper sealing materials (tapes, films, sealing

compounds) on all faying surfaces.
� Use primers.
� Lengthen continuous liquid path to reduce galvanic current.

Use compatible metals. � For magnesium-aluminum couples, 5000- and 6000-series
alloys are most compatible.

� For magnesium-steel couples, plate steel with zinc, 80%Sn-
20%Zn, tin, or cadmium.

Select proper finishing systems. � Choose chemical treatments, paints, plating on basis of
service requirements.

� Service-test system before setting up production run.
� Use past experience in similar applications as guide

to choice.
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magnesium couple in saltwater is the resistance
to the formation and liberation of hydrogen gas at
the cathode. Therefore, metals of low hydrogen
overvoltage, such as nickel, iron, and copper,
constitute efficient cathodes for magnesium and
cause severe galvanic corrosion. Metals that
combine active potentials with higher hydrogen
overvoltages, such as aluminum, zinc, cadmium,
and tin, are much less damaging, although not
fully compatible with magnesium.

Because galvanic corrosion requires a con-
tinuous liquid path on the surface to provide
electrolytic connection of the anode and the
cathode, this form of corrosion is most severe in
chloride splash, spray, and immersion condi-
tions. Note that galvanic corrosion can also be a
serious concern in chloride-bearing atmo-
spheres. Data were compiled in tests at Kure
Beach, NC, in which sheets of dissimilar metals

were fastened to panels of AZ31B and AZ61A.
The dissimilar metals were divided into five
groups based on observed gradations of galvanic
damage to magnesium. These ratings are sum-
marized in Table 11. Electrolyte conductivity
and composition play key roles in galvanic cor-
rosion. Table 12 shows corrosion rates for a Mg-
6%Al-3%Zn-0.2%Mn alloy coupled to a variety
of other metals (of equal area) in 3% NaCl
solution, Midland tap water, and distilled water
and illustrates the influence of environment on
galvanic corrosion. The galvanic corrosion of
magnesium is substantially reduced when cou-
pled to steel that has been coated with zinc,
cadmium, or tin. The compatibility of AZ91
magnesium alloy with several different fasteners
is presented in Fig. 21. The relative corrosion
rates were determined from weight loss in a 10
day salt spray test.

Effects of Anode and Cathode Areas. The
relative areas of the magnesium anode and the
dissimilar-metal cathode have an important
effect on the corrosion damage that occurs.
A large cathode coupled with a small area of
magnesium results in rapid penetration of the
magnesium, because the galvanic current density
at the small magnesium anode is very high, and
anodic polarization in chloride solutions is very
limited. This explains why painted magnesium
should not be coupled with an active cathodic
metal if the couple will be exposed to saline
environments. A small break in the coating at the
junction results in a high concentration of gal-
vanic current at that point, unmitigated by any
polarization. Unfavorable area effects can also
be seen in the behavior of some proprietary
coatings using aluminum or zinc powder. When
used as a coating on a steel bolt attached to
magnesium, the metallic pigment can present a
very large effective surface area, which may be
more detrimental than bare steel. Galvanic action
is further accelerated if the metallic pigment
contains such impurities as iron.

Effects of Minor Constituents on Com-
patibility of Aluminum with Magnesium.
Aluminum alloys containing small percentages

of copper (7000 and 2000 series and 380 die-
casting alloy) may cause serious galvanic cor-
rosion of magnesium in saline environments.
Very pure aluminum is quite compatible, acting
as a polarizable cathode; but when iron content
exceeds 200 ppm, cathodic activity becomes
significant (apparently because of the depolar-
izing effect of the intermetallic compound
FeAl3), and galvanic attack of magnesium
increases rapidly with increasing iron content.
The effect of iron is diminished by the presence
of magnesium in the alloy (Fig. 22). This agrees
with the relatively compatible behavior of alu-
minum alloys 5052, 5056, and 6061 shown in
Table 11.

Cathodic Corrosion of Aluminum. Assess-
ment of compatibility of aluminum alloys with
magnesium alloys is complicated by the fact that
aluminum can be attacked by the strong alkali
generated at the cathode when magnesium cor-
rodes sacrificially in static NaCl solutions. Such
attack destroys compatibility in alloys contain-
ing significant iron contamination, apparently
by exposing fresh, active sites with low over-
voltage. The aluminum alloys having substantial
magnesium content (5052 and 5056) are more
resistant to this effect, but not completely so. The
essential requirement for a fully compatible
aluminum alloy, as indicated in Fig. 22, would be
met by a 5052 alloy with a maximum of 200 ppm
Fe or a 5056 alloy with a maximum of 1000 ppm
Fe. Commercially produced 5052 alloy is per-
mitted by specification to have a maximum
(iron+silicon) content of 0.45% and may typi-
cally contain 0.3% Fe. In a severe exposure such
as 5% NaCl immersion, this iron content, com-
bined with the cathodic corrosion caused by the
current from the magnesium, can render the 5052
alloy incompatible with magnesium. In most
real situations, however, this extreme condition
would not exist, and a 5052 washer under the
head of a plated steel bolt in a magnesium
assembly would reduce galvanic attack of the
magnesium. For maximum effect of the washer,
the linear distance along the aluminum from the
bolt should be approximately 4.8 mm (3/16 in.).

Table 11 Relative effects of various
metals on galvanic corrosion of magnesium
alloys AZ31B and AZ61A exposed at the
24.4 and 244 m (80 and 800 ft) stations,
Kure Beach, NC

Group Alloys

1 (least effect) Aluminum alloy 5052
Aluminum alloy 5056
Aluminum alloy 6061

2 Aluminum alloy 6063
Alclad alloy 7075
Aluminum alloy 3003
Aluminum alloy 7075

3 Alclad alloy 2024
Aluminum alloy 2017
Aluminum alloy 2024
Zinc

4 Zinc-plated steel
Cadmium-plated steel

5 (greatest effect) Low-carbon steel
Stainless steel
Monel
Titanium
Lead
Copper
Brass

Electron conductor

Cathode
(protected

area)

Electrolyte (continuous liquid path)

Anode
(corroded

area)

3

4

1

2

Fig. 20 The corrosion circle. 1, electrolyte (contin-
uous liquid path, usually water in the form of

condensate, salt spray, etc.). 2, cause (cathode—the cause
of corrosion—the area through which electricity flows).
3, electron conductor (in a structure, usually a metal-to-
metal contact, e.g., rivets, bolts, spot welds, etc.). 4, effect
(anode—the surface or object that corrodes)

Table 12 Corrosion of Mg-6Al-3Zn-0.2Mn alloy galvanically connected to selected other
metals in various media

Galvanically
connected metal

Corrosion rate, mdd, at indicated separation distance

3% NaCl(a)

Midland tap water(b),
3.5 mm (0.14 in.)

Distilled water(c),
3.5 mm (0.14 in.)Close contact

3.5 mm
(0.14 in.)

20 mm
(0.8 in.)

100 mm
(3.9 in.)

Steel 23,400 25,500 8,300 3,900 300 18
Aluminum alloy 2024 12,800 25,700 6,800 3,200 90 6
Nickel 18,800 22,400 6,600 . . . 210 19
Aluminum alloy 1100 14,500 15,600 4,100 . . . 40 4
Copper 8,500 8,200 3,700 . . . 90 15
Brass 7,100 4,000 2,500 1,700 60 14
Aluminum alloy 5056 . . . 1,900 . . . . . . 10 3
Cadmium-plated steel 5,200 2,200 1,000 . . . 40 14
Zinc 6,200 1,300 900 700 30 8
Mg-1.5Mn . . . 50 . . . . . . 2 3
Mg-6Al-3Zn-0.2Mn . . . 200 . . . . . . 7 3

mdd, milligrams per square decimeter per day. Test parameters: Specimen size, 40 · 13 · 2 mm (1.5 · 0.5 · 0.08 in.); room temperature; relative
areas, 1:1 (mounted face-to-face); aeration, natural convection; surface preparation, Aloxite 150 ground; volume of testing solution, 100 mL; velocity,
quiescent. (a) Test duration, 3 h. (b) Test duration, 24 h. (c) Test duration, 4 days. Source: Ref 30
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Cathodic corrosion of aluminum is much less
severe in seawater than in NaCl solution, because
the buffering effect of magnesium ions reduces
the equilibrium pH from 10.5 to approximately
8.8 (Ref 32). The compatibility of aluminum
with magnesium is accordingly better in sea-
water and is less sensitive to iron content.

Cathodic Damage to Coatings. Hydrogen
evolution and strong alkalinity generated at the
cathode can damage or destroy organic coatings
applied to fasteners or other accessories coupled
to magnesium. Alkali-resistant resins are neces-
sary, but under severe conditions such as salt

spray or salt immersion, the coatings may be
simply blown off by hydrogen, starting at small
voids or pores. Because of its severity, the salt
spray test can lead to rejection of some fastener
coatings that may provide useful benefits in real
service environments. Salt spray cabinet tests
should not be relied on exclusively to evaluate
these coatings.

Compatibility of Plated Steel. Zinc, cad-
mium, or tin plating on steel all reduce galvanic
attack of magnesium substantially compared to
bare steel. This agrees with the more compatible
potentials and/or the higher hydrogen over-
voltages of the plated deposits. The relative merit
of the three electroplates is generally considered
to be (in decreasing order) tin, cadmium, zinc.
The salt spray cabinet test is biased against zinc
because zinc is rapidly removed from the steel
substrate in this test medium due to general
corrosion as well as cathodic attack when cou-
pled with magnesium. This does not occur in
many natural environments, and the failure of the
salt spray cabinet test to rate zinc and cadmium
plating properly in marine atmospheres is well
known (Fig. 23).

Protection of Assemblies

A dissimilar metal in contact with magnesium
will not by itself result in galvanic corrosion. For
corrosion to occur, both surfaces must also be
wetted by a common electrolyte. The degree to
which precautions against galvanic corrosion are
taken will depend on many factors, of which the
operating environment is of primary importance.

For indoor use, where condensation is not
likely, no protection is necessary. Even in some
sheltered outdoor environments, magnesium
components can give good service lives without
special precautions against galvanic attack,
provided other mitigating factors are present.
These may include design elimination of water
traps, good ventilation, component warmth, or
the presence of an oil film.

For continuous outdoor use, during which
magnesium assemblies may be wetted or sub-
jected to salt splash or spray, precautions against
galvanic attack must be taken. Although corro-
sive attack from any source can jeopardize the
satisfactory performance of magnesium compo-
nents, attack resulting from galvanic corrosion is
probably the most detrimental. Under corrosive
conditions, use of high-purity magnesium alloys
will have no significant influence in reducing the
effects of galvanic corrosion.

Magnesium-to-Magnesium Assemblies.
For all practical purposes, galvanic corrosion
between magnesium alloys is negligible. How-
ever, because joining two magnesium compo-
nents almost invariably involves use of
dissimilar-metal fasteners and the formation of a
crevice at the joint, good assembly practice dic-
tates that in corrosive conditions some precau-
tions should be taken (Fig. 24). Magnesium
faying or mating surfaces should be assembled
using wet assembly techniques. Chromate-
inhibited primers or sealing compounds are
placed between the surfaces at the time of
assembly. Sealing/jointing compounds of the
polymerizing or nonpolymerizing type are pre-
ferred because they remain flexible and resist
cracking. Polymerizing-type compounds are
also used for caulking operations. In bolted
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Fig. 21 Galvanic corrosion produced by dissimilar
fasteners in AZ91D magnesium alloy. Repro-

duced from Ref 31 with permission of the International
Magnesium Association, McLean, VA
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assemblies, the retorquing of bolts shortly after
assembly will help eliminate any joint relaxation
problems. For additional protection, mating
surfaces should be primed before assembly and
painted after assembly.

Magnesium-to-Nonmetallic Assemblies.
Although the joining of most nonmetallic mate-
rials, such as plastics and ceramics, to magne-
sium will not result in any potential corrosion
hazard, there are some notable exceptions.
Magnesium-to-wood assemblies present an

unusual problem because of the water absor-
bency of wood and the tendency of the assem-
blies to leach out natural acids. To protect
magnesium from attack, the wood should first
be sealed with paint or varnish, and the faying
surface of the magnesium treated as described
previously for magnesium-to-magnesium as-
semblies. The joining of magnesium to carbon-
fiber-reinforced plastics is another exception
that, in the presence of a common electrolyte,
could result in corrosion of the magnesium
unless similar assembly precautions are ob-
served.

Magnesium-to-Dissimilar-Metal Assem-
blies. Several techniques can be implemented
to minimize or eliminate galvanic corrosion or,
if breakdown occurs, to reduce its effect in
magnesium-to-dissimilar-metal couples. These
include:

� Elimination of the common electrolyte
� Reduction of the relative area of dissimilar

metal present
� Minimization of the potential difference of

the dissimilar metal
� Protection of the dissimilar metal and the

magnesium from the common electrolyte

Good design can play a vital role in reducing
the threat of galvanic corrosion (Fig. 25). Elim-
ination of a common electrolyte may be possible

by the provision of a simple drain hole or shield
to prevent liquid entrapment at the dissimilar-
metal junction. Alternatively, the location of
screws or bolts on raised bosses may also help
avoid common electrolyte contact, as would use
of nylon washers, spacers, or similar moisture-
impermeable gaskets. The use of studs in place of
bolts will reduce the area of dissimilar metal
exposed by up to 50%, provided the captive ends
of the studs are located in blind holes.

The degree of attack resulting from galvanic
corrosion is, among other things, proportional to
the potential difference between the metals
involved. Consequently, this should be reduced
to a minimum by careful materials selection or
the use of selected plating or coating of metals
brought into contact with magnesium.

As discussed previously, dissimilar metals
that are relatively compatible with magnesium
are the aluminum-magnesium (5xxx-series) or
aluminum-magnesium-silicon (6xxx-series) alu-
minum alloys, which should be used for washers,
shims, fasteners (rivets and special bolts), and
structural members, where possible. Other alu-
minum alloys, steels, titanium, copper, brass,
monel, and so on, will corrode magnesium when
coupled with it under corrosive conditions, and
protection is therefore required.

Figure 26 indicates the relative severity of
galvanic corrosion of die-cast AZ91D caused by

5052 aluminum washer

Cadmium-
plated bolt

Proper bolt location; water will drain off

Trapped water

Sealing
compound

Zinc/cadmium-plated
steel washers/bolts

Fill with sealing
 compound

Cadmium-
plated bolts
and washers

Improper bolt location; trapped
water can bridge the washer

(a)

(b)

(c)

(d)

Magnesium
flooring

No sealing
compound

Steel washer

Narrow gap
where water
can lodge

Fig. 25 Design considerations for reducing galvanic
corrosion. (a) Proper bolt location. (b) Poor

practice. (c) Good with no gap. (d) For use when direct
metal-to-metal contact is required for electrical reasons

Ion-vapor deposited 1100 aluminum (1000 ppm Fe)∗
Aluminum dust/inorganic binder/sealant∗
380 aluminum 380 (die-cast)
Zinc dust/inorganic binder/sealant∗
Nickel
Stainless steel
Carbon steel

Titanium
Brass
Lead
Zinc plate∗(†)
Cadmium plate∗(†)
Tin plate∗(†)
50 tin-50 lead∗(†)

80 tin-20 zinc plate + chromate∗
Zinc plate + chromate + silicate∗

6063 aluminum
∗ Commercial coating on steel fastener

† Chromate would improve compatibility
   of plating

6061 aluminum
5052 aluminum
5056 aluminum
High-purity aluminum
(10 ppm Fe)

None

No
galvanic
corrosion

Slight

Moderate

Severe

Very
severe

Galvanic corrosion

Fig. 26 Relative galvanic corrosion produced by dissimilar fasteners attached to AZ91D magnesium alloy (ASTM B
117 salt spray test). Source: Ref 34, 35
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coupling with various dissimilar metals in salt
spray (ASTM B 117). These ratings provide
useful guidelines for selection, but they are not
quantified because of the major influence of
design factors and the difference between actual
environmental conditions and the severe salt
spray test (Ref 16).

Aluminum, zinc, cadmium, and tin are used to
coat steel or brass components to reduce the
galvanic couple with magnesium. Reducing the
potential difference or plating using materials
with high hydrogen overvoltages will help
reduce galvanic corrosion under mildly corro-
sive environments but will have minimal effect
in severe environments; additional precautions
are required for corrosion protection.

Use of wet assembly techniques, as discussed
previously, will eliminate galvanic corrosion in
crevices. Caulking the metal junctions will
increase the electrical resistance of the galvanic
couple by lengthening the electrolytic path and
thus reduce the degree of attack should it occur
(Fig. 27). Vinyl tapes have also been used to
separate magnesium from dissimilar metals or a
common electrolyte and thus prevent galvanic
attack (Fig. 28). Finally, painting the magnesium
and, more important, the dissimilar metal after
assembly will effectively insulate the two
materials externally from any common electro-
lyte.

Fastener Selection. The design of bolted
connections and the selection of fastener mate-
rials are critical decisions of magnesium
assemblies exposed to saltwater. In rare instan-
ces, the problem can be completely avoided by
the use of nonmetallic fasteners or insulating
washers (Fig. 29). Where strength is adequate
and the possibility of seizure is not a concern,
fasteners made of compatible aluminum alloys
(5xxx or 6xxx series) can limit galvanic corro-
sion. In the great majority of situations,
mechanical requirements and cost factors dictate
the use of steel fasteners having plated or other
protective coatings. However, many proprietary
coatings based on zinc or aluminum powders in

organic or inorganic binders prove to be com-
pletely incompatible with magnesium in salt
exposure. Phosphate coatings on steel bolts do
not significantly reduce galvanic corrosion of
magnesium.

A recent study compared several commercial
fastener coatings with two types of heavy-duty
polymer encapsulation for ability to reduce gal-
vanic attack of die-cast AZ91D test plates in salt
spray (Fig. 30). The most effective coating was
nylon 11 electrostatically applied to the head
surfaces of a socket-head bolt to a thickness of
0.20 to 0.25 mm (8 to 10 mils). This coating has
performed satisfactorily on clamping bolts join-
ing two halves of die-cast-magnesium four-
wheel-drive transfer cases in light-truck appli-
cations. A high level of protection was also
demonstrated in this study by the molded plastic
caps and the nylon 11 coating to provide a

substantial barrier to the flow of galvanic current
through the electrolyte (Fig. 31).

In the category of electroplated coatings, zinc
is fundamentally the most compatible with
magnesium due to its position in the emf series
and its polarization characteristics. Zinc-plating
technology is highly developed, and zinc plating
is economical. Specialized plating processes
have been developed in which the zinc deposit
is chemically augmented or alloyed with tin,
nickel, or cobalt to improve the life of the coating
in salt spray environments, where unmodified
zinc tends to corrode rapidly. Four commercial
modified zinc-alloy plates were included in the
study (Fig. 32):

� Zinc plate+chromate+silicate (JS500)
� 80Sn-20Zn plate+chromate
� Zinc/7–13% Ni plate (Zincrolyte CLZ-Ni)

Caulking Caulking
Insert Insert

Magnesium

Preferable Sometimes necessary

Zinc/cadmium-
plated steel

Sealing
compound

Magnesium

Fig. 27 Examples of good practice for bushing instal-
lations

Aluminum
extrusionSalt water

Magnesium sheet

Unsatisfactory

Vinyl tape

Drain holeDrain hole

Vinyl tape

Satisfactory

Unsatisfactory

Cadmium-plated steel handle

Vinyl tape

Magnesium

Satisfactory

Vinyl tape

Drain hole

Fig. 28 Use of insulating tapes to avoid galvanic cor-
rosion

Magnesium grill

Steel hold

Steel nut

Nylon
washers

Fig. 29 Use of nylon washers to separate a magnesium
automobile grill from a steel hood and hold-

down screw and avoid galvanic corrosion

Plastic cap detail

Sealing rings

Socket-head bolts

Sealing lip

Sealing lip

Electrolyte film

Steel fastener

Mg

Hex-head bolts

Fig. 31 Use of molded plastic caps on socket-head
and hex-head bolts to avoid galvanic corro-

sion. Source: Ref 35
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spray. Source: Ref 35
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� Zinc/0.2–0.9% Co plate+supplements (Zin-
crolyte CLZ-Co)

The first two of these coatings reduced the
magnesium corrosion by more than 90%. Pre-
dictably, the zinc-nickel and zinc-cobalt alloy
deposits were much less effective, a consequence
of the adverse cathodic activity of nickel and
cobalt.

Also included in this study were steel bolts
commercially plated with a deposit of 50Sn-
50Pb. This coating reduced the galvanic attack of
magnesium by approximately 70%, despite the
fact that its open-circuit potential was approxi-
mately 100 mV more noble than that of steel.
Figure 32 illustrates the important principle that
it is the polarized potential that governs galvanic
corrosion rather than the position of the dissim-
ilar metal on the equilibrium emf series.

Washers. Properly selected and sized wash-
ers or spacers can contribute substantially to
control of galvanic corrosion at magnesium/
dissimilar-metal junctions. Insulating plastics
are effective where their limited mechanical
properties do not cause loss of clamping force.
Aluminum 5052 or other compatible aluminum
alloy is a preferred material for washers and
spacers. A 5052 aluminum washer interposed
between cast iron engine blocks and AZ91D
magnesium clutch housings has successfully
prevented galvanic attack of the magnesium
under conditions of road-salt splash.

Table 13 shows the effect of washer, washer
material, and surface treatment on salt spray
galvanic corrosion of high-pressure die-cast
AZ91B. The improved protection by zinc plating
of the fastener as compared to simple black

phosphate treatment is shown. The surface con-
dition of the magnesium alloy, from untreated
through chromating and anodizing, has little
effect on the galvanic corrosion behavior.

Washers and spacers are used to increase the
length of the electrolyte path that separates the
dissimilar metals. Effect of spacer thickness on
the galvanic corrosion (salt spray) of AZ91
coupled to cast iron disks through plastic spacers
is shown in Fig. 33. The galvanic effect caused
by contact with the cast iron disks disappears
when the plastic spacer thickness exceeds
4.5 mm (0.175 in.). Figure 34 shows the effect of
aluminum washer size on the galvanic corrosion
(salt spray) of AZ91D fastened with cadmium-
plated bolts. The galvanic effect due to the cad-
mium plate disappears when the excess diameter
plus the washer thickness reaches 3.8 to 5.1 mm
(0.150 to 0.200 in.) (approximately 3/16 in.). For
conservative design, the spatial separation pro-
vided by the washer or spacer should be at least
5 mm (200 mils).

It is important to note that even though the use
of 5052 aluminum washers decreases the galva-

nic effect of AZ91D connected by cadmium-,
tin-, or zinc-plated steel and bare steel in salt
spray conditions, a different behavior is observed
when immersed in salt solution. Table 14 shows
the effects of 5052 aluminum washers with pla-
ted steel bolts in salt spray and saltwater-
immersion tests. The results of 5 wt% NaCl
immersion tests indicate that the washer was
actually detrimental. It is reported that the inef-
fectiveness of the washers with plated bolts was
associated with a high rate of cathodic attack on
the aluminum compared to that which occurred
in salt spray. Similarly, severe corrosion of
AZ91D was observed (Table 15) in salt immer-
sion when coupled with other aluminum-alloy
contacts (5052, 1100, and 380), with proportio-
nately severe cathodic corrosion of the alumi-
num. Magnesium assemblies are not deliberately
subjected to saltwater immersion, but a situation
approaching this could occur with unfavorable
designs that allow accumulation of pools of
saltwater at dissimilar junctions.
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Table 13 Salt spray galvanic corrosion of pressure die-cast AZ91B effect of washer, washer
material, and surface treatment

Assembly(a) Corroded area around bolthead/washer Maximum penetration

Mg(b) Bolt finish Washer mm in. mm mils

A Black phosphate None 1030 41 2.3 92
B Black phosphate None 1030 41 2.8 112
A Zn-plate(c) None 250 10 1.7 68
A Zn-plate(c) Steel(c) 150 6 1.1 44
A Zn-plate(c) Al (6082) 40 1.6 0.6 24
B Zn-plate(c) None 330 13 1.6 64
B Zn-plate(c) Steel(c) 100 4 1.0 40
B Zn-plate(c) Al (6082) 20 0.8 1.3 52
C Zn-plate(c) None 320 12.6 2.1 84
C Zn-plate(c) Steel(c) 130 5 1.9 76
C Zn-plate(c) Al (6082) 20 0.8 0.7 28

(a) Magnesium alloys test panels with two M12 bolts (approx. 13 mm, or 0.5 in., diam) in each. (b) Treatment: A, none; B, yellow chromate; C, anodized
HAE 15–20 mm (0.6–0.8 mil). (c) 25.4 mm (1 mil) zinc plate with yellow chromate posttreatment
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Protective Coating Systems

Besides the previously mentioned metallic
coatings, several inorganic and organic systems
are available.

Inorganic Surface Treatments. A full range
of chemical and electrochemical cleaning and
surface pretreatments before application of paint
finishes is available for magnesium. Whichever
pretreatment is selected, it must be applied to a
clean metal surface. In the case of magnesium,
this implies the removal of oil, dirt, or grease,
and more important, a surface free of other

contaminants. Heavy-metal contamination aris-
ing from blasting, brushing, tumbling, lapping,
and other abrasive operations is particularly
detrimental, as is contamination from graphite-
containing die-forming lubricants. The use of
abrasive materials compatible with magne-
sium (high-purity alumina, silicon carbide, and
glass, for example) will help ensure that heavy-
metal pickup is kept to a minimum. Oil, dirt, and
grease are removed by conventional solvent
immersion or vapor-degreasing techniques using
chlorinated solvents. Alkali cleaning in high-pH
cleaners is also suitable. Oxides, die-forming
compounds, and other surface contaminants are
removed by a range of acid-pickling solutions.
Details are given in Table 16. In addition, an
electrochemical process known as fluoride an-
odizing will more effectively remove sand or
heavy-metal contamination. This process is also
applicable to finished work when dimensional
losses cannot be tolerated. The primary function
of dip or anodic coatings on magnesium is to
provide a suitable surface to promote the adhe-
sion of subsequent organic coatings. Conversion
coatings should not be regarded as protective
treatments in their own right unless they are to be
exposed only to noncorrosive environments.
Under these conditions, they will delay the onset

Table 14 Effects of 5052 aluminum alloy
washers with plated steel bolts in salt spray
and saltwater immersion tests

Fastener unit

Relative weight
losses of AZ91D

10 days
salt spray

16 h immersion
in 5% NaCl

Nylon 1.0 (0.28 g) 1.0 (0.07 g)
Cadmium plated,

5052 washer(a)
5.85 48.7

Tin plated, 5052
washer(a)

8.84 37.7

Zinc plated, 5052
washer(a)

15.82 39.9

Bare steel, 5052
washer(a)

6.81 326.0

Cadmium plated 14.0 26.7
Tin plated 11.8 17.6
Zinc plated 18.5 14.9
Bare steel 31.3 377.0

Bolt material

Washer benefit factor(b)

Salt spray 5% NaCl immersion

Zinc plated 1.17 (0.28) 0.37 (1.09)
Tin plated 1.33 (0.32) 0.47 (1.09)
Cadmium plated 2.39 (0.25) 0.55 (1.11)
Steel 4.60 (0.18) 1.16 (0.14)

(a) 11/4 in. outside diameter washer (d=317 mils). (b) (Magne-
sium corrosion without washer)/(Magnesium corrosion with washer).
Numbers in parentheses: weight loss of five 5052 washers. Source:
Ref 34

Table 15 Corrosion rates of magnesium and
aluminum in galvanic couples 24 h
immersion in 5% NaCl

Couple(a)

Average corrosion rate, mm/yr (mils/yr)

AZ91D Aluminum

AZ91D, high-purity
aluminum(b)

1.8 (71) 0.8 (31.5)

A91D, Al 5052 20.0 (788) 13.0 (512)
A91D, Al 1100 31.0 (1221) 59.0 (2325)
A91D, Al 380 73.0 (2876) 61.0 (2403)

(a) Exposed surface area 3 · 14 cm (1.2 · 5.5 in.) (both), 0.6 cm
(0.24 in.) space between them. (b) Less than 10 ppm Fe. Source:
Ref 34

Table 16 Some chemical cleaning treatments for magnesium alloys

Type Composition(a)

Operating conditions

CommentsTime, min

Temperature Typical metal removal

�C �F mm/surface in./surface

Nitric acid 50–100 mL, 70% HNO3, to
1 mL H2O

1/2–11/2 21–27 70–80 0.01–0.05 0.0004–0.002 General cleaning of rough castings,
forgings, etc.

Acetic-nitrate 200 mL glacial acetic acid, 50 g
NaNO3 (sodium nitrate), to
1 L H2O

1/2–1 21–27 70–80 0.012–0.025 0.0005–0.0009 Removal of mill scale and other surface
contamination from wrought
products

Chromic-nitrate 180 g CrO3, 30 g NaNO3, to 1 L
H2O

2–20 21–32 70–90 0.012–0.025 0.0005–0.0009 Removal of mill scale and graphite
lubricants from wrought or founded
products

Hydrofluoric-sulfuric 250 mL 60% HF, 31 mL 96%
H2SO4, to 1 L H2O

2–5 21–32 70–90 0.003 0.0001 Brightens die castings. Improves
response to chemical pretreatment

Chromic-nitric-
hydrofluoric

280 g CrO3, 8 mL 60% HF,
25 mL 70% HNO3, to 1 L
H2O

1/2–2 21–32 70–90 0.012–0.025 0.0005–0.0009 Removal of surface segregation from
die castings to leave a smut-free
surface. Improves response to
chemical treatment

Chromic acid 100–200 g CrO3, to 1 L H2O 1–15 90–100 195–212 Negligible Removal of oxides, corrosion product,
and conversion coatings. Negligible
metal removal, providing bath
uncontaminated by chlorides,
sulfates, etc. Use silver chromate
addition to control chloride
contamination.

Chromic-sulfuric 100 g CrO3, 10 mL 96%
H2SO4, to 1 L H2O

Swab until clean 21–32 70–90 Negligible Local removal of superficial corrosion
product

Nitric-sulfuric 80 mL 70% HNO3, 20 mL 96%
H2SO4, to 1 L H2O

10–15 s 21–32 70–90 0.05 0.002 Preliminary treatment for sand castings
to remove surface-contaminating
effects of blast cleaning

Nitric acid/hydrofluoric
acid treatment

(1) 50–100 mL, 70% HNO3, to
1 L H2O

Up to 2 min in (1), rinse,
then 15 min in (2)

21–27 70–80 0.05 0.002 Removal of heavy-metal contamination
from surface of rough castings.
Second-stage immersion removes
reprecipitated contaminants
remaining after first-stage cleaning.

(2) 100 mL 60% HF, to 1 L H2O

Fluoride, anodizing 150–250 g NH4F.HF
(ammonium bifluoride),
to 1 L H2O

ac anodize at 200 A/m2

(0.13 A/in.2) up to 120 V
30 85 max Negligible Supercleaning of heavy-metal-

contaminated surfaces. Fluoride film
formed requires removal in H2CrO4

before chemical pretreatment.

(a) Whenever water is specified, use deionized water
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of natural surface oxidation and may provide a
more visually attractive surface appearance.

Table 17 lists some of the treatments used
worldwide, together with brief application
details and uses. Some treatments are quick and
inexpensive to use but may not provide as good a
paint base as others. Consequently, their use
should be restricted to mildly corrosive envi-
ronments. Newer chromate-free approaches to
inhibiting corrosion are presented elsewhere in
this Volume.

Several hard-anodizing treatments are avail-
able for magnesium. They are No. 17 and HAE
treatments (Table 18) and newer anodic treat-
ments based on alkaline baths or plasma elec-
trolytic techniques such as Tagnite. Both may be

applied as thin (0.005 mm, or 0.0002 in.) or thick
(0.038 mm, or 0.0015 in.) coatings, with the
thicker treatments imparting wear and abrasion
resistance. These coatings are porous and pro-
vide excellent bases for subsequent painting.
However, particularly for the thicker films,
conventional painting may not completely seal
the anodic pores. Another anodized coating that
is purported to offer improved corrosion resis-
tance over the No. 17 and HAE treatments is the
Tagnite coating process, which is being applied
to magnesium castings for helicopter drive sys-
tem components (Ref 36). To prevent the risk of
subsurface lateral corrosion spread from a point
of damage, resin impregnation is used for max-
imum serviceability in aggressive corrosive

environments. Inorganic chemical posttreat-
ments are sometimes used to impregnate the
anodic film with corrosion inhibitors, but these
treatments can be detrimental to subsequently
applied organic coatings and are not as effective
as resin impregnation.

Organic Coatings. Adhesion and subsequent
corrosion protection to cleaned and pretreated
magnesium surfaces are enhanced by the use
of alkali-resistant paint systems. Paints based
on epoxy, epoxy ester, phenolic, polyurethane,
vinyl, acrylic, polyester, silicone, and epoxy
silicone systems are generally suitable. Those
based on linseed, soya or other oils, alkyds, or
nitrocellulose are best avoided unless applied for
decorative purposes only.

Table 17 Some chemical conversion coating treatments for magnesium alloys

Name Bath composition(a) Procedure Appearance Typical metal removal Comments

Chrome pickle
(acid chromate)

180 g Na2Cr2O7
.2H2O (sodium

dichromate), 187 mL 70%
HNO3, to 1 L H2O

1/2 to 2 min immersion at room
temperature; allow to drain for 5–30
s; rinse in cold water, then hot water
to aid drying

Golden yellow, often
with iridescence

Up to 0.015 mm
(0.0006 in.)

Applicable to all alloys and forms;
mainly applied to wrought and die
castings; good paint base

Modified chrome
pickle

15 g NaHF2 (sodium acid fluoride),
180 g Na2Cr2O7

.2H2O, 10 g
Al2(SO4)3

.14H2O (aluminum
sulfate), 125 mL 70% HNO3,
to 1 L H2O

1/2 to 2 min immersion at room
temperature; allow to drain for 5 s;
rinse in cold water, then hot water to
aid drying

Yellow-red iridescence
to gold

Up to 0.012 mm
(0.0005 in.)

Particularly suited to treatment of die
castings; prepickle in HF.H2SO4

mixture or hot alkaline clean; good
paint base

Galvanic
dichromate

(1) 50 g NH4F.HF (ammonium
bifluoride) (or sodium or potassium
bifluoride), to 1 L H2O

Immerse in activator for 5 min
and rinse

Dark brown to black Negligible Applicable to all alloys and forms;
matte black film useful for optical
applications; good paint base

(2) 30 g (NH4)2SO4 (ammonium
sulfate), 30 g Na2Cr2O7

.2H2O,
2.6 mL 0.880 NH4OH, to 1 L H2O

10 to 30 min immersion at 50–60 �C
(120–140 �F) with parts coupled to
low-carbon steel cathode; bath
pH 5.6–6.2

Dichromate (1) 50 g NH4F.HF, or 187 mL 60%
HF, to 1 L H2O

5 min immersion in activator at room
temperature, except for AZ31 alloy,
which should only be immersed for
1/2–1 min if HF activator is used;
rinse thoroughly

Brassy to dark brown Negligible Applicable to most alloys and all
forms; as-cast die-cast surfaces
should be prepickled to remove skin
segregation; excellent paint base

(2) 180 g Na2Cr2O7
.2H2O, 2.5 g

CaF2 or MgF2 (calcium or
magnesium fluoride), to 1 L H2O

Immersion for 30 min in boiling
solution (95 �C, or 205 �F, min);
maintain pH 4.0–5.5; rinse and dry

Chrome-
manganese

100 g Na2Cr2O7
.2H2O, 50 g

MnSO4
.5H2O (manganese sulfate),

50 g MgSO4
.7H2O (magnesium

sulfate), to 1 L H2O

Up to 2 h immersion at room
temperature, proportionately less at
higher temperatures, e.g. 10 min at
boiling; maintain pH 4.0–6.0; rinse
and dry

Dark brown to black Negligible Applicable to most alloys and all
forms; as-cast die-cast surfaces
should be prepickled to remove skin
segregation; excellent paint base

Dilute chromic
acid

10 g CrO3, 7.5 g CaSO4
.2H2O (calcium

sulfate), to 1 L H2O
Immerse or swab for 1–2 min; rinse

and hot air dry
Brassy to brown Negligible For touch-up use or as complete

treatment; moderate paint base;
solution should be stirred or shaken
vigorously before use

Iridite mag-coat 37.5 g proprietary Iridite 15 chromate
compound. 58.5 mL 37% HCl,
0.26 mL proprietary wetting agent, to
1 L H2O

Immerse or swab 15–30 s at 21–32 �C
(70–90 �F); maintain pH 0.2–0.6;
rinse thoroughly in cold water and
hot air dry

Brown to dark brown Slight, up to 0.003 mm
(0.0001 in.)

For touch-up use or as complete
treatment; as-cast surfaces should be
prepickled in H2CrO4

.HNO3
.HF to

remove skin segregation; good paint
base

Parker phosphate (1) Proprietary Parco Coater 2557 3 to 5 min immersion at 55–70 �C
(130–160 �F) followed by hot water
rinse, then immerse for 15–45 s in
hot supplementary treatment and hot
air dry

Gray to matte silver Negligible Paint base for mild environments only
when applied to high-purity alloys;
not recommended for corrosive
environments; nonchromate-
containing treatment

(2) Proprietary Parcolene “Dilute”
Amchem

phosphate
(1) Proprietary, Prep-n-Cote 978 1 to 5 min immersion or spray at 38 �C

(100 �F); water rinse; final rinse at
60 �C (140 �F) with Deoxylite

Light gray to beige Negligible Paint base for mild environments when
applied to high-purity alloys;
provides option of a chromium-free
treatment

(2) Deoxylite 41 (optional)
Dilute chromate;

NH35
2.5 g NaHF2, 2.5 g Na2Cr2O7

.2H2O,
3 g MgSO4

.7H2O, 32 mL 65%
HNO3, to 2 L H2O

Clean (alkaline bath/or solvent); water
rinse; NH35 treat 20–30 s; water
rinse and dry

Yellow to yellow-
brown low-pressure
castings; yellow-
brown to matte gray
on high-pressure die
castings

0.002 mm (0.00008 in.) A dilute chromate treatment developed
primarily for high-pressure die-cast
alloys; is near equivalent of standard
chromates in both shelf life and paint
base performance

(a) Whenever water is specified, use deionized water.
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Inhibiting pigments, such as strontium or zinc
chromates, are often incorporated into primer
systems for magnesium. These slightly soluble
compounds will release chromate ions to retard
subsequent corrosion should the paint film be
damaged. Chromate inhibitors are, however, not
as effective on magnesium as on aluminum
alloys, particularly under corrosive conditions.
Primers containing metallic zinc, lead, or any
other metallic pigmentation should not be used
on magnesium.

The full range of application techniques can be
used. These include brushing, dipping, solvent or
electrostatic powder spray, and electrophoretic
techniques. Multilayer compatible coatings of
primer, filler, and topcoat systems will provide
optimal protection in corrosive environments.
Use of high-temperature stoving (baking) sys-
tems is also beneficial in developing maximum
resistance to moisture permeability.

General Recommendations. Selection of a
suitable protective scheme depends on many
factors, especially the expected operational
environment, design life, inspection and main-
tenance costs, the component cost, and of course
the cost of original surface protection. For new
applications, it is advisable to err on the side of
overprotection until enough experience is gained
to enable a more valued judgment to be made.

For indoor and similar noncorrosive environ-
ments, surface protection requirements are
minimal and may range from none to simple
chromate or phosphate conversion coatings with
primer only or a decorative paint finish. Even
under apparently more corrosive conditions,
other mitigating factors, such as the use of high-
purity alloys, good ventilation, component
warmth, good design, and oil films, will enable
magnesium components to be used with little or
no protection.

For mildly or moderately corrosive environ-
ments, a chromate pretreatment followed by one
coat of suitable primer and one or more coats of

compatible finish should be applied. Under these
conditions, the effect of galvanic couples, if
present, should be considered, and some pre-
cautions taken, as previously outlined. It is
expected that most commercial applications
would be covered by this and the preceding
general recommendations. (See the section
“Industry-Proven Protection Systems” in this
article.)

For moderately to severely corrosive envir-
onments, good-quality chromate conversion
coatings or thin anodic pretreatments should be
used. Chromate-inhibited epoxy primer systems,
careful wet assembly procedures, and painting
after assembly with primer and topcoat are
recommended. Use of low-temperature baking
paints is beneficial for improving humidity
resistance (Fig. 35a).

For severely corrosive environments, for
which maximum chemical, salt spray, and
humidity resistance are required (Fig. 35b),
specialized paints and coating techniques are
used. Good-quality chromate or anodic pre-
treatments are required. Use of thick anodic
coatings will also impart a measure of abrasion
and damage resistance (Fig. 35c). Pretreatments
should then be sealed with high-temperature
baking organic resins. This is achieved by a
process known as Surface Sealing (MIL-M-3171
section 3.9.3, MIL-M-46080), in which three
coats of thinned resin are applied to a preheated
component by spraying or, preferably, by dip-
ping. Epoxy-resin systems are preferred (MIL-
C-46079), although the technique would be
beneficial for other high-temperature baking
resins, such as phenolics and epoxy silicones.

After this foundation treatment, full wet
assembly procedures, including caulking of
joints, should be performed before application of
a cold or low-temperature curing chromate-
inhibited primer and a compatible topcoat sys-
tem. For additional protection, a high-tempera-
ture baking paint system should be maintained

throughout. The previous recommendations are
necessarily very general in scope but represent
the various protection schemes in worldwide use
on magnesium.

Inhibitors

Uniform corrosion on pure magnesium has
been drastically reduced by exposure to chro-
mate (Ref 37) as well as dichromate, molybdate,
and nitrate-containing solutions (Ref 38). Fili-
form corrosion is instead initiated on these
alloys, suggesting formation of a protective
surface film. Reduced chromium ions have been
found in the uniform hydroxide layer but not in
the filament corrosion product (which is prob-
ably MgO). Adding soluble chromates, neutral
fluorides, or rare earth metal salts is effective in
reducing magnesium-base metal corrosion.
Inhibitors can even be incorporated into mag-
nesium as metallic alloying elements, whose
oxidation on gradual dissolution provides inhi-
biting effects.

Industry-Proven Protection Systems

Specific industries have developed systems for
protecting magnesium.

Aerospace Applications. Even within this
specialized area, many surface protection
schemes that reflect the differing operational
environments encountered are in use.

For military and helicopter applications, com-
prehensive protection schemes are required to
achieve extended component life and to reduce
maintenance costs. Such schemes, as recom-
mended for severely corrosive environments in
the previous section, are required, and indeed,
are mandatory in certain countries. Full wet
assembly procedures and the coating of all
exposed surfaces are essential. These schemes

Table 18 Details of two hard-anodizing treatments for magnesium alloys

Name Bath composition(a)

Anodizing conditions

Coating appearance CommentsTime, min

Temperature Coating buildup

�C �F mm in.

HAE 135–165 g KOH, 34 g 8 min at 200 A/m2 15–30 60–85 Light tan (thin) 0.005 0.0002 Applicable to all alloys and
Al(OH)3 (aluminum (0.13 A/in.2) for thin max (cooling forms. Thin coating provides
hydroxide), 34 g KF coating (70 V) required) excellent paint base. Thick
(potassium fluoride), 34 g coating provides excellent
Na3PO4 (trisodium 60 min at 250 A/m2 Dark brown (thick) 0.040 0.0016 wear resistance and, if sealed
phosphate), 20 g K2MnO4 (0.16 A/in.2) for thick with organic resins, provides
(potassium manganate), to coating (90 V) superior corrosion protection
1 L H2O (ac anodize) as well. Process has good

throwing power.
No. 17 240 g NH4F.HF, 100 g

Na2Cr2O7
.2H2O, 90 mL 85%

H3PO4, to 1 L H2O

5 min at 200 A/m2 (0.13 A/in.2)
for thin coating (70 V)

25 min at 200 A/m2 (0.13 A/in.2) for
thick coating (90 V) (ac anodize)

70–80 160–175 Light green (thin)

Dark green (thick)

0.006

0.030

0.0002

0.0012

Applicable to all alloys and
forms. Thin coating provides
excellent paint base. Thick
coating gives good wear
resistance and, if sealed with
organic resins, provides
superior corrosion protection.
Process has excellent throwing
power.

(a) Whenever water is specified, use deionized water.
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have given total protection for thousands of
hours in various accelerated testing programs
and will minimize corrosion spread.

For civil and other less aggressive aerospace
applications, the protection schemes outlined for
moderately corrosive environments are appli-
cable. Good-quality aerospace paint systems
should be used with wet assembly techniques.

Automotive Applications. The most notable
automotive use of magnesium has undoubtedly
been for the engine and transmission casings on
the original Volkswagen Beetle. For this appli-
cation, no protective treatment was required to
obtain long and reliable service life because of
the mitigating environmental factors previously
outlined. More modern automotive applications
include air cleaner covers, engine compart-
ment grills, retractable headlight assemblies,
clutch and brake pedal supports, and clutch and
transmission housings. One of the more recent
implementations of magnesium in the auto-
motive industry is the use of alloy AM50 for the
front-end support assembly for light-duty Ford
trucks. For some applications, no protection is
required. For others, where aesthetic appearance
or corrosion protection is needed, the protective
schemes outlined for mildly corrosive environ-
ments are suitable.

Cathodic electrophoretic epoxy primers
applied to chromic acid pickled or dichromate
pretreatments have proved effective, particularly

in conjunction with high-purity AZ91D die
castings. Electrostatic powder spray is used for
topcoating. Specially designed fasteners incor-
porating nylon or plastic washers, sleeves, shims,
and so on help reduce the risk of galvanic cor-
rosion on exposed parts.

Some evaluations (Ref 39, 40), however,
demonstrated that for structural underbody and
road wheel applications, in which frequent
exposure to water splash, stone impact damage,
and the absence of mitigating environmental
factors are problems, more comprehensive pro-
tection schemes may be required, together with
protection against galvanic corrosion. Where
applicable, use of underbody wax-type coatings
can provide additional protection. It is expected
that use of high-purity alloys will enable
designers to specify many more magnesium
automotive applications in the future.

Electronic and Computer Applications.
Die-cast, investment-cast, and wrought magne-
sium components are used by computer and
computer peripheral manufacturers for several
applications where lightweight, low inertia,
rigidity, and heat sink requirements preclude the
use of other metals or plastics. The noncorrosive
operational environment within the computer
eliminates the need for galvanic-corrosion pre-
cautions.

For exterior housings, decorative surface
treatments consisting of chromate pretreatment

followed by textured epoxy powder coatings
have proved satisfactory. Within disk drive units,
where minute dust or other particles could cause
disk or head failure, very thin (0.003 mm, or
0.0001 in.) specialized conformal coatings are
applied to protect against atmospheric oxidation.
Other similar commercial applications include
housing or support frames in portable video
equipment and a range of optical and medical
electronic equipment.

Other Applications. Some magnesium
applications may require surface protection
against wear and corrosion. The use of resin-
sealed hard-anodizing treatments, particularly
thick HAE treatments, will provide excellent
abrasion and corrosion resistance, but some
applications (e.g., pulley wheels) will them-
selves cause excessive wear on other compo-
nents. Under these conditions, dry-lubricant
coatings are required. Nylon coatings applied by
electrostatic powder or fluidized bed techniques
onto chromated and suitably primed magnesium
surfaces have proved effective for use in aircraft
pulley control systems. Thick nylon coatings
also offer good damage and erosion resistance.
Other systems, based on fluorocarbon (Teflon,
E.I. Du Pont de Nemours & Company, Inc.)
impregnation of anodic pretreatments or resin-
bonded solvent-based fluoropolymer coatings,
are also effective in providing combined corro-
sion resistance and lubricity.

For high-temperature (above 200 �C, or
390 �F) applications, silicone-, epoxy-silicone-,
and polyimide-based paints will provide effec-
tive corrosion-resistant coatings on magnesium.
In environments where lubricants may be pres-
ent, polyimide coatings are preferred, particu-
larly when applied onto No. 17 anodic
pretreatment.

There are a few applications in which mag-
nesium components may be subjected to pro-
longed immersion or contact with corrosive
electrolyte. In some systems, it may be possible
to add corrosion-inhibiting agents to the elec-
trolyte. Maintaining electrolyte pH above 10.5 or
adding soluble chromates or neutral fluorides is
effective in reducing magnesium-base metal
corrosion. In other applications, comprehensive
surface protection schemes and good main-
tenance are essential to achieve satisfactory
service life. One such example is an atmospheric
pressure deep-sea diving suit, the body and hel-
met of which are in magnesium alloy (Fig. 36).
Surface protection consists of a thick HAE an-
odic film that is surface sealed with high-tem-
perature stoving epoxy resin, full wet assembly
procedures, and final painting with primer and
topcoat. Coupled with good maintenance, this
protection scheme has given satisfactory service
between major overhaul intervals of 4 years.

Some special applications may require the
metal plating of a magnesium component. Zinc
and nickel can be directly plated onto magne-
sium from special electroless baths. Other metals
may be electroplated from standard plating baths
after surface cleaning, activation, zinc-immer-
sion coating, and a copper strike. It should be
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Fig. 35 Diagram of protection schemes for critical applications in corrosive environments. (a) For moderately cor-
rosive environments. (b) For severely corrosive environments. (c) For severely corrosive environments with

risk of abrasion or damage
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emphasized that metal plating of magnesium
is not a corrosion-protective coating and that
plated components should not be exposed to
severely corrosive environments. Plated mag-
nesium die castings are suitable, however, for
such applications as interior automotive door
handles and window cranks, where it is neces-
sary to combine weight reduction with strength
durability and good appearance.

Novel Magnesium Alloys with
Improved Corrosion Resistance

A number of methods are available for the
production of novel or nonequilibrium magne-
sium alloys with substantially improved corro-
sion resistance. Included in these methods are
new rheocasting processes (Ref 41), rapid so-
lidification (RS) processes (Ref 42–45), ion
implantation (Ref 46, 47), and vapor deposition
(Ref 48–50). These processing methods typically
enhance corrosion resistance by producing a
more homogeneous microstructure, by increas-
ing the solubility limits of alloying additions, or
by some combination of both. One specific result
of this is the reduction in the amount of corro-
sion-inducing second phases and precipitates.
Reviews of the corrosion resistance of rapidly
solidified magnesium alloys are available
(Ref 30, 42). The significant reductions in cor-
rosion rates that are possible as a result of RS
processing are illustrated in Fig. 37. The benefits
of nonequilibrium, rare earth alloying additions
on the corrosion resistance of magnesium are
further illustrated in Table 19 and Fig. 38 to 40
(Ref 48, 49).

Rapid Solidification. Quenching from the
melt, melt block spinning, and some powder
metallurgy techniques, for example, all qualify
as nonequilibrium RS techniques. These techni-
ques, among others, are aimed at extending the
limits of solid solution and/or refining the
microstructure, even to the extent of producing
an amorphous alloy.

Extension of solid solubility in magnesium
by RS has been accomplished with several

elements. In one study alone, solubility limits in
magnesium are extended for calcium, barium,
strontium, aluminum, zinc, germanium, anti-
mony, tellurium, cobalt, nickel, copper, yttrium,
palladium, silver, platinum, gold, lanthanum,
cerium, neodymium, samarium, europium, gado-
linium, and ytterbium (Ref 51). Rapid solidifi-
cation successfully extends the solid-solubility
limits for these elements (as well as others)
(Ref 4). For example, the maximum terminal
solid-solubility extension of yttrium in magne-
sium was 9.7 at.%, compared to only 3.5 at.% at
equilibrium.

Corrosion properties often benefit from
extended solid-solution concentration afforded
by RS. Gravimetric and hydrogen evolution
methods have determined the effect of ternary
neodymium, yttrium, nickel, copper, and silicon
additions on the dissolution rate of magnesium-
manganese; manganese decreased corrosion rate
to values 50.025 mm/yr (51 mil/yr) for Mg-
Mn-Nd, while nickel and copper in Mg-Mn-Ni
increased the corrosion rate (Ref 52). Nickel is
not unanimously detrimental, however. Magne-
sium-aluminum-nickel alloys prepared by the
rotation cylinder method showed noble corro-
sion potentials (�1.3 VSCE) and low corrosion
currents (30 mA/cm2) (Ref 53).

A thorough review of the thermodynamic,
kinetic, and microstructural bases of magnesium
corrosion is presented in Ref 54. It was found
that, in general, less-ordered surface films show
better performance (especially in terms of loca-
lized corrosion) due to “better inherent break-
down resistance, higher ductility, and faster
repassivation rates.” In amorphous alloys, addi-
tionally, there are no grain boundaries to act as
diffusion pathways to allow the ingress of oxy-
gen or adverse solution species. In a separate
publication (Ref 55), the authors specifically
studied RS binary magnesium alloys of alumi-
num, zinc, lithium, calcium, and silicon. Elec-
trochemical impedance spectroscopy was used
to measure uniform corrosion rates in borate
buffer, and anodic polarization showed that
rapidly solidified AZ61 was better than the cast
material. Aluminum was the only alloying

addition found to decrease corrosion rate. Con-
sistently, the structure and morphology of the
corrosion products formed on the surfaces of
splat-quenched Mg-16Al were found to be the
key to decreasing corrosion rate (Ref 56).
In contradiction, however, zinc has been found
by other researchers to decrease corrosion cur-
rent (Ref 57). Several publications have reported
the benefits of various alloying elements, besides
aluminum. A corrosion rate of 0.28 mm/yr
(11 mils/yr) was observed for the yttrium-con-
taining alloy Mg91Zn2Al5Y2, for example (Ref 58).

Laser cladding and powder metallurgy are two
nonconventional RS techniques. Laser cladding
involves a high-heat flux into a small area,
resulting in very fast heating and cooling rates.
In the case of Mg-2Zr and Mg-5Zr laser clad onto
magnesium, anodic passive currents were 0.40
and 0.25 A/cm2 (2.6 and 1.6 A/in.2) versus
1.32 A/cm2 (8.5 A/in.2) for AZ91B (Ref 59).
Laser cladding of zirconium also results in a
more noble corrosion potential. Powder metal-
lurgy alloys undergo RS during atomization of
the source material to form metal powder. The
powders are subsequently extruded, compacted,
and sintered to form functional materials, often
near the net shape of the final product being
manufactured. There has been much develop-
ment of magnesium, aluminum, and titanium
alloys by RS powder metallurgy. Rapid solidi-
fication of magnesium-base powders yielded a
corrosion rate of 0.25 mm/yr (10 mils/yr) in the
case of Mg-Al-Zn-(Ce, Pr, Nd, or Y), with the
surface film being enriched in the rare earth

Fig. 36 Magnesium-bodied atmospheric deep-sea
diving suit
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Table 19 The benefits of rapid solidification
(RS) and rare earth additions on corrosion
rates of magnesium-aluminum alloys

Material

Corrosion rate

mm/yr mils/yr

RS-MgAlZnSiMn 0.38 15
RS-MgZnAlY 0.2 8
RS-MgZnAlNd 0.28 11
AZ91HP-T6 2.1 82

Source: Ref 30
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content (Ref 60). Extruded sections such as these
also exhibited 15 to 40% higher compressive
yield strength. Rapidly solidified powder metal-
lurgy alloys Mg91Zn2Al5Y2 and Mg92Zn2Al5Nd1

have low corrosion rates of 0.2 and 0.28 mm/yr
(8 and 11 mils/yr), respectively (Ref 61).

Microstructure can be refined to the extent of
producing amorphous alloys, with appropriate
compositions and cooling rates. Melt-spun
amorphous Mg65Y10Cu25 metallic glass was
studied by x-ray diffraction (XRD), scanning
electron microscopy (SEM), Auger electron
spectroscopy (AES), x-ray photoelectron spec-
troscopy (XPS), atomic force microscopy
(AFM), and differential scanning calorimetry
(DSC) (Ref 62). The amorphous alloy showed
better corrosion resistance than the crystalline,
with a passive current of 50 mA/cm2 and a
breakdown potential of 1 VSCE. The corre-
sponding crystalline material exhibited a passive
current density of 300 mA/cm2, with a break-
down potential several hundred millivolts less
noble.

Vapor deposition has allowed for the study
of magnesium alloys that are unobtainable by
conventional techniques. The corrosion rate of
vapor-deposited magnesium-titanium alloys
decreases for greater than 22 wt% Ti (Ref 63).

Increasing the titanium content understandably
makes the open-circuit potential more noble,
discouraging galvanic corrosion. The corrosion
resistance of magnesium-chromium, magne-
sium-manganese, and magnesium-titanium
alloys also was assessed using total immersion
tests (Ref 64). Manganese and titanium lowered
the corrosion rate, while chromium raised it. The
lowest corrosion rate was recorded for the mag-
nesium-titanium alloy (0.3 milligrams per square
decimeter per day, or mdd).

Other studies have taken advantage of the
tremendous solid-solution solubility obtainable
with vapor phase processing, particularly for
such insoluble elements as zirconium. Vapor
deposition of magnesium alloys with up to 10
wt% Zr resulted in columnar grains with porosity
at the grain boundaries (Ref 65). Corrosion rates
as low as 2.4 mdd were measured despite the
high porosity. X-ray photoelectron spectroscopy
suggests the formation of a zirconium oxide/
hydroxide layer. These as well as other binary
alloys are difficult to form when the melting
temperature of the alloying element is higher
than the boiling point of magnesium.

Numerous studies have recognized the benefit
of vapor depositing magnesium with yttrium.
In some studies, the breakdown potentials for
magnesium-yttrium alloys were 2 V higher than
for WE43 (Ref 66). These significant improve-
ments were achieved in the anodic polarization
behavior of magnesium by nonequilibrium
alloying with 9 to 22 at.% Y (Ref 67). Many of
these alloys were fabricated using the non-
equilibrium technique of magnetron cosputter
deposition. Lower passive current densities were
commonly observed (Ref 68, 69).

Aluminum is a common and lightweight
metal that exhibits good corrosion resistance in
near-neutral solutions. In light of these features,
aluminum is a very attractive potential alloy-
ing element for magnesium. Because of this,
aluminum-magnesium alloys have been investi-
gated vigorously. Thin-film analogs of alu-
minum precipitates made by flash evaporation
have been analyzed by SEM, AFM, and AES
(Ref 70). The Mg(Zn, Cu, Al)2 intermetallics
were active at the open-circuit potential (OCP) of
7xxx aluminum during OCP playback experi-
ments. In an OCP playback experiment, the OCP
is measured versus time, and, in a separate

experiment, another material (such as an inter-
metallic that would be present) is polarized to
the time-varying OCP of the parent material.
Numerous aluminum-magnesium coatings have
been prepared by unbalanced magnetron sput-
tering in order to enhance bombardment of the
alloy (Ref 71). Higher substrate bias voltage
(greater than �80 V) resulted in argon implan-
tation (up to 20 at.%) and increased resputtering
of magnesium. Aluminum-magnesium films
formed on glass and quartz substrates by mag-
netron sputtering using an Al-5Mg casting alloy
as a sputtering target were crystalline, with pro-
nounced n111m texture of aluminum, and with
breakdown potentials of the sputtered coatings
being superior with respect to the cast alloy
(Ref 72).

Corrosion of
Bulk Vapor-Deposited Alloys

Although uncommon, physical vapor deposi-
tion (PVD) techniques have been used to produce
bulk alloys. A magnesium-zirconium and an
aluminum alloy are shown in Fig. 41 (Ref 73).
Royal Aerospace Establishment alloy 72 is a
vapor-deposited alloy that has been used on
aerospace vehicles.

The PVD magnesium-vanadium alloys exhibit
improved corrosion properties (Ref 75). Corro-
sion rates as low as 30 mdd were observed, with
a strong basal texture and grain refinement of the
alloy provided by the vanadium. Magnesium-
vanadium solid-solution solubility limit was
extended to 27 wt% V, beyond which corrosion
rates increased due to the precipitation of vana-
dium (Ref 76). The increase in corrosion rate
from the precipitation of pure vanadium drama-
tically increases the rate of corrosion product
formation, consisting of hydromagnesite,
Mg(OH)2, MgH2, MgO, and V2O4 (Ref 77).
Other studies find no evidence of vanadium
oxide in the surface film (Ref 75).

The PVD alloying behavior of magnesium
with vanadium as well as zirconium has been
considered. Greater stability of the zirconium
oxide in air and zirconium hydroxide in chloride
solution were the main reasons for the decreased
corrosion of magnesium-zirconium alloys com-
pared to magnesium-vanadium alloys (Ref 78).
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deposition (EB-PVD) magnesium-yttrium alloys in pH 12
buffered solution containing 0.1 M NaCl

Fig. 41 Bulk physical vapor-deposited alloys. (a) As-deposited magnesium-zirconium. Source: Ref 74. (b) Extruded
aluminum Royal Aerospace Establishment (RAE) alloy 72. The RAE alloy 72 is 3.2 mm (1/8 in.) thick.
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A corrosion evaluation of 25 mm (1 in.) thick
magnesium electron beam/PVD alloys contain-
ing titanium, vanadium, and zirconium has been
conducted (Ref 79). Vapor deposition of zirco-
nium with magnesium is uncannily beneficial to
corrosion performance, suggesting a synergistic
effect. As in all magnesium vapor-deposition
processes, distillation of magnesium purifies the
vapor. Corrosion rates with 8.6 wt% Zr were only
0.2 mdd. Another publication reports that PVD
magnesium-zirconium alloys exhibit some of the
lowest corrosion rates ever reported for magne-
sium alloys (Ref 80, 81). Corrosion rates from
weight-loss data were 0.21 mdd for 2.44 at.% Zr
(8.6 wt%) versus 21 mdd for WE43. The PVD
magnesium-zirconium alloys up to 3.07 at.% Zr
resulted in zirconium oxide coexisting with
magnesium oxide/hydroxide in the surface film,
with zirconium providing grain refinement by
forming stable compounds with aluminum and
manganese (e.g., Al3Zr) (Ref 78).

Magnesium-titanium alloys produced in bulk
form have shown thermal stability up to 500 �C
(930 �F) by DSC. Optimal titanium concentra-
tion is approximately 22 wt%. Disruption of
diffusion paths is important, especially because
unchecked condensation can lead to the forma-
tion of large intercolumnar void networks
(Ref 73). Disruption of void network growth can
be accomplished by mechanically working
in situ.

Metal-Matrix Composites

Low density, high elastic modulus, and
increased thermal stability are some of the
attractive attributes of magnesium metal-matrix
composites. Consequently, magnesium compos-
ites containing boron, SiC, and graphite are of
increasing interest, particularly in the aerospace
industry (Ref 82). The literature on the corrosion
of magnesium-base composites is sparse, how-
ever. Because of galvanic issues between mag-
nesium and some reinforcements, such as
graphite, special care needs to be exercised in
the design and manufacturing of magnesium-
base composites (Ref 8). Vapor-deposited, cor-
rosion-resistant magnesium-yttrium metal-
matrix composites hold promise for the future
(Ref 83). Because much of the bulk volume is
taken up by the composite solute, only small
amounts of vapor-deposited material may be
needed. This feature significantly reduces the
amount of material that needs to be vapor
deposited. Using vapor-deposited magnesium in a
similar manner could make a bulk magnesium
component more viable, because the vapor-
deposited material comprises only a portion of the
total volume.
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Corrosion of Nickel and
Nickel-Base Alloys
Paul Crook, Haynes International, Inc.

NICKEL ALLOYS are very important to
industries that have to deal with aggressive
chemicals and high-temperature conditions.
Most nickel alloys are much more resistant than
the stainless steels to reducing acids, such as
hydrochloric, and some are extremely resistant to
the chloride-induced phenomena of pitting, cre-
vice attack, and stress-corrosion cracking (to
which the stainless steels are susceptible). Nickel
alloys are also among the few metallic materials
able to cope with hot hydrofluoric acid.

Introduction to Alloys
Resistant to Aqueous
Corrosion

Paul Crook and Dwaine Klarstrom,
Haynes International, Inc.
Jim Crum, Special Metals Corp.

The nickel alloys designed to resist aqueous
corrosion can be categorized according to their
major alloying elements. In addition to com-
mercially pure nickel, which possesses high
resistance to caustic soda and caustic potash,
there are six important nickel alloy families: Ni-
Cu, Ni-Mo, Ni-Cr, Ni-Cr-Mo, Ni-Cr-Fe, and Ni-
Fe-Cr. Some of these families are strongly
associated with certain trademarks. The nickel-
copper materials, which are commonly used in
seawater applications and in hydrofluoric acid,
for example, are known as the Monel alloys.
Likewise, the nickel-molybdenum materials are
known as the Hastelloy B-type alloys, and the
versatile Ni-Cr-Mo materials are known as the
Hastelloy C-type alloys. The Inconel trademark
is used for several Ni-Cr and Ni-Cr-Fe alloys,
and the Incoloy name is associated with Ni-Fe-
Cr materials. While these trademarks are still
used by the companies that own them, many of

the nickel alloys are now generic and available
from multiple sources.

Many of the current wrought alloys are des-
cended from casting materials developed during
the early part of the 20th century. Some of these
early casting materials are still in general use for
pump and valve components and other intricate
parts.

A listing of popular wrought and cast nickel
alloys resistant to aqueous corrosion is provided
in Table 1. The basic structure of these alloys,
like that of nickel itself, is face-centered cubic
(fcc). However, most are alloyed beyond the
solubility limits to maximize corrosion resis-
tance and require an annealing treatment (usually
followed by water quenching) to minimize
deleterious second phases. Such second phases
can occur during reheating, as in weld heat-
affected zones (HAZs), typically as grain-
boundary precipitates. Modern wrought alloys,
with their very low carbon and silicon contents,
are quite stable and can be used in the as-welded
condition with only a low risk of intergranular
attack. Older cast alloys with higher carbon and
silicon contents, however, are more prone to
grain-boundary precipitation during welding and
generally require postweld annealing.

The roles of the various elements in the nickel
alloys are discussed for each alloy category, but a
synopsis for the key elements follows:

� Nickel: This element is an ideal base because
it not only possesses moderate corrosion
resistance by itself, but it also can be alloyed
with significant quantities of copper, molyb-
denum, chromium, iron, and tungsten, while
retaining its ductile fcc structure. Some
inherent properties imparted by nickel to its
alloys are resistance to stress-corrosion
cracking, resistance to caustic compounds,
and resistance to hydrofluoric acid.

� Copper: The addition of copper to nickel
enhances its resistance to reducing-acid
media, in particular, hydrofluoric acid. Cop-
per, even at levels as low as 1.5 to 2 wt%, is
also very beneficial in sulfuric acid.

� Chromium: The role of chromium in the
nickel alloys is the same as that in the stainless

steels, that is, to participate in the formation of
passive films. These films provide protection
in a wide range of oxygen-bearing environ-
ments. A secondary role of chromium is to
provide some strengthening of the solid
solution.

� Molybdenum: The addition of molybdenum to
nickel greatly enhances its nobility under
active corrosion conditions. In particular, it
provides high resistance to reducing chemi-
cals, such as hydrochloric acid. In combina-
tion with chromium, it produces alloys that
are extremely versatile (resistant to both oxi-
dizing and reducing chemicals) and that can
withstand chloride-induced pitting and cre-
vice corrosion. Molybdenum also greatly
increases the strength of the nickel-rich solid
solution, by virtue of its large atomic size.

� Tungsten: This element behaves in the same
way as molybdenum and is often used in
combination with molybdenum. It is an even
more effective solid-solution strengthener.

� Iron: The chief purpose of adding iron to the
nickel alloys is to reduce their cost. However,
it does provide benefits in concentrated sul-
furic acid and in nitric acid, probably by
contributing to the formation of passive films.

Commercially Pure Nickel

Commercially pure wrought nickel has good
corrosion resistance and mechanical properties.
A combination of good ductility and malle-
ability, low hardness, a low work-hardening rate,
and good weldability make the metal highly
fabricable. Good low-temperature ductility and
impact strength make it a useful material at
cryogenic temperatures. Nickel is also noted for
very good resistance to aqueous corrosion in
certain environments. The most common pro-
duct is nickel 200 (N02200). It contains 99.6%
Ni with small amounts of iron, copper, manga-
nese, silicon, and carbon. It has found a wide
variety of applications involving caustic soda,
water, nonoxidizing acids, alkaline salt solu-
tions, chlorine, hydrogen chloride, fluorine, and
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molten salts. Nickel has relatively high electrical
and thermal conductivity as well as a high Curie
temperature and good magnetostrictive proper-
ties. This leads to use in many electrical and
electronic applications. Minor variations of
residual elements allow use in other specific
applications, such as automotive spark plugs.

The low-carbon grade 201 (N02201) is used at
elevated temperatures, at or above 315 �C
(600 �F), where graphitization can occur in the
higher-carbon material. As is the case with
nickel-copper and other nickel alloys, commer-
cially pure nickel can be age hardened by the
addition of aluminum and titanium to form c0, a
fcc compound Ni3(Al,Ti). Age-hardened nickel
301 (N03301) has high strength in addition to the
corrosion resistance and electrical and magnetic
properties of pure nickel. This material is often
used in extrusion dies for plastics and magne-
tostrictive units under stress.

Nickel-Copper Alloys

Nickel and copper form a continuous solid
solution in all proportions, making a variety of
nickel-copper and copper-nickel alloys possible.

These alloys are characterized by good strength,
good ductility and weldability, and resistance to
aqueous corrosion and stress-corrosion cracking
in a variety of environments and applications.
Nickel-copper alloys also have good electrical
and thermal conductivity and have a Curie tem-
perature in the ambient range. Specialized elec-
trical and magnetic properties allow use in
critical electrical, electronic, and other applica-
tions.

The first commercial and most common
nickel-copper alloy in use was alloy 400
(N04400). This alloy was developed in 1905
and is still used in a wide variety of applications,
such as seawater, non-oxidizing acids, hydro-
carbon processing, water-fed heat exchangers,
neutral and alkaline salts and alkali process
equipment, industrial plumbing and valves,
marine fixtures, petrochemical equipment, and
pickling equipment. Small additions of alumi-
num and titanium to N04400 allow age hard-
ening through the precipitation of fine particles
of the fcc compound Ni3(Al,Ti), known as
gamma prime. This age-hardenable material,
N05500 (alloy K-500), is used for pump shafts
and impellers, valves, oil well drill parts, springs,
and fasteners.

Nickel and copper are alloyed with zinc to
form nickel silvers, which are ductile and highly
formable, have good corrosion resistance, can be
worked to achieve a range of mechanical prop-
erties, and have an attractive white color. They
are used for ornamental purposes and in silver-
plated or uncoated tableware, electrical contacts,
connections and springs, as well as formed and
machined parts.

Nickel-Molybdenum Alloys

Nickel-molybdenum alloys are known for
their excellent resistance to nonoxidizing (redu-
cing) media, such as hydrochloric and sulfuric
acids. The original B alloy (N10001) was
invented in the 1920s, and it had a nominal
composition of Ni-28Mo-5Fe-0.3 V, with a
maximum carbon content of 0.05 wt% and a
maximum silicon content of 1 wt%. The alloy
was used successfully for many years, but it
suffered an important drawback in that fabri-
cated components required a solution heat
treatment in order to avoid corrosion attack in the
weld HAZs. Experimental work in 1958 to 1960
indicated that the corrosion resistance of the

Table 1 Nominal compositions of nickel alloys resistant to aqueous corrosion

Family
Common

name UNS No. Form

Composition, wt%

Ni Cu Mo Cr Fe W Mn Si C Al Ti Other

Ni 200 N02200 Wrought 99.5 0.1 . . . . . . 0.2 . . . 0.2 0.2 0.08 . . . . . . . . .
201 N02201 Wrought 99.5 0.1 . . . . . . 0.2 . . . 0.2 0.2 0.01 . . . . . . . . .
301 N03301 Wrought (age

hardenable)
96.5 0.1 . . . . . . 0.3 . . . 0.2 0.5 0.2 4.4 0.6 . . .

Ni-Cu 400 N04400 Wrought 66.5 31.5 . . . . . . 1.2 . . . 1 0.2 0.2 . . . . . . . . .
K-500 N05500 Wrought (age

hardenable)
66.5 29.5 . . . . . . 1 . . . 0.8 0.2 0.1 2.7 0.6 . . .

M-35-1 N24135 Cast bal 29.5 . . . . . . 3.5(a) . . . 1.5(a) 1.25(a) 0.35(a) . . . . . . Nb 0.5(a)
Ni-Mo B N10001 Wrought bal . . . 29.5 1.00(a) 6.00(a) . . . 1.00 1.00 0.12(a) . . . . . . Co 2.5(a)

B-2 N10665 Wrought 69 0.5(a) 28 1(a) 2(a) 0.5(a) 1(a) 0.1(a) 0.01(a) . . . . . . . . .
B-3 N10675 Wrought 65(b) 0.2(a) 28.5 1.5 1.5 3(a) 3(a) 0.1(a) 0.01(a) 0.5(a) . . . . . .

N-7M N30007 Cast bal . . . 31.5 1(a) 3(a) . . . 1(a) 1(a) 0.07(a) . . . . . . . . .
Ni-Cr 600 N06600 Wrought 76 0.2 . . . 15.5 8 . . . 0.5 0.2 0.08 . . . . . . . . .

625 N06625 Wrought 61 . . . 9 21.5 2.5 . . . 0.2 0.2 0.05 0.2 0.2 Nbþ Ta 3.6
690 N06690 Wrought 58(b) 0.5(a) . . . 29 9 . . . 0.5(a) 0.5(a) 0.05(a) . . . . . . . . .
725 N07725 Wrought (age

hardenable)
57 . . . 8 21 7.5 . . . 0.35(a) 0.2(a) 0.03(a) 0.35(a) 1.5 Nb 3.5

FM 72 N06072 Filler Metal bal 0.5(a) . . . 44 0.5(a) . . . 0.2(a) 0.2(a) 0.1(a) . . . 0.7 . . .
G-35 N06035 Wrought 58 0.3(a) 8.1 33.2 2(a) 0.6(a) 0.5(a) 0.6(a) 0.05(a) 0.4(a) . . . . . .

Allcorr N06110 Wrought bal . . . 10 31 . . . 2 . . . . . . 0.02 0.25 0.25 Nb 0.4
Ni-Cr-Mo C-4 N06455 Wrought 65 0.5(a) 16 16 3(a) . . . 1(a) 0.08(a) 0.01(a) . . . 0.7(a) . . .

C-22 N06022 Wrought 56 0.5(a) 13 22 3 3 0.5(a) 0.08(a) 0.01(a) . . . . . . V 0.35(a)
C-22HS . . . Wrought (age-

hardenable)
61 0.5(a) 17 21 2(a) 1(a) 0.8(a) 0.08(a) 0.01(a) 0.5(a) . . . . . .

C-276 N10276 Wrought 57 0.5(a) 16 16 5 4 1(a) 0.08(a) 0.01(a) . . . . . . V 0.35(a)
C-2000 N06200 Wrought 59 1.6 16 23 3(a) . . . 0.5(a) 0.08(a) 0.01(a) 0.5(a) . . . . . .

59 N06059 Wrought bal . . . 16 23 1.5(a) . . . 0.5(a) 0.1(a) 0.01(a) 0.25 . . . . . .
686 N06686 Wrought bal . . . 16 21 5(a) 3.7 0.75(a) 0.08(a) 0.01(a) . . . 0.15 . . .

CW-2M N26455 Cast bal . . . 16.25 16.25 2(a) 1(a) 1(a) 0.8(a) 0.02(a) . . . . . . . . .
CW-6M N30107 Cast bal . . . 18.5 18.5 3(a) . . . 1(a) 1(a) 0.07(a) . . . . . . . . .

CW-12MW N30002 Cast bal . . . 17 16.5 6 4.5 1(a) 1(a) 0.12(a) . . . . . . V 0.3
Ni-Cr-Fe G-3 N06985 Wrought 44 2 7 22 19.5 1.5(a) 1(a) 1(a) 0.015(a) . . . . . . Nb 0.5(a)

Co 5(a)
G-30 N06030 Wrought 43 2 5.5 30 15 2.5 1.5(a) 0.8(a) 0.03(a) . . . . . . Nb 0.8

Co 5(a)
G–50 N06950 Wrought 50(b) 0.5(a) 9 20 17 1(a) 1(a) 1(a) 0.015(a) 0.4(a) . . . Co 2.5(a),

Nb 0.5(a)
718 N07718 Wrought (age

hardenable)
52.5 0.2 3 19 18.5 . . . 0.2 0.2 0.04 0.5 0.9 Nbþ Ta 5.1

Ni-Fe-Cr 825 N08825 Wrought 42 2.2 3 21.5 30 . . . 0.5 0.2 0.03 0.1 0.9 . . .

(a) Maximum. (b) Minimum
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alloy could be significantly improved by
reducing the carbon, iron, and silicon levels
(Ref 1, 2). However, the achievement of very
low carbon levels on a production scale did
not occur until the invention of the argon-
oxygen decarburization melting process (Ref 3).
This enabled the commercialization of an
improved nickel-molybdenum material, B-2
alloy (N10665), in the early 1970s (Ref 4).

The new alloy lived up to expectations in
terms of corrosion resistance, but it soon became
apparent that the reductions in the residual
alloying elements, especially iron, had adversely
impacted its thermal stability. That is, the alloy
became very susceptible to the Ni4Mo transfor-
mation when it was exposed to the 650 to 750 �C
(1200 to 1380 �F) temperature range. As a result
of this embrittling transformation, cracking was
encountered during some of the alloy manu-
facturing operations as well as during customer
fabrication of components. In addition, a number
of in-service cases of environmental cracking
were observed. These were usually associated
with weld HAZs.

In order to solve the embrittlement problems
of B-2 alloy, without sacrificing its excellent
corrosion resistance, a research program was
undertaken that led to the development of B-3
alloy (N10675) (Ref 5). By carefully controlling
additions of iron, chromium, and manganese, the
equilibrium structure of the alloy was redirected
toward the Ni3Mo transformation, which is more
sluggish than the Ni4Mo transformation. This
provides more time to effect a heat treatment
without the risk of cracking. The new alloy is
also more resistant to stress-corrosion cracking
(Ref 6).

Additions of molybdenum to nickel impart a
pseudopassive behavior to the resulting alloy in
nonoxidizing acids, which gives it good resis-
tance to corrosion (Ref 7). However, con-
tamination of the environment with oxidizing
ions such as Fe3þ or Cu2þ destroys this behavior
and dramatically increases the corrosion rate
(as discussed in the section “Hydrochloric Acid”
in this article). Consequently, the nickel-
molybdenum alloys should never be used where
oxidizing conditions are known to exist.

Nickel-Chromium Alloys

Many materials within this category are useful
not only to resist aqueous corrosion but also at
high temperatures, where their chromium addi-
tions encourage the growth of protective oxide
scales. A prime example is alloy 625 (N06625),
which is used in many aggressive chemicals and
hot, gaseous environments. While it is not quite
as resistant to reducing acids as the Ni-Cr-Mo
alloys, because of its lower molybdenum con-
tent, it is better than stainless steels in this
respect. It also exhibits moderately high resis-
tance to chloride-induced phenomena, such as
pitting, crevice corrosion, and stress-corrosion
cracking.

Alloy 600 (N06600) is used as an alternate to
alloy 200 (N02200) in caustic environments,
when the latter is not of sufficient strength. Alloy
600 was also used extensively in nuclear steam
generators, until superseded by alloy 690
(N06690), which was found to be considerably
more resistant to stress-corrosion cracking in
pure water, at high temperatures.

Those nickel-chromium materials with very
high chromium contents, such as N06072
(filler metal 72 with 44 wt% Cr), N06035 (G-35
alloy with 33.2 wt% Cr), and N06690 (alloy
690 with 29 wt% Cr), possess outstanding
resistance to oxidizing aqueous environments,
such as nitric acid and nitric-hydrofluoric acid
mixtures.

Ni-Cr-Mo Alloys

The Ni-Cr-Mo materials are the most versatile
of the nickel alloys designed to resist aqueous
corrosion and are consequently the most widely
used within the chemical process industries.
They exhibit good resistance to both oxidizing
and reducing media and possess exceptional
resistance to chloride-induced pitting, crevice
attack, and stress-corrosion cracking. They are
also easily formed and welded into complex
components.

The chromium contents of the Ni-Cr-Mo
alloys range from approximately 15 to 25 wt%,
while their molybdenum contents range from
approximately 12 to 17 wt%. The primary
function of chromium is to provide passivity in
oxidizing acid solutions; this is also its main
function in the stainless steels. Molybdenum
greatly enhances the resistance of nickel to
reducing acids, in particular hydrochloric, and
increases the resistance to localized attack (pit-
ting and crevice corrosion), perhaps because
these forms of attack involve the local formation
of hydrochloric acid. Molybdenum provides
considerable strength to the fcc solid solution
because of its atomic size.

Optional minor element additions include
iron, tungsten, and copper. The primary purpose
of including iron is to lessen the cost of furnace
charge materials during melting. Interestingly, in
the most recently developed Ni-Cr-Mo alloys,
iron has been relegated to the role of an impurity,
to increase the solubility of other more useful
elements. Tungsten is sometimes used as a par-
tial replacement for molybdenum. In fact, a
specific tungsten-to-molybdenum ratio was
shown to provide increased resistance to loca-
lized attack during the development of C-22
alloy (N06022).

Copper, which has so far been added to only
one of the Ni-Cr-Mo alloys, is known to enhance
resistance to both sulfuric and hydrofluoric acids.
The mechanisms are poorly understood, but even
at the 1.6 wt% level in C-2000 alloy (N06200),
copper plating of samples has been observed in
sulfuric acid. The mechanism in hydrofluoric
acid may be one of augmentation of the fluoride

films that are known to form on nickel alloys in
this environment (Ref 8).

To maximize their corrosion resistance, the
amounts of chromium, molybdenum, or other
element added to the C-type alloys exceed their
solubility limits at room temperature. In fact, the
alloys are metastable below their solution-
annealing temperatures of approximately 1050
to 1150 �C (1920 to 2100 �F). The extent of
alloying is actually governed by the kinetics of
second-phase precipitation, the design principle
being that the alloys should retain their solution-
annealed structures when water quenched and
should not suffer continuous grain-boundary
precipitation of deleterious second phases in
weld HAZ.

As to the types of second-phase precipitate
normally found in the C-type alloys, Ref 9
describes those observed in C-276 alloy
(N10276), as follows:

� At temperatures between 300 and 650 �C
(570 and 1200 �F), an ordered phase of the
type A2B, or, in this case, Ni2(Cr,Mo), occurs
by long-range ordering. The precipitation
reaction is described as being homogeneous,
with no preferential precipitation at the grain
boundaries or twin boundaries. The reaction is
slow at lower temperatures within this range;
it has been established, for example, that it
takes in excess of 38,000 h for A2B to form in
C-276 alloy (N10276) at 425 �C (800 �F).

� At temperatures above 650 �C (1200 �F),
three precipitate phases can nucleate hetero-
geneously at grain boundaries and twin
boundaries. These are m phase, M6C carbide,
and P phase. The m phase is described as
having a hexagonal crystal structure and an
A7B6 stoichiometry. M6C has a diamond
cubic crystal structure, and P phase has a
tetragonal structure. Reference 10 indicates
that m phase precipitates in C-276 alloy within
the temperature range 760 to 1093 �C (1400
to 2000 �F), whereas M6C carbide pre-
cipitates at temperatures between 650 and
1038 �C (1200 and 1900 �F). The same
reference indicates that the kinetics of carbide
formation are faster than those of m phase.

To reduce the susceptibility of the alloys to the
precipitation of M6C, m phase, and P phase, steps
are taken during melting to minimize their car-
bon and silicon contents, silicon being a known
promoter of intermetallic phases, such as m. As to
the effects of these second-phase precipitates on
the properties of the C-type alloys, it is well
known that the heterogeneous precipitates that
occur at temperatures in excess of 650 �C
(1200 �F) are detrimental to both corrosion
resistance and material ductility. On the other
hand, the homogeneous precipitation reaction
that occurs at lower temperatures can be used to
strengthen the C-type alloys while maintaining
good ductility (Ref 11). Indeed, a Ni-Cr-Mo
composition (C-22HS alloy) that can be
strengthened by this mechanism in a short period
of time (48 h) has recently been introduced.
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Ni-Cr-Fe Alloys

Nickel-chromium-iron alloys comprise a large
number of industrially important materials. Most
of these alloys fall within the broad austenitic, c-
phase field of the ternary Ni-Cr-Fe phase dia-
gram, and they are noted for good elevated-
temperature strength, good workability, and
resistance to corrosion and oxidation. Many of
these alloys serve equally well in a wide range
of both high-temperature and aqueous corrosion
applications. The high nickel content provides
metallurgical stability and corrosion resistance
in reducing environments, while the chromium
addition contributes to strength, oxidation resis-
tance, and aqueous corrosion resistance in oxi-
dizing environments.

Among the Ni-Cr-Fe alloys designed purely
for resistance to aqueous corrosion are G-3
(N06985), G-30 (N06030), and G-50 (N06950)
alloys. G-3 and G-50 alloys are popular for
downhole tubulars in the oil and gas industries,
while G-30 alloy was designed specifically for
use, in tubular form, in wet process phosphoric
acid evaporators in the agrichemical industry.

Ni-Fe-Cr Alloys

These materials bridge the gap between the
high-nickel austenitic stainless steels and the Ni-
Cr-Fe alloys. Their main advantage over the
stainless steels is enhanced resistance to envir-
onmental cracking. One of the most commonly
used Ni-Fe-Cr materials is alloy 825, which
contains 2.2 wt% Cu to improve its resistance to
sulfuric acid. This alloy is used in sulfuric acid,
phosphoric acid, seawater, and in downhole oil-
field environments.

For more about the effects of composition and
microstructure on corrosion, see “Effects of
Metallurgical Variables on the Corrosion of
High-Nickel Alloys” in ASM Handbook,
Volume 13A, 2003.

Product Forms

The primary differences between the wrought
and cast materials are:

� The cast materials are inherently less homo-
geneous than wrought products, due to ele-
mental segregation during solidification.

� Carbon and silicon contents are generally
much higher in air-melted castings than in
wrought products; this results in greater sus-
ceptibility to second-phase precipitation at
alloy grain boundaries (i.e., sensitization).

Despite these limitations, castings are used
extensively for intricately shaped components in
valves, pumps, flowmeters, and the like. For
small components, investment casting is the
preferred casting technique. For larger compo-
nents, sand casting is normal. Given their sus-
ceptibility to sensitization, however, it is

important that nickel alloy castings are properly
annealed and quenched prior to use. The
annealing guidelines for these casting alloys are
given in ASTM A 494 (Ref 12).

The demand for wrought nickel alloy products
far exceeds that for castings. Wrought nickel
alloys have been used for large reaction vessels,
lengthy pipelines, and extensive flue gas scrub-
bing systems, for example. Common wrought
forms include sheets, plates, bars, wires (for both
welding and structural use), tubes, and pipes.-
Many of these wrought products are covered by
ASTM, American Society of Mechanical Engi-
neers, and Technischen Überwachungs-Vereine
specifications. Welding products are generally
covered by American Welding Society specifi-
cations.

Aqueous Corrosion
Properties

Paul Crook and Sabrina Meck, Haynes
International, Inc.
Jim Crum, Special Metals Corp.
Raul Rebak, Lawrence Livermore
Laboratory

The behavior of nickel alloys to corrosive
media found in industrial settings is examined.

Hydrochloric Acid

If any one chemical is responsible for the
widespread use of the nickel alloys within the
chemical process industries, it is hydrochloric
acid. This acid is used extensively in the manu-
facture of chlorinated compounds and is very
aggressive to most stainless steels.

Of the various nickel alloys, those with the
highest molybdenum contents possess the
greatest resistance to hydrochloric acid. In par-
ticular, the nickel-molybdenum alloys are useful
over wide ranges of concentration and tempera-
ture, provided the dissolved oxygen content of
the acid is low and the acid contains no oxidizing
impurities. The Ni-Cr-Mo alloys, although not
quite as useful as the nickel-molybdenum
materials in pure hydrochloric acid, are extre-
mely tolerant of oxidizing impurities. Those
nickel-chromium alloys with moderate molyb-
denum contents also exhibit useful resistance to
hydrochloric acid.

Nickel alloys have been tested extensively in
pure hydrochloric acid. From the results, iso-
corrosion diagrams have been created. These
indicate the concentration and temperature
regimes over which low (under 0.1 mm/yr, or
4 mils/yr), medium (0.1 to 0.5 mm/yr, or 4 to
20 mils/yr), and high (over 0.5 mm/yr, or

20 mils/yr) corrosion rates can be expected.
Isocorrosion diagrams for nickel-molybdenum
B-3 (N10675) alloy, nickel-chromium alloy 625
(N06625), and Ni-Cr-Mo C-2000 (N06200)
alloy are shown in Fig. 1 to 3. These charts cover
temperatures up to the boiling points and con-
centrations up to 20 wt%, the highest that is
stable when boiling. To provide some perspec-
tive, the 0.1 mm/yr (4 mils/yr) lines for three
stainless steels in hydrochloric acid are plotted in
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Fig. 3 Isocorrosion diagram for C-2000 alloy in
hydrochloric acid
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Fig. 2 Isocorrosion diagram for alloy 625 in hydro-
chloric acid
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Fig. 1 Isocorrosion diagram for B-3 alloy in hydro-
chloric acid
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Fig. 4, alongside the corresponding line for C-
2000 alloy. Type 316L stainless steel (S31603)
and 20Cb-3 alloy (N08020) contain 2.5 wt%
Mo, while 254SMO alloy (S31254) contains
6 wt% Mo. The plot indicates that molybdenum
is beneficial to the stainless steels in hydrochloric
acid. It also indicates how much more resistant
the Ni-Cr-Mo alloys are.

The electrochemical characteristics of B-3 and
C-2000 alloy in pure and impure hydrochloric
acid have recently been studied in great detail.
The tests were performed in deaerated 20 wt%
hydrochloric acid at 25 �C (77 �F). Ferric ions
were added (in the form of ferric chloride) as
impurities, because these are commonly
encountered within industrial systems, and they
markedly affect electrochemical behavior of the
alloys, even at parts per million (ppm) levels.

The potentiodynamic polarization curves
generated for B-3 alloy in these studies are
shown in Fig. 5 to 7. In deaerated, pure HCl, the
electrochemical behavior of B-3 alloy is typical
of activation polarization. That is, the electro-
chemical process appears to be controlled by the
reaction step at the alloy/electrolyte interface.

The cathodic reaction is hydrogen reduction,
followed by the evolution of hydrogen gas at the
surface of the alloy. In the anodic domain of the
polarization curve B-3 alloy exhibited a short
passive plateau, with a low passive current den-
sity of approximately 2 · 10�6 A/cm2. This
pseudopassive region is most likely due to the
formation of molybdenum dioxide (MoO2) and/
or molybdenum trioxide (MoO3) under the stu-
died conditions (Ref 13).

As anticipated, knowing that the nickel-
molybdenum alloys are intolerant to oxidizing
contaminants, ferric ions had a marked effect on
the electrochemical behavior of B-3 alloy.
Indeed, the corrosion process appears to change
from purely activation polarization (at 0 ppm
impurity level) to purely concentration polar-
ization (at the 1000 ppm impurity level), where
the electrochemical reactions are controlled by
mass transfer or diffusion-limited effects of the
oxidizer (Fe3þ ) at the reacting alloy surface, as
seen from Fig. 7. As the ferric ion content was
increased from 5 to 1000 ppm, the limiting cur-
rent density (IL) increased from approximately 1
to 1050 mA/cm2, that is 1000 times more. As seen
in Fig. 6, for ferric iron content of 100 ppm, IL is
approximately 100 mA/cm2.

The corresponding potentiodynamic polar-
ization curves for C-2000 alloy are also shown in
Fig. 5 to 7. These curves indicate that the elec-
trochemical characteristics of the Ni-Cr-Mo
alloys are completely different from those of the
nickel-molybdenum materials. The primary dif-
ference is that the Ni-Cr-Mo alloys exhibit large
passive ranges, yielding low current densities
and hence low corrosion rates.

The influence of oxidizing species (in this
case, ferric ions) on the electrochemical behavior
of the Ni-Cr-Mo alloys is very strong. With no
ferric ions present (Fig. 5), C-2000 alloy exhibits
typical active-passive behavior. In this case, the
cathodic reaction is the reduction of hydrogen
and the evolution of hydrogen gas from the

surface. On the other hand, the increase in
anodic current density (presence of the peak) is
most likely due to the dissolution of the main
element nickel to (Ni2þ) ions and possibly the
oxidation of molybdenum (Mo) to (Mo3þ) and
chromium (Cr) to (Cr3þ) ions. Interestingly, the
electrochemical behavior of C-2000 alloy is
similar at ferric ion contents of 5, 10, 25, and
50 ppm, and the additional electrochemical
reaction is the reduction of ferric (Fe3þ) to
ferrous (Fe2þ) ions, with no significant limiting
current density (IL).

At the intermediate concentrations of 100 and
250 ppm ferric ions, the corrosion behavior of C-
2000 alloy changes markedly. The electro-
chemical process becomes influenced by con-
centration polarization of the oxidizer, yielding a
significant IL. Under such oxidizing conditions,
brought about by the presence of high levels of
ferric ions, it is believed that the first peak is most
likely due to active dissolution of nickel (Ni)
to (Ni2þ) along with chromium (Cr) to (Cr3þ)
and/or molybdenum (Mo) to (Mo3þ). Con-
versely, the second peak is most likely related to
the reduction of ferric to ferrous ions, followed
by the formation of passive oxide films. The
passive films are believed to be a mixture of
chromium-molybdenum-rich oxides or hydro-
xides formed on the surface of the alloy. This is
supported by recent studies that indicate that the
presence of a segregated oxide film, which had
an inner nickel/chromium-rich layer, was mainly
responsible for the low passive currents on C-
2000 alloy. A more effective barrier layer
accompanied by molybdenum in the outer
regions of the film resulted in a more resistive
film (Ref 14–16).

At the highest ferric ion levels studied (500
and 1000 ppm), the electrochemical character-
istics changed again. While C-2000 alloy still
exhibits an active regime, the passivation process
predominates. At these concentrations, the oxi-
dizer acts as a strong cathodic depolarizer,
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four alloys in hydrochloric acid
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because the corrosion potential of the alloy
shifted significantly toward more positive
values, that is, over 400 mV/SCE (saturated
calomel electrode). Consequently, the corrosion
rate decreased significantly, and the influence of
the limiting current density of the oxidizer,
which increased the corrosion rate of the alloy
for previous concentrations, as well as the active
peaks, no longer exists at these higher con-
centrations (Fig. 7).

Irrespective of the ferric ion level, C-2000
alloy exhibits passive film breakdown (i.e.,
breakdown potential) at approximately 950 mV/
SCE. Above this value, there is an increase in the
current density, corresponding to the transpas-
sive regime, which is characterized by the dis-
solution of the passive layer, often associated
with higher oxidation states of the elements in
the alloy such as (Ni3þ , Mo6þ , and Cr6þ ), as
well as the evolution of free oxygen from the
decomposition of water.

The variation in the corrosion rates of B-3 and
C-2000 alloys (from the electrochemical curves)
versus the range of ferric ion concentrations used
during this study is represented in Fig. 8. Even
though both nickel alloys exhibited different
characteristics, in terms of corrosion resistance,
they experienced some similarities. In fact, in
20% hydrochloric acid without an oxidizer, B-3
and C-2000 alloys exhibited excellent corrosion
resistance, that is, 2.5 · 10�3 and 0.01 mm/yr
(0.1 and 0.4 mils/yr), respectively. Yet, the per-
formance of the nickel-molybdenum alloy was
four times better than that of the Ni-Mo-Cr alloy,
which indicates that molybdenum is a beneficial
alloying element in nickel alloys for reducing
environments. Within the range of 5 to 25 ppm
of the oxidizer, the corrosion rate of the two
alloys was almost similar, because, even though
an increase in corrosion rates was observed in
both cases, this increase was slightly higher for
B-3 alloy (0.05 to 0.5 mm/yr, or 2 to 20 mils/yr),
whereas for C-2000 alloy this increase was from
0.04 to 0.3 mm/yr (1.6 to 12 mils/yr). At 50 ppm
of the oxidizing species, C-2000 alloy showed a
lower corrosion rate (0.4 mm/yr, or 16 mils/yr)
than B-3 alloy (41 mm/yr, or 40 mils/yr).

Above 100 ppm, the nickel-molybdenum
alloy corrosion rates continued to increase,
from approximately 2 to 14 mm/yr (79 to
552 mils/yr), with the increase of the ferric ions
(from 100 to 1000 ppm), while for the Ni-Cr-Mo
alloy, this increase was observed only in the
intermediate range of 100 and 250 ppm, and that
is from 1 to 2.5 mm/yr (40 to 166 mils/yr). For
the highest solution impurity concentration
(4500 ppm ferric ions), the corrosion rate of C-
2000 alloy decreased markedly to approximately
10�3 mm/yr (0.04 mils/yr), due to surface
passivation. Hence, chromium is the key element
in enhancing passivation in oxidizing conditions.

Sulfuric Acid

Although some stainless steels, notably those
containing copper, such as 20Cb-3 alloy
(N08020), offer good resistance to sulfuric acid,
many industrial situations involving this acid
require the use of the nickel alloys, some of
which can withstand much higher solution tem-
peratures.

The general corrosion characteristics of the
Ni-Cu, Ni-Mo, Ni-Cr, Ni-Cr-Mo, and Ni-Fe-Cr
alloys in pure sulfuric acid are evident from the
isocorrosion diagrams shown in Fig. 9 to 13,

respectively. These diagrams were compiled
using hundreds of laboratory corrosion rate
values at different concentrations and tempera-
tures. The nickel-copper system is represented
by alloy 400 (N04400), nickel-molybdenum by
B-3 alloy (N10675), nickel-chromium by alloy
625 (N06625), Ni-Cr-Mo by C-2000 alloy
(N06200), and Ni-Fe-Cr by 825 alloy (N08825).
Notable are the extent of the50.1 mm/yr
(4 mils/yr) regime of the nickel-molybdenum
alloys, and the narrow 0.1 to 0.5 mm/yr (4 to
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Fig. 9 Isocorrosion diagram for alloy 400 in sulfuric
acid
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Fig. 11 Isocorrosion diagram for alloy 625 in sulfuric
acid
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Fig. 12 Isocorrosion diagram for C-2000 alloy in
sulfuric acid
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Fig. 10 Isocorrosion diagram for B-3 alloy in sulfuric
acid
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Fig. 13 Isocorrosion diagram for alloy 825 in sulfuric
acid
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20 mils/yr) regime of the Ni-Cr-Mo and Ni-Fe-
Cr alloys. For perspective, the 0.1 mm/yr
(4 mils/yr) line for C-2000 alloy is plotted
alongside those for 316L (S31603), 254SMO
(S31254), and 20Cb-3 alloy (N08020) in Fig. 14.

As with hydrochloric acid, the performance of
the nickel alloys in sulfuric acid is strongly
dependent on acid purity. Impurities or additions
of an oxidizing nature enhance the performance
of the chromium-bearing nickel alloys but
degrade the performance of the nickel-molyb-
denum materials.

The electrochemical behavior of the nickel
alloys in sulfuric acid is complex and very much
dependent on the acid concentration. At low
concentrations, the cathodic reaction is believed
to be hydrogen evolution. At high concentra-
tions, sulfuric acid is highly oxidizing, and
mixed reactions appear to be occurring. It has
been established that the chromium-bearing
nickel alloys exhibit active-passive behavior in
sulfuric acid over wide ranges of concentration
and temperature (Ref. 17, 18).

It is known that copper benefits the perfor-
mance of the nickel alloys at intermediate sul-
furic acid concentrations (20 to 60 wt%) by
virtue of a dissolution/plating reaction. It is also
known that significant silicon contents can ben-
efit the performance of the nickel alloys in very
high concentrations of sulfuric acid (above
95 wt%), although such additions bring about
metallurgical instability that limits their use.

Phosphoric Acid

Two types of phosphoric acid are widely used.
The first is the pure, or food-grade, phosphoric
acid, made from elemental phosphorus. The
second is wet process phosphoric acid, which is
made by reacting phosphate rock with sulfuric
acid. This wet process acid is a very important
industrial chemical, being the primary source of
phosphorus for agrichemical fertilizers. Food-
grade phosphoric acid is not very aggressive.
On the other hand, wet process phosphoric acid
is much more corrosive, because it contains
numerous impurities, including unreacted

sulfuric acid, various metallic ions, fluoride ions
(although these tend to form complexes with the
metallic ions), and chloride ions.

The Ni-Mo and Ni-Cr-Mo alloys possess high
resistance to pure phosphoric acid. Only at high
concentrations and temperatures approaching
the boiling point do these alloys exhibit corro-
sion rates above 0.1 mm/yr (4 mils/yr). To
illustrate this, the isocorrosion diagram for Ni-
Cr-Mo C-2000 alloy is shown in Fig. 15.

With regard to wet process phosphoric acid,
the main use of the nickel alloys has been in the
concentration process, where the acid is taken
through a series of evaporation steps, some
involving metallic tubing. Typically, the con-
centration of the P2O5 component is raised from
approximately 30 wt% (after rinsing and
separation of the initial reaction products) to
54 wt%. Some companies concentrate the acid
still further, to approximately 70 wt% P2O5, for
ease of transportation.

As concentration increases, the impurity
levels decrease. Thus, the corrosivity of wet
process phosphoric acid is not directly related to
concentration. Typically, corrosivity reaches a
maximum between approximately 42 and
54 wt% P2O5. Within this concentration range, it
has been found that high-chromium nickel alloys
(such as G-30 alloy, from the Ni-Cr-Fe group,
and G-35 alloy, from the nickel-chromium
family) perform well, indicating that the acid is
strongly oxidizing. Alloy 625 (from the nickel-
chromium system) has been used successfully in
70% P2O5.

The corrosion rates of several alloys com-
monly used in wet process phosphoric acid
(from a Florida producer) are given, as a function
of temperature, in Fig. 16 and 17. Alloys 28
(N08028) and 31 (N08031) are austenitic
stainless steels containing 27 wt% Cr and mod-
erate molybdenum contents (3.5 and 6.5 wt%,
respectively). From these data, it is evident that:

� The 42 wt% acid from this Florida plant is
more corrosive than the 54 wt% acid.

� Of the alloys tested, G-30 alloy, with 30 wt%
Cr, exhibits the highest resistance to these
concentrations.

Wet process phosphoric acid also contains
particulate matter. Therefore, it is common for
deposits to build up in the evaporator tubes. If the
chloride content of the acid is high, then under-
deposit attack (a form of crevice corrosion) is
possible. In this case, the molybdenum content of
the alloy being used is important, because
molybdenum enhances resistance to chloride-
induced localized attack.

Hydrofluoric Acid

Hydrofluoric acid (HF) is a water solution of
hydrogen fluoride. Hydrofluoric acid is used
widely in diverse types of industrial applications;
traditionally, it is used in pickling solutions in the
metal industry, in the fabrication of chloro-
fluorocarbon compounds, as an alkylation agent
for gasoline, and as an etching agent in the glass
industry. In recent years, hydrofluoric acid has
extensively been used in the manufacture of
semiconductors and microelectronics during the
wet chemical cleaning of silicon wafers.
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Hydrofluoric acid can be considered a redu-
cing acid, and, although it is chemically classi-
fied as weaker than, for example, sulfuric or
hydrochloric acids, it is extremely corrosive.
This acid is also particularly toxic and poses a
greater health hazard than most other acids. The
corrosion behavior of metals in hydrofluoric acid
has not been as systematically studied as it has
for other common inorganic acids. This is largely
because tests using hydrofluoric acid cannot be
run in standard glass equipment and because of
the toxic nature of this acid. Moreover, short-
term weight-loss laboratory corrosion tests in
hydrofluoric acid can be frustrating, because the
results are not as reproducible as they are with
other acids, such as sulfuric or hydrochloric. One
of the reasons is because hydrofluoric acid
commonly attacks the coupons used for testing in
a nonuniform manner. That is, the corrosive
power of this acid is not aimed toward uniform
thinning but mostly to localized penetration
below the surface of the metal in the form of thin
cracks, voids, pits, trenches, and sometimes,
intergranular attack. Figure 18 shows the cross
section of a coupon of alloy 600 (N06600)
exposed for 336 h to the vapor phase of a solu-
tion of 20% HF at 93 �C (200 �F). In cases where
internal penetration occurs, as in Fig. 18, it is not
recommended that corrosion rates based on
weight-loss be used for materials selection.

The choices of engineering alloys to handle
hydrofluoric acid are limited. Some nonmetallic
materials such as polyethylene can be used.
However, traditional materials, such as glass,
and the reactive metals, such as titanium, zirco-
nium, and tantalum, are readily attacked by
hydrofluoric acid. Hydrofluoric acid will dis-
solve most oxides; therefore, any alloy reliant on
a passive oxide film for protection against cor-
rosion will not perform well in the presence of
this acid.

Hydrofluoric acid at concentrations higher
than 64% can be handled with carbon steel;
however, at lower concentrations, this acid
attacks steel rapidly (Ref 19, 20). Steels also may
suffer embrittlement in the presence of hydro-
fluoric acid (Ref 20). Because nickel alloys offer

moderate corrosion resistance over a wide range
of acid concentrations and temperatures, they are
a common choice for wet hydrofluoric acid
(Ref 8, 21–26). For example, it has been reported
that in solutions containing mixtures of hydro-
fluoric and nitric acids, high-chromium nickel
materials such as G-30 alloy (N06030) perform
well (Ref 22). Traditionally, the most popular
nickel alloy used for hydrofluoric acid has been
the copper-bearing alloy 400 (N04400), even
though its corrosion resistance is greatly dimin-
ished by the presence of air or oxidizing salts
(Ref 8, 19–21, 23–26). C-2000 alloy (N06200),
which contains only 1.6 wt% Cu, has also been
shown to perform well in hydrofluoric acid
(Ref 26). It has been reported in the literature that
the resistance to corrosion of engineering alloys
in wet hydrofluoric acid is a consequence of
the formation of insoluble fluoride salts on the
surface of these alloys (Ref 19, 20, 23).

The two most useful alloys for hydrofluoric
acid applications seem to be C-2000 and 400.
The corrosion behavior of these two nickel alloys
in hydrofluoric acid has been characterized
regarding the effect of temperature, acid con-
centration, and testing time (Ref 26). Table 2
shows the uniform corrosion rate calculated by
weight loss and the depth of attack by internal
penetration, as a function of the temperature, and
vapor versus liquid phase of exposure, for a
testing time of 240 h. As the testing time
increased from 24 to 240 h, the corrosion rate of
C-2000 alloy in the vapor phase for 20% HF at
both 79 and 93 �C (175 and 200 �F) markedly
decreased, while in the liquid phase, the corro-
sion rate was almost independent of the testing

time (Ref 26). On the other hand, under the same
test conditions, the corrosion rate of alloy 400 in
the liquid phase slowly increased as the test time
increased. In the vapor phase, the corrosion rate
of alloy 400 was high (2.5 to 10 mm/yr, or 100 to
400 mils/yr) and independent of the testing time.

As would be expected, as the acid concentra-
tion increased from 1 to 20%, the corrosion rates
of both alloys increased; however, the effect was
more pronounced for alloy 400, especially in the
vapor phase. Both materials had similar corro-
sion rates at the lower temperatures of 38 and
52 �C (100 and 126 �F); however, as the tem-
perature was raised to higher values, the corro-
sion rate of alloy 400 increased faster than the
corrosion rate of C-2000 alloy, both in the vapor
and liquid phases. Table 2 also indicates that the
internal penetration in alloy 400 is high at all
temperatures in the vapor phase. On the other
hand, in the liquid phase, the internal penetration
was higher for C-2000 alloy, mainly at 79 and
93 �C (175 and 200 �F).

From these results, it is evident that chromium
is a beneficial element for vapor phase applica-
tions. It is also apparent that copper is the most
beneficial alloying element for nickel alloys,
while iron seems to be detrimental (Ref 26).

Hydrobromic Acid

The behavior of the nickel alloys in hydro-
bromic acid mirrors that in its sister compound,
hydrochloric acid (HCl). As in HCl, those nickel
alloys with high molybdenum contents provide

Fig. 18 Specimen of alloy 600 exposed for 336 h
to the vapor phase of 20% HF solution at

93 �C (200 �F)

Table 2 Effect of temperature on the corrosion behavior of unstressed N04400 and N06200
coupons exposed in 20% hydrofluoric acid for 240 h

Common
name UNS No.

Temperature

Phase(a)

Average corrosion rate Internal
penetration,

mm Observations�C �F mm/yr mils/yr

400 N04400 38 100 L 0.27 10.6 13 Uniform corrosion, (b)
38 100 V 1.15 45.3 241 IGA. Cracks at the perforated hole and

edges
52 126 L 0.46 18.1 13 Uniform corrosion, (b), GB etching
52 126 V 3.31 130.4 622 Severe IGA. Some cracks from edges
66 150 L 0.22 8.7 13 Uniform corrosion, (b)
66 150 V 1.76 69.3 191 IGA. Cracks along drilled hole
79 175 L 1.10 43.3 25 Uneven corrosion. GB etching
79 175 V 7.59 299 356 Deep IGA
93 200 L 2.06 81.2 25 Uneven corrosion. GB etching
93 200 V 12.3 484.6 368 Deep IGA and uneven corrosion

C-2000 N06200 38 100 L 0.21 8.3 13 Uniform corrosion, (b)
38 100 V 0.19 7.5 241 Uniform corrosion, (b), trace of copper

on surface
52 126 L 0.48 18.9 13 Uniform corrosion, (b), copper on

surface
52 126 V 0.36 14.2 13 Uniform corrosion, (b)
66 150 L 0.85 33.5 38 Uneven general corrosion. Small

dealloyed layer. Sample plated with
copper and probably nickel

66 150 V 0.85 33.5 13 Minimal corrosion. Sample plated with
nickel and traces of copper

79 175 L 0.67 26.4 102 Thin, lacelike penetration. Light
copper color

79 175 V 0.92 36.2 38 Shallow, isolated, lacelike penetration
93 200 L 0.74 29.2 216 Thin, lacelike penetration
93 200 V 0.69 27.2 64 Isolated, lacelike penetration. Green

corrosion products

(a) L, liquid; V, vapor. (b) Roughness reported as internal penetration. IGA, intergranular attack; GB, grain boundary
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the greatest resistance to hydrobromic acid. The
nickel-molybdenum materials, for example,
exhibit corrosion rates of less than 0.3 mm/yr
(12 mils/yr) at concentrations up to 40 wt%
(which is equivalent to 20 wt% HCl, on a molar
basis) and temperatures up to the boiling points,
provided the acid is pure. The Ni-Cr-Mo alloys
are also useful over fairly large ranges of con-
centration and temperature; more importantly,
they are tolerant of oxidizing impurities and
additions.

A plot of the 0.1 mm/yr (4 mils/yr) lines for
several Ni-Cr-Mo alloys in pure hydrobromic
acid is presented in Fig. 19. These lines indicate
the concentrations and temperatures at which a
corrosion rate of 0.1 mm/yr (4 mils/yr) is
expected, based on laboratory test results.
Naturally, lower rates are expected below the
lines. From Fig. 19, it is evident that there are
considerable differences between some of the
Ni-Cr-Mo alloys. In particular, the extent of the
low-corrosion-rate regime (under 0.1 mm/yr, or
4 mils/yr) appears to be tied to the chromium
content of the alloys, those with the highest
chromium contents having the largest regimes.

Nitric Acid

Nitric acid is one of the few chemicals in
which the stainless steels generally outperform
the nickel alloys. This is because the acid is
strongly oxidizing, and passive films form
readily on the stainless steels due to their high
iron and chromium contents.

The nickel alloys with the greatest resistance
to nitric acid are those with high chromium
levels. They are typically used when the nitric
acid is mixed with halogen-bearing chemicals
(for example, hydrofluoric acid). They are also
useful in nitric systems cooled with chlorinated
waters and in batch systems requiring resistance
to other inorganic acids.

While the Ni-Fe-Cr alloys are among the most
resistant of the nickel alloys to nitric acid, iron is
not essential for good performance in this acid.
High-chromium, low-iron compositions, such as

Allcorr alloy (N06110) and G-35 alloy
(N06035), exhibit corrosion rates of less than
0.1 mm/yr (4 mils/yr) over very wide ranges of
concentration and temperature.

With regard to the widely used Ni-Cr-Mo
alloys, their performance in nitric acid is strongly
related to chromium content. C-276 alloy
(N10276), for example, with 16 wt% Cr, is far
less resistant to nitric acid than those Ni-Cr-Mo
materials with higher chromium contents, such
as alloy 686 (N06686) (21 wt% Cr), C-22 alloy
(N06022) (22 wt% Cr), alloy 59 (N06059)
(23 wt% Cr), and C-2000 alloy (N06200)
(23 wt% Cr). To illustrate these differences,
isocorrosion diagrams for C-276 alloy and C-
2000 alloy in nitric acid are shown in Fig. 20 and
21, respectively.

Organic Acids

The organic acids are not as corrosive as the
inorganic acids because they do not ionize as
readily (Ref 27). Much of the corrosion data for
nickel alloys and stainless steels in organic acids
relates to acetic and formic acid. Of these, formic
acid is much more corrosive as a result of its

higher dielectric constant, and hence, it has a
higher ionic dissolution tendency. The results of
tests of nickel alloys in boiling acetic acid are
given in Table 3; available corrosion rates for the
same alloys in boiling formic acid are shown in
Table 4. It is worthy of note that the corrosion
rates in formic acid (albeit at different con-
centrations) are considerably higher than those in
acetic acid, except in the case of B-2 alloy
(N10665).

Among the most corrosive organic com-
pounds are the sulfonic acids. These are widely
used in the chemical process industries. In par-
ticular, methane sulfonic acid (MSA) is used as a
catalyst for esterification and alkylation. Tests of
stainless steels, nickel alloys, and reactive metal
alloys (Ref 28) in 25% MSA at 95 �C (203 �F)
indicated corrosion rates of less than 0.1 mm/yr
(4 mils/yr) for only four of the test materials (C-
22, or N06022, and G-30, or N06030, alloys,
tantalum, and zirconium). Three alloys exhibited
corrosion rates between 0.1 and 0.5 mm/yr (4
and 20 mils/yr) (B-2, or N10665, B-3, or
N10675, and C-2000, or N06200, alloys). All
other materials tested (alloys 200, or N02200,
400, or N04400, 625, or N06625, 825, or
N08025, C-276, or N10276, and titanium) gave
corrosion rates in excess of 0.5 mm/yr (20 mils/
yr). Commercially pure nickel (alloy 200) and
titanium experienced severe corrosion under
these conditions.

The results of a more recent series of labora-
tory tests in MSA are given in Table 5. These
results indicate a strong temperature depen-
dency, especially for the Ni-Cr-Mo materials.

Salts

While the inorganic acids are the most
aggressive chemicals commonly encountered,
halide salts (that is, chlorides, fluorides, bro-
mides, and iodides) are also of great concern, in a
corrosion sense. Their effects are often insidious
and unpredictable, leading to the premature
failure of components. Most of these effects are
related to ionic migration and ionic hydrolysis
(to the respective halogen acids). Chlorides are
by far the most common halide salts, and their
promotion of stress-corrosion cracking (in aus-
tenitic stainless steels, in particular), pitting, and
crevice attack is well known. Fluorides are less
common but are very damaging to alloys of the
reactive metals (titanium, zirconium, niobium,
and tantalum).

The effects of the halide salts are often com-
plicated by the metallic component. For exam-
ple, ferric chloride is very influential, in a
corrosion sense, because it contributes ferric ions
(which are oxidizing) and chloride ions (which
can migrate and hydrolyze) to any aqueous sys-
tem. Even in strong solutions of hydrochloric
acid (where the additional chloride ions are
ineffectual), if there are sufficient ferric ions, the
nature of the corrosion process will change,
leading to much higher corrosion rates for alloys
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that do not passivate or dramatically reducing the
corrosion rates of passivating alloys, as dis-
cussed in the section “Hydrochloric Acid” in this
article.

Ferric chloride is also a strong promoter of
pitting and crevice corrosion, because the ferric
ions create an oxidizing environment in which
passive films can be established, while the
chloride ions can damage the films and result in
localized corrosion through migration and
hydrolysis. The resistance to crevice corrosion of
several nickel alloys is defined in Table 6, along
with comparative data for several austenitic
stainless steels. The critical crevice temperatures
given in this table are the lowest at which crevice
corrosion occurs, under laboratory conditions, in
a solution containing 6 wt% ferric chloride and
1 wt% hydrochloric acid over 72 h. Higher
values are better than lower ones. The excellent
resistance of the Ni-Cr-Mo alloys to crevice
attack is evident from this table, as are the ben-
efits of a high molybdenum content in the aus-
tenitic stainless steels.

With regard to which halide ion has the
greatest effect on susceptibility to localized
attack, several nickel alloys have been subjected
(Ref 30) to electrochemical (cyclic polarization)
studies in molar solutions of NaCl, NaBr, NaF,

and NaI, at 50 �C (122 �F). The results of these
studies are summarized in Fig. 22, which indi-
cates the repassivation potentials associated with
each alloy and halide. Because repassivation
potential is a measure of localized corrosion
resistance, it can be deduced that:

� The effects are alloy specific, in the case of the
bromide and chloride.

� Compositional effects are greatest in sodium
chloride, where high chromium and high
molybdenum contents appear to be beneficial.

� Compositional effects are minimal in sodium
iodide and sodium fluoride solutions.

� The susceptibility of the nickel alloys to
localized attack is generally greater in sodium
fluoride than it is in sodium iodide.

Seawater

Nickel 200 (N02200), and alloy 400
(N04400), and nickel alloys containing chro-
mium and iron are very resistant to flowing
seawater, but in stagnant or very low-velocity
seawater, pitting or crevice corrosion can occur,
especially under fouling organisms or other

deposits. In moderate- and high-velocity sea-
water or brackish water, alloy 400 is frequently
used for pump and valve trim and transfer
piping. It has excellent resistance to cavitation
erosion and exhibits corrosion rates less than
0.025 mm/yr (1.0 mils/yr). Alloy 400 sheathing
also provides economical seawater splash zone
protection to steel offshore oil and gas platforms,
pilings, and other structures. Although pitting
can occur in alloy 400 under stagnant conditions,
such pitting tends to slow down after fairly
rapid initial attack and rarely exceeds 1.3 mm
(0.05 in.) in depth.

Other nickel alloys containing chromium and
molybdenum offer increased resistance to loca-
lized corrosion in stagnant seawater. The corro-
sion resistance of the nickel-copper and
molybdenum-containing nickel alloys is com-
pared to type 316 stainless steel (S31600) in
ambient temperature stagnant seawater in
Table 7. In this test, alloy 625 (N06625) was
completely resistant to attack. Under crevice
conditions, this alloy can be attacked, necessi-
tating the use of even more highly alloyed
materials.

Table 3 Corrosion rates for nickel alloys in boiling acetic acid

Common name UNS No. Alloy group

Corrosion rate

10 wt% CH3COOH 99 wt% CH3COOH

mm/yr mils/yr mm/yr mils/yr

200 N02200 Ni (a) (a) 0.11 4.3
400 N04400 Ni-Cu (a) (a) 0.02 0.8
B-2 N10665 Ni-Mo 0.01 0.4 0.03 1.2
625 N06625 Ni-Cr 0.01 0.4 0.01 0.4
C-276 N10276 Ni-Cr-Mo 0.01 0.4 0.01 0.4
825 N08825 Ni-Fe-Cr 0.02 0.8 (a) (a)

(a) Not tested

Table 4 Corrosion rates for nickel alloys in boiling formic acid

Common name UNS No. Alloy group

Corrosion rate

40 wt% formic acid 88 wt% formic acid

mm/yr mils/yr mm/yr mils/yr

200 N02200 Ni 0.27 10.6 0.33 13
400 N04400 Ni-Cu 0.05 2.0 0.03 1.2
B-2 N10655 Ni-Mo 0.01 0.4 50.01 50.4
625 N06625 Ni-Cr 0.18 7.1 0.24 9.5
C-276 N10276 Ni-Cr-Mo 0.07 2.8 0.05 2.0
825 N08825 Ni-Fe-Cr 0.2 8.0 0.07 2.8

Table 5 Corrosion rates for nickel alloys in methane sulfonic acid

Common
name UNS No.

Corrosion rate

20%, boiling 40%, 93 �C (200 �F) 40%, boiling 70%, 79 �C (175 �F)

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

625 N06625 0.14 5.5 0.1 4 0.23 9.1 0.01 0.4
C-22 N06022 0.93 36 50.01 50.4 2.04 80.4 50.01 50.4
C-2000 N06200 0.58 23 50.01 50.4 0.81 32 50.01 50.4
G-30 N06030 0.75 30 50.01 50.4 0.84 33 50.01 50.4

Table 6 Critical crevice temperatures
(CCTs) for nickel alloys and stainless steels

Common
name UNS No. Alloy group

CCT(a)

�C �F

316L S31603 Stainless steel,
2.5% Mo

0 32

28 N08028 Stainless steel,
3.5% Mo

17.5 64

254SMO S31254 Stainless steel,
6.25% Mo

30 86

G-30 N06030 Ni-Cr-Fe 37.5 100
G-35 N06035 Ni-Cr 45 113
C-276 N10276 Ni-Cr-Mo 55 131
C-22 N06022 Ni-Cr-Mo 80 176
C-2000 N06200 Ni-Cr-Mo 80 176

(a) ASTM G 48, method D (Ref 29)
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The results of testing in quiescent seawater
with creviced specimens are given in Ref 31.
Under these conditions, alloy 625 and even the
more highly alloyed C-276 (N10276) are
attacked. C-22 (N06022), 686 (N06686), 59
(N06059), and C-2000 (N06200) alloys, which
contain higher levels of chromium, molybde-
num, and/or tungsten, are resistant to attack. This
class of materials is also required for hot sea-
water applications such as heat exchangers.

The age-hardenable alloy K-500 (N05500),
with corrosion resistance similar to that of alloy
400, is frequently used for high-strength fas-
teners and pump and propeller shafting in
freshwater and seawater applications. Other
precipitation-hardened nickel-chromium alloys,
such as 718 (N07718) and 725 (N07725), are
also used. For combined high strength and opti-
mal corrosion resistance, cold-worked alloy 686
is used for bolting and shafts.

Alkalis

Nickel 200 (N02200) and 201 (N02201) are
used extensively in caustic production and pro-
cesses involving all concentrations and tem-
peratures of sodium hydroxide (NaOH) and
potassium hydroxide (KOH). This resistance
prevails even when these alkalis are molten. The
lower-carbon nickel 201 is used at temperatures
above 315 �C (600 �F), to avoid graphite pre-
cipitation. Isocorrosion curves for nickel 200 and
201 in sodium hydroxide solutions are shown in
Fig. 23. Nickel 200 is used extensively in caustic
evaporator service where dilute caustic is con-
centrated up to 50%. In this service, con-
taminants such as chlorates, hypochlorites, and
chlorides can cause increased corrosion rates,
especially under high-velocity conditions (Ref
32–35). Although nickel is resistant to most
alkalis, it is not resistant to ammonium hydroxide
(NH4OH) solutions.

The resistance of nickel alloys to general
corrosion and stress-corrosion cracking increa-
ses with increasing nickel content. In some
caustic applications where higher strength or
resistance to other corrodents is required, alloy
400 (N04400) from the nickel-copper system,
alloy 600 (N06600) from the nickel-chromium
system, and others are used. Alloys 400 and 600
are resistant to general corrosion over a wide
range of temperatures and caustic concentra-
tions. However, at the higher concentrations and

temperatures, nickel alloys can suffer inter-
granular stress-corrosion cracking. Under these
conditions, stress relieving may be necessary.
Only nickel 200 and 201 are resistant to stress-
corrosion cracking in caustic solutions up to and
including molten caustic. Under severe condi-
tions, nickel alloys containing molybdenum may
be less resistant to caustic than those that do not
contain molybdenum.

Alloys 600 and 800 (N08800) have been used
extensively in nuclear steam generator service at
approximately 300 �C (570 �F). In this service,
resistance to caustic, which can be formed and
concentrated at tube sheets, is of concern (Ref
36). The higher-chromium alloy 690 (N06690) is
more resistant to stress-corrosion cracking under
some conditions.

Recently, a phenomenon known as caustic
dealloying has been experienced with the Ni-Mo
and Ni-Cr-Mo alloys (Ref 37, 38). It appears that,
at temperatures in excess of approximately
100 �C (212 �F), certain elements, notably
molybdenum, can be selectively leached from
these alloys in high concentrations of sodium or
potassium hydroxide. The depths to which the
microstructures are affected appear related to the
molybdenum contents of the alloys, with the
high-molybdenum B-type alloys being most
affected. Potassium hydroxide is reported to be
less aggressive than sodium hydroxide with
regard to dealloying (Ref 37).

Environmental Cracking

Raul Rebak, Lawrence Livermore
Laboratory

Environmentally assisted cracking (EAC)
or environmentally induced cracking are general
terms that include phenomena such as
stress-corrosion cracking, hydrogen embrittle-
ment, sulfide stress cracking, and liquid metal

embrittlement. Environmentally assisted crack-
ing refers to a phenomenon by which a normally
ductile metal loses its toughness (elongation to
rupture) when subjected to mechanical stresses
in the presence of a specific corroding environ-
ment. For EAC to occur, three affecting factors
must be present simultaneously: mechanical
tensile stresses, a susceptible metal micro-
structure, and a specific aggressive environment.
If any of these three factors is removed, EAC will
not occur. To mitigate the occurrence of EAC,
engineers may eliminate residual stresses in a
component or limit its application to certain
chemical environments. The term environment
includes not only the chemical composition of
the solution in contact with the component, but
also other variables such as temperature and
applied potential.

Nickel alloys are, in general, more resistant
than stainless steels to EAC. Austenitic stainless
steels, such as type 304 (S30400), suffer stress-
corrosion cracking in the presence of hot aqu-
eous solutions containing chloride ions. Because
chloride ions are ubiquitous in most industrial
applications, the use of stressed stainless steel
parts is seriously limited. On the other hand,
nickel alloys, such as C-276 (N10276), are
practically immune to stress-corrosion cracking
in the presence of hot chloride solutions and are
therefore an excellent alternative. Nonetheless,
nickel alloys are not immune to other types of
EAC. There are several environments (such as
hot caustic and hot hydrofluoric acid) that may
produce embrittlement in nickel alloys (Ref 39).
These are listed in Table 8. The conditions where
nickel alloys suffer EAC are highly specific and
therefore avoidable by proper design of the
industrial components.

Commercially Pure Nickel

Commercially pure nickel 200 (N02200) is
not susceptible to stress-corrosion cracking,
except in the heavily cold-worked condition and
in the presence of concentrated caustic solutions
at temperatures in excess of 250 �C (480 �F).
Commercially pure nickel is not susceptible to
hydrogen embrittlement, because the solubility
and diffusivity of hydrogen in nickel are low, and
this material has low mechanical strength. The
yield strength of annealed N02200 at room
temperature is 190 MPa (27.6 ksi), the ultimate
tensile strength is 465 MPa (67.4 ksi), the elon-
gation to rupture is 50%, and the hardness is only
60 HRB.

Nickel-Copper Alloys

As in the case of N02200, alloy 400 (N04400)
is not very susceptible to stress-corrosion
cracking, probably because it has low mechan-
ical strength. The yield strength of annealed
alloy 400 at room temperature is 260 MPa
(37.7 ksi), the ultimate tensile strength is
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Table 7 Resistance of various alloys to
stagnant seawater

Maximum pit depth

Common name UNS No. mm mils

625 N06625 0 0
825 N08825 0.03 1
K-500 N05500 0.86 34
400 N04400 1.07 42.1
316 S31600 1.58 62.2
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550 MPa (79.8 ksi), the elongation to rupture is
approximately 50%, and the hardness is 72 HRB.
Alloy 400 was found to be susceptible to stress-
corrosion cracking in acidic solutions containing
mercury salts, in liquid mercury, in hydrofluoric
acid, and in fluosilicic acid (Ref 40). In hydro-
fluoric acid, the cracking is transgranular, and the
highest susceptibility occurs in the vapor phase,
especially in the presence of air (Ref 8).
Reduction of aeration reduces the susceptibility
to cracking in hydrofluoric acid. Using U-bend
specimens, it has been reported that the crack
propagation rate in alloy 400 exposed to the
vapor phase of 20% hydrofluoric acid for 240 h
decreased as the temperature increased from 66
to 93 �C (150 to 200 �F), probably because less
oxygen was available in the vapor phase as the
temperature increased (Ref 41). In the same
study, U-bends of alloy 400 were found to be free
from cracking while immersed in the liquid
phase (Ref 26, 41).

It has also been reported (Ref 42) that highly
stressed alloy 400 suffers stress-corrosion
cracking in ammonia vapors at 300 �C (570 �F).
Heat treatments that eliminate residual stresses
and cold-worked microstructures greatly reduce
the susceptibility of alloy 400 to all types of
environmentally induced cracking.

Nickel-Molybdenum Alloys

Nickel-molybdenum alloys are resistant to
chloride-induced cracking in boiling magnesium
chloride solutions (Ref 43, 44). When B-2
(N10665) and, to a lesser extent, B-3 (N10675)
alloys are exposed to temperatures in the range of
550 to 850 �C (1020 to 1560 �F), they lose
ductility, due to a solid phase transformation that
forms ordered intermetallic phases such as
Ni4Mo. The precipitation of these ordered phases
changes the deformation mechanisms of the
alloys, making them susceptible to EAC such as
hydrogen embrittlement. In B-2 alloy, the pre-
cipitation of intermetallic phases can occur in
the HAZ during welding. It has been reported
(Ref 45) that B-2 alloy failed by intergranular
stress-corrosion cracking of the HAZ when
exposed to organic solvents containing traces of
sulfuric acid at 120 �C (250 �F). It has also been
reported (Ref 46) that B-2 alloy was prone to

transgranular stress-corrosion cracking in the
presence of hydroiodic acid above 177 �C
(351 �F).

Stress-corrosion cracking studies of B
(N10001), B-2, and B-3 alloys in acidic solutions
were carried out under laboratory and plant
conditions (Ref 47). The effects of the electro-
chemical potential, cold work produced by dril-
ling, and two different aging processes (that
would simulate welding and the subsequent
cooling cycle) were investigated. At anodic
potentials of 200 mV above the free corrosion
potential, transgranular fissuring was found in all
three alloys, for both mill-annealed and aged
materials. At cathodic potentials of 100 and
400 mV below the free corrosion potential,
intergranular cracking occurred only for the aged
alloys. Because the amount of intergranular
brittle cracking increased at the lower applied
cathodic potential, this environmentally induced
cracking was attributed to hydrogen embrittle-
ment (Ref 47).

U-bend specimens of mill-annealed B-3 alloy
were found (Ref 26) to suffer stress-corrosion
cracking in the presence of the vapor and liquid
phases of a 20% hydrofluoric acid solution at 66,
79, and 93 �C (150, 175, and 200 �F). The
cracking susceptibility of B-3 alloy increased
with the temperature, and the liquid phase was
more aggressive than the vapor phase.

Ni-Cr-Mo Alloys

One of the major limitations of stainless steels
is susceptibility to chloride-induced localized
attack, such as crevice corrosion, pitting corro-
sion, and stress-corrosion cracking. The Ni-Cr-
Mo alloys are the most resistant nickel alloys to
the classic chloride-induced localized corrosion.
In some cases, stress-corrosion cracking was
reported in high-strength materials; however,
cracking only occurred in very aggressive con-
ditions, such as temperatures higher than 200 �C
(390 �F), a pH lower than 4, and the presence of
hydrogen sulfide (Ref 48). U-bend specimens
of C-2000 (N06200), C-22 (N062022), and C-
276 (N10276) alloys were not susceptible to
cracking in boiling 45% MgCl2 solution after
1008 h of testing (Ref 41). The C-276 and C-4
(N06455) alloys were free from cracking in a

25% NaCl solution at 232 �C (450 �F); however,
these alloys were susceptible to cracking in a
MgCl2 solution of the same chloride content at
the same temperature (Ref 43). The C-22 alloy
was immune to stress-corrosion cracking in a
20.4% MgCl2 solution up to 232 �C (450 �F),
even in the 50% cold-worked condition and 50%
cold-worked plus aged at 500 �C (930 �F) for
100 h.

Laboratory tests, using U-bend specimens in
accordance with ASTM G 30 (Ref 49), have
shown that Ni-Cr-Mo alloys such as C-276, C-
22, and C-2000 alloys are susceptible to stress-
corrosion cracking in wet hydrofluoric acid (in
both the liquid and vapor phase). Typical results
are shown for C-276 alloy in Fig. 24 (Ref 26, 41).
The most resistant of the Ni-Cr-Mo alloys to
cracking in wet hydrofluoric acid appears to be
C-2000 alloy, probably because of the beneficial
effect of its 1.6% Cu content. Counter to the
behavior of alloy 400 (N04400), Ni-Cr-Mo
alloys were less susceptible to cracking in the
vapor phase than in the liquid phase, suggesting
that the presence of chromium is beneficial
for hydrofluoric acid vapor phase applications
(Ref 41).

Nickel alloys are known to be susceptible to
caustic cracking. Under slow strain-rate condi-
tions, C-276 alloy was susceptible (Ref 50) to
transgranular cracking in 50% NaOHþ H2O at
147 �C (297 �F). On the other hand, C-shaped
specimens of C-22 alloy, mill annealed and aged
for 24 h at 677 �C (1251 �F), did not exhibit
cracking after immersion in 50% NaOH solution
at 147 �C (297 �F) for 720 h.

When Ni-Cr-Mo alloys are aged at tempera-
tures higher than 600 �C (1110 �F) for long
periods of time, second phases can occur within
the microstructure, due to solid-state reactions.
These solid-state reactions during aging reduce
the ductility of Ni-Cr-Mo alloys. For example,
for annealed C-276 alloy, the yield strength at
room temperature is 360 MPa (52.2 ksi), the
ultimate tensile strength is 807 MPa (117 ksi),
and the elongation to rupture is 63%; however,
for C-276 alloy aged for 16,000 h at 760 �C
(1400 �F), the yield strength increases to
476 MPa (69 ksi), the ultimate tensile strength
increases to 894 MPa (129.7 ksi), and the elon-
gation to rupture decreases to 10%. It has been
reported that aged C-276 alloy is susceptible to
hydrogen-induced cracking in environments
containing hydrogen sulfide (Ref 51, 52).

The Ni-Cr-Mo alloys were also found to suffer
environmentally induced cracking in conditions
associated with supercritical water oxidation. It
has been reported (Ref 53–55) that both C-276
alloy and alloy 625 suffer intergranular cracking
when exposed to various aqueous solutions in the
vicinity of the critical point of water, 374 �C
(705 �F).

Because of its excellent resistance to stress-
corrosion cracking and other types of localized
corrosion, C-22 alloy was selected by the U.S.
Department of Energy to fabricate the inner
walls of the high-level nuclear waste containers
that are planned to be buried permanently at the

Table 8 Environments that may cause environmentally assisted cracking (EAC)
in nickel alloys

Typical alloy

Common name UNS No. Alloy group Environments that may produce EAC

200 N02200 Commercially
pure nickel

Not especially susceptible

400 N04400 Ni-Cu Hydrofluoric acid (especially in the vapor phase containing
oxygen)

B-3 N10675 Ni-Mo Cathodic and anodic acidic solutions (especially near welds),
wet hydrofluoric acid solutions

C-22 N06022 Ni-Cr-Mo Hot caustic, supercritical water oxidation,
C-276 N10276 Ni-Cr-Mo hot liquid hydrofluoric acid solutions
600 N06600 Ni-Cr Hot water, hot caustic, high chloride with high temperature
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Yucca Mountain site. As a result, the alloy is
being extensively tested for its susceptibility to
stress-corrosion cracking in a variety of envir-
onments. So far, the alloy has been found
(Ref 56–59) to be extremely resistant to EAC in
many different solutions at the corrosion poten-
tial, at test temperatures from ambient to 110 �C
(230 �F).

Tests have been carried out using cyclic
loading, constant load, and slow strain-rate tests
in solutions from 14 molal MgCl2 to basic
saturated water and simulated acidified water.
Similarly, U-bend specimens of C-22 alloy and
other nickel alloys, such as C-4 (N06455), G-3
(N06985), 825 (N08825), and 625 (N06625), are
being used to assess the stress-corrosion cracking
susceptibility in a variety of environments (Ref
60). Gas tungsten arc welded and nonwelded U-
bend specimens have been exposed for more
than five years at the corrosion potential to the
vapor and liquid phases of three different solu-
tions (pH 2.8 to 10), simulating up to 1000 times
the concentration of ground water, both at 60 and
90 �C (140 and 195 �F). None of these alloys
have exhibited any indication of environmen-
tally induced cracking (Ref 60).

C-22 alloy, on the other hand, was found to be
susceptible to EAC when slow strain-rate testing
was performed on mill-annealed specimens in
hot, simulated concentrated water at anodic
applied potentials (Ref 61, 62). Simulated con-
centrated water is a multiionic alkaline solution
approximately 1000 times more concentrated
than Yucca Mountain groundwater. It is likely
that the presence of fluoride ions in this solution
contributed to the cracking of C-22 alloy

(Ref 62). The susceptibility to cracking was
strongly dependent on the applied potential and
the temperature of the solution. The highest
susceptibility to EAC was found at approxi-
mately 90 �C (195 �F) at þ 400 mV in the
saturated silver chloride electrode scale
(Fig. 25). At the corrosion potential, C-22 alloy
was free from EAC, even at 90 �C (195 �F).
Similarly, at anodic applied potentials, C-22
alloy was free from EAC at ambient tempera-
tures, and, as the temperature increased, the time
to failure in the tests decreased (Fig. 26).

It has also been reported that C-22 alloy may
suffer embrittlement when slowly strained under
cathodic applied potentials or currents (Ref 62–
64). The maximum susceptibility to cracking
under cathodic conditions seemed to occur at
ambient temperatures, suggesting a hydrogen-
related failure mechanism.

Ni-Cr, Ni-Cr-Fe, and Ni-Fe-Cr Alloys

These families of nickel alloys include alloys
600 (N06600), 825 (N08825), 800 (N08800),
and G-30 (N06030). Because alloy 600 has been
used to fabricate the tubes of steam generators
in nuclear power plants, it has been by far the
most studied nickel alloy regarding its stress-
corrosion cracking behavior, especially in hot
water. Alloy 600 has been found to suffer stress-
corrosion cracking in pure water at temperatures
in excess of 300 �C (570 �F), both in service and
in the laboratory.

As a result of their importance to the nuclear
industry, the stress-corrosion cracking of alloys

600 and 690 (N06690) in pure water and in
caustic solutions has been extensively resear-
ched in the last three decades (Ref 65, 66), and
more than 1000 papers have been published
on this subject. In general, alloy 690 is more
resistant to stress-corrosion cracking than alloy
600, probably due to its higher chromium content
(29%). The susceptibility to cracking of alloys
600 and 690 depends strongly on environmental
factors such as the temperature, the level of
tensile stresses, the presence of hydrogen gas, the
solution pH and the electrochemical potential,
and metallurgical factors, such as the amount of
cold work and heat treatment. Stress-corrosion
cracking in alloy 600 can be intergranular or
transgranular.

Fig. 24 Stress-corrosion cracking of C-276 alloy in HF solution
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Fig. 25 C-22 alloy strained in 86 �C (187 �F)
simulated concentrated water solution at

þ 400 mV applied versus silver-saturated silver chloride
potential
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Alloy 600, like other nickel alloys, also suffers
stress-corrosion cracking in hot caustic solutions
at temperatures in the range of 150 to 200 �C
(300 to 390 �F). Alloy 690, which has almost
double the amount of chromium as alloy 600, has
been found to be more resistant than alloy 600 to
high-temperature cracking in pure water and in
caustic solutions. As a result of its high nickel
content (76%), alloy 600 is resistant to stress-
corrosion cracking in chloride-containing solu-
tions; however, alloy 600 is susceptible to loca-
lized attack in hydrofluoric acid-containing
environments (Ref 8).

Alloy 800 is also used in the nuclear power
generation industry. It has been shown that alloy
800 is also susceptible to caustic cracking (Ref
67) and even more susceptible than alloy 690,
probably because of the higher chromium con-
tent of the latter (Ref 68). Alloy 825 is more
resistant to stress-corrosion cracking than 316
stainless steel, due to its higher nickel content.
Slow strain-rate tests and U-bend tests have
shown, however, that alloy 825 is susceptible to
transgranular stress-corrosion cracking in 45%
MgCl2þ water solutions at temperatures above
146 �C (295 �F).

Data on the stress-corrosion cracking behavior
of G-30 alloy are scarce. It has been reported that
G-30 components used in the industrial produc-
tion of hydrofluoric acid suffered cracking
(Ref 41). U-bend specimens of G-30 alloy did
not crack after exposure for 500 h in a 45%
MgCl2 solution at 154 �C (309 �F). It has been
found, however, that G-30 and other nickel
alloys suffer cracking in the aggressive condi-
tions encountered in supercritical water oxida-
tion treatments.

Applications and
Fabrication

Brian Baker, Special Metals Corp.
Paul Crook, Lee Flower, and
Mark Rowe, Haynes International, Inc.

Applications where the aqueous corrosion
properties of nickel alloys are important factors
in materials selection include the petroleum,
chemical, and electrical power industries.

Petrochemical and Refining

A variety of iron- and nickel-base materials is
currently used for equipment construction in
petrochemical plants and refineries. Components
include pressure vessel containment and piping,
valves, fittings, transfer lines, and expansion
bellows. The increasing use of sour crude cou-

pled with the desire for greater throughput from
existing equipment necessitate consideration of
higher-alloyed materials.

Corrosion considerations for petrochemical
and refining applications may be separated into
two categories for simplicity: low temperature
and high temperature. High-temperature corro-
sion considerations are discussed later. Low-
temperature corrosion phenomena generally
originate not due to the presence of the hydro-
carbon-based process stream but to the existence
of contaminants as well as process chemicals,
including solvents, neutralizers, and catalysts.
Compounds present in the process stream may
include water, H2S, HCl, HF, H2SO4, caustic,
nitrogen compounds, and polythionic acid, as
well as various organic acids, including naph-
thenic acid.

Naphthenic acid corrosion in distillation
towers has been addressed through the use of
molybdenum-containing materials. Alloys such
as 825 (N08825), 25-6Mo (UNS N08926), and
317L (UNS S31703) are finding favor over 316
(UNS S31600) stainless steel. Another excellent
material for resistance to severe naphthenic
acid corrosion is alloy 625 (N06625) and its
matching filler metal or 112 welding electrode
(W86112). Overhead condensers and air coolers
may encounter problems with polythionic acid
stress-corrosion cracking; the same mode of
attack may occur during shutdown of hydro-
treating units as well. Here again, alloys such as
825 and 625 find applicability over austenitic
stainless steels. Generally, an alloy should con-
tain at least approximately 42% Ni to assure
reliable resistance to chloride stress-corrosion
cracking.

Chemical Processing

In the chemical process industries and in
allied industries such as agrichemicals and
pharmaceuticals, the nickel alloys are generally
used as upgrades to the austenitic and duplex
stainless steels, their main advantage being
enhanced resistance to the inorganic halogen
acids and halide salts.

At the heart of most chemical processes are
reaction vessels. The use of the nickel alloys for
reaction vessels and agitators is common where
the robustness and heat-transfer characteristics
of a metallic system are needed, and where the
nickel alloys possess the necessary corrosion
resistance. As has been discussed, each nickel
alloy family has specific advantages. Commer-
cially pure nickel (alloy 200), for example, is
widely used for caustic soda and caustic potash.
Alloy 400, from the nickel-copper group, is used
in hydrofluoric acid. The nickel-molybdenum
materials are used in pure hydrochloric and sul-
furic acids. The Ni-Cr-Mo alloys are extremely
versatile and suited to a wide range of acid/halide
environments.

In addition to the piping, flanges, valves, and
pumps associated with the transfer of chemicals
to and from reaction vessels, metallic materials

are important for the heating and cooling of
chemicals. Both shell-and-tube and plate-frame
heat exchangers are commonly made from the
corrosion-resistant nickel alloys, especially
where chloride-bearing cooling waters are
involved.

Power Industry

Wrought nickel alloys are used routinely
in wet flue gas desulfurization (FGD) systems
that scrub coal-fired power plant flue gas. Nick-
el-chromium-molybdenum alloys are used for
their resistance to sulfuric and mixed acids and
their resistance to underdeposit corrosion caused
by high chlorides. Typical FGD applications for
wrought nickel alloys include absorbers, inlet
and outlet ductwork, mist eliminators, reheaters,
dampers, wet electrostatic precipitators, and
chimney (stack) linings. Nickel alloys are
employed as solid sheet and plate, welded sheet
linings, roll-bonded clad plate, and explosion-
bonded plate in FGD systems.

Nuclear power plants have used large quan-
tities of Ni-Cr and Fe-Ni-Cr alloys since the
beginning of the nuclear power program. In
pressurized water reactors, alloys 600 (N06600)
and 800 (N08800) were used for steam
generator tubes, nozzles, and baffle plates. Alloy
600 has been replaced with the high-chromium
alloy 690 (N06690), due to caustic and high-
purity water failures of alloy 600. Age-hard-
enable alloy 718 (N07718) is also used for
high-strength bolting and springs. These same
nickel alloys are used to a lesser extent in boiling
water reactors.

Fabrication

Forming and Annealing. Corrosion-resis-
tant nickel alloys are readily hot worked, but
some care is needed to achieve satisfactory
results. In comparison to austenitic stainless
steels, hot-working temperature ranges are nar-
rower, melting temperatures are lower, hot
strength is higher, strain-rate sensitivity is
greater, thermal conductivity is less, and strain-
hardening coefficients are greater. The best
results can be achieved with moderate reductions
per pass, frequent reheating, and relatively slow
deformation rates. Solution annealing, followed
by rapid cooling to room temperature, is
recommended after hot working, to maximize
corrosion resistance.

Cold working is the preferred method of
forming the corrosion-resistant nickel alloys.
Cold-working characteristics are similar to those
of the austenitic stainless steels, with the
exception that the nickel alloys have higher
strength and work harden more rapidly than
stainless steels. Severe cold-working operations
should be conducted in multiple steps, with
intermediate anneals to restore ductility.
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Annealing of material that has received less than
10% reduction in area may result in an abnor-
mally large grain size. Cold work generally does
not affect resistance to uniform or pitting
corrosion but may increase the likelihood of
stress-corrosion cracking for susceptible com-
binations of alloy and environment.

Annealing most often consists of a solution-
annealing treatment, which involves heating to a
temperature where secondary carbides and
intermetallic phases are dissolved, usually at
approximately 1121 �C (2050 �F), followed by
rapid cooling. Alloy manufacturers should be
contacted for exact heat treatment temperatures
for specific alloys. Rapid air cooling or water
quenching is required for most alloys to avoid the
grain-boundary precipitation of carbides or
intermetallic phases on cooling, which can result
in intergranular corrosion. Oxide scales should
be removed prior to service. Scale is more
adherent than on stainless steels, and its removal
requires treatment in a molten caustic bath, fol-
lowed by pickling in a hot solution of nitric and
hydrofluoric acids. Alternatively, descaling can
be conducted mechanically, by grit blasting or
grinding. Pickling may be conducted to remove
embedded iron or other impurities, after
mechanical descaling.

Welding Considerations. As nickel replaces
iron in alloys, the weld pool becomes less fluid,
and weld penetration is reduced. Special atten-
tion is required to avoid lack of penetration and
lack of fusion defects. It is always good practice
to develop a qualified welding procedure, whe-
ther or not it is required by a code.

In comparison to welding steels and stain-
less steels, joints must be more open when
welding nickel-base alloys, to compensate for
reduced penetration and fluidity. V-groove
included angles of approximately 70� are
recommended. Root openings should be slightly
greater, and land thickness should be less than for
steels.

Nickel alloys are more susceptible than
stainless steels to cracking caused by con-
tamination with compounds of sulfur, phos-
phorus, or with low-melting-point metals.
Standard preparation of new material involves
removing any grease or oils, by wiping with a
solvent, then removing the as-received surface
with an abrasive. If material is known to have
been exposed to sulfur compounds or low-melt-
ing-point metals, chemical cleaning methods
may be required to remove the contamination,
because grinding may smear contaminants into
the surface. Thermal cutting methods, such as
plasma arc, laser beam, or air carbon arc, may be
used to prepare bevels, but the cut surfaces
should be ground to bright metal prior to weld-
ing. Oxyfuel cutting is not effective on nickel
alloys.

High-current and heat-input welding condi-
tions increase the likelihood of problems such as
sensitization and solidification cracking; there-
fore, the heat input should be kept at low to
moderate levels. A maximum heat-input
recommendation would be alloy and service-

environment specific; thus, some engineering
judgment is required. The same concerns that
lead to the requirement of relatively low heat
input also necessitate maintenance of relatively
low interpass temperatures. Maximum interpass
temperature recommendations vary between
alloys and manufacturers, but maximum tem-
peratures are usually between 90 and 200 �C
(195 and 390 �F). The low fluidity of nickel-
base filler metals may require manipulation
or slight weaving to avoid steep toe angles that
can lead to lack of fusion defects. Excessive
weaving with a low travel speed produces high
heat input and should be avoided. The low-car-
bon, low-silicon nickel-base alloys generally
have good resistance to solidification cracking.
The likelihood of solidification cracking can be
minimized by favoring a convex weld bead
crown and low-to-moderate current and travel
speed.

Postweld heat treatment (PWHT) is usually
not required for modern wrought nickel alloys
with low carbon and silicon contents. Cast
alloys, however, are more prone to precipitation
in the HAZ, due to their higher carbon and silicon
contents; thus, PWHT may be required. A post-
weld solution anneal, if practical, may have the
beneficial effect of relieving residual stress and
providing some homogenization of the weld
metal. Stress-relief heat treatments below the
solution-annealing temperature, at temperatures
that are commonly used for steels, should not be
used on nickel alloys, because grain-boundary
precipitation can lead to sensitization or loss of
ductility.

Passivation treatments used on some stainless
steels are not usually required for nickel alloys.
Slag, undercut, and other potential crevices
should be removed, to avoid crevice corrosion.
Grinding and polishing are sometimes used
where low process contamination is needed, as in
pharmaceutical or fine chemical production, but
most welds are placed in service in the as-welded
condition. Heat tint oxidation is not as harmful to
nickel alloys as it is to stainless steels but can be
removed by grinding or pickling.

Welding Processes. The highest-quality
weld joints, with the best mechanical properties
and corrosion resistance, can be achieved by
using the inert gas welding processes. The
maximum recommended welding current (non-
pulsing) for gas tungsten arc welding is
approximately 200 A. The maximum recom-
mended welding current (nonpulsing) for gas
metal arc welding (GMAW) is approximately
250 A. Both processes use bare wire welding
consumables, which are covered by the Amer-
ican Welding Society (AWS) A5.14 specifica-
tion (Ref 69).

The use of flux-bearing welding processes can
offer improved deposition rates and bead profiles
compared to the inert gas processes. The tensile
strength of weld metal is usually not affected by
use of a flux-bearing process, but impact tough-
ness and ductility are somewhat reduced, in
comparison to inert gas weldments, by the oxide
inclusions that are inherent in flux-deposited

weld metal. The corrosion resistance of flux-
deposited weld metal is usually not degraded,
assuming that the weld metal composition falls
within the specified limits for the alloy. Some
pickup of silicon from the flux is unavoidable
and is allowed for in specifications such as AWS
A5.11 (Ref 70).

Coated electrodes for shielded metal arc
welding are covered by the AWS A5.11 speci-
fication. The maximum recommended welding
current is approximately 180 A, with electrodes
of diameter 4.8 mm (0.19 in.). Flux-cored arc
welding is occasionally used to join corrosion-
resistant nickel-base alloys. The compositional
ranges and properties in the AWS A5.11 speci-
fication are sometimes referenced when pur-
chasing these welding consumables.

Submerged arc welding (SAW) has been
successfully used to join corrosion-resistant
nickel-base alloys; however, this process should
be used with caution, particularly with the
highly alloyed Ni-Cr-Mo and Ni-Mo alloys.
Potential problems include solidification crack-
ing, microfissuring, modification of the weld
metal composition, and sensitization. High
welding currents will exacerbate all of these
problems, so currents should be limited to
approximately 250 A maximum. Low arc vol-
tages will help to prevent pickup of silicon and
loss of chromium, due to reaction with the flux;
the recommended voltage is therefore approxi-
mately 26 to 28 V. Proper flux selection is cri-
tical to success. A highly basic, nonalloying flux
is recommended. A procedure qualification that
involves chemical analysis or corrosion testing
of the weld metal, in addition to mechanical
testing, should always be conducted when using
SAW.

Filler-Metal Selection. Matching composi-
tion filler metals are available for most alloys and
are selected in the majority of applications.
Segregation of alloying elements occurs during
the solidification of the weld metal. Dendrite
cores are depleted in elements such as molyb-
denum and tungsten, while interdendritic areas
are consequently enriched. The resulting non-
uniform composition usually causes the weld
metal to have higher uniform corrosion rates
and less pitting resistance than matching-
composition wrought alloys.

Excessive corrosion of the weld metal is
usually only a problem when the selected
alloy is subjected to an environment that is near
the limit of the alloy useful range. Overalloyed
filler metals may be selected in special cases, but
the filler metal must be matched with the
anticipated corrosive environment. For example,
C-22 alloy (N06022) is sometimes used as an
overalloyed filler metal for C-276 alloy
(N10276) in hot chlorine bleach (an oxidizing
environment where high chromium is bene-
ficial), but C-22 alloy filler metal would suffer
higher corrosion rates than matching C-276 alloy
in pure hydrochloric acid (a reducing environ-
ment where high molybdenum is beneficial).
Another common application of over-alloyed
filler metals is the use of 625 or C-22 alloy
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filler metals to join 6% Mo stainless steels in
environments where pitting corrosion is a con-
cern. However, there is no single, overalloyed
filler metal that will provide the best perfor-
mance under all conditions. Even when over-
alloyed filler metals are selected, localized
corrosion of the unmixed zone is possible.
Therefore, overalloyed filler metals are only
selected in special cases where the combination
is known to be effective.

Nickel alloys can be readily joined to steels
and stainless steels by welding. The filler metal
matching the nickel-base side of the joint is often
a good choice for dissimilar metal welds. Alloy
manufacturers should be contacted for specific
recommendations.

Weld Overlays. A thin layer of corrosion-
resistant alloy is often applied to steel to provide
corrosion resistance at relatively low cost. The
GMAW process is often selected for weld
overlay applications. When depositing a corro-
sion-resistant weld metal onto steel, dilution
from the steel can be minimized by favoring low
welding currents and overlapping alloy weld
beads by 50% or more. Stress-relief heat treat-
ments that may be required for the steel base
metal can reduce the corrosion resistance of
alloy cladding; heat treatment requirements

should be taken into account before undertaking
a project.

Alloys Resistant to
High-Temperature
Corrosion

Dwaine Klarstrom, Haynes International,
Inc.

Nickel alloys are industrially important for
their resistance to certain types of high-tem-
perature corrosion. For example, they have out-
standing resistance to oxidation, and they are
generally superior to iron- or cobalt-base alloys
in this mode of attack. They have low solubilities
for interstitial atoms, which makes them inher-
ently more resistant to carburization and nitri-
dation attack than other types of alloy. They also
have good resistance to halogen-containing
environments, due to the high melting points of
the halogen compounds formed.

The compositions of several high-temperature
nickel alloys are given in Table 9. These are
grouped according to their primary elements:
Ni-Cr, Ni-Cr-Mo, Ni-Cr-W, Ni-Co-Cr, Ni-Cr-Fe,
Ni-Fe-Cr, and Ni-Mo. It is also useful to cate-
gorize the high-temperature nickel alloys by
whether or not they can be age hardened. Age
hardening is usually accomplished by the pre-
cipitation of fine, gamma prime or gamma
double-prime particles in the microstructure.
Gamma prime is a fcc A3B compound, wherein
A is predominantly nickel, and B is pre-
dominantly aluminum (sometimes in tandem
with titanium). Gamma double prime is a body-
centered tetragonal phase of the same compo-
sition, except that element B is predominantly
niobium. Obviously, gamma prime requires
significant alloying additions of aluminum (and
possibly titanium), while gamma double prime
requires substantial additions of niobium.

Use of the age-hardenable alloys is generally
limited to gas turbine applications, where
strength over well-defined temperature ranges
and oxidation resistance are the chief require-
ments. For most other high-temperature
corrosion applications, the solid-solution-
strengthened nickel alloys are chosen because
they are useful over much larger temperature

Table 9 Nominal compositions of nickel alloys resistant to high-temperature corrosion

Family
Common

name UNS No. Form

Composition, wt%

Ni Co Mo Cr Fe W Mn Si C Al Ti Other

Ni-Cr 80A N07080 Wrought (age
hardenable)

bal 2(a) . . . 19.5 3(a) . . . 1(a) 1(a) 0.1(a) 1.4 2.3 Cu 0.2(a)

FM 72 N06072 Filler metal bal . . . . . . 44 0.5(a) . . . 0.2(a) 0.2(a) 0.1(a) . . . 0.7 Cu 0.5(a)
600 N06600 Wrought 76 . . . . . . 15.5 8 . . . 0.5 0.2 0.08 . . . . . . Cu 0.2
602 CA N06025 Wrought bal . . . . . . 25 9.5 . . . 0.1(a) 0.5(a) 0.2 2.1 0.15 Cu 0.1(a)

Y 0.09
Zr 0.06

625 N06625 Wrought 61 . . . 9 21.5 2.5 . . . 0.2 0.2 0.05 0.2 0.2 Nbþ Ta 3.6
625 LCF N06626 Wrought 58(b) 1(a) 9 21.5 2.5 . . . 0.2 0.15(a) 0.03(a) 0.2 0.2 Nbþ Ta 3.6
671 . . . Cast, powder

metallurgy
bal . . . . . . 48 . . . . . . . . . . . . 0.05 . . . 0.35 . . .

690 N06690 Wrought 58(b) . . . . . . 29 9 . . . 0.5(a) 0.5(a) 0.05(a) . . . . . . Cu 0.5(a)
693 (53 MD) N06693 Wrought bal . . . . . . 29 4.25 . . . . . . 0.5(a) 0.15(a) 3.25 . . . Nb 1.5
X-750 N07750 Wrought (age

hardenable)
73 . . . . . . 15.5 7 . . . 0.5 0.2 0.04 0.7 2.5 Cu 0.2

Nbþ Ta 1

214 N07214 Wrought 75 2(a) 0.5(a) 16 3 0.5(a) . . . 0.2(a) 0.04 4.5 . . . Y 0.01
Ni-Cr-Mo S N06635 Wrought 67 2(a) 15 16 3(a) 1(a) 0.5 0.4 0.2(a) 0.25 . . . Cu 0.35(a)

La 0.02
B 0.015(a)

Ni-Cr-W 230 N06230 Wrought 57 5(a) 2 22 3(a) 14 0.5 0.4 0.1 0.3 . . . La 0.02
Ni-Co-Cr HR-160 N12160 Wrought 37 29 1(a) 28 2(a) 1(a) 0.5 2.75 0.05 0.4(a) 0.5 . . .

263 N07263 Wrought (age
hardenable)

52 20 6 20 0.7(a) . . . 0.4 0.2 0.06 0.6(a) 2.4(a) Cu 0.2(a)

617 N06617 Wrought 52 12.5 9 22 1 . . . . . . 0.5 0.07 1.2 0.3 . . .
Ni-Cr-Fe X N06002 Wrought 47 1.5 9 22 18 0.6 . . . 1(a) 0.1 0.5(a) . . . . . .

718 N07718 Wrought (age
hardenable)

52.5 . . . 3 19 18.5 . . . 0.2 0.2 0.04 0.5 0.9 Cu 0.2
Nbþ Ta 5.1

45 TM N06045 Wrought 45(b) . . . . . . 27.5 23 . . . 1(a) 2.75 0.09 0.2(a) . . . Cu 0.3(a)
Rare
earths 0.1

RA 333 N06333 Wrought 45.5 3.3 3.3 25.5 bal 3.3 2(a) 1.2 0.08(a) . . . . . . Cu 0.5(a)
601 N06601 Wrought 60.5 . . . . . . 23 15 . . . . . . 0.5(a) 0.1(a) 1.4 . . . . . .

Ni-Fe-Cr 706 N09706 Wrought (age
hardenable)

41.5 . . . . . . 16 40 . . . 0.2 0.2 0.03 0.2 1.8 Cu 0.2
Nbþ Ta 2.9

HR-120 N08120 Wrought 37 3(a) 1(a) 25 33 . . . . . . 0.6 0.05 0.5(a) . . . Nb 0.7
N 0.2

Ni-Mo 242 N10242 Wrought (age
hardenable)

65 1(a) 25 8 2(a) . . . 0.8(a) 0.8(a) 0.03(a) 0.5(a) . . . Cu 0.5(a)

(a) Maximum. (b) Minimum
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ranges and are more amenable to welding and
fabrication. Many of the solid-solution-
strengthened alloys have been tailored to resist
specific forms of high-temperature corrosion,
such as sulfidation.

Aluminum is sometimes added to the solid-
solution-strengthened nickel alloys to enhance
their oxidation resistance, through the promotion
of external Al2O3 (alumina) films. Such is the
case with 214 alloy (N07214). Normally, such
alloys are used at temperatures beyond the
gamma-prime solvus, to avoid precipitation-
hardening complications.

In the sections to follow, the resistance of the
nickel alloys to a variety of high-temperature
corrosion modes of attack is described. Later
sections cover specific applications. The fabri-
cation issues associated with the high-
temperature, solid-solution-strengthened nickel
alloys are similar to those discussed in the pre-
vious section for the aqueous corrosion alloys.

High-Temperature
Corrosion Properties

Dwaine Klarstrom and Krishna
Srivastava, Haynes International, Inc.

The modes of high-temperature corrosion
include oxidation, carburization, metal dusting,
sulfidation, nitridation, corrosion by halogens,
and corrosion by molten salts.

Oxidation

To provide resistance to high-temperature
oxidation, most of the nickel alloys rely on
additions of chromium. As shown in Table 9, the
levels range from 8 to 48 wt%. Some of the
alloys contain minor additions of silicon and
manganese, to promote the formation of highly
protective spinel oxides. Additions of rare earth
elements, such as lanthanum and yttrium, can
also be used to enhance the resistance of the
oxide scales to spallation. As discussed, alumi-
num is a key addition to many nickel alloys,
either to enable precipitation hardening or to

form highly protective alumina films during
high-temperature oxidation.

Oxidation attack consists of two major com-
ponents: a loss of metal as the base material is
converted into an oxide scale, and internal attack
that may consist of intergranular attack, along
with the formation of isolated internal oxides.
The metal loss can further be described in terms
of a continuous oxide scale and oxides lost by
spallation, if thermal cycling is involved. For
internal attack, if the exposure is in air, then
internal nitrides can occur along with internal
oxides. This is especially the case in Cr2O3-
forming alloys, if significant oxide spallation has
taken place, or if the alloy contains insufficient
aluminum to form a continuous Al2O3 layer. The
characterization of oxidation attack by mea-
surement of weight changes during exposure
does not give a complete description of the
damage. Therefore, it is imperative to examine
the exposed samples metallographically and to
make measurements of the attack observed. In
the sections to follow, oxidation attack is
expressed as the average metal affected, which
comprises metal loss plus average internal
attack.

As one may expect, the degree of oxidation
attack generally increases with increasing tem-
perature. This is illustrated in Table 10 for tests
of selected nickel alloys, carried out in flowing
air, with cycling to room temperature every
168 h. At temperatures above 980 �C (1795 �F),
volatile CrO3 is formed, and the protective value
of the Cr2O3 scale is degraded. This effect is
especially evident in the data at 1205 �C
(2200 �F). The very low values at all four tem-
peratures for 214 alloy indicate that an Al2O3

oxide layer is highly protective.
Cycling to room temperature can have a

marked effect on the extent of oxidation attack,
due to spallation of the oxide scales. This is
illustrated by the data shown in Table 11, which
relate to different cycle times in flowing air at
1095 �C (2005 �F). Even though the lengths of
the two tests were similar, the amount of damage
for the shorter cycling time was much greater.

The amount of attack is even more severe for
conditions representing a high-velocity com-
bustion gas and a short cycle time. This type of
(dynamic oxidation) test was designed to simu-
late the conditions in an aircraft gas turbine (Ref
71). The test rig burns a mixture of No. 1 and No.
2 fuel oils, with an air-to-fuel ratio of 50 to 1, to
produce a combustion gas having a velocity of

Mach 0.3. The samples are held in a rotating
carousel that is withdrawn from the hot zone
every 30 min and cooled with a blast of air for
2 min, after which it is inserted back into the hot
zone. The results of such tests at 980 and
1095 �C (1795 and 2005 �F) are presented in
Table 12. The greater severity of these tests can
be appreciated by comparing the results to those
given in Table 10.

Judgments should not be made about long-
term behavior based on the results of short-term
tests. Some materials can exhibit a phenomenon
known as breakaway oxidation during prolonged
exposure. For example, the data shown in
Table 13 indicate that X (N06002) and HR-120
(N08120) alloys suffered catastrophic oxidation
attack in long-term tests at 1205 �C (2200 �F).
For X alloy, complete failure of the sample
occurred in 120 days, and for HR-120 alloy,
failure occurred in 330 days. Therefore, the data
indicate that neither alloy is suitable for long-
term service at temperatures above 1150 �C
(2100 �F).

Carburization

Carburization refers to ingress of carbon into
the metal. This phenomenon occurs in many
processing industries, in the presence of carbo-
naceous gases such as CO, CO2, CH4, and other
hydrocarbons. Carbon is transferred to the metal
surface, diffuses through the metal, and forms
various carbides with the alloying elements. It is
generally observed at temperatures greater than
800 �C (1470 �F) and at carbon activities less

Table 10 Oxidation in flowing air for 1008 h at various temperatures

Common
name

Average metal affected

980 �C (1795 �F) 1095 �C (2005 �F) 1150 �C (2100 �F) 1205 �C (2200 �F)

UNS No. mm mils mm mils mm mils mm mils

214 N07214 5 0.2 3 0.12 8 0.32 18 0.7
230 N06230 18 0.7 33 1.3 86 3.4 201 7.9
600 N06600 23 0.9 41 1.6 74 2.9 213 8.4
617 N06617 33 1.3 46 1.8 86 3.4 318 12.5
601 N06601 33 1.3 66 2.6 135 5.3 191 7.5
X N06002 23 0.9 69 2.7 147 5.8 4899 435.4

Table 11 Effect of cycle time on oxidation in
flowing air at 1095 �C (2005 �F)

Average metal affected

168 h cycles for
1008 h test

25 h cycles for
1050 h test

Common
name UNS No. mm mils mm mils

214 N07214 3 0.1 25 0.98
230 N06230 33 1.3 86 3.4
600 N06600 41 1.6 185 7.28
617 N06617 46 1.8 267 10.5
601 N06601 66 2.6 297 11.7

Table 12 Dynamic oxidation data with a
30 min cycle

Average metal affected

Common
name UNS No.

980 �C (1795 �F)
for 1000 h

1095 �C (2005 �F)
for 500 h

mm mils mm mils

214 N07214 25 0.98 30 1.2
230 N06230 71 2.8 132 5.2
600 N06600 312 12.3 495 19.5
617 N06617 249 9.8 4610 424
601 N06601 76 3.0 4610 424
X N06002 142 5.6 328 12.9
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than 1. When the temperature is lower and the
carbon activity is greater than 1, another mode of
corrosion, metal dusting, is observed.

Carburization is different from most other
modes of high-temperature corrosion; the for-
mation of internal carbides can lead to metal
degradation, embrittlement, and fracture. In this
mode, metal loss due to scale formation does not
take place; corrosion damage cannot be defined
in terms of the sum of the metal loss and internal
attack. Instead, the magnitude of carburization is
defined by the mass carbon gain (mg/cm2) and
the depth of carburization. The kinetics of car-
burization depend on the solubility and diffu-
sivity of carbon at the temperature concerned.

The solubility of carbon in nickel alloys is
low; therefore, the use of nickel alloys to resist
carburizing environments is widespread. How-
ever, heat-resistant alloys invariably contain
many alloying elements, such as chromium,
aluminum, silicon, and so on. Carburization thus
always leads to the formation of various chro-
mium carbides. Nickel alloys are protected from
carburization by stable oxide scales. Whether an
alloy will undergo oxidation or carburization in a
gas mixture at a given temperature is determined
by the partial pressure of oxygen (oxygen
potential) and the carbon activity at that tem-
perature. Reference 72 defines the thermo-
dynamic principles underlying carburization.

Also see the several articles on fundamentals of
gaseous corrosion and “High-Temperature Gas-
eous Corrosion Testing” in ASM Handbook,
Volume 13A, 2003.

At higher temperatures, typically greater than
1050 �C (1920 �F), oxide scales are stable in the
following order: Al2O34SiO24Cr2O3. For
service below 1050 �C (1920 �F), chromia-
forming alloys offer satisfactory life. For service
above 1050 �C (1920 �F), however, silica- or
alumina-forming alloys are preferred. If the
processing conditions alternate between carbur-
izing and oxidizing, then chromium in the alloy
would alternately oxidize and carburize. The
carburization of oxides releases CO for sub-
sequent oxidation, and the cycle continues. This
phenomenon leads to what is known as green rot,
named for the greenish chromium oxides on the
fracture surface.

Carburization data for several commercial
alloys are given in Table 14 (Ref 73). All
alloys were tested in a gaseous mixture: 5% H2,
5% CO, 5% CH4, and balance argon (by
volume). The environment was characterized
by a low oxygen potential and unit carbon
activity. While the gaseous composition
remained constant, the partial pressures of oxy-
gen changed with temperature. The calculated
equilibrium oxygen partial pressures at the
test temperatures were as follows: at 871 �C

(1600 �F), Po2=8.13 · 10�23 atm; at 927 �C
(1700 �F), Po2=2.47 · 10�22 atm; and at
982 �C (1800 �F), Po2=6.78 · 10�22 atm.

The magnitude of carbon pickup increased
significantly at 982 �C (1800 �F), even though
the duration of the test was much shorter.
Micrographs showing carburization for a set of
nickel alloys at 982 �C (1800 �F) for 55 h are
shown in Fig. 27. In the case of alloys 601 and
617, carburization penetrated to the center of the
samples. Carburization leads to degradation of
properties. The influence of carburizing expo-
sure on the residual tensile and Charpy impact
properties is given for a wide variety of alloys in
Ref 74.

Another set of previously unpublished car-
burization data is presented in Table 15. In this
instance, several alloys were exposed to a gas-
eous mixture of 5% H2, 1% CH4, and balance
argon (by volume) at 982 �C (1800 �F) for 55 h.
The results are reported in terms of the mass of
carbon gain per unit area, the average internal
penetration, and the maximum internal penetra-
tion. The latter two were measured using an
optical microscope. The oxygen potential for this

Table 13 Oxidation in flowing air for 360 days with cooling to room temperature and
weighing every 30 days

Common
name

Average metal affected

980 �C (1795 �F) 1095 �C (2005 �F) 1150 �C (2100 �F) 1205 �C (2200 �F)

UNS No. mm mils mm mils mm mils mm mils

214 N07214 0 0 0 0 0 0 36 1.4
230 N06230 64 2.5 279 11.0 874 34.4 1626 64.1
HR-120 N08120 84 3.3 589 23.2 1118 44.0 Consumed
X N06002 71 2.8 666 26.2 1407 55.4 Consumed
HR-160 N12160 348 13.7 780 30.7 1158 45.6 1598 62.9

Table 14 Carburization data for heat-
resistant alloys

Carbon mass gain per unit area, mg/cm2

Common
name UNS No.

871 �C
(1600 �F)
for 215 h

927 �C
(1700 �F)
for 215 h

982 �C
(1800 �F)
for 55 h

214 N07214 0.14 0.3 0.6
263 N07263 0.1 0.4 3.8
617 N06617 0.26 2.4 5.0
625 N06625 0.31 1.1 5.3
S N06635 0.32 1.6 2.1
600 N06600 0.40 1.3 2.8
230 N06230 0.40 2.0 2.5
X N06002 0.45 1.8 2.5
800H N08810 0.48 1.0 1.0
601 N06601 NA 1.8 4.8

NA, not available. Source: Ref 73

Fig. 27 Light micrographs showing typical carburized structures of several nickel alloys after testing at 982 �C (1800 �F) for 55 h in 5% H2, 5% CO, and 5% CH4 (balance argon).
Amount of carbon penetration increases in alloys from left to right. Also see Table 14.
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environment was very low, because the only
source of oxygen was the impurities present in
the gaseous mixture. The carbon activity for the
environment at the test temperature equaled 1.

A cursory examination of the two tables shows
that in the 5% H2þ 1% CH4þ argon environ-
ment, the gain of carbon for the test materials
was much higher than that in the first environ-
ment. Apparently, the alloys did not have suffi-
cient oxygen to form a protective scale in this
environment. The 214 alloy, with its alumina-
rich protective scale, showed the least propensity
to carburize.

Metal Dusting

Metal dusting is a form of material degrada-
tion that occurs in a strongly carburizing envir-
onment in which the carbon activity is �1 and
the oxygen partial pressure is very low. It also
mainly occurs (Ref 75) in the temperature range
of 450 to 750 �C (840 to 1380 �F). The attack
generally occurs in iron-, nickel-, and cobalt-
base alloys and results in the formation of a dust
composed of metal particles and carbon. Some-
times, oxides and carbide particles are included
as well.

This high-temperature corrosion phenomenon
is a particular problem in industrial processes
such as ethylene pyrolysis, hydrogen reforming,
ammonia synthesis, and steel surface carburiza-
tion, in which the conditions required for metal
dusting are met. A number of studies have been
carried out to determine the compositional fac-
tors that provide good resistance to this form of
attack (Ref 76–78).

Nickel-base alloys have a higher resistance to
metal dusting, because their solubility of carbon
is relatively low. High chromium levels (22 to
28%) give better resistance, perhaps because a
protective oxide film is better able to form in the
low-oxygen environment. Aluminum additions
appear to be beneficial, due to the formation of
Al2O3 films, but in environments having very
low oxygen partial pressures, such protective
layers cannot be readily formed. It appears that
additions of molybdenum and tungsten are also
beneficial, probably because they tie up carbon in
the form of carbides and thereby delay the onset
of metal dusting. Finally, additions of silicon

have been shown to be effective in resisting
metal dusting.

A standardized test for metal dusting has not
been developed, because the conditions that
produce it are quite varied. For nickel alloys, the
attack has a very long period of incubation,
which can last many thousands of hours. This is
especially true if the levels of iron are low. The
progression of the attack has been studied by
periodically determining the rate of metal
wastage during the test (Ref 75–77). After the
incubation period, the rate of metal wastage
increases dramatically and may show a slight
decrease, as illustrated in Fig. 28. Eventually,
pits may form to signify the onset of the metal
dusting process, as shown in Fig. 29. A summary
of metal wastage rates obtained for a very severe
metal dusting environment is given in Table 16.

Because of the great diversity in metal dusting
environments, no nickel alloy has yet been found
that is completely resistant to attack.

Sulfidation

Nickel sulfides will form in an environment
comprising only H2 and H2S. The compound Ni-
Ni3S2 forms a low-temperature eutectic that
melts at 635 �C (1175 �F). Liquid sulfide pro-
ducts accelerate corrosion rate greatly; therefore,
nickel alloys are unsuitable for use in such
environments above approximately 600 �C
(1110 �F). Sulfide scales are not protective. They
contain an abundance of defects; therefore, dif-
fusion rates of metal ions through sulfides are
much faster than through oxides. The kinetics of
sulfidation, like those of oxidation, depend on
metal ion diffusion and are parabolic in nature.
However, rate constants for the sulfidation
reaction are several orders of magnitude greater
than those for the oxidation reaction.

Fortunately, most sulfur-bearing, high-tem-
perature environments also contain gases such as
H2O, SO2, CO, CO2, and so on that give rise to
sulfidizing-oxidizing conditions. Under such
conditions, the chromium-containing nickel
alloys derive their resistance from the formation
of protective oxide scales, which are impervious
to sulfur diffusion. Thus, sulfidation resistance,
in such environments, depends on chromium
alloying. Some high-temperature nickel alloys
also contain significant amounts of aluminum or

silicon, which can contribute to sulfidation
resistance by forming an Al2O3- or SiO2-rich
sublayer.

The magnitude of corrosion is determined by
the environment, temperature, and duration of
exposure. A thermodynamic analysis is neces-
sary to determine the partial pressures of sulfur
and oxygen, which define the environment at the
temperature of concern. Knowing the partial
pressures of sulfur and oxygen, it is possible to
determine from phase stability diagrams whether
a metal will form only sulfides, a mixture of
sulfides and oxides, or only oxides. For a nickel-
chromium alloy, the superimposition of phase
stability diagrams for chromium and nickel is
necessary. Similarly, for an alloy based on the
Ni-Cr-Si system, the superimposition of three
phase stability diagrams is necessary, to identify
the regions of stable phases. References 79 and

Table 15 Carburization data for heat-resistant alloys at low oxygen potential

Average internal penetration Maximum internal penetration

Common
name UNS No.

Carbon mass gain,
mg/cm2 mm mils mm mils

214 N07214 0 0 0 0 0
617 N06617 2.6 384 15.1 419 16.5
HR-160 N12160 2.9 505 19.9 559 22.0
601 N06601 3.2 521 20.5 572 22.5
800H N08810 3.6 803 31.6 940 37.0
X N06002 5.8 526 20.7 559 22.0
230 N06230 5.8 584 23.0 648 25.5
600 N06600 7.2 1021 40.2 1067 42.0
HR-120 N08120 7.9 638 25.1 686 27.0
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Fig. 28 Metal wastage rates as a function of time in
49% CO, 49% H2, and 2% H2O at 650 �C

(1200 �F)

Fig. 29 Pitting attack in alloy 601

Table 16 Final metal wastage rates obtained
for exposures in 49% CO, 49% H2, and 2%
H2O at 650 �C (1200 �F)

Common
name UNS No.

Total exposure
time, h

Final metal wastage
rate, mg/cm2/h

HR-120 N08120 190 0.041
800H N08810 925 0.0027
214 N07214 5707 0.0010
601 N06601 10,000 0.0025
230 N06230 10,000 0.00032
HR-160 N12160 10,000 (a)

(a) Attack too small for analysis
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80 provide an understanding of the thermo-
chemical principles involved.

Coal gasification is an important process,
providing material challenges. Reference 81
describes the evaluation of alloys exposed to a
gaseous environment, typical of coal gasifica-
tion, comprising 0.9% CO, 22.2% H2O, 1.1%
H2S, and balance H2 at 600 �C (1110 �F). The
results of this study are summarized in Table 17.

In this test, prediction of corrosion over a one
year period indicated HR-160 alloy (N12160) to
be the most sulfidation resistant, due to the pre-
sence of a continuous silica-rich layer that pro-
tected the substrate metal. The 45TM alloy
(N06045) formed a friable external iron, nickel,
and chromium sulfide scale; the corrosion attack
could not be extrapolated. The MA956 alloy
(S67956), an iron-base mechanical alloy, formed
a discontinuous aluminum-rich oxide scale, that
did not offer sufficient protection from sulfida-
tion.

Sulfidation data are presented in Tables 18
to 20 for tests conducted in a gaseous environ-
ment comprising 5% H2, 5% CO, 1% CO2,
0.15% H2S, and balance argon at 760, 871, and
982 �C (1400, 1600, and 1800 �F), respectively.
While the gaseous composition was the same at
each temperature, it should be noted that the
partial pressures of sulfur and oxygen do not
remain the same.

Most of the nickel alloys were consumed in
the test at 760 �C (1400 �F). In the case of alloy
671, the high chromium content provides the
protective oxide scale that enhances its sulfida-
tion resistance. Also, the silica-rich scale that
forms on HR-160 alloy (N12160) imparts its
sulfidation resistance.

At 871 �C (1600 �F), the partial pressures of
sulfur and oxygen changed slightly, and the
carbon activity equaled 0. In tests at 871 �C
(1600 �F), many nickel alloys were consumed or
suffered a high degree of corrosion attack. Of
note is the observation that alloy 671, which
suffered only a modest degree of attack in the
215 h test, was consumed in the 500 h test.

Sulfidation data for tests in a SO2-bearing
oxidizing environment, 10% SO2, 5% O2, 5%
CO2, and balance argon, at 1093 �C (2000 �F)
are shown in Table 21. The test duration for all
tests was 215 h. The results show that in this
environment, most of the alloys performed
satisfactorily.

These results of short-term test data should not
be extrapolated to estimate the long-term per-
formance of the alloys. However, the results are
useful in assessing the relative performance of
various alloys.

Corrosion by Halogens

Corrosion by halogens refers to corrosion by
gaseous Cl2/HCl, which occurs in many indus-
trial environments. Examples (Ref 82) include
coal combustion (5950 �C, or 1740 �F),
mineral chlorination (300 to 900 �C, or 570 to
1650 �F), the production of ethylene dichloride
(280 to 480 �C, or 535 to 895 �F), titanium
dioxide production (900 �C, or 1650 �F), and
waste incineration (~900 �C, or 1650 �F). The
amount of chlorine in the environment can range
from ~0.01 vol%, in coal combustion, to ~2
vol%, in hazardous waste incineration.

Corrosion by Cl2/HCl presents a very chal-
lenging problem; in contrast to oxides, metal
chlorides are characterized by low melting points
and high vapor pressures. Relative to many
chlorides, the melting points of NiCl2 (1030 �C,
or 1885 �F) and CrCl3 (1150 �C, or 2100 �F) are
high; therefore, chromium-bearing nickel alloys
are frequently used for corrosion protection in
such environments. In the presence of oxygen,
corrosion involves the formation of oxides as
well as volatile chlorides.

Corrosion data from Ref 83 and 84, for a
variety of nickel alloys and 800H (iron-nickel
alloy, N08810) tested in argon, 20% oxygen, and
0.25% Cl at various temperatures for 400 h, are
shown in Table 22. The superior resistance of
214 alloy (N07214) is attributed to the formation
of a protective Al2O3 scale in this environment.
Also, the presence of refractory elements, such
as tungsten and molybdenum, is detrimental to
chloridation resistance. Both S alloy (N06635)
and C-276 alloy (N10276) contain significant
amounts of molybdenum and exhibit poorer
response. Reference 85 describes tests per-
formed on many of the same nickel alloys in
airþ 2% Cl at 900 and 1000 �C (1650 and
1830 �F) for 50 h. The results are summarized in
Table 23. Data describing the performance of the
nickel alloys (including two aqueous corrosion-
resistant Ni-Cr-Mo alloys) in airþ 2% Cl, at

lower temperatures, between 300 and 800 �C
(570 and 1470 �F), are summarized in Table 24
(Ref 86).

For the alloys identified in Table 24, it is
believed that due to lower testing temperatures
and/or short periods of testing, protective scales
are still not in place. This makes long-term pre-
diction of the corrosion resistance in such
environments very difficult.

The performance of several nickel alloys in
100% hydrogen chloride gas is summarized in
Table 25 (Ref 87). The increase in the corrosion
rate for HR-160 alloy (N12160) at higher tem-
peratures is attributed to the high cobalt content
of the alloy. It has been determined that the
chromium-bearing nickel alloys, C-4 (N06455),
600 (N06600), and 625 (N06625), possess good
resistance to gaseous HCl at temperatures up to
700 �C (1290 �F). It has been observed that Ni-
Cr-Mo materials, such as the aqueous corrosion-
resistant C-276 alloy and S alloy (N06635), are
more resistant than X (N06002), 600, and 625
alloys.

Table 17 Sulfidation data in a coal gasification environment
600 �C (1110 �F); Ps2=6.12 · 10�10 atm; Po2=1.38 · 10�25 atm; carbon activity=0.18

Common
name

Attack after 2000 h Predicted attack in 1 year

Mean metal affected(a)
Maximum metal

affected(b) Mean metal affected(a)
Maximum metal

affected(b)

UNS No. mm mils mm mils mm mils mm mils

HR-160 N12160 4 0.16 13 0.5 8 0.3 31 1.2
45TM N0645 24 0.95 55 2.2 No prediction
MA956 S67956 9 0.35 20 0.8 19 0.75 64 2.5

(a) Mean metal affected=metal lossþmean internal attack. (b) Maximum metal affected=metal lossþmaximum internal attack

Table 18 Sulfidation data for heat-resistant
alloys at 760 �C (1400 �F) for 215 h
Ps2=1.02 · 10�7 atm; Po2=3.87 · 10�22 atm; carbon
activity=0.16

Common
name UNS No.

Metal loss
Maximum metal

affected(a)

mm mils mm mils

600 N06600 Consumed 4551 421.7
601 N06601 Consumed 4749 429.5
X N06002 Consumed 4749 429.5
671 N06671 10 0.4 86 3.4
HR-160 N12160 8 0.3 58 2.3

(a) Maximum metal affected=metal lossþmaximum internal attack.
For cases where the test coupon was consumed, the maximum metal
affected is greater than one-half the coupon thickness.

Table 19 Sulfidation data for heat-resistant
alloys at 871 �C (1600 �F)
Ps2=8.11 · 10�7 atm; Po2=1.62 · 10�19 atm; carbon
activity=0

Common
name

Metal loss
Maximum metal

affected(a)

UNS No. mm mils mm mils

Test duration, 215 h

230 N06230 Consumed 4495 419.5
625 N06625 Consumed 4610 424.0
800H N08810 193 7.6 4762 430.0
617 N06617 97 3.8 541 21.3
HR-120 N08120 160 6.3 516 20.3
671 . . . 36 1.4 188 7.4
HR-160 N12160 20 0.8 157 6.2

Test duration, 500 h

617 N06617 Consumed 4648 425.5
671 . . . Consumed 4635 425.0
601 N06601 399 15.7 881 34.7
HR-120 N08120 452 17.8 1189 46.8
800H N08810 528 20.8 1443 56.9
HR-160 N12160 5 0.2 145 5.7

Maximum metal affected=metal lossþmaximum internal attack.
Where the test coupon was consumed, the maximum metal affected is
greater than one-half the coupon thickness.
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Corrosion by Molten Salts

The heat treating industry has been using salt
pots and heat exchangers containing a variety of
molten salts for a long time for heat treatments
such as annealing, quenching, and tempering of
metals and alloys. This causes the furnace
equipment and other containment equipment in
contact with the molten salts to suffer from high-
temperature corrosion. Molten salt corrosion is
also encountered in heat-transfer and energy-
storage media used in solar energy and nuclear
systems, fuel cells, high-temperature batteries,
and metallurgical extraction processes.

Molten salts flux away the protective oxide
scales from a metal surface, causing the corro-
sion to proceed by oxidation of the alloy, fol-
lowed by dissolution of the oxide in the molten
salt. Oxygen and water vapor present in the

molten salts accelerate the kinetics of molten salt
corrosion. The heat treating industry uses various
compositions of neutral salt. Typical salt baths
are 50NaClþ 50KCl, 50KClþ 50Na2CO3,
20NaClþ 25KClþ 55BaCl2, 25NaClþ
75BaCl2, and 21NaClþ 31BaCl2þ 48CaCl2.

Field test results in NaClþ KClþ BaCl2 at
840 �C (1545 �F) for one month are shown in
Table 26. The mechanism of attack was pre-
dominantly intergranular corrosion by the salt
components, especially chlorine (Ref 88). The
results of laboratory testing in a sodium chloride
salt bath, at 840 �C (1545 �F) for 100 h, are
given in Table 27. A fresh salt bath was used for
each run, and air was used as the cover gas.
Again, the corrosion attack was mainly inter-
granular, without discernible metal loss.

Molten mixtures of nitrate-nitrite salts are also
extensively used in the heat treat industry, in the
temperature range of 150 to 600 �C (300 to
1110 �F). Reference 89 provides data for various
alloys in an equimolar NaNO3-KNO3 salt bath at
675 �C (1250 �F) over 336 h, with an equili-
brium nitrite concentration. A decrease was
observed in the corrosion rate with the nickel
content of the alloys tested. However, commer-
cially pure nickel (N02200) exhibited a sharply
higher corrosion rate. The results of tests at 675
and 700 �C (1250 and 1290 �F) in the sodium-
potassium nitrate-nitrite salt for two test dura-
tions are shown in Table 28. The corrosion rates
appear similar in the two tests. However, alloy
800 showed a sharp increase at the higher tem-
perature.

Metals react with molten sodium hydroxide to
form metal oxides, sodium oxide, and hydrogen.
Commercially pure nickel possesses the highest
resistance to molten sodium hydroxide.

Applications

Brian Baker and Jim Crum, Special Metals
Corp.
Lee Flower, Haynes International, Inc.

High-temperature corrosive attack occurs in
the petrochemical industry, in heat treating pro-
cessing equipment, in power plants, and in gas

turbines. See also the articles in this Volume that
address these specific applications.

Petrochemical and Refining

High-temperature corrosion mechanisms of
various types are encountered in petrochemical
and refining applications. Sulfidation is fre-
quently encountered. Contaminants containing
organic sources of sulfur can convert or partially
convert to hydrogen sulfide at sufficiently high
temperatures (260 to 288 �C, or 500 to 550 �F).
At temperatures below approximately 593 �C
(1100 �F), nickel-base materials can perform
well in hydrogen-sulfide-containing environ-
ments. Alloy 625 (N06625), with its niobium
stabilization, can offer a good combination of
sulfidation resistance to 593 �C (1100 �F) and
resistance to stress-corrosion cracking in poly-
thionic acid resulting from condensation during
shutdown. The Fe-Ni-Cr alloys, such as 800
(N08800), 800H (N08810), and 800HT
(N08811), are used for high-temperature sulfi-
dation resistance and offer good performance in
the absence of polythionic acid stress-corrosion
cracking issues. Alloys in the same family but
with higher chromium and silicon contents, such
as 803 (S35045), 890 (N08890), HPM, and
353MA (S35315), and HR-120 alloy (N08160)
(from the Ni-Fe-Cr family) offer admirable
resistance to sulfidizing-oxidizing environments.
Expansion joint bellows found in fluid catalytic
crackers make use of nickel-base alloys such as
825 (N08825) and 625LCF (N06626) because of
their combination of sulfidation resistance,
strength, and fatigue properties.

Resistance to carburization and oxidation are
important for steam methane reforming. The Fe-
Ni-Cr alloys 800H and 800HT are commonly
used for pigtails and headers collecting the
reformer effluent. Components downstream or
associated with the reformer may also encounter
metal dusting. High-nickel alloys having sub-
stantial additions of scale-forming elements
(chromium, silicon, and aluminium) perform
well. Alloy 693 (N06693) excels in such envir-
onments; alloys 690 (N06690) and 601 (N06601)
may offer good performance as well, depending
on the severity of the environment. Weld over-
laying with materials such as filler metal 72, with
44 wt% Cr, or filler metal 53MD, with 29 wt%

Table 20 Sulfidation data for heat-resistant
alloys at 982 �C (1800 �F)
Ps2=4.43 · 10�6 atm; Po2=2.24 · 10�17 atm; carbon
activity=0

Common
name UNS No.

Metal loss
Maximum metal

affected

mm mils mm mils

Test duration, 215 h

230 N06230 84 3.3 4572 422.5
671 . . . 64 2.5 318 12.5
HR-160 N12160 64 2.5 211 8.3

Test duration, 500 h

800H N08810 315 12.4 41481 458.4
HR-120 N08120 414 16.3 1328 52.3
HR-160 N12160 541 21.3 1379 54.3

Table 21 Sulfidation data for heat-resistant
alloys at 1093 �C (2000 �F) for 215 h
Po2=4.92 · 10�2 atm; Ps2=3.73 · 10�20 atm; carbon
activity=0

Common
name

Metal loss
Maximum metal

affected

UNS No. mm mils mm mils

230 N06230 13 0.5 203 8.0
600 N06600 13 0.5 127 5.0
X N06002 15 0.6 142 5.6
800H N08810 13 0.5 178 7.0
625 N06625 25 0.98 229 9.0
601 N06601 15 0.6 180 7.1
617 N06617 89 3.5 279 11.0

Table 22 Halogen corrosion data for heat-resistant alloys at 700 to 1000 �C (1290 to 1830 �F) for 400 h

Common
name

Results, mm

700 �C (1290 �F) 800 �C (1470 �F) 850 �C (1560 �F) 900 �C (1650 �F) 1000 �C (1830 �F)

UNS No. Metal loss Total depth(a) Metal loss Total depth(a) Metal loss Total depth(a) Metal loss Total depth(a) Metal loss Total depth(a)

214 N07214 10.2 10.2 17.8 61.0 17.8 66.0 22.9 149.9 12.7 50.8
600 N06600 (b) (b) 20.3 86.4 38.1 132.1 127.0 251.5 330.2 386.1
601 N06601 (b) (b) (b) (b) (b) (b) 61.0 264.2 203.2 294.6
800H N08810 25.4 33.0 22.9 45.7 30.5 96.5 43.2 190.5 203.2 424.2
X N06002 (b) (b) (b) (b) (b) (b) 99.1 218.4 317.5 434.3
S N06635 78.7 81.3 144.8 149.9 223.5 256.5 315.0 353.1 419.1 472.4
C-276 N10276 33.0 45.7 66.0 71.1 162.6 175.3 299.7 345.4 419.1 449.6

(a) Total depth=metal lossþ average internal attack. (b) Not tested
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Cr, may be an attractive option as well. The Fe-
Ni-Cr alloys 803 and 890 have been used with
success as tubing in ethylene cracking furnaces,
performing well by virtue of their good resis-
tance to the carburizing-oxidizing environment
and good elevated-temperature strength.

Heating and Heat Treating

Heating and heat treating furnace components
and accessories may include belts, muffles, bas-
kets, trays, hangers, tubes, and pots. Alloys used
for constructing these components must have
good corrosion resistance, thermal fatigue
resistance, high-temperature strength, thermal
stability, and fabricability. Heat treating opera-
tions may involve annealing, nitriding, carbur-
izing, carbonitriding, sintering, and brazing.
Contaminants may be present, originating from
the combustion gases, residual cleaners, lubri-
cants, binders (on or in the parts to be heat trea-

ted), brazing compounds, and so on. The
presence of certain contaminants, which may
include halides, sulfur-containing compounds,
sodium, potassium, phosphorus, and so on, can
result in significantly accelerated corrosion rates.
Typical modes of corrosion found in heat treat-
ing operations include oxidation, carburization,
sulfidation, nitridation, and molten salt corro-
sion.

For resistance to oxidation, carbon steels and
alloy steels exhibit acceptable performance up to
approximately 538 �C (1000 �F). At tempera-
tures up to approximately 871 �C (1600 �F),
austenitic and ferritic stainless steels, such as 304
(S30400), 309 (S30900), 310 (S31000), 316
(S31600), 321 (S32100), 347 (S34700), 430
(S43000), and 446 (S44600), exhibit acceptable
performance. For long-term service at tempera-
tures above 871 �C (1600 �F), however, mate-
rials containing higher nickel levels are generally
required, to combat oxidation. Materials that
develop tight chromia layers, sometimes in
combination with an alumina or silica sublayer,
provide enhanced service life. Alloys 601,
602CA (N06625), 617 (N06617), X, 230
(N06230), 800, 803, 890, HPM, 353MA, HR-
120, and the cast Fe-Ni-Cr alloy HP (N08705)
and its variants are in this category. Alloys 693
and 214 are capable of forming highly protective
aluminum oxide scales at high temperatures.

Nickel-base alloys are considered to be more
resistant to carburization than stainless steels,
primarily due to the fact that the solubility and
diffusivity of carbon in the nickel-base alloy
matrix are much lower. Heat-resistant Fe-Ni-Cr
alloys that find use in carburizing atmospheres
include 800 (N08800), 330 (N08330), and
DS (WNr 1.4862, 41Fe-37Ni-18Cr-2.3Si-1Mn).
Again, materials that can form silicon oxide or
aluminum oxide scales or subscales perform well
in carburizing atmospheres (e.g., 330 and DS).
Increased nickel content, such as in the silicon-
containing RA333 alloy (N06333) or the alumi-

num-containing alloy 601, offers further
enhancement in performance. Alloy 600, with a
high nickel content and low chromium content,
offers excellent performance as well. Nickel-
base materials that are capable of forming a tight
aluminum oxide scale, such as alloy 214, offer
additional increases in performance in carburiz-
ing atmospheres.

Elevated-temperature sulfidation under redu-
cing conditions is best countered by using iron-
or cobalt-base materials. Sulfidation-oxidation
problems, especially when coupled with other
forms of corrosion, such as carburization or
halide attack, can be countered by using Fe-Ni-
Cr materials having sufficient scale-forming
elements to afford protection, or by using nickel-
chromium claddings (e.g., filler metal 72, or
N06072, or alloy 671 powder co-extrusion) or
castings (e.g., alloy 671).

Nitriding atmospheres challenge the cap-
abilities of stainless steels at elevated tempera-
tures, approximately 871 �C (1600 �F) and

Table 24 Average thickness and appearance of corrosion layers after 300 h
exposure in air plus 2% Cl

Common
name UNS No. 300 �C (570 �F) 500 �C (930 �F) 650 �C (1200 �F) 800 �C (1470 �F)

800H N08810 1–2 mm 3–4 mm 2500 mm 75 mm
Pitlike near carbides Fragile Very buckled Buckled, fragile

45TM N06045 1 mm 6 mm 110 mm 110 mm
Pitlike near carbides Buckled Fragile, porous, spalled

in parts
Little buckled, spalled

in parts
690 N06690 1–2 mm 1–2 mm 6–7 mm 27 mm

Pitlike Little porous Compact, little porous,
spalled in parts

Compact, little porous,
spalled in parts

59 N06059 1 mm 10 mm 10 mm 36 mm
Fingerlike corrosion Layer with good

adherence
Continuous layer,

spalled off
Porous layer, big parts

spalled off
C-2000 N06200 1 mm 20 mm 105 mm 590 mm

No corrosion attack
detectable

Layer with good
adherence

Leafy layer, spalled off Porous layer

HR-160 N12160 1 mm 1 mm 20 mm 30 mm
Very leafy layer with

cracks
Porous layer with many

cracks
Porous, leafy layer

214 N07214 1–2 mm 7–8 mm 9 mm 1–2 mm
Leafy layer, some

internal corrosion
Slightly leafy oxide

scale consisting of Cr/
Fe and Al oxides

Leafy oxides, spallation

Table 23 Corrosion data for heat-resistant
alloys in air plus 2% Cl for 50 h

Common
name

Metal loss Total depth

UNS No. mm mils mm mils

900 �C (1650 �F)

214 N07214 15.2 0.60 40.6 1.6
800H N08810 25.4 1.0 109.2 4.3
600 N06600 50.8 2.0 127.0 5.0
601 N06601 5.1 0.2 132.1 5.2
625 N06625 101.6 4.0 177.8 7.0
C-276 N10276 154.9 6.1 205.7 8.1
230 N10276 33.0 1.3 208.3 8.2
617 N06617 96.5 3.8 299.7 11.8

1000 �C (1830 �F)

214 N07214 25.4 1.0 50.8 2.0
601 N06601 50.8 2.0 203.2 8.0
800H N08810 88.9 3.5 266.7 10.5

Source: Ref 85

Table 25 Corrosion of heat-resistant alloys
in 100% hydrogen chloride gas

Common
name

Temperature Metal loss rate

UNS No. �C �F mm/yr mils/yr

201 N02201 685 1265 4.2 165
600 N06600 685 1265 7.5 296
HR-160 N12160 685 1265 7.0 276
214 N07214 685 1265 5.7 225
602CA N06025 685 1265 28.6 1127
HR-160 N12160 735 1355 45.6 1797
201 N02201 785 1445 16.7 658
600 N06600 785 1445 26.4 1040
HR-160 N12160 785 1445 96.0 3782

Source: Ref 87

Table 26 Field test results in
NaClþ KClþ BaCl2 at 840 �C (1545 �F) for
1 month

Common
name

Total depth(a)

UNS No. mm/mo mils/mo

X N06002 0.96 37.8
S N06635 1.02 40
214 N07214 1.80 71
600 N06600 2.44 96
601 N06601 42.92 4115

(a) Total depth=metal lossþ internal attack. Source: Ref 88

Table 27 Laboratory test results in a sodium
chloride bath at 840 �C (1545 �F) for 100 h

Common
name

Total depth

UNS No. mm mils

601 N06601 0.066 2.6
214 N07214 0.079 3.1
X N06002 0.097 3.8
800H N08810 0.109 4.3
625 N06625 0.112 4.4
617 N06617 0.122 4.8
230 N06230 0.140 5.5
S N06635 0.168 6.6
600 N06600 0.196 7.7
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above. The solubility of nitrogen in the high-
nickel matrix, as for carbon, is very low. The
presence of high levels of strong nitride formers,
such as aluminum, titanium, niobium, and
chromium, can prove detrimental at high tem-
peratures. Alloy 600 (N06600), with its high
nickel content and relatively low chromium
content, has historically been a workhorse alloy
in nitriding environments.

Molten cyanide, nitrate, chloride, and caustic
salts may be used for tempering, annealing,
hardening, carburizing, and other purposes at
temperatures up to approximately 705 �C
(1300 �F). Molten chloride salts are used at
temperatures above approximately 704 �C
(1300 �F); alloy 600 has been shown to be very
effective in molten chloride.

Aircraft Gas Turbines

Wrought, cast, and powder-processed nickel
alloys are widely used in aircraft gas turbines for
both rotating and static components under
extreme conditions related to combustion
environments, that require high-temperature
strength in combination with resistance to oxi-
dation and other forms of high-temperature
corrosion. Typical static gas turbine components
include compressor, combustor, diffuser, and
exhaust cases; combustor liners; turbine vanes;
compressor and turbine seal rings; honeycomb
and brush seals; turbine vanes; shrouds; fuel
manifolds; pneumatic ducting; thermocouple
sheaths; and fasteners. Typical rotating gas tur-
bine components in nickel alloys include shafts,
disks, and turbine blades.

Power Industry

Fossil fuel power plants use alloy 800
(N08800) reheater or superheater tubes for high-
temperature strength and oxidation resistance
when steel or stainless steel has unacceptable
life. Under very severe conditions, firewall tubes
can be weld overlayed with alloy 625 or C-22
alloy (Table 1). Also, cold-drawn, stress-relieved
alloy 400 (N04400) has been used for over 40
years in feedwater heater service.

Nickel alloys are used extensively in the hot
sections of land-based gas turbines for power
generation. As compared with aircraft gas tur-
bines, those based on land are more robust, due to
fewer weight constraints. However, the material
requirements are generally the same for both
types of turbine. Materials commonly used in gas
turbine applications include the solid-solution-
strengthened 230 (N06230), 617 (N06617), and
625 LCF (N06626) alloys and the age-hard-
enable Nimonic 80A (N07080), 263 (N07263),
706 (N09706), 718 (N07718), and X-750
(N07750) alloys.
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Corrosion of Titanium and Titanium Alloys
Ronald W. Schutz, RMI Titanium Company

TITANIUM ALLOYS were originally devel-
oped in the early 1950s for aerospace applica-
tions in which their high strength-to-density
ratios were especially attractive. Although tita-
nium alloys are still vital to the aerospace
industry for these properties, recognition of the
excellent resistance of titanium to many highly
corrosive environments, particularly oxidizing
and chloride-containing process streams, has led
to widespread nonaerospace (industrial) appli-
cations. Stemming from decreasing cost and
increasing availability of mill and fabricated
products, titanium and its alloys have become
standard engineering materials for a host of
common industrial applications (Ref 1, 2). In
fact, a growing trend involves the use of high-
strength aerospace-founded titanium alloys for
industrial service in which the combination of
high strength-to-density ratio and superior cor-
rosion resistance is critical and desirable.

The objectives of this article are severalfold:

� Describing and characterizing the relevant
modes of corrosion observed on titanium
alloys

� Providing a comprehensive overview of the
available corrosion database on titanium
alloys, with references

� Providing basic explanations and insights
relative to the corrosion behavior, and rele-
vant application guidelines where available

� Offering practical strategies for expanding the
useful corrosion resistance of titanium in
corrosive environments

The designations and nominal compositions
of commercial titanium alloys addressed in this
article are listed in Table 1. The alloys listed in
this table with a footnote indicator represent
titanium alloys typically used in industrial ser-
vice based primarily on their corrosion resis-
tance. It is for this reason that the majority of
corrosion data compiled in this article relate to
these alloys. These range from no- or low-alloy-
content single-phase alpha (a) or near-a (rela-
tively small amount of beta, b, phase) titanium
alloys to more highly alloyed, higher-strength
a-b and metastable b alloys. The a phase
consists of a hexagonal close-packed crystal
structure, whereas the b phase is body-centered

cubic. The remaining titanium alloys listed were
primarily developed for aerospace purposes,
where generally higher strength and, particu-
larly, an improved strength-to-weight ratio were
sought. Increased alloy strength is achieved via
solid-solution alloying and stabilization of two-
phase (a+b) structures. With sufficient b-phase
stabilization, many of these more highly alloyed
a-b and metastable b grades may also be heat
treated (i.e., aged) to much higher strengths. An
extensive review of the metallurgy and corre-
sponding properties of these commercial tita-
nium alloys can be found in various handbooks
(Ref 2–5).

Mechanism of Corrosion Resistance

The excellent corrosion resistance of titanium
alloys results from the formation of very stable,
continuous, highly adherent, and protective sur-
face oxide films. Because titanium metal itself is
highly reactive and has an extremely high af-
finity for oxygen, these beneficial surface oxide
films form spontaneously and instantly when
fresh metal surfaces are exposed to air and/or
moisture. In fact, a damaged oxide film can
generally reheal itself instantaneously if at
least traces (that is, a few parts per million) of
oxygen or water are present in the environment.

Table 1 Designation and nominal composition of commercial titanium alloys

Common alloy designation ASTM grade UNS designation Nominal composition, wt% Alloy type

CP 1(a) 1 R50250 Unalloyed titanium a
CP 2(a) 2 R50400 Unalloyed titanium a
CP 3(a) 3 R50550 Unalloyed titanium a
CP 4 4 R50700 Unalloyed titanium a
Ti-Pd(a) 7/11 R52400, R52250 Ti-0.15Pd a
Ti-lean Pd(a) 16/17 R52402, R52252 Ti-0.06Pd a
TIRU or TiRu(a) 26/27 R52404/R52254 Ti-0.1Ru a
SMI-ACE(a) 30/31 . . . Ti-0.3Co-0.05Pd a
AKOT(a) 33/34 . . . Ti-0.4Ni-0.015Pd-0.025Ru-0.15Cr a
Grade 12(a) 12 R53400 Ti-0.3Mo-0.8Ni a
Ti-3-2.5 9 R56320 Ti-3Al-2.5V Near-a
Ti-3-2.5-Ru(a) 28 R56323 Ti-3Al-2.5V-0.1Ru Near-a
Ti-3-2.5-Pd(a) 18 R56322 Ti-3Al-2.5V-0.06Pd Near-a
Ti-6-2-1-1 . . . . . . Ti-6Al-2Nb-1Ta-0.8Mo Near-a
Ti-5-2.5 6 R54250 Ti-5Al-2.5Sn a
Ti-5-1-1-1 32 R55111 Ti-5Al-1Sn-1Zr-1V-0.8Mo Near-a
Ti-8-1-1 . . . R54810 Ti-8Al-1V-1Mo Near-a
Ti-6-2-4-2-S . . . R54620 Ti-6Al-2Sn-4Zr-2Mo-0.1Si Near-a
Ti-6-4 5 R56400 Ti-6Al-4V a-b
Ti-6-4 ELI 23 R56407 Ti-6Al-4V (0.13 max O) a-b
Ti-6-4-Ru(a) 29 R56404 Ti-6Al-4V-0.1Ru (0.13 max O) a-b
Ti-550 . . . . . . Ti-4Al-2Sn-4Mo-0.5Si a-b
Ti-6-6-2 . . . R56620 Ti-6Al-6V-2Sn-0.6Fe-0.6Cu a-b
Ti-6-2-4-6 . . . R56260 Ti-6Al-2Sn-4Zr-6Mo a-b
Ti-6-22-22 . . . . . . Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.15Si a-b
Ti-17 . . . R58650 Ti-5Al-2Zr-2Sn-4Mo-4Cr a-b
Ti-10-2-3 . . . . . . Ti-10V-2Fe-3Al Near-b
Ti-5-5-5-3 . . . . . . Ti-5Al-5Mo-5V-3Cr Near-b
Ti-15-3-3-3 . . . . . . Ti-15V-3Sn-3Cr-3Al b
Ti Beta-C(a) 19 R58640 Ti-3Al-8V-6Cr-4Zr-4Mo b
Ti Beta-C/Pd(a) 20 R58645 Ti-3Al-8V-6Cr-4Zr-4Mo-0.06Pd b
Ti-13-11-3 . . . . . . Ti-3Al-13V-11Cr b
Beta-21S(a) 21 R58210 Ti-15Mo-2.7Nb-3Al-0.25Si b
Ti-15-5-3(a) . . . . . . Ti-15Mo-5Zr-3Al b
Ti-45Nb . . . . . . Ti-45Nb b

Note: ELI, extra-low interstitial. (a) Often used primarily for corrosion resistance
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However, certain anhydrous conditions in the
absence of a source of oxygen may result in
titanium corrosion, because the protective film
may not be regenerated if damaged.

The nature, composition, and thickness of the
protective surface oxides that form on titanium
alloys depend on environmental conditions. In
most aqueous environments, the oxide is typi-
cally TiO2 but may consist of mixtures of other
titanium oxides, including TiO2, Ti2O3, and TiO
(Ref 6). High-temperature oxidation tends to
promote the formation of the denser, more chem-
ically resistant form of TiO2 known as rutile,
whereas lower temperatures often generate a less
crystalline and protective form of TiO2, anatase,
or a mixture of rutile and anatase (Ref 6).
In dilute reducing acids, a 20 to 100 Å multiplex
film consisting of a hydrated titanium sesqui-
oxide (Ti2O3) inner layer and a TiO2 outer layer
has been shown to form (Ref 7). Increasing redox
potential favors TiO2 formation, and increasing
exposure temperature and/or time motivate
conversion to the more stable rutile form of TiO2.
Although these naturally formed films are typi-
cally less than 10 nm thick (Ref 8) and are
invisible to the eye, the TiO2 oxide is highly
chemically resistant and is attacked only by very
few substances that include hot concentrated
HCl, H2SO4, NaOH, and (most notably) HF. This
thin surface oxide is also a highly effective bar-
rier to hydrogen penetration of the alloy, as is
discussed in a later section of this article.

Furthermore, the TiO2 film, being an n-type
semiconductor, exhibits increasing electronic
conductivity with increasing temperature. As a
cathode, titanium readily passes current and
permits electrochemical reduction of ions in an
aqueous electrolyte. On the other hand, very high
resistance to anodic current flow (anodic polar-
ization) across this passive oxide film can be
expected in most aqueous solutions. Because the
passivity of titanium stems from the formation of
a stable oxide film, an understanding of the
corrosion behavior of titanium is obtained by
recognizing the conditions under which this
oxide is thermodynamically stable. The Pourbaix
(potential-pH) diagram for the titanium-water
system at 25 �C (75 �F) is shown in Fig. 1 (Ref 9)
and depicts the wide regime over which the
passive TiO2 film is predicted to be stable, based
on thermodynamic (free-energy) considerations.
Oxide stability over the full pH scale is indicated
over a wide range of highly oxidizing to mildly
reducing potentials, whereas oxide film break-
down and the resultant corrosion of titanium
occur under reducing acidic conditions. Under
strongly reducing (cathodic) conditions, titanium
hydride formation is predicted. This range of
oxide film stability and passivation is relatively
insensitive to the presence of chlorides, ex-
plaining the high innate resistance of titanium to
aqueous chloride environments (Ref 10).

Thus, successful use of titanium alloys can be
expected in mildly reducing to highly oxidizing
environments in which protective TiO2 and/or
Ti2O3 films form spontaneously and remain
stable. On the other hand, uninhibited, strongly

reducing acidic environments may corrode tita-
nium, particularly as temperature increases.
However, shifting the alloy potential in the noble
(positive) direction by various means can induce
stable oxide film formation, often overcoming
the corrosion resistance limitations of titanium
alloys in normally aggressive reducing acidic
media. Effective strategies for expanding corro-
sion resistance, such as alloying titanium with
more acid-resistant and/or noble elements, are
discussed in greater detail in the final section of
this article.

The nature of the oxide film on titanium alloys
basically remains unaltered in the presence of
minor alloying constituents; thus, small addi-
tions (52 to 3%) of most commercially used
alloying elements or variations in trace alloy
impurities generally have little effect on the basic
corrosion resistance of titanium in normally
passive environments. For example, despite
small differences in interstitial element (carbon,
oxygen, and nitrogen) and iron content, all
unalloyed grades of titanium possess the same
useful range of resistance in environments in
which corrosion rates are normally very low
(Ref 11, 12). However, under active conditions
in which titanium exhibits significant general
corrosion (such as in strong reducing acid
media), certain background elements may
accelerate corrosion. Increasing the alloy iron

and sulfur content, for example, increases cor-
rosion rates when corrosion rates exceed
~0.10 mm/yr (3.9 mils/yr) (Ref 11, 12). Thus,
minor variations in alloy chemistry may be of
concern only under conditions in which the
passivity of titanium is borderline or when the
metal is actively corroding.

Weldments (Ref 12) and castings (Ref 13, 14)
of most of the titanium alloys listed in Table 1
generally exhibit corrosion resistance similar to
that of the unwelded, wrought counterparts.
Because the same basic protective titanium oxide
surface film forms regardless of microstructure,
titanium weldments and associated heat-affected
zones generally do not experience corrosion
limitations in welded components when normal
passive conditions prevail for the wrought metal.
However, under marginal or actively corroding
conditions (for corrosion rates 40.05 mm/yr, or
2.0 mils/yr), weldments may experience accel-
erated corrosion attack relative to the base metal,
depending on alloy composition (Ref 12).

Forms of Corrosion and
Related Test Methods

Titanium alloys, like other metals, are
subject to corrosion in certain environments.

TiO32H2O?

2.0

1.6

1.2

0.8

0.4

0

–0.4

–0.8

–1.2

–1.6

–2.0
–2 0 2 4 6

Passive TiH2

Ti2O3

Ti2+

Ti3+

Corrosion

P
ot

en
tia

l (
E

),
 V

8

pH

10 12 14 16

?

?

?

HTiO4
–? TiO4

2–?

Corrosion

Oxidation of water

Reduction of water or H+

Passive TiO2

Fig. 1 Pourbaix (potential-pH) diagram for the titanium-water system at 25 �C (75 �F). Source: Ref 9

Corrosion of Titanium and Titanium Alloys / 253

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



The primary forms of corrosion that have been
observed on these alloys include general cor-
rosion, crevice corrosion, anodic pitting, hydro-
gen damage, and stress-corrosion cracking.
In any contemplated application of titanium, its
susceptibility to degradation by any of these
forms of corrosion should be considered.
In order to understand the advantages and lim-
itations of titanium alloys, each of these forms of
corrosion is explained. Although they are not
common limitations to titanium alloy perfor-
mance, galvanic corrosion, corrosion fatigue,
and erosion-corrosion are included for com-
pleteness.

General Corrosion

General corrosion is characterized by a rela-
tively uniform attack over the exposed metal
surface. At times, general corrosion in aqueous
media may take the form of mottled, severely
roughened metal surfaces that resemble loca-
lized attack. This uneven attack results from
variations in the corrosion rate of localized sur-
face patches due to localized masking of metal
surfaces by process scales, corrosion products, or
gas bubbles. When titanium is in the fully passive
condition, corrosion rates are typically less than
0.02 mm/yr (0.8 mil/yr) and well below the
0.13 mm/yr (5 mils/yr) maximum corrosion rate
commonly accepted by designers. This minimal
acceptable corrosion is attributable to the finite
oxidation (typically TiO2 film growth) of tita-
nium alloy surfaces. This oxide film growth
manifests itself as colored surfaces and very
slight weight gain by test coupons. As a result,
titanium is generally designed with a zero cor-
rosion allowance in normal passive environ-
ments.

General corrosion becomes a concern in
reducing acid environments, particularly as acid
concentration and temperature increase. In
strong and/or hot reducing acids (in the absence
of inhibitors), the oxide film of titanium can
deteriorate and dissolve, and the unprotected
metal is oxidized to the soluble trivalent ion
(Ti?Ti3++ 3e�). This ion has a characteristic
violet color in acid solutions. If dissolved oxygen
or other oxidizing species are present in hot
acid, the Ti3+ ion is readily oxidized to the
less soluble (pale yellow) Ti4+ ion, which may
subsequently hydrolyze to form insoluble TiO2

precipitates/scales. Titanium ion hydrolysis
often produces highly colored metal surfaces,
generating thin titanium oxide films that may
inhibit subsequent corrosion. Gray-matte or dull
silver surface finishes, produced by thin titanium
hydride surface films, can also be observed in
reducing acid exposures where severe corrosion
attack has occurred.

General Corrosion Testing. General corro-
sion rates for titanium alloys can be determined
from weight loss data, dimensional changes, and
electrochemical methods (Ref 15). Electro-
chemical anodic and cathodic polarization test-
ing is often used to supplement weight loss

testing. Polarization testing can identify whether
the alloy is truly fully passive or possibly meta-
stable; this is often not discernible from weight
loss tests alone. The immersion test procedures
described in ASTM G 1 and G 31 apply, pro-
vided several modifications are observed (Ref
15, 16). These modifications focus on test sample
surface preparation and posttest sample-cleaning
procedures.

The type of surface finish tested should
resemble the one expected in service. For tita-
nium alloys, this will often be the pickled finish,
although sandblasted or ground surfaces are also
common. The initial degreasing of test samples
should avoid chlorinated organic solvents (with
higher-strength titanium alloys), anhydrous
methanol, or hot alkaline cleaners, if possible.
Acceptable cleaning solvents include methyl
ethyl ketone, acetone, most alcohols, benzene,
and most detergent solutions. The pickled finish
can be prepared by pickling the metal in a 35
vol% HNO3-5 vol% HF-60 vol% H2O solution
(based on 48 wt% HF and 70 wt% HNO3 stock
acids) at 20 to 55 �C (70 to 130 �F) for one
minute or more. Typically, 0.003 to 0.025 mm
(0.1 to 1.0 mils) of surface is removed in this
process, depending on surface requirements.
More dilute solutions, such as 12 vol% HNO3-1
vol% HF-87 vol% H2O, can also be used if
slower pickling rates are desired. In any case, a
minimum 7 to 1 HNO3 to HF vol% ratio should
be maintained to avoid excessive uptake of
hydrogen in titanium alloys during pickling.
After pickling, a quick rinse in deionized water
leaves a shiny specimen that is ready for
weighing after air drying. Blasted and abraded
surfaces are prepared by procedures similar to
those used for other metals. Steel or chilled-iron
grit, which can smear/embed into titanium
surfaces, should be avoided.

After laboratory or in situ test exposure, tita-
nium samples can be coated with tenacious,
insoluble corrosion product (TiO2) films or
scales, which require removal before final
weighing. Because titanium oxides are not
soluble in common mineral acids, very light (a
several second exposure), fine grit blasting has
been found to be most effective. If scaling con-
sists of silicaceous, carbonaceous, sulfate, or
other typical process stream deposits, then acids
or alkaline solutions that are properly inhibited
with oxidizing species must be used; common
amine inhibitors are not effective on titanium.
Recommended cleaning solutions for these
scales are discussed in detail in Ref 1 and 15.

Serious consideration must be given to the
presence of test medium contaminants that may
significantly affect the corrosion rate of titanium.
Metal ion contaminants or dissimilar-metal cor-
rosion products can promote the passivity of
titanium (see the section “Expanding the Cor-
rosion Resistance of Titanium” later in this
article). The degree of aeration and other back-
ground chemistry variables in the test media that
influence alloy passivity in service must be taken
into account in order to avoid deviated and/or
misleading test results.

Immersion testing will generate weight loss
data, or corrosion current measurements can be
obtained from electrochemical polarization tests
(ASTM G 3 and G 5). Corrosion rates in milli-
meters per year for titanium alloys can be cal-
culated from weight loss data as follows:

Corrosion rate (mm=yr)=
(8:76 · 104)W

(d)(A)(t)

where d is the titanium alloy density (in grams
per cubic centimeter), A is the sample surface
area (in square centimeters), t is the exposure
time (in hours), and W is the weight change (in
grams).

Corrosion rates in millimeters per year can be
calculated from electrochemical measurements
by using the equation:

Corrosion rate (mm=yr)=
(0:0033)(icorr)(EW)

d

where icorr is the measured corrosion current
density (in milliamps per square centimeter), d is
alloy density (in grams per cubic centimeter),
and EW is the equivalent weight for titanium.
The equivalent weight for titanium is approxi-
mately 16 under reducing acid conditions and
12 under oxidizing conditions. The value of
icorr is typically determined from Tafel slope
extrapolation or linear polarization methods
(Ref 17, 18).

Further guidance on corrosion testing of tita-
nium can be found elsewhere (Ref 15).

Crevice Corrosion

Titanium alloys may be subject to localized
attack in tight crevices exposed to hot (470 �C,
or 160 �F) chloride, bromide, iodide, fluoride, or
sulfate-containing solutions. Crevices can stem
from surface-adherent process stream deposits or
scales, metal-to-metal joints (for example, poor
weld joint design or tube-to-tubesheet joints),
and gasket-to-metal flange and other seal joints
(Ref 19, 20).

The mechanism for crevice corrosion of tita-
nium is similar to that for stainless steels, in
which oxygen-depleted reducing acid conditions
develop within tight crevices (Ref 19). The
model for crevice corrosion is illustrated in
Fig. 2. Dissolved oxygen or other oxidizing
species in the bulk solution are depleted in the
restricted volume of solution in the crevice.
Finite surface oxidation in crevices consumes
these species faster than diffusion from the bulk
solution can replenish them (Ref 19, 21). As a
result, metal potentials within crevices become
active (negative) relative to metal surfaces
exposed to the bulk solution. This creates a
macro electrochemical cell in which the crevices
become anodic and corrode, and the surrounding
more noble metal surface is the cathode.

Titanium chlorides formed within the crevice
are unstable and tend to hydrolyze, forming
hydrochloric acid (HCl) and titanium oxide/
hydroxide corrosion products. Because of the
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small, restricted volumes of solution within tight
crevices, crevice pH levels as low as 0 to 1 can
develop. These local reducing acidic conditions
can result in severe and rapid localized active
corrosion within crevices, depending on alloy
resistance, temperature, and redox potential of
the bulk solution.

Although dissolved oxidizing species such as
oxygen, chlorine, ferric ion (Fe3+), and cupric
ion (Cu2+) tend to effectively inhibit the general
corrosion of exposed titanium surfaces, most of
these species tend to accelerate the onset and
propagation of titanium alloy crevice corrosion.
These species are excellent cathodic depolarizers
and thus accelerate cathodic reduction kinetics,
which often are rate controlling. These cationic
oxidizing species will not diffuse into the active
crevice to inhibit attack. On the other hand,
certain anionic oxidizing species, such as NO3

�,
ClO3

�, OCl�, CrO3
2�, ClO4

�, and MnO4
�, can

migrate into the crevice and inhibit crevice
attack when present in halide solutions.

Crevice corrosion on titanium typically gen-
erates irregularly shaped pits (Fig. 3). Micro-
structural examination of hand-polished and
etched sections of crevices often reveals a sur-
rounding layer of precipitated titanium hydrides
(Fig. 4). These are a by-product of hydrogen
reduction at cathodic sites within and/or sur-
rounding the crevice. Hydrides may not form
around or within active crevices in aqueous
media containing strong cathodic depolarizers
(oxidants).

Although frequently interpreted as a pitting
phenomenon, smeared surface iron pitting of
unalloyed titanium in hot brines appears to be a
special case of crevice corrosion (Ref 22).
It results when iron, carbon steel, or low-alloy
steel is gouged, scratched, smeared, or embedded
into a titanium surface, breaching the titanium
oxide film. During hot (480 �C, or 175 �F) brine
exposure, the embedded iron can either corrode
off the surface and permit repassivation, or
develop local acidic conditions if occluded by
titanium metal smears or laps. Localized attack
initiated by this mechanism creates a very char-
acteristic circular pit morphology (Fig. 5) and
can involve local hydrogen absorption. Pit
initiation has not been observed with copper,
nickel, or austenitic stainless steel alloys
smeared into titanium surfaces. The titanium-
palladium (Ti-Pd), titanium-ruthenium (Ti-Ru),
and grade 12 alloys appear to be much more
resistant to this form of localized attack.

Several highly effective strategies are avail-
able for preventing titanium alloy crevice cor-
rosion and smeared iron pitting, as discussed in a
subsequent section of this article. In all cases, the
basic remedy aims at maintaining creviced metal
surfaces at sufficiently noble potentials where
titanium alloy passivity is assured (Ref 20).

Crevice corrosion testing of titanium alloys
generally aims at determining go/no-go perfor-
mance information. The rate of crevice corrosion
is of little practical interest, because crevice
attack is generally insidious and very rapid.

Thus, crevice corrosion cannot be tolerated in
any form. Many crevice test assemblies have
been used, including the multiple-crevice ser-
rated washer (ASTM G 78). Unfortunately, crev-
ice corrosion initiation is not very reproducible,
especially when pH and temperature conditions
are marginal and few or no cathodic depolarizers
are present.

Because the susceptibility of titanium to crev-
ice corrosion increases dramatically as creviced
surface area increases and crevice gap decreases,
the larger sandwich-type crevice test assembly
illustrated in Fig. 6 has proved to be most
effective (Ref 15, 16). This approach typically
employs an assembly consisting of 25 to 38 mm
(1.0 to 1.5 in.) square flat sheet or plate speci-
men, with thin gasket sheets (typically virgin
polytetrafluoroethylene, or PTFE) interspersed
to provide the desired number of metal-to-metal
and metal-to-gasket crevices per assembly.
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Fig. 2 Schematic showing the mechanism of crevice corrosion for titanium in aqueous chloride media

Fig. 3 Crevice corrosion attack of unalloyed titanium
coupon surfaces within tight gasket-to-metal

crevices after exposure to hot chloride brines. (a) Before
cleaning. (b) After cleaning
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This assembly is fastened together with a cen-
terline titanium bolt and nut and tightened with a
controlled torque in the range of 2.8 to
10.1 N � m (25 to 90 in � lb). Titanium assem-
bly bolts are covered with an insulating PTFE
sleeve or tapewrap to avoid galvanic interactions
between coupons. Coupons must be flat and
surfaces must be smooth to ensure tight, uniform
crevice gaps. When only metal-to-metal crevices
are of interest, the interspersed gaskets are
omitted, and one generally torques the assembly
up toward the high end of the range given. The
preparation of crevice test coupons involves
considerations similar to those described for
general corrosion test coupons.

Although crevice corrosion can actually
initiate after several hours of exposure, test
duration should be a minimum of approximately
30 days (and preferably longer) in order to
develop a sufficient degree of attack for detection
and measurement purposes. Post-test evaluation
of creviced coupons may require removal of
titanium oxide/hydroxide corrosion products if
crevice attack has occurred. Common mineral
acids and reagents will not dissolve these
tenacious deposits. Very light (i120 grit and
55 to 8 s) sandblasting of the coupon will
readily remove these scales and facilitate visual
examination of pitted surfaces (ASTM G 46).

Creviced coupon surfaces are often highly
colored after exposure but reveal no visible pits
after sandblasting. This is indicative of the very
slight growth of a protective surface titanium
oxide film, which is considered quite normal and
acceptable from a performance standpoint.
Slight coupon weight gain is often measured in
this situation. In addition to visual examination
and weight change measurements, monitoring of
creviced specimen potential (Ref 23) and current
(Ref 24) has been used to a limited extent to
identify the initiation of titanium crevice corro-
sion. More comprehensive information on crev-
ice corrosion testing of titanium is available
elsewhere (Ref 15).

Pitting

Pitting is defined as localized corrosion attack
occurring on openly exposed metal surfaces in
the absence of any apparent crevices. Pitting
occurs when the potential of the metal exceeds
the anodic breakdown potential of the metal
oxide film in a given environment. When the
anodic breakdown (pitting) potential of the
metal is equal to or less than the corrosion
potential under a given set of conditions, spon-
taneous pitting can be expected.

Because of its protective oxide film, titanium
exhibits anodic pitting potentials, Eb, that are
very high (�1 V); thus, pitting corrosion is
generally not of concern for titanium alloys. For
example, pitting potentials exceed +80 V ver-
sus the saturated calomel electrode (SCE) in
sulfate and phosphate solutions and are typi-
cally in the +5 to +10 V range for chlorides.
Although pitting is normally not a limiting factor
in titanium performance, pitting potential values
provide useful guidelines for titanium used in
anode applications where impressed anodic
potentials may be high, or where significant
inadvertent stray currents exist.

The anodic pitting potential of titanium is
dependent on alloy content, medium chemistry,
temperature, potential scan rate, and, especially,
surface condition. A more intrinsic alloy prop-
erty is the repassivation (protection) potential,
which is defined as the minimum potential at
which pitting can be maintained (Ref 25).

This pitting parameter is not sensitive to surface
condition or measuring-technique artifacts, and
it represents a more conservative design guide-
line than the anodic breakdown potential. The
repassivation potentials of titanium alloys are
also very high relative to the alloy corrosion
potentials, and this explains why titanium alloys
are generally resistant to pitting attack.

Pitting Potential Testing. The potentiostatic
(constant potential) and potentiodynamic (poten-
tial scan) electrochemical techniques used on
other metals to measure anodic pitting potential
apply to titanium alloys as well (Ref 15, 18).
Guidelines are described in ASTM G 3 and G 5.
Determination of anodic pitting potential requires
slow scan rates (j0.5 mV/s) and consideration of
thesurfaceconditiontested.Forexample,abraded
or sandblasted sample finishes will exhibit sig-
nificantly lower pitting potentials than as-pickled
surfaces. Also, because of the relatively high
pitting potential of titanium, a potentiostat with
a potential scan range of at least �2 to +10 V
(SCE) is generally required. Recommended aux-
iliary electrodes include high-density graphite,
glassy carbon, or platinum.

Repassivation potentials are readily deter-
mined by using the galvanostatic method (Ref
25, 26) or the constant potential-surface scratch
test (Ref 18, 25). The galvanostatic method
involves impressing an anodic current density of
approximately +200 mA/cm2 (1290 mA/in.2)
on the specimen for at least several minutes
before measuring the repassivation potential of
the sample (Ref 15, 26). Reproducible, definitive
repassivation potentials are often more difficult
to derive by using reverse scan potentiodynamic
techniques.

Hydrogen Damage

Titanium alloys are widely used in hydrogen-
containing environments and under conditions in
which galvanic couples or cathodic charging
(impressed current) causes hydrogen to be
evolved on metal surfaces. Although excellent
performance is revealed for these alloys in most
cases, hydrogen embrittlement has been
observed.

The surface oxide film of titanium is a highly
effective barrier to hydrogen penetration.
Traces of moisture or oxygen in hydrogen-
gas-containing environments very effectively

Fig. 4 Typical cross-sectional micrographs of crevice
attack on unalloyed titanium in hot chloride

brines. (a) More uniform crevice attack with hydride sur-
face layer beneath TiO2 cap. (b) Intergranular crevice
attack beneath TiO2 cap. Original magnification approxi-
mately 100 ·

Fig. 5 Smeared surface iron pitting of unalloyed tita-
nium tubing in hot brine service. Source: Ref 22
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Fig. 6 Schematic of typical crevice corrosion test
assembly used for titanium alloy sheet and plate

samples. E, assembly and plates; M, alloy test coupons;
T, PTFE sheet spacers; B, titanium bolt/nut
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maintain this protective film, thus avoiding or
limiting hydrogen uptake (Ref 27–29). On the
other hand, anhydrous hydrogen gas atmo-
spheres may lead to absorption, particularly as
temperatures and pressures increase.

In a and a-b alloys, excessive hydrogen
uptake can induce the precipitation of titanium
hydride in the a phase. These acicular-appearing
hydride platelets (Fig. 7, 8) are brittle and have
been well characterized in the literature (Ref 28,
30–32). Small amounts of hydride precipitates
are not detrimental from an engineering stand-
point in most cases, but cause severe reduction in
alloy ductility and toughness when present in
greater amounts. For example, hydride pre-
cipitates can be observed in grade 2 titanium
microstructures at hydrogen concentrations
above approximately 40 to 100 ppm, depending
on the amount of b phase present, but these
precipitates do not result in gross embrittlement
of grade 2 titanium until levels in excess of 500 to
600 ppm are achieved. Hydrides are observed at
concentrations above ~400 ppm in grade 12
titanium and above 400 to 600 ppm in Ti-6-4,
depending on microstructure and composition.

Although uniaxial tensile properties may
experience little effect from increasing hydrogen
levels, biaxial or triaxial stress properties, such
as bend ductility, cup (cold-drawing) form-
ability, and impact toughness, in a and near-a
alloys are very sensitive to hydrogen levels
(Ref 31–35). In a and, especially, a-b alloys,
hydrogen contents above critical levels can result
in sustained-load cracking, which dramatically
reduces useful maximum service loads in
notched or cracked components under slow
strain rate or constant tensile load situations
(Ref 31–37).

Beta titanium alloys have a very high solubi-
lity for hydrogen, such that embrittlement is
generally not associated with hydride precipita-
tion. Significant losses in ductility or formability

may not occur below levels of several thousand
parts per million of hydrogen (Ref 31, 38, 39).
This enhanced tolerance to hydrogen decreases
somewhat in the aged (high-strength) condition
as more a phase is precipitated. This increased b
alloy tolerance must be weighed against sub-
stantially higher hydrogen uptake rates that
result from the much higher hydrogen diffusion
coefficient in b titanium (Ref 38, 40).

Factors that can lead to hydrogen uptake and
possible embrittlement of a titanium alloys in
aqueous media have been identified from field
and laboratory experience. The three general
conditions that must exist simultaneously for the
hydrogen embrittlement of a alloys are (Ref 29):

� A mechanism for generating nascent (atomic)
hydrogen on a titanium surface. This may be
from a galvanic couple, an impressed cathodic
current, corrosion of titanium, or severe con-
tinuous abrasion of the titanium surface in an
aqueous medium.

� Metal temperature above approximately
80 �C (175 �F), above which the diffusion
rate of hydrogen into a titanium becomes
significant (Ref 1, 41, 42)

� Solution pH less than 3 or greater than 12,
or impressed potentials more negative than
�0.75 V (versus Ag/AgCl reference elec-
trode) (Ref 29, 43–47)

The key to preventing hydrogen embrittlement is
simply to avoid one or more of these conditions.

Galvanic couples between titanium and cer-
tain active metals and excessive cathodic char-
ging from impressed-current cathodic protection
systems are the usual causes of excessive
hydrogen absorption (Ref 47–49). In near-neu-
tral electrolytes such as seawater, active metals
such as zinc, aluminum, and, especially, mag-
nesium can induce enhanced hydrogen uptake
and embrittlement when coupled to titanium
above approximately 75 to 80 �C (165 to 175 �F)
(Ref 29, 50). A similar problem occurs when

titanium is in galvanic contact with carbon steels
or active stainless steels in aqueous sulfide media
above this temperature (Ref 29). Similar to
arsenic, antimony, and cyanide species, the sul-
fide acts as a hydrogen recombination poison
(that is, prevents the recombination of atomic
hydrogen) and accelerates hydrogen uptake in
this situation.

No hydrogen uptake and embrittlement pro-
blems occur when titanium is coupled to fully
passive materials in a given environment. Gal-
vanically compatible materials may include
other titanium alloys, resistant (passive) stain-
less steels, copper alloys, and nickel-base alloys,
depending on conditions.

Cathodic charging of hydrogen onto unal-
loyed titanium surfaces is not recommended
when temperatures exceed approximately 80 �C
(175 �F). At metal temperatures below this level,
thin surface hydride films may form on a tita-
nium alloys (Fig. 8); however, these are usually
not detrimental from the standpoint of corrosion
or mechanical properties (Ref 51). However,
very high cathodic current densities may lead to
enhanced hydride film growth and eventual wall
penetration and embrittlement even at room
temperature (Ref 49). Near-a or a-b alloys are
also susceptible at near-ambient temperatures
(despite increased b-phase content), especially
under sustained tensile stress (Ref 48). Practi-
cally speaking, impressed cathodic potentials on
titanium should remain more noble than �1.0
and, preferably, �0.85 V (versus Ag/AgCl) in
ambient-temperature seawater applications.
Thermal oxide surface films on titanium appear
to inhibit hydrogen uptake effectively under low-
to-moderate cathodic charging conditions but
can break down and become nonprotective at
high current densities (Ref 52).

Hot alkaline conditions may also result in
excessive hydrogen uptake and embrittlement of
titanium alloys. The nascent hydrogen generated
on titanium surfaces from small but finite general
corrosion in hot (480 �C, or 175 �F), strongly
alkaline (pH i12) media appears to be respon-
sible.

Hydrogen Testing. Testing to determine the
susceptibility of a titanium alloy to hydrogen
uptake and embrittlement should simulate con-
ditions expected in service. Test exposures in
hydrogen gas atmospheres must duplicate exact
gas chemistry, particularly with respect to water
and oxygen content. Mere traces of moisture, for
example, will effectively inhibit hydrogen
absorption by titanium in dry hydrogen gas and
possibly cause test interference (Ref 28).

Galvanic coupling tests or cathodic charging
tests can also be conducted to evaluate suscep-
tibility to hydrogen uptake. For a given environ-
ment, an active metal (iron, aluminum, etc.)
sample is galvanically coupled to the titanium
alloy sample such that a specific anode-to-cath-
ode surface area is established. Impressed
cathodic charging tests are performed in elec-
trolytic cells containing a specific electrolyte.
A power supply (potentiostat or galvanostat)
impresses a constant potential or current on the

Fig. 8 Micrograph of unalloyed titanium sheet reveal-
ing a very thin, innocuous surface layer of tita-

nium hydrides. Original magnification approximately
500 ·

Fig. 7 Micrograph of severely hydrided unalloyed
titanium. Original magnification approximately

200 ·
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cell such that the titanium is cathodic relative to
an inert counterelectrode such as graphite or
platinum. A reference electrode can also be used
to control or to measure the polarization potential
of the test cathode. A typical cathodic charging
cell and test procedures are presented elsewhere
(Ref 15, 16).

The surface condition of the coupon is a cri-
tical variable in all hydrogen uptake tests. Stu-
dies have shown that abraded or sandblasted
surfaces absorb hydrogen more readily than as-
pickled surfaces. Thickening of the surface oxide
film by anodizing or thermal oxidation further
retards absorption. The actual surface finish
anticipated in service should be evaluated.

After test exposure, sample evaluation may
involve tensile, notched tensile, bend, cold
formability (for example, drawn cup), Charpy
V-notch impact, and/or hydrogen analysis. Uni-
axial, smooth-specimen tensile testing is gen-
erally of little value in diagnosing the subtle
embrittling effects of hydrogen. Titanium alloys
tend to exhibit susceptibility under biaxial or
triaxial stress states; therefore, bend tests, cup
tests, notched tensile, or loaded precracked
fracture toughness tests are generally more sen-
sitive to hydrogen effects. Impact toughness
testing can be an especially sensitive indicator of
hydrogen effects in a alloys, whereas slow strain
rate or sustained-load methods are very suitable
for a-b alloys (Ref 31, 34–36). Because hydro-
gen content has a relatively minor effect on alloy
hardness, hardness testing is generally not used.

Hydrogen analysis of coupons is performed by
the hot vacuum extraction method. In the hot
vacuum extraction apparatus, a small sample is
heated to 1100 to 1400 �C (2010 to 2550 �F) for
several minutes to reversibly release the absor-
bed hydrogen, followed by evolved gas mea-
surements. More information on testing titanium
for hydrogen damage is available elsewhere
(Ref 15).

Stress-Corrosion Cracking

Stress-corrosion cracking (SCC) is a fracture
phenomenon caused by the combined factors of
tensile stress, a susceptible alloy, and a corrosive
environment. The metal normally shows no
evidence of general corrosion attack, although
slight localized attack in the form of pitting may
also be visible in certain metals. Usually, only
specific combinations of metallurgical and
environmental conditions cause SCC. This is
important because it is often possible to elim-
inate or reduce SCC susceptibility by modifying
either the metallurgical characteristics of the
metal and/or the makeup of the environment.
Another important aspect of SCC is the
requirement that tensile stress be present, such
as those stemming from cold work, residual
stresses from fabrication, and/or externally
applied loads.

The key to understanding titanium alloy SCC
is the observation that no apparent corrosion,
either uniform or localized, usually precedes the

cracking process (Ref 53, 54). As a result, it can
sometimes be difficult to initiate cracking in
certain laboratory tests (Ref 15, 55).

It is also important to distinguish between
the two basic classes of titanium alloys. The
first class, which includes the lower-strength
industrial alloys (grades 1, 2, 9, 12, 28, and
titanium-palladium/titanium-ruthenium alloys)
is generally resistant to SCC except in a few
specific environments. These specific environ-
ments include anhydrous methanol, nitrogen
tetroxide (N2O4), red-fuming nitric acid, liquid
or solid cadmium, or liquid mercury. The second
class of titanium alloys, including the aerospace
titanium alloys, has been found to be suscep-
tible to several additional environments, most
notably aqueous halide (e.g., chloride, bromide)
solutions and certain halogenated organic com-
pounds. However, this susceptibility is almost
always associated with high stress concentra-
tions typical of laboratory testing with loaded,
precracked specimens or specimens very slowly
strained to failure, and generally is not observed
with loaded smooth or notched specimens.
As such, the SCC susceptibility identified for
these alloys is seldom observed in actual field
applications.

Over the years, a variety of mechanisms or
models have been proposed to explain SCC
phenomena in titanium alloys (Ref 55–60). In
general, the mechanisms fall into two broad
categories. The first mechanism, anodic-assisted
cracking, may begin where localized corrosion
has occurred in the presence of a tensile stress. If
corrosion is not so rapid as to allow the advan-
cing crack tip to blunt, the crack will continue to
advance into the metal and eventually lead to
failure. Once a crack initiates, the balance among
the crack tip corrosion rate, the crack tip envi-
ronment, and the crack tip stress state is critical
to crack propagation.

The second mechanism, hydrogen-assisted
cracking, is said to occur by absorption of
hydrogen near the crack tip. Hydrogen absorp-
tion leads to embrittlement of the metal ahead of
the crack tip and promotes crack formation. The
source of hydrogen is normally associated with
anodic dissolution (that is, from the concurrent
cathodic hydrogen-reduction reaction) at freshly
exposed metal at the crack tip. As a result, anodic
dissolution in the vicinity of the crack tip is
normally required for this mechanism to operate.
Obviously, this confuses the nature of the true
mechanism, because the second mechanism
relies to a certain extent on at least a portion of
the first mechanism to generate the embrittling
species. As a result, there has been on-going
debate in the literature as to whether titanium
SCC is governed by a cathodic or anodic
mechanism. It is quite likely, given the tre-
mendous diversity of cracking observations, that
no single mechanism exists to explain SCC in
titanium alloys.

Applicable SCC Test Methods. Test meth-
ods for assessing the SCC resistance of titanium
alloys can be grouped into three basic categories
(Ref 15, 55):

� Category 1 tests: Use smooth, statically loa-
ded specimens, such as U-bend, C-ring, bent
beam, and dead-loaded tensile specimens
(described in ASTM G 30, G 38, G 39, and
G 49, respectively)

� Category 2 tests: Fracture mechanics tests
that use notched and precracked specimens
that are statically or dynamically loaded, such
as cantilever beam bend specimen, SE(B);
compact tension, C(T), and double-cantilever
beam specimens; and are conducted per
ASTM E 399 guidelines

� Category 3 tests: Use smooth or notch tensile
specimens that are dynamically loaded at
relatively low strain rates, for which the slow
strain rate tensile (SSRT) test (ASTM G 129)
is the primary test method

Selection of a suitable SCC test method for
titanium alloys is primarily determined by the
nature of the stress-cracking data or design
information desired and by the chemical nature
of the test environment relative to the titanium
alloy passivation. For simple go/no-go assess-
ment of SCC with no quantitative cracking
parameters, the least costly category 1 tests may
be adequate if SCC initiation (incubation) peri-
ods are not too long. The data are typically
considered in terms of sample stress versus time
to failure, as shown in Fig. 9.

If fracture mechanics design information (i.e.,
threshold stress intensity to produce stress-cor-
rosion cracking, KISCC, or stage I or II crack
growth parameters) is required, then the more
sophisticated, costly category 2 tests are the
obvious choice. Precracked C(T)- or SE(B)-type
specimens (ASTM E 399) may be either dead
(constant) loaded to generate an increasing
stress-intensity factor, K, field as the crack
grows; loaded to increasing levels in a stepwise
or continuously slow strain-rate fashion
(increasing K field); or preloaded via wedge- or
bolt-open loading, producing a decreasing K
field as the crack grows (and finally arrests at the
KISCC value). Because KISCC values for titanium
alloys are stress and time dependent, as indicated
in Fig. 9(b), it is vital that adequate time at each
(constant or step) load level (or slow enough
strain rate) be allowed to generate conservative
KISCC results. For example, experience suggests
that a minimum of 6 to 10 h holdtime at each
increasing step load should be adequate.

Although SSRT testing (ASTM G 129) does
not directly provide design/engineering param-
eters, it does represent a more rapid, highly
discriminating, and conservative means of
identifying existence and relative degree of SCC
susceptibility in titanium alloys. This category 3
test is generally assessed as comparative ratios of
test sample ductility (reduction in area) and/or
time-to-failure values to those obtained from a
reference sample test in air or inert gas. Final
confirmation of susceptibility includes a thor-
ough low- and high-magnification examination
of specimen fracture surfaces for SCC indica-
tions (i.e., quasi-cleavage and/or intergranular/
secondary cracking). The SSRT testing of
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titanium alloys in aqueous and methanolic
solutions indicates that discriminating, relevant
strain rates lie within the 10�5 to 10�7/s
window (Ref 61–64).

Selection of SCC test method for titanium
alloys should also be based on the particular type
of environment to be tested. In environments
where alloy repassivation (oxide film formation)
is favored and where stage I subcritical cracking
is generally not observed, category 2 and 3 tests
are more discriminating than category 1 tests.
This is the case for aqueous media, including
saltwater and brines, and chlorinated organic
solvents in which cracking failure of category 1
specimens is generally not observed at near-
ambient temperatures. One must provide initial
or continued local oxide film breakdown, such as
in category 2 and 3 tests, to expeditiously initiate
and manifest potential SCC tendencies in these
alloys. Exceptions to this rule are those very few
titanium alloys that may exist in highly sensi-
tized metallurgical conditions. For example, the
few titanium alloys susceptible to SCC in
ambient neutral saltwater in stressed smooth or
notched samples include step-cooled Ti-8-1-1
and the Ti-8Mn and Ti-13-11-3 alloys. Highly
stressed category 1 test specimens may also
be applicable for testing susceptible alloys in
hot aqueous halides or chlorinated solvents,
where higher temperatures may overcome SCC
activation barriers within reasonable exposure
periods.

For environments where stage 1 subcritical
cracking behavior occurs and repassivation is not
favored, category 1 tests may be preferred over
category 2 and 3 tests for practical/cost reasons.
These environments include methanol, red-
fuming nitric acid, nitrogen tetraoxide, liquid/
solid metals, molten salts, and hot salt. Note that
category 2 testing is not physically applicable to
the evaluation of solid metal embrittlement and
hot salt SCC in these alloys.

Galvanic Corrosion

The coupling of titanium with dissimilar
metals usually does not accelerate the corrosion
of titanium. The exception is in strongly reducing
environments in which titanium is severely cor-
roding and not readily passivated. In this
uncommon situation, accelerated corrosion may
occur when titanium is coupled to more noble
metals. In its normal passive condition, titanium
is beneficially influenced by materials that
exhibit more noble (positive) corrosion poten-
tials. In this regard, graphite and various noble
metals (such as platinum, palladium, ruthenium,
iridium, and gold) provide anodic protection
when coupled to titanium by further stabilizing
the oxide film of titanium at more positive
potentials (Fig. 1).

As shown in Table 2, the corrosion potential of
titanium under normally passive conditions is
quite noble but similar to stainless steel or nickel-
base alloys in the passive condition. The insig-
nificant potential difference between these pas-
sive engineering alloys generally means
negligible galvanic interactions and good gal-
vanic compatibility as long as passive conditions
prevail for the alloys involved.

However, when titanium is coupled to a metal
that is active in an environment, accelerated
anodic attack of the active metal may result. The
rate of accelerated attack depends on many fac-
tors, including the cathode-to-anode surface area
ratio, concentration of dissolved cathodic depo-
larizers (for example, oxygen or atomic hydro-
gen), temperature, solution flow velocity, and
medium chemistry. Depending on environ-
mental conditions, active metals may include
carbon or low-alloy steels, aluminum, zinc,
magnesium, copper alloys, or stainless steels that
are active (depassivated) or pitting. When gal-
vanic corrosion is unacceptably high, con-
sideration should be given to all-titanium

component design, coupling to more compatible
corrosion-resistant alloys, use of dielectric
(insulating) joints, or controlled cathodic pro-
tection of the active metal.

As discussed in the section “Hydrogen
Damage” in this article, attention should be
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Table 2 Galvanic series in flowing natural
seawater
At 24 �C (75 �F) at a velocity of 4 m/s (13 ft/s)

Material

Steady-state electrode
potential, V versus saturated

calomel electrode

Graphite +0.25
Platinum +0.15
Zirconium �0.04
316 stainless steel (passive) �0.05
304 stainless steel (passive) �0.08
Monel alloy 400 �0.08
Hastelloy alloy C �0.08
Titanium �0.10
Silver �0.13
410 stainless steel (passive) �0.15
316 stainless steel (active) �0.18
Nickel �0.20
430 stainless steel (passive) �0.22
Copper alloy C71500

(70Cu-30Ni)
�0.25

Copper alloy C70600
(90Cu-10Ni)

�0.28

Copper alloy 442
(admiralty brass)(a)

�0.29

G bronze �0.31
Copper alloy �0.32
Copper �0.36
Copper alloy C46400

uninhibited naval brass
�0.40

410 stainless steel (active) �0.52
304 stainless steel (active) �0.53
430 stainless steel (active) �0.57
Carbon steel �0.61
Cast iron �0.61
Aluminum alloy 3003-H �0.79
Zinc �1.03

(a) No longer listed by the Copper Development Association; admiralty
brasses are now inhibited with small additions of arsenic (C44300),
antimony (C44400), or phosphorus (C44500).
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given to possible excessive hydrogen uptake by
titanium when it is galvanically coupled to active
metals. This is of concern in a titanium alloys
when temperatures exceed 80 �C (175 �F) in
aqueous electrolytes, especially when hydrogen
recombination poisons, such as sulfide, arsenous,
or cyanide ions, are present.

Erosion-Corrosion and
Corrosion Fatigue

Erosion-corrosion is defined as the accelera-
tion in metal corrosion rate because of relative
movement between a corrosive fluid and a metal
surface. This form of attack is highly dependent
on fluid velocity and is favored in areas where
high local turbulence, impingement, or cavita-
tion of the fluid occur on metal surfaces. Sus-
pended solids in fluid can also result in abrasion,
which can drastically accelerate metal removal.

In normal passive environments, the hard,
tenacious TiO2 surface film of titanium provides
a superb barrier to erosion-corrosion. For this
reason, titanium alloys can withstand flowing
water or seawater velocities as high as 30 m/s
(100 ft/s) with insignificant metal loss. The
ability of the oxide film to repair itself when
damaged and the intrinsic hardness of titanium
alloys both contribute to their excellent resis-
tance to erosion-corrosion. Therefore, inlet tur-
bulence in shell and tube heat exchangers,
entrained gas bubble impingement, and pump
cavitation effects are generally not of concern in
titanium tubing, piping, and other components.

Titanium alloys exhibit relatively high resis-
tance to fluids containing suspended solids.
Critical velocities for excessive metal removal
depend on the concentration, shape, size, and
hardness of the suspended particles, in addition
to fluid impingement angle (Ref 65), local tur-
bulence, and titanium alloy properties. The
typically low concentrations of silt entrained in
seawater are generally of little consequence, but
continuous exposure to high-velocity slurries of
hard particles can lead to finite metal removal.
The harder, higher-strength titanium alloys
generally offer improved erosion/abrasion
resistance when marginal erosion of the softer
unalloyed titanium grades is observed. When
abrasive conditions are severe, application of
hard surface coatings or treatments should be
considered. In potential applications involving
high-velocity slurries or suspended solids, it is
advisable to conduct erosion tests whenever
possible.

Titanium alloys also demonstrate superior
resistance to cavitation in seawater (Ref 66, 67)
compared to most marine alloys, making them
attractive for brine/seawater pumps, impellers,
agitators, and so on.

Corrosion fatigue refers to the reduction in
fatigue resistance of a metal stemming from
environmental exposure. Due to the ultrathin but
highly protective and rehealable oxide film of
titanium, the smooth and notched S-N fatigue life
of the more common titanium alloys (Table 1)

and their weldments is not significantly
affected by water, seawater, and many
other aqueous chloride media (Fig. 10) (Ref 68,
69). Fatigue crack growth (FCG) resistance,
on the other hand, can be environmentally
affected depending on titanium alloy composi-
tion, microstructure, and/or metallurgical con-
dition. Parallel to relative alloy SCC
susceptibility, most of the common, lower-
medium-strength industrial titanium alloys
exhibit little or no increase in FCG rate in aqu-
eous halide media. The more corrosion- and
crevice-resistant, higher-strength alloys can be
expected to be corrosion-fatigue resistant as
well.

Corrosion in Specific Media

The corrosion rate data reviewed in the fol-
lowing sections were generated from both
laboratory and field tests and, in some cases,
from actual equipment service. Most of these
data were derived from weight change mea-
surements involving varying exposure periods.
Samples of plate and sheet in the fully annealed
condition were typically tested, most frequently
in as-pickled or as-ground surface conditions.

These corrosion rate values should be used as
general indicators of corrosion resistance, but it
must be recognized that corrosion rates can
change with exposure time. For example, cor-
rosion rates often decrease with exposure time in
normal passive environments; this reflects the
finite growth of the protective oxide film. In
addition, these values do not always reveal
whether the alloy is in a fully passive or stable
condition. Therefore, supplemental electro-
chemical testing may be necessary when bor-
derline passivity, such as in reducing
environments, is suspected. These rates may not
reflect the influence of solution flow velocity or
the degree of media replenishment/depletion.
Finally, it should be recognized that titanium
alloy corrosion behavior can be highly sensitive
to small, even trace, concentrations of various
oxidizing or complexing species in normally
aggressive, reducing, acidic environments.
Therefore, it is necessary to take all trace species
or background contaminants in the anticipated
service (degree of aeration and so on) into
account when deciding alloy suitability based

on pure or simplified simulated medium chem-
istry. In cases in which the simulation of
complex or variable media chemistry is difficult,
in situ testing is recommended if possible.
Additional corrosion rate data for various tita-
nium alloys are compiled in the Appendixes of
this article.

General Corrosion in Specific Media

Water and Seawater. Titanium and its
alloys are fully resistant to water, all natural
waters, and steam to temperatures in excess of
315 �C (600 �F) (Ref 70). Slight weight gain is
usually experienced in these benign environ-
ments, along with some surface discoloration at
higher temperatures from finite passive oxide
film thickening. The immunity to attack of a
alloys is observed regardless of dissolved oxygen
level or in high-purity water, such as that used in
nuclear reactor coolant systems (Ref 71–74). The
typical contaminants encountered in natural
water streams, such as iron and manganese ox-
ides, sulfides, sulfates, carbonates, and chlorides
(Ref 10), do not compromise the passivity of
titanium. In media containing chloride levels
greater than approximately several hundred parts
per million (e.g., seawater) at temperatures
above ~75 �C (170 �F), consideration should be
given to possible crevice corrosion when tight
crevices exist in service (see the section “Crevice
Corrosion” in this article).

Titanium alloys exhibit negligible corrosion
rates in seawater to temperatures as high as
260 �C (500 �F). As shown in Table 3, extre-
mely low corrosion rates of unalloyed titanium
and Ti-6Al-4V after 3 years of exposure in
ambient seawater are indicated. Pitting and crev-
ice corrosion will not occur in ambient sea-
water, even if marine deposits form and
biofouling occurs. Titanium tubing exposed for
16 years to polluted and sulfide-containing sea-
water showed no evidence of corrosion (Ref 79).
Similar reports of nil corrosion in ambient sea-
water have been reported for unalloyed titanium
(Ref 80, 81) and various titanium alloys, such as
Ti-6-4, Ti-5-2.5, Ti-13-11-3, Ti-6-2-1-1, and
titanium-palladium (Ref 81–83). Exposure of
titanium to marine atmospheres (Ref 81, 84),
splash or tide zone, and soils also does not cause
corrosion (Ref 75–78, 85). As indicated in
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the section “Erosion-Corrosion and Corrosion
Fatigue” of this article, the excellent resistance
of titanium to seawater is retained at relatively
high flow velocities.

Unalloyed titanium welded tubing and piping
has provided more than 40 years of outstanding
service in seawater for the chemical, oil refining,
desalination, and power industries. As a result of
its immunity to ambient, natural seawater attack,
titanium is considered to be the technically cor-
rect material for many critical marine applica-
tions, including many naval and offshore
components.

Oxidizing Media. Titanium alloys are gen-
erally highly resistant to oxidizing media and
oxidizing acids over a wide range of concentra-
tions and temperatures. Common chemicals in
this category include chromic, nitric, perchloric,
and hypochlorous acids, and salts of these acids.
Other oxidizing salts include thiosulfates, vana-
dates, permanganates, chromates, and molyb-
dates. Corrosion rates at and below the boiling
point of these aqueous salt solutions over the full
range of concentration will typically be less than
0.02 mm/yr (0.8 mil/yr). Data for unalloyed
titanium exposed in boiling chromic acid solu-
tions are presented in Table 4.

Nitric Acid. Unalloyed titanium has been
extensively used for handling and producing
nitric acid in applications in which stainless
steels have experienced significant uniform or
intergranular attack (Ref 74, 86–88). Titanium
offers excellent resistance over the full con-
centration range at subboiling temperatures. As
temperatures exceed approximately 80 �C
(175 �F), however, the corrosion resistance
becomes highly dependent on nitric acid purity.

In hot, very pure solutions or vapor con-
densates of nitric acid, significant uniform cor-
rosion rates may occur, particularly as
temperatures increase. The data plotted in Fig. 11
and 12 show that the midrange HNO3 con-
centrations (20 to 70 wt%) are most aggressive
when full inhibition to attack is not achieved in
relatively pure, refreshed solutions. In these
situations, semiprotective titanium oxide surface
films form that do not fully retard continued
oxidation of the metal surface.

As the impurity levels increase in hot HNO3

solutions, the resistance of unalloyed titanium
improves dramatically. In particular, relatively
small amounts of certain dissolved metallic
species, including Si4+, Cr6+, Fe3+, Ti4+, or
various platinum-group metal ions, can effec-

tively inhibit the high-temperature corrosion of
titanium in nitric acid (Ref 74, 87–93). This
inhibitive effect is very potent, as shown in
Fig. 13 and 14 for Cr6+ and Ti4+, respectively
(Ref 92), and in Table 5 for Ti4+ (Ref 91). Thus,
titanium exhibits excellent resistance to recir-
culating nitric acid process streams, such as
stripper reboiler loops (Table 6) in which steady-
state levels of dissolved Ti4+ inhibitor are
achieved. Hold tanks and stripper sumps are also
good applications for similar reasons. Another
good example of this inhibitive effect is the
excellent performance of unalloyed titanium in
evaporator reboilers and other components in the
high-temperature metal-contaminated process
streams used for U3O8 recovery (Ref 93–95).

The significant discrepancies and variations in
titanium corrosion rates in hot HNO3 media
reported by investigators over the years appear to
be the result of these inhibitive metal ion effects.
Because titanium corrosion is inhibited by its
own soluble corrosion product (Ti4+), the tita-
nium surface area to acid volume ratio, the test
duration, and the rate of solution replenishment
will all be critical to the rate obtained. The con-
tainer material and acid purity (chemistry)
will also be influential, as discussed in detail

Table 3 Corrosion of titanium in ambient seawater

Alloy

Ocean depth Corrosion rate

m ft mm/yr mils/yr

Unalloyed titanium Shallow 8 · 10�7 0.00003
720–2070 2360–6800 52.5 · 10�4 50.01

2–2070 6.5–6800 nil
1720 5640 4 · 10�5 0.0015

Ti-6Al-4V 2–2070 6.5–6800 52.5 · 10�4 50.01
1720 5640 8 · 10�6 0.0003
1720 5640 51 · 10�3 50.04

Source: Ref 74–78

Table 4 Corrosion of unalloyed titanium in
chromic acid solutions

Concentration
of CrO3, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

10 Boiling 0.003 0.12
15 24 75 0.005 0.2

82 180 0.015 0.6
36.5 90 195 0.046 1.8
50 24 75 0.013 0.5

82 180 0.025 1.0

400

320

240

160

190 °C

0
0

2

4

C
or

ro
si

on
 r

at
e,

 m
m

/y
r

6

8

10

20 40

Concentration of HNO3, %

60 80
0

200 °C

210 °C

220 °C

230 °C

80

C
or

ro
si

on
 r

at
e,

 m
ils

/y
r

Fig. 11 Corrosion of unalloyed titanium in high-
temperature HNO3 solutions. Source: Ref 89
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elsewhere (Ref 92, 96). Thus, it is vital that
all design and operating factors must be taken
into account when evaluating titanium for high-
temperature concentrated HNO3 service.

Limited corrosion testing of a-b and b tita-
nium alloys in boiling HNO3 indicates that
increasing aluminum and/or b alloying elements
tend to decrease corrosion resistance. The cor-
rosion data for various titanium alloys listed in
Table 7 show that low-alloy-containing a alloys
are generally most resistant to hot HNO3. Other
studies have shown that high-purity (i.e., low
iron and sulfur) unalloyed titanium does not
experience the significant accelerated weldment
attack in high-temperature HNO3 that may be
exhibited by the less pure unalloyed grades and
the near-a alloys.

Fuming Nitric Acid. Titanium alloys exhibit
good resistance to white-fuming nitric acid.
However, dangerous and violent pyrophoric
reactions may occur with titanium alloys
exposed to red-fuming nitric acid or to nitrogen
tetroxide (see the section “Gases” in this article).
The attack is intergranular and results in a sur-
face residue of finely divided titanium particles
that are highly reactive. The critical variables are
the nitrogen dioxide (NO2) and water contents of

the acid (Fig. 15) (Ref 97). Fuming nitric acid
containing less than 1.4 to 2.0% water or more
than 6% NO2 may cause this rapid impact-sen-
sitive reaction to occur (Ref 53, 97–101). Both
water and NO are effective inhibitors to this
attack, but increasing oxygen and NO2 are det-
rimental in this situation. Corrosion rate data in
red-fuming nitric acid for various alloys as a

function of NO2 and water content also can be
found in Ref 6.

Peroxides. Although peroxides are generally
oxidizing, titanium alloys can experience gen-
eral corrosion in hydrogen peroxide solutions,
depending on concentration, temperature, and
pH. As shown in Table 8, titanium corrosion
rates are minimal in dilute, slightly acidic, or
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Table 6 Corrosion of grade 2 titanium and 304L stainless steel heating surfaces exposed to
boiling 90% HNO3

Corrosion rate

Metal temperature Grade 2 Type 304L

�C �F mm/yr mils/yr mm/yr mils/yr

116 240 0.03–0.17 1.2–6.7 3.8–13.2 150–520
135 275 0.04–0.15 1.6–6 17.2–73.7 675–2900
154 310 0.03–0.06 1.2–2.4 18.3–73.7 720–2900

Source: Ref 87

Table 7 Corrosion of various titanium alloys in boiling HNO3 solutions after 196 h

Titanium alloy

Corrosion rate at indicated HNO3 concentration

25 wt% 45 wt% 70 wt%

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

Grade 1 0.15 6 0.39 15 0.08 3.1
Grade 7 0.17 6.7 0.38 14.9 0.07 2.8
Grade 12 0.18 7 0.27 10.6 0.06 2.4
Ti-6-2-1-1 0.39 15 0.73 28.7 0.21 8.3
Grade 9 0.18 7 0.54 21.3 0.10 4
Ti-550 0.83 32.6 1.14 44.9 0.30 12
Grade 5 0.67 26.4 0.86 33.8 0.02 0.8
Ti-6-2-4-6 4.3 170 5.7 224 0.78 30.7
Ti-10-2-3 0.48 18.9 1.2 47.2 0.07 2.8
Ti-3-8-6-4-4 1.13 44.5 3.6 141.7 1.46 57.5
Ti-5Ta 0.04 1.6 0.08 3.1 0.03 1.2

Table 5 Effect of dissolved Ti4+ on the
corrosion rate of unalloyed titanium in
boiling HNO3 solutions

Titanium ion
added, mg/L

Corrosion rate

40% HNO3 68% HNO3

mm/yr mils/yr mm/yr mils/yr

0 0.75 29.5 0.81 32
10 . . . . . . 0.02 0.8
20 0.22 8.7 0.06 2.4
40 0.05 2 0.01 0.4
80 0.02 0.8 0.01 0.4

Source: Ref 91
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Fig. 15 Acid composition limits for avoiding rapid,
pyrophoric reactions of titanium with red-

fuming nitric acid. Source: Ref 97
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near-neutral H2O2 solutions but increase dra-
matically under alkaline conditions (Ref 102–
104). This stems from the formation of soluble
titanium peroxide complexes from the perhy-
droxyl species generated in alkaline H2O2 media
(Ref 102, 104–106), which prevents formation of
an insoluble, protective surface oxide film on
titanium. Fortunately, corrosion can be effec-
tively inhibited by the naturally occurring pres-
ence and/or intentional addition of relatively
minor concentrations of calcium (Table 8) or
strontium or barium ions (Ref 102, 103). Fig-
ure 16 depicts some pH/temperature guidelines
for using titanium in dilute H2O2 solutions,
illustrating the potent inhibitive influence of
Ca2+ ion level (Ref 104). Sodium silicate and
hexametaphosphate additions (Ref 102), as well
as Mg2+ ion, are also inhibitive to a lesser extent.
The addition of certain chelating agents (e.g.,
ethylenediaminetetracetic acid, diethylene-
triaminepentaacetic acid) to the Ca2+ ion con-
taining peroxide solutions may compromise
inhibition if added in excess (Ref 104).

Significant attack of titanium may also occur
in highly concentrated (90%) H2O2 solutions.

Other Oxidizing Media. Titanium alloys exhi-
bit outstanding resistance to solutions of oxidiz-
ing chlorine compounds over the full range of
concentrations and to relatively high tempera-
tures. Various data for unalloyed titanium are
presented in Table 9. Titanium is highly resistant
to wet chlorine gas, although a minimum water
content must be present, depending on tempera-
ture, to maintain full passivity. This is discussed
in more detail in the section “Gases” in this
article. Titanium is unique among the common
engineering alloys in its elevated resistance to
general and pitting corrosion in oxidizing chlo-
ride environments (Ref 10), as well as bromine-
and iodine-containing media. Halide salts of
oxidizing metal cations also enhance the pas-
sivity of titanium alloys such that negligible
corrosion rates can be expected. Prominent
examples include FeCl3, CuCl2, and NiCl2 solu-
tions and their bromide counterparts.

Reducing Acids. The corrosion resistance of
titanium alloys in reducing acid media is very
sensitive to acid concentration, purity, tempera-
ture, and background chemistry, in addition to
titanium alloy composition. When the tempera-
ture and/or concentration of strong reducing acid
solutions exceed certain values, the protective
oxide film of titanium can break down (i.e.,
depassivate), resulting in severe general corro-
sion. Strong reducing acids of concern include
hydrochloric, sulfuric, hydrobromic, hydriodic,
hydrofluoric, phosphoric, sulfamic, oxalic, and
trichloroacetic acids.

Temperature-acid concentration guidelines
for titanium grades 2, 7, and 12 in naturally
aerated but pure (uninhibited) HCl, H2SO4, and
H3PO4 solutions are presented in Fig. 17, 18, and
19, respectively. Supplemental titanium alloy
corrosion data in these acids are provided in
Tables 10 to 13 and in the Appendixes to this
article. Corrosion rate profiles for various palla-
dium- and ruthenium-enhanced titanium alloys

Table 8 General corrosion of grade 2 titanium in hydrogen peroxide solutions

Medium pH(a)

Temperature Corrosion rate

�C �F mm/yr mils/yr

5% H2O2 1 23 73 0.064 2.5
4.3 23 73 0.013 0.5
1 66 150 0.152 6
4.3 66 150 0.061 2.4

5% H2O2+500 ppm Ca2+ 1 66 150 nil
20% H2O2 1 66 150 0.686 27
20% H2O2+500 ppm Ca2+ 1 66 150 nil
10 g/L H2O2+20 g/L NaOH . . . 60 140 55.9 2200
3.5 g/L H2O2+10 g/L NaOH

+10 g/L Na2SiO3+0.5 g/L Na3PO4

. . . 60 140 nil

0.75 g/L H2O2 11 70 160 0.42 16.5
0.2–0.3% H2O2 11.5 70 160 2.0 79

12.0 70 160 8.7 342
0.2–0.3% H2O2+1 ppm Ca2+ 12.0 70 160 0.18 7
0.2–0.3% H2O2+50 ppm Ca2+ 12.0 70 160 0.46 18
0.2–0.3% H2O2 11.0 80 175 4.5 177
0.2–0.3% H2O2+10 ppm Ca2+ 11.0 80 175 0.0 0.0
0.2–0.3% H2O2+100 ppm Ca2+ 11.5 80 175 0.25 10
0.2–0.3% H2O2 12.0 80 175 10.2 400
0.2–0.3% H2O2+50 ppm Ca2+ 12.0 80 175 0.41 16
0.2–0.3% H2O2+100 ppm Ca2+ 11.0 85 185 0.12 4.7
0.05% H2O2 12.0 90 195 3.0 120
0.10% H2O2 11.0 90 195 2.0 79

(a) Acidic solutions were prepared with HCl additions. Source: Ref 102–106

Table 9 Corrosion of unalloyed titanium in solutions of oxidizing chlorine compounds

Reagent Concentration, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

Water saturated with chlorine . . . 75 165 0.003 0.12
. . . 88 190 0.002 0.08
. . . 97 207 0.07 2.8

NaOCl 6 25 77 nil
ClO2+HOCl 15 43 110 nil
ClO2+steam 5 100 212 0.005 0.2
Ca(OCl)2 2 100 212 0.001 0.04

6 100 212 0.001 0.04
18 25 77 nil

HOCl+ClO2+Cl2 17 38 100 nil
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Fig. 16 Approximate limits for useful corrosion resistance (50.13 mm/yr, or 5.1 mils/yr) of grade 2 titanium in alkaline
solutions containing up to 0.3 wt% H2O2. Source: Ref 104
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in boiling HCl media are presented in Fig. 20.
Table 14 lists data for several alloys in HBr and
HI solutions. Corrosion data for unalloyed tita-
nium in highly concentrated and SO3-fuming
H2SO4 media can be found in Ref 6. It should be
noted that the titanium-palladium (grades 7, 11,
16, 17) and titanium-ruthenium (grades 26, 27)
alloys exhibit substantially greater resistance to
dilute uninhibited reducing acids than other
commercial titanium alloys. General corrosion
rate profiles for as-annealed high-strength tita-
nium alloys in uninhibited boiling HCl solutions
are plotted in Fig. 21 to 23 (Ref 13). Figure 24
suggests that aging has little effect on the general
resistance of a titanium alloy to HCl (Ref 13).
The potent beneficial effect of palladium,
ruthenium, and/or molybdenum alloying addi-
tions on titanium corrosion resistance is apparent
from these results.

Hydrofluoric acid solutions can aggressively
attack titanium alloys over the full range of
concentrations and temperatures, because the
fluoride ion (F�) forms highly stable, soluble
complexes with titanium. Although the addition
of oxidizing species, such as HNO3, will tend to
reduce corrosion and retard hydrogen uptake in
HF solutions, significant rates of attack still
prevail. Inhibition of corrosion can be achieved
in dilute acid fluoride solutions when an excess
of complexing metal ions (e.g., Ca2+, Mg2+,
Fe3+, Al3+, or Cr6+) is present (Ref 101, 102,
107–109). In the absence of these complexing
metal ions, solutions containing more than 20 to
30 ppm F� may attack titanium when solution
pH falls below 6 to 7.

Titanium alloys exhibit good resistance to
most mildly reducing acid solutions whether
they are inhibited or not. These environments
include sulfurous acid, aqueous hydrogen sulfide
solutions, boric acid, or carbonic acid. Near-nil
corrosion rates can be expected over the full
concentration range to temperatures well beyond
their boiling points (Ref 110).

Inhibition of Reducing Acid Corrosion.
Although strong reducing acids may seriously
corrode titanium alloys in pure form, the pres-
ence of certain oxidizing species (cathodic
depolarizers) in these acids can effectively
inhibit general corrosion; this expands the useful
range of application of these alloys. These spe-
cies may be prime constituents of a process
stream, naturally occurring background con-
taminants (such as dissolved oxygen), inten-
tionally added inhibitors, or ferrous corrosion
products.

The inhibitors commonly encountered in
industrial service are listed in Table 15 (Ref 111,
112). Many of these effective inhibitors are
multivalent metal ions in their highest valence
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Table 11 Corrosion of grade 12 titanium in
naturally aerated HCl solutions

Concentration
of HCl, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

6 24 75 0.008 0.31
8 24 75 0.008 0.31

10 24 75 1.40 55
12 24 75 2.54 100
28.5 24 75 5.58 220

3 52 125 nil
4 52 125 0.001 0.04
5.9 52 125 0.51 20
7 52 125 5.30 209
2.4 66 150 0.01 0.4
3.6 66 150 0.03 1.2
5.9 66 150 0.51 20
7 66 150 8.98 354
0.6 Boiling 0.025 1
1.7 Boiling 0.16 6.3
2 Boiling 0.51 20
2.5 Boiling 6.85 270

Table 12 Corrosion of grade 7 titanium in
naturally aerated HCl solutions

Concentration
of HCl, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

9 24 75 nil
18 24 75 nil
20 24 75 0.01 0.4
26.5 24 75 0.02 0.8
27 24 75 0.70 27.6

9 52 125 0.008 0.3
11.5 52 125 0.02 0.8
14.7 52 125 0.03 1.2
16.8 52 125 0.06 2.4
19 52 125 0.08 3.1
21.9 52 125 0.41 16.1

6 66 150 0.01 0.4
9.6 66 150 0.03 1.2

11.5 66 150 0.04 1.6
16.8 66 150 0.13 5.1
17 66 150 0.39 15.4
20.9 66 150 0.51 20

2 Boiling 0.025 1
3 Boiling 0.05 2
4 Boiling 0.10 4
6 Boiling 0.23 9
9 Boiling 0.51 20

16.8 Boiling 2.97 117

Table 10 Corrosion of grade 2 titanium in
naturally aerated HCl solutions

Concentration
of HCl, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

5 24 75 nil
6 24 75 0.07 2.8
8 24 75 0.2 8
9 24 75 0.25 10

17.3 24 75 0.51 20
26 24 75 2.59 102

1.4 52 125 0.02 0.8
5.8 52 125 0.51 20
6 52 125 0.68 26.8
7 52 125 1.27 50

11.5 52 125 3.07 121
1 66 150 0.01 0.4
1.5 66 150 0.02 0.8
1.7 66 150 0.13 5
2 66 150 0.61 24
3 66 150 1 40
4.7 66 150 7.08 279
0.05 Boiling 0.02 0.8
0.1 Boiling 0.1 4
0.2 Boiling 0.23 9
0.4 Boiling 0.53 21
0.5 Boiling 0.84 33.1
1 Boiling 1.83 72
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states. Inhibitor potency at levels as low as
100 ppm or below is typically observed, as
indicated by the data presented in Table 16 (Ref
113) and those listed under the respective acids
in the Appendixes to this article. The beneficial
influence of minute ferric ion concentrations on
the useful resistance of titanium grades 2, 7, and
12 in HCl media is shown in Fig. 25. Figure 26
(Ref 114) reveals how ferric ion additions dra-
matically expand the useful resistance of various
titanium alloys in boiling HCl solutions. A sub-
stantial database on corrosion rate inhibition by
ferric ion additions in various HCl media and
temperatures can be found in Ref 114. Nitric acid
or nitrate additions effectively inhibit titanium
alloy corrosion on HCl media, whereas more
limited inhibition is observed in H2SO4 and
H3PO4 solutions containing nitric acid or
nitrates.

Because the performance of titanium alloys in
reducing acids is highly influenced by the pres-
ence of many inhibiting species, the nature and
background chemistry of a reducing acid envir-
onment should be thoroughly examined before
determining alloy suitability. Titanium is often
selected for normally aggressive, high-tempera-
ture reducing acid solutions, such as hydro-
metallurgical acid-leach processes for treating
ores to recover metallic values, because of the

beneficial effect of these inhibitive metal ions
(Ref 113).

Anodic protection is also an effective means
of passivating and protecting titanium alloys in
reducing acids. Table 17 shows that impressed
anodic potentials can significantly reduce the
corrosion rate of unalloyed titanium in various
hot, dilute, or concentrated acids (Ref 115, 116).
Generally, an increase in anodic potential will
decrease corrosion rate as long as the anodic
pitting (and repassivation) potentials are not
exceeded for titanium in the electrolyte.

Salt Solutions. Titanium alloys are highly
resistant to practically all salt solutions over the
pH range of 3 to 11 and to temperatures well in
excess of boiling. Titanium withstands exposure
to solutions of chlorides (Ref 10, 117), bromides,
iodides, sulfites, sulfates, borates, phosphates,
cyanides, carbonates, bicarbonates, and ammo-
nium compounds. Corrosion rate values for
titanium alloys in these various salt solutions are
generally less than 0.025 mm/yr (1.0 mil/yr) and
can be found in the Appendixes to this article as
reported by various sources (Ref 6, 117, 118).

Oxidizing anionic salts such as nitrates,
hypochlorites, chlorites, chlorates, perchlorates,
molybdates, chromates, permanganates, and
vanadates further extend titanium alloy passivity
into stronger acidic and alkaline solutions.

Similar beneficial effects on the low-pH (acidic)
side can be expected from oxidizing cationic
salts, such as ferric, cupric, and nickelous
chlorides or sulfates. In fact, titanium is often the
most practical metal for handling hot, oxidizing,
acidic chloride conditions.

Titanium alloys are frequently selected
because of their superior resistance to the
chlorides typically found in many process
streams, brines, and seawater. In hot chloride
media, susceptibility to pitting is usually not an
issue, but crevice corrosion may be possible,
depending on pH, temperature, and the specific
alloy (see the section “Crevice Corrosion” in this
article). Special attention must be given to non-
oxidizing acidic or hydrolyzable salt solutions as
temperatures and concentrations increase. To
avoid general or localized HCl attack resulting
from salt hydrolysis, special concentration-tem-
perature guidelines for titanium should be
observed for concentrated AlCl3 (Ref 6, 117),
ZnCl2 (Ref 119), MgCl2 (Ref 120), and CaCl2
solutions. Guidelines for grades 2, 7, and 12
titanium in hot concentrated MgCl2 and in con-
centrated sea salt and NaCl slurries are presented
in Fig. 27 and 28, respectively, and in Fig. 29 for
concentrated CaCl2 brines. The titanium-palla-
dium, titanium-ruthenium, grade 12, and higher
(43.5 wt%)-molybdenum-containing titanium
alloys exhibit superior resistance to general and
localized corrosion in these high-temperature
acid salt solutions.

Alkaline Media. Titanium alloys are gen-
erally very resistant to alkaline media, including
solutions of NaOH, KOH, Ca(OH)2, Mg(OH)2,
and NH4OH. Near-nil corrosion rates can be
expected in boiling solutions of the latter three
alkalis up to saturation. As shown in Table 18,
titanium exhibits low corrosion rates in NaOH
and KOH solutions at subboiling temperatures.
However, significant increases in corrosion are
noted as the concentrations of these two strong
alkalis increase at higher temperatures. Potas-
sium hydroxide tends to be more aggressive than
sodium hydroxide under these conditions.

Although corrosion rates are relatively low in
alkaline media, titanium alloys may experience
excessive hydrogen pickup and eventual
embrittlement under certain conditions. For a
and near-a alloys, hydrogen embrittlement is
possible when temperatures exceed 80 �C

Table 13 Corrosion rates for welded and wrought titanium-ruthenium and titanium-palladium sheet in reducing acid media
Naturally aerated, 24 h exposure

Acid solution

Corrosion rate

Grade 7 Grade 16 Grade 26

Temperature(a) Base Weld Base Weld Base Weld

�C �F mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

1% HCl 102 216 50.01 50.39 0.01 0.39 50.01 50.39 50.01 50.39 50.01 50.39 0.01 0.39
2% HCl 103 217 0.03 1.2 0.04 1.6 0.03 1.2 0.04 1.6 0.04 1.6 0.06 2.4
3% HCl 105 220 0.07 2.8 0.06 2.4 0.09 3.5 0.17 6.7 0.09 3.5 0.17 6.7
3% H2SO4 240 465 50.01 50.39 50.01 50.39 50.01 50.39 50.01 50.39 50.01 50.39 50.01 50.39

(a) Boiling point at atmospheric pressure
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(175 �F) and pH is 12 or more. The presence of
dissolved oxidizing species in hot caustic solu-
tions, such as chlorate, hypochlorite, molybdate,
or nitrate compounds, can extend resistance to
hydrogen uptake to higher temperatures.

Organic Compounds. As indicated in
Table 19, titanium alloys are highly resistant to
most organic compounds, including alcohols,
ketones, ethers, aldehydes, and hydrocarbons.
The traces of moisture (10 to 100 ppm) normally
present in industrial organic process streams are
sufficient to maintain the protective oxide film of
titanium. Totally anhydrous organic streams may
prevent oxide film repair and should be avoided.
In the special case of anhydrous or near-anhy-
drous methanol, a minimum water content (on
the order of several weight percent or more) is
required to prevent depassivation and SCC,
depending on the alloy (Ref 121). These forms of
attack are aggravated by decreasing pH and/or
halide concentration (Ref 55, 122–124). Higher-
molecular-weight alcohols are generally benign
toward titanium alloys.

Chlorinated hydrocarbons generally do not
pose any problems for most titanium alloys
(Table 19). A few high-strength alloys may be
susceptible to SCC under specific circumstances
(see the section “Stress-Corrosion Cracking” in
this article). If significant quantities of water are
also present, many chlorinated hydrocarbons
may undergo hydrolysis to form HCl at higher
temperatures. Titanium alloy performance will
depend on the temperature and the extent of HCl
formation and concentration in the aqueous
phase.

Titanium alloys are generally very resistant to
organic acids. Nil corrosion can be expected in
concentrated solutions of very weak organic
acids such as adipic, hydroxyacetic, acetic, ter-
ephthalic, tannic, stearic, maleic, tartaric, ben-
zoic, butyric, and succinic acids to temperatures
in excess of 100 �C (212 �F). As indicated
in Table 20, corrosion rates can become sig-
nificant in the stronger, nonaerated organic acids
as acid concentration and temperature increase
(Ref 6, 110, 117). These acids include formic,
lactic, citric, trichloroacetic, and, especially,
oxalic acid (see data in the Appendixes to this
article). The titanium-palladium, titanium-
ruthenium, and grade 12 alloys exhibit much
greater resistance to these acids than unalloyed
titanium.

Solution aeration is often sufficient to inhibit
corrosion on unalloyed titanium in the stronger
organic acids, such as formic, lactic, and citric
(Ref 6). Addition of oxidizing species (Table 15)
may also effectively inhibit corrosion in the more
aggressive organic acids, such as oxalic.

Gases. The oxide film on titanium alloys
provides an effective barrier to attack by most
gases in wet or dry condition, including oxygen,
nitrogen, dry HCl, SO2, NH3, HCN, CO2, CO,
and H2S (Ref 125). This protection extends to
temperatures in excess of 150 �C (300 �F). The
outstanding resistance of titanium alloys to rural,
marine, and urban atmospheric exposure has
been documented (Ref 74, 84).

Titanium alloys experience no significant
corrosion degradation in air, oxygen, or sulfur-
bearing (Ref 125) gases below 300 �C (570 �F).

Depending on alloy type and composition,
excessive surface oxidation and eventual
embrittlement may occur above ~550 �C
(1020 �F) after prolonged, sustained exposure to
air. Embrittlement results from enhanced diffu-
sion of interstitial oxygen into the metal at the
higher temperatures, such that time to failure
depends on metal section thickness and state of
stress. A brittle, oxygen-richa-case surface layer
forms initially, which grows in depth as a func-
tion of temperature and time. The diffusion rate
for oxygen in a titanium is substantially less than
that in b-phase titanium, to a degree that depends
on temperature (Ref 38). Diffusion rates for
nitrogen in titanium are substantially lower (Ref
6, 8), such that a protective titanium nitride film
can be formed with minimal a case below
~650 �C (1200 �F).

Titanium alloys exhibit good oxidation resis-
tance up to ~550 �C (1020 �F) due to formation
of protective TiO2 films. The growth of thermal
oxide films on unalloyed titanium and Ti-6Al-4V
with time in air at 400 to 700 �C (750 to 1290 �F)
is profiled in Fig. 30 and 31, respectively. Below
200 �C (390 �F), logarithmic oxide growth
behavior is typical (Ref 6, 128). Logarithmic
dependence with time is also generally observed
at 300 to 500 �C (570 to 930 �F), which transi-
tions to parabolic at 500 to 700 �C (930 to
1290 �F) (Ref 6, 8, 126, 127, 129). On the other
hand, a faster, cubic rate law was indicated for
titanium oxidation in 0.10 MPa (1 atm) satu-
rated steam at 400 to 550 �C (750 to 1020 �F)
(Ref 130). Above 700 �C (1290 �F), linear
growth rate behavior is typical, indicating little
protective effect of the oxide. Studies have
shown that alloying titanium with aluminum,
silicon, significant chromium, and/or niobium
decreases oxidation rates (Ref 6, 38, 128, 131),
whereas iron, vanadium, and certain other
b-stabilizing elements can aggravate oxidation.
Various coating systems for inhibiting thermal
oxidation of titanium alloys in air are reviewed
elsewhere (Ref 131).

Although ignition or burning of common mill
product forms in ambient air is generally not a
concern, titanium may ignite and/or burn in rare
situations where metal surface temperatures are
maintained at or above the alloy melting point in
air or oxygen gas. Ultrathin section or elevated

Table 14 Corrosion of titanium alloys in naturally aerated HBr and HI solutions

Acid Concentration, wt%

Temperature

Alloy grade

Corrosion rate

�C �F mm/yr mils/yr

HBr 0.3 Boiling 2 nil
0.6 Boiling 2 0.003 0.12
0.9 Boiling 12 0.008 0.32
3.0 Boiling 2 1.45 57
3.0 Boiling 12 0.013 0.5
3.0 Boiling 7 0.010 0.4
8.0 Boiling 7 0.094 3.7

40 24 75 2 nil
HI 10 Boiling 2 nil

57 24 75 2 0.15 6
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surface-to-volume ratio forms (e.g., thin foils or
powders) are most susceptible, because the
exothermic heat of oxidation cannot be extracted
quickly enough for the surface metal to resolidify
and form a protective titanium oxide film. (Note:
Molten titanium readily dissolves its own oxide
film.) Ignition and burning in air is also possible
in highly pressurized, high-velocity air, such as

in gas turbine jet engine compressors. Ignition/
burn testing in air has shown that titanium alloys
containing at least 11 wt% Cr (e.g., Ti-13-11-3
and Alloy C [Ti-35V-15Cr]) are exceptionally
burn resistant (Ref 38, 39).

Susceptibility to ignition/burning increases
dramatically in enriched and pure oxygen gas
compared to air. Figure 32 (Ref 132, 133) shows

that ignition may occur when oxygen content
exceeds 35 vol%. Thresholds for the ignition of
unalloyed titanium in pure oxygen gas are plot-
ted in Fig. 33 (Ref 133) as a function of pressure
and temperature. Ignition thresholds for titanium
in low-temperature gaseous oxygen are depicted
in Fig. 34. Titanium alloys exhibit impact sen-
sitivity in liquid oxygen (Ref 134). Note that
ignition is not easily achieved unless the surface
oxide film is mechanically damaged (i.e., frac-
tured, heavily plastically strained, scratched) and
fresh metal surfaces are exposed.

Recent ignition studies indicate that the highly
corrosion-resistant Ti-45Nb alloy uniquely re-
sists ignition in pure oxygen gas to pressures as
high as ~3.1 MPa (0.45 ksi) at 250 �C (480 �F),
compared to a pressure limit of ~1.7 MPa
(0.25 ksi) for unalloyed titanium (Ref 38,
39, 135).

Ignition and burning of titanium alloys can be
avoided in oxygen-rich atmospheres by proper
equipment design, surface coatings, and/or
avoidance of mechanical damage to exposed
titanium surfaces (Ref 113). Recommended
guidelines for preventing ignition of titanium
powders have also been established (Ref 136).

Although titanium is the preferred metallic
material for handling wet chlorine and bromine
gas environments, rapid, dangerous, exothermic
halogenation reactions may occur with titanium
in dry chlorine and bromine gas environments. A
minimum water content (or oxygen content) in
these cases is necessary to maintain total alloy
passivity, as indicated in Fig. 35 and 36 (Ref 137,
138). The critical water content depends on gas
temperature and flow rate. Mechanical damage
to metal surfaces to expose fresh metal facilitates
reaction with dry chlorine, but thicker oxide
films (e.g., thermal or anodized oxides) tend to
retard initiation of the reaction. Titanium alloys
cannot be fully passivated in liquid bromine
because of the extremely low solubility of water
in this medium.

Rapid, pyrophoric reactions with titanium
alloys are also possible in anhydrous N2O4 gas
atmospheres (Ref 97–99). Small water additions
(Ref 139) or the presence of 0.6 to 1.0 wt% nitric
acid effectively inhibit metal attack.

Liquid Metals and Fused Salts. Titanium
exhibits good resistance to many liquid metals at
moderately elevated temperatures, at which
corrosion rate increases with temperature and
flow rate (Ref 6, 74, 117). As shown in Table 21,
these metals include molten aluminum, sodium,
potassium, sodium-potassium mixtures, magne-
sium, tin, and lead. In contrast, useful per-
formance of titanium in molten lithium, bismuth,
zinc, gallium, cadmium, and mercury is limited
to relatively low temperatures. Liquid mercury
below 150 �C (300 �F) does not appear to affect
titanium unless wetting of freshly exposed
(mechanically damaged) surfaces occurs (Ref
74). As discussed in the sections on SCC, liquid
and solid cadmium, silver, and mercury may
cause embrittlement of titanium alloys.

Titanium exhibits relatively high rates of
attack in molten chloride salts, increasing with

Table 16 Effect of certain multivalent metal ions on the corrosion of titanium in boiling
reducing acids

Inhibiting ion
Concentration of

inhibiting ion, ppm

Corrosion rate

Boiling 5% HCl Boiling 10% H2SO4

mm/yr mils/yr mm/yr mils/yr

Fe3+ (ferric) 0 29 1142 476.2 43000
100 0.025 1 0.208 8.2
500 0.02 0.8 0.069 2.7

Cu2+ (cupric) 0 29 1142 476.2 43000
100 0.033 1.3 0.419 16.5
500 nil 0.361 14.2

Mo6+ (molybdate) 0 29 1142 476.2 43000
100 nil 0.001 0.04
500 nil nil

Cr6+ (chromate) 0 29 1142 476.2 43000
100 nil 0.001 0.04
500 nil 0.001 0.04

V5+ (vanadate, vanadyl) 0 29 1142 476.2 43000
100 0.02 0.8 0.005 0.2
500 0.008 0.3 0.005 0.2

Source: Ref 113
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Table 15 Species that inhibit the corrosion of titanium alloys in reducing acids

Inhibitor category Species Relative inhibitor potency

Oxidizing metal cations Ti4+, Fe3+, Cu2+, Hg4+, Ce4+, Sn4+, VO2
+ High

Te6+, Se6+ High
Te4+, Se4+, Ni2+ Low

Oxidizing anions ClO4
2�, Cr2O7

2�, MoO4
2�, MnO4

2�, WO4
�, IO3

� Very high
NO3
�, SbO3

�, VO4
3�, VO3

� Very high
NO2
�, S3O3

2� Moderate
Precious-metal ions Pt2+, Pt4+, Pd2+, Ru3+, Ir3+, Rh3+, Au3+ High
Oxidizing organic

compounds
Picric acid, o-dinitrobenzene, 8-nitroquinoline,

m-nitroacetanilide, trinitrobenzoic acid,
and certain other nitro, nitroso, and quinone
organics

Moderate-high

Others O2, H2O2, ClO3
�, OCl� Moderate

Source: Ref 111, 112
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both temperature and the presence of oxygen.
Aggressiveness of attack follows the order:
KCl4NaCl4LiCl (Ref 6, 117). High rates of
metal dissolution have also been reported in fused
sodium carbonate, sodium hydroxide, sodium
peroxide, and sodium bisulfate (Ref 117).

Crevice Corrosion in Specific Media

Titanium alloys generally exhibit superior
resistance to crevice corrosion as compared to
stainless steel and nickel-base alloys (Ref 140).
Nevertheless, the susceptibility of titanium

alloys to crevice corrosion should be considered
when tight crevices exist in hot aqueous chloride,
bromide, iodide, or sulfate solutions. Crevice test
results indicate that the initiation of crevice
corrosion often lacks reproducibility, con-
sistency, and regularity. These test data must be
judged relative to their statistical significance
(that is, number of data points). Factors that
affect crevice attack significantly include alloy
composition, pH, temperature, halide con-
centration, presence of oxidizing species
(cathodic depolarizers), sample surface condi-
tion, type of gasket, type of crevice (gasket-to-
metal, metal-to-metal, deposit-to-metal), and the
crevice geometry, particularly crevice gap
(tightness) (Ref 19–21, 23, 141, 142).

Chlorides. The susceptibility of titanium
alloys to crevice corrosion in hot, concentrated
chloride solutions increases significantly as
temperatures increase and pH decreases (Ref 19,
20). Figure 37 shows pH-temperature limits for
the crevice corrosion of various titanium grades.
These guidelines have been found to be appli-
cable to most chloride salt solutions, including
seawater, over a wide range of chloride con-
centrations (4several hundred parts per million).
The limits presented for grade 2 are applicable to
all unalloyed grades, whereas those for grade 7
similarly apply to all titanium-palladium and
titanium-ruthenium grades (Ref 10).

Crevice attack of titanium alloys will gen-
erally not occur below a temperature of 70 �C
(160 �F) regardless of solution pH or chloride
concentration or when solution pH exceeds 10
regardless of temperature. As indicated in Fig. 37
and Table 22, grade 12 provides crevice corro-
sion resistance when brine pH falls between 3
and 11 to temperatures as high as 280 �C
(535 �F) (Ref 143, 144). The titanium-palladium
and titanium-ruthenium alloys extend this resis-
tance to brine pH values as low as ~0.5,
depending on brine composition and temperature
(Ref 145–149). Uniquely, these alloys all fully
resist crevice attack in chlorine-saturated NaCl
brines at 90 �C (195 �F) and boiling 10% FeCl3
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Fig. 25 Effect of minute ferric ion concentrations on the useful corrosion resistance of grades 2 (a), 12 (b), and 7 (c) titanium in naturally aerated HCl solutions. 0.127 mm/yr (5 mils/yr)
isocorrosion lines are shown.
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Table 17 Effect of impressed anodic potentials on the corrosion of unalloyed titanium in hot
reducing acids

Acid
Concentration,

wt%

Temperature Applied potential,
V versus standard
hydrogen electrode

Corrosion rate
Reduction in

corrosion rate�C �F mm/yr mils/yr

Sulfuric 40 60 140 +2.1 0.005 0.2 11,000 ·
40 90 195 +1.4 0.07 2.8 896 ·
40 114 237 +2.6 1.8 71 189 ·
60 60 140 +1.7 0.035 1.4 662 ·
60 90 195 +3.0 0.10 4 163 ·

Hydrochloric 37 60 140 +1.7 0.068 2.7 2080 ·
Phosphoric 60 60 140 +2.7 0.018 0.7 307 ·

60 90 195 +2.0 0.5 20 100 ·
Formic 50 Boiling +1.4 0.083 3.3 70 ·
Oxalic 25 Boiling +1.6 0.25 10 350 ·
Sulfamic 20 90 195 +0.7 0.005 0.2 2710 ·

Source: Ref 115, 116
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solution under PTFE sheet gasketed crevices.
These titanium-palladium/ruthenium alloys are
considered to be the most crevice-corrosion-
resistant titanium grades available commercially

and are preferred for hot, low-pH salt solutions
(Fig. 38).

The crevice corrosion resistance of grade 12
titanium was extensively tested in concentrated

near-neutral NaCl, NaCl-MgCl2, and NH4Cl
brines at high temperatures. Studies were con-
ducted to assess this alloy for potential applica-
tion in hypersaline geothermal brine (Ref 143),
high-level nuclear waste storage (Ref 150), oil
refineries (Ref 151), and salt evaporator brine
heaters (Ref 144). In all cases, crevice testing
involving PTFE gasket-to-metal and metal-to-
metal crevices for extended periods revealed no
evidence of significant attack to temperatures as
high as 250 �C (480 �F). In saturated NH4Cl
solution, no gasket-to-metal or under-salt-
deposit attack was noted to 177 �C (350 �F) and
at pH 3 to 7.

It should be cautioned that deviations from
normal crevice corrosion guidelines can be
expected in certain acidic salts that may hydro-
lyze to form HCl at high temperatures when
highly concentrated (Ref 119, 120). These salts
include concentrated sea salt, MgCl2, CaCl2,
ZnCl2, and AlCl3 (Fig. 27 to 29). The titanium-
palladium and titanium-ruthenium alloys are
generally most resistant in these situations
(Ref 120).

The PTFE gasket-to-metal crevices of various
high-strength titanium alloys were also tested in
hot NaCl brines. The data, detailed in Ref 13,
produced the ranking of alloy resistance shown
in Table 23. Relative alloy crevice corrosion
resistance generally parallels alloy resistance in
reducing acid media. Titanium alloys containing
at least 4 wt% Mo exhibit significantly increased
crevice corrosion resistance in high-temperature
NaCl media down to relatively low pHs. The
beneficial effect of higher molybdenum content
is confirmed in PTFE gasket-to-metal crevice
tests performed on the Ti-3-8-6-4-4 alloy in hot
sweet and sour brine conditions (Ref 62, 152,
153). This resistance is extended to even higher
temperatures and/or lower pH by minor ruthe-
nium or palladium alloy additions (Ref 38, 39,
61, 62, 153).

The crevice corrosion resistance of grade 9
titanium appears to be essentially the same as
that for unalloyed titanium in hot NaCl brines.
On the other hand, the greater aluminum content
of the grade 5 alloy results in slightly reduced
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Table 18 Corrosion of unalloyed titanium in highly alkaline solutions

Medium Concentration, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

Ammonium hydroxide 28 26 79 0.002 0.08
70 Boiling nil

Sodium carbonate 20 Boiling nil
Sodium hydroxide 28 25 75 0.003 0.12

10 Boiling 0.02 0.8
40 66 150 0.038 1.5
40 93 200 0.064 2.5
40 121 250 0.13 5
50 66 150 0.018 0.7

50–73 188 370 41.1 443.3
73 110 230 0.05 2
73 Boiling 0.13 5

Potassium hydroxide 10 Boiling 0.13 5
25 Boiling 0.3 12
50 25 75 0.010 0.4
50 Boiling 2.7 106

Source: Ref 6, 74
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crevice resistance as compared to unalloyed
grades. The crevice threshold temperature limits
for both of these alloys are dramatically elevated
by minor ruthenium addition (i.e., grades 28 and
29 titanium), as depicted in Fig. 38 (Ref 39, 63,
146, 147, 154).

Studies have addressed the effect of chloride
concentration on crevice corrosion initiation on
unalloyed titanium (Ref 142). Threshold tem-
peratures of 250, 200, and 150 �C (480, 390, and
300 �F) were indicated for chloride concentra-
tions of 0.01, 0.1, and 1%, respectively, in neu-
tral (pH 7) NaCl brine. Unpublished results
suggest that 0.01% Cl� at 90 �C (195 �F) and
0.10% Cl� at 70 �C (160 �F) may be threshold
conditions for crevice attack in aerated, pH 3 to
5 solutions given tight PTFE gasket-to-metal
crevices.

Tests have shown that crevice tightness and
area and type of gasket are critical to crevice
corrosion initiation. The PTFE gasket-to-metal
crevices are generally more susceptible to
crack initiation than silicone rubber, neoprene
rubber, asbestos, and polyvinyl chloride gasket-
to-metal crevices (Ref 23, 141). Certain poly-
meric sealants, such as styrol-acrylic copolymer
or methacrylate polymers, may significantly
increase susceptibility to crevice attack, espe-
cially when the sealant contains chloride salts.
On the other hand, metal-to-metal crevices
are generally least susceptible to attack. In
addition, it has been found that the incubation
time for crevice corrosion in NaCl brine may
be significantly reduced, and attack aggravated,
by impressed anodic (positive) potentials
(Ref 23, 141). As reviewed in the previous

section on crevice corrosion, certain dissolved
oxidizing species (cathodic depolarizers) in the
brine may similarly decrease crevice attack
incubation period and increase attack rate.

Bromides and Sulfates. Unpublished test
results suggest that the pH-temperature guide-
lines for crevice corrosion of titanium in
saturated NaCl (Fig. 37) are conservatively
applicable in saturated NaBr solutions. How-
ever, rates of crevice attack are much lower than
those in chloride at corresponding pHs and
temperatures.

Crevice testing of unalloyed titanium in satu-
rated Na2SO4 solutions revealed attack in neutral
solutions at temperatures above 110 �C (230 �F)
and only below pH 6 at 104 �C (220 �F), with
no attack at 93 �C (200 �F) as low as pH 3.
The PTFE gasket-to-metal crevices were also

Table 19 Corrosion of unalloyed titanium in organic media

Medium Concentration, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

Acetic anhydride 99–99.5 20 to boiling 70 to boiling 50.13 55
Adipic acid 0–67 204 400 50.05 52
Adipic acid+20% glutaric acid

+5% acetic acid
25 200 390 nil

Aniline hydrochloride 5–20 35–100 95–212 50.001 50.04
Benzene+HCl+NaCl Vapor+liquid 80 175 0.005 0.2
Carbon tetrachloride 99–100 Boiling 0.003 0.12
Chloroform 100 Boiling nil
Chloroform+water 50 Boiling 0.12 4.7
Cyclohexane+traces formic acid . . . 150 300 0.003 0.12
Ethyl alcohol 95 Boiling 0.013 0.5
Ethylene dichloride 100 Boiling 50.13 55
Formaldehyde 37 Boiling 50.13 55
Tetrachloroethylene 100 Boiling nil
Tetrachloroethylene+water . . . Boiling 0.13 5
Tetrachloroethane 100 Boiling nil
Trichloroethylene 99 Boiling 50.13 55

Source: Ref 6, 74, 117

Table 20 Corrosion of titanium alloys in various organic acids

Acid
Concentration,

wt%
Alloy
grade

Temperature Corrosion rate

�C �F mm/yr mils/yr

Acetic 0–99.5 2, 7, 12 Boiling nil
Adipic 67 2 240 465 nil
Citric, aerated 10–50 2 100 212 0.01 0.4
Citric 50 2 Boiling 0.35 13.8

50 7, 12 Boiling 0.01 0.4
Di- and mono-

chloroacetic
100 2 Boiling 50.013 50.5

Formic, aerated 25–90 2 100 212 0.001 0.04
25 2 Boiling 2.4 94.5

Formic 45 2 Boiling 11.0 433
45 7, 12 Boiling nil
10 2 Boiling nil

Lactic, aerated 10 2 Boiling 0.014 0.55
Lactic 10 2 100 212 0.048 1.9

25 2 Boiling 0.028 1.1
85–100 2 Boiling 0.01 0.4

Oxalic 0.5 2 60 140 2.4 94.5
1 2 35 95 0.15 6

10 7 Boiling 32.3 1272
Stearic 100 2 180 355 0.003 0.12
Tartaric 10–50 2 100 212 50.013 50.5
Terephthalic 77 2 225 435 nil
Trichloroacetic 100 2 Boiling 14.6 575

Source: Ref 6, 110, 117
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exposed to a simulated acid sulfate galvanizing
solution for 38 days at temperatures of 66,
82, and 100 �C (150, 180, and 212 �F). The
pH 1.3 solution consisted of 100 g/L Na2SO4,
120 g/L ZnSO4, 0.6 g/LFe3+ (as Fe2(SO4)3),
and 0.008% Cl�. Grade 2 titanium proved to be
fully resistant, except at the atmospheric boiling
point. Titanium-palladium, titanium-ruthenium,
and grade 12 titanium alloys resisted crevice
attack under all conditions tested. All results
suggest that crevice corrosion threshold tem-
peratures in sulfate solutions are measurably
higher, and rates of crevice attack are lower, than
those in chloride brines.

Anodic Pitting in Specific Media

Anodic Breakdown Pitting. Titanium exhi-
bits relatively high anodic breakdown potentials,
Eb, in aqueous solution as compared to most
engineering metals. This is the basis for its use as
dimensionally stable anodes for chlor-alkali
cells, anodes for recovery of metals or metal
oxides from solutions, zinc and nickel plating
anode baskets, aluminum anodizing racks, and
platinum anode substrates for impressed-current
cathodic protection systems. In sulfate and
phosphate media, anodic pitting potentials of
titanium alloys are typically in the range of +80
to +100 V (versus Ag/AgCl electrode). For this
reason, dilute sulfuric and phosphoric acid
solutions (and their salts) are typical electrolytes
for anodizing titanium to grow protective surface
oxides and/or produce colored surfaces.

In halide salt solutions, titanium alloys exhibit
somewhat lower but yet reasonably high pitting
potentials. Table 24 reveals that the anodic break
down pitting potential decreases measurably
with increasing temperature (Ref 155–158).
Values of +9 to +10.5 V (versus Ag/AgCl) can
be expected in room-temperature chloride solu-
tions, decreasing to approximately +1.2 V at
175 to 250 �C (345 to 480 �F). These values are
dependent on sample surface condition. For
example, abraded or sandblasted surfaces exhibit
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somewhat lower values than as-pickled surfaces.
In one study, increasing alloy aluminum content
was shown to reduce anodic pitting potential in
titanium alloys (Ref 155, 156). Pitting potentials
were determined for a 20% NH4Cl solution
under stagnant and flowing (1 m/s, or 3.3 ft/s)
conditions (Ref 159). Values were measured at

+9 to +10 V at 20 to 40 �C (70 to 100 �F),
decreasing into the range of +4.0 to +5.5 V
at 120 �C (250 �F). Increased flow rate produced
a minor negative effect on pitting potential.
A relatively minor effect by pH and chloride
concentration is also observed in NaCl brine
(Ref 158).

It was shown that pitting potentials of titanium
can be raised in chloride solutions by addition of
sulfate ions (Ref 160). Above a critical sulfate
concentration, titanium exhibits pitting potential
values similar to those obtained in pure sulfate
media (Table 24).

As shown in Fig. 39, anodic pitting potential
values are significantly lower in bromide solu-
tions, and they decrease with increasing tem-
perature. The dependence of pitting potential on
bromide concentration at room temperature is
given by (Ref 158): Eb (versus SCE)=1.1�0.43
log (Br�). At room temperature, anodic pit-
ting potentials of +0.90 to +1.4 V have been
reported for titanium grades 2 and 5 (Ref 155,
158). One study has reported values for grades 1,
2, and 3 titanium ranging between +1.8 to
+2.2 V in 1% NaBr (pH 6) solution at room
temperature, decreasing to +1.0 to +1.2 V at
100 �C (212 �F) (Ref 161). As Fig. 39 suggests,
pitting potentials may fall to as low as +0.6 to
+0.8 V at temperatures above approximately
140 �C (285 �F). Thus, pitting of titanium alloys
may be possible in pure bromide solutions at
higher temperature if highly oxidizing condi-
tions prevail.

However, additions of various oxidizing
anions may inhibit pitting in NaBr solutions by
significantly raising anodic pitting potentials

Table 22 Resistance of titanium alloys to crevice corrosion in boiling salt solutions
Tight metal-to-gasket crevices

Solution pH Grades 1, 2 Grades 12, 28, 29 Grades 7, 16, 26

Saturated ZnCl2 3.0 F R R
10% MgCl2 4.2 F R R
10% CaCl2 3.0 F R R
10% KCl 3.0 F R R
Saturated NaCl 3.0 F R R
Saturated NaCl+Cl2 1–2 F F R
10% NH4Cl 4.1 F R R
10% FeCl3 0.6 F F R
10% Na2SO4 2.0 F R R

Note: F, crevice attack; R, resistant. Source: Ref 63, 144–148
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Table 23 Ranking of titanium alloy crevice
corrosion resistance
In naturally aerated NaCl brines at 90 to 150 �C (195
to 300 �F)

Alloy
Maximum pH at which

attack occurred

Ti-6-4 (least resistant) i9
Grades 1, 2, 3, 9 i8
Ti-550, Ti-6-22-22, Ti-4-3-1 3–4
Grade 12 2.5–3
Ti-6-2-4-6, Ti-3-8-6-4-4 2
Grades 28 and 29, Ti Beta-C/Pd,

Beta-21S, Ti-15-5
0.8–1

All Ti-Pd and Ti-Ru alloys
(most resistant)

50.7

Table 21 Corrosion of unalloyed titanium in liquid metals

Liquid metal

Temperature Corrosion rate

�C �F mm/yr mils/yr

Bismuth-lead 300 570 50.1 54
600 1110 0.13–1.3 5–50

Gallium 400 750 0.1 4
450 840 41.0 440

Lithium 850 1560 0.1–1.0 4–40
Magnesium 750 1380 0.1 4

850 1560 0.1–1.0 4–40
Lead 400 750 50.13 55

600–950 1110–1740 0.1–1.0 4–40
Mercury 150 300 50.1 54

150–300 300–570 0.1–1.0 4–40
Sodium, potassium 600 1110 50.1 54

800 1470 0.1–1.0 4–40
600 1110 50.1 54

Tin 350 660 50.1 54
600 1110 0.1–1.0 4–40

Aluminum 750 1380 50.1 54
850 1560 �0.1 �4

Cadmium 500 930 41.0 440
Zinc 445 830 �1.0 �40
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(Ref 158). Critical concentrations of these inhi-
bitive anions have been determined, and the
relative efficiency of inhibition decreases in the
order: SO27

4 4NO7
3 4CrO27

4 4PO37
4 CO27

3 .
Studies in room-temperature iodide solu-

tions reveal anodic pitting potentials of +1.7 to
+1.8 V, despite acidification (Ref 155, 162).
Values near +0.5 V (versus SCE) are indicated
above 40 to 50 �C (100 to 120 �F).

Repassivation Potentials. Repassivation (or
protection potentials, Eprot) represent con-
servative measures of anodic pitting tendency,
because they represent minimum potentials
below which pitting cannot be sustained. The
values presented in Table 25 (Ref 13, 26, 38,
146–148) suggest that titanium alloys will not
experience spontaneous pitting attack in aqueous
acidic chloride media, even if oxidizing species
are present. Unalloyed titanium exhibits the
highest Eprot value, which decreases as alloy
aluminum (and most b alloying elements) con-
tent increases. Increasing iron content over the
range of 0.02 to 0.20% results in a minor (several
tenths of a volt) decrease in Eprot values in
unalloyed titanium (Ref 11). Minor palladium or
ruthenium alloy additions impart minimal
negative influence on these potentials.

Like anodic pitting potentials, repassivation
potentials are significantly lower in bromide
and iodide media. Room-temperature values of
+1.2 and +0.95 V are measured for grades
2 and 5 titanium, respectively (Ref 155), whereas
values of +0.9 V in dilute KBr solutions have
been reported (Ref 162). Repassivation poten-
tials for grades 2 and 5 titanium in dilute
room-temperature iodide solutions have been
measured to be +1.8 and +1.5 V, respectively
(Ref 155, 162).

Hydrogen Damage in
Specific Environments

Gaseous Hydrogen. Absorption of hydro-
gen by titanium alloys in gaseous hydrogen is
highly dependent on temperature, gas pressure,

gas moisture or oxygen content, metal surface
condition, alloy composition, and the nature of
the surface oxide formed on the metal (Ref 163).
In the absence of surface oxide film inter-
ferences, the hydrogen concentration in titanium
is directly proportional to the square root of the
hydrogen gas partial pressure (Ref 6, 164).
Hydrogen absorption is a fully reversible process
in that vacuum may remove absorbed hydrogen,
given sufficient temperatures to promote kinetics
and overcome oxide film diffusion barriers. The
ability of anodic and thermal oxide films on
titanium to retard hydrogen absorption sig-
nificantly in high-temperature hydrogen gas has
been demonstrated (Ref 163, 165).

As shown in Table 26 (Ref 28), absorption of
hydrogen by grade 2 titanium in dry hydrogen
gas dramatically increases as both pressure and
temperature increase. These test data also reveal
the protective effect of surface oxides (as-pick-
led and anodized surfaces) and the detrimental
effect of iron surface contamination. Similar
results for unalloyed titanium are given in
Table 27 (Ref 165), in which hydrogen gas
pressures of 4.1 to 6.2 MPa (600 to 900 psi) and
temperatures of 100 to 300 �C (212 to 570 �F)
were tested. These results also demonstrate the
beneficial effects of gas moisture content. It has
been shown that at least 2% H2O content in
5.5 MPa (800 psi) hydrogen gas at 315 �C
(600 �F) effectively retards hydrogen uptake in
unalloyed titanium (Ref 28).

Cathodic Hydrogen Uptake. As discussed
in the section “Hydrogen Damage” in this article,
titanium may absorb hydrogen if there is a
mechanism for generating atomic hydrogen
on the metal surface. This mechanism may
involve an impressed cathodic current, galvanic
coupling to active metals, or severe, continuous
mechanical damage of titanium surfaces. In
these situations, the factors of potential, current
density, metal temperature, solution pH and
chemistry, and alloy composition and surface
condition all significantly influence the rate at
which hydrogen is absorbed (Ref 43–51).

Figure 40 (Ref 43, 44) shows that unalloyed
titanium may absorb hydrogen in near-neutral
brines (e.g., seawater) at 25 and 100 �C (75 and
212 �F) when cathodic potentials are more active

Table 24 Anodic breakdown pitting potentials, Eb, for titanium alloys in chloride solutions

Alloy grade Solution pH

Temperature

Eb(a), V�C �F

2 1 N NaCl 7 25 75 +11.0
5 1 N NaCl 7 25 75 5.2
2 Saturated NaCl 1, 7 25 75 9.6

12 Saturated NaCl 1, 7 25 75 9.6
7 Saturated NaCl 1, 7 25 75 9.6
5 Saturated NaCl 1, 7 25 75 8.9
2 Saturated NaCl 1, 7 95 200 5.0–6.5

12 Saturated NaCl 1, 7 95 200 5.0–5.7
7 Saturated NaCl 1, 7 95 200 5.2–7.0
5 Saturated NaCl 1, 7 95 200 2.5–3.4
2 1 N NaCl 7 125 255 ~4.4
2 1 N NaCl 7 150 300 ~2.2
2 1 N NaCl 7 175 345 ~1.2
2 1 N NaCl 7 200 390 ~1.2

12 Seawater 8 245 475 2.3
12 O2-saturated seawater 8 245 475 3.3

2 1 N KCl+0.2 M H2SO4 . . . 25 75 80.0

(a) Measured versus Ag/AgCl reference electrode. Source: Ref 155–158

Table 25 Anodic repassivation (protection)
potentials of titanium alloys in boiling
chloride solutions

Alloy

Repassivation potential,
V vs. Ag/AgCl

5% NaCl/
pH 3.5 3% HCl

Grade 1 +7.7 +6.4
Grade 2 6.2 5.5
Grade 3 5.9 5.4
Grade 12 . . . (5.9)(a) . . .
Grade 7 (Ti-0.15Pd) 7.1 (5.6)(a) . . .

(6.9)(b)
Grade 16 (Ti-0.05Pd) 7.1 (6.2)(b) . . .
Grade 26 (Ti-0.1Ru) 6.7 (5.9)(b) . . .
Ti-5-2.5 2.2 1.3
Ti-8-1-1 0.9 0.5
Grade 9 (Ti-3-2.5) 2.6 1.9
Grade 28 (Ti-3-2.5-Ru) 2.3 (2.3)(b) . . .
Ti-6-2-4-2 1.8 1.7
Ti-4-3-1 2.2 1.7
Grade 23 (Ti-6-4 ELI)(c) 2.4 . . .
Ti-6-4 1.8 1.4
Grade 29 (Ti-6-4-Ru) 2.2 . . .
Ti-550 2.3 2.0
Ti-6-6-2 1.5 1.4
Ti-6-2-4-6 2.5 2.1
Ti-15-3-3-3 2.0 1.6
Ti-3-8-6-4-4 (Ti Beta-C) 2.7–3.3 2.3
Beta-21S 2.8 . . .
Ti-13-11-3 2.7 2.3
Beta III 7.5 7.2
Ti-8-8-2-3 2.1 2.1
Ti Beta-C/Pd 3.3 . . .
Ti-15-5 5.8 5.3

(a) In boiling saturated NaCl solution. (b) Gas tungsten arc weld metal.
(c) ELI, extra-low interstitial. Source: Ref 13, 26, 38, 146–148
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(negative) than �0.75 V versus SCE. This
charging produces only thin, innocuous surface
hydride films (Fig. 8) on unalloyed titanium as
long as potentials remain more noble (more
positive) than �1.0 V and temperatures are
below 80 �C (175 �F). For example, grade 2
titanium galvanically coupled to aluminum alloy
6063 in a process water electrolyte at 65 �C
(150 �F) generated surface hydrides only.
However, accelerated hydriding of unalloyed
titanium may occur at impressed potentials
cathodic (negative) to �1.0 V even at room
temperature (Ref 47–49). The potential threshold
indicated in Fig. 40 applies to a-b and b titanium
alloys as well; however, significantly higher
rates of hydrogen absorption and penetration can
be expected at any given temperature under
hydrogen charging conditions. This results from
the significantly higher solubility and diffusion
coefficients for hydrogen in the b phase (Ref 38,
40). Sustained tensile stress on grades 9 and 12
titanium U-bends coupled to aluminum-zinc
anodes in ambient seawater (�1.05 V versus Ag/
AgCl) resulted in surface hydriding and cracking
(Ref 48). The increased volume fraction of b
phase in the Ti-6Al-4V and Ti-6Al-4V-0.1Ru
alloys provided enhanced tolerance to hydride
formation and cracking in these seawater charg-
ing tests (Ref 48, 166).

Increasing temperature and decreasing pH
have both been shown to accelerate significantly
the rate of hydrogen absorption of titanium
alloys during cathodic charging (Ref 41, 46, 51,
167–169). These studies indicate that the rate of
hydrogen absorption and surface hydride layer
growth initially follow a parabolic rate law; this
suggests that hydrogen diffusion is rate control-
ling at temperatures less than and equal to
100 �C (212 �F) (Ref 49, 170). Linear rate
behavior has been observed in long-term charg-
ing exposures (Ref 51). Dramatic increases in

hydrogen absorption rate during cathodic char-
ging are noted when electrolyte pH levels are
reduced to 2 or below (Ref 28, 29, 41, 51, 167).
On the other hand, the inverse solubility of pro-
tective calcareous deposit coatings formed dur-
ing cathodic charging (aluminum-zinc anode at
�1.05 V) of titanium alloys in seawater dra-
matically inhibits hydrogen absorption as tem-
perature increases (Ref 47, 166).

The presence of hydrogen recombination
poisons, such as sulfide, arsenate, antimony, or
cyanide species, substantially increases hydro-
gen uptake during charging (Ref 167). This
effect of sulfide has been observed in a few oil
refinery heat exchangers in which grades 2 or 12
titanium tubes were galvanically coupled to
carbon steel tubesheets and components in hot
(i80 �C, or 175 �F) sulfide-containing aqueous
process streams (Ref 1). Severe hydriding
(Fig. 7) and eventual embrittlement of the tubes
occurred. Elimination of the detrimental couple
with the active metal (steel) has been achieved by
designing with more galvanically compatible
passive alloys (including all-titanium design)
and/or use of dielectric joints. In comparison,
grade 2 titanium galvanically coupled to carbon
steel in neutral sulfide-free electrolytes results in
very minor increases in hydrogen uptake to
temperatures as high as 120 �C (250 �F) (Ref 29,
46). Note that galvanic hydrogen embrittlement
of titanium does not occur in hot sour hydro-
carbon-dominated streams (i.e., with minimal
and/or discontinuous water phase).

The surface condition of titanium also influ-
ences hydrogen absorption rates during cathodic
charging. Studies consistently reveal that as-
pickled and as-received surfaces are much less
amenable to hydrogen uptake than abraded,
vapor-blasted, or sandblasted surfaces (Ref 29,
41, 50). Furthermore, anodized and, particularly,
thermally oxidized surfaces are highly effective

barriers to hydrogen uptake in titanium during
charging (Ref 44, 52).

Stress-Corrosion Cracking in
Specific Media

In the following sections, SCC of titanium
alloys in a variety of environments is discussed.
Although the protective oxide film of titanium
exhibits a high degree of chemical stability and
resistance in many aggressive environments,
even to the extent that essentially no corrosion
occurs, SCC has been identified in several
environments. Table 28 lists the environments
that are known to have caused SCC and those
corresponding titanium alloys that were reported
to be susceptible. The environmental parameters
and metallurgical factors that influence SCC
susceptibility are discussed in the following
sections.

Red-Fuming Nitric Acid. The first reported
observation of titanium SCC occurred in red-
fuming nitric acid (Ref 97, 98). This is acid
greater than 86% HNO3 with dissolved nitrogen
oxides imparting a reddish color. Cracking was
observed for commercially pure titanium in a
room-temperature environment containing 20%
NO2. Later, investigators found that SCC
occurred in as little as 6.5% NO2 with less than
0.7% H2O. Intergranular cracking was observed
on smooth specimens, which indicates the high
sensitivity to SCC in this medium (Fig. 15). In
addition to unalloyed titanium, cracking was
observed on Ti-8Mn and Ti-6Al-4V, even in red-
fuming HNO3 without free NO2. Studies showed
that 1.5 to 2.0% H2O or 1% NaBr inhibits SCC
(Ref 97, 98).

Nitrogen Tetroxide. As titanium use in
aerospace increased, it was found that titanium
alloys were highly resistant to corrosion attack in

Table 26 Hydrogen absorption in grade 2 titanium after 96 h exposure in pure, dry hydrogen

Temperature Hydrogen pressure
Freshly
pickled

Hydrogen absorption, ppm

�C �F MPa psi
Pickled +2 mo
air exposure Iron-contaminated Anodized

149 300 Atmospheric 0 0 0 0
149 300 2.76 400 58 20 174 0
149 300 5.52 800 28 0 117 0
315 600 Atmospheric 0 0 0 0
315 600 2.76 400 2586 6911 5951 516
315 600 5.52 800 4480 10,550 13,500 10,000

Source: Ref 28

Table 27 Hydrogen absorption in unalloyed titanium after 14 day exposures

Sample condition

Hydrogen absorption, ppm

Dry hydrogen Moist hydrogen Hydrogen + CO2

As-received 58 1 4
Iron-contaminated 780 21 125
Copper-contaminated 27 5 5
Platinum-contaminated . . . . . . 770
Anodized 9 2 3

Source: Ref 165
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nitrogen tetroxide (N2O4), an oxidizer used in
conjunction with hydrazine rocket fuels. Unfor-
tunately, SCC was rather dramatically revealed
in an explosion during proof testing of a Ti-6Al-
4V storage vessel. The vessel that exploded had
been exposed to N2O4 at 40 �C (100 �F) at a
stress level of 620 MPa (90 ksi). Testing
revealed that titanium alloys would crack in NO-
free N2O4 (that is, N2O4 with excess dissolved
oxygen, or red N2O4) but would not crack in NO-
containing N2O4 (oxygen-free, or green N2O4)
(Ref 55, 139).

Methanol. Unlike other engineering metals,
titanium and zirconium alloys are highly sus-
ceptible to SCC in anhydrous or near-anhydrous
methanol liquid and vapor (Ref 55). Titanium
alloys that are generally susceptible to SCC in
aqueous media, such as the more highly alloyed
grades containing 45 wt% Al and/or higher
interstitial levels (e.g., Ti-6-4, Ti-8-1-1), tend to
exhibit intergranular stage I cracking and pre-
dominantly transgranular stage II cracking
modes in dry methanol. Aged, coarse-grained Ti-
3-8-6-4-4 and grades 28 and 29 titanium exhibit
this mode of cracking (Ref 64, 171, 172). On the

other hand, intergranular cracking is primarily
observed in the unalloyed grades 1 and 2 and in
certain b alloys, such as Ti-13-11-3 and aged,
fine-grained Ti-3-8-6-4-4 (Ref 171). Methanolic
stress cracking can occur rapidly (within hours)
at relatively low tensile stresses at or near room
temperature, depending on conditions.

Methanolic SCC stems from the reaction of
methanol with titanium metal to form a soluble,
non-protective titanium methoxide (Ti(OCH3)4)
(Ref 55, 64), whereby passive TiO2 film refor-
mation is not possible. Once local metal dis-
solution achieves a critical flaw size under tensile
stress, interactive overload/dissolution cycles
occur at the crack tip. It has long been debated to
what extent absorbed atomic hydrogen genera-
tion versus anodic dissolution at the crack tip
influences methanolic SCC.

Fortunately, water addition to dry methanol
represents an extremely effective, potent, and
practical inhibitor for titanium alloy SCC. The
presence of sufficient water in methanol (or other
oxygen-containing species) promotes full
repassivation via TiO2 film formation. The ben-
eficial, inhibitive influence of increasing water

content in room-temperature methanol is illus-
trated for unalloyed titanium and Ti-6Al-4V in
Fig. 41 and 42, respectively (Ref 122, 123, 173).
These category 1 SCC test data reveal the fol-
lowing:

� Increasing the halide content decreases time
to failure.

� Higher halide concentrations increase this
critical water level where maximum SCC
susceptibility occurs.

� Minimal water additions up to a critical level
can decrease time to failure.

� Water levels greater than this critical level
reduce and can fully inhibit methanolic SCC.

Additions of acids, oxidizing species or cer-
tain metal ions, and impressed potential can
dramatically influence methanolic SCC on tita-
nium alloys (Ref 55). Acidification with HCl,
H2SO4, or acetic acid substantially decreases
time to failure and the minimum water level
required for complete inhibition (Ref 123, 174).
Similar acceleration of SCC (anodic dissolution
and cracking rates) has been observed with
additions of strong oxidizers such as halogens
(Cl2, Br2, I2) or metal ions of gold, iron, copper,
mercury, and especially palladium (Ref 55, 173–
175). On the other hand, nitrate (Ref 172) and
sulfate ions (Ref 172), NaF, and 0.1 M Al3+,
Zr4+, Cd+, and Sn2+ ion additions act to inhibit
stage II transgranular SCC in titanium alloys
(Ref 173, 176). Anodic polarization generally
increases SCC susceptibility and cracking rates
in methanol/halide mixtures, whereas cathodic
polarization diminishes susceptibility. Impres-
sed cathodic potentials more negative than
�250 mV (versus Ag/AgCl) prevented inter-
granular cracking on unalloyed titanium (Ref
177), whereas transgranular cracking was fully
arrested on titanium alloys at impressed poten-
tials negative to �1.0 V (SCE) (Ref 53, 55).

Contrary to aqueous SCC behavior, the max-
imum SCC susceptibility of titanium in methanol
liquid and vapor is somewhere near room tem-
perature, and it diminishes substantially as the
temperature increases above this point. The cri-
tical level of water required to fully inhibit SCC
at higher temperatures drops substantially in a-b
and b titanium alloys (Ref 64, 171).

Practical guidelines for conservative mini-
mum water content required in methanol to
prevent SCC on various commercial titanium
alloys (at room temperature) are offered in
Table 29. In hydrocarbon production, this water
inhibition strategy is readily and practically
achieved by adding available fresh/natural
waters or seawater directly to anhydrous com-
mercial methanol prior to well injection and
titanium alloy component exposure (Ref 64,
121, 171).

Other Alcohols. Titanium alloy suscept-
ibility rapidly diminishes with increasing alcohol
carbon atom chain size (i.e., molecular weight)
(Ref 55). Most common industrial titanium
alloys, including unalloyed titanium and Ti-6Al-
4V, are generally considered to be resistant to

Table 28 Environments known to promote stress-corrosion cracking of commercial
titanium alloys

Environment

Temperature
Titanium alloys with

reported susceptibility�C �F

Oxidizers

Nitric acid (red-fuming) Room temperature Ti, Ti-8Mn, Ti-6Al-4V, Ti-5Al-2.5Sn
Nitrogen tetroxide (no excess NO) 30–75 85–165 Ti-6Al-4V

Organic compounds

Methyl alcohol (anhydrous) Room temperature All commercial grades
Monomethylhydrazine Room temperature Ti-8Al-1Mo-1V, Ti-6Al-4V

(solution treated and aged)
Ethyl alcohol (anhydrous) Room temperature Ti-8Al-1Mo-1V, Ti-5Al-2.5Sn
Ethylene glycol Room temperature Ti-8Al-1Mo-1V
Methylene chloride, trichloroethylene,

carbon tetrachloride
Room temperature Ti-8Al-1Mo-1V, Ti-5Al-2.5Sn

4150 4300 Ti-3Al-8V-6Cr-4Zr-4Mo
Freons (fluorinated hydrocarbons) Room temperature Ti-8Al-1Mo-1V, Ti-5Al-2.5Sn, Ti-6Al-4V
Chlorinated diphenyl 315–370 600–700 Ti-5Al-2.5Sn

Hot salt

Chloride and other halide salts/residues 230–430 450–805 Most commercial alloys,
except ASTM grades 1, 2, 7,
9, 11, 12, 16, 17, 26–29

Metal embrittlement

Cadmium (solid+liquid) 25–600 75–1110 Ti-8Mn, Ti-13V-11Cr-3Al,
grade 2, Ti-6Al-4V

Mercury (liquid) Room temperature Grade 4, Ti-6Al-4V, Ti-8Al-1Mo-1V
370 700 Ti-13V-11Cr-3Al, Ti-8Al-1Mo-1V

Silver (solid) and AgCl 204–470 400–880 Ti-7Al-4Mo, Ti-5Al-2.5Sn, Ti-6Al-6V-2Sn
Ag-5Al-2.5Mn (braze alloy) 343 650 Ti-6Al-4V, Ti-8Al-1Mo-1V, Ti-5Al-2.5Sn
Gold (solid) 232 450 Ti-6Al-6V-2Sn

Miscellaneous

Seawater/NaCl solution Room temperature Unalloyed Ti (with 40.25% O),
Ti-3Al-11Cr-13V, Ti-5Al-2.5Sn, Ti-8Mn,
Ti-6Al-4V, Ti-6Al-6V-2Sn,
Ti-7Al-2Nb-1Ta, Ti-4Al-3Mo-1V,
Ti-8Al-1Mo-1V, Ti-6Al-Sn-4Zr-6Mo

Distilled water Room temperature Ti-8Al-1Mo-1V, Ti-5Al-2.5Sn,
Ti-11.5Mo-6Zr-4.5Sn

Moist chlorine gas 288 550 Ti-8Al-1Mo-1V
10% HCl 240–400 465–750 Ti-5Al-2.5Sn, Ti-8Al-1Mo-1V
LiCl, KBr, and Na2SO4 solution (0.6 M) Room temperature Ti-6Al-4V, Ti-6Al-6V-2Sn
Molten chloride/bromide salts 300–500 570–930 Ti-8Al-1Mo-1V
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SCC in all alcohols other than methanol. How-
ever, addition of halogens (e.g., Cl2, Br2, I2) or
other strong oxidizers (FeCl3) to various anhy-
drous alcohols can induce SCC in all titanium
alloys (Ref 122, 124), requiring increased water
levels for SCC inhibition. The highly susceptible
Ti-8Al-1Mo-1V alloy uniquely experiences
cracking in non-halogen/halide-containing an-
hydrous ethanol and ethylene glycol (Ref 55).

Halogenated Hydrocarbons. Widespread
use of titanium alloys in the aerospace industry
has prompted considerable study of SCC in
halogenated hydrocarbons common to aerospace
processing in the past. Stress-corrosion cracking
of certain titanium alloys has been identified in
the following halogenated hydrocarbons:

� Carbon tetrachloride
� Methylene chloride
� Methylene iodide
� Trichloroethylene
� Trichloroethane
� Trichlorofluoromethane
� Trichlorofluoroethane
� Octafluorocyclobutane

In most of these environments, precracked spe-
cimens (category 2) are required to identify SCC.

Stress-corrosion cracking in carbon tetra-
chloride (CCl4) was first noted on Ti-8Al-1Mo-
1V (Ref 178, 179), with a threshold stress
intensity to produce SCC (KISCC) approximately

the same as that observed in 3.5% NaCl solution.
Crack velocities in CCl4 were approximately 10
times faster than those in methanol. Slow strain-
rate (category 3) testing also showed that Ti-5Al-
2.5Sn was susceptible to SCC in CCl4 at stresses
approaching the tensile strength of the alloy.

The other hydrocarbons listed were found to
cause cracking in Ti-8Al-1Mo-1V and Ti-5Al-
2.5Sn alloys, which are also known to be sus-
ceptible to SCC in distilled water (Ref 178, 180).
No other alloys were found to be similarly
affected.

Freons include any of a number of fluorinated
hydrocarbons commonly used as refrigerants.
The Ti-8Al-1Mo-1V and Ti-5Al-2.5Sn alloys
and Ti-6Al-4V in the solution-treated and aged
condition have been found to exhibit threshold
stress intensities in commercial freons below
those in air (Ref 53, 55, 180).

Hot Salts. In the late 1950s, cracking of a
titanium alloys was discovered during routine
laboratory creep testing. The failure was even-
tually traced to chlorides from fingerprints on the
specimen surface. These findings were repro-
duced in several laboratory studies for a host of
titanium alloys. Nearly all titanium alloys were
found to be susceptible to this hot salt SCC
phenomenon (termed hot salt cracking), with the
exception of unalloyed titanium. Although there
was a great deal of concern in regard to numerous
existing aerospace applications similar to this

laboratory environment, no service failure on
titanium alloys has been attributed to hot salt
cracking to date.

A more complete description of hot salt
cracking and its mechanism can be found in the
literature (Ref 55, 181–189). Hot salt cracking is
primarily influenced by temperature, stress, time,
alloy composition, and metallurgical condition.
Cracking is observed in the temperature range
from 285 to 425 �C (545 to 800 �F). In general,
susceptibility increases with stress and/or tem-
perature and does not occur below 260 �C
(500 �F) or above 540 �C (1000 �F). Cracking is
normally characterized by extensive branching
and is not necessarily associated with the regions
of highest stress intensity; therefore, category 2
or 3 specimens are not required to initiate
cracking. Because it is often difficult to initiate
cracks in precracked notches, statically loaded
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Table 29 Minimum water content required
in methanol to prevent stress-corrosion
cracking of titanium alloys at room
temperature

Titanium alloy

Minimum water
content required, wt%

Short-term/
intermittent

exposure
Sustained
exposure

Unalloyed (grades 1, 2) 1.5 2.0
Ti-0.3Mo-0.8Ni (grade 12) 2.0 2.0
Ti-3Al-2.5V (grade 9) 2.0 2.0
Ti-3Al-2.5V-Ru (grade 28) 2.5 3.0
Ti-6Al-4V (grades 5, 23) 3.0 3.0
Ti-6Al-4V-Ru (grade 29) 5.0 10.0
Ti Beta-C (grade 19) 5.0 10.0

Source: Ref 121

276 / Corrosion of Nonferrous Metals and Specialty Products

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



smooth specimens (category 1) have been used
in most of the laboratory investigations.

The alloys that are most susceptible to hot salt
cracking are a or near-a alloys with more than
3.5% Al, such as Ti-5Al-2.5Sn and Ti-8Al-1Mo-
1V. Unalloyed titanium appears to be immune
(Ref 190), and it is assumed that the highly
resistant titanium-palladium and titanium-
ruthenium alloys and most ruthenium- or palla-
dium-enhanced titanium alloys are all highly
resistant as well. Alpha-beta alloys are less sus-
ceptible to cracking, although alloys with high
aluminum contents are most susceptible. Alloys
with higher molybdenum content, such as
Ti-4Al-3Mo-1V, are most resistant (Ref 183).
Zirconium and most b-isomorphous alloying
elements (e.g., molybdenum, tantalum, niobium,
and vanadium) improve resistance. The com-
bined effect of time, temperature, and stress is
shown in the Larsen-Miller diagram in Fig. 43
for several alloys, from which it is evident that
alloy type and microstructural condition are also
important.

Oxygen has been reported as necessary for hot
salt cracking. At least one study has shown that
cracking will not occur in Ti-5Al-2.5Sn when
the environmental pressure is reduced below 10
microns (Ref 183). Although the role of water
(moisture) has not been clearly established, it
appears that water is also a necessary environ-

mental component in the cracking process (Ref
184, 185).

Chloride, bromide, and iodide salts have all
been shown to produce similar cracking, whereas
fluoride and hydroxide salts have not. The cation
associated with the salt has been reported to
affect cracking susceptibility. Attack severity
has been shown to increase as follows (Ref 184,
185):

  MgCl24SrCl24CsCl4CaCl24KCl4BaCl2

 4NaCl4LiCl

Table 30 categorizes titanium alloys with respect
to their susceptibility to hot salt cracking (Ref 55,
191).

Cracking is normally intergranular in nature
but depends largely on alloy type. Alpha alloys
exhibit both transgranular and intergranular
fracture, depending on whether the material was
annealed above or below the b transus, respec-
tively. Alpha-beta alloys exhibit predominantly
intergranular fracture (Ref 185, 187, 190, 192).

From a practical standpoint, hot salt cracking
appears to be a phenomenon that is restricted
to the laboratory, with no in-service failure re-
ported thus far. This may stem from the critical,
complex relationship between environment
(including salt deposit morphology and compo-

sition), stress level, exposure time, temperature,
and alloy type required for attack to initiate.

Molten Salts. Ti-8Al-1Mo-1V appears to be
the only titanium alloy tested for SCC in molten
salt environments. Cracking has been observed
in pure chloride and bromide eutectic melts at
temperatures between 300 and 500 �C (570 and
930 �F). In general, increasing temperature
increases crack velocity. Cathodic protection has
been observed to inhibit or stop cracking.

Nitrate salts below 125 �C (255 �F) do not
induce cracking even when Cl�, Br�, or I�

anions are present. Cracking in pure molten
nitrates at higher temperatures can occur only
when halides are present (Ref 55).

Liquid/Solid Metal Embrittlement. Tita-
nium alloys may experience premature failure
and brittle fracture when stressed while in inti-
mate contact with certain metals in liquid and/or
solid forms (Ref 53, 139, 193–200). These
metals include cadmium, mercury, silver,
cesium, gallium, gold, and possibly zinc.

Liquid metal embrittlement (LME) in liquid
cadmium has been reported for the Ti-8Mn, Ti-
13V-11Cr-3Al, and grade 2 titanium alloys.
Dramatic reductions in both elongation and
strength were observed in the 325 to 400 �C (620
to 750 �F) range, which were very dependent on
strain rate (Ref 55). Penetration of the TiO2 oxide
film by the liquid cadmium appears to be the
critical factor, with cracking predominantly
intergranular.

Liquid mercury has produced embrittlement
in the grade 4, Ti-13V-11Cr-3Al, Ti-6Al-4V, Ti-
8Al-1Mo-1V, and Ti-8Mn alloys (Ref 55, 197).
Ti-8Al-1Mo-1V exhibits both intergranular
stage I and transgranular stage II cracking
behavior, with microstructural influences paral-
leling those observed in methanol and aqueous
media.

Exposure of stressed U-bend and C-ring
samples of grades 2, 12, 19, and 29 (Ref 55) in
liquid mercury reveals no cracking tendencies to
temperatures as high as 232 �C (450 �F). These
static tests have shown that the surface oxide film
of titanium is not wetted by liquid mercury,
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Table 30 Relative resistance of titanium
alloys to hot salt stress-corrosion cracking

Resistance Titanium alloy

Least resistant Ti-5Al-2.5Sn
Ti-5Al-5Sn-5Zr
Ti-8Al-1Mo-1V
Ti-8Mn

Moderately
resistant

Ti-5Al-5Sn-5Zr-1Mo-1V
Ti-6Al-4V

Ti-6Al-6V-2Sn
Grade 4
Ti-13V-11Cr-3Al

Highly resistant Ti-4Al-3Mo-1V
Ti-2.25Al-1Mo-11Sn-5Zr-0.25Si
Ti-3Al-8V-6Cr-4Zr-4Mo (Ti Beta-C)
Ti-8Mo-8V-2Fe-3Al
Ti-11.5Mo-6Zr-4.5Sn

Immune Grades 1, 2, 7, 9, 12, 16, 17, 26, 27, 28

Source: Ref 55, 191
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thereby precluding amalgamation and embrit-
tlement. However, cracking failure may be
induced when oxide films of stressed samples
are severely mechanically damaged (heavily
scraped or scratched or slowly plastically
strained above the yield point) while immersed
in the liquid metal. Thermal nitride (Ref 55) or
enhanced oxide film barriers (achieved through
anodizing or thermal oxidation) may offer
improved resistance to LME in mercury, unless
the film is physically compromised.

Liquid metal embrittlement has also been
reported for titanium (Ref 195) exposed to silver
brazing alloys (Ref 198, 199) and molten zinc
(Ref 55). Similar to high-temperature mercury,
degradation of titanium alloy properties in mol-
ten zinc, cesium, and gallium is generally the
result of titanium dissolution and diffusion of the
metal along grain boundaries to form brittle
phases.

Solid Metal Embrittlement (SME). Early re-
ported incidences of SME stemmed from
investigations of cracked titanium alloy jet
engine compressor disks involving cadmium-
and silver-plated fasteners (Ref 198). Studies
that followed confirmed that embrittlement
could be induced at temperatures well below the
melting point of the metal (Ref 55, 195, 196).
In the case of cadmium, SME has been shown to
occur in Ti-6Al-4V, Ti-13V-11Cr-3Al, and Ti-
8Al-1Mo-1V from room temperature up to the
melting point of cadmium (321 �C, or 610 �F)
(Ref 195). The cadmium must be smeared or
pressed (beyond the yield point) into the highly
stressed titanium alloy surface at loads exceed-
ing the yield stress for brittle failure to occur.
Simply stressing cadmium-coated titanium is not
sufficient to initiate cracking. Increasing tem-
perature and stress level decrease time to
cracking and increase crack depth (Ref 195).

Any barrier film or coating that inhibits direct
bearing contact of cadmium onto titanium alloy
surfaces can avert cadmium embrittlement. For
example, sprayed or vapor-deposited aluminum
coatings, organic coatings, dry film lubricants,
and/or oxidized surfaces on titanium may pro-
vide effective protection, depending on bearing
loads.

Intergranular embrittlement of Ti-6Al-6V-
2Sn has also been reported in contact with cad-
mium, gold, and silver (Ref 200). Thresholds for
silver and gold were 204 and 232 �C (400 and
450 �F), respectively. No embrittlement was
stimulated by nickel or copper metal to tem-
peratures as high as 287 �C (550 �F).

Pure silver and silver brazing alloys have also
induced SME of Ti-8Al-1Mo-1V, Ti-7Al-4Mo,
and Ti-5Al-2.5Sn (Ref 198) at temperatures of
468 and 343 �C (875 and 650 �F), respectively.
The presence of silver chloride stimulates SME
more aggressively in titanium alloys than in pure
silver. The perceived SME threshold for Ti-6Al-
4V in contact with silver is approximately
340 �C (645 �F).

Compatibility of titanium alloys in contact
with solid zinc metal has not been well defined or
documented. There are vague indications that

some susceptibility to SME may be possible (Ref
55). It should be pointed out that, practically
speaking, the likelihood of incurring SME of
titanium alloys in most applications is very low.
This is because the problem metal must be
smeared at extreme bearing loads and plastically
embedded into the titanium surface while the
titanium is loaded in tension to well above 50%
of the yield strength.

Aqueous Environments. A wide range of
susceptibility of titanium alloys to SCC in
halide-containing aqueous media has been
observed that depends on an interaction of
metallurgical, mechanical, and environmental
factors (Ref 53, 55, 60). Generally speaking,
susceptibility in aqueous media is primarily
limited to chloride-, bromide-, and/or iodide-
containing solutions and is mainly observed in
tests or situations where high stress intensities
(i.e., highly loaded, precracked test specimens,
such as category 2, or very slow, sustained
plastic straining test specimens, such as category
3) are involved. Titanium alloys may be cate-
gorized into four types of SCC behavior based on
their level of susceptibility in near-ambient
aqueous halide solutions (Ref 55):

� Type 0: Includes alloys that are resistant to
aqueous SCC, such as the unalloyed grades 1,
2, and 3 (below 0.2 wt% O), all titanium-
palladium and titanium-ruthenium alloys, and
grades 9, 12, 18, 19 (when not highly aged),
20, 21, 28, and 29

� Type 1: Includes alloys that have good SCC
resistance and require a highly loaded pre-
crack to exhibit any susceptibility (i.e., KISCC

5KIc, or plane-strain fracture toughness).
Loaded smooth or notched configurations
will not produce SCC. Examples include
Ti-6Al-4V extra-low interstitial (ELI) (see the
discussion of metallurgical factors in this
section), mill-annealed or duplex-annealed
Ti-6Al-4V, or highly aged Ti-38644 in neutral
brines.

� Type 2: Includes relatively few alloys of mild-
to-moderate susceptibility that require a load-
ed notch or precrack to reveal cracking sus-
ceptibility. Examples include mill-annealed
Ti-8Al-1V-1Mo and Ti-5Al-2.5Sn in neutral
saltwater.

� Type 3: Includes the very few titanium alloys
that are highly susceptible to SCC, for which
even a loaded smooth configuration (e.g.,
category 1 test specimen) can induce crack-
ing. Examples include step-cooled Ti-8Al-
1Mo-1V, and Ti-8Mn and Ti-13V-11Cr-3Al
alloys in neutral salt solutions.

Fortunately, because most commercial, indus-
trial titanium alloys display type 0 or 1 SCC
behavior, the SCC susceptibility identified in lab
testing has rarely been experienced in actual field
service.

Stemming from past critical aircraft, sub-
mersible, and offshore marine service applica-
tions, a substantial SCC database for titanium
alloys in ambient neutral saltwater has been

established. Table 31 (Ref 53, 55, 201) lists KIc

versus KISCC values for various commercial
alloys derived from category 2 test specimens, to
provide an indication of degree of SCC sus-
ceptibility.

Environmental Factors. Discounting metal-
lurgical effects, susceptibility of titanium alloys
to SCC in aqueous media primarily depends on
the type and concentration of halide species, pH,
temperature, and/or metal potential in the solu-
tion. As depicted in Fig. 44, increasing halide
concentration increases alloy cracking velocity
and reduces KISCC, depending on degree of alloy
susceptibility (Ref 55, 202, 203). Interestingly,
several alloys in sensitized conditions have even
exhibited SCC in distilled water, including step-
cooled Ti-8Al-1Mo-1V, Ti-5Al-2.5Sn, and aged
Ti-11.5Mo-6Zr-4.5Sn (Ref 53).

Other ionic species can have a neutral or an
inhibitive effect on SCC in halide solutions if the
alloy is not highly susceptible. These species
include NO3�, SO4

2�, F�, OH�, CrO4
2�, and

PO4
3� (Ref 55). Oxidizing cations such as Fe3+

and Cu2+ may raise KISCC values in the more
susceptible alloys (Ref 53, 55). On the other
hand, significant concentrations of ferric chlor-
ide induced SCC in grade 29 titanium exposed to
high-temperature (4150 �C, or 300 �F) chloride
brine (Ref 204).

The potential of the metal can influence SCC
behavior in susceptible titanium alloys. Sig-
nificant cathodic and anodic polarization can
increase KISCC and inhibit SCC. This is illus-
trated in Fig. 45 (Ref 55) for several b titanium
alloys in ambient KCl solutions, whereby max-
imum susceptibility occurs just cathodic to the
alloy corrosion potential. Similar behavior was
reported for Ti-6Al-4V-0.05Pd in sour brine at
232 �C (450 �F) (Ref 205) and for a-b alloys
in various ambient halide solutions (Ref 178).
In the more susceptible Ti-13-11-3 b alloy,
crack velocity increases linearly with anodic
polarization (Ref 202).

The aggravating influence of acidification
and/or increasing metal potential on titanium
alloy stress cracking velocity in halide solutions
is depicted in Fig. 46 (Ref 53, 55). In more acidic
solutions, cathodic polarization will not stop
propagating cracks. Lowering pH decreases
alloy KISCC and increases crack velocity at con-
stant potential, whereas SCC behavior in alkaline
halide solutions mimics that in neutral media
(Ref 55, 206, 207).

The influence of temperature depends on the
alloy susceptibility to halide SCC. Type 0 alloys,
which are inherently resistant to halide SCC,
tend to retain this resistance to relatively high
temperatures. In fact, the upper temperature limit
for these alloys in halide solutions often coin-
cides with that for crevice corrosion. The type 1
and 2 alloys that are mildly SCC susceptible
suffer lower KISCC values and higher stage II
cracking rates with increasing temperature. The
highly susceptible alloys, such as Ti-8Al-1Mo-
1V, exhibit temperature-independent KISCC

values (Ref 53, 55, 208), with crack velocities
that increase with temperature.
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Sour/Hydrogen Sulfide Environments. Stem-
ming from their inherent nonreactivity with H2S,
sulfides, and elemental sulfur species, most
commercial titanium alloys are generally not

susceptible to sulfide stress corrosion (SSC) at
any known temperature. The exceptional resis-
tance of titanium to H2S-rich brines is of par-
ticular relevance to production and drilling of

deep, hot sour hydrocarbon wells, where high-
temperature H2S and/or CO2-pressurized chlo-
ride brines limit well component alloy options.
As such, extensive SSC, SCC, and crevice
corrosion laboratory testing has been conducted
on numerous titanium alloys considered for hot
sour well service.

Table 32 provides guidance concerning prac-
tical temperature limits for various commercial
titanium alloys in deaerated sour chloride brines.
Many of these alloys are approved under the
NACE MR01-75 standard for sour service and
are not limited by H2S and CO2 partial pressure
and/or elemental sulfur content. In fact, it is
chloride SCC and/or crevice corrosion (and not
SSC) that dictate the practical temperature limits
for these alloys.

Metallurgical Factors. In addition to envir-
onmental factors, SCC susceptibility in titanium
alloys is also highly dependent on alloy
composition and final product metallurgical/
processing condition (i.e., grain structure/size,
phase type/morphology/volume fraction, and/or

Table 31 Fracture toughness data for titanium alloys tested in air and 3.5% NaCl solution at 25 �C (75 �F)

Alloy

Thickness
Heat

treatment(a)

Yield strength KIc or Kc(b) KISCC or KSCC(c)

mm in. MPa ksi MPa
ffiffiffiffi

m
p

KSi
ffiffiffiffi

in
p

. MPa
ffiffiffiffi

m
p

KSi
ffiffiffiffi

in
p

.

Grade 1 19.0 0.75 MA . . . . . . 58 53 57 52
Grade 2 19.0 0.75 MA . . . . . . 66 60 66 60
Grade 3 19.0 0.75 MA . . . . . . 79 72 75 68
Grade 4 19.0 0.75 MA . . . . . . 99 90 58 53
Ti-5Al-2.5Sn 12.7 0.50 MA 869 126 97 88 33 30

12.7 0.50 bA-WQ 869 126 131 119 41 37
Ti-5Al-2.5Sn (ELI)(d) 9.7 0.38 MA 827 120 108 98 45 41
Ti-8Al-1Mo-1V 12.7 0.50 MA 1000 145 53 48 22 20

12.7 0.50 DA 930 135 110 100 35 32
12.7 0.50 MA-WQ 841 122 4110 4100 46 42
12.7 0.50 b-ST-WQ 869 126 4110 4100 4110 4100

Ti-6Al-2Sn-4Zr-2Mo 12.7 0.50 STA 1048 152 58 53 30 27
Ti-6Al-4V (standard grade) 12.7 0.50 MA 945 137 66 60 38 35

12.7 0.50 DA 917 133 77 70 57 52
12.7 0.50 STA 1100 160 52 47 27 25
12.7 0.50 b-STA 1070 155 77 70 49 45

Ti-6Al-4V ELI (0.05 O2)(d) 19.0 0.75 a-b rolled 820 119 . . . . . . 71–119 65–108
19.0 0.75 b-rolled 738 107 . . . . . . 85–110 77–100

Ti-6Al-4V ELI (0.07 O2)(d) 19.0 0.75 a-b rolled 862 125 . . . . . . 75–84 68–76
19.0 0.75 b-rolled 786 114 . . . . . . 82–98 75–89

Ti-6Al-4V ELI (0.11 O2)(d) 19.0 0.75 a-b rolled 910 132 . . . . . . 53–64 48–58
19.0 0.75 b-rolled 807 117 . . . . . . 76–86 69–78

Ti-6Al-4V ELI (0.12 O2)(d) 20.0 0.79 bA 814 118 115 105 94 (81)(e) 86 (74)(e)
Ti-6Al-4V (0.15 O2) 19.0 0.75 a-b rolled 945 137 . . . . . . 45–51 41–46

19.0 0.75 b-rolled 869 126 . . . . . . 59–62 54–56
Ti-6Al-4V-Ru (grade 29) 20.0 0.79 bA 814 118 101 92 99 (92)(e) 90 (84)(e)
Ti-4Al-3Mo-1V 12.7 0.50 MA 862 125 126 115 115 105

12.7 0.50 DA 862 125 137 125 132 120
12.7 0.50 b-STA 965 140 104 95 77 70

Ti-7Al-4Mo 12.7 0.50 MA 993 144 80 73 34 31
12.7 0.50 STA 1151 167 40 36 29 26

Ti-6Al-6V-2Sn 12.7 0.50 MA 1083 157 66 60 22 20
12.7 0.50 STA 1170 170 49 45 33 30
12.7 0.50 b-STA 1048 152 77 70 49 45

Ti-6Al-2Sn-4Zr-6Mo 12.7 0.50 MA 1100 160 60 55 22 20
12.7 0.50 DA 1035 150 88 80 49 45

Ti-11.5Mo-6Zr-4.5Sn 12.7 0.50 b-STA 1035 150 71 65 27 25
Ti-8Mo-8V-3Al-2Fe 12.7 0.50 b-STA 1248 181 55 50 34 31

12.7 0.50 b-STA 1035 150 67 61 42 38
12.7 0.50 b-STA 1415 205 22 20 22 20

Ti-3Al-8V-6Cr-4Zr-4Mo 12.7 0.50 b-STA 1331 193 55 50 41 37
14.2 0.56 b-STA 1262 183 38 35 38 35

Ti-13V-11Cr-3Al 12.7 0.50 b-ST 827 120 4110 4100 38 35
12.7 0.50 b-STA 1100 160 77 70 33 30

(a) MA, mill annealed; bA, beta annealed; DA, duplex annealed; ST, solution treated; STA, solution treated and aged; WQ, water quenched. (b) KIc, plane-strain fracture toughness; Kc, plane-stress fracture toughness. (c) KISCC or
KSCC, threshold stress intensity to produce stress-corrosion cracking. (d) ELI, extra-low interstitial. (e) Naturally aerated seawater at 95 �C (205 �F). Source: Ref 53, 55, 201
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Fig. 44 Effect of halide ion concentration on KISCC and crack velocity in aqueous solutions. A, highly susceptible; B,
moderately susceptible; C, slightly susceptible. KIc, plane-strain fracture toughness
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crystallographic texture). For a and a-b alloys,
increasing interstitials (i.e., high oxygen equiv-
alency), aluminum, and/or tin content tend to
increase susceptibility to aqueous halide SCC
(Ref 55). In unalloyed titanium, oxygen levels
above 0.20 to 0.25 wt% promote SCC (Ref 201),
relating to a transition from wavy to lower-
energy planar slip (Ref 53, 55, 60). As such, the
KIc equals KISCC for grade 2 titanium (typically
0.12 to 0.16% O2) in ambient saltwater, whereas
higher-oxygen (and total interstitials) grades 3 or

4 titanium can exhibit KISCC values substantially
below these in air (Table 31). Aluminum content
above 4.5 to 5.0 wt% increases susceptibility
due to the increased tendency to form the low-
ductility, highly ordered Ti3Al (alpha-2) phase.
As alpha-2 volume fraction increases within the
temperature range of 400 to 700 �C (750 to
1290 �F) (Ref 211), alloy KISCC decreases and
crack velocities increase. This is why a final
product anneal at temperatures above 718 �C
(1325 �F) may be advisable to maximize SCC

resistance in these higher-aluminum-containing
alloys. The detrimental influence of increasing
aluminum in titanium alloy SCC (e.g., Ti-8Al-
1Mo-1V) in saltwater is evident in Fig. 47 (Ref
55, 172). Increasing oxygen, nitrogen, carbon,
and/or tin further aggravate this phenomenon.
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Fig. 45 Stress-corrosion cracking of b-titanium alloys as a function of potential in 0.6 M KCl at 24 �C (75 �F). Source:
Ref 55
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Fig. 46 Stage II crack velocity as a function of pH and
potential in aqueous solutions. Source: Ref 53

Table 32 Maximum environmental limits for titanium alloys in sour hydrocarbon production fluids and sour brines

ASTM grade Product forms (condition)(a)

Maximum limits

NaCl, wt% H2S, psia CO2, psia Elemental S, g/L Minimum pH

Temperature

Reference�C �F

Grade 2(b) All (MA) 425(c) NL NL NL 3.0 75 165 125
Grade 12(b) All (MA) 425(c) NL NL NL 3.0 280 535 143
Grade 9 All (MA) 425(c) NL NL NL 3.0 75 165 . . .
Grade 28(b) All (MA or TB) 425(c) NL (1000)(d) NL (500)(d) NL (1)(d) 2.3 330(d) 625(d) 63
Grade 5 All (MA) 425(c) NL NL NL 3.0 75 165 . . .
Grade 23 All (MA or TB) 425(c) NL NL NL 3.0 75 165 . . .
Grade 29(b) All (MA or TB) 425(c) NL (1000)(d) NL (500)(d) NL (1)(d) 2.3 330(d) 625(d) 63, 154
Ti6246(b) All (duplex or triplex

annealed)
425(c) NL (150)(d) NL (150)(d) NL 2.6 232 450 205, 209

Grade 19
(Ti Beta-C)(b)

Tubulars
(cold-pilgered+STA)

425(c) NL (1000) (d) NL (500)(d) NL (1)(d) 2.6 177–190 351–374 61, 205,
210

Tubulars
(extruded+STA)

425(c) NL (1000)(d) NL (500)(d) NL (1)(d) 2.6 163–177 325–351 . . .

Forgings (STA) 425(c) NL (1000)(d) NL (500)(d) NL (1)(d) 2.6 163–177 325–351 . . .
Grade 20

(Ti Beta-C/Pd)
Tubulars

(cold-pilgered+STA)
425(c) NL (1000)(d) NL (500)(d) NL (20)(d) 2.5 246–274 475–525 61, 62

Tubulars
(extruded+STA)

425(c) NL (1000)(d) NL (500)(d) NL (1)(d) 2.5 215–246 420–475 . . .

Forgings (STA) 425(c) NL (1000)(d) NL (500)(d) NL (1)(d) 2.5 215–246 420–475 . . .

NL, no limit indicated or known. (a) MA, mill annealed; TB, transformed beta (acicular alpha); STA, solution treated and aged. (b) Approved under NACE MR01-75 standard for sour service. (c) Up to the chloride saturation limit.
(d) Documented test level but with no limit revealed in test. Source: Ref 121
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Fig. 47 Effect of alloy composition on stress-corrosion
cracking resistance of mill-annealed titanium

alloys in aqueous 3.5% NaCl solution at 24 �C (75 �F).
Source: Ref 172
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Improved SCC resistance in a and a-b tita-
nium alloys has been achieved through for-
mulation of extra-low interstitial (ELI) grades of
some alloys. These ELI grades typically limit
maximum oxygen levels to 0.11 to 0.13 wt%
while also limiting maximum carbon, nitrogen,
and/or aluminum content. The enhanced KISCC

values achievable with ELI Ti-6Al-4V (grade
23) versus standard Ti-6Al-4V (grade 5) in
ambient saltwater, for example, are revealed in
Table 31 and Fig. 48 (Ref 121).

In a-b and b alloys, isomorphous b-phase
stabilizing elements, such as molybdenum,
vanadium, niobium, and tantalum (and zirco-
nium), generally mitigate or eliminate aqueous
halide SCC. On the other hand, the b-eutectoid
alloying additions, such as iron, manganese,
chromium, silicon, and copper, tend to degrade
alloy SCC resistance (Ref 55). Increasing
hydrogen content may also diminish SCC resis-
tance in near-a and a-b alloys (Ref 53, 55).
Substantial improvements in titanium alloy SCC
resistance are achieved by minor ruthenium or
palladium additions (Ref 61–63, 147, 153, 154).
As shown by grades 20, 28, and 29 titanium listed
in Table 32, alloy SCC (and crevice corrosion)
thresholds in sweet and sour brines are well in
excess of 200 �C (390 �F) (Ref 63, 147).

Phase structure is also vital in dictating SCC
behavior, such that degree of susceptibility
directly relates to grain size, a- or b-phase
volume fraction, and a-phase mean free path
(Ref 55, 60). Increasing a grain size in a and a-b
alloys generally increases SCC susceptibility.
Typically, SCC in susceptible a and a-b alloys
manifests as a predominately transgranular
(quasi-cleavage) mode of fracture. Because b
phase can act as a ductile, SCC-resistant crack

arrestor, increased b-phase volume fraction
(especially when it surrounds a phase) is often
beneficial. Stemming from the significant
crystallographic texture (i.e., typically basal
transverse) developed during substantial uni-
directional forging or rolling below the alloy b
transus, a and a-b alloys often exhibit pro-
nounced orientation(s) for stress-corrosion frac-
ture path. A preferred a-phase cleavage plane
(and hydride habit-plane) at ~15� to the basal
(0001) plane commonly predominates, resulting
in the following directional SCC susceptibilities:
TL4SL4LT. See the article “Evaluating Stress-
Corrosion Cracking” in ASM Handbook,
Volume 13A, 2003, p 591, Fig. 28, for orienta-
tion of specimens.

A transformed-b structure (produced by pro-
cessing or annealing above the alloy b transus)
dramatically enhances both air and saltwater
toughness (KISCC) by randomizing crystal-
lographic texture and defraying crack tip stress
intensity via increased crack path tortuosity (Ref
53, 55, 60). In other words, either Widmanstätten
(basketweave)- or colony-type transformed b
(acicular a) structures elevate KIc and KISCC

values (while reducing crack growth rates)
relative to mill-annealed equiaxed a-b struc-
tures. This is indicated in Fig. 48 for Ti-6Al-4V,
and for various alloys in Table 31.

In b alloys, the b phase may be susceptible to
either transgranular or intergranular SCC,
depending on alloy composition, grain size, and
metallurgical condition (Ref 55, 60). The high-
eutectoid-element-containing Ti-13-11-3 and
Ti-8Mn alloys are very susceptible in all condi-
tions. b phase stabilized by molybdenum, vana-
dium, niobium, and/or tantalum is highly
resistant to aqueous SCC in both aged and,

especially, unaged conditions. Increased aging,
producing increasing volume fractions of the
more susceptible a-phase precipitates, can
increase susceptibility (e.g., lower SCC tem-
perature thresholds and/or KISCC values). In
particular, aging at lower temperatures to
produce very fine a precipitates and elevated
strengths may substantially diminish resistance.

Galvanic Corrosion in Specific Media

In their normal passive condition, titanium
alloys are most often the cathode when galva-
nically coupled to most common engineering
alloys in service. As a result, galvanic corrosion
of titanium is very rare and occurs only under
very unusual conditions. This rare situation
could occur in a medium such as a strong redu-
cing acid, in which titanium is actively corrod-
ing. In this case, coupling to a more active metal
(Ref 212) or a more noble metal could accelerate
titanium alloy corrosion only if full passivation is
not achieved. Coupling titanium alloys to a more
noble material is most often very beneficial,
resulting in establishing passivity when titanium
is marginally active (corroding) or further
maintaining passivity of titanium at more noble
potentials (Fig. 1). This form of anodic protec-
tion explains the excellent galvanic compat-
ibility of titanium with noble metals (e.g.,
platinum-group metals) and graphite composites
in most environments, including seawater.

Titanium alloys exhibit relatively noble cor-
rosion potentials in the many environments in
which full passivity is achieved (Table 2).
Similar data in natural seawater from other
sources indicate that corrosion potentials for
titanium and its alloys fall in the range of +0.1
to �0.3 V versus SCE (Ref 43, 46, 213–215).
Deaeration, increasing temperature (Ref 215),
and sunlight (Ref 216) were all shown to cause a
slight shift in titanium corrosion potential in the
active direction. On the other hand, growth of
thin biofilms on titanium surfaces in ambient
natural seawater and freshwaters can induce
subtle ennoblement (from biometabolic cathodic
catalysis), similar to that experienced by other
corrosion-resistant alloys (Ref 217, 218).

In all cases, these referenced sources reveal
that titanium exhibits corrosion potentials that
are very similar to those of other corrosion-
resistant alloys in the passive condition, includ-
ing the stainless steels and Ni-Cr-Mo alloys. The
minor potential differences between these resis-
tant alloys result in very small, benign galvanic
interactions as long as passive alloy conditions
exist. Thus, galvanic compatibility can be
expected in most environments when a titanium
alloy is coupled to another resistant alloy,
assuming both exist in a fully passive condition.
The data in Table 33 for stainless steel and
nickel-base alloys coupled to titanium in marine
environments support this point (Ref 76).

However, when a titanium alloy is coupled to a
metal that is active (corroding or pitting) in an
environment, accelerated anodic attack of the
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Fig. 48 Typical air (KIc) and saltwater (KISCC) fracture toughness values for Ti-6Al-4V-based alloys in various condi-
tions. Alpha-beta is equiaxed a-b structure; beta is transformed-beta structure; ELI is extra-low interstitial.

Source: Ref 121
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active metal may ensue. Depending on the
environment, active metals may include carbon
steel, aluminum, zinc, copper alloys, or stainless
steels that are active or pitting.

Galvanic corrosion of various copper alloys
when coupled to commercially pure titanium in
ambient-temperature seawater is graphically
depicted in Fig. 49 and 50. These sources and
others reveal a wide variation in the extent of
galvanic corrosion of copper alloys and steel
(Ref 45, 76, 219–221). The degree of galvanic
attack depends on many (often interacting) fac-
tors, including cathode-to-anode surface area
ratio, concentration of dissolved cathodic depo-
larizers such as oxygen and atomic hydrogen,
temperature (Ref 46, 219), media flow velocity
and flow characteristics (that is, turbulence,
angle of impingement), and media chemistry.
The presence of sulfide, increasing cathode-to-
anode area, oxygen content, and flow velocity all
aggravate the galvanic attack of copper alloys in
seawater. As shown in Fig. 51, deaeration of
NaCl brines drastically reduces galvanic attack
(compare with Fig. 49). Galvanic interactions
between titanium and a wide array of engineer-
ing alloys in flowing seawater are surveyed in
Ref 81.

As a result of the relatively high cathodic
polarization resistance (2.6 · 106 ohm � cm2)
and significant hydrogen overvoltage of titanium
in ambient seawater, the cathodic behavior of
titanium is similar to that of the 18-8 stainless
steels (Ref 222). Therefore, the galvanic effects
of titanium on active metals are quite similar to
those for 18-8 stainless, as observed in salt spray
tests (Ref 223), and often not as detrimental as
those of Ni-Cr-Mo alloys. Although these cath-
ode characteristics tend to mitigate galvanic
current, they also result in increased cathodic
current throwing power in conductive electro-
lytes; therefore, the effective surface area of
titanium involved in a galvanic couple may be
quite large. For example, studies show that the
effective length of titanium (and stainless steel)
condenser tubing involved in the galvanic attack
of copper alloy tubesheets in seawater is in
excess of 6 m (20 ft) (Ref 219, 222). This differs
significantly from the two-tube diameter effec-
tive zone length rule used for copper alloys in
seawater. Thus, significant cathodic polarization
of titanium may occur in aqueous electrolytes

that have limited or no dissolved oxygen (e.g.,
natural seawater or deaerated well brines), when
coupled to a more active metal. This often leaves
the galvanic couple in cathodic control.

Effective design strategies for limiting or
avoiding galvanic attack of active metals include
(Ref 47, 121, 221):

� Coupling to more compatible (passive) alloys
(including all-titanium design)

� Use of dielectric (insulating) joints between
dissimilar metals

� Cathodic protection of the active metal by
either impressed current or sacrificial anode
means (Ref 46, 219, 221) (while avoiding
excessive cathodic charging of titanium sur-
faces)

� Coating of titanium (cathode) surfaces (e.g.,
nonconductive, bonded polymer coatings or
sheathing, or anodic metal coating such as
aluminum physical vapor deposition coat-
ings) to limit the cathode-to-anode surface
area ratio

Erosion-Corrosion in Specific Media

Unalloyed titanium and grade 5 titanium have
both been shown to withstand silt-free flowing
seawater to velocities as high as 30 m/s (100 ft/
s) (Ref 43, 224–228). In fact, high-speed water
wheel tests in seawater indicate erosion rates for
grade 5 titanium of approximately 0.013 mm/yr
(0.5 mil/yr) at 46 m/s (150 ft/s) (Ref 226). Jet
impingement tests also involving seawater
velocities of 46 m/s (150 ft/s) reveal rates of
0.03 to 0.06 mm/yr (1.2 to 2.4 mils/yr) for
unalloyed titanium, with values of approxi-
mately 0.03 mm/yr (1.2 mils/yr) for welded and
unwelded Ti-6Al-4V samples alike (Ref 228).
Extremely low erosion rates are also reported for
grade 2 titanium at various seawater locations, as
shown in Table 34 (Ref 68). The superior ero-
sion-corrosion resistance of titanium has also
been reported in other media (Ref 110).

Studies involving sand and emery particle-
laden seawater indicate satisfactory erosion-
corrosion resistance to flow rates of approxi-
mately 6 m/s (20 ft/s) (Ref 76). Data generated
from rotating disk tests are presented in Table 35
(Ref 68). The immunity of titanium to erosion-

corrosion in silt-laden seawater flowing at
approximately 2 m/s (6.5 ft/s) has been demon-
strated in more than 40 years of power plant
surface condenser tube service (Ref 76, 79). The
outstanding resistance of titanium alloys to
cavitation damage has also been documented
(Ref 66, 67, 227, 229). As expected, the harder,
higher-strength titanium alloys are more cavita-
tion resistant (Ref 230).

Testing in a hypersaline geothermal brine
further demonstrated the superior erosion-cor-
rosion characteristics of titanium alloys (Ref
143, 231). Expanded brine (104 �C, or 220 �F;
pH 2.5 to 4.5) impinged on high-strength fer-
rous, nickel, cobalt, and titanium alloy samples
at a velocity of 240 m/s (800 ft/s). Ti-6Al-4V
uniquely experienced no detectable erosive wear
after 120 h.

The relative erosion resistance of unalloyed
titanium was investigated in two special versions
of a rotating drum test involving erosive wear by
wet TiO2 filter cake solids and feed slurry (Ref
232). Titanium exhibited minor metal loss, being
measurably superior to the steels, stainless steels,
and nickel alloys tested. Superior erosion-cor-
rosion resistance of titanium compared to Has-
telloy alloy C was noted in a high-velocity gas
scrubber venturi device in which a chloride-rich
solution was used to scrub hot (315 �C, or
600 �F) process gas (Ref 232).

Erosion-corrosion testing in coal-water slur-
ries representative of those associated with coal-
washing plants also affirmed the superior per-
formance of unalloyed titanium as compared to
carbon steel, Ni-hard cast iron, and stainless steel
alloys (Ref 233). Test results revealed that tita-
nium was inert to attack to slurry velocities of
5 m/s (16 ft/s) but that types 304 and 316, alloy
904L, and type 440C stainless steels exhibited
significant wear above 2 m/s (6.5 ft/s). Unal-
loyed titanium that was thermally oxidized at
700 �C (1290 �F) provided full wear resistance
to velocities as high as 8 m/s (26 ft/s) in these
rotary tests.

Table 33 Corrosion rates of various metals galvanically coupled to titanium in
marine exposures

Coupled material

Corrosion rate after indicated exposure, mm/yr (mils/yr)

193 days at half tide 56 months in sea air

Uncoupled Coupled(a) Coupled(b) Uncoupled Coupled(b)

Alclad 2024-T3 0.015 (0.6) 0.03 (1.2) 0.043 (1.7) 0.001 (0.04) 0.007 (0.28)
Copper 0.013 (0.5) 0.023 (0.9) 0.025 (1) 0.002 (0.08) 0.006 (0.24)
Low-carbon steel 0.15 (6) 0.31 (12.2) 0.43 (17) 0.156 (6.1) . . .
Monel alloy 400 0.025 (1) 0.003 (0.12) 0.003 (0.12) nil 0.001 (0.04)
Inconel alloy 600 nil nil nil nil nil
AISI type 302 stainless steel 0.002 (0.08) nil 0.003 (0.12) nil nil
AISI type 316 stainless steel nil nil nil nil nil

(a) Area ratio of titanium to other metal: 1 to 7. (b) Area ratio of titanium to other metal: 7 to 1. Source: Ref 76
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Extensive erosion-corrosion testing of Ti-6Al-
4V, Ti-5Al-2.5Sn, and Ti-7Al-4Mo alloys has
been conducted in high-velocity wet stream
environments for application in low-pressure
steam turbine blading in power plants. These
alloys have demonstrated superior resistance to
403 stainless steel (12 to 13% Cr steel) in oper-
ating turbines and in water droplet erosion and
water jet impingement tests (Ref 69). Full ero-
sion resistance of Ti-6Al-4V blades to velocities
of 440 to 530 m/s (1450 to 1740 ft/s) at 10%
steam moisture has been noted in turbines. Stu-
dies suggest useful erosion resistance of Ti-6Al-
4V in approximately 8 and 11% steam moisture
to 549 m/s (1800 ft/s) and 488 m/s (1600 ft/s),
respectively. Single-shot water jet impingement
testing has shown that annealed Ti-7Al-4Mo
alloy is significantly more erosion resistant than
12% Cr steel, 303 stainless steel, or Stellite alloy
6 at jet velocities of 610 and 915 m/s (2000 and
3000 ft/s).

Although titanium is highly resistant to high-
velocity steam erosion, several cases of sub-
stantial steamside droplet erosion have been
reported on certain grade 2 titanium tubes in
power plant surface condensers. This outside
surface erosion of the tube has been limited to
isolated, outer-row areas in the cold end of tur-
bine steam condensers located in very cold cli-
mates, such as Scandinavia in the winter. The
colder tubeside cooling waters increase steam
condensation and flow velocities. The degree and
rate of steam droplet erosion is directly influ-
enced by drop velocity and size and the amount
of impinging water droplets. Erosion occurs
when substantial condensed steam droplets
impinge on the tube surface at sonic velocities
(115 to 200 m/s, or 375 to 660 ft/s). Remedial
measures include installation of harder, high-
er-strength titanium alloy or stainless steel
outer-row tube shields, increasing cooling
water temperatures, modifying shellside inlet

steam flow, and/or incorporating condensate
collectors.

Corrosion Fatigue

As indicated in Fig. 10, the smooth or notched
stress-number of cycles fatigue life of the more
common titanium alloys (Table 1) and their
weldments is not significantly affected by water,
seawater, and many other aqueous chloride
media (Ref 68, 69, 234, 235). These alloys
typically exhibit smooth fatigue run-out stress to
tensile strength ratios in the range of 0.5 to 0.6,
which remain unchanged in 3.5% sodium
chloride (NaCl) solutions and in seawater (Ref
69, 234, 236).

In regard to fatigue crack growth (FCG),
certain halide-rich media (such as saltwater)
may enhance crack growth rates and/or lower
stress-intensity factor range (DK) threshold
values in those titanium alloys that are also
known to be susceptible to SCC in that media
(i.e., KISCC5KIc) (Ref 237, 238). Thus, unal-
loyed grades 1 and 2; most titanium alloys con-
taining j4.5 wt% Al; palladium- or ruthenium-
enhanced, higher molybdenum, and ELI alloys
are generally highly FCG resistant in these aqu-
eous environments (Ref 237, 239). Along with
composition, metallurgical condition (micro-
structure and crystallographic texture) strongly
influences FCG behavior in titanium alloys (Ref
237, 238, 240). Parallel to effects on alloy SCC
susceptibility in aqueous halides, improved FCG
resistance and DKthreshold values for the Ti-6Al-
4V alloy, for example, are achieved by selecting
the ELI version and/or processing to achieve a
transformed b (acicular a) instead of the typical
mill-annealed (equiaxed a-b) microstructure.
The higher-strength molybdenum-rich (such as
Ti Beta-C, Beta 21S) and/or ruthenium- or pal-
ladium-enhanced (grade 20, 28, 29) titanium
alloys offer excellent SCC and FCG resistance in
higher-temperature sweet or sour chloride brines
(Ref 63, 121).
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Expanding the
Corrosion Resistance of Titanium

Although titanium is highly resistant to a
rather wide range of environments, ranging from
highly oxidizing to mildly reducing and acidic to
basic (Fig. 1), it does exhibit definite limitations
in strong reducing acid media. This reducing acid
media primarily includes (uninhibited) HCl,
HBr, HI, H2SO4, H3PO4, and oxalic and sulfamic
acid solutions, which become increasingly cor-
rosive as concentration and/or temperature
increase. These same reducing acid limitations
are responsible for crevice and stress-corrosion
limitations for titanium and its alloys in aqueous
halide media, where strong reducing (deaerated)
acidic conditions can develop deep within crev-
ices and cracks (Ref 19, 21, 23), especially as
temperatures increase.

General Corrosion Resistance

Fortunately, numerous proven methods for
overcoming the limitations of titanium under
strong reducing acid conditions can be practi-
cally invoked, depending on the service/process
paradigm. The first five methods, listed subse-
quently, enhance passivation of titanium by
shifting its potential in the noble (positive)
direction out of the active region (Fig. 1, 52),
where the protective TiO2 film is stable (Ref 6,
147, 241–245):

� Alloying titanium with noble metals (e.g.,
platinum-group metals), which facilitates
cathodic depolarization by catalyzing the
hydrogen reduction step in acid solutions
(Fig. 52)

� Alloying titanium with more thermo-
dynamically stable, acid-resistant elements
(e.g., molybdenum, zirconium, tantalum,
niobium)

� Addition or presence of soluble oxidizing
ions or compounds (cathodic depolarizers) in
the acid media (e.g., Fe3+, O2, Cl2, NO3

�)
(Table 15)

� Noble metal surface treatments (e.g., plati-
num-group metal coatings or enriched/mod-
ified surfaces)

� Anodic protection via impressed positive
potentials from an external power source or
from direct galvanic coupling with a noble
metal (e.g., a platinum-group metal)

� Thermal oxidation or nitriding of titanium
surfaces

Alloying. Perhaps the most effective and
conservative means of extending titanium resis-
tance into reducing acid environments has been
through selective alloying. Beneficial alloying
elements for titanium primarily include
i0.04 wt% Pd, i0.08 wt% Ru, i4.0 wt%
Mo, and/or i0.5 wt% Ni (Ref 6, 13, 147, 148,
241, 245–248). Other less common alloying
elements that are effective at much higher
levels include niobium (�10 wt%), tantalum
(i5 wt%), and/or zirconium (48 to 10 wt%). Of
these, very minor (of the order of 0.1 wt%)
additions of the platinum-group metals (palla-
dium and/or ruthenium) have been widely and
cost-effectively used to dramatically enhance
reducing acid, crevice, and/or stress-corrosion
resistance in a, a-b, and b titanium alloys (Ref
147, 209, 249). These additions generally have
no significant effect on mechanical, physical,
and metallurgical properties of the base alloy.
Commercial palladium/ruthenium-enhanced al-
loys include the titanium ASTM grades 7, 11,

13–18, 20, 24–31, 33, and 34 (Table 1). Minor
nickel additions to titanium together with minor
palladium, ruthenium, or molybdenum levels
also provide expanded reducing acid resistance
(e.g., ASTM grades 12–15, 25, 30, 31, 33, 34,
15R) (Ref 147, 148, 205, 209, 250).

Commercial a-b and b titanium alloys con-
taining 3.5 to 15.0 wt% Mo also offer sub-
stantially improved reducing acid, crevice,
and/or stress-corrosion resistance. These alloys
include ASTM grades 19, 20, and 21, and Ti-550,
Ti-6-2-4-6, Ti-17, Ti-5-5-5-3, and Ti-15-5-3
alloys (Table 1). Minor palladium or ruthenium
additions to molybdenum-containing titanium
alloys (Ref 6, 147, 245, 248) further expand these
application windows.

Inhibitor Additions. Various oxidizing ions
or compounds, listed in Table 15, dramatically
expand the useful resistance of titanium in
reducing acid solutions. Most of these inhibitors
are very potent, such that as little as 20 to
100 ppm are effective, depending on acid con-
centration and temperature. These inhibitors
may be added to once-through or recycled pro-
cess streams.

Although a totally different mechanism and
not acid solution related, minute/minor additions
of water to dry (anhydrous) environments may be
required to achieve/maintain titanium passivity.
This inhibitive strategy is highly effective in
anhydrous organic solvents, dry/reagent metha-
nol, red-fuming nitric acid, dry hydrogen or
chlorine gas, and nitrogen tetroxide. Guidelines
for minimum water additions to these environ-
ments are presented in this article.

Noble Metal Surface Treatments. Plati-
num-group metals such as platinum and palla-
dium have been electroplated, ion plated, ion
implanted, or thermally diffused onto/into tita-
nium alloy surfaces to improve reducing acid
resistance (Ref 251, 252). This strategy can be
effective but can have practical limitations, such
as cost, equipment size/geometry issues, and so
on. Ion-plated platinum or gold surface films
offer significant improvements in titanium alloy
oxidation resistance to temperatures as high as
650 �C (1200 �F) (Ref 253, 254).

Table 35 Erosion-corrosion of grade 2 titanium in seawater containing suspended solids

Flow rate

Seawater suspension Test duration, h

Erosion-corrosion rate

m/s ft/s mm/yr mils/yr

7.2 23.6 No solids 10,000 nil
2.0 6.5 40 g/L of 60-mesh sand 2000 0.0025 0.1
2.0 6.5 40 g/L of 10-mesh emery 2000 0.0125 0.5
3.5 11.5 1% 80-mesh emery 17.5 0.0037 0.15
4.1 13.5 4% 80-mesh emery 17.5 0.083 3.3
7.2 23.6 40% 80-mesh emery 1 1.5 60

Source: Ref 68
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Fig. 52 Evans diagram showing how alloying titanium
with palladium or ruthenium achieves passi-

vation in reducing acids via cathodic depolarization. SHE,
standard hydrogen electrode; PGM, platinum-group metal.
Source: Ref 147

Table 34 Erosion-corrosion of grade 2 titanium in seawater at various locations

Location

Flow rate

Type of test
Test duration,

months

Erosion-corrosion rate

m/s ft/s mm/yr mils/yr

Brixham Sea 9.8 32 Model condenser 12 0.003 0.12
Kure Beach, NC 1 3.3 Ducting 54 7.5 · 10�7 0.00003

8.5 28 Rotating disk 2 1.3 · 10�4 0.005
9 29.5 Micarta wheel 2 2.8 · 10�4 0.01
7.2 23.6 Jet impingement(a) 1 5 · 10�4 0.02

Wrightsville Beach, NC 1.3 4.3 . . . 6 1 · 10�4 0.004
9 29.5 Micarta wheel 2 1.8 · 10�4 0.007

Mediterranean Sea 7.2 23.6 Jet impingement(a) 0.5 0.5 mg/day . . .
Dead Sea 7.2 23.6 Jet impingement(a) 0.5 0.2 mg/day . . .

(a) Included air. Source: Ref 68
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Anodic Protection. Titanium alloys can be
effectively passivated and protected from
corrosion in strong reducing acid solutions by
anodic protection. Sustained applied positive
metal potentials in the range of +0.7 to +4.0 V
(versus standard hydrogen electrode) are usually
sufficient to achieve full passivation of titanium
in many acids (Table 17). These positive poten-
tials are impressed by either a controlled direct
current power supply or by galvanic coupling to
a noble metal such as a platinum-group metal
(e.g., platinum, palladium, ruthenium, iridium)
(Ref 6). Although limited use of anodic protec-
tion by impressed currents has been made in
strong H2SO4 and H3PO4 solutions, wherein
anodic pitting potentials for titanium are very
high, the added system costs and challenges with
complex component geometries and stray cur-
rents have inhibited wide-scale use. Also, alter-
nating wet/dry surfaces or vapor phases are not
protected by this method.

Thermal Oxidation or Nitriding. Protective
thermal oxide films can form when titanium
is heated in air at temperatures of 600 to 800 �C
(1110 to 1470 �F) for 2 to 10 min. The rutile
TiO2 film formed measurably improves resis-
tance to dilute reducing acids as well as absorp-
tion of hydrogen under cathodic charging
(Ref 52, 159, 165) or gaseous hydrogen condi-
tions (Ref 163). Corrosion studies in hot, dilute
HCl solutions have confirmed its superior pro-
tective benefits as compared to as-pickled,
polished, or anodized surfaces on unalloyed
titanium (Ref 52, 255). Resistance to corrosion
and hydrogen uptake in molten urea at 200 �C
(390 �F) was achieved by thermal oxidation
of titanium (Ref 159, 256). Enhanced pro-
tection from dry chlorine gas attack can also be
expected. As with anodizing, thermal oxidation
offers no improvements in titanium resistance
exposed to highly alkaline or oxidizing aqueous
media.

Although the thermal oxide has proved to be
protective in relatively short-term tests in dilute
reducing acids, long-term performance has not
been fully demonstrated. Mechanical damage
and plastic strain of thermally oxidized compo-
nents must be avoided for effective protection.
The oxide has been successfully applied on
tubing and small components, but may be
impractical for large components or where
component distortion may occur during the
thermal treatment cycle.

Surface films of titanium nitrides and carbides
are highly resistant to reducing acids. Studies
have shown that the dense, adherent titanium
nitride films produced by reactive plasma ion
plating provided superior protection in deaerated
H2SO4 solutions when compared to several other
film-forming methods (Ref 256). Methods of
applying nitride surface films to titanium and its
alloys (Ref 252, 257) include ion implantation,
ion plating, sputter deposition, or thermal diffu-
sion (with or without plasma assistance in
nitrogen gas, or in a molten cyanide bath). Due to
cost and limitations of film application and
inherent thin-film performance limitations, these

films are generally not used solely for corrosion
resistance. The improved wear resistance offered
by these hard films is generally the primary
incentive (Ref 252).

Crevice Corrosion Resistance

The crevice corrosion resistance of titanium
alloys can be dramatically expanded by the fol-
lowing strategies (Ref 20, 147):

� Alloying titanium with certain noble metals
and/or acid-resistant elements

� Noble metal surface treatments
� Other metallic and/or metal oxide coatings
� Thermal oxidation
� Noble alloy contact
� Surface pickling (to remove smeared-in sur-

face iron)

Alloying. Because the crevice corrosion
resistance of titanium alloys tends to parallel
their general corrosion resistance in reducing
acids, the same alloying element strategies dis-
cussed prior for expanding general corrosion
resistance are directly applicable. Thus, alloying
titanium with certain noble, more acid-resistant
metals, such as palladium, ruthenium, molyb-
denum, or nickel, is commonly used to enhance
titanium alloy crevice corrosion resistance (Ref
13, 20, 39, 137, 145, 147, 148, 249, 250, 258).
Therefore, commercial titanium alloys that
exhibit superior crevice corrosion resistance
include ASTM grades 7, 11–18, 20, 24–31, 33,
and 34 (Table 1). Other molybdenum-containing
crevice-corrosion-resistant alloys include ASTM
grades 19, 20, and 21, and Ti-550, Ti-6-2-4-6, Ti-
17, Ti-5-5-5-3, and Ti-15-5-3 alloys.

Selection of a more resistant titanium alloy is
generally preferred from a long-term reliability,
cost, and practical standpoint over surface
treatment strategies for less resistant titanium
alloys (particularly for equipment involving
large, complex, inaccessible surfaces). On the
other hand, localized surface treatments may be
cost-effective when very heavy alloy wall sec-
tions or highly localized surface application are
involved, and/or when it is necessary to expedi-
tiously upgrade certain existing unalloyed tita-
nium equipment components.

Noble Metal Films. Coatings of noble metals
and/or their oxides offer significant improve-
ments in the crevice corrosion resistance of
titanium. In fact, these treatments can offer crev-
ice resistance approaching that of the titanium-
palladium or titanium-ruthenium alloys. The
most common noble metals applied to titanium
surfaces are palladium, platinum, and ruthenium,
and their oxides. Thermal diffusion coatings of
palladium (Ref 251), platinum, iridium, and
ruthenium are readily applied by firing in an air
furnace after coating titanium with modified
metal chloride solutions (Ref 252, 259). The
resultant (0.1 to 10 mm, or 0.004 to 0.4 mil,
thick) coating is typically a mixture of titanium
and platinum-group metal oxides, depending on
firing temperature (Ref 251). Thermal palladium

surface treatments have been successfully used
in titanium-tubed oil refinery heat exchangers
(Ref 260).

Other methods of applying these platinum-
group metals on titanium surfaces include elec-
troplating, brush plating, and ion implantation
(Ref 20, 252). Electroplating or brush plating
provides precious metal layer thicknesses of the
order of 0.01 mm (0.4 mil). Brush plating is a
special technique for achieving localized elec-
troplating of surfaces (Ref 261). Palladium
implantation generates palladium-rich surface
layers of the order of 0.5 mm (0.02 mil) or less,
which has been shown to be effective in hot,
concentrated chloride brines (Ref 262).

Other Metallic Coatings. The application of
certain metals and their oxides within titanium
alloy crevices can effectively inhibit crevice
corrosion initiation in hot chloride media. These
metals include nickel and copper, their oxides,
and the Fe2O3 and MoO3 oxides (Ref 20, 263,
264). In finely powdered form, these materials
can be painted on creviced titanium surfaces in
slurry form. Alternatively, these powders can be
formulated into sealants, such as silicone or
ethylene propylene diene monomer (EPDM)
rubber. For example, a 5 wt% addition of nickel
metal/NiO powder (50/50) blended into EPDM
gaskets for chlor-alkali cell anode components is
known to prevent the crevice corrosion of unal-
loyed titanium in hot, low-pH, chlorine-saturated
NaCl brines. It has been shown that unalloyed
titanium anodized in a molybdate solution also
provides crevice-corrosion-resistant metal sur-
faces (Ref 264).

Thermal Oxidation. Crevice corrosion
resistance is afforded from thermal oxide films
formed when titanium alloys are heated in air to
500 to 800 �C (930 to 1470 �F) for 2 to 10 min.
Increasing the temperature (or time) within this
range results in thicker, more protective oxide
films. In hot NaCl brines, thermally oxidized
titanium has proved its superior resistance to
anodized or as-pickled titanium in both metal-to-
metal and metal-to-gasket crevices (Ref 20, 52,
141). Avoidance of mechanical damage or
plastic metal strain is necessary for good pro-
tection. Thermal oxide films may exhibit lim-
itations at higher temperatures and in low-pH
brine, and they are better considered for situa-
tions in which only borderline crevice conditions
exist for unalloyed titanium.

Noble Alloy Contact. Crevice corrosion of
unalloyed titanium or other titanium alloys may
be averted in certain metal-to-metal crevice
situations. If a more noble alloy is one member
of the metal-to-metal crevice, the titanium metal
surface can be anodically protected by the gal-
vanic couple achieved in the crevice (Ref 20).
More noble metals include the platinum-group
metals and more resistant titanium alloys, such
as titanium-palladium, titanium-ruthenium, or
copper alloys. For example, it is well known
that unalloyed titanium tubes that are expanded
into copper alloy tubesheets resist tube joint
crevice corrosion in high-temperature sea-
water (Ref 43, 46). Similarly, the more noble
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titanium-palladium or titanium-ruthenium alloys
will protect unalloyed titanium with which it
is in direct contact, providing similar crevice
resistance to that of the titanium-palladium
or titanium-ruthenium alloy. For example, a
titanium-palladium-to-unalloyed-titanium mat-
ing metal crevice will resist crevice attack in
boiling chlorine-saturated NaCl brines, where
an unalloyed titanium-to-unalloyed-titanium
mating crevice would undergo severe crevice
corrosion. This principle also applies to noble-
alloy-treated titanium surfaces in contact with
untreated unalloyed titanium.

Surface Pickling. If the presence of galled-in
or smeared-in surface iron is suspected on tita-
nium equipment, it should removed to prevent
possible pitting or hydrogen uptake in titanium
exposed to hot chloride brines (Ref 22). This
surface iron contamination can be removed with
a light (1 to 3 min) pickle in near-ambient-tem-
perature 35 vol% HNO3-5 vol% HF or 12 : 1
HNO3-HF solution, followed by water flushing.
This procedure will remove less than 0.03 mm
(1.2 mils) from the titanium alloy surface. Stu-
dies have shown that pickling in dilute HNO3-HF

solutions is much more effective in removing
surface iron contamination than either anodizing
or strong nitric acid exposures (Ref 52).
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Appendix 1: General
Corrosion Data for
Unalloyed Titanium

This appendix is a compilation of general
(i.e., uniform) corrosion rate values for unal-
loyed titanium (ASTM grades 1 to 4). These

values were derived from various published
sources cited in the references and from
unpublished laboratory tests. These data should
be used only as a preliminary guideline for alloy
performance. Rates may vary depending on
changes in solution chemistry, temperature,
exposure time, ratio of metal surface to solution
volume, solution replenishment rate, flow ve-
locity, and other factors. Also, total alloy suit-
ability cannot be assumed from these values
alone, because other forms of corrosion, such as
localized attack, stress corrosion, or hydrogen
embrittlement, may be limiting. The text
should be consulted to assess overall alloy
suitability more thoroughly for a given set
of environmental conditions. In complex, vari-
able, and/or dynamic environments, in situ
testing may provide more reliable data. In
Table 36, solution constituent concentrations
are in weight percent, temperatures are given
in degrees centigrade, and corrosion rates are
reported in millimeters per year (mm/yr). Unless
otherwise stated, it should be assumed that
solutions were tested in the naturally aerated
condition.

Table 36 General corrosion rates for unalloyed titanium

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Acetaldehyde 75 149 0.001
100 149 nil

Acetate, n-propyl . . . 87 nil
Acetic acid 99.7 204 nil

5–99.7 124 nil
33–vapor Boiling nil
99 Boiling 0.003
65 121 0.003
58 130 0.381
99.7 124 0.003

Acetic acid+3% acetic anhydride Glacial 204 1.02
Acetic acid+1.5% acetic

anhydride
Glacial 204 nil

Acetic acid+0.011% Cl� 31.2 Boiling 0.259
62.0 Boiling 0.272

Acetic acid+5% formic acid 58 Boiling 0.457
Acetic anhydride 100 21 0.025

100 150 0.005
99.5 Boiling 0.013

Adipic acid+15–20%
glutaric+2% acetic acid

25 199 nil

Adipic acid 67 240 nil
Adipylchloride and chlorobenzene

solution
. . . . . . nil

Adiponitrile Vapor 371 0.008
Aluminum chloride, aerated 10 100 0.002

25 100 3.15
Aluminum chloride 10 100 0.002

10 150 0.03
25 60 nil
25 100 6.55

Aluminum chloride+3.6%
HCl+0.7% HNO3+0.3%
H3PO4

8 Boiling 0.002

Aluminum Fused metal 677 164.6
Aluminum fluoride Saturated Room nil
Aluminum nitrate Saturated Room nil
Aluminum sulfate Saturated Room nil

10 80 0.05
10 Boiling 0.12

Aluminum sulfate+1% H2SO4 Saturated Room nil
Ammonium acid phosphate 10 Room nil

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Ammonium aluminum chloride Molten 350–380 Very rapid
attack

Ammonia, anhydrous 100 40 50.127
Ammonia, steam, water . . . 222 11.2
Ammonium acetate 10 Room nil
Ammonium bicarbonate 50 100 nil
Ammonium bisulfite, pH 2.05 Spent pulping

liquor
71 0.015

Ammonium carbamate 50 100 nil
Ammonium chloride Saturated 100 50.013
Ammonium chlorate 300 g/L 50 0.003
Ammonium fluoride 10 Room 0.102
Ammonium hydroxide 28 Room 0.003

28 100 nil
Ammonium nitrate 28 Boiling nil
Ammonium nitrate+1% nitric acid 28 Boiling nil
Ammonium oxalate Saturated Room nil
Ammonium perchlorate 20 88 nil
Ammonium persulfate, pH 11 10 Boiling nil
Ammonium sulfate 10 100 nil
Ammonium sulfate+1% H2SO4 Saturated Room 0.010
Aniline 100 Room nil
Aniline+2% AlCl3 98 158 41.27
Aniline hydrochloride 5 100 nil

20 100 nil
Antimony trichloride 27 Room nil
Aqua regia 3:1 Room nil

3:1 80 0.86
3:1 Boiling 1.12

Aqua regia+0.2% FeCl3 3:1 Boiling 0.734
3:1 79 0.211

Aqua regia+0.02% FeCl3 3:1 Boiling 0.604
3:1 79 0.198

Arsenous oxide Saturated Room nil
Barium carbonate Saturated Room nil
Barium chloride 5 100 nil

20 100 nil
25 100 nil

Barium hydroxide Saturated Room nil
Barium nitrate 10 Room nil
Barium fluoride Saturated Room nil
Benzaldehyde 100 Room nil
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Table 36 (continued)

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Benzene (traces of HCl) Vapor and
liquid

80 0.005

Liquid 50 0.025
Benzene Liquid Room nil
Benzoric acid Saturated Room nil
Bismuth Molten 816 High
Bismuth/lead Molten 300 Good resistance
Boric acid Saturated Room nil

10 Boiling nil
18 Boiling nil

Bromine Liquid 30 Rapid attack
Bromine, moist Vapor 30 50.003
Bromine gas, dry . . . 21 Rapid attack
Bromine-water solution . . . 25 nil
Bromine in methyl alcohol 5.0 25 19.2 (stress-

corrosion
cracking
possible)

N-butyric acid Undiluted Room nil
Calcium bisulfite Cooking liquor 26 0.001
Calcium carbonate Saturated Boiling nil
Calcium chloride 5 100 0.005

10 100 0.007
20 100 0.015
55 104 0.001
60 149 50.003
62 154 0.406
73 175 0.80

Calcium hydroxide Saturated Room nil
Saturated Boiling nil

Calcium hypochlorite 2 100 0.001
6 100 0.001
18 21 nil
Saturated 21 nil

Carbon dioxide 100 . . . Excellent
Carbon tetrachloride 99 Boiling 0.005

Liquid Boiling nil
Vapor Boiling nil

Carbon tetrachloride+50% H2O 50 25 0.005
Chlorine gas, wet 40.7 H2O Room nil

40.95 H2O 140 nil
41.5 H2O 200 nil

Chlorine saturated water Saturated 97 nil
Chloride gas, dry 50.5 H2O Room May react
Chlorine dioxide 5 82 50.003
Chlorine dioxide+HOCl,

H2O+Cl2

15 43 nil

Chlorine dioxide in steam 5 99 nil
Chlorine dioxide 10 70 0.03
Chlorine monoxide (moist) Up to 15 43 nil
Chlorine trifluoride 100 30 Vigorous

reaction
Chloracetic acid 30 82 50.127

100 Boiling 50.127
Chlorosulfonic acid 100 Room 0.312
Chloroform Vapor and

liquid
Boiling 0.000

Chloroform+50% H2O 50 25 0.000
Chloropicrin 100 95 0.003
Chromic acid 10 Boiling 0.003

15 24 0.006
15 82 0.015
50 24 0.013
50 82 0.028

Chromic acid+5% nitric acid 5 21 50.003
Citric acid 10 100 0.009

25 100 0.001
50 60 0.000
50 Boiling 0.127–1.27
672 149 Corroded

Citric acid (aerated) 50 100 50.127
Copper nitrate Saturated Room nil
Copper sulfate 50 Boiling nil
Copper sulfate+2% H2SO4 Saturated Room 0.018
Cupric carbonate+cupric

hydroxide
Saturated Ambient nil

Cupric chloride 20 Boiling nil

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Cupric chloride (continued) 40 Boiling 0.005
55 118 0.003

Cupric cyanide Saturated Room nil
Cuprous chloride 50 90 50.003
Cyclohexylamine 100 Room nil
Cyclohexane (plus traces of formic

acid)
. . . 150 0.003

Dichloroacetic acid 100 Boiling 0.007
Dichlorobenzene+4–5% HCl . . . 179 0.102
Diethylene triamine 100 Room nil
Ethyl alcohol 95 Boiling 0.013

100 Room nil
Ethylene dichloride 100 Boiling 0.005–0.127
Ethylene dichloride+50% water 50 25 0.005
Ethylene diamine 100 Room nil
Ferric chloride 10–20 Room nil

1–30 100 0.000–0.004
10–40 Boiling 0.00–0.02
50 150 0.003

Ferric sulfate 10 Room nil
Ferrous chloride+0.5% HCl 30 79 0.006
Ferrous sulfate Saturated Room nil
Fluoboric acid 5–20 Elevated Rapid attack
Fluorine, commercial Gas �109 0.864
Fluorine, HF free Liquid �196 0.011

Gas �196 0.011
Fluorosilicic acid 10 Room 47.5
Formaldehyde 37 Boiling nil
Formamide vapor . . . 300 nil
Formic acid, aerated 10 100 0.005

25 100 0.001
50 100 0.001
90 100 0.001

Formic acid 9 50 50.127
10 Boiling 1.68
25 100 2.44
50 Boiling 3.36

Furfural 100 Room nil
Gluconic acid 50 Room nil
Glycerin . . . Room nil
Hydrogen chloride, gas Air mixture 25–100 nil
Hydrochloric acid, aerated 1 60 0.004

2 60 0.016
5 60 1.07
1 100 0.46
5 35 0.01
10 35 1.02
20 35 4.45

Hydrochloric acid 0.1 Boiling 0.10
1 Boiling 1.8

Hydrochloric acid+4%
FeCl3+4% MgCl2

19 82 0.51

Hydrochloric acid+6%
FeCl3+9% MgCl2

22 82 11.07

Hydrochloric acid+4%
FeCl3+4% MgCl2+Cl2
saturated

19 82 0.46

Hydrochloric acid, chlorine
saturated

5 190 50.025

10 190 28.5
Hydrochloric acid+0.02% Cl2 36 25 0.432
Hydrochloric acid
+1% HNO3 5 40 nil
+1% HNO3 5 95 0.091
+5% HNO3 5 40 0.025
+5% HNO3 5 95 0.030
+10% HNO3 5 40 nil
+10% HNO3 5 95 0.183
+3% HNO3 8.5 80 0.051
+5% HNO3 1 Boiling 0.074
Hydrochloric acid+63.6% KNO3 7.7 90 0.132
Hydrochloric acid
+2.5% NaClO3 10.2 80 0.009
+5.0% NaClO3 10.2 80 0.006
Hydrochloric acid
+0.5% CrO3 5 38 nil
+0.5% CrO3 5 95 0.031
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Table 36 (continued)

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

+1% CrO3 5 38 0.018
+1% CrO3 5 95 0.031
Hydrochloric acid
+0.05% CuSO4 5 38 0.040
+0.05% CuSO4 5 93 0.091
+0.5% CuSO4 5 38 0.091
+0.5% CuSO4 5 93 0.061
+1% CuSO4 5 38 0.031
+1% CuSO4 5 93 0.091
+5% CuSO4 5 38 0.020
+5% CuSO4 5 93 0.061
+0.05% CuSO4 5 Boiling 0.064
+0.5% CuSO4 5 Boiling 0.084
Hydrochloric acid
+0.05% CuSO4 10 66 0.025
+0.20% CuSO4 10 66 nil
+0.5% CuSO4 10 66 0.023
+1% CuSO4 10 66 0.023
+0.05% CuSO4 10 Boiling 0.295
+0.5% CuSO4 10 Boiling 0.290
Hydrochloric acid+0.1% FeCl3 5 Boiling 0.01
Hydrochloric acid+1 g/L Ti4+ 10 Boiling 0.000
Hydrochloric acid+5.8 g/L Ti4+ 20 Boiling 0.000
Hydrochloric acid+18%

H3PO4+5% HNO3

18 77 0.000

Hydrochloric acid+10%
H2SO4+0.3% Cu2+

10 93 1.13

Hydrofluoric acid 1 26 127
Hydrofluoric acid, anhydrous 100 Room 0.127–1.27
Hydrofluoric-nitric acid 5 vol% HF-

35 vol% HNO3

. . . 25 452

Hydrofluoric-nitric acid 5 vol% HF-
35 vol% HNO3

. . . 35 571

Hydrogen peroxide 3 Room 50.127
6 Room 50.127
30 Room 50.305

Hydrogen peroxide+2% NaOH 1 60 55.9
Hydrogen peroxide, pH 4 5 66 0.061
Hydrogen peroxide, pH 1 5 66 0.152
Hydrogen peroxide, pH 1 20 66 0.69
Hydrogen peroxide, pH 11 0.08 70 0.42
Hydrogen sulfide (water saturated) . . . 21 50.003
Hydrogen sulfide, steam, and

0.077% mercaptans
7.65 93–110 nil

Hydroxy-acetic acid . . . 40 0.003
Hypochlorous acid+ClO and Cl2

gases
17 38 0.000

Iodine, dry or moist gas . . . 25 0.1
Iodine in water+potassium iodide . . . Room nil
Iodine in alcohol Saturated Room Pitted
Lactic acid 10–85 100 50.127

10 Boiling 50.127
Lead . . . 816 Attacked

. . . 324–593 Good
Lead acetate Saturated Room nil
Linseed oil, boiled . . . Room nil
Lithium, molten . . . 316–482 nil
Lithium chloride 50 149 nil
Magnesium Molten 760 Limited

resistance
Magnesium chloride 5–20 100 50.010

5–40 Boiling 0.005
Magnesium hydroxide Saturated Room nil
Magnesium sulfate Saturated Room nil
Manganous chloride 5–20 100 nil
Maleic acid 18–20 35 0.002
Mercuric chloride 1 100 0.000

5 100 0.011
10 100 0.001
Saturated 100 0.001

Mercuric cyanide Saturated Room nil
Mercury 100 Up to 38 Satisfactory

100 Room nil
. . . 371 3.03

Methyl alcohol 91 35 nil
95 100 50.01

Mercury+iron . . . 371 0.079

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Mercury+copper . . . 371 0.063
Mercury+zirconium . . . 371 0.033
Mercury+magnesium . . . 371 0.083
Monochloroacetic acid 30 80 0.02

100 Boiling 0.013
Nickel chloride 5 100 0.004

20 100 0.003
Nickel nitrate 50 Room nil
Nitric acid, aerated 10 Room 0.005

30 Room 0.004
40 Room 0.002
50 Room 0.002
60 Room 0.001
70 Room 0.005
10 40 0.003
20 40 0.005
30 50 0.015
40 50 0.016
50 60 0.037
60 60 0.040
70 70 0.040
40 200 0.610
70 270 1.22
20 290 0.305

Nitric acid 35 80 0.051–0.102
70 80 0.025–0.076
17 Boiling 0.076–0.102
35 Boiling 0.127–0.508
70 Boiling 0.064–0.900

Nitric acid, not refreshed 5–60 35 0.002–0.007
5–60 60 0.01–0.02
30–50 100 0.10–0.18
5–20 100 0.02
30–60 190 1.5–2.8
70 270 1.2
20 290 0.4
70 290 1.1

Nitric acid, white fuming Liquid or
vapor

Room nil

. . . 82 0.152

. . . 122 50.127

. . . 160 50.127
Nitric acid, red fuming 5Approx. 2%

H2O
Room Ignition

sensitive
4Approx. 2%

H2O
Room Not ignition

sensitive
Nitric acid 40 Boiling 0.63
+0.01% K2Cr2O7 40 Boiling 0.01
+0.01% CrO3 40 Boiling 0.01
+0.01% FeCl3 40 Boiling 0.68
+1% FeCl3 40 Boiling 0.14
+1% NaClO3 40 Boiling 0.31
+1% NaClO3 40 Boiling 0.02
+1% Ce(SO4)2 40 Boiling 0.10
+0.1% K2Cr2O7 40 Boiling 0.016
Nitric acid, saturated with zirconyl

nitrate
33–45 118 nil

Nitric acid+15% zirconyl nitrate 65 127 nil
Nitric acid+179 g/L NaNO3 and

32 g/L NaCl
20.8 Boiling 0.127–0.295

Nitric acid+170 g/L NaNO3 and
2.9 g/L NaCl

27.4 Boiling 0.483–2.92

Oxalic acid 1 35 0.03
5 35 0.13
1 Boiling 107
25 60 11.9
Saturated Room 0.508

Perchloroethylene+50% H2O 50 25 nil
Perchloryl fluoride+liquid ClO3 100 30 0.002
Perchloryl fluoride+1% H2O 99 30 Liquid 0.290

. . . . . . Vapor 0.003
Phenol Saturated

solution
25 0.102

Phosphoric acid 10–30 Room 0.020–0.051
30–80 Room 0.051–0.762
5.0 66 0.005
6.0 66 0.117
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Table 36 (continued)

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Phosphoric acid (continued) 0.5 Boiling 0.094
1.0 Boiling 0.266
12 25 0.005
20 25 0.076
50 25 0.19
9 52 0.03
10 52 0.38
5 Boiling 3.5
10 80 1.83

Phosphoric acid+3% nitric acid 81 88 0.381
Phosphorus oxychloride 100 Room 0.004
Phosphorus trichloride Saturated Room nil
Photographic emulsions . . . . . . 50.127
Phthalic acid Saturated Room nil
Potassium bromide Saturated Room nil
Potassium chloride Saturated Room nil

Saturated 60 nil
Potassium dichromate Saturated Room nil
Potassium ethyl xanthate 10 Room nil
Potassium ferricyanide Saturated Room nil
Potassium hydroxide+13%

potassium chloride
13 29 nil

Potassium hydroxide 50 29 0.010
10 Boiling 50.127
25 Boiling 0.305
50 Boiling 2.74
50 anhydrous 241–377 1.02–1.52

Potassium iodide Saturated Room nil
Potassium permanganate Saturated Room nil
Potassium perchlorate 20 Room 0.003

0–30 50 0.003
Potassium sulfate 10 Room nil
Potassium thiosulfate 1 Room nil
Propionic acid Vapor 190 Rapid attack
Pyrogallic acid 355 g/L Room nil
Salicylic acid Saturated Room nil
Seawater . . . 24 nil
Seawater, 4.5 year test . . . Ambient nil
Sebacic acid . . . 240 0.008
Silver nitrate 50 Room nil
Sodium 100 To 1100 (593) Good
Sodium acetate Saturated Room nil
Sodium aluminate 25 Boiling 0.091
Sodium bifluoride Saturated Room Rapid
Sodium bisulfate Saturated Room nil

10 66 1.83
Sodium bisulfite 10 Boiling nil

25 Boiling nil
Sodium bromide 0–saturated j100 50.005
Sodium carbonate 25 Boiling nil
Sodium chlorate Saturated Room nil
Sodium chlorate+80–250 g/L

NaCl
0–721 g/L 40 0.003

Sodium chloride Saturated Room nil
Sodium chloride, pH 7 23 Boiling nil
Sodium chloride, pH 1.5 23 Boiling nil
Sodium chloride, pH 1.2 23 Boiling 0.71
Sodium chloride, pH 1.2, some

dissolved chlorine
23 Boiling nil

Sodium citrate Saturated Room nil
Sodium cyanide Saturated Room nil
Sodium dichromate Saturated Room nil
Sodium fluoride Saturated Room 0.008
Sodium fluoride, pH 7 1 Boiling 0.001
Sodium fluoride, pH 10 1 Boiling 0.001
Sodium fluoride, pH 7 1 204 0.000
Sodium hydrosulfide+sodium

sulfide and polysulfides
5–12 110 50.003

Sodium hydroxide 5–10 21 0.001
10 Boiling 0.021
28 Room 0.003
40 80 0.127
50 57 0.013
50 Boiling 0.051
73 129 0.178
50–73 188 41.09
50 38 0.023

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Sodium hypochlorite 6 Room nil
Sodium hypochlorite+15%

NaCl+1% NaOH
1.5–4 66–93 0.030

Sodium nitrate Saturated Room nil
Sodium perchlorate 900 g/L 50 0.003
Sodium phosphate Saturated Room nil
Sodium silicate 25 Boiling nil
Sodium sulfate 10–20 Boiling nil

Saturated Room nil
Sodium sulfide 10 Boiling 0.027

Saturated Room nil
Sodium sulfite Saturated Boiling nil
Sodium thiosulfate 25 Boiling nil
Sodium thiosulfate+20% acetic

acid
20 Room nil

Soils, corrosive . . . Ambient nil
Stannic chloride 5 100 0.003

24 Boiling 0.045
Stannic chloride, molten 100 66 nil
Stannic chloride 100 35 nil

Saturated Room nil
Steam+air . . . 82 nil
Steam+7.65% hydrogen sulfide . . . 93–110 nil
Stearic acid, molten 100 180 0.003
Succinic acid 100 185 nil

Saturated Room nil
Sulfanilic acid Saturated Room nil
Sulfamic acid 3.75 g/L Boiling nil

7.5 g/L Boiling 2.74
10% 25 nil

Sulfamic acid+0.375 g/L FeCl3 7.5 g/L Boiling 0.030
Sulfur, molten 100 240 nil
Sulfur monochloride . . . 202 41.09
Sulfur dioxide, dry . . . 21 nil
Sulfur dioxide, water saturated Near 100 Room 0.003
Sulfur dioxide gas+small amount

SO3 and approximately 3% O2

18 316 0.006

Sulfuric acid, aerated 1 60 0.008
3 60 0.013
5 60 4.83
10 35 1.27
40 35 8.64
75 35 1.07
75 Room 10.8
1 100 0.005
3 100 23.4
Concentrated Room 1.57
Concentrated Boiling 5.38
1 100 7.16
3 100 21.1

Sulfuric acid 1 Boiling 17.8
5 Boiling 25.4

Sulfuric acid+4 g/L
NaClO3+5 g/L NaCl

30 49 0.013

Sulfuric acid+2 M
NaClO3+Na2SO4 (saturated)

9 N 80–90 0.013

Sulfuric acid+0.25% CuSO4 5 95 nil
30 38 0.061
30 95 0.088

Sulfuric acid+0.5% CuSO4 30 38 0.067
30 95 0.823

Sulfuric acid+1.0% CuSO4 30 38 0.020
30 95 0.884

Sulfuric acid+1.0% CuSO4 30 Boiling 1.65
Sulfuric acid+5% Cu2++0.1%

Fe3+
18 54 0.020

Sulfuric acid+6% CuSO4 20 63 0.050
20 79 0.119
30 63 0.061
30 82 0.315

Sulfuric acid+0.5% CrO3 5 95 nil
30 95 nil

Sulfuric acid+5% CrO3 30 Boiling 0.018
Sulfuric acid vapors 96 38 nil

96 66 nil
96 200–300 0.013

Sulfuric acid+10% HNO3 90 Room 0.457
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Appendix 2: General
Corrosion Data for
Titanium Alloys

Table 37 is a compilation of general (i.e.,
uniform) corrosion rate values for commercial
titanium alloys other than the unalloyed grades
(see Appendix 1 for unalloyed titanium data).
These values were derived from various

published sources cited in the references
and from unpublished laboratory tests. These
data should be used only as a preliminary
guideline for alloy performance. Rates may vary
depending on changes in solution chemistry,
temperature, ratio of metal surface to solution
volume, solution replenishment rate, flow velo-
city, exposure time, and other factors. Total alloy
suitability cannot be assumed from these values
alone, because other forms of corrosion, such as
localized attack, stress corrosion, or hydrogen
embrittlement, may be limiting. The text should

be consulted to assess overall alloy suitability
more thoroughly for a given set of environ-
mental conditions. In complex, variable, and/or
dynamic environments, in situ testing may
provide more reliable data. In the following
table, solution constituent concentrations are in
weight percent, temperatures are given in
degrees centigrade, and corrosion rates are
reported only in millimeters per year (mm/yr).
Unless otherwise stated, it should be assumed
that solutions were tested in the naturally aerated
condition.

Table 36 (continued)

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Sulfuric acid+50% HNO3 50 Room 0.635
Sulfuric acid+70% HNO3 30 Room 0.102
Sulfuric acid+90% HNO3 10 Room nil
Sulfuric acid+90% HNO3 10 60 0.011
Sulfuric acid+95% HNO3 5 60 0.005
Sulfuric acid+50% HNO3 50 60 0.399
Sulfuric acid+20% HNO3 80 60 1.59
Sulfuric acid saturated with

chlorine
45 24 0.003
62 16 0.002

5, 10 190 50.025
82 50 41.19

Sulfuric acid+4 g/L Ti4+ 40 100 nil
Sulfuric acid+titanic sulfate

(saturated)
20–26 50–100 0.152

Sulfurous acid 6 Room nil
Tannic acid 25 100 nil
Tartaric acid 10–50 100 50.127

10 60 0.003
25 60 0.003
50 60 0.001
10 100 0.003
25 100 nil
50 100 0.0121

Terephthalic acid 77 218 nil
Tetrachloroethane, liquid and vapor 100 Boiling 0.001
Tetrachloroethylene+H2O . . . Boiling 0.127
Tetrachloroethylene 100 Boiling nil
Tetrachloroethylene, liquid and

vapor
100 Boiling 0.001

Titanium tetrachloride 99.8 300 1.57

Medium
Concentration,

wt% Temperature, �C
Corrosion rate,

mm/yr

Trichloroacetic acid 100 Boiling 14.6
Trichloroethylene 99 Boiling 0.003–0.127
Trichloroethylene+50% H2O 50 25 0.001
Uranium chloride Saturated 21–90 nil
Uranyl ammonium phosphate

filtrate+25% chloride+0.5%
fluoride+1.4%
ammonia+2.4% uranium

20.9 165 50.003

Uranyl nitrate containing 25.3 g/L
Fe3+, 6.9 g/L Cr3+, 2.8 g/L
Ni2+, 4.0 M HNO3+1.0 M Cl

120 g/L Boiling nil

Uranyl sulfate+3.1 M
Li2SO4+100–200 ppm O2

3.1 M 250 50.020

Uranyl sulfate+3.6 M Li2SO4, 50
psi oxygen

3.8 M 350 0.006–0.432

Urea+32% ammonia+20.5%
H2O, 19% CO2

28 182 0.079

Water, degassed . . . 316 nil
Water, river, saturated with

chlorine
. . . 93 nil

X-ray developer solution . . . Room nil
Zinc chloride 5 Boiling nil

20 104 nil
50, 75 150 nil
75 150 0.06
75 200 Rapid pitting
80 173 2.1

Zinc sulfate Saturated Room nil

Table 37 General corrosion rates for commercial titanium

Medium Alloy

Concen-
tration,

wt%
Temper-
ature, �C

Corrosion
rate,

mm/yr

Acetic acid Grade 12 99.7 204 nil
Grade 9 99.7 Boiling nil

Acetic acid, deaerated Grade 28 10 204 0.000
Acetic acid+5% formic acid Grade 12 58 Boiling nil
Acetic acid+10% formic acid,

deaerated
Grade 28 10 204 0.000

Acetic acid+5% NaCl,
deaerated

Grade 28 10 204 0.000

Acetic acid+0.5% HBr Grade 7 85 200 50.01
Grade 26 85 200 50.01
Grade 16 85 200 50.01

Acetic acid+1.5% acetic anhydride Grade 7 Glacial 204 0.051
Grade 12 Glacial 204 0.203

Acetic acid+3.0% acetic anhydride Grade 7 Glacial 204 1.52
Grade 12 Glacial 204 12.7

Acetic anhydride Grade 7 100 149 0.015
Grade 12 100 149 0.003

Ammonium hydroxide Grade 12 30 Boiling nil
Aluminum chloride Grade 12 10 Boiling nil

Grade 7 10 100 50.025
Grade 7 25 100 0.025

Medium Alloy

Concen-
tration,

wt%
Temper-
ature, �C

Corrosion
rate,

mm/yr

Aluminum chloride+3.6% HCl+
0.7% HNO3+0.3% H3PO4

Grade 7 8 Boiling 0.005

Ammonium chloride Grade 12 10 Boiling nil
Ammonium hydroxide Grade 9 8, 28 150 nil
Aqua regia Grade 7 3:1 Boiling 1.18

Grade 9 3:1 Boiling 2.11
Grade 12 3:1 Boiling 4.61
Grade 16 3:1 Boiling 1.40
Grade 9 3:1 Boiling 1.29
Grade 9 3:1 25 0.015

Aqua regia+0.2% FeCl3 Grade 7 3:1 Boiling 0.650
Grade 9 3:1 Boiling 2.06
Grade 12 3:1 Boiling 2.94
Grade 16 3:1 Boiling 0.782

Aqua regia+0.02% FeCl3 Grade 7 3:1 Boiling 0.96
Grade 7 3:1 79 0.206
Grade 9 3:1 Boiling 1.37
Grade 9 3:1 79 0.485
Grade 12 3:1 Boiling 4.37

Boric acid Grade 12 18 Boiling 0.000
Grade 26 18 Boiling 0.002
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Table 37 (continued)

Medium Alloy

Concen-
tration,

wt%
Temper-
ature, �C

Corrosion
rate,

mm/yr

Calcium chloride Grade 7 62 150 nil
Grade 7 73 177 nil

Chlorine, wet Grade 7 . . . 25 nil
Chromic acid Grade 7 10 Boiling nil

Grade 9 10 Boiling 0.008
Grade 9 30 Boiling 0.053
Grade 9 50 Boiling 0.26

Citric acid Grade 7 50 Boiling 0.025
Grade 12 50 Boiling 0.013
Grade 9 50 Boiling 0.38

Ferric chloride Grade 7 10 Boiling nil
Grade 12 10 Boiling nil
Ti-5Ta 10 Boiling nil
Grade 7 30 Boiling nil
Ti-6-4 10 Boiling nil
Ti-3-8-6-4-4 10 Boiling nil
Ti-10-2-3 10 Boiling nil
Ti-6-2-4-6 10 Boiling 0.06
Ti-550 10 Boiling nil
Grade 9 10 Boiling nil
Ti-6-2-1-0.8 10 Boiling nil

Formic acid, nitrogen-sparged Grade 9 25 35 50.13
Formic acid Grade 9 25 88 50.13

Grade 9 10 Boiling 3.32
Grade 9 50 Boiling 7.1
Grade 18 10 Boiling 0.00
Grade 18 50 Boiling 3.38
Grade 16 10 Boiling 50.003
Grade 16 20 Boiling 0.008
Grade 16 50 Boiling 0.01
Grade 12 45, 50 Boiling nil
Grade 7 10 Boiling 50.003
Grade 7 20 Boiling 0.008
Grade 7 50 Boiling 0.01
Grade 7 45 Boiling nil
Grade 26 10 Boiling 50.003
Grade 26 20 Boiling 0.008
Grade 13 20 Boiling 0.016
Grade 30 20 Boiling 0.016
Grade 33 20 Boiling 0.010
Ti-6-4 10 Boiling 3.53
Ti-6-4 50 Boiling 8.0
Ti-6-2-4-6 50 Boiling 0.62
Ti-3-8-6-4-4 50 Boiling 0.98
Ti-5Ta 50 Boiling 3.16
Ti-550 50 Boiling 0.02
Grade 12 90 Boiling 0.56
Grade 7 90 Boiling 0.056

Formic acid, deaerated Grade 28 10 204 0.000
Hydrochloric acid Ti-15-3-3-3 0.5 Boiling 1.35

Ti-15-3-3-3 1.0 Boiling 4.75
Ti-550 0.5 Boiling 0.056
Ti-550 1.0 Boiling 0.64
Beta-21S 1.0 Boiling 0.00
Beta-21S 1.5 Boiling 0.00
Beta-21S 2.0 Boiling 0.46
Beta-21S 3.0 Boiling 2.03
Ti-6-2-4-6 0.5 Boiling nil
Ti-6-2-4-6 1.0 Boiling 0.03
Ti-6-2-4-6 1.5 Boiling 0.26

Hydrochloric acid, aerated Ti-6-2-4-6 pH 1 Boiling 0.01
Hydrochloric acid Ti-10-2-3 0.5 Boiling 1.10

Ti-10-2-3 1.0 Boiling 2.66
Ti-3-8-6-4-4

(solution
treated
and aged, or
STA)

0.5 Boiling 0.003

Ti-3-8-6-4-4
(STA)

1.0 Boiling 0.10

Ti-3-8-6-4-4
(STA)

1.5 Boiling 0.86

Ti-3-8-6-4-4
(STA)

2.0 Boiling 3.43

Grade 20 (STA) 1.0 Boiling 0.00
Grade 20 (STA) 2.0 Boiling 0.10
Grade 20 (STA) 3.0 Boiling 0.30

Medium Alloy

Concen-
tration,

wt%
Temper-
ature, �C

Corrosion
rate,

mm/yr

Hydrochloric acid, aerated Ti-3-8-6-4-4 pH 1 Boiling nil
Hydrochloric acid Ti-45Nb 0.5 Boiling 0.00

Ti-45Nb 1.0 Boiling 0.007
Ti-45Nb 2.0 Boiling 0.013
Ti-45Nb 3.0 Boiling 0.023
Ti-5Ta 0.5 Boiling 0.013
Ti-5Ta 1.5 Boiling 2.10
Ti-6-4 0.25 Boiling 0.37
Ti-6-4 0.50 Boiling 1.02
Ti-6-4 1.0 Boiling 2.80

Hydrochloric acid, aerated Ti-6-4 pH 1 Boiling 0.60
Hydrochloric acid Grade 9 0.5 Boiling 0.98

Grade 9 1.0 Boiling 2.60
Grade 9 1.5 Boiling 5.13
Grade 9 1 88 0.009
Grade 9 3 88 3.10

Hydrochloric acid, deaerated Grade 7 2 82 0.013
Grade 7 3 82 0.013
Grade 7 5 82 0.051
Grade 7 10 82 0.419

Hydrochloric acid Grade 9 1 Boiling 2.79
Hydrochloric acid, aerated Grade 9 5 35 0.001
Hydrochloric acid, nitrogen

saturated
Grade 9 5 35 0.185

Hydrochloric acid Ti-6-2-1-0.8 0.5 Boiling 0.020
Ti-6-2-1-0.8 1.0 Boiling 1.07
Grade 29 0.50 Boiling 0.03
Grade 29 1.0 Boiling 0.08
Grade 29 1.5 Boiling 0.13
Grade 29 2.0 Boiling 0.22
Grade 29 3.0 Boiling 0.41
Ti-15-5-3 1.0 Boiling 0.00
Ti-15-5-3 2.0 Boiling 0.08
Ti-15-5-3 2.5 Boiling 0.33
Grade 7 0.5 Boiling nil
Grade 7 1.0 Boiling 0.008
Grade 7 1.5 Boiling 0.03
Grade 7 5.0 Boiling 0.23
Grade 12 0.5 Boiling nil
Grade 12 1.0 Boiling 0.04
Grade 12 1.5 Boiling 0.25
Grade 28 0.5 Boiling 0.002
Grade 28 1.0 Boiling 0.026
Grade 28 1.5 Boiling 0.060
Grade 28 2.0 Boiling 0.106
Grade 28 3.0 Boiling 0.193
Grade 28 4.0 Boiling 0.340

Hydrochloric acid, hydrogen
saturated

Grade 7 1–15 25 50.025
Grade 7 20 25 0.102

Grade 7 5 70 0.076
Grade 7 10 70 0.178
Grade 7 15 70 0.33
Grade 7 3 190 0.025
Grade 7 5 190 0.102
Grade 7 10 190 8.9

Hydrochloric acid, oxygen
saturated

Grade 7 3, 5 190 0.127
Grade 7 10 190 9.3

Hydrochloric acid, chlorine
saturated

Grade 7 3, 5 190 50.03
Grade 7 10 190 29.0

Hydrochloric acid, aerated Grade 7 1, 5 70 50.03
Grade 7 10 70 0.05
Grade 7 15 70 0.15

Hydrochloric acid+4%
FeCl3+4% MgCl2

Grade 7 19 82 0.49

Hydrochloric acid+4%
FeCl3+4% MgCl2, chlorine
saturated

Grade 7 19 82 0.46

Hydrochloric+14.4%
MgCl2+7.7% NaCl+6.5%
MgSO4

Grade 7 7.4 65 1.47

Grade 16 7.4 65 3.27
Grade 26 7.4 65 7.28

Hydrochloric acid
+0.10% FeCl3 Grade 7 19 71 0.135
+0.10% FeCl3 Grade 16 19 71 0.107
+0.10% FeCl3 Grade 26 19 71 0.119
+5 g/L FeCl3 Grade 7 10 Boiling 0.279

(continued)
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Table 37 (continued)

Medium Alloy

Concen-
tration,

wt%
Temper-
ature, �C

Corrosion
rate,

mm/yr

Hydrochloric acid (continued)
+16 g/L FeCl3 Grade 7 10 Boiling 0.076
+16 g/L CuCl2 Grade 7 10 Boiling 0.127
+2 g/L FeCl3 Grade 12 4.2 91 0.058
+0.2% FeCl3 Grade 9 1 Boiling 0.005
+0.2% FeCl3 Grade 9 5 Boiling 0.033
+0.2% FeCl3 Grade 9 10 Boiling 0.305
+0.1% FeCl3 Grade 9 5 Boiling 0.008
+0.1% FeCl3 Ti-550 5 Boiling 0.393
+0.1% FeCl3 Ti-6-2-4-6 5 Boiling 0.068
+0.1% FeCl3 Ti-10-2-3 5 Boiling 0.008
+0.1% FeCl3 Grade 28 8.5 Boiling 0.139
+0.1% FeCl3 Ti-3-8-6-4-4 5 Boiling 0.018
+0.1% FeCl3 Ti-5Ta 5 Boiling 0.020
+0.1% FeCl3 Ti-6-4 5 Boiling 0.015
+0.25 g/L Fe3+ Grade 7 20 Boiling 6.2–22.0
+0.50 g/L Fe3+ Grade 7 20 Boiling 1.9
+0.1% FeCl3 Ti-6-2-1-0.8 5 Boiling 0.051
+0.1% FeCl3 Grade 7 5 Boiling 0.013
+0.1% FeCl3 Grade 12 5 Boiling 0.020
+1.0% FeCl3 Grade 28 7.5 Boiling 0.013
+1.0% FeCl3 Grade 28 9.0 Boiling 0.061
Hydrochloric acid+

10% H2SO4+0.3% Cu2+
Grade 7 10 93 1.14

Hydrochloric acid+
18% H3PO4+5% HNO3

Grade 7 18 77 nil

Hydrochloric acid+63.6% KNO3 Grade 7 7.7 90 0.087
Hydrochloric acid+0.1%

Na2MoO4

Grade 28 10 Boiling 0.025

Hydrochloric acid+0.1%
Na2MoO4

Grade 28 15 Boiling 33.6

Hydrochloric acid+1% Na2MoO4 Grade 28 10 Boiling 0.000
Hydrochloric acid+1% Na2MoO4 Grade 28 15 Boiling 0.236
Hydrochloric acid+0.5% Ti4+ Grade 28 10 Boiling 0.000
Hydrochloric acid+0.5% Ti4+ Grade 28 15 Boiling 0.000
Hydrochloric acid+1%

KSbO3 � 3H2O
Grade 28 10 Boiling 0.000

Hydrochloric acid+1%
KSbO3 � 3H2O

Grade 28 15 Boiling 0.523

Hydrofluoric acid+0.25% Ti3+ Ti-6-4 5.0 30–35 6,350
Hydrofluoric acid+0.50% Ti3+ Ti-6-4 5.0 30–35 2,030
Hydrofluoric acid+1.00% Ti3+ Ti-6-4 5.0 30–35 1,270
Hydrofluoric acid+12% HNO3 Ti-6-4 3.0 60 19,040
Hydrofluoric acid+12% HNO3 Grade 29 3.0 49 7,340
Hydrofluoric acid+8% HNO3 Grade 29 3.0 49 7,340
Hydrofluoric acid+35% HNO3 Grade 29 5.0 49 1,670
Hydrogen peroxide, pH 1 Grade 7 5 23 0.062
Hydrogen peroxide, pH 4 Grade 7 5 23 0.010
Hydrogen peroxide, pH 1 Grade 7 5 66 0.127
Hydrogen peroxide, pH 4 Grade 7 5 66 0.046
Hydrogen peroxide+500 ppm

Ca2+, pH 1
Grade 7 5 66 nil

Hydrogen peroxide+500 ppm
Ca2+, pH 1

Grade 7 20 66 0.76

Hydrogen peroxide, pH 1+5%
NaCl

Grade 7 20 66 0.008

Magnesium chloride Grade 7 Saturated Boiling nil
Methyl alcohol Grade 9 99 Boiling nil
Oxalic acid Grade 7 1 Boiling 1.14
Nitric acid Grade 9 10 Boiling 0.084

Grade 9 30 Boiling 0.497
Grade 28 40 Boiling 0.739

Phosphoric acid Grade 12 25 25 0.019
Grade 12 30 25 0.056
Grade 12 45 25 0.157
Grade 12 8 52 0.02
Grade 12 13 52 0.066
Grade 12 15 52 0.52
Grade 12 5 66 0.038
Grade 12 7 66 0.15
Grade 12 0.5 Boiling 0.071
Grade 12 1.0 Boiling 0.14
Grade 7 40 25 0.008
Grade 7 60 25 0.07
Grade 7 15 52 0.036
Grade 7 23 52 0.15

Medium Alloy

Concen-
tration,

wt%
Temper-
ature, �C

Corrosion
rate,

mm/yr

Phosphoric acid (continued) Grade 7 8 66 0.076
Grade 7 15 66 0.104
Grade 7 0.5 Boiling 0.050
Grade 7 1.0 Boiling 0.107
Grade 7 5.0 Boiling 0.228

Polymaleic acid Grade 12 5.0 232 0.007
Potassium hydroxide Grade 9 50 150 9.21
Seawater Grade 9 . . . Boiling nil
Sodium chloride, pH 1 Grade 9 Saturated 93 nil
Sodium fluoride, pH 7 Grade 12 1 Boiling 0.001
Sodium fluoride, pH 7 Grade 7 1 Boiling 0.002
Sodium hydroxide Grade 9 50 150 0.49
Sodium sulfate, pH 1 Grade 7 10 Boiling nil
Sulfamic acid Grade 12 10 Boiling 11.6

Grade 12 10 25 nil
Grade 7 10 Boiling 0.37
Grade 7 10 25 nil

Sulfuric acid Grade 5 pH 1.0 70 2.28
Grade 12 9 24 0.003
Grade 12 9.5 24 0.006
Grade 12 10 24 0.38
Grade 12 3.5 52 0.013
Grade 12 3.75 52 1.73
Grade 12 2.75 66 0.015
Grade 12 3.0 66 1.65
Grade 12 0.75 Boiling 0.003
Grade 12 1.0 Boiling 0.91
Grade 12 1.0 204 0.91
Grade 7 1.0 204 0.005
Grade 7 2.0 204 nil
Grade 7 3.0 240 0.025
Grade 7 5.0 240 0.028
Grade 26 3.0 240 50.01
Grade 16 3.0 240 0.00
Grade 16 5.0 240 0.70
Grade 18 3.0 240 0.08
Grade 18 5.0 240 3.01
Grade 9 0.5 Boiling 8.48
Grade 28 1.0 Boiling 0.071
Grade 28 2.0 Boiling 0.327

Sulfuric acid, nitrogen saturated Grade 7 5 70 0.15
Grade 7 10 70 0.25
Grade 7 1, 5 190 0.13
Grade 7 10 190 1.50

Sulfuric acid, oxygen saturated Grade 7 1–10 190 0.13
Sulfuric acid, chlorine saturated Grade 7 10 190 0.051

Grade 7 20 190 0.38
Sulfuric acid, nitrogen saturated Grade 7 10 25 0.025

Grade 7 40 25 0.23
Sulfuric acid, aerated Grade 9 5 35 0.025
Sulfuric acid, nitrogen saturated Grade 9 5 35 0.405
Sulfuric acid Grade 7 2.0 Boiling 0.096

Grade 7 3.0 Boiling 0.178
Grade 7 4.0 Boiling 0.330
Grade 7 6.0 Boiling 0.584
Ti-3-8-6-4-4 1 Boiling nil
Ti-3-8-6-4-4 5 Boiling 1.85

Sulfuric acid, aerated Grade 7 10 70 0.10
Grade 7 40 70 0.94

Sulfuric acid+
4 g/L NaClO3+5 g/L NaCl

Grade 7 30 49 0.007

Sulfuric acid+
2 M NaClO3+Na2SO4

(saturated)

Grade 7 9 N 80–90 0.008
Grade 16 9 N 80–90 0.012

Sulfuric acid+5 g/L Fe2(SO4)3 Grade 7 10 Boiling 0.178
Sulfuric acid+16 g/L Fe2(SO4)3 Grade 7 10 Boiling 50.03
Sulfuric acid+16 g/L Fe2(SO4)3 Grade 7 20 Boiling 0.15
Sulfuric acid+15% CuSO4 Grade 7 15 Boiling 0.64
Sulfuric acid+3% Fe2(SO4)3 Ti-3-8-6-4-4 50 Boiling 50.03
Sulfuric acid+1 g/L FeCl3 Ti-3-8-6-4-4 10 Boiling 0.15
Sulfuric acid+0.1% Fe3+ Grade 28 8.5 Boiling 0.084
Sulfuric acid+1.0% Fe3+ Grade 28 9.75 Boiling 0.042
Sulfuric acid+10 g/L FeCl3 Grade 28 70 g/L 260 0.010
Sulfuric acid+0.81% FeCl3 Grade 7 25 Boiling 0.75
Sulfuric acid+50 g/L FeCl3 Ti-3-8-6-4-4 10 Boiling 0.05
Sulfuric acid+1% CuSO4 Grade 7 30 Boiling 1.75

(continued)
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Corrosion of Zirconium
and Zirconium Alloys
Te-Lin Yau, Te-Lin Yau Consultancy
Richard C. Sutherlin, ATI Wah Chang, An Allegheny Technologies Company

ZIRCONIUM was identified by the German
chemist Martin Heinrich Klaproth in 1789. It
took another 135 years for Anton E. van Arkel
and J.H. de Boer, of Einhoven, Holland, to
develop the iodide decomposition process to
make a pure, ductile metal. The iodide crystal bar
process continues to be a method for purifying
titanium, zirconium, and hafnium, even though it
is slow and expensive.

In the 1940s, several groups of scientists and
engineers were investigating zirconium and
other metals and alloys for nuclear reactors. A
suitable structural material with good corrosion/
oxidation resistance, resistance to irradiation
damage, and transparency to thermal neutrons to
sustain the nuclear reaction was needed to clad
nuclear fuel. Zirconium seemed to meet these
requirements; however, only a few hundred
pounds of zirconium were produced in the Uni-
ted States in 1945, and it cost more than $136/kg
($300/lb). Consequently, there was a great
interest in developing a process that could pro-
duce a large quantity of zirconium at a much
lower cost.

In 1945, developmental work on zirconium
was initiated at the U.S. Bureau of Mines in
Albany, Ore., under Dr. William Justin Kroll’s
technical direction. Dr. Kroll had already
developed a production process for titanium by
the reduction of titanium tetrachloride with
magnesium in an inert atmosphere. A similar
process for zirconium was developed by 1947 at
a pilot plant with a weekly capacity of 27 kg
(60 lb) of zirconium sponge.

About the time of Kroll’s work, Dr. Kaufman
of Massachusetts Institute of Technology and Dr.
Pomerance of Oak Ridge National Laboratory
discovered that zirconium, as occurring in nat-
ure, was combined with hafnium, and that it is
the hafnium that gives zirconium a high level of
neutron absorption. When the hafnium is
removed, zirconium has a very low thermal
neutron absorption cross section. Admiral
Hyman Rickover, who directed the U.S. Navy
Nuclear Propulsion Program, immediately chose
zirconium for the naval reactor. This decision

stimulated research and development programs
to advance zirconium technology in production,
zirconium/hafnium separation, property infor-
mation, fabrication, and applications.

Crystal bar zirconium or zirconium produced
from sponge was not ideal because of its incon-
sistent corrosion and oxidation resistance in
high-temperature water and steam. This abnor-
mal behavior was attributed to the presence of
minor impurities, such as nitrogen and carbon.
Various alloy development programs were
established in the early 1950s to examine the
effects of adding various elements to zirconium.
Independent discoveries by Battelle Memorial
Institute and Iowa State College revealed that tin
was the most beneficial alloying element. The
Zr-2.5-Sn alloy was named Zircaloy-1 and was
recommended for the Nautilus reactor. By 1952,
data showed that Zircaloy-1 had an increasing
rate of corrosion over time. An urgent search for
a new alloy began.

Fortunately, Bettis Atomic Power Laboratory
already had an active program of corrosion tests
for several zirconium-base alloys. Included was
one ingot accidentally contaminated with a small
amount of stainless steel. Test results revealed
the beneficial effects of iron, nickel, and chro-
mium. Quickly, Zircaloy-2, the Zr-1.5Sn-
0.12Fe-0.1Cr-0.05Ni alloy, was developed and
specified for the Nautilus reactor in August 1952.

One of the limiting factors for Zircaloy-2 in a
reactor was identified to be its absorption of
hydrogen during corrosion in high-temperature
water. Bettis Atomic Power Laboratory even-
tually discovered that replacing nickel with iron
produced an alloy that cut hydrogen absorption
in half. This alloy was named Zircaloy-4. The
effect of nickel on corrosion remains con-
troversial. Nevertheless, both of the Zircaloys
are important materials for nuclear applications.

Demand for zirconium rose for submarines,
and with the nuclear power industry on the hor-
izon, lower-cost commercial sources, including
Carborundum Metals, National Distillers Pro-
ducts, NRC Metals, and Wah Chang, were
developed. Wah Chang was contracted to

provide zirconium at just less than 5/kg ($10/lb)
in April 1956.

By 1958, the chemical processing industry
began to use zirconium because of its excellent
resistance to a broad range of corrosives and
because of its biocompatibility. Zirconium is
also used in medical applications, such as sur-
gical tools and instruments, and for stitches in
brain operations. Zirconium is a beneficial
alloying element for iron-, copper-, magnesium-,
aluminum-, molybdenum- and titanium-base
alloys. Zirconium is useful as a getter because of
its ability to combine with gases at elevated
temperatures. Along with niobium, zirconium is
superconductive at low temperatures and is used
to make superconductive magnets.

In the nuclear power industry, stainless steel
was used to clad uranium dioxide fuel for the first
generation of reactors, but by 1965, zirconium
alloys were the predominant cladding material
for water-cooled reactors, launching a wide-
spread effort to develop strong, corrosion-resis-
tant zirconium alloys. Noticeably, the Ozhennite
alloys were developed in the former USSR for
use in pressurized water and steam. These alloys
contain tin, iron, nickel, and niobium, with a total
alloy content of 0.5 to 1.5%. The Zr-1Nb alloy
also is used in the Soviet Union for pressurized
water and steam service. Researchers at Atomic
Energy of Canada Limited took a lead from the
Russians’ zirconium-niobium alloys and devel-
oped the Zr-2.5Nb alloy. This alloy is strong and
heat treatable. It is used in either a cold-worked
condition or a quenched-and-aged condition.

Zirconium is often stated to be a rare or exotic
metal. To the contrary, zirconium is plentiful and
is ranked 19th in abundance of the chemical
elements occurring in the earth’s crust. It is more
abundant than common metals such as nickel,
copper, chromium, zinc, lead, and cobalt. The
most important source for zirconium is zircon
(ZrSiO4), which appears in several regions
throughout the world in the form of beach sand.
Availability should not be a major concern
in selecting zirconium for most applications
(Ref 1–3).
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General Characteristics

There are two major categories for zirconium
and its alloys: nuclear and nonnuclear, as listed
in Table 1. They all have low alloy contents.
They are based on the alpha structure, that is, the
hexagonal close-packed lattice, with dilute
additions of solid-solution strengthening and
alpha-stabilizing elements such as oxygen and
tin. However, in niobium-containing alloys,
there is the presence of some niobium-rich beta
particles of the body-centered cubic lattice.

One of the major differences between nuclear
and nonnuclear zirconium alloys is the hafnium
content. Nuclear grades of zirconium alloys are
virtually free of hafnium (not greater than
100 ppm). Nonnuclear grades of zirconium
alloys are permitted to have 4.5% Hf but nor-
mally have less. Hafnium has an enormous effect
on absorbing thermal neutrons and is suitable
for nuclear reactor control rods. It has a minor
effect on zirconium mechanical and chemical
properties.

The major use of nuclear-grade zirconium
tubing is for nuclear fuel rod cladding, guide
tubes, pressure tubes, and ferrule spacer grids.
Flat materials, such as sheets and plates, are used
for spacer grids, water channels, and channel
boxes for nuclear fuel bundles. Bars are used for
nuclear fuel rod end plugs.

For nonnuclear applications, product forms
include ingots, forgings, pipes, tubes, plates,
sheets, foils, bars, wires, castings, and clad
materials. They are used to construct corrosion-
resistant equipment such as heat exchangers,
condensers, vaporizers, reactors, columns, pip-
ing systems, pumps, valves, and packing for
industries, including chemical processing, pet-
rochemical, food, pharmaceutical, and waste
management. Industry standards, such as ASTM
International specifications, exist for the various
product forms of zirconium for nuclear and
commercial applications. International standard
ISO 10270, “Corrosion of Metals and Alloys—
Aqueous Corrosion Testing of Zirconium Alloys

for Use in Nuclear Power Reactors,” provides a
corrosion test procedure, and other ISO and EN
standards provide welding specifications.

Physical and Mechanical Properties.
Zirconium is a lustrous, grayish-white, ductile
metal. The physical and mechanical properties of
zirconium are given in the article “Zirconium
and Hafnium” in Properties and Selection:
Nonferrous Alloys and Special-Purpose Alloys,
Volume 2, of ASM Handbook, 1990, p 661–669.
For engineering purposes, interesting features of
zirconium are:

� Lower density than iron- and nickel-base
stainless alloys

� Low coefficient of thermal expansion;
approximately two-thirds that of titanium,
one-third that of type 316 stainless steel, and
approximately one-half that of Monel

� High thermal conductivity; 30% more than
that of stainless alloys

These features allow zirconium to be fabricated
into compact, efficient equipment.

As indicated in Table 1, Zircaloy-2 and Zir-
caloy-4 contain nominally 1.5% Sn. Zircaloy-4
has more iron but no nickel for the purpose of
minimizing hydrogen pickup. Both alloys are
popular in water-moderated reactors, such as
boiling water and pressurized water reactors. The
Zr-2.5Nb alloy is used in heavy-water-moder-
ated reactors, such as the Canadian deuterium-
uranium reactors.

Of the nonnuclear grades, Zr700, with an
oxygen content of less than 1000 ppm, has
improved bondability in explosive cladding
applications and deep-drawing applications.
Zr702 is commercially pure zirconium and is
most popular for corrosion-resistant applica-
tions. Zr705 is preferred when strength is an
important factor.

Because recyclable material is generated in
the nuclear industry, a major impurity (not listed
in Table 1) is tin. The use of recycled Zircaloys
lowers the cost of nonnuclear alloys and keeps
mechanical properties consistent. The elevated

tin content may affect corrosion properties in
certain environments. Also, there is not enough
demand in nonnuclear applications to support the
production of Zr704, so, for nonnuclear appli-
cations, Zircaloy-2 or Zircaloy-4 may be sub-
stituted for Zr704.

Zirconium and hafnium form solid solutions at
all concentrations. The counterparts of nuclear
and nonnuclear grades of zirconium alloys are
interchangeable in mechanical properties. How-
ever, specification requirements for nuclear
materials are more extensive than those for
nonnuclear materials. Mechanical properties for
nonnuclear grades are listed in Tables 2 and 3.
Zr705 is the strongest alloy with improved
formability. Furthermore, Zr700 and Zr706, with
low oxygen content, are suitable for severe
forming applications, such as explosive cladding
and deep drawing.

Table 4 indicates that the fatigue limits of
zirconium alloys are very notch sensitive. Fig-
ures in the article in Properties and Selection:
Nonferrous Alloys and Special-Purpose Alloys,
Volume 2 of ASM Handbook, 1990, show that
the tensile strength of zirconium alloys decreases
quickly with increasing temperature, and Zr702
and Zr705 creep at low temperatures and stres-
ses. These are important factors to consider for
zirconium equipment to be used at elevated
temperatures.

Microstructures. The reader is encouraged
to read the article “Metallography and Micro-
structures of Zirconium, Hafnium, and Their
Alloys,” in Metallography and Microstructures,
Volume 9 of ASM Handbook, 2004. Typical
microstructures for the parent metal, heat-
affected zone (HAZ), and weld metal of annealed
zirconium alloys are shown in Fig. 1 to 3.

Zr702 is unalloyed and primarily exists as an
alpha grain structure at room temperature. It
exhibits an equiaxed alpha structure, as shown in
Fig. 1(a). Most elements have very low solubility
in zirconium. Oxygen, titanium, hafnium, and
scandium are the few exceptions. Zirconium
tends to react with many elements to form

Table 1 Nuclear and nonnuclear grades of zirconium alloys

Composition, wt%

Alloy design UNS No. ZrþHf(a) Hf(b) Sn Nb Fe Cr Ni Feþ Cr Feþ Crþ Ni O(b)

Nuclear grades

Zircaloy-2 R60802 . . . 0.01 1.20–1.70 . . . 0.07–0.2 0.05–0.15 0.03–0.08 . . . 0.18–0.38 . . .
Zircaloy-4 R60804 . . . 0.01 1.20–1.70 . . . 0.18–0.24 0.07–0.13 . . . 0.28–0.37 . . . . . .
Zr-2.5Nb R60901 . . . 0.01 . . . 2.40–2.80 . . . . . . . . . . . . . . . . . .

Nonnuclear wrought grades

Zr700 R60700 99.2 4.5 . . . . . . . . . . . . . . . 0.2(b) . . . 0.10
Zr702 R60702 99.2 4.5 . . . . . . . . . . . . . . . 0.2(b) . . . 0.16
Zr704 R60704 97.5 4.5 1.0–2.0 . . . . . . . . . . . . 0.2–0.4 . . . 0.18
Zr705 R60705 95.5 4.5 . . . 2.0–3.0 . . . . . . . . . 0.2(b) . . . 0.18
Zr706 R60706 95.5 4.5 . . . 2.0–3.0 . . . . . . . . . 0.2(b) . . . 0.16

Nonnuclear casting grades

Zr702C . . . 98.8 4.5 . . . . . . . . . . . . . . . 0.3(b) . . . 0.25
Zr704C . . . 97.1 4.5 1.0–2.0 . . . . . . . . . . . . 0.3(b) . . . 0.3
Zr705C . . . 95.1 4.5 . . . 2.0–3.0 . . . . . . . . . 0.3(b) . . . 0.3

(a) Minimum. (b) Maximum
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intermetallic compounds during the production
stage. One of the major impurities in zirconium
is iron. Consequently, the most visible second-
phase particles in Fig. 1(a) are zirconium-iron
compounds. There may be fine chromium and
nickel particles incorporated into these com-
pounds that are well distributed in the alpha
structure.

Tin may be another major impurity in Zr702
and may also form compounds with zirconium.
However, the solubility of tin in zirconium is
much higher than that of iron in zirconium. The
zirconium-tin compounds, if present, are diffi-
cult to see in metallographic examination.
Moreover, metallographic examination can be
used to identify other compounds, including
hydrides, carbides, nitrides, silicides, and phos-
phides, when they are present in meaningful
amounts.

With little impedance from impurities in
Zr702, grains in the HAZ grow to much larger
sizes, with an acicular structure (Fig. 1b). Weld
metal exhibits a Widmanstätten structure, as
shown in Fig. 1(c). Welding has a great effect on
the morphology of second-phase particles, which
affects the corrosion of zirconium in certain
conditions. This is discussed in the next section.

Like Zr702, Zircaloys or Zr704 exhibit an
equiaxed alpha structure in the parent metal
(Fig. 2a), pronounced acicular alpha structure in

the HAZ (Fig. 2b), and a Widmanstätten struc-
ture in the weld metal (Fig. 2c).

The Zr-2.5Nb alloy or Zr705 exhibits a two-
phase structure. It has much finer grain structure
than that of the alpha alloys, as shown in Fig. 3. It
contains both the alpha-zirconium phase and the
beta-niobium phase in the parent metal (Fig. 3a).
The HAZ has a mild change in structure, as
shown in Fig. 3(b). The weld metal has a fine
acicular structure of alpha zirconium and beta
niobium (Fig. 3c).

Chemical and Corrosion Properties.
Zirconium is a highly reactive metal, as evi-
denced by its potential of �1.53 V versus the
standard hydrogen electrode (SHE) at 25 �C
(77 �F). For comparison, the potentials for
chromium, iron, and nickel are �0.74, �0.44,
and �0.25 V, respectively. Zirconium is also a
highly corrosion-resistant metal and has a strong
affinity for oxygen. In an oxygen-containing
medium such as air, water, or carbon dioxide,
zirconium spontaneously reacts with oxygen at
ambient temperature and below to form an
adherent, protective oxide film on its surface.
This film is self-healing and protects the base
metal from chemical and mechanical attack at
temperatures to 350 �C (660 �F). As a result,
zirconium resists attack in most acids, salt solu-
tions, alkaline solutions, and organic media.
Zirconium is particularly suitable for handling

reducing acids, which is difficult for most pas-
sive alloys.

Protective oxide films are difficult to form on
the surface of zirconium in a few media, such as
hydrofluoric acid, concentrated sulfuric acid, and
certain dry organic halides. Consequently, zir-
conium is not suitable for handling these media.

In addition, zirconium is susceptible to loca-
lized corrosion, such as pitting and stress-cor-
rosion cracking in chloride solutions under
oxidizing conditions. However, zirconium is not
susceptible to crevice corrosion in chloride
solutions, because the condition in a crevice is
normally reducing. However, zirconium is sus-
ceptible to crevice corrosion in fluoride solutions
and sulfuric acid. Readers are encouraged to
obtain detailed information from the review
articles (Ref 4–7).

Variables Affecting Corrosion

Oxide Films. Zirconium behaves much like
other passive metals, such as titanium, iron,
nickel, and chromium, relying on passive oxide
film for corrosion resistance. However, zirco-
nium is unique in several aspects in the formation
and properties of its oxide film.

First, the growth of the zirconium oxide film
results entirely from the migration of the O2�

Table 3 ASME mechanical requirements for Zr702 and Zr705 used for unfired pressure vessels

Material form
and condition

ASME
specification

number
Alloy
grade

Maximum allowable stress in tension for metal temperature not exceeding �C (�F)

Tensile
strength

Minimum yield
strength

� 4 to 40
(25 to 100)

95
(200)

150
(300)

205
(400)

260
(500)

315
(600)

370
(700)

MPa ksi MPa ksi MPa ksi MPa ksi MPa ksi MPa ksi MPa ksi MPa ksi MPa ksi

Plate, sheet, strip SB 551 702 359 52 207 30 108 16 84.3 12.2 70.1 10.2 62.4 9.0 47.9 6.9 40.3 5.8 35.5 5.1
705 552 80 379 55 158 23 128 19 111 16 98.2 14.2 88.6 12.8 81.2 11.8 77.6 11.3

Seamless tubing SB 523 702 359 52 207 30 108 16 84.3 12.2 70.1 10.2 62.4 9.0 47.9 6.9 40.3 5.8 35.5 5.1
705 552 80 379 55 158 23 128 19 111 16 98.2 14.2 88.6 12.8 81.2 11.8 77.6 11.3

Welded tubing(a) SB 523 702 359 52 207 30 92.1 13.4 76.9 11.2 63.7 9.2 52.9 7.7 43.3 6.3 35 5 30.9 4.5
705 552 80 379 55 134 19 111 16 94.7 13.7 83.8 12.2 75.5 10.9 69.4 10.1 66 9.6

Forgings SB 493 702 359 52 207 30 108 16 84.3 12.2 77 11 62.4 9.0 47.9 6.9 40.3 5.8 35.5 5.1
705 552 80 379 55 158 23 128 19 111 16 98.2 14.2 88.6 12.8 69.4 10.1 77.6 11.3

Bar SB 550 702 359 52 207 30 108 16 84.3 12.2 77.2 11.2 62.4 9.0 47.9 6.9 40.3 5.8 35.5 5.1
705 552 80 379 55 158 23 128 19 111 16 98.2 14.2 88.6 12.8 81.2 11.8 77.6 11.3

Seamless pipe SB 658 702 359 52 207 30 108 16 84.3 12.2 76.9 11.2 62.4 9.0 47.9 6.9 40.3 5.8 35.5 5.1
705 552 80 379 55 158 23 128 19 111 16 98.2 14.2 88.6 12.8 81.2 11.8 77.6 16.3

Welded pipe(a) SB 658 702 359 52 207 30 92.1 13.4 76.9 11.2 63.7 9.2 52.9 7.7 43.3 6.3 35 5 30.9 4.5
705 552 80 379 55 134 19 111 16 94.7 13.7 83.5 12.1 75.5 10.9 69.4 10.1 66 9.6

(a) 0.85 factor used for welded product

Table 2 ASTM International requirements for the room-temperature mechanical properties
of zirconium alloys

Alloy

Minimum tensile
strength

Minimum yield
strength (0.2%

offset), %

Minimum
elongation, % Bend test radius(a)MPa ksi MPa ksi

Zr700 380(b) 55 305(b) 44 20 5T
Zr702 380 55 207 30 16 5T
Zr704 414 60 240 35 14 5T
Zr705 552 80 380 55 16 3T
Zr706 510 74 345 50 20 2.5T

(a) Bend tests are not applicable to material more than 4.75 mm (0.187 in.) thick. T is the thickness of the bend test specimen. (b) Maximum

Table 4 The 107 fatigue limits for
zirconium alloys

Alloy

Fatigue limit

Smooth Notched

MPa ksi MPa ksi

Iodide Zr 145 21 55 8
Zircaloys or Zr705

(annealed 2 h at
732 �C, or 1350 �F)

283 41 55 8

Zr-2.5%Nb (aged 4 h at
566 �C, or 1050 �F)

290 42 55 8
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ion (Ref 8). That is, a new layer of oxide film
continues to form at the metal/oxide interface.
The first layer will form spontaneously because
of the reactive nature of zirconium and its strong
affinity for oxygen. Additional layers will form
at much reduced and decreasing rates, resulting
from the protective power of the first and addi-
tional layers. This also implies that zirconium
can conveniently heal any damage done at the

metal/oxide interface, provided that the damage
is done in an oxygen-containing environment.
Very often, there is a thin layer of protective
oxide film at the interface, even if or when the
outer layer is porous and not so protective.

Second, the oxide film on zirconium is most
likely ZrO2. The existence of oxygen derivatives
of zirconium in valence states other than four
may be possible but is doubtful (Ref 9). How-

ever, the passive films on most passive metals
can be oxides in valency of various states. For
example, the oxide film on titanium can be the
most protective TiO2 film formed in oxidizing
media, or a much less protective film, such as
TiO, Ti2O3, and their mixture formed in reducing
media.

Third, ZrO2 is a compound that is closer to
insulators than to semiconductors. The chemical

Fig. 1 Microstructure of Zr702. (a) Parent metal. (b) Heat-affected zone. (c) Weld metal. Original magnification: 100 ·

Fig. 2 Microstructure of Zircaloy-4 or Zr704. (a) Parent metal. (b) Heat-affected zone. (c) Weld metal. Original magnification: 200 ·
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bonding between zirconium and oxygen is very
strong at 6.6 eV per equivalent. The transport of
current through the film becomes increasingly
difficult as the film grows. It can proceed at areas
such as grain boundaries and atomic defect sites.
The film could become less protective with
increasing thickness due to an increase in grain
boundaries and defects. Thick, protective oxide
films may form under well-controlled condi-
tions, which are discussed later.

Accepting ZrO2 as the compound for the
passive film on zirconium does not lead to a total
agreement among researchers. After all, ZrO2

has three different crystalline structures: cubic
(c), tetragonal (t), and monoclinic (m). Nor-
mally, (c), (t), and (m) ZrO2 are stable at tem-
peratures between 2680 and 2370 �C (4860 and
4300 �F), between 2370 and 1240 �C (4300 and
2260 �F), and below 1240 �C (2260 �F),
respectively. The crystalline structure of the
zirconium passive film is also unique.

The film formed on zirconium during anodic
polarization in a phosphoric solution is (m) ZrO2,
identical to the natural zirconium ore baddeleyite
(Ref 10). According to Ref 11, the anodic film is
(c) ZrO2 in the case of polarization in 0.1 N
HNO3; in dilute H2SO4 or a borate solution, the
film is primarily amorphous but contains some
(c) ZrO2. Cox (Ref 12) states that the passive film
formed on zirconium in H2SO4 is predominantly
(c) structure with traces of the (m) structure.

The oxide film formed on zirconium alloys in
water and steam is just as complicated as the
preceding process. The oxide scales are known to
be predominately (m) ZrO2; however, it has been
shown that the oxide layer is under high com-
pressive stress, which may stabilize the oxide in
its tetragonal form (Ref 13, 14). Studies by
Raman spectroscopy and x-ray diffraction have

shown that the oxide is a mixture of both (t) and
(m) ZrO2 structures (Ref 15, 16). Godlewski
et al. (Ref 15), using tapered samples, have
shown that in Zircaloy-4 and Zr-1%Nb alloys,
~40% of the oxide film near the oxide/metal
interface has (t) structure, and the proportion of
(t) decreases to ~15% as the distance from the
interface increases beyond ~600 nm. Using the
reflection high-energy electron diffraction tech-
nique on the Zr-2.5%Nb alloy, Khatamian and
Lalonde (Ref 17) detected a mixture of nearly
(�c), (� t), and (m) structures for films of
200 nm thick or less, and the (m) structure for the
outer layers of films thicker than 800 nm.

It appears that protective oxide films can
be (m), (t), (c), or their mixtures. It would
be incorrect to assume that zirconium and its
alloys have to have, for example, (t) ZrO2 to be
corrosion and oxidation resistant. After all, to
form, for example, (t) ZrO2 at a temperature
between 1240 and 2370 �C (2240 and 4300 �F)
cannot protect zirconium. All three forms of
zirconium oxide are approximately equally inert.
Which one forms on the surface of zirconium
depends on temperature, alloying elements,
environmental composition, and the state of
stress in the film. Regardless of its structure, as
long as the film is compact and adherent, it is
protective.

Effects of Water. Water is the essential
ingredient in the aqueous corrosion of most
metals and alloys. The presence of water in many
chemicals makes them much more corrosive to
common metals and alloys. For example, in
order to use steel in many applications, water
needs to be removed from process streams.

With few exceptions, water is the best friend
of zirconium. A major reason for using zirco-
nium in the nuclear industry is its excellent

resistance in water and steam. Zirconium is one
of few metals that has the capability to react with
water to form a protective oxide film. Zirconium
exhibits this capability better in water than in air.
This capability even extends into highly redu-
cing conditions such as hydrochloric and dilute
sulfuric acids. Other passive metals and alloys,
such as titanium and stainless steels, would
require the presence of an oxidant such as oxy-
gen for the formation of protective oxide films.

Zirconium may become vulnerable in certain
water-free environments, such as organic solu-
tions. Without water, zirconium is not able to
repair any damage made to the protective film.
Hence, the reactive nature of zirconium will be
exposed to corrosive attack. The addition of
small amounts of water may stop this.

Exceptions include the presence of water,
which makes chlorine and fluorine corrosive to
zirconium. Unlike titanium, zirconium resists
attack by dry chlorine, because titanium may
even ignite in dry chlorine. Zirconium is sus-
ceptible to local attack in wet chlorine, which can
be regarded as an oxidizing chloride solution.
Water-containing fluorine is corrosive to both
titanium and zirconium.

Effects of Temperature. Zirconium is re-
garded as both a reactive and refractory metal
because of its high melting point of 1852 �C
(3365 �F). However, zirconium is not suitable
for high-temperature applications because of its
reactivity. Zirconium reacts with many metallic
and nonmetallic elements at elevated tempera-
tures, which is why zirconium needs a clean
surface and argon shielding in welding. Heat
treatments may be done in air, but only with a
clean surface. For example, a fingerprint on a
zirconium surface may result in local breakaway
oxidation, as seen in Fig. 4.

Fig. 3 Microstructure of the Zr-2.5Nb alloy or Zr705. (a) Parent metal. (b) Heat-affected zone. (c) Weld metal. Original magnification: 1000 ·
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Zirconium may be used for long-term services
when the temperature is at 350 �C (660 �F) or
lower. Here, zirconium corrosion does not show
a strong dependence on temperature in compa-
tible environments. For example, the corrosion
rate of zirconium changes little in nitric acid and

dilute sulfuric acid as the temperature increases
within this limit. With increasing temperature,
the corrosion rate of zirconium may increase but
so does the film formation rate. The net change
remains small.

In noncompatible media, such as hydrofluoric
acid and concentrated sulfuric acid, the corrosion
rate of zirconium increases rapidly with
increasing temperature.

Effects of pH. Thermodynamically, zirco-
nium behaves like most passive metals in acidic
and alkaline solutions, as shown in Fig. 5 (Ref 9).
Zirconium dioxide or hydrated zirconium diox-
ide dissolves as ZrO2þ when the pH is less than
or equal to 3.5 and as Zr4þ when the pH is less
than or equal to�1.03. Dissolving as ZrO2þ is
expected to be much slower than dissolving as
Zr4þ . Zirconium dioxide retains most of its
protective capability until the pH is less than
�1.03. Zirconium oxide protects zirconium
until the pH is at least 13. In fact, zirconium is
one of few metals that exhibits excellent corro-
sion resistance over such a wide range of pH.
Zirconium equipment has been used in processes
that cycle between strong acids and strong
alkalis. In this aspect, zirconium is more unique
than other high-performance materials, such as
titanium, tantalum, glass, and polytetra-
fluoroethylene (PTFE), which are poor in strong
alkalis.

The pH has some effect on the solubility of the
oxide film on zirconium, but the effect is not
dramatic. Practically, the corrosion resistance of
zirconium has little dependence on pH over a
wide range (Ref 18). Zirconium dioxide is vir-
tually insoluble in neutral water. It dissolves
slightly as the pH increases or decreases, as long
as pH is not extreme. Slight dissolution condi-
tions for zirconium oxides may have some ben-
eficial effects that are discussed later.

However, pH change may alter the corrosive
nature of impurities in a solution. Two important
impurities to be considered are ferric ion and
fluoride ion. Ferric ion is a common, well-known
oxidizing ion that induces pitting on metals and
alloys in halide solutions. Fluoride ion has the
capability to interfere with oxide formation even
at low temperatures.

Normally, ferric ion exists in solutions when
the pH is less than or equal to 2.5 and when the
solution potential exceeds 0.771 V versus SHE
(Ref 9). In a nonaerated acid, iron corrodes to
yield ferrous ions that are too reducing to induce
pitting on most metals and alloys. Ferrous ion
tends to become ferric ion in the presence of
oxygen. Zirconium resists pitting in iron-con-
taining chloride solutions when the pH is 3 or
greater (Ref 19). To control the pitting of zirco-
nium in copper-containing chloride solutions,
the pH needs to be 5 or greater (Ref 20).

Fig. 4 Effect of a fingerprint on zirconium after heating
at 760 �C (1400 �F) for 30 min
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Moreover, there are reducing agents and
oxygen scavengers that can be used as inhibitors
to pitting by preventing the formation of ferric
ions. As an example, zirconium corrodes in
boiling 18% HClþ1% FeCl2 as ferrous ions are
oxidized to ferric ions. This is visible as the
solution color changes from green to brown.
Zirconium does not corrode when this solution is
purged with hydrogen plus the addition of 1 g/L
SnCl2. With the help from these reducing agents,
ferrous ions stay as ferrous ions (Ref 20), and, as
a result, zirconium does not corrode.

Furthermore, the corrosivity of fluoride solu-
tions may change dramatically with changing
pH. Zirconium is totally defenseless in hydro-
fluoric acid at all concentration and temperature.
It forms soluble zirconium complex ions in the
acid. Although zirconium is not suitable for
handling fluoride solutions, it has some resis-
tance to certain fluoride solutions, such as cal-
cium and sodium fluorides, when the pH is high
enough and the temperature is low enough. The
corrosion rate of zirconium in saturated calcium
fluoride at pH 5 and 90 �C (195 �F) is nil (less
than 0.025 mm/yr, or 1 mil/yr). The corrosion
rates of zirconium in saturated sodium fluoride
(pH is congruent to 7.4) are nil at 28 �C (80 �F)
but greater than 1270 mm/yr (50 mils/yr) at
90 �C (195 �F). One major difference between
calcium and sodium fluorides is their solubility
in water. At room temperature, the solubility of
calcium and sodium fluorides is 2 and 4300 ppm,
respectively. Hot solutions with many dissolved
fluoride ions could be corrosive to zirconium.
However, the concentration of dissolved fluoride
ions is not always proportional to the con-
centration of the added fluoride salt.

In a mixed solution of a chloride and a fluoride
sharing a common cation, the solubility product,
Ksp, of the difficult soluble salt cannot exceed a
constant. For example, the Ksp of CaF2, that is,
[Caþ2] · [F�]2, in water at 26 �C (79 �F) is
3.95 · 10�11. It is obvious that F� ions tend to
precipitate as CaF2 when the concentration of
Caþ2 increases. That is, CaF2 is less soluble in
water when CaCl2 is also present, as indicated in
Table 5.

Thermodynamically, hydrofluoric acid exists
when the pH is less than or equal to 3.18 (Ref 9).
Dissolved fluoride ions will be converted into
hydrofluoric acid when the pH is lowered to less
than 3.18. The solution then becomes vigorously
corrosive to zirconium, regardless of tempera-
ture, with decreasing pH.

Zirconium is not recommended for handling
fluoride-containing acids, unless the fluoride ion
is complexed (Ref 21). Nevertheless, there are
overlooked fluoride sources existing in the pro-
cess (Ref 22). For example, technical-grade
phosphoric acid may contain several thousand
parts per million of fluoride ion, which is often
not indicated in the specification. Food-grade
phosphoric acid clearly gives the maximum
fluoride content, typically less than 5 ppm. Other
overlooked sources include contaminated
waters, recycled acids, fluxes, and fluorinated
compounds.

Pitting

Like other passive metals and alloys, zirco-
nium is susceptible to pitting in all halide solu-
tions except fluoride (Ref 23). Zirconium is
vulnerable to general corrosion in fluoride solu-
tions, and its susceptibility to pitting is greatest in
chloride solutions. It decreases as the halide ion
becomes heavier. The reversed order is the case
for titanium, which is highly resistant to pitting
in chloride solutions but is vulnerable to pitting
in iodide solutions.

The pitting potentials of zirconium in 1 N
solutions of Cl� , Br� , and I� are 380, 660,
and 910 mVSHE, respectively. These potentials
decrease gradually with increasing concentration
and decrease rapidly in concentrated halide
solutions (Ref 24). Other factors, such as pH (Ref
24), temperature (Ref 24), alloying element (Ref
25), and film quality (Ref 26), also affect pitting
potential under certain conditions. The major

concern for zirconium is pitting in chloride
solutions.

Figure 6 illustrates the electrochemical beha-
viors of zirconium and stainless steel. In chlor-
ide-free solutions, zirconium is more corrosion
resistant than stainless steel and most other pas-
sive alloys. In chloride-containing solutions, the
advantage of zirconium disappears under an
oxidizing condition. Zirconium may have a
slightly higher pitting potential than stainless
steel in chloride solutions. It pits at a much
higher rate than stainless steel under a constant
potential condition.

Zirconium does not pit in most chloride solu-
tions, such as seawater and underground fluids,
because its corrosion potential is often lower
than the pitting potential (Ref 27, 28). The pre-
sence of oxidizing ions, such as ferric and cupric
ions, in acidic chloride solutions may increase
the corrosion potential to exceed the pitting
potential. Therefore, pitting may occur. The
standard potentials of several reduction/oxida-
tion pairs are given in Table 6, which includes
oxidizing ions other than ferric and cupric ions.

Pitting may also occur when there is an
applied anodic potential or when zirconium is
coupled with a noble material, such as graphite
or platinum.

For iron, the dissolved oxygen in a chloride
solution is enough to cause pitting due to its low
pitting potential. For zirconium, the oxidizing
power needs to be stronger than that of the cupric
ion for inducing pitting. Then, there must be
enough oxidizing ions in chloride solutions for
pitting to occur. According to the mixing
potential theory, the solution potential does not
reach or exceed the pitting potential when there

Table 5 Dissolved fluoride ions in mixed
solutions

Solution

pH

F � in
water,
ppm

CaCl2,
%

MgCl2,
%

F � (NaF),
ppm

F � (CaF2),
ppm

0.2 0.1 200 100 1 198
0.2 0.1 200 100 3 19
2.0 1.0 200 2800 1 91
2.0 1.0 200 2800 3 18
6.6 3.3 200 9800 1 68
6.6 3.3 200 9800 3 9
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are not enough oxidizing ions. Below the mini-
mum amount of oxidizing ions, the presence of
oxidizing ions may actually enhance the oxide
formation process. The required minimum
amount of oxidizing ions for inducing pitting
depends on chloride concentration, pH, tem-
perature, and other factors. It is not established
but appears to range from a few parts per million
in concentrated hydrochloric acid to 1000 ppm
or more in dilute chloride solutions.

Pit initiation is complicated and not fully
understood but is assumed to be the result of a
unique type of anodic reaction. A model for the
corrosion process within a pit after passing the
initiation stage is discussed in Ref 29.

Considering the pitting of a metal in an aerated
sodium chloride solution, rapid dissolution
occurs within the pit, while oxygen reduction
takes place on adjacent surfaces. In the presence
of ferric ions, the reduction of ferric ion to fer-
rous ion is an additional reduction reaction. The
rapid dissolution of metal within the pit tends to
produce an excess of positive charge in this area,
resulting in the migration of chloride ions to
maintain electroneutrality. Thus, in the pit there
is a high concentration of metal chloride. As a
result of the hydrolysis of metal chloride, a high
concentration of hydrogen ions is created. Both
hydrogen and chloride ions stimulate the dis-
solution of most metals and alloys, and the pit-
ting growth rate increases with time. These
changes are not particularly harmful to zirco-
nium.

In fact, after the creation of a pit, the condition
becomes increasingly favorable for zirconium.
Zirconium has the capability to form an oxide
film in a reducing acid. After the reduction of
some oxidizing ions, the driving force for pitting
weakens with time. At a certain point, the pitting
process stops due to the oxide formation at the
pit. Often, zirconium has shallow pits covered
with oxide films.

Pitting is an autocatalytic process for most
metals and alloys but not for zirconium. Because
of the ability of zirconium to form an oxide in
low-pH solutions and the oxygen migration for
film formation, oxygen moves to where a repair
is needed. Pitting stops when the driving force
weakens. Monitoring pitting by the electro-
chemical noise technique, on-going pitting slows

down and then stops as a ferric chloride solution
is diluting (Ref 30).

The presence of oxidizing ions in chloride
solutions may induce localized corrosion on
zirconium. Ferric and cupric ions are the most
common and well known. There are also some
strong oxidants, such as ions of noble metals,
that, although rare, may also induce pitting on
zirconium. Furthermore, ions of noble metals
may be reduced to metal plating on the surface of
zirconium, creating the galvanic effect.

When the pitting of zirconium is caused by an
applied potential or galvanic coupling, the pit
may continue to grow. At a constant potential
above the pitting potential, the pit generation rate
is always higher than the pit repassivation rate
(Ref 26).

Nitrate and sulfate ions can inhibit the pitting
of zirconium under certain conditions (Ref 20,
31, 32). Corrosion control measures for pitting
and other types of corrosion are discussed in a
later section.

Crevice Corrosion

In chloride solutions, zirconium is among the
most resistant to crevice corrosion. Zirconium is
not subject to crevice corrosion even in low-pH
chloride solutions or chlorine gas. This can be
rationalized by the model for crevice corrosion
as given in Ref 29. In the initial stage of crevice
corrosion, metal dissolution and oxygen reduc-
tion occur uniformly over the entire surface,
including the interior of the crevice. After a short
interval, the oxygen within the crevice is deple-
ted because of its confinement, so oxygen
reduction ceases within the crevice while metal
dissolution continues. This tends to produce an
excess of positive charge in the solution, which is
necessarily balanced by the migration of nega-
tive chloride ions into the crevice. At the same
time, positively charged ions, such as Fe3þ, stay
outside the crevice. Similar to the pitting process,
metal chloride dissociates into an insoluble
hydroxide and a free acid (Hþ þ Cl�). In
addition, the condition within crevices is too
reducing to have ferric ions. These changes are
actually favorable for zirconium. Consequently,
zirconium is not susceptible to crevice corrosion
in chloride solutions. Crevice corrosion tests
done according to ASTM International and
NACE International test methods have been
performed to look for crevice corrosion, and
none has been observed.

To follow the same model, zirconium would
be susceptible to crevice corrosion in fluoride
solutions. Crevice corrosion at the contact
between zirconium and PTFE would be a special
case. PTFE is an inert material and releases few
fluoride ions when it is produced by the pres-
surized process. It can also be produced from
recycled materials by remelting. Recycled PTFE
is not as stable as virgin PTFE and may release
large amounts of fluorides. Crevice corrosion of
zirconium under PTFE gaskets occurred several

times in acids when recycled PTFE or a less
stable type of fluoropolymer had been used.

Furthermore, zirconium is susceptible to cre-
vice corrosion in dilute sulfuric acid when the
acid is allowed to concentrate within the crevice.

Intergranular Corrosion

Zirconium does not alloy as well as other more
common materials. It is miscible only with tita-
nium, hafnium, and scandium. Most elements
have very low solubility in zirconium and form
intermetallic compounds. Iron is the major, most
visible impurity in zirconium. Zirconium-iron
compounds are the most important to consider.

Depending on thermomechanical history, zir-
conium-iron compounds distribute in zirconium
in several ways (Ref 33). Mill products typically
have the uniform distribution of fine particles.
Grain boundaries also are favorite sites for these
particles to precipitate. More importantly, these
particles tend to be spheroidal under the annealed
condition. These particles become elongated in
the HAZ and the weld metal under the as-welded
condition, as shown in Fig. 7. When there are
enough elongated particles, they tend to form
interconnected networks and are not as corrosion
resistant as zirconium in most environments.
Consequently, the HAZ and the weld metal are
susceptible to intergranular corrosion in media
such as concentrated sulfuric and hydrochloric
acids.

Heat treatment can be used to modify the
morphology of the second-phase particles in the
HAZ and the weld metal. Heating at 770 �C
(1420 �F) is effective, as shown in Fig. 8. After
heat treatment, elongated particles become
spheroidal particles similar to those in the parent
metal. The resistance of zirconium to inter-
granular corrosion is, therefore, greatly
improved.

Stress-Corrosion Cracking

Zirconium and its alloys resist stress-corrosion
cracking (SCC) in many environments, such as
NaCl, MgCl2, NaOH, and H2S, which are strong
SCC-inducing agents on common metals and
alloys. Zirconium service failures resulting from
SCC are few in chemical applications. The high
SCC resistance of zirconium can be attributed to
its high repassivation rate. In the presence of
water or oxygen, any breakdown in the surface
oxide film is quickly healed.

The environments known to cause SCC of
zirconium include FeCl3, CuCl2, halogen or
halide-containing methanol and certain other
organics, concentrated HNO3, liquid mercury or
cesium (Ref 34), and 64 to 69% H2SO4 (Ref 35).
Control measures for the SCC of zirconium
include:

� Avoiding high sustained tensile stresses
� Modifying the environment by changing pH,

concentration, or adding an inhibitor

Table 6 Reduction/oxidation pairs

Reduction/oxidation pair Standard potential versus SHE, V

Am4þ/Am3þ 2.18
H2O2þHþ/H2O 1.77
Cl2/Cl� 1.36
Pd2þ/Pd 0.987
Pu4þ/Pu3þ 0.970
Fe3þ/Fe2þ 0.771
Cuþ/Cu 0.521
Cuþ2/Cu 0.337
Cuþ2/Cuþ 0.153
Sn4þ/Sn2þ 0.150
Hþ/H2 0.0
Sn2þ/Sn �0.136
Fe2þ/Fe �0.440

SHE, standard hydrogen electrode
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� Maintaining a high-quality surface film—one
low in impurities, defects, and mechanical
damage

� Applying a small cathodic potential or cou-
pling with a more active material

� Insulating the contact between zirconium
and a noble material, such as graphite and
platinum

� Shot peening

Delayed Hydride Cracking

Hydrogen is the lightest element. Yet, because
of its mobility and reactivity, hydrogen finds
many ways to cause external and internal
damage in most metals and alloys. See the article
“Hydrogen Damage” in ASM Handbook,
Volume 13A, 2003. One process is delayed
hydride cracking (DHC) in certain hydride-
forming metals. The DHC of zirconium is dis-
cussed in Ref 36.

Certain metals, such as titanium and zirco-
nium, that form brittle hydrides can fail by two
embrittlement processes. One process is a

reduction in the fracture toughness of the metal
due to the presence of a high concentration of
hydride platelets that have their in-plane
dimensions in the crack growth direction. The
second process is DHC, which is the result of a
mechanism of crack initiation and slow propa-
gation.

In DHC, hydrogen diffusion in the metal is
required. Gradients of concentration (Cx), tem-
perature (T ), and stress (s) are all important
factors in controlling diffusivity, as given in the
general diffusion equation:

J=
DCx

RT
RT

d ln Cx

dx
+

Q�
T

dT

dx
7

V�
3

ds

dx

� �

where J is hydrogen flux, D is diffusivity of
hydrogen at any point x, R is the gas constant, Q*
is the heat of transport of hydrogen in metal, V* is
the volume of transport of hydrogen in metal, and
s is positive for tensile stress and negative if
compressive.

That is, hydrogen is driven by three forces to
an area of lower concentration, colder tempera-
ture, and higher tensile stresses. Because DHC
may occur at low temperatures in a matrix of

uniformly distributed hydrogen, its mechanism
is believed to be as follows: Stress gradients at
stress concentration sites attract hydrogen,
resulting in local hydride precipitation, growth,
and reorientation. When the growing hydride
reaches some critical size, the hydride either
cleaves, or the hydride-matrix interface opens up
to nucleate a crack. Once a crack has nucleated,
propagation occurs by repeating the same pro-
cess at the crack tip and, as such, is a dis-
continuous process. It should be noted that the
formation of hydrides is not a necessary
requirement for this mechanism to operate, as is
the case in delayed hydrogen embrittlement in
high-strength steels.

Stress and stress gradient are two necessary
requirements for DHC to occur, and, fortunately,
they are controllable. High stresses without
gradients will not induce DHC. Hydrogen cannot
move when high stresses are uniformly dis-
tributed in the structure. High-stress gradients
are needed to move hydrogen but cannot be
created without high stresses. High stresses are
also required in fracturing hydrides.

It is estimated that hydrogen can hardly move
from stress gradients generated by stressing
up to 240 MPa (35 ksi). The common ASME
requirement for unfired pressure vessels is to set
the maximum allowable stresses at one-fourth
the tensile strength at the operating temperature.
As indicated in Table 3, the maximum allowable
design stresses for zirconium alloys 702 and 705
are much lower than 200 MPa (29 ksi). Conse-
quently, DHC should not occur when ASME
requirements are met.

Due to its low coefficient of thermal expan-
sion, residual stresses from welding are typically
below the yield points. Nevertheless, residual
stresses greater than 240 MPa (35 ksi) are pos-
sible. Minimum ASTM International yield
requirements, however, for Zr702, Zr704, and
Zr705 at room temperature are 210, 240, and
380 MPa (30, 35, and 55 ksi), respectively. This
implies that only Zr705 is likely to retain high
enough stresses from welding to become sus-
ceptible to DHC. Practically, this has been the
case.

Stress-relieving treatment is one of the most
effective measures in preventing DHC, a time-
dependent process. It takes considerable time for
hydrogen to reach the highly stressed area and to
precipitate out as hydride platelets. The platelets
must grow large enough for cracking to occur.
Depending on many factors, it sometimes takes 2
years for DHC to happen, but 5 weeks after
welding is the shortest known period for Zr705 to
suffer DHC at room temperature. This provides a
base for the Boiler and Pressure Vessel Code of
the ASME (Ref 37):

“Within 14 days after welding, all
products of zirconium Grade R60705
shall be heat-treated at 1000 �F–1100 �F
(538 �C–593 �C) for a minimum of 1 hr
for thicknesses up to 1 in. (25.4 mm) plus
1/2 hr for each additional inch of thick-
ness. Above 800 �F (427 �C), cooling

Fig. 7 Micrographs of as-welded Zr702. (a) Heat-
affected zone. (b) Weld metal. Original magni-

fication 825 ·

Fig. 8 Micrographs of welded Zr702 heat treated at
770 �C (1420 �F) for 1 h. (a) Heat-affected zone.

(b) Weld metal. Original magnification 825 ·
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shall be done in a closed furnace or cool-
ing chamber at a rate not greater than
500 �F/hr (260 �C/hr) divided by the
maximum metal thickness of the shell or
head plate in inches but in no case more
than 500 �F/hr. From 800 �F, the vessel
may be cooled in still air.”

Effects of Surface Condition

Corrosion is a surface phenomenon, so the
existing surface condition is an important factor
in the initiation and propagation of localized
corrosion. The corrosion resistance of zirconium
is not affected by common surface features, such
as scratch and heat tint, but may be degraded by
embedded particles, such as iron and silicon
carbide, in oxidizing chloride solutions. As
indicated in Fig. 9, zirconium with different
surface conditions has a wide range of rest
potential in a hydrochloric acid solution (Ref 20).
The potential of pickled zirconium is low and
stays low. The potential of zirconium with SiC-
abraded surface increases quickly to reach the
breakdown potential. In chloride solutions, it is
preferred for zirconium to have a low potential
that is below the breakdown potential. Pitting is
therefore avoided. Zirconium with a clean,
smooth surface is expected to have the optimal
resistance to localized corrosion, including pit-
ting, SCC, and DHC.

Galvanic Corrosion

An electrochemical potential difference
usually exists between two dissimilar metallic or
nonmetallic conductors when they are elec-
trically connected in an electrolyte. An electric

current is generated in the electrolyte between
these two conductors. Consequently, the less
corrosion-resistant conductor (the anode) will
corrode faster, and the more corrosion-resistant
conductor (the cathode) will corrode more
slowly, as compared with the behavior of these
conductors when they are not in contact. This
form of corrosion is called galvanic corrosion.
The area ratio between the anode and the cathode
is an important factor in galvanic corrosion. It is
preferable to have a small cathode with a large
anode. Insulating dissimilar materials whenever
practicable could be effective in preventing
galvanic corrosion.

With the naturally occurring oxide film, zir-
conium assumes a noble potential in most
environments. As an example, the galvanic ser-
ies in seawater is given in Table 7. It can be seen
that zirconium is close to the nobility of noble
materials. Because zirconium is more corrosion
resistant than most materials in a wide range of
corrosives, zirconium is likely the cathode in
most cases. The material in contact with zirco-
nium could corrode at a much faster rate.

However, in incompatible environments, such
as hydrofluoric acid and concentrated sulfuric
acid, zirconium may assume an active potential.
Moreover, zirconium may be activated at vul-
nerable sites when it is in contact with a noble
material in chloride solutions. Graphite and
carbides in the powder form can be very effective
in promoting galvanic corrosion on zirconium,
because a small amount of powder may produce
a very large cathodic area. The effect of coupling
with graphite on the corrosion of zirconium in
boiling 20% HCl is shown in Table 8. It is evi-
dent that the effect can be dramatic when the
surface area of graphite is significantly larger
than that of zirconium.

Galvanic effect from carbon-base materials is
common in chemical equipment, due to their

popularity and the availability of various forms.
Carbon-base materials are being used as struc-
tural materials, gaskets, additives to lubricants,
and so on. Galvanic effects induced by carbon-
base materials should be appraised not just for
zirconium but also for other common metals and
alloys.

Microbiologically
Induced Corrosion

Regardless of whether the presence of living
organisms is the primary reason or just a con-
tributor to corrosion, microbiologically induced
corrosion (MIC) can cause damage to equipment
in contact with natural waters. Results of long-
term tests in natural waters indicate that zirco-
nium is immune to MIC.

Most organisms are sulfate-reducing bacteria.
Metabolic processes may produce corrosives,
such as sulfuric acid, inorganic or organic sul-
fides, and organic acids. Common metals and
alloys have a high affinity for sulfur and its
compounds. As a result, metabolic products
simply make it too corrosive for common metals
and alloys. Conversely, zirconium has little
affinity for sulfur and its compounds. Zirconium
resists attack by most inorganic and organic
acids as well. Metabolic products are not corro-
sive to zirconium.

In addition, changes in oxygen potential, salt
concentration, and pH from organisms do not
degrade the corrosion resistance of zirconium.
Cathodic depolarization associated with anae-
robic growth is unfavorable to certain metals and
alloys but not to zirconium.
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Fig. 9 Surface effect on the rest potential of Zr702 in 10% HCl plus 500 ppm ferric ion at 30 �C (85 �F). Rest potential is
given in volts versus the saturated calomel electrode (SCE). (1) pickled; (2) pickled and scratched with broken

glass; (3) polished with 1 mm alumina (Al2O3); (4) polished with 600-grit SiC; (5) polished with 600-grit Al2O3; (6) air
annealed; (7) Ecrit, the potential that initiates pitting

Table 7 Galvanic series in seawater

Cathodic (noble)

Platinum
Gold
Graphite
Titanium
Silver
Zirconium
Type 316, 317 stainless steels (passive)
Type 304 stainless steel ( passive)
Type 410 stainless steel ( passive)
Nickel (passive)
Silver solder
Cupronickel (70 : 30)
Bronzes
Copper
Brasses
Nickel (active)
Naval brass
Tin
Lead
Type 316, 317 stainless steels (active)
Type 304 stainless steel (active)
Cast iron
Steel or iron
Aluminum 2024
Cadmium
Aluminum (commercially pure)
Zinc
Magnesium and its alloys

Anodic (active)
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Erosion-Corrosion

Erosion is accelerated corrosion resulting
from the conjoint action of corrosion and erosion
in the presence of a moving corrosive fluid. This
type of attack is highly dependent on fluid flow
rate and corrosivity. It is particularly prevalent in
areas where high local turbulence, impingement,
or cavitation of the fluid occurs on metal sur-
faces. Suspended solids in fluid result in abrasion
that may drastically accelerate metal removal.

In compatible environments, zirconium forms
a hard, tenacious ZrO2 surface film that provides
an excellent barrier to erosion-corrosion. Also,
zirconium can quickly repair damage done to the
film in environments containing oxygen. Con-
sequently, zirconium can withstand many cor-
rosives at high flow rates. A corrosion test loop
was constructed to investigate the effects of flow
rate and heat flux on the corrosion of zirconium
tube specimens (Ref 38). There was no effect
when the test conditions are 50% sulfuric acid at
166 �C (330 �F) flowing at 2.1 m/s (7 ft/s).

Many passive alloys have difficulty forming
protective films on their surfaces in sulfuric acid.
They are vulnerable to erosion-corrosion in the
acid. This is seen in Fig. 10 (Ref 39). In a sul-
furic-acid-based mixture, the corrosion of zir-
conium is insensitive to increasing rotation speed

up to 10,000 rpm. On the other hand, the corro-
sion of a Ni-Cr-Mo-W alloy C-276 increases
continuously from low speed to high speed under
the same test conditions.

Fretting Corrosion

Fretting corrosion results from the combined
effects of wear and corrosion and takes place
when vibration contact is made at the interface of
tight-fitting, highly loaded surfaces, such as
between the leaves of a spring or in rolling-
contact bearings. Factors affecting fretting cor-
rosion include contact load, amplitude, fre-
quency, temperature, and corrosivity of the
environment.

Fretting corrosion is a concern for zirconium,
because zirconium is a soft and reactive metal. It
occurs when zirconium protective oxide film is
mechanically damaged or removed. Measures
should be taken to control fretting corrosion.
Fretting corrosion on zirconium may be avoided
by proper design and fabrication or through the
addition of a heavy oxide coating to eliminate
mechanical factors. This coating drastically
reduces friction and prevents the removal of the
protective oxide layer.

Effects of Tin Content in Zirconium

Zircaloy recycling is a major source for zir-
conium in making zirconium alloys. There may
be more than 2000 ppm tin in Zr702 without
violating the chemical requirements given in
Table 1. Advantages of using Zircaloy recycle
include consistent mechanical properties,
improved corrosion/oxidation resistance in
water and steam, reduction in cost, and material
conservation. While small amounts of tin may be
beneficial or acceptable for Zr702, high tin
content will degrade corrosion resistance.
Because of the mechanical strength advantage
over Zr702, Zircaloys have been used to make
fittings for corrosive applications. Zircaloy fit-
tings have failed in hot glacial acetic acid after 3
weeks to 5 months of service (Ref 40). Zr702 and
Zr705 are known to be highly compatible with
acetic acid. The failures are attributed to the high
tin content (~1.4%) in the alloys.

Zircaloys were developed for improved cor-
rosion properties in water and steam. The tin
addition was intended to offset the harmful
effects from impurities such as nitrogen in zir-
conium, and initially, the nitrogen content in
zirconium was typically higher than 40 ppm.
However, the nitrogen content of the present
Zircaloys is lower, and tin is found to be a
harmful alloying element. Corrosion resistance
in 400 �C (750 �F) steam improves with
decreasing tin content from 1.41 to 0.09% in the
Zircaloy-4-based alloy (Ref 41). It should be
noted that the test temperature is much higher
than the operating temperature of zirconium
equipment in most corrosive applications. The
tin effect is expected to decrease with decreasing
temperature.

Results of 28 day tests show that the presence
of greater than 3000 ppm tin is much more cri-
tical to zirconium in boiling sulfuric acid than in
boiling acetic, hydrochloric, and nitric acids. The
critical tin content in zirconium for sulfuric acid
service seems to be between 2000 and 3000 ppm
(Ref 42). Although tin is reasonably soluble in
zirconium, the distribution of tin in zirconium
is much more irregular than that of oxygen
in zirconium (Ref 42). To take the fluctuation
into consideration, the target point for the tin
content in Zr702 should be set at 1500 ppm, if
2000 ppm proves to be the limit for the alloy in
sulfuric acid service (Ref 42). Recently gener-
ated data seem to support this recommendation
(Ref 43). Samples of Zr702 with 1400 ppm tin
outperform those of Zr702 with 2400 ppm tin in
sulfuric acid solutions at elevated temperature
(Ref 43).

Corrosion mechanisms for the tin effect are
discussed in Ref 41 and 42. A small amount of tin
is soluble in zirconium, but because the atomic
radius of tin is slightly larger than that of zirco-
nium, tin is not very mobile in zirconium. There
may be preferred sites, such as grain boundaries,
for tin to settle. The distribution of tin is not as
uniform as that of oxygen in zirconium. Fur-
thermore, tin is not as reactive as zirconium.
When both zirconium and tin are exposed

Table 8 Effect of graphite coupling on the corrosion of zirconium in boiling 20% HCl
after four weeks of exposure

Specimen area

Area ratio
graphite/zirconium

Graphite Zirconium Corrosion rate

cm2 in.2 cm2 in.2 mm/yr mils/yr

. . . . . . 31.0 4.8 0 0.013 0.5
5.9 0.9 31.0 4.8 0.19 0.013 0.5

24.8 3.8 5.0 0.8 4.96 0.0173(a) 0.7(a)
27.0 4.2 2.5 0.4 10.8 0.239(a) 9.4(a)

(a) Localized corrosion. Source: Ref 20
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to oxygen, zirconium will quickly react with
oxygen to protect tin from being oxidized. The
oxide film formed at low temperatures is
expected to be almost all zirconium oxide. There
must be an enriched layer of tin at the metal/
oxide interface. When the oxide film grows at a
high temperature, tin tends to diffuse into the
oxide film, likely through grain boundaries. The
higher the tin content, the more tin will diffuse
into the oxide film. Tin will be oxidized to form
particles of tin oxides in the oxide layer. The
particle size of tin oxides would be larger with a
higher tin content. A high corrosion rate is pos-
sible when tin-enriched areas are exposed to a
corrosive. Tin effects may not show up in short-
term tests and tend to be irregular.

Corrosive Environments

Water and Steam. Zirconium has excellent
corrosion and oxidation resistance in water and
steam at temperatures exceeding 300 �C
(570 �F). Zirconium has a great capability to
take oxygen from water to form a protective
oxide film. It retains this capability even in
highly reducing media, such as hydrochloric acid
and dilute sulfuric acid. Most passive metals
form protective oxide films in aqueous solutions
only when the solutions are somewhat oxidizing.
Consequently, zirconium is uniquely suitable
for nuclear applications, because water-cooled
reactors operate with oxygen- or hydrogen-
charged coolant at temperatures from 286 to
350 �C (547 to 660 �F).

However, corrosion and oxidation of unal-
loyed zirconium in high-temperature water and
steam were found to be irregular (Ref 44, 45) and
are related to variations in the impurity content of
the metal. Nitrogen and carbon impurities are
particularly harmful. The oxidation rate of
unalloyed zirconium increases markedly when
nitrogen and carbon concentrations exceed 40
and 300 ppm, respectively (Ref 44, 45). The
irregular behavior of unalloyed zirconium sti-
mulated alloy development programs. Zircaloy-
2, Zircaloy-4, Zr-2.5Nb, and Zr-1Nb are the most
important alloys developed for nuclear applica-
tions, because they are more reliable and pre-
dictable for use in hot water and steam, in
addition to being stronger.

As compared to unalloyed zirconium, Zirca-
loy-2 has an improved character in oxide for-
mation at elevated temperatures. A tightly
adherent oxide film forms on this alloy at a rate
that is at first quasi-cubic but, after an initial
period, undergoes a transition to linear behavior.
Unlike the white, porous oxide films on unal-
loyed zirconium, the oxide film on Zircaloy-2
remains dark and adherent throughout transition
and in the posttransition region.

Zircaloy-4 differs in composition from Zir-
caloy-2 by having a slightly higher iron content
but no nickel. Both variations are intended for
reducing hydrogen pickup with little effect on
corrosion resistance in reactor operation. For
example, in water at 360 �C (680 �F), hydrogen

pickup for Zircaloy-4 is approximately 25% of
theoretical, or less than half that for Zircaloy-2.
In addition, hydrogen pickup for Zircaloy-4 is
less sensitive to hydrogen overpressure than that
for Zircaloy-2. For both alloys, hydrogen pickup
is greatly reduced when dissolved oxygen is
present in the medium (Ref 44).

The Zr-2.5Nb alloy is considered somewhat
less resistant to corrosion than the Zircaloys,
with exceptions. Nevertheless, the Zr-2.5Nb
alloy is suitable for many applications, such as
pressure tubes in the primary loops of some
reactors. Furthermore, the corrosion resistance
of the Zr-2.5Nb alloy can be substantially
improved by heat treatments (Ref 45, 46). In
addition, the Zr-2.5Nb alloy is superior to the
Zircaloys in steam at temperatures above 400 �C
(750 �F) (Ref 46).

However, unalloyed zirconium does not seem
to have as irregular behavior in common waters
as in pure water. Common waters, such as city
water, river water, and seawater, are used as the
cooling medium in the chemical processing
industry. They have much higher levels of
impurities than water used in the nuclear indus-
try. Very often, one side of zirconium equipment
faces a corrosive environment, and the other side
faces cooling water. The highest temperature has
been approximately 300 �C (570 �F), and the
longest time is more than 20 years. Zirconium
has performed well in these waters.

The major difference between pure water and
common waters is their corrosivity. Assuming
the formed oxide film on unalloyed zirconium
in pure water is totally insoluble, the oxide film
will continue to grow. Eventually, too much
stress will build up within the film, due to the
big volume difference between the metal and
the oxide. The densities of zirconium and (m)
ZrO2 are 6.49 and 5.73 g/cm3, respectively.
When the oxide film becomes too thick, it is
difficult to stay compact and breaks down at
weak spots.

The very slight dissolving power of common
waters on the oxide film could relieve some of
the built-up stress and keep the oxidation process
in better balance. Then, the irregular behavior
of unalloyed zirconium in common waters is
avoided.

A unique example regarding the chemical
processing industry includes two zirconium heat
exchangers retired from a urea plant after con-
tinual service for 20 years. The tubes looked like
new and were used to build yet another heat
exchanger. The watersides of the tubes were
covered with very thin oxide films without
any sign of breakaway oxidation after 20 years
of use.

Saltwaters. Zirconium has excellent corro-
sion resistance to seawater, brackish water, and
polluted water. The advantages of zirconium in
saltwaters include its insensitivity to variation in
factors such as chloride concentration, pH,
temperature, velocity, crevice, and sulfur-con-
taining organisms. The effects of pH when there
are some iron ions in saltwater were discussed
earlier.

Zr702 specimens, welded and nonwelded,
with and without a crevice attachment, were
placed in the Pacific Ocean at Newport, Ore., for
up to 129 days and had nil corrosion rates.
Marine biofouling was observed; however, no
attack was found beneath the marine organisms
or within the crevices.

Laboratory tests were performed on speci-
mens of Zr702 and Zr704 in boiling seawater for
275 days and in 200 �C (390 �F) seawater for 29
days. Both alloys resisted general corrosion,
pitting, and crevice corrosion.

U-bend specimens, with and without steel
coupling, of Zr702, nickel-containing Zr704
(Zircaloy-2), and nickel-free Zr704 (Zircaloy-4)
were tested in boiling seawater for 365 days. No
cracking was observed during the test period.
Overstressing of the tested U-bends indicated
that all specimens, except one, remained ductile.
The exception was the welded nickel-containing
Zr704 with steel coupling, which showed some
hydrogen and oxygen absorption (Ref 28).
Chemical analyses and metallographic exam-
inations on other U-bends did not reveal any
evidence of hydrogen absorption and hydride
formation. Results of chemical analyses are
given in Table 9. These results support that the
presence of nickel in zirconium promotes
hydrogen pickup.

Sulfur and its compounds are often present
in underground fluids, such as oil, natural gas,
and geothermal fluids. Although zirconium is a
reactive metal, it has very little affinity for sulfur
and consequently has excellent corrosion resis-
tance to sulfur and its compounds. It requires a
high temperature (700 to 900 �C, or 1290 to
1650� F) for zirconium to react with sulfur vapor
or hydrogen sulfide to yield sulfides. Moreover,
there is no instance of zirconium-sulfur bonds
forming in aqueous systems (Ref 47, 48). Prac-
tically, zirconium is immune to sulfide stress
cracking.

Sulfuric acid is the most important sulfur
compound and is the most important acid for use
in the manufacture of many chemicals. For
example, the acid is used as a dehydrating agent,
an oxidizing agent, an absorbent, a catalyst, and a

Table 9 Hydrogen and oxygen analyses of
zirconium-steel coupled U-bend test
specimens
365 day test in boiling seawater

Specimen Condition

Hydrogen/oxygen content, ppm

Hydrogen Oxygen

Zr702-steel Unwelded 6 1350
Zr704 (nickel-

containing)-
steel

Unwelded 8 1480

Zr704 (nickel-
free)-steel

Unwelded 9 1440

Zr702-steel Welded 8 1250
Zr704 (nickel-

containing)-
steel

Welded 450 5000

Zr704 (nickel-
free)-steel

Welded 5 1480
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reagent in chemical syntheses. These highly
versatile capabilities can be attributed to the
complicated nature of this acid. Sulfuric acid is
corrosive, with a continuously changing char-
acter. It changes from the reducing nature of
dilute acid to the oxidizing nature of con-
centrated acid. The reactivity of sulfur com-
pounds and the difficulty of forming protective
oxide films under reducing condition make
common passive metals vulnerable to corrosion
in dilute acid. In fact, hot, dilute acid is a pickling
solution for steel and stainless steel. Solutions
become increasingly oxidizing at or above 65%.
The usefulness of passive metals and alloys
depends strongly on acid concentration, tem-
perature, aeration, and other impurities.

Zirconium and its alloys are straightforward in
their corrosion resistance to sulfuric acid, as
shown in Fig. 11 to 13 (Ref 49). Published data
for zirconium before the establishment of Zr702
were collected to construct Fig. 11(a). Corrosion
data generated at Wah Chang are used to con-
struct Fig. 11(b) to 13 for ASTM International
grades. It should be noted that isocorrosion
curves are normally constructed based on the
results of laboratory tests conducted under well-
controlled conditions. The curves should be used
to understand the corrosion behavior of the
alloys rather than to predict the performance of
the alloys in actual service. There are many
factors, including impurities in the alloys and
environments, equipment design and fabrication,
operating conditions, and maintenance, that
affect the performance of the alloys.

Zirconium and its alloys resist attack by sul-
furic acid at all concentrations up to 70%. The
major difference among these grades is near the
boiling region when the acid concentration is
greater than 60%. In this region, Zr702 outper-
forms Zr704 and Zr705. In 70 to 80% sulfuric
acid, the corrosion resistance of zirconium and
its alloys depends strongly on temperature. In
higher concentrations, the corrosion rate of zir-
conium and its alloys increases rapidly with
concentration due to the formation of non-
protective zirconium sulfate film.

There are three regions in Fig. 11(a) that are
attractive for using zirconium in sulfuric acid
services. The first region is dilute sulfuric acid,
j10%, at elevated temperatures. In this region,
the temperature limit for zirconium is well above
200 �C (390 �F). The second region is hot 10 to
45% sulfuric acid. In this region, zirconium is
highly stable in the passive state. It can tolerate
many oxidizing impurities and some chlorides.
The third region is 45 to 70% sulfuric acid, where
zirconium stays corrosion resistant when factors
such as acid concentration and impurities are
closely monitored and controlled within the
limitations.

The corrosion behavior of zirconium can be
further examined from electrochemical mea-
surements. The anodic polarization curves of
zirconium in 4.9 to 72.5% sulfuric acid at near-
boiling temperature are shown in Fig. 14. As
indicated in Fig. 14, zirconium experiences a
passive-to-transpassive transition in sulfuric acid
with an increasing potential. Zirconium does not
have the active region in sulfuric acid as is the
case with common metals and alloys. The very
high transpassive (breakdown) potentials in
dilute sulfuric acid are also seen. This indicates
zirconium can tolerate large amounts of oxidiz-
ing agents, such as ferric, cupric, and nitrate ions,
in dilute sulfuric acid. For example, there is no
effect on zirconium in a steel pickling applica-
tion, even after a few percent of iron dissolves in
dilute sulfuric acid, provided that chlorides are
not present.

In 420% sulfuric acid, the breakdown
potential of zirconium decreases noticeably with
increasing concentration. There still is a visible
passive region for zirconium in 65% sulfuric
acid. This means zirconium can tolerate some
amounts of strong oxidizing agents in j65%
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sulfuric acid (Ref 50). In 465% sulfuric acid,
zirconium becomes sensitive to the presence of
oxidizing agents. Figure 15 illustrates the effect
of the presence of 200 ppm of various oxidizing
agents on zirconium in 465% sulfuric acid.

The acid concentration limit is very important
when zirconium is used to process sulfuric acid
in the marginal-concentration region (60% or
more). In less than 65% sulfuric acid, although
the vapor is almost entirely water, the con-
centration shows little change in a pressurized
system. However, acid concentration can change
significantly because, for example, of imperfect
sealing of a system. Acid concentration can
easily change in a vacuum system, because the
water vapor is continuously removed.

When the acid concentration limit is excee-
ded, zirconium may corrode rapidly. Under
certain conditions, a pyrophoric surface layer
may be formed on zirconium. The pyrophoric
surface layer on zirconium formed in 77.5%
sulfuric acid plus 200 ppm ferric ion at 80 �C
(175 �F) consisted of c-hydride, zirconium sul-
fate, and fine metallic particles. The combination
of c-hydride and metallic particles is suggested
to be responsible for the pyrophoricity (Ref 51).
Treating in hot steam can be used to eliminate
this tendency to spontaneously combust when
exposed to air.

As shown in Fig. 11(b) to 13, the resistance of
zirconium in 455% sulfuric acid is somewhat
degraded when welded. Zirconium weld metal
may corrode preferentially and can be attributed
to the morphology of the second-phase particles,
as previously discussed. Heat treatment at
775+15 �C (1425+27 �F) for 1 h per 25.4 mm
(1 in.) of thickness can be used to restore the
corrosion resistance of weld metal.

The presence of chlorides in sulfuric acid does
not degrade corrosion resistance unless oxidiz-
ing ions are also present. When heavy metal ions
and halide ions coexist in sulfuric acid, the

optimal acid concentration range for zirconium
is 60 to 65%. Sulfate ion possesses a mild inhi-
bitive effect on the pitting of zirconium in
chloride solutions. In j1% chloride solution,
a minimum [SO4

2�]/[Cl� ] ratio ofi42 is needed
for inhibition (Ref 20). The more sulfate ions in
the solution, the more oxidizing ions zirconium
can tolerate before pitting occurs. Figure 16 can
be used as a guide when chloride ions and oxi-
dizing ions coexist. Table 10 indicates that sul-
furic acid of approximately 60% concentration
would be the optimal range for Zr702 to face
the coexistence of chloride ions and oxidizing
ions.

Halides. Zirconium resists attack by most
halides, including halogen acids. Exceptions
include hydrofluoric (HF) acid and oxidizing
chloride solutions. It has been discussed that
surface condition greatly affects the corrosion of
zirconium in oxidizing chloride solutions. Zir-
conium has some corrosion resistance in certain
fluorides when the pH is high enough. For
example, a few parts per million fluoride ions in

city or groundwater have little effect on corro-
sion resistance. However, a few parts per million
hydrofluoric acid will noticeably increase the
general corrosion of zirconium.

Nevertheless, zirconium and its alloys have
very limited usefulness in fluoride-containing
solutions. The concern is general corrosion but
not pitting. Zirconium and its alloys exhibit low
corrosion rates in fluoride solutions only when
the temperature is low enough and the pH is high
enough. They are totally defenseless in HF-
containing solutions. Hydrofluoric acid exists
when the pH is less than 3.18. This does not mean
that all fluoride ions will be converted into
hydrofluoric acid when the pH is less than 3.18,
at least not immediately. The effect of pH on the
corrosion of zirconium in fluoride-containing
solutions is shown in Table 11 (Ref 52).

In recent years, it appears that the chance to
have some fluorides in the process stream has
increased. Fluorides may come from often
overlooked sources (Ref 21, 22) that include
recycled chemicals and PTFE. For example,
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Table 10 Inhibiting effect of SO4
2� on the corrosion of zirconium in boiling H2SO4 containing

FeCl3

Medium

Temperature Corrosion rate(a)

�C �F mm/yr mils/yr

40% H2SO4þ 2% FeCl3 115 240 5(b) 199(b)
50% H2SO4þ 2% FeCl3 124 255 2 80
55% H2SO4þ 2% FeCl3 131 270 2.1 83
60% H2SO4þ 2% FeCl3 141 285 0.66 26
70% H2SO4þ 2% FeCl3 166 330 0.84 33

(a) Calculated from four 1 day cycles. (b) Localized corrosion
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recycled sulfuric acid may contain more than
100 ppm fluoride ions (Ref 21). When zirconium
equipment faces fluoride-containing acids, inhi-
bitors that form strong fluoride complexes should
be added for protection (Ref 21). Effective
inhibitors include zirconium sponge, soluble
zirconium chemicals, and phosphorous pent-
oxide. Table 12 gives the results of the effects
of certain inhibitors on zirconium corrosion in
fluoride-containing solutions.

However, the presence of an acidic fluoride
solution is not always bad for zirconium. It
counteracts the effect of an oxidizing agent. That
is, it makes an oxidizing solution less oxidizing
or even reducing. Consequently, zirconium is
less vulnerable to pitting and SCC in fluoride-
containing acids (Ref 20).

Unlike titanium and tantalum, the corrosion
resistance of zirconium in halides increases in
the order of chloride, bromide, and iodide.
Unless the condition is oxidizing, zirconium is
very corrosion resistant in chloride solutions,
including strong hydrochloric acid. Oxidizing
conditions include the presence of oxidizing
agents, coupling with a noble material and
applied anodic potential.

Zirconium and its alloys are highly corrosion
resistant in up-to-saturated chloride solutions at
temperatures to 250 �C (480 �F). This resistance
changes little with changing temperature and pH
when the pH is greater than or equal to 1. Within

this range, the passive film on zirconium and its
alloys hardly dissolves.

Zirconium and its alloys are susceptible to
pitting in ferric-chloride-containing solutions.
However, ferric ion does not exist in chloride
solutions under all conditions. For ferric ions to
exist in solution, the pH must be less than 2.5.
The solution also must be free of reducing
agents. Ferric ions show harmful effects on zir-
conium only in very acidic solutions, such as
hydrochloric acid.

Without the presence of oxidizing agents,
zirconium is one of the most corrosion-resistant
metals to hydrochloric acid. As shown in Fig. 17,
zirconium is totally resistant to attack in all
concentrations of hydrochloric acid. Normally,
stainless alloys can be considered only for
handling very dilute and/or low-temperature
hydrochloric acid. Zirconium would outperform
stainless alloys in hydrochloric acid. Moreover,
zirconium is not as susceptible to hydrogen
embrittlement in hydrochloric acid as tantalum.

Although hydrochloric acid is reducing, the
anodic polarization curves of zirconium still do
not have an active region (Fig. 18). This corro-
sion property explains the resistance of zirco-
nium to crevice corrosion in chloride-containing
solutions.

However, Fig. 18 shows that zirconium may
suffer pitting and/or SCC when it is anodically
polarized to a potential at or exceeding the pit-

ting potentials. The same types of corrosion
problems can be developed in hydrochloric acid
when strong oxidizing agents are present. Fig-
ure 19 illustrates the detrimental effect of ferric
ions in 20% HCl at 100 �C (212 �F). The pre-
sence of ferric ions polarizes the zirconium sur-
face to a potential exceeding the pitting potential.
Thus, local breakdown of the passive surface at
preferred sites occurs, and a condition develops
that favors pitting and/or SCC.

Table 11 Corrosion of Zr702 in fluoride-containing solutions at 80 �C (175 �F) after four
1 day cycles

Solution

pH

Corrosion rate

CaCl2, % MgCl2, % F (as NaF), ppm F (as CaF2), ppm P2O5, ppm mm/yr mils/yr

0.2 0.1 200 100 . . . 1 8.79 346
0.2 0.1 200 100 . . . 3 0.17 6.7
0.2 0.1 200 100 1200 1 3.54 139
0.2 0.1 . . . 300 . . . 1 8.79 346
0.2 0.1 . . . 300 1200 1 0.39 15.4
2.0 1.0 200 2800 . . . 1 2.87 113
2.0 1.0 200 2800 . . . 3 0.01 0.4
2.0 1.0 200 2800 800 1 0.13 5.1
2.0 1.0 . . . 300 . . . 1 3.71 146
2.0 1.0 . . . 300 1200 1 0.01 0.4
6.6 3.3 200 9800 . . . 1 1.92 75.6
6.6 3.3 200 9800 . . . 3 0.01 0.4
6.6 3.3 200 9800 800 1 0.00 0.00
6.6 3.3 . . . 300 . . . 1 1.02 40.2
6.6 3.3 . . . 300 1200 1 0.02 0.8

Table 12 Effect of zirconium sponge or phosphorous pentoxide on the corrosion of Zr702
in fluoride-containing solutions

Medium Inhibitor

Temperature Corrosion rate

�C �F mm/yr mils/yr

7.2% AIF3þ 0.5% HF None 90 195 425 41000
16% Zr sponge 90 195 50.03 51

0.2% CaCl2þ 0.1% MgCl2þ None 80 175 9 350
620 ppm CaF2; pH 1 1200 ppm P2O5 80 175 0.4 15
2% CaCl2þ 1% MgCl2þ None 80 175 4 150
620 ppm CaF2; pH 1 1200 ppm P2O5 80 175 50.03 51
6.6% CaCl2þ 3.3% MgCl2þ None 80 175 1.0 40
620 ppm CaF2; pH 1 1200 ppm P2O5 80 175 50.03 51
90% HNO3þ 200 ppm HF None 25 75 425 41000

800 ppm Zr sponge 25 75 0.03 1
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Maintaining zirconium at a potential in its
passive region, which is arbitrarily set at 50 to
100 mV below the corrosion potential, can
counteract the detrimental effects resulting from
the presence of ferric ions.

Nitric Acid. Due to its passivating power,
nitric acid is not considered to be a difficult acid
for passive metals and alloys to handle. How-
ever, nitric acid becomes highly corrosive when
its temperature is high or when impurities, such
as heavy-metal ions, are present. The passivating
power favors the formation of oxide films but
may also cause the passive films to break down.

Zirconium is considerably more suitable than
most passive alloys for handling nitric acid,
particularly when the acid is hot, impure, and/or
variable in concentration. Under certain condi-
tions, zirconium is even more resistant than the
noble metals to the acid. Zirconium temperature
limit is somewhat higher than that of the noble
metals. Traces of chloride ion may lead to rapid
attack of noble metals but not of zirconium.

The excellent corrosion resistance of zirco-
nium in nitric acid has been recognized for more
than 30 years (Ref 53–55). Below the boiling
point and at 98% nitric acid, and up to 250 �C
(480 �F) and at 70% nitric acid, the corrosion
rate of zirconium is less than 0.13 mm/yr
(5 mils/yr) (Fig. 20).

Zirconium is normally susceptible to pitting in
acidic oxidizing chloride solutions. However,
nitrate ion is also an inhibitor for the pitting of
zirconium because of its passivating power. The
minimum [NO3

�]/[Cl�] molar ratio required to
inhibit pitting of zirconium is between 1 (Ref 31,
54, 55) and 5 (Ref 56). Results of tests indicate
that zirconium resistance is not degraded in up to
70% nitric acid with dissolved 1% ferric chlor-
ide, 1% sodium chloride, 1% seawater, 1% ferric
ion, or 1% stainless steel at 204 �C (400 �F) (Ref
57). Still, the presence of an appreciable amount
of HCl should be avoided, because zirconium is
not resistant to aqua regia.

In the production of nitric acid, ammonia is
oxidized with air over platinum catalysts. The
resulting nitric oxide is further oxidized into

nitrogen dioxide, then absorbed in water to form
nitric acid. Acid of up to 70% concentration is
produced at temperatures up to 204 �C (400 �F)
by the process. Zirconium is one of very few
materials that is suitable for this process when
the temperature is near the high end.

The polarization curves of zirconium in nitric
acid are shown in Fig. 21. Again, zirconium has
the passive-to-transpassive transition similar to
that which occurs in sulfuric acid. However,
corrosion potentials are noble because of the
oxidizing nature of nitric acid. As indicated in
the aforementioned test results, common oxi-
dizing agents, such as ferric ions, do not affect
the corrosion resistance of zirconium in nitric
acid. The polarization curves do suggest that
zirconium may be susceptible to SCC in con-
centrated nitric acid. This is shown by the low
passive-to-transpassive potential. This is con-
sistent with the observation of SCC in U-bend
specimens in greater than 70% nitric acid (Ref
58). The slow strain-rate technique reveals zir-
conium susceptibility to SCC in less than 70%
nitric acid (Ref 59). Results of C-ring tests
indicate that zirconium specimens will have a
long life when they are stressed below the yield
point (Ref 58). Stress-corrosion cracking of zir-
conium can be controlled by avoiding high,
sustained tensile stresses (Ref 60).

Additional concerns include the accumulation
of chlorine gas in the vapor phase and the pre-
sence of fluorides. Chlorine gas may be gener-
ated by the oxidation of chlorides by nitric acid.
Areas that can trap chlorine gas should be avoi-
ded for zirconium equipment when chlorides are
present in nitric acid. The corrosion of fluoride-
containing nitric acid solutions can be controlled
by adding an inhibitor, such as zirconium sponge
or zirconium nitrate, to convert fluoride ions into
noncorrosive complex ions.

Phosphoric acid is less corrosive than other
mineral acids. Many materials demonstrate use-
ful resistance in phosphoric acid, at least at low
temperatures. Corrosion rates often increase with
temperature and impurities in the acid. Areas
such as the liquid-level line or the condensing

zone are particularly vulnerable to corrosive
attack.

Figure 22 shows that zirconium resists attack
in phosphoric acid at concentrations up to 55%
and temperatures exceeding the boiling point.
Above 55% phosphoric acid, the corrosion rate
of zirconium increases with temperature. The
most interesting area for zirconium would be
dilute acid at elevated temperatures.

Figure 23 gives the anodic polarization curves
of zirconium in phosphoric acid at the near-
boiling temperatures. As concentration increa-
ses, the passive range diminishes gradually, and
the passive current increases progressively. It
appears that zirconium passivates more slowly in
phosphoric acid than in other mineral acids.

If phosphoric acid contains more than a trace
of fluoride ions, attack on zirconium may occur.
Because fluoride compounds are often present in
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phosphoric acid, the acid specification is
important when zirconium equipment is
involved. For example, food grades contain little
fluoride ion, while technical grades may contain
tens to thousands parts per million fluoride ions.

Other Inorganic Acids. Zirconium resists
chromic acid up to 30% at temperatures to
100 �C (212 �F) (Ref 61). It is not suitable for
handling certain chrome-plating solutions that
contain fluoride catalysts.

Zirconium is also resistant to certain mixed
acids that include sulfuric-nitric, sulfuric-
hydrochloric and phosphoric-nitric mixtures.
The sulfuric acid concentration must be below
70% (Ref 54, 55, 62, 63).

Zirconium is aggressively attacked in 1 to 3
volume mixtures of nitric and hydrochloric acids
(aqua regia). In the volume mixture, zirconium is
attacked more slowly than in the aqua regia (Ref
54, 55). In mixtures greater than the 3 to 1 ratio,
zirconium becomes resistant. Data for some
mixed-acid systems are given in Table 13.

Hydrogen peroxide is a unique and impor-
tant covalent peroxide. Many of its physical
properties resemble those of water, but it differs
chemically. It is not as stable as water. It
decomposes into water and oxygen upon heating
or in the presence of numerous catalysts, parti-
cularly salts of such metals as iron, copper,
manganese, nickel, or chromium. Explosion may
occur, resulting from catalytic decomposition.
Often, small amounts of stabilizers, for example,
tin salts and phosphates, are needed to suppress
peroxide decomposition.

Hydrogen peroxide can be corrosive even to
highly corrosion-resistant metals and alloys,
such as titanium. In fact, titanium is one of the
worst materials for handling hydrogen peroxide
solutions. One reason is that hydrogen peroxide
has the capability of forming peroxide complex
compounds by attacking metals and alloys.

These compounds may be soluble and are not as
protective as oxide films.

As indicated in Table 6, hydrogen peroxide
possesses a high oxidizing power. Its oxidizing
power is higher than those of other well-known
oxidizing agents, such as ferric ion and chlorine.
Unlike ferric ion, hydrogen peroxide retains its
oxidizing power in either acidic or basic solu-
tions.

Zirconium is regarded as one of the best
materials for hydrogen peroxide service (Ref 64,
65). Its corrosion resistance in this medium is
excellent. It does not produce active ions to
catalytically decompose hydrogen peroxide. It
has few problems for use in the production of
hydrogen peroxide, because it is essential to keep
impurities out of process streams.

Nevertheless, zirconium is susceptible to pit-
ting in oxidizing chloride solutions, and hydro-
gen peroxide is an oxidizer. Zirconium may pit in
hydrogen peroxide solutions even when drops of
hydrochloric acid are added for acidification
(Ref 66). It should be noted that zirconium is
fully compatible with other acidic peroxide
solutions when acids such as sulfuric acid are
added.

Surface conditions have a great influence on
pitting. Good surface finish can effectively sup-
press the pitting of zirconium in ferric chloride
and chlorine solutions. This is expected to be the
case for the pitting of zirconium in chloride-
containing peroxide solutions.

Alkaline Solutions. Zirconium resists attack
in most alkalis, which include sodium hydroxide,
potassium hydroxide, calcium hydroxide, and
ammonium hydroxide (Ref 61, 67, 68). This
makes zirconium distinctly different from some
other high-performance materials, such as tita-
nium, tantalum, glass, graphite, and PTFE,
which are attacked by strong alkaline solutions.
Moreover, steel and stainless steel, which may

have low corrosion rates in alkaline solutions, are
subject to SCC at certain concentrations and
temperatures.

U-bends of Zr702 were tested in boiling 50%
sodium hydroxide. During the test period, the
concentration changed from 50 to approximately
85%, and temperature increased from 150 to
300 �C (300 to 570 �F). The PTFE washers and
tubes used to make the U-bends dissolved.
However, the zirconium U-bends remained
ductile and did not show any cracks after 20 days.

Coupons of Zr702 were tested in a white
liquor, paper-pulping solution, which contains
sodium hydroxide and sodium sulfide, at 125,
175, and 225 �C (255, 345, and 435 �F). All
coupons had corrosion rates of less than
0.025 mm/yr (1.0 mil/yr). In the same solution,
graphite and glass both corroded at 100 �C
(212 �F). Zr702 also exhibited resistance to SCC
in simulated white liquor (Ref 69).

Salt Solutions. Zirconium resists most salt
solutions, which include halogen, nitrate, car-
bonate, and sulfate (Ref 62, 63). Corrosion rates
are typically very low at temperatures at least up
to the boiling point. Solutions of strong oxidizing
chloride salts, such as ferric and cupric chlorides,
are examples of the few exceptions. In strong
oxidizing chloride solutions, zirconium perfor-
mance depends on surface conditions. Zirconium
is quite pitting resistant when it has a good sur-
face finish, such as the pickled surface.

Zirconium is considerably more resistant to
chloride SCC than are stainless steels (Ref 34).
For example, U-bends of Zr702 do not fail in
boiling 42% magnesium chloride. Another
attractive property of zirconium is its high
resistance to crevice corrosion. Zirconium is not
subject to crevice corrosion even in acidic
chloride solutions at elevated temperatures. No
attack was observed on zirconium in a salt spray
environment (Ref 70).

Urea. In 1828, urea became the first organic
compound synthesized from an inorganic mate-
rial (ammonium cyanate). This changed the
concept that organic compounds must be asso-
ciated with living organisms. Today, urea is
produced commercially in vast amounts from
ammonia and carbon dioxide. These two mate-
rials are combined to form ammonium carba-
mate, followed by the dehydration of the
ammonium carbamate. In order to have a high
conversion rate, reactions have to take place at
elevated temperatures and pressures. The reac-
tants, particularly the carbamate solution, are too
corrosive for stainless alloys unless oxygen is
injected carefully for passivation.

One of the earliest applications of zirconium
was in the production of urea. Certain zirconium
vessels and heat exchangers have been in service
for more than 30 years and show no signs of
corrosion. Zirconium has been recognized as the
most corrosion-resistant metal for urea-synthesis
service (Ref 71, 72). Stainless alloys corrode in
urea-synthesis conditions at rates exceeding
2 mm/yr (79 mils/yr) (Ref 71). Even silver has a
high corrosion rate at 0.76 mm/yr (30 mils/yr).
Although titanium does not corrode much, it

Table 13 Corrosion of zirconium in certain mixed acids

Temperature, �C

Corrosion rate

Test solution, wt% mm/yr mils/yr

1% H2SO4 99% HNO3 RT, 100 0.0015 0.06
10% H2SO4 90% HNO3 RT, 100 WG(a) WG(a)
14% H2SO4 14% HNO3 Boiling 0.0025 0.1
25% H2SO4 75% HNO3 100 3.8 150
50% H2SO4 50% HNO3 RT 0.016 0.63
68% H2SO4 5% HNO3 Boiling 50.8 2000
68% H2SO4 1% HNO3 Boiling 0.28 11
75% H2SO4 25% HNO3 RT 6.6 260
88% H3PO4 0.5% HNO3 RT 0.0 0.0
88% H3PO4 5% HNO3 RT WG(a) WG(a)
Aqua regia . . . RT Dissolved Dissolved
20% HCl 20% HNO3 RT Dissolved Dissolved
10% HCl 10% HNO3 RT Dissolved Dissolved
7.5% H2SO4 19% HCl Boiling 0.013 0.5
34% H2SO4 17% HCl Boiling 0.008 0.3
40% H2SO4 14% HCl Boiling 0.005 0.2
56% H2SO4 10% HCl Boiling 0.05 2.0
60% H2SO4 1.5% HCl Boiling 0.025 1.0
69% H2SO4 1.5% HCl Boiling 0.13 5.0
69% H2SO4 4% HCl Boiling 0.38 15.0
72% H2SO4 1.5% HCl Boiling 0.51 20.0

(a) WG, weight gain
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exhibits several problems, such as erosion (Ref
72) and hydrogen embrittlement (Ref 73).

The high corrosion rates of stainless steels can
be reduced, provided oxygen is present for pas-
sivation, so oxygen injection has become popular
as the corrosion-control measure in urea plants.

In recent years, zirconium has become popular
again. The driving force for renewed interest in
zirconium is the concern about heavy metals in
fertilizers. To protect the environment, allow-
ables for the presence of heavy-metal salts in
fertilizers are being tightened. Stainless steel
equipment still corrodes with the oxygen injec-
tion, so the corrosion resistance and nontoxicity
of zirconium is attractive.

Acetic Acid. The importance of acetic acid in
the organic chemistry industry is comparable to
that of sulfuric acid in the inorganic chemistry
industry. Acetic acid is extensively used in a
variety of organic syntheses. Millions of tons of
the acid are produced annually, and production
capacity is on the rise to meet the increasing
demand. In order to ensure a high-quality pro-
duct and to minimize downtime and the cost of
equipment replacement, materials selection for
acetic acid service must be thorough.

Acetic acid can effectively acidify aqueous
solutions, increasing their corrosivity. It is not
highly corrosive at low temperatures. Many
materials, including wood, rubber, aluminum,
copper, stainless steels, and titanium, have been
used in acetic acid service with different degrees
of success. Corrosion problems arise due to
variations in acid concentration, temperature,
solution impurities or catalysts, and heat transfer
(Ref 74).

For over 40 years, zirconium has been recog-
nized as one of the most versatile materials for
acetic acid service (Ref 74–77). Zirconium has
nil corrosion rates (50.025 mm/yr, or 1.0 mil/
yr) in most acetic acid media to at least 260 �C
(500 �F). In fact, acetate ions have a mildly
inhibitive effect on the localized corrosion of
zirconium in halide solutions. Conditions that
lead to corrosion are few. They include very dry
acid (5650 ppm water) and the presence of
copper ions in the acid (Ref 78).

Zirconium has become an important material
for the production of acetic acid through the
reaction of methanol and carbon monoxide. This
technology has been studied for more than 40
years but was not commercialized until the
1970s, when the corrosion problems of structural
materials were managed. This reaction must
proceed at high temperature (150 �C, or 300 �F,
or greater) and high pressure (3.3 to 6.6 MPa, or
0.48 to 0.96 ksi) in the presence of a halide as the
catalyst. The crude acid produced is first sepa-
rated from the catalyst and then dehydrated and
purified in an azeotropic distillation column. The
final product is highly pure acetic acid, allowing
it to be used in food and pharmaceutical appli-
cations. Factors inducing corrosion problems on
stainless alloys include:

� An intermediate acid concentration
� An elevated temperature

� The presence of highly corrosive methanol
and iodides

Process equipment materials were evaluated
(Ref 75, 76), and zirconium was identified as the
most corrosion resistant. Zr702 and Zr705 are
often used to construct process equipment, such
as reactors, columns, heat exchangers, pumps,
valves, piping systems, trays, and packings.
Modern acetic acid plants can use more than 91
metric tons (100 tons) of zirconium per plant.

Nevertheless, in certain tests, zirconium
exhibited pitting and high corrosion rates in
mixtures of acetic acid and acetic anhydride
when copper ions were present. Copper ions
seem to play a catalytic role in the corrosion
process. It is undesirable for zirconium equip-
ment to be exposed to acetic acid contaminated
with copper ions. Copper ions may come from
corrosion of upstream equipment made of cop-
per-containing alloys. They may also be added as
catalysts in certain processes.

Formic Acid. The dielectric constant of for-
mic acid is much higher than that of acetic acid,
that is, 56.1 versus 6.2 at 25 �C (75 �F). Formic
acid is more easily ionized than acetic acid.
Therefore, formic acid is expected to be much
more corrosive than acetic acid.

Indeed, formic acid attacks many common
metals and alloys. Steel is attacked rapidly by
this acid at all concentrations, even at ambient
temperatures. Aluminum, copper, and their
alloys show fair resistance to the acid only at
ambient temperatures. If the acid is free of oxy-
gen and other oxidants, the corrosion resistance
of copper improves toward higher temperatures.
Stainless alloys have some serious limitations.
Type 304 stainless steel resists only 1 to 2%
formic acid at boiling. Type 316 stainless steel is
attacked by hot formic acid in the intermediate
concentrations. Nickel-base alloys may corrode
at high rates in the acid with the presence of
certain impurities, such as halides, and under
heat-transfer conditions. Titanium and its alloys
are useful in formic acid service under certain
conditions. They are not consistent, due to fac-
tors such as aeration and water content. Com-
pared to the mentioned alloys, zirconium is
versatile and corrosion resistant in most formic
acid solutions (Ref 79).

Zirconium has played a key role in the com-
mercialization of the Leonard/Kemira process
(Ref 80, 81). In this process, CO gas contacts
methanol in the presence of a catalyst to form
methyl formate in a reactor. The methyl formate
is hydrolyzed in the presence of a catalyst to
yield formic acid and methanol, which are
separated by distillation. The methanol is recy-
cled to the first stage of the process. Factors such
as elevated temperatures and pressures and the
presence of water and catalyst make common
materials, including glass lining, resin and plas-
tic coatings, and stainless alloys, inadequate as
structural materials for this process. Zirconium
proves to be the most economical structural
material for use in the main equipment for this
process.

Other Organic Environments. Acetic and
formic acids are among the most corrosive
organic acids. As expected, zirconium has
excellent corrosion resistance in most organic
environments. Exceptions are certain halide-
containing organic solutions (e.g., impure
methanol) and organic halides (e.g., dichlor-
oacetic and trichloroacetic acids).

Zirconium has been extensively tested in
organic-cooled reactors where the coolant con-
sists of mixtures of high-boiling aromatic
hydrocarbons, for example, terphenyls (Ref 82).
These coolants are noncorrosive to zirconium.
However, early experiments in the organic
coolants indicated that hydriding was a major
concern. It was found that chlorine impurity in
the coolants was the reason for hydriding.
Elimination of the chlorine and maintenance of a
good surface oxide film by ensuring the presence
of some water (450 ppm) alleviate the hydrid-
ing problem.

Indeed, the combination of a lack of water
and the presence of halogens or halides is the
common reason for zirconium to corrode in
organic environments. For example, the addition
of some water suppresses zirconium suscept-
ibility to SCC in alcohol solutions with halides
(Ref 83–85).

On one hand, zirconium shows excellent cor-
rosion resistance in many chlorinated carbon
compounds, such as carbon tetrachloride and
dichlorobenzene, at temperatures up to 200 �C
(390 �F). On the other hand, zirconium is poor in
certain chlorinated organic chemicals, such as
acetyl halides, even at ambient temperatures.

It is well known that certain organic halides
are very corrosive to metals in the absence of
water and oxygen. Metals can directly incorpo-
rate into these compounds to form intermetallic
compounds. The reactions were investigated
extensively by Grignard during the early 1900s.
Today, organometallic halides are termed
Grignard reagents. Unsaturated organic com-
pounds and alkyl, aryl, and vinyl halides are
commonly used to react with metals in the pre-
paration of organometallic compounds. They are
potentially corrosive to metals, including zirco-
nium.

From the corrosion point of view, organic
halides can be classified into three groups, that
is, watersoluble, water insoluble, and water
incompatible:

� Water-soluble halides, such as aniline
hydrochloride, chloroacetic acid, and tetra-
chloroethane, are not corrosive to zirconium.
More active halides, such as dichloroacetic
and trichloroacetic acids, are corrosive to
zirconium. Corrosion rates of zirconium in
these two acids at boiling are greater than 500
and 1250 mm/yr (20 and 50 mils/yr), respec-
tively. Water addition and stress relieving
could be effective in controlling the corrosion
of zirconium in water-soluble halides.

� Water-insoluble halides, such as tri-
chloroethylene and dichlorobenzene, are not
corrosive to zirconium, likely because of their
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stability. They do not dissolve in nor exclude
water. They and water can be physically
mixed together.

� Water-incompatible halides, such as acetyl
chloride, may be highly corrosive to zirco-
nium. They are not just unstable but also react
violently with water. There is no chance for
water to be present in these types of halides,
which are the most undesirable organic com-
pounds for zirconium to handle.

Gases. Zirconium forms a visible oxide film
in air at approximately 200 �C (390 �F). The
oxidation rate becomes high enough to produce a
loose, white scale on zirconium at temperatures
above 540 �C (1000 �F). At temperatures above
700 �C (1290 �F), zirconium can absorb oxygen
and become embrittled after prolonged exposure.

Zirconium reacts more slowly with nitrogen
than with oxygen, because it has a higher affinity
for oxygen than for nitrogen. Also, a layer of
oxide film normally protects zirconium from
reacting with nitrogen. However, once nitrogen
penetrates through the oxide layer, it diffuses
into the metal faster than oxygen because of its
smaller size. Clean zirconium starts the nitriding
reaction in ultrapure nitrogen at approximately
900 �C (1650 �F). Temperatures of 1300 �C
(2370 �F) are needed to fully nitride zirconium.
The nitriding rate can be enhanced by the pre-
sence of oxygen in the nitrogen or on the metal
surface.

The oxide film on zirconium provides an
effective barrier to hydrogen absorption up to
760 �C (1400 �F), provided that small amounts
of oxygen are also present in hydrogen for
healing damaged spots in the oxide film. In an
all-hydrogen atmosphere, hydrogen absorption
will begin at a much lower temperature (310 �C,
or 590 �F). Zirconium will ultimately become
embrittled by forming zirconium hydrides.
Hydrogen can be removed from zirconium by
prolonged vacuum annealing at temperatures
above 760 �C (1400 �F).

The corrosion and oxidation of zirconium and
its alloys in steam are of special interest to
nuclear power applications. The alloys can be
exposed for prolonged period without pro-
nounced attack at temperatures up to 425 �C
(795 �F). In the 360 �C (680 �F) steam, up to

350 ppm chloride and iodide ions, 100 ppm
fluoride ions, and 10,000 ppm sulfate ions are
acceptable for zirconium in general applications
but not in nuclear power applications.

Zirconium is stable in ammonia up to
approximately 1000 �C (1830 �F), in most gases
(carbon monoxide, carbon dioxide, and sulfur
dioxide) up to approximately 300 to 400 �C (570
to 750 �F), and in dry halogens up to approxi-
mately 200 �C (390 �F). At elevated tempera-
tures, zirconium forms volatile halides. The
corrosion resistance of zirconium in wet chlorine
depends on surface condition. Zirconium is
susceptible to pitting in wet chlorine unless it has
been properly cleaned.

Molten Salts and Metals. Zirconium resists
attack in some molten salts. It is very resistant to
corrosion by molten sodium hydroxide to tem-
peratures above 1000 �C (1830 �F) and is also
fairly resistant to potassium hydroxide. The
oxidation properties of zirconium in nitrate salts
are similar to those in air.

Zirconium resists some types of molten
metals, but the corrosion resistance is affected by
trace impurities such as oxygen, hydrogen, or
nitrogen. It has a corrosion rate less than 25 mm/
yr (1.0 mil/yr) in liquid lead to 600 �C
(1110 �F), lithium to 800 �C (1470 �F), mercury
to 100 �C (212 �F), and sodium to 600 �C
(1110 �F). The molten metals known to attack
zirconium include aluminum, zinc, bismuth, and
magnesium. Table 14 gives zirconium corrosion
resistance in several molten metal systems
(Ref 86).

Effects of Fabrication on Corrosion

The corrosion performance of materials will
largely depend on fabrication practices. Corro-
sion failures of zirconium equipment exposed to
certain environments can often be prevented by
using alternate methods of design, fabrication
(including welding), or by specific heat treatment
processes and techniques. Final surface treat-
ment methods can also be applied to modify a
surface finish or remove impurities from a sur-
face for improved corrosion resistance.

During standard fabrication processes, the
surface of the material can be embedded with
particles that may affect the corrosion resistance
of the zirconium. This may occur when the
material is conditioned using an abrasive grind-
ing stone, shot- or gritblasted, or polished. In
addition, embedding of particles could occur
when materials are improperly transported or
formed or when tubes are rolled into a tubesheet.
This is especially a problem if the zirconium
equipment is to be placed in halogen acids.

Because zirconium is a relatively soft metal,
abrasive grinding stones may embed aluminum
oxide or silicon carbide particles in the material
surface, causing preferred sites for corrosion.
Abrasive grinding operations performed on zir-
conium should be followed by conditioning with
a clean stainless steel brush, clean draw file, or
rotary carbide burr to remove any abrasive par-
ticles embedded on the surface. If the final part is
blasted for a cosmetic appearance, steel shotblast
should not be used, because the shot will embed
into the material surface, causing potential
localized corrosion failures, especially if used in
an acidic chloride environment. If steel shot is
used, it must be followed by acid pickling or
chemical cleaning to remove embedded iron
particles.

If other alloys are fabricated near the zirco-
nium vessel, potential sources for embedded
particles include grinding and weld spatter of
foreign material. For this reason, it is recom-
mended that the zirconium equipment not be
welded and fabricated in an area where other
materials are being ground, welded, or torch cut.
If a zirconium vessel is fabricated in a bay where
other materials are being fabricated, then the area
should be surrounded by protective barriers and
kept clean. Any weld spatter should be removed
by stainless steel brushing, grit or glass bead
blasting, or light grinding.

It is recommended that hydrostatic expansion
be performed when zirconium tubes are expan-
ded into a tubesheet and prior to welding. This
minimizes the potential for embedded particles
on the inside diameter of the tube surface, caused
during roller expansion as a result of improperly
cleaned roller expansion tooling. Corrosion
failures in halogen acid environments have been
identified where roller expansion of tubes was
used. Embedded particles may cause localized
pitting attack of the tubes and eventual penetra-
tion of the tube wall. For halogen acid applica-
tions, all final equipment surfaces exposed to the
corrosive environment should be free of iron
contamination.

Any tooling used for the fabrication of zirco-
nium should be thoroughly cleaned to remove
any contamination left by previous materials.
Tooling used for welding or conditioning such as
grinding stones, wire brushes, and draw files,
should be dedicated for zirconium only. Color
coding of the ancillary tooling is recommended
to minimize the potential for cross contamina-
tion.

Forming and Handling Defects. When zir-
conium is handled or moved using a forklift and/

Table 14 Corrosion of zirconium in some liquid metals

Liquid metal

Melting temperature Temperature, �C (�F)

�C �F 300 (570) 600 (1110) 800 (1470)

Bi 271.3 520.3 Unknown Poor Poor
Bi-ln-Sn 60 140 Unknown Poor Unknown
Bi-Pb 125 257 Good Limited Unknown
Bi-Pb-In 70 158 Unknown Poor Unknown
Bi-Pb-Sn 97 207 Good Limited Unknown
Ga 298 568 Limited Poor Poor
Hg �38.4 �37.1 Poor Poor Unknown
Li 180.5 356.9 Good Limited Limited
Mg 650 1202 . . . Poor(a) Unknown
Na, K, or NaK 12.3–97.9 54.1–208.2 Good Good Unknown
Pb 327.4 621.3 Good(a) Limited Limited
Sn 231.9 449.4 Good Unknown Unknown

(a) At its melting point
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or lifting straps, protective coverings should be
used to prevent the steel from being smeared into
the zirconium metal surface. Forklift blades and
steel straps will also cause scratches, scrapes,
and surface defects that could be detrimental
when it is exposed to subsequent forming
operations and to certain corrosive environ-
ments. To minimize pickup of steel and other
metal particles, it is recommended whenever
possible to cover the forming dies with a pro-
tective covering, such as leather, rubber, or some
other type of noncontaminating material. This
will also minimize the potential for surface
damage caused by the steel tooling.

Welding. Generally, zirconium welds exhi-
bit similar corrosion resistance to nonwelded
areas, except when used at the higher con-
centrations of sulfuric acid. Improper welding
processes, however, can affect the mechanical
and corrosion properties of zirconium. Inter-
stitial element pickup, such as hydrogen, nitro-
gen, oxygen, and carbon in welds, will generally
not increase the corrosion rate of zirconium.
These interstitials may, however, reduce the
ductility of the metal and cause premature
mechanical failures. Nitrogen contamination
caused by plasma cutting with nitrogen gas may
increase the corrosion rate of zirconium in nitric
acid environments. If any type of cutting opera-
tion is performed (oxyacetylene, plasma, or
laser), the heat-affected zone should be removed
by grinding or machining prior to welding.
Waterjet cutting should be used for the cutting of
zirconium, where possible, to avoid the potential
for contamination caused by the heat input. The
waterjet cut should also be conditioned, because
this process uses an abrasive (such as garnet) that
will embed into the zirconium surface.

Heat Treatment. Improper heat treatment
can result in damage to zirconium in a way that
could be deleterious to corrosion resistance.
Zirconium can be damaged during heat treatment
if the material is placed in a non-oxidizing
(reducing) atmosphere. A reducing (excess
hydrogen) atmosphere will cause the zirconium
to absorb hydrogen and may affect the corrosion
resistance. Before heat treatment, the zirconium
vessel must be thoroughly cleaned of any surface
impurities to prevent contamination during ele-
vated-temperature annealing.

When zirconium is cold formed and then
heated into the full annealing temperature range
of 649 to 788 �C (1200 to 1450 �F), critical grain
growth may occur. The grain structure will
enlarge in the areas where 2 to 10% strain energy
or cold work has been placed. Cold work of this
degree can occur in some cases where plate has
been brake press formed into pipe or elbows. On
many occasions, formed pipe is stress relieved at
550 �C (1020 �F) for 0.5 h per 2.54 cm (1 in.) of
thickness to relieve the stresses caused by
forming and welding. The recrystallized large
grains are surrounded by fine grains (unworked
areas). These areas can be either on the outer
metal surface that was in tension or on the inner
surface that was in compression and will have
large grains with large grain boundaries. These

areas may be more susceptible to intergranular
attack in higher concentrations of sulfuric acid.

Chemical Cleaning. If zirconium equipment
is to be used in halogen acids, it is recommended
that it be cleaned by chemical cleaning to remove
any embedded iron during fabrication. This
process should be done by a chemical cleaning
company experienced in the cleaning of a reac-
tive metal. Smooth and clean surfaces will have
the optimal corrosion resistance, where rough
surfaces are more likely to have surface imper-
fections that could initiate premature corrosion
attack, especially in the more severe environ-
ments. Before any equipment is placed in any
corrosive media, it should be cleaned thoroughly
to remove oils, grease, paint, and other surface
debris.

Protection Measures

Zirconium oxide, which forms on the surface
of zirconium, is among the most insoluble
compounds in a broad range of corrosives. This
film, although very thin, provides excellent
protection for zirconium from corrosion in most
media. When the film is mechanically damaged,
it will regenerate itself. For corrosion resistance,
there is no need to thicken the film before zir-
conium equipment is placed in a corrosive
medium.

Enhanced Oxide Films. It is desirable to
preoxidize zirconium for meeting heavy
mechanical duties. Properly oxidized zirconium
has a much-improved performance against slid-
ing forces, although it can be damaged by strik-
ing action. Oxidized zirconium pump shafts are
an example of common applications. Bolts and
nuts are often oxidized for the purpose of pre-
venting galling.

Several methods for forming thick layers of
oxide films are available. They include anodiz-
ing, autoclaving in hot water or steam, oxidation
in air or oxygen, and formation in molten salts.

Anodizing forms a very thin film (50.5 mm,
or 0.02 mil). The surface of zirconium with
anodized films appears in different colors,
varying through the entire spectrum. The thick-
ness of the film is in the range of the wavelengths
of visible light. Consequently, because of inter-
ference of this light, only certain wavelengths are
selectively reflected through the film from the
zirconium metal underneath. Because the selec-
ted wavelengths depend on the thickness of the
film, the change in color observed with increas-
ing voltage indicates that the film is growing in
thickness. Nevertheless, the film is formed at
ambient temperatures. It does not have the
adhesion to the underlying metal of thermally
produced films. Anodized films look beautiful
but have very limited capability to protect the
metal from mechanical damage.

Autoclaving in hot water or steam is a com-
mon practice for determining corrosion resis-
tance in the nuclear industry. In this method, the
uniform film of high integrity is formed in
pressurized (19 MPa, or 2.8 ksi) deionized water

at 360 �C (680 �F) for 14 days or in high-purity
steam (10 MPa, or 1.5 ksi) at 400 �C (750 �F)
for 1 to 3 days. In addition to improving corro-
sion resistance, the rate of hydrogen absorption is
greatly reduced. Oxidation in air or oxygen is the
most common method used in the chemical
processing industry. In fact, a thick layer of film
is formed during the final stress relief of a com-
ponent in air at 550 �C (1020 �F) for 0.5 to 4 h.
This film ranges from a straw yellow through an
iridescent blue or purple to a powdery tan or light
gray. This treatment does not result in significant
penetration of oxygen into the metal, but it does
form an oxide layer that is diffusion bonded to
the base metal.

Oxidation in air or oxygen under well-con-
trolled conditions can produce high-quality films
on zirconium. The formed films serve as an
excellent bearing surface against a variety of
materials. For example, a layer of black film
forms on a cleaned zirconium component in air at
550 �C (1020 �F) for 4 to 6 h (Ref 87) or in a
fluidized bed using oxygen during the oxide
formation period but using an inert gas during the
heating and cooling periods (Ref 88). The
resultant oxide layer is approximately 5 and
20 mm, respectively. It is equivalent to sapphire
in hardness and is diffusion bonded to the base
metal. The oxide layer can be damaged by a
striking force, but it serves as an excellent sur-
face for sliding contact.

Film formation in molten salts would be useful
for small components. In this process, a zirco-
nium subject is treated in fused sodium cyanide
containing 1 to 3% sodium carbonate or in a
eutectic mixture of sodium and potassium
chlorides with 5% sodium carbonate (Ref 89).
Treatment is carried out at a temperature ranging
from 600 to 800 �C (1110 to 1470 �F) for up to
50 h. The thickness of oxide film formed by this
method is 20 to 30 mm (0.8 to 1.2 mil). This film
greatly improves resistance to abrasion and gal-
ling over thick oxide films grown by many other
methods.

Surface Conditioning. Figure 9 shows the
effect of surface condition on the rest potential
of zirconium in 10% HCl plus 500 ppm Fe3þ at
30 �C. (85 �F). Air annealing yields rest poten-
tials nobler than the pitting potential, Ecrit, due to
the formed thick oxide during annealing. This
does not mean that pitting will occur if the film
quality is good. This does put thick oxide-coated
materials in a position vulnerable to pitting,
particularly when there is an anodically applied
potential. Surfaces abraded with either 600-grit
SiC or Al2O3 cloth reach the pitting potential
quickly and have short pit initiation times. This
can be attributed to the presence of embedded
particles resulting from rough polishing. Pickled
and finely polished surfaces have rest potentials
below the pitting potential. They are very resis-
tant to pitting even in oxidizing chloride solu-
tions. This can be attributed to surface
homogeneity that favors general corrosion but
not localized corrosion. Results of immersion
tests indicate that pickled zirconium performs
well in boiling 10% FeCl3 and in ClO2 (Ref 20,
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30). It is well known that zirconium with a nor-
mal surface finish is unsuitable for handling
these solutions.

Electrochemical Protection. Zirconium
exhibits a passive-to-transpassive transition with
increasing potential in all mineral acids except
hydrofluoric acid (Ref 90). The commonly
observed active node, as shown in Fig. 6 for
many metal-acid systems, is not observed for
zirconium.

Consequently, zirconium performs well in
most reducing media. This can be attributed to
the ability of zirconium to take oxygen from
water to form a stable passive film. Most passive
metals and alloys would need some oxidizing
power, such as the presence of oxygen, for them
to form passive films. In fact, zirconium is one of
the best metals for handling reducing media. On
the other hand, zirconium may experience cor-
rosion problems, such as pitting and SCC, under
oxidizing conditions. These problems can be
controlled by converting the oxidizing condition
to a more reducing condition by various means.

Electronically, by impressing a potential that
is arbitrarily 50 to 100 mV below its corrosion
potential, zirconium becomes corrosion resistant
in oxidizing chloride solutions (Ref 91, 92).
Tables 15 and 16 demonstrate the benefits of
electrochemical protection in controlling pitting
and SCC. Table 15 shows that the general cor-
rosion rates of unprotected zirconium in oxidiz-
ing chloride solutions may be low. However, the
penetration rates are much higher than the
general corrosion rate. Electrochemical protec-
tion eliminates this local attack. As indicated
in Table 16, unprotected U-bends of welded
zirconium cracked in all but one case shortly
after exposure. Protected U-bends resisted
cracking for the 32 day test interval in all but one
acid concentration. Thus, electrochemical pro-
tection offers an improvement to the corrosion
properties of zirconium in oxidizing chloride
solutions.

This technique is also applicable to control the
SCC of zirconium in concentrated nitric acid
(Ref 60). Because of the strong oxidizing power
of the acid, zirconium exhibits a noble corrosion
potential. Also, there is a large difference
between the corrosion potential and the critical
potential to cause SCC. It is desirable to control
the potential of zirconium a few hundred milli-
volts below the corrosion potential or at
740 mVSHE.

Other Measures. Ferric and cupric ions are
the common oxidizing agents experienced in the
chemical processing industry. Cupric ion is more
detrimental than ferric ion in promoting the
general corrosion and pitting of zirconium in
acidic chloride solutions. Tables 17 and 18
demonstrate the effect of pH, welding, and heat
treatment on the corrosion of zirconium in
cupric-ion-containing solutions. The corrosion
problems of zirconium in these solutions can be
controlled by adjusting the pH to 6 or higher
(Table 17) or by high-temperature heat treatment
(Table 18). In ferric-ion-containing solutions, it
is sufficient to adjust the pH to 3 or higher.

Various inhibitors, such as nitrate, sulfate, and
stannous ions, can be used to control the pitting
of zirconium in chloride solutions (Ref 20).
Furthermore, the solution potential of an oxi-
dizing solution can be lowered when a small
amount of hydrofluoric acid is added (Ref 20,
60). Therefore, hydrofluoric acid can be used to
control pitting and SCC of zirconium in oxidiz-
ing solutions, such as concentrated nitric acid
and ferric chloride solutions. Because hydro-
fluoric acid is very corrosive to zirconium, the
corrosivity of this acid can be neutralized by
adding a complexing agent, such as zirconium
sponge or zirconium compounds.

Tensile stresses provide a driving force not
just for SCC but also for other types of corrosion
to occur. Lowering residual stresses by a stress-
relieving treatment is useful in controlling pitting
as well.

Industrial Applications of Zirconium
and Its Alloys

Zirconium and its alloys are being used as
structural materials in fabricating columns,
reactors, heat exchangers, vaporizers, pumps,

Table 15 Corrosion of protected and unprotected Zr702 in HCl solutions containing
500 ppm Fe3þ

Test duration: 32 days

Medium Acidity

Corrosion rate

Temperature Unprotected Protected(a)

�C �F mm/yr mils/yr mm/yr mils/yr

10% HCl 3 N 60 140 0.18 7.1 50.0025 50.1
102 215 1.3 51 50.0025 50.1

Spent acid (15% Cl�) 5 N 65 150 0.9 36 50.0025 50.1
80 175 0.9 36 50.0025 50.1

20% HCl 6 N 60 140 0.09 3.6 50.0025 50.1
107 225 1.5 59 50.0025 50.1

(a) Protected means specimens were protected electrochemically; see text for details.

Table 16 Time to failure of welded Zr702 U-bend specimens in HCl solutions containing
500 ppm Fe3þ

Medium Acidity

Temperature Time to failure, days

�C �F Unprotected Protected

10% HCl 3 N 60 140 0.1 NF
102 215 0.1 NF

Spent acid (15% Cl�) 5 N 65 150 0.3 NF
20% HCl 6 N 60 140 NF NF

107 225 0.1 NF
28% HCl 9 N 60 140 2 NF

94 200 0.1 NF
32% HCl 10 N 53 125 1 32

77 170 0.1 20
37% HCl 12 N 30 85 0.3 NF

53 125 1 NF

NF, no failure

Table 17 Corrosion of zirconium in boiling NaCl solutions containing 500 ppm Cu2þ

Test consisted of seven 1 day runs

Concentration
of NaCl, % pH

Average corrosion rate

Unwelded specimens Welded specimens

mm/yr mils/yr mm/yr mils/yr

3.5 1 0.053(a) 2.1(a) 0.59(a) 23.6(a)
25 1 0.04 1.6 0.55(a) 21.7(a)

3.5 4.8 0.009(a) 0.38(a) 0.6(a) 23.8(a)
25 4 0.025 1 0.56(a) 21.9(a)

3.5 5 0.018 0.7 0.64(a) 25.3(a)
25 5 nil nil

3.5 6 nil nil
25 6 nil nil

3.5 7.5 nil nil
25 7.5 nil nil

(a) Pitting
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piping systems, valves, and agitators for the
chemical processing industry.

Sulfuric-Acid-Containing Processes. Zir-
conium was used in H2O2 manufacturing by the
electrolysis of acid sulfates. This production
process was very corrosive. At one time, graphite
equipment was standard for this process. The
FMC plant in Vancouver, Wash., found that
zirconium was superior to graphite and used
zirconium equipment to produce up to 90%
H2O2. The average maintenance-free life of the
heat exchanger was 10 years; graphite exchan-
gers failed after 12 to 18 months of service. The
graphite equipment failure was attributed to the
leaching of the binder from the graphite by
the 35% H2SO4 feed, which created a porous
condition and ultimately caused failure.

The experience of zirconium in peroxide
production led to the replacement of the graphite
heat exchangers with zirconium shell-and-tube
exchangers in the manufacturing of acrylic films
and fibers. In this application, the H2SO4 con-
centration was as high as 60% at 150 �C
(300 �F). Hydrogen peroxide is becoming a
preferred oxidant because of its environmentally
friendly nature. It has made inroads into many
industrial applications, and its consumption is
increasing. It is, however, not a stable chemical.
It can be catalytically decomposed by many
heavy-metal ions. The decomposition reaction is
wasteful and may create a condition for fire or
explosion. Certain peroxide solutions are corro-
sive as well. Zirconium is one of very few metals
that is highly compatible with a broad range of
peroxide solutions. It is corrosion resistant. It
does not produce active ions to catalytically
decompose peroxide.

Another major application in H2SO4 concerns
the manufacture of methyl methacrylate and
methacrylic acid. The system at the Rohm and
Haas plant in Deer Park, Texas, includes pressure
vessels, columns, heat exchangers, piping sys-
tems, pumps, and valves made from zirconium.
A zirconium unit, which was built more than 20
years ago, is still in service.

Zirconium is also widely used for column
internals and reboilers in the manufacture of
butyl alcohol. The operating conditions are 60 to
65% H2SO4 at temperatures to boiling and
slightly above. Zirconium may corrode under
upset conditions of elevated concentrations and
when such impurities as Fe3þ are present. Zir-
conium has been used in H2SO4 recovery and
recycle systems in which fluorides are not pre-
sent and the acid concentration does not exceed
65%. A major application for zirconium is in iron
and steel pickling, using hot 5 to 40% H2SO4.

Rayon is a manmade textile fiber, and most of
today’s rayon is made by the viscose process.
Equipment made of graphite was popular for use
in the H2SO4-affected areas of this process yet is
vulnerable to breakdowns. Avtex Fiber, Inc.
began experimenting with zirconium equipment
in 1970. The excellent performance of zirconium
prompted Avtex to convert more pieces of
equipment to zirconium, which included 10 acid
evaporators, 14 shell-and-tube heat exchangers,
and 12 bayonet heat exchangers. In addition to
dramatically reducing maintenance costs and
downtime, the zirconium equipment improved
operating efficiency and lowered overall energy
costs.

Hydroxyacetic acid (HAA), also known as
glycolic acid, can be produced in a synthetic
process other than being extracted from natural
sources. Under high pressure (30 to 90 MPa, or
4.4 to 13 ksi) and temperature (160 to 200 �C, or
320 to 390 �F), formaldehyde reacts with carbon
monoxide and water in the presence of an acidic
catalyst, such as sulfuric acid, to form HAA.
DuPont could not rely on a silver lining for
reliable service in this process, because silver
showed poor erosion resistance in the piping
system. There were cases of blowouts in the
piping due to failure of the lining. By the mid-
1980s, zirconium lining was evaluated when
other materials, such as glass, ceramic, stainless
alloys, and titanium, were found unsuitable.
Zirconium is well known for its corrosion resis-
tance in weak sulfuric acid at temperatures up to

and above 260 �C (500 �F). An eight month field
test at DuPont indicated that a zirconium tube
would not corrode in the most severe service
section of the process. The excellent resistance of
zirconium to erosion is also apparent, and con-
sequently, DuPont replaced silver lining with
zirconium lining in piping sections more than
five years ago. It was estimated that zirconium
lining would last at least three times as long as
silver lining.

Halide-Containing Processes. Zirconium
has many applications in HCl, such as the pro-
duction of concentrated HCl and polymers. Zir-
conium heat exchangers, pumps, and agitators
have been used for more than 15 years in an azo
dye coupling reaction. In addition to being very
corrosion resistant in this medium, zirconium
does not plate out undesirable salts that would
change the color and stability of the dyes.

Lactic acid is commercially produced either
by fermentation or by synthesis. The synthetic
process is based on lactonitrile, which is pre-
pared by reacting acetaldehyde with hydrogen
cyanide at up to 200 �C (390 �F). Lactonitrile is
then hydrolyzed in the presence of HCl to yield
lactic acid. In the HCl-affected areas, suitable
materials are limited. Glass-lined materials are
prone to breakdowns. Stainless alloys corrode
and introduce toxic materials to the process
stream. Titanium and its alloys are susceptible to
crevice corrosion in hot chloride solutions. Zir-
conium is ideal for this process. Because lactic
acid is produced as a fine chemical, contamina-
tion has to be prevented in all areas. Oxidizing
HCl conditions resulting from the presence of
ferric or cupric ions are avoided. Moreover, zir-
conium is highly resistant to crevice corrosion in
chloride solutions. Since the 1970s, zirconium
equipment has provided excellent service in
lactic acid production.

Other applications in HCl include the breaking
down of cellulose in the food industry and the
polymerization of ethylene chloride, which is
carried out in HCl and chlorinated solvents.

Zirconium and its alloys have been identified
to offer the best prospects, from a cost stand-
point, as materials for an HI decomposer in
hydrogen production. They resist attack by HI
media (gas or liquid) from room temperature to
300 �C (570 �F). Most stainless alloys have
adequate corrosion resistance to HI only at low
temperatures.

Nitric-Acid-Containing Processes. There is
an increasing interest in the use of zirconium for
HNO3 service. For example, because of the high
degree of concern over safety, zirconium is
chosen as the major structural material for the
critical equipment used to reprocess spent
nuclear fuels.

In most HNO3 service, stainless steel has been
the workhorse for decades. The excellent com-
patibility between zirconium and HNO3 was not
thought to be needed. This situation changed
when nitric acid producers started to modernize
their technology in the late 1970s.

Conventionally, HNO3 is manufactured by
oxidation of ammonia with air over platinum

Table 18 Effects of heat treatment on the corrosion of sandblasted and pickled zirconium
in boiling NaCl solutions containing 500 ppm Cu2þ

Test consisted of seven 1 day runs; Cu2þ was added as CuCl2

Specimen type Metallurgical condition

Average corrosion rate

3.5% NaCl 25% NaCl

mm/yr mils/yr mm/yr mils/yr

Unwelded Sandblasted and pickled 0.007(a) 0.27(a) 0.024(a) 0.98(a)
Welded Sandblasted and pickled 0.011(a) 0.45(a) 0.033(a) 1.3(a)
Welded Heated to 760 �C (1400 �F),

air cooled
0.0025(a) 0.1(a) 0.006(a) 0.23(a)

Welded Heated to 760 �C (1400 �F),
water quenched

0.0025(a) 0.1(a) 0.004(a) 0.17(a)

Welded Heated to 870 �C (1600 �F),
air cooled

0.0033 0.13 0.006(a) 0.23(a)

Welded Heated to 870 �C (1600 �F),
water quenched

0.0033 0.13 0.004(a) 0.17(a)

Welded Heated to 980 �C (1800 �F),
air cooled

0.005 0.2 0.007 0.27

Welded Heated to 980 �C (1800 �F),
water quenched

0.005 0.2 0.007 0.27

(a) Pitting

Corrosion of Zirconium and Zirconium Alloys / 321

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



catalysts. The resulting nitric oxide is further
oxidized into nitrogen dioxide and then absorbed
in water to form HNO3. Acid of up to 65%
concentration is produced by this process.
Higher-concentration acid is produced by dis-
tilling the dilute acid with a dehydrating agent.

Before the l970s, dual-pressure processes
were the dominant means of HNO3 production.
A typical dual-pressure process operates the
converter at approximately 500 kPa (0.07 ksi)
and the absorber at approximately 1100 kPa
(0.16 ksi). In the late 1970s, Weatherly, Inc.
introduced a high monopressure process that
operates at 1300 to 1500 kPa (0.19 to 0.22 ksi).
The advantages of this new process include:

� Greater productivity due to higher operating
pressure

� Smaller equipment, resulting in a lower
capital cost

� Higher energy-recovery capabilities

The new process was first tried in 1979 when
Mississippi Chemical Corp. in Yazoo City,
Miss., retrofit their existing plant with a new
compressor system to increase pressure for
greater productivity and energy efficiency. It was
at this point that severe corrosion problems were
discovered.

Prior to the upgrade, the cooler condenser was
constructed of type 304L stainless steel tube-
sheets and type 329 stainless steel tubes. Under
the previous operating conditions, the cooler
condenser had experienced some corrosion,
which was managed by plugging tubes and
replacing the unit every three to four years.
Shortly after the upgrade, with an operating
temperature and pressure of 200 �C (390 �F) and
1035 kPa (0.15 ksi), 10% of the type 329 stain-
less steel tubes were found to be leaking. This
condenser was replaced with a unit using type
310L stainless steel, which had to be replaced
after 13 months of operation. The original con-
denser with new tubes of improved-grade 329
stainless steel replaced the 310L unit. Mis-
sissippi Chemical Corp. began looking for
alternatives.

In an attempt to find a solution to this problem,
autoclave tests were conducted on many newer
types of stainless steels and zirconium in solu-
tions up to 204 �C (399 �F) and at concentrations
up to 65%. Clearly, zirconium was the only
suitable material for the monopressure process.
Corrosion rates of zirconium coupons were
consistently below 25 mm/yr (1.0 mil/yr). The
next step was to test zirconium tubes in service.
Several tubes were installed into a rebuilt stain-
less steel condenser. They were destructively
examined after 13 months and showed no signs
of corrosion. Zirconium tubes were then placed
in another condenser for one year. Once again,
there were no signs of corrosion.

Consequently, Mississippi Chemical Corp.
replaced its stainless steel cooler condenser with
one constructed from zirconium tubes and zir-
conium/304L stainless steel explosion-bonded
tubesheets. This unit contains more than 18 km
(11 miles) of zirconium tubing. In service since

1984, the zirconium unit has already out-
performed the stainless steel predecessors.
Thereafter, several zirconium cooler condensers
have been built for other HNO3 producers.

Monopressure plants are not the only ones to
use zirconium as a solution to corrosion pro-
blems. Certain plants use a distillation process to
increase the acid concentration. The acid is
passed through a reboiler and enters a distillation
column to drive off water for concentrating the
acid. In 1982, Union Chemicals Corp. replaced
the bottom portion of each of two distillation
columns and the tube bundles of each of two
reboilers. The lower parts of the columns had
been constructed originally with type 304L
stainless steel, which experienced corrosion
problems.

Titanium was tried but also failed. While
glass-lined steel did not have the corrosion pro-
blems experienced by type 304L stainless steel
and titanium, the maintenance costs were found
to be unacceptable. Zirconium provides sig-
nificantly improved corrosion resistance without
adding maintenance costs. Zirconium also
solved corrosion problems in the reboilers. Prior
to the installation of zirconium tube bundles,
both 304L and titanium tube bundles had failed
in less than 18 months of operation.

With proper design and fabrication, zirconium
susceptibility to SCC can be suppressed in
highly concentrated HNO3. For example, an
Israeli chemical plant uses zirconium tubes in a
U-tube cooler that processes bleached HNO3 at
concentrations between 98.5 and 99%. The unit
cools the acid from 70 to 75 �C (160 to 165 �F)
to 35 to 40 �C (95 to 105 �F). Previously, U-tube
coolers were made from aluminum, which failed
in 2 to 12 weeks. The zirconium unit has been in
service for more than 2 years, operating 24 h a
day, 6 days a week.

Adipic acid is produced primarily for use in
the manufacture of nylon-6,6. Major commercial
routes to make adipic acid involve the use of
HNO3 in the oxidation of cyclohexanol or oxi-
dized cyclohexane at elevated temperatures.
Because of the excellent performance of zirco-
nium in the production of HNO3, it has started to
find its way into adipic acid plants.

Safety

Zirconium is low in toxicity and is not known
to be a carcinogen. The permissible exposure
limit for zirconium set by various health agencies
is 5 mg/m3. For comparison, the limit for iron is
1 mg/m3.

One major concern is the reactivity of zirco-
nium. Under most conditions, the reactivity
works toward the advantage of zirconium. This
reactivity allows zirconium to react sponta-
neously with oxygen to form a protective film
that suppresses its reactivity. Consequently, zir-
conium can be safely used under most condi-
tions. Nevertheless, unsafe situations may
develop when this reactive nature is overlooked.

Heat of formation for zirconium dioxide at
25 �C (75 �F) is 1101.3 kJ (1043.9 Btu). It is
potently exothermic. The generated heat can be
easily absorbed by a large piece of zirconium.
After the oxide film is formed, the oxidation rate
will decrease quickly and pose no problems.
However, when the heat is generated at a very
small area, ignition may occur. Care should be
exercised in handling fine materials including
powder, sponge, machine chips, and thin foils.
Ignition of fine materials will result in a very
rapid, high-temperature fire that can be extin-
guished by using dry salt or sand. Attempts to
extinguish a large zirconium fire with water will
only result in scavenging of the oxygen atoms in
the water molecules by the burning zirconium,
leaving the hydrogen molecules to act as an
additional fuel or explosion source. These very
large fires should be allowed to burn out by
themselves.

It is normally safe to handle a large piece of
zirconium. Still, ignition may occur when this
piece experiences an enhanced oxidation reac-
tion in a confined space. Under this condition,
generated heat cannot easily dissipate, leading
to escalated oxidation reaction, and ignition
becomes possible.

Furthermore, when the corrosion resistance of
zirconium is grossly exceeded in certain envir-
onments, pyrophoric films may form on its sur-
face (Ref 51). These environments include
concentrated sulfuric acid and ferric-chloride-
containing solutions that may induce massive
localized corrosion. Consequently, the solid
surface is broken down into tiny pieces that
contain corrosion products and unreacted zirco-
nium particles. When unreacted particles are fine
enough, ignition may occur. This pyrophoricity
can be neutralized by treating it with steam
(Ref 51). Unreacted particles will oxidize in
steam to become a stable oxide or covered with a
thick layer of oxide film. Treating time is
approximately 20 min when the steam tem-
perature is 250 �C (480 �F). A longer time is
needed when a lower-temperature steam is used.

Conclusions

Zirconium and its alloys can spontaneously
form a layer of inert oxide films on their surfaces
in an oxygen-containing environment. They
retain this capability even in highly reducing
environments, such as hydrochloric acid and
dilute sulfuric acid, which are difficult for many
passive alloys to form protective oxide films.
They are also excellent for chloride-free oxi-
dizing solutions such as nitric acid. Conse-
quently, zirconium and its alloys have been
successfully used in many corrosive conditions
in the chemical processing industry for decades.
They are used in many harsh environments and
applications. They corrode at very low rates in
media from strong acids to strong alkaline solu-
tions. Media that attack zirconium include
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hydrofluoric acid, concentrated sulfuric acid, and
certain dry organic halides.

Characteristics of corrosion behavior of zir-
conium are:

� All zirconium alloys are low in alloying
contents. They all are protected by zirconium
oxide films. Zirconium and its alloys are very
close in corrosion resistance in a wide range of
environments, with some subtle differences.
The corrosion difference among zirconium
alloys becomes readily visible when the con-
dition nears the upper limit. For example, the
difference is small in dilute sulfuric acid but
large when the acid concentration is greater
than 60%.

� Zirconium and its alloys resist localized cor-
rosion, such as pitting, crevice corrosion, and
SCC, in all chloride solutions except the
highly oxidizing chlorides. It has been noted
that zirconium and its alloys are vulnerable to
ferric chloride pitting, but this requires bulk
pH values below 2.5. Above this value, the
ferric ion does not exist. Corrosion will not
occur in crevices either, even when the pH is
low, because the condition is too reducing for
the ferric ion to exist.

� Zirconium and its alloys are resistant to cre-
vice corrosion in chloride solutions. They are
susceptible to crevice corrosion in fluoride
solutions and sulfuric acid.

� A good surface finish is effective in control-
ling pitting, SCC, and delayed hydride
cracking of zirconium.

� It is important not to forget that zirconium is a
reactive metal. There are safety-related
issues, including ignition, to consider when
this reactive nature is exposed.
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Corrosion of Niobium and Niobium Alloys
Richard C. Sutherlin and Ronald A. Graham, ATI Wah Chang, An Allegheny Technologies Company

NIOBIUM AND NIOBIUM ALLOYS have
been used in a number of industrial and aero-
space applications for over 40 years. Niobium
use primarily includes rocket and jet engine
applications, alloying of steels and superal-
loys, sodium vapor highway lighting, supercon-
ductors, anodic protection devices for steel
bridge structures, and chemical processing
equipment.

Niobium alloys for rocket and jet engines
operate at very high temperatures, exceeding
1093 �C (2000 �F), and these alloys retain fairly
high strengths at these temperatures. Some of the
alloys used in these applications include C-103,
C-129Y, Cb-752, WC-3009, and FS-85 (Ref 1).
Niobium has many of the same properties as
tantalum, its sister metal, but it is approximately
one-half the density of tantalum. A common
characteristic of both niobium and tantalum is
their interaction with the reactive elements
hydrogen, oxygen, nitrogen, and carbon at
temperatures above 300 �C (570 �F). These
reactions will cause severe embrittlement. Con-
sequently, at elevated temperatures, the metal
must be protectively coated or used in vacuum or
inert atmospheres.

Niobium is commonly used as an alloying
element for steels and nickel-base superalloys,
such as alloys 625 and 718, where it strengthens
by solid-solution formation, carbide precipita-
tion, and coherent phase formation. In carbon
steels, high-strength low-alloy (HSLA) steels,
and stainless steels, niobium is an important
microalloying element that improves fabric-
ability, weldability, creep resistance, and ther-
mal fatigue resistance (Ref 2).

Niobium has excellent compatibility with
liquid metals such as sodium, potassium, lithium,
and uranium. It is used in sodium vapor lamps
because of its excellent resistance to metallic
sodium, in either vapor or molten form.
A niobium alloy component holds the metallic
sodium, which is heated to 875 to 925 �C (1607
to 1697 �F) (Ref 3).

Niobium has also been used for over 20 years
in cathodic protection devices for oil drilling
rigs, ship hulls, bridges, and underground storage
tanks. These cathodic protection devices, such
as platinum-clad niobium anodes, use an
impressed current to force the corroding struc-
ture to become a cathode. These anodes provide

a cost-effective method to protect structures
from galvanic corrosion (Ref 4, 5).

For chemical processing, niobium resists a
wide variety of corrosive environments. These
environments include mineral acids, many
organic acids, liquid metals, and most salt solu-
tions. One application is the heating of hydro-
chloric acid, using niobium steam-heating coils,
to pickle carbon steel. Another application for
niobium is for overhead condenser and heat-
recovery sections of nitric acid and fertilizer
production facilities. Niobium has also been
considered for use in the pharmaceutical indus-
try, where corrosion of any level is undesirable.
Niobium has also been used in the evaporators in
the chrome plating industry to resist the hot,
concentrated chromic acid media (Ref 6). Nio-
bium resists the chromic acid environment, even
when small amounts of free fluorides are present.
Niobium is one of the more resistant materials in
applications where fluoride-contaminated solu-
tions are present (Ref 7). Applications in other
corrosive environments include bromine and
hydrogen peroxide. Niobium has also been used
during the past 10 years in the form of rupture
disks for chemical applications. The use of
niobium in this application has decreased the
cost of the rupture disks significantly over other
material choices, including alloy B-2 and tanta-
lum (Ref 8, 9). The high-nickel alloy B-2 had a
slight corrosion rate and failed prematurely,
while the tantalum was much more costly than
niobium.

Niobium Alloys

There are several niobium alloys that are
corrosion resistant in severe applications. These
alloys include Nb-1Zr, Nb-55Ti, Nb-50Ta, and
Nb-40Ta. Nb-1Zr (UNS R04251 or R04261,
reactor or commercial grade) is a corrosion-
resistant niobium alloy with corrosion resistance
similar to that of pure niobium, except with
higher strength imparted by the addition of
zirconium. In most applications where pure
niobium is used, Nb-1Zr can be applied using
higher design-strength allowables. Nb-1Zr is
also considered for use in heat exchangers for
hydrochloric acid pickling of steel.

Nb-55Ti (or Ti-45Nb, titanium grade 36) has
been used in the Loprox process, a wet oxidiza-
tion process for organic materials in an aqueous
waste stream to improve biodegradability
(Ref 10). The Loprox process requires materials
that can survive 200 �C (390 �F) and pressures
of 2.0 MPa (290 psi) while injecting pure oxygen
into an acidified waste stream. Pure titanium
offers corrosion resistance as adequate as that of
Nb-55Ti but is potentially self-ignitable under
the process conditions. The addition of niobium
reduces the propensity for ignition and improves
the corrosion resistance. Nb-55Ti has been used
in oxygen injectors, in piping systems, and in a
pressure vessel (Ref 11).

Tantalum is more resistant than niobium to
almost all process streams, with the exception of
some complex fluoride plating baths where it is
preferred over tantalum (Ref 12). The perfor-
mance of niobium-tantalum alloys in boiling
70% sulfuric acid is reported in Ref 13. The
tantalum-rich alloys showed a decrease in cor-
rosion rate with increasing exposure time, as was
found for pure tantalum and pure niobium.
Nb-50Ta and Nb-40Ta showed a constant or
increasing corrosion rate as time increased. The
corrosion rate of niobium will increase with
hydrochloric acid concentration and diminish
initially with time, due to the formation of
superficial oxide films (Ref 14). In niobium-
tantalum alloys, it was demonstrated that in
sulfuric acid solutions, as the tantalum compo-
sition increases, the corrosion rate will improve.
The corrosion rate of pure niobium in 10 N HCl
solutions decreased with time (Ref 15). This has
occurred in other laboratory testing, showing that
niobium initially sees a higher corrosion rate in
the first few days, and then the corrosion rate
decreases and stabilizes over time. The corrosion
rate of tantalum-rich alloys, such as Ta-40Nb, is
much lower than would be expected for a simple
mixture for niobium and tantalum, where
corrosion is proportional to niobium content.
Ta-40Nb could be considered for service in 70%
sulfuric acid at 165 �C (330 �F) (Ref 16).

Mechanisms of Corrosion Resistance

Niobium, like other refractory metals, derives
its corrosion resistance from a readily formed,
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adherent, passive oxide film, Nb2O5. Similar to
titanium, niobium will also form lower or sub-
oxide films (NbO and NbO2) under reducing
conditions. The stoichiometry of the oxide film
will depend on the media that the niobium is
exposed to. The oxide film can be composed of
a single oxide (Nb2O5, NbO, or NbO2) or a
mixture of the three. The oxide film will exist in
a lower valence state under reducing conditions.
Typically, the presence of oxidizing impurities
in the environment will improve the corrosion
resistance of niobium.

Films of amorphous niobium oxides are only a
few nanometers thick. They form according to
the following reaction sequences:

Nb+H2O?NbO+2H+ +2e�

NbO+H2O?NbO2+2H+ +2e�

2NbO2+H2O?Nb2O5+2H+ +2e�

Niobium reacts readily with water to form a
niobium oxide. If the oxide forms a thin, compact
film, as is the case in pure water and many dilute
solutions, corrosion resistance is excellent. In the
presence of complexing agents, such as fluoride
ion in H2SO4 or HCl and potentially other
environments, the corrosion behavior is domi-
nated by the dissolution of the oxide layer.

Niobium also forms a very stable, adherent oxide
film under anodic conditions. This oxide film has
a very high dielectric constant and a high elec-
trochemical breakdown potential. In seawater,
the breakdown potential of niobium is 115 V as
compared to other more common reactive/
refractory materials, such as titanium (9 V). The
oxide layer also helps to reduce hydrogen
pickup. Monatomic hydrogen is easily absorbed
into bare niobium metal, and if the oxide layer
fails in aqueous solutions, niobium will suffer
embrittlement.

The Pourbaix (potential-pH) diagram for the
niobium-water system represents the conditions
of thermodynamic stability of niobium, which
can exist in the presence of water and in aqueous
solutions that do not contain substances capable
of forming soluble complexes or insoluble
compounds with niobium. Figure 1 shows a
potential-pH equilibrium diagram for the nio-
bium-water system at 25 �C (77 �F) (Ref 17).
This figure also shows the theoretical conditions
for immunity and passivation of niobium.

The region where niobium monoxide (NbO)
forms on niobium shows the oxide to be
thermodynamically unstable (between lines 1
and 2). This oxide state would be in the presence
of water or acid and in neutral or basic solutions.
At any pH, the oxide tends to decompose water

by the evolution of hydrogen. Under these con-
ditions, NbO will become oxidized to a higher
oxide state (Ref 18).

In the region where niobium dioxide (NbO2) is
formed, below line a, this compound is thermo-
dynamically unstable in the presence of water
and aqueous solutions at any pH. Theoretically,
this oxide species will decompose water with the
evolution of hydrogen. In this process, the NbO2

will become oxidized to niobium pentoxide
(Nb2O5).

In the region where niobium pentoxide
(Nb2O5) is formed, shown on the Pourbaix dia-
gram between lines a and b, the compound is
thermodynamically stable in the presence of
water and noncomplexing acid, alkaline, and
neutral solutions. This oxide can be attacked in
concentrated hydrofluoric acid, with the forma-
tion of fluorinated or oxyfluorinated complexes.

According to the potential-pH equilibrium
diagram, niobium pentoxide can be reduced to a
lower oxide (such as NbO2 or NbO) or to metallic
niobium. It may not be possible to accomplish
this reduction, however, by electrochemical
means in the presence of noncomplexing solu-
tions.

General Corrosion in Specific Media.
Except for hydrofluoric acid, niobium is resistant
to most mineral and organic acids at tempera-
tures to 100 �C (212 �F). In certain applications,
the corrosion properties of niobium are similar to
those of tantalum; however, niobium is generally
more dependent on the temperature and acid
purity than tantalum. Niobium shows lower
resistance than tantalum to the more aggressive
acidic media, such as hot, concentrated mineral
acids. Niobium generally has excellent resis-
tance to oxidizing acids, such as nitric acid, but
may be subject to hydrogen embrittlement in
reducing acids, such as hydrochloric acid, at high
concentrations and temperatures. Like tantalum,
niobium is susceptible to hydrogen embrittle-
ment if cathodically polarized by either galvanic
coupling or by impressed potential. In addition to
being very stable, the anodic niobium oxide film
has a high dielectric constant and a high break-
down potential. These properties, coupled with
its electrical conductivity, have led to the use of
niobium as a substrate for platinum-group metals
in impressed-current cathodic protection anodes.

Corrosion in Waters. Niobium is fully
resistant to water, either natural or pure, and to
high-temperature water and steam. Niobium
reacts with water to form niobium oxide. There is
a direct transition from immunity to passivity
without an intermediate region where corrosion
occurs, as indicated by the Pourbaix (potential-
pH) diagram in Fig. 1.

Acid Solutions. Niobium is resistant to most
organic and mineral acids at concentrations and
temperatures below 100 �C (212 �F). This list of
acids includes the halogen acids hydrochloric
(HCl), hydriodic (HI), and hydrobromic (HBr) in
addition to nitric acid (HNO3), sulfuric acid
(H2SO4), and phosphoric acid (H3PO4). Niobium
is completely resistant in dilute sulfurous acid
(H2SO3) at 100 �C (212 �F). In concentrated
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sulfuric acid at the same temperature, niobium
has a corrosion rate of 0.25 mm/yr (10 mils/yr).
Niobium is completely resistant in HNO3,
having a corrosion rate of 0.025 mm/yr
(1 mil/yr) in 70% HNO3 at 250 �C (480 �F). In
chromium plating solutions, niobium experi-
ences only a slight weight change, and in
the presence of small amounts of fluoride (F�)
catalyst, niobium exceeds the corrosion resis-
tance of tantalum in that application. Niobium
is inert in mixtures of HNO3 and HCl. It has
a corrosion rate of less than 0.025 mm/yr
(1 mil/yr) in aqua regia at 55 �C (130 �F). In
boiling 40 and 50% H3PO4 with small amounts
of F� impurity (5 ppm), niobium has a corrosion
rate of 0.25 mm/yr (10 mils/yr). Niobium, like
most reactive and refractory metals, is suscep-
tible to attack in hydrofluoric acid.

Hydrochloric acid is an important mineral
acid used in many industrial processes, including
acid pickling, chemical cleaning, pharmaceutical
production, and chemical processing. Niobium
and niobium alloys have excellent resistance in
hydrochloric acid environments in concentra-
tions from room temperature to above boiling as
well as higher concentrations and lower tem-
peratures. Hydrochloric acid is a highly reducing
acid. Niobium is susceptible to hydrogen pickup
in a reducing acid such as hydrochloric acid,
especially at the higher concentrations and
higher temperatures. The addition of strong
oxidizers such as ferric ions (Fe3+), cupric ions
(Cu2+), or nitric acid to hydrochloric acid,
however, increases the corrosion resistance of
niobium, particularly in higher concentration
and higher temperature ranges. Generally, nio-
bium does not require aeration for its corrosion
resistance, but aeration, like oxidizing impu-
rities, may improve its resistance in hydrochloric
acid environments.

There may be numerous candidate materials
when the hydrochloric acid is below the boiling
point. Few materials, however, will resist
hydrochloric acid at concentrations above the
boiling temperature. Figure 2 shows an iso-

corrosion curve of various reactive and refrac-
tory metals tested in pure hydrochloric acid. As
the isocorrosion curve indicates, niobium alloys
have good resistance to hydrochloric acid solu-
tions above the boiling point at the lower con-
centrations. Nb-1Zr, an alloy with 1% Zr added
for strength, has slightly less resistance in
hydrochloric acid than that of pure niobium.
Although niobium and niobium alloys show low
corrosion rates at temperatures even well above
the boiling point, they may begin to pick up
hydrogen at temperatures above the boiling
point. This hydrogen absorption at elevated
temperatures will cause embrittlement.

Table 1 indicates corrosion data for niobium
and niobium alloys in pure hydrochloric acid.
This table includes both welded and nonwelded
samples at concentrations up to 37% and tem-
peratures exceeding the boiling point. This table
also compares the corrosion resistance of both
niobium and Nb-1Zr in pure hydrochloric acid as
well as acid with various impurities. It has been
shown in extensive laboratory testing that the
presence of oxidizing impurities will improve
the corrosion resistance of niobium. Table 2
shows the effect of ferric ion in hydrochloric
acid. The effect of ferric ion in HCl will,
however, be more pronounced in the lower
concentrations of acid than that of the higher
concentrations. As the acid concentrations
increase, the ferric ion has little effect in
protecting the niobium from attack. Welded
niobium and niobium alloys will also have
similar resistance to nonwelded niobium alloys
in the lower concentrations, but as the acid
concentration exceeds approximately 10%, the
welded samples will experience a slightly higher
corrosion rate.

Many common materials of construction are
considered corrosion resistant if their corrosion
rate is less than 0.125 mm/yr (5 mils/yr).
A corrosion allowance of this rate is generally
acceptable for most materials. Due to the higher
cost of niobium compared with other more
common materials of construction, niobium

alloy tubes are typically designed with very thin-
wall or sheet thickness, 0.4 to 0.5 mm (0.015 to
0.020 in.). This is a reason that the desired
corrosion rate for niobium equipment in service
is less than 0.05 mm/yr (2 mils/yr). Although
equipment has been installed in applications
where the corrosion rate of niobium has excee-
ded 0.05 mm/yr (2 mils/yr), it is recommended
that whenever possible, the niobium corrosion
rate be less. Figure 3 shows an isocorrosion curve
for niobium alloys where the corrosion rate is
less than 0.05 mm/yr (2 mils/yr).

Electrochemical measurements help us to
better understand the effect of alloy composition,
acid impurities, acid temperature, and acid con-
centration. These methods accelerate the corro-
sion process so that the effects of process
variables can be determined rapidly. To investi-
gate the effect of these factors, the addition of
oxidizing impurities and the increase in tem-
perature were evaluated by electrochemical
testing on niobium and niobium alloys. As
mentioned previously, the presence of an oxi-
dizing impurity such as ferric ion in HCl
improves the corrosion resistance of niobium.
Once a minimum ferric ion content is present in
hydrochloric acid, the corrosion resistance is
improved. Ferric ion impurities as low as 70 ppm
at temperatures up to 100 �C (212 �F) in 5 N HCl
and up to 60 �C (140 �F) in 10 N HCl will
improve the corrosion resistance of niobium over
that in pure hydrochloric acid (Ref 15).

Figure 4 shows a series of potentiodynamic
curves for niobium and Nb-1Zr with 500 and
1500 ppm ferric chloride added to 20% hydro-
chloric acid. These scans show that niobium and
Nb-1Zr react almost identically to the presence
of ferric in hydrochloric acid. It is also apparent
that 500 ppm ferric and 1500 ppm ferric have
the same beneficial effect on niobium and Nb-
1Zr in this environment. The passive current
density virtually cannot be distinguished
between the two alloys.

To compare the behavior of niobium and Nb-
1Zr as a function of temperature, electro-
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Table 1 Corrosion of niobium alloys in aqueous hydrochloric acid

HCl,
wt%

Test
duration,

days
Specimen

condition(a)

Corrosion rate

Impurities Comments

Temperature Nb Nb-1Zr

�C �F mm/yr mils/yr mm/yr mils/yr

5 7 NW 50 122 nil nil . . . . . . . . . . . .
7 NW 60 140 0.001 0.04 . . . . . . . . . . . .
7 NW 80 176 0.002 0.08 . . . . . . . . . . . .
3-4 NW 100 212 0.015/0.0025 0.6/0.1 0.0025/0.005 0.1/0.2 . . . . . .
3-4 W 100 212 0.0025/0.005 0.1/0.2 0.0025/0.005 0.1/0.2 . . . . . .
7 NW 170 338 0.019 0.7 . . . . . . . . . . . .
7 NW 180 356 0.007 0.3 . . . . . . . . . . . .
7 NW 190 374 0.017 0.7 . . . . . . . . . . . .

10 7 NW 50 122 . . . . . . nil nil . . . . . .
7 NW 60 140 . . . . . . nil nil . . . . . .
7 NW 70 158 . . . . . . nil nil . . . . . .
7 NW 80 176 . . . . . . 0.0025 0.1 . . . . . .
7 NW 100 212 . . . . . . 0.005 0.2 . . . . . .
2 NW 105 221 50.025 51 . . . . . . . . . . . .
2 NW 105 221 50.025 51 . . . . . . . . . . . .
1 NW 105 221 0.052 2.0 . . . . . . 35% ferrous chloride+2%

ferric chloride
. . .

1 NW 105 221 0.132 5.2 . . . . . . 35% ferrous chloride+2%
ferric chloride

Argon sparge

2-4-2 W 105 221 0.01/0.005/0.012 0.4/0.2/0.4 . . . . . . . . . pH=0.5 (pitting)
2-4-2 NW 105 221 0.015/0.005/0.012 0.5/0.2/0.4 . . . . . . 200 ppm ferric chloride . . .
2-4-2 W 105 221 0.012/0.005/0.009 0.4/0.2/0.3 . . . . . . 200 ppm ferric chloride . . .
2-4-2 NW 105 221 0.015/0.009/0.009 0.5/0.3/0.3 . . . . . . 1% ferric chloride . . .
2-4-2 W 105 221 0.012/0.005/0.009 0.4/0.2/0.3 . . . . . . 1% ferric chloride Cracks in welds
2-4-2 NW 105 221 0.012/0.009/0.009 0.4/0.3/0.3 . . . . . . 2% ferric chloride . . .
2-4-2 W 105 221 0.012/0.005/0.009 0.4/0.2/0.3 . . . . . . 2% ferric chloride Cracks in welds
7 NW 210 392 . . . . . . 5.8 229 . . . . . .

11 22 NW 70 158 0.002 0.08 . . . . . . 60% phenol Vapor
22 NW 70 158 0.001 0.04 . . . . . . 60% phenol Liquid

15 7 W 93 199 0.055 2.2 0.06 2.4 15% ferrous chloride . . .
7 W 93 199 0.04 1.6 0.04 1.6 15% ferric chloride Cracked when bent 90�

4 W 177 350 0.52 20 0.396 16 1000 ppm ferric chloride . . .
4 W 177 350 14 552 9.38 370 1500 ppm ferric chloride Embrittlement
7 W 177 350 14.9 587 12.4 489 500 ppm ferric chloride Embrittlement
4 W 177 350 10.8 426 10.2 402 500 ppm ferric chloride Embrittlement
7 W 177 350 5.79 228 13.9 548 1000 ppm ferric chloride Embrittlement
7 W 100 212 0.012 0.5 0.012 0.5 500 ppm ferric chloride . . .
7 W 100 212 0.015 0.6 0.018 0.7 1000 ppm ferric chloride . . .
7 W 100 212 0.012 0.5 0.012 0.5 1500 ppm ferric chloride . . .
7 W 60 140 0.003 0.1 0.003 0.1 500 ppm ferric chloride . . .
7 W 60 140 0.003 0.1 0.003 0.1 1000 ppm ferric chloride . . .
7 W 60 140 0.006 0.2 0.003 0.1 1500 ppm ferric chloride . . .

18 51 W 150 302 2.77 109 . . . . . . . . . Vapor
51 W 150 302 3.44 136 . . . . . . . . . Liquid

3-2 NW 105 221 0.15/0.15 5.8/5.9 . . . . . . 1% ferric chloride+1g Sn . . .
20 7 NW 60 140 0.055 2.2 0.058 2.3 500 ppm ferric . . .

7 NW 60 140 0.07 2.8 0.082 3.2 1000 ppm ferric . . .
7 NW 60 140 0.037 1.5 0.036 1.4 1500 ppm ferric . . .
7 NW 100 212 0.067 2.6 0.033 1.3 500 ppm ferric . . .
7 NW 100 212 0.067 2.6 0.109 4.3 1000 ppm ferric . . .
7 NW 100 212 0.079 3.1 0.076 3.0 1500 ppm ferric . . .
7 W 93 199 0.046 1.8 0.043 1.7 25% ferrous chloride+2%

ferric chloride
. . .

7 W 93 199 0.14 5.5 0.149 5.9 15% ferrous chloride . . .
7 W 93 199 0.155 6.1 0.171 6.7 15% ferric chloride . . .

25 7 NW 100 212 0.366 14 0.378 15 500 ppm ferric . . .
7 NW 100 212 0.256 10 0.274 11 1000 ppm ferric . . .
7 NW 100 212 0.396 16 0.366 14 1500 ppm ferric . . .
7 NW 60 140 0.009 0.4 0.006 0.2 500 ppm ferric chloride . . .
7 NW 60 140 0.006 0.2 0.006 0.2 1000 ppm ferric chloride . . .
7 NW 60 140 0.006 0.2 0.006 0.2 1500 ppm ferric chloride . . .
7 W 177 350 11.8 465 13.44 530 500 ppm ferric chloride Embrittlement
7 W 177 350 13.5 532 12.5 493 1000 ppm ferric chloride Embrittlement

30 3 NW 70 158 . . . . . . 1.61 63 . . . . . .
3 W 70 158 . . . . . . 1.71 67 . . . . . .

35 1 NW 127 260 3.29 130 . . . . . . . . . . . .
7 NW 25 77 nil nil . . . . . . 1 : 7 with hydrogen peroxide+

chlorine sparge
. . .

37 14 NW 60 140 0.104 4.1 . . . . . . 8 g/L ferric chloride . . .

(a) W, welded; NW, nonwelded
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chemical scans were developed in 25% HCl at 80
and 100 �C (175 and 212 �F). The potentiody-
namic plots in Fig. 5 show the similarity between
niobium and Nb-1Zr in pure hydrochloric acid.
Niobium tends to have a slightly lower current
density, indicating lower corrosion rates, than

Nb-1Zr does under identical conditions. Notice
the progression of higher current densities for
both niobium and Nb-1Zr as the temperature
increases from 80 to 100 �C (175 to 212 �F).
These data show that the corrosion resistance of
niobium is very dependent on temperature,

because as the temperature increases, the current
density and corrosion rate increase.

Pure niobium has been shown to be a candi-
date material for use in hydrochloric acid pick-
ling applications in the form of steam heating
coils. In addition to pure niobium, the alloy Nb-
1Zr is an ideal candidate for use in steel pickling
applications due to a similar corrosion resistance
as pure niobium and the additional solid-solution
strengthening imparted by the zirconium. At the
higher concentrations of hydrochloric acid and at
the lower concentrations at the higher tempera-
tures, niobium and niobium alloys may suffer
with hydrogen pickup and possible embrittle-
ment. For this reason, it is extremely important
that the temperature of the tube surface, not the
bath temperature, be considered as the applica-
tion temperature.

Nitric Acid Environments. Niobium will
exhibit excellent corrosion resistance in an oxi-
dizing acid such as nitric acid. Table 3 shows
corrosion data of niobium in nitric acid
environments. Niobium has a corrosion rate
of50.025 mm/yr (1 mil/yr) in 70% HNO3 at
250 �C (480 �F). Niobium has good stress-
corrosion cracking resistance in 97% HNO3 at
250 �C (480 �F) in the welded and non-welded
condition. See Table 4 for U-bend testing of
niobium in nitric acid.

Sulfuric Acid Solutions. Niobium and its
alloys generally have good resistance in sulfuric
acid environments, primarily at the lower con-
centrations and lower temperatures. Table 5
shows the corrosion resistance in various con-
centrations and temperatures. In most solutions,
welded niobium exhibits a similar corrosion
resistance to that of nonwelded niobium, except
at the higher concentrations and temperatures.
The corrosion resistance of niobium increases
under the oxidizing conditions in sulfuric acid
with Fe3+, Cu2+, Cr3+; in sulfuric/nitric acid
mixtures; sulfuric/phosphoric acid mixtures; or
sulfuric/hydrochloric acid mixtures. Table 6
shows the effect of ferric or cupric ions on the
corrosion rate of niobium in boiling sulfuric acid.
This information demonstrates the dramatic
effect of oxidizing impurities on the corrosion
resistance in sulfuric acid. From the limited
amount of information available, the surface
condition (i.e., pickled surface) has not been
found to have a major effect on improvement of
the corrosion resistance of niobium. At room
temperature, niobium is resistant up to approxi-
mately 95% sulfuric acid concentration, but care
should be taken due to the potential hydrogen
absorption of niobium at the higher concentra-
tions. Figure 6 shows an isocorrosion curve for
niobium as compared to other reactive and
refractory metals (Ref 19).

Alkaline Solutions. Niobium is resistant and
has a corrosion rate of less than 0.025 mm/yr
(1 mil/yr) in most aqueous alkaline solutions
at room temperature. Niobium is, however,
severely attacked at elevated temperatures by hot
alkalis and may be embrittled in concentrated
alkalis even at ambient temperature. At higher
temperatures, even when the corrosion rate is not
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Table 2 Effect of ferric ion on the corrosion rate of niobium and Nb-1Zr

HCl,
wt%

Ferric (Fe3+)
concentration, ppm

Corrosion rate

Temperature Nb Nb-1Zr

�C �F mm/yr mils/yr mm/yr mils/yr

60 140 20 0 50.025 51 50.025 51
20 500 0.046 1.8 0.048 1.9
20 1000 0.058 2.3 0.069 2.7
20 1500 0.030 1.2 0.030 1.2
25 0 0.0381 1.5 0.033 1.3
25 500 0.008 0.3 0.005 0.2
25 1000 0.005 0.2 0.005 0.2
25 1500 0.005 0.2 0.005 0.2

100 212 20 0 0.101 4 0.127 5
20 500 0.056 2.2 0.028 1.1
20 1000 0.056 2.2 0.091 3.6
20 1500 0.066 2.6 0.064 2.5
25 0 0.203 8 0.228 9
25 500 0.304 12 0.314 12.4
25 1000 0.215 8.5 0.228 9
25 1500 0.329 13 0.304 12
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excessive, niobium can be embrittled at low
concentrations (5%) of sodium hydroxide
(NaOH) and potassium hydroxide (KOH).
Table 7 shows the corrosion of niobium in
alkaline solutions. The poor resistance of nio-
bium in alkaline media is believed to be due
to the formation of hexaniobate salts,
M8Nb6O19�18H2O (where M is lithium, sodium,
or potassium), which are soluble in aqueous
alkaline solutions (Ref 20, 21). Embrittlement of
niobium is caused by the absorption of hydrogen.
Niobium alloys, such as Nb-1Zr, have a resis-
tance similar to that of pure niobium in alkaline
environments.

Salt Solutions. Niobium has excellent cor-
rosion resistance to most salt solutions. Niobium
will not, however, resist those salt solutions that
tend to hydrolyze to form alkalis. Like tantalum,
niobium is embrittled in salts, such as sodium
and potassium carbonates and phosphates that
hydrolyze to form alkaline solutions. Niobium is
also resistant to chloride solutions, even with
oxidizing agents present. Niobium does not
corrode in 10% ferric chloride (FeCl3) to the
boiling temperature. Niobium exhibits resistance
similar to tantalum in salt solutions. Table 8
provides the corrosion resistance of niobium in
many common salt solutions as well as some
more complex media.

Organic Acids. Niobium shows good resis-
tance to many types of organic environments.
These environments include acetic acid, citric
acid, formaldehyde, formic acid, lactic acid,
tartaric acid, and trichloroethylene. Table 9
shows examples of organic media in which nio-
bium has been tested. Niobium is currently being
used with excellent results in the acetic acid
process for rupture disks.

Gases. Niobium has a high solubility for
oxygen, nitrogen, and hydrogen. These gas
atoms occupy interstitial locations. As hydrogen
is dissolved, the level will eventually exceed the
terminal solid-solution limit, causing niobium
hydrides to precipitate. Hydrides are brittle and
create internal stress raisers that fail under low
applied loads. In solution, oxygen and nitrogen
are potent hardeners and will significantly
decrease the ductility of the metal. Because the
oxides have a larger molecular volume than the
base metal, oxygen forms surface oxides that
spall and are nonprotective.

The oxides of niobium have a relatively high
vapor pressure compared with the base metal,
and under conditions of low oxygen pressures
and high temperature, the loss of metal via eva-
poration of the oxides can be substantial. The
kinetics of oxygen uptake can be divided into
three regions as a function of time: a linear region
where oxygen dissolves without oxide forma-
tion, a parabolic region associated with the for-
mation of a protective NbO2 layer and NbO
growing into the metal, and another linear region
where the formation of porous Nb2O5 on top of
NbO2 occurs. At temperatures greater than
1600 �C (2910 �F), evaporation of NbO occurs.

The hydrides of niobium exist over a broad
range of compositions (Ref 20). Homogenous
solid solutions (alpha phase) exist at composi-
tions up to Nb-0.1H. Beyond this hydrogen
concentration, a second beta phase appears. The
alpha+beta phases coexist between Nb-0.1H
and Nb-0.9H. Beyond those compositions, the
system again becomes homogeneous until the
monohydride NbH forms. The crystal structure
of the alpha phase is a body-centered cubic
structure while that of the beta phase is orthor-

hombic. At temperatures above 150 �C (300 �F),
the miscibility gap disappears. A dehydride
exists as an unstable compound and, at low
pressures, decomposes by loss of hydrogen into
the monohydride.

Niobium will oxidize in air above 200 �C
(390 �F). The reaction, however, does not
become rapid until above red heat at approxi-
mately 500 �C (930 �F). At 980 �C (1795 �F),
the oxidation rate in air is 430 mm/yr (17 in./yr).
In pure oxygen, air oxidation is extremely rapid
at 390 �C (735 �F). Oxygen diffuses freely
through the metal, which causes embrittlement.
Niobium reacts with nitrogen above 350 �C
(660 �F), with water vapor above 300 �C
(570 �F), with chlorine above 200 �C (390 �F),
and with carbon dioxide, carbon monoxide, and
hydrogen above 250 �C (480 �F). At a tem-
perature of 100 �C (212 �F), niobium is inert in
most common gases such as bromine, chlorine,
nitrogen, hydrogen, oxygen, carbon dioxide, and
sulfur dioxide (wet or dry).

Miscellaneous Chemical Environments.
Niobium has good resistance in a variety
of miscellaneous corrosive environments,
including hydrogen peroxide, bromine, phos-
phoric acid, and chromic acid. Many materials
are resistant to dry bromine, but moist bromine
is extremely corrosive to many materials.
Niobium is one of the few materials that resists
corrosive attack of dry and wet bromine at
temperatures even as high as 100 �C (212 �F)
(Ref 22). Niobium has also been considered for
use in highly oxidizing solutions, such as those
found in chemical wastes and scrubber environ-
ments. Niobium did not suffer pitting or crevice
attack when exposed to simulated scrubber
environments. Table 10 shows the corrosion
resistance of niobium in a number of mis-
cellaneous environments.

Liquid Metals. Niobium has excellent resis-
tance to many types of liquid metals. The pre-
sence of excessive amounts of nonmetallic
impurities (e.g., gases) may reduce the resistance
of niobium to these liquid metals. Because liquid
metals are excellent heat-transfer media, they
can be used in very compact thermal systems,
such as fast breeder reactors, reactors for space
vehicles, and fusion reactors. Niobium resists
attack by sodium vapor at high temperatures and
pressures. For this reason, Nb-1Zr alloy is used
as end caps for high-pressure sodium vapor
lamps used for highway lighting. Table 11 shows
the corrosion resistance of niobium to selected
liquid metals.

Galvanic Effects. Niobium is susceptible to
hydrogen embrittlement if it is polarized cath-
odically by galvanic coupling or by chemical
attack. For this reason, niobium cannot be pro-
tected cathodically. However, if niobium is
polarized anodically, it forms a very stable pas-
sive film that protects the metal from corrosion.
This property, combined with good electrical
conductivity (13% that of copper) and good
mechanical properties, has led to the use of
niobium as a substrate metal for platinum in
impressed-current cathodic protection anodes.

Table 3 Corrosion of niobium in aqueous nitric acid solutions

HNO3,
wt%

Test duration,
days

Specimen
condition(a)

Corrosion rate(b)

Temperature Nb Nb-1Zr

�C �F mm/yr mils/yr mm/yr mils/yr

10 3-4 NW 102 216 0.001/0.0025 0.04/0.1 . . . . . .
3-4 W 102 216 0.008/0.005 0.3/0.2 0.005/0.0025 0.2/0.1
3-4 NW 102 216 . . . . . . GW/0.008 GW/0.3

65 3-4 NW 121 250 0.007/0.0025 0.3/0.1 0.005/0.012 0.2/0.5
3-4 W 121 250 0.018/0.008 0.7/0.3 . . . . . .

2-6-4 NW 121 250 GW/0/0.0127 GW/0/0.5 . . . . . .
70 3-4 NW 250 482 0.025/0.1 1.0/4.0 . . . . . .
98.5 2-4-2 NW 40 104 0/0.002/0 0/0.1/0 . . . . . .

2-4-2 W 40 104 0/0.002/0.007 0/0.1/0.3 . . . . . .

(a) W, welded; NW, nonwelded. (b) GW, gained weight

Table 4 Results of U-bend tests on niobium

Media
Specimen

condition(a)

Temperature

Impurity
Test duration,

days

Corrosion rate

Result�C �F mm/yr mils/yr

11% hydrochloric acid NW 70 158 60% phenol 14 0.001 0.04 No crack
97% nitric acid NW 40 104 . . . 14 0.025 51 No crack

W 40 104 . . . 14 0.025 51 No crack
NW 40 104 . . . 14 0.025 51 No crack
W 40 104 . . . 14 0.025 51 No crack

(a) W, welded; NW, nonwelded
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Table 5 Corrosion of niobium alloys in sulfuric acid solutions

H2SO4,
wt% Alloy

Specimen
condition(a)

Temperature

Impurity

Test
duration,

days

Corrosion rate(b)

Comment�C �F mm/yr mils/yr

1 Nb NW Boiling 65% nitric acid 2-4-2 0.028/0.008/0.028 1.1/0.3/1.1 Embrittled
3 Nb NW Boiling 65% nitric acid 2-4-2 0.003/0.005/0.003 0.1/0.2/0.1 Embrittled
5 Nb NW Boiling 65% nitric acid 2-4-2 0.041/0.020/0.036 1.6/0.8/1.4 . . .

10 Nb NW Boiling 75% nitric acid 2-4-2 0.008/0.008/0.013 0.3/0.3/0.5 . . .
Nb NW Boiling 78% nitric acid 2-4-2 0.005/0.003/0.008 0.2/0.1/0.3 . . .
Nb NW Boiling 80% nitric acid 2-4-2 0.003/0.003/0.005 0.1/0.1/0.2 . . .

14 Nb NW Boiling 36% nitric acid 2 0.102 4 . . .
Nb W Boiling 36% nitric acid 2 0.079 3.1 . . .

15 Nb NW Boiling 35% nitric acid 2-4-2 0.099/0.058/0.094 3.9/2.3/3.7 . . .
Nb NW Boiling 45% nitric acid 2-4-2 0.099/0.071/0.102 3.9/2.8/4.0 . . .
Nb NW Boiling 45% nitric acid 2 0.117 4.6 . . .
Nb W Boiling 45% nitric acid 2 0.086 3.4 . . .
Nb NW Boiling 49% nitric acid 2-4-2 0.102/0.071/0.096 4.0/2.8/3.8 . . .
Nb NW Boiling 63% nitric acid 2-4-2 0.028/0.030/0.025 1.1/1.2/1.0 . . .
Nb NW Boiling 67% nitric acid 2-4-2 0.013/0.015/0.010 0.5/0.6/0.4 . . .
Nb NW Boiling 70% nitric acid 2-4-2 0.005/0.005/0.008 0.2/0.2/0.3 . . .

20 Nb NW Boiling 50% nitric acid 2-4-2 0.084/0.076/0.079 3.3/3/3.1 Loose black oxide
Nb NW Boiling 55.6% nitric acid 2-4-2 0.046/0.038/0.036 1.8/1.5/1.4 . . .
Nb NW Boiling 60% nitric acid 2-4-2 0.028/0.028/0.023 1.1/1.1/0.9 . . .
Nb NW Boiling . . . 2-4-2 0.094/0.109/0.076 3.7/4.3/3 . . .

23 Nb NW Boiling 28% nitric acid 2 0.145 5.7 . . .
Nb W Boiling 28% nitric acid 2 0.119 4.7 . . .
Nb NW Boiling 37% nitric acid 2 0.160 6.3 . . .
Nb W Boiling 37% nitric acid 2 0.132 5.2 . . .

30 Nb NW Boiling 25% nitric acid 2-4-2 0.155/0.132/0.190 6.1/5.2/7.5 . . .
Nb NW Boiling 33% nitric acid 2-4-2 0.132/0.127/0.170 5.2/5.0/6.7 . . .
Nb NW Boiling 40% nitric acid 2-4-2 0.112/0.099/0.099 4.4/3.9/3.9 . . .

40 Nb NW Boiling 11% nitric acid 2-4-2 0.173/0.168/0.241 6.8/6.6/9.5 . . .
Nb NW Boiling 2% ferric chloride 2-4-2 0.218/0.406/0.127 8.6/16/5 . . .
Nb NW Boiling 2% nitric acid 2-4-2 0.168/0.208/0.223 6.6/8.2/8.8 . . .
Nb NW Boiling 5% nitric acid 2-4-2 0.170/0.178/0.231 6.7/7/9.1 . . .
Nb NW Boiling 8% nitric acid 2-4-2 0.173/0.178/0.239 6.8/7/9.4 . . .
Nb NW Boiling . . . 2-4-2 0.431/0.355/0.381 17/14/15 . . .
Nb-1Zr NW Boiling . . . 2-4 0.558/0.533 22/21 . . .

50 Nb NW 50 122 20% nitric acid 2-4-2 0/0/0 0/0/0 . . .
Nb W 50 122 20% nitric acid 2-4-2 0.003/0.003/0 0.1/0.1/0 Cracks in weld
Nb NW 80 176 20% nitric acid 2-4-2 0.005/0.005/0 0.2/0.2/0 Few pits, cracks in weld
Nb W 80 176 20% nitric acid 2-4-2 0.003/0.010/0.005 0.1/0.4/0.2 . . .
Nb NW 82 180 50% phosphoric acid 2-4-2 0.066/0.063/0.046 2.6/2.5/1.8 . . .
Nb W 82 180 50% phosphoric acid 2-4-2 0.066/0.056/0.056 2.6/2.2/2.2 . . .
Nb NW 123 253 . . . 7 0.279 11 pH=0.1
Ti-45Nb NW 123 253 . . . 7 3.55 140 pH=1
Nb NW Boiling 2% ferric chloride 2-4-2 0.193/0.170/0.170 7.6/6.7/6.7 pH=1
Nb NW Boiling . . . 2-4-2 45.076 4200 pH=0.5

60 Nb NW 25 77 . . . 2-4-2 GW/0.025/0.003 GW/1/0.1 . . .
Nb NW Boiling 1% copper powder 2-4-2 0.736/0.609/0.787 29/24/31 Scaled finish
Nb NW Boiling 1% copper powder, iron

powder
2-4-2 0.761/0.584/0.761 30/23/30 pH=1.5

Nb NW Boiling 1% ferric chloride 1-1-1-1 0.330/0.508/0.254/0.254 13/20/10/10 Pickled surface
Nb NW Boiling 1% iron powder 2-4-2 1.421/1.345/1.371 56/53/54 pH=1.5
Nb NW Boiling 10,000 ppm ferric chloride 1-1-1-1 0.381/0.381/0.305/0.305 15/15/12/12 . . .
Nb NW Boiling 100 ppm ferric chloride 1-1-1-1 0.761/0.558/0.584/0.635 30/22/23/25 . . .
Nb NW Boiling 1000 ppm cupric chloride 1-1-1-1 0.584/0.635/0.660/0.660 23/25/26/26 Pickled surface
Nb NW Boiling 1000 ppm ferric chloride 1-1-1-1 0.508/0.254/0.508/0.508 20/10/20/20 . . .
Nb NW Boiling 1000 ppm ferric chloride 1-1-1-1 0.533/0.558/0.533/0.558 21/22/21/22 Pickled surface
Nb NW Boiling 200 ppm ferric chloride 1-1-1-1 0.863/0.609/0.685/0.685 34/24/27/27 . . .
Nb NW Boiling . . . 2-4-2 0.685/0.761/0.888 27/30/35 Scaled finish

62 Nb NW 135 275 450 ppm nitric acid 2-4-2 0.558/1.04/0.533 22/40/21 Pickled surface
Nb W 135 275 450 ppm nitric acid 2-4-2 0.635/1.269/0.533 25/50/21 Pickled surface

64 Nb NW 100 212 4% nitric acid 2-4-2 0.028/0.030/0.036 1.1/1.2/1.4 Pickled surface
Nb W 100 212 4% nitric acid 2-4-2 0.053/0.038/0.036 2.1/1.5/1.4 Pickled surface

65 Nb NW 25 77 . . . 2-4-2 0.003/0/GW 0.1/0/GW . . .
Nb NW 153 307 . . . 2-4-2-4 2.157/2.030/2.107/2.183 85/80/83/86 . . .
Nb NW Boiling 1% copper powder 2-4-2 1.015/0.660/1.04 40/26/40 . . .
Nb NW Boiling 1% copper powder,

1% iron powder
2-4-2 0.838/0.914/0.964 33/36/38 . . .

Nb NW Boiling 1% iron powder 2-4-2 1.904/2.107/2.284 75/83/90 . . .
Nb NW Boiling 10,000 ppm cupric

chloride
1-1-1-1 0.660/0.711/0.863/0.763 26/28/34/29 . . .

Nb NW Boiling 10,000 ppm ferric
chloride

1-1-1-1 0.635/0.635/0.533/0.457 25/25/21/18 Heat treated, 400 �C
(750 �F), 2 h

Nb NW Boiling 10,000 ppm ferric
chloride

1-1-1-1 0.508/0.508/0.508/0.508 20/20/20/20 . . .

Nb NW Boiling 100 ppm ferric chloride 1-1-1-1 2.583/2.583/1.523/1.269 100/100/60/50 . . .
Nb NW Boiling 1000 ppm cupric chloride 1-1-1-1 1.015/0.914/1.015/1.066 40/36/40/42 . . .

(continued)

(a) W, welded; NW, nonwelded. (b) GW, gained weight

Corrosion of Niobium and Niobium Alloys / 331

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Niobium-platinized anodes are used in high-
resistivity waters and other environments that
require high driving potential to obtain good
current distribution. In this application, niobium

has an advantage over tantalum due to its lower
cost. The cost can be further decreased by using a
composite electrode with a copper core, which
increases the conductivity of the anodes.

The galvanic series in seawater can be
found in Table 8 in the article “Corrosion
of Zirconium and Zirconium Alloys” in this
Volume. Niobium is located between type 316

Table 5 (continued)

H2SO4,
wt% Alloy

Specimen
condition(a)

Temperature

Impurity

Test
duration,

days

Corrosion rate(b)

Comment�C �F mm/yr mils/yr

65 (con-
tinued)

Nb NW Boiling 1000 ppm ferric chloride 1-1-1-1 1.066/0.838/0.838/0.914 42/33/33/36 Heat treated, 300 �C
(570 �F), 2 h

Nb NW Boiling 1000 ppm ferric chloride 1-1-1-1 0.939/0.964/1.015/0.964 37/38/40/38 . . .
Nb NW Boiling 200 ppm cupric chloride 1-1-1-1 2.487/2.411/3.046/2.792 98/95/120/110 . . .
Nb NW Boiling 200 ppm ferric chloride 1-1-1-1 1.269/1.091/1.091/1.015 50/43/43/40 Heat treated, 400 �C

(750 �F), 4 h
Nb NW Boiling 200 ppm ferric chloride 1-1-1-1 2.411/1.954/1.878/1.777 95/77/74/70 . . .
Nb NW Boiling . . . 2-4 3.223/3.046 127/120 . . .

68 Nb NW 135 169 300 ppm nitric acid 2-4-2 0.482/0.838/0.431 19/33/17 . . .
Nb W 135 169 300 ppm nitric acid 2-4-2 0.533/1.168/4.340 21/46/171 . . .

70 Nb NW 25 77 . . . 2-4-2 GW/0.015/0.005 GW/0.6/0.2 . . .
Nb NW 100 212 15% chromic acid 2-4 0.020/0.112 0.8/4.4 . . .
Nb W 100 212 15% chromic acid 2-4 0.020/0.160 0.8/6.3 . . .
Nb NW Boiling 1% copper powder 2-4-2 1.447/1.523/2.030 57/60/80 . . .
Nb NW Boiling 1% copper powder, iron

powder
2-4-2 1.701/1.675/1.904 67/66/75 . . .

Nb NW Boiling 1% iron powder 2-4-2 5.076/3.299/3.553 200/130/140 . . .
Nb NW Boiling 10 ppm cupric chloride 1-1 2.284/45.076 90/4200 . . .
Nb NW Boiling 10,000 ppm ferric

chloride
1-1-1-1 3.046/1.624/1.244/1.701 120/64/49/67 . . .

Nb NW Boiling 100 ppm cupric chloride 1-1 3.147/2.538 124/100 . . .
Nb NW Boiling 1000 ppm cupric chloride 1-1-1-1 1.345/1.396/2.134/2.234 53/55/84/88 . . .
Nb NW Boiling 1000 ppm ferric chloride 1-1-1-1 2.792/2.792/3.553/3.807 110/110/140/

150
. . .

Nb NW Boiling 10,000 ppm cupric
chloride

1-1-1-1 1.497/2.030/1.777/1.726 59/80/70/68 . . .

Nb NW Boiling 200 ppm ferric chloride 1-1-1-1 3.807/2.157/3.807/45.076 150/85/150/
4200

Liquid

Nb NW Boiling 3% chromic acid 20 min 1.574 62 . . .
Nb-1Zr NW Boiling 3% chromic acid 20 min 2.843 112 . . .
Nb-1Zr NW Boiling 3% chromic acid 20 min 2.843 112 Vapor
Nb NW Boiling 3% nitric acid 20 min 1.777 70 . . .
Nb NW Boiling . . . 2-4-2 45.076/45.076/45.076 4200/4200/

4200
. . .

Nb NW Boiling . . . 1-1 45.076/45.076 4200/4200 . . .
72 Nb NW 110 230 3% nitric acid 2-4-2 0.053/0.061/0.051 2.1/2.4/2 Liquid
74 Nb NW 93 199 10% nitric acid 6 0.041 1.6 . . .

Nb W 93 199 16% nitric acid 3 0.114 4.5 . . .
Nb NW 93 199 16% nitric acid 2-3 0.051/0.038 2/1.5 . . .
Nb NW 93 199 5% nitric acid 6 0.132 5.2 . . .
Nb W 110 230 3% nitric acid 2-4-2 0.074/0.066/0.053 2.9/2.6/2.1 Vapor

75 Nb NW 25 77 . . . 2-4-2 0.003/0/0 0.1/0/0 . . .
Nb NW Boiling 10,000 ppm ferric

chloride
1-1-1-1 2.360/2.690/0.964/2.157 93/106/38/85 . . .

Nb NW Boiling 100 ppm ferric chloride 1 45.076 4200 . . .
Nb NW Boiling 1000 ppm ferric chloride 1 45.076 4200 . . .
Nb NW Boiling 200 ppm ferric chloride 1 45.076 4200 . . .
Nb NW Boiling . . . 2 45.076 4200 . . .

76 Nb NW 93 199 10% nitric acid 6 0.041 1.6 . . .
Nb-1Zr NW 93 199 10% nitric acid 6 0.102 4 . . .
Nb NW 93 199 16% nitric acid 3 0.038 1.5 . . .
Nb-1Zr NW 93 199 16% nitric acid 2-3 0.102/0.051 4/2 . . .
Nb NW 93 199 5% nitric acid 6 0.132 5.2 . . .
Nb-1Zr NW 93 199 5% nitric acid 6 0.279 11 . . .

77.5 Nb NW Boiling 10,000 ppm ferric
chloride

1-1-1-1 45.076/45.076/45.076/
4.822

4200/4200/
4200/190

. . .

Nb NW Boiling 1000 ppm ferric chloride 1-1-1 45.076/45.076/45.076 4200/4200/
4200

. . .

Nb NW Boiling . . . 1-1 45.076/45.076 4200/4200 . . .
Nb NW Boiling 200 ppm ferric chloride 1-1 45.076/45.076 4200/4200 . . .

80 Nb NW 25 77 . . . 2-4-2 GW/0.013/0.003 GW/0.5/0.1 . . .
Nb NW Boiling . . . 1 45.076 4200 . . .

90 Nb NW 25 77 . . . 2-4-2 0/0.013/0.003 0/0.5/0.1 . . .
98 Nb NW 25 77 . . . 2-4-2 0/0.013/0.005 0/0.5/0.2 . . .

Nb-1Zr W 25 77 . . . 2-4 0.020/0.003 0.8/0.1 . . .
Nb-1Zr W 114 237 . . . 2-4 0.609/0.533 24/21 . . .
Nb NW Boiling . . . 0.5 45.076 4200 . . .

(a) W, welded; NW, nonwelded. (b) GW, gained weight
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and type 304 stainless steels. From noble to
active, the order is type 316, yellow brass, nio-
bium, tantalum, tungsten, and type 304 stainless
steel (Ref 23).

Localized Corrosion. Niobium is highly
resistant to localized attacks, such as pitting,
crevice corrosion, and stress-corrosion cracking
(SCC). The presence of heavy-metal ions in
reducing acids will improve the corrosion resis-
tance of niobium. Also, as shown in Table 10,

niobium does not suffer pitting or crevice cor-
rosion in simulated scrubber solutions (Ref 24).

In one laboratory study, niobium did not
exhibit SCC in 90% HNO3 at room temperature
using the slow strain-rate technique or in liquid
bromine using U-bend specimens (Ref 25).
However, with particular types of surface
contamination and preparation, niobium (like
tantalum) was found to be sensitive to crevice
corrosion at anodic potentials below those

normally regarded as safe (Ref 26). Table 4
shows results of U-bend ring tests in nitric acid
and hydrochloric acid solutions.

Applications

Niobium, like tantalum, is able to be fabri-
cated into many types of chemical process
equipment. Equipment that includes niobium
components are reactor vessels, columns, shell
and tube heat exchangers, plate and frame heat
exchangers, bayonet heaters, thermowells, rup-
ture disks, and spargers. Because niobium is not
approved for use under the ASME Boiler and
Pressure Vessel Code, it must be used as a liner
or in a pressure-containing envelope. In most
applications, niobium is used as a thin liner
material.

Chemical and Petrochemical Processing.
Niobium retains excellent corrosion resistance
in liquid bromine, even when saturated with
moisture. Niobium-base materials can be used
to make equipment designed to produce or
transport liquid bromine (Ref 27).

Niobium would be well suited for handling
hot, concentrated HNO3. Niobium may be con-
sidered for the highly oxidizing solutions
expected in chemical wastes, scrubber environ-
ments, and mining solutions.

Because of recent advancements in cladding
techniques, the corrosion resistance and
mechanical properties of niobium are now more
affordable and easily used. Thin layers (i.e.,
0.25 mm, or 0.01 in.) of niobium sheet can be
clad to common metals such as steel by using
various cladding techniques, including explosive
bonding.

Niobium is an important metal in the chrome
plating industry as an evaporator to recover spent
chromic acid. Niobium was found to withstand
hot, concentrated chromic acid media, particu-
larly where fluoride ions were present. Niobium
is generally known to have the highest resistance
to attack by fluoride ions among reactive and
refractory metals.

Pharmaceutical Industry. Niobium has
been considered for use in the pharmaceutical
industry because of its corrosion resistance in a
variety of unique solutions (Ref 28). It is reported
that niobium can be applied to applications in
many severe corrosive environments, such as the
pharmaceutical industry.

Mineral Processing Wet Oxidization Pro-
cess. Nb-55Ti (titanium grade 36) has shown
resistance in high-oxygen-pressure leaching
of gold and nickel ores (Ref 11). The niobium
significantly increases the threshold oxygen
pressure and process temperature for ignition
compared to commercially pure (CP) titanium.
Nb-55Ti is used in high-pressure gas vents,
oxygen lances, and valves.

Nuclear Applications. Niobium is used
in certain fast breeder reactors because of its
compatibility with uranium and liquid sodium/
potassium. Because niobium also has a low
neutron cross section, it can be alloyed with

Table 7 Corrosion of niobium in alkaline media

Media
Concentration,

wt%

Corrosion rate

Comment

Temperature Nb Nb-1Zr

�C �F mm/yr mils/yr mm/yr mils/yr

NaOH 1–40 25 77 0.125 5.0 . . . . . .
1–10 98 209 . . . 0.86 34 Embrittled

KOH 5–40 25 77 . . . . . . Embrittled
1–5 98 209 . . . . . . Embrittled

All specimens are nonwelded.
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Fig. 6 Isocorrosion curve of reactive and refractory metals in sulfuric acid, 0.13 mm/yr (5 mils/yr) lines

Table 6 Corrosion of niobium in boiling sulfuric acid with FeCl3 or CuCl2 impurities

H2SO4,
wt%

FeCl3 impurity CuCl2 impurity

Concentration,
ppm

Corrosion rate
Concentration,

ppm

Corrosion rate

mm/yr mils/yr mm/yr mils/yr

60 0 0.74 29 0 0.74 29
100 0.63 25 100 . . . . . .
200 0.71 28 200 . . . . . .

1000 0.43 17 1000 0.63 25
10,000 0.38 15 10,000 0.41 16

65 100 1.32 52 100 . . . . . .
200 0.96 38 200 2.79 110

1000 0.91 36 1000 1.02 40
10,000 0.56 22 10,000 0.74 29

70 0 6.32 249 0 6.3 249
10 8.41 331 10 3.96 156

100 9.07 357 100 2.56 101
200 8.43 332 200 7 276

1000 3.02 119 1000 1.78 70
10,000 1.93 76 10,000 1.77 69
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zirconium for use in the cladding of nuclear fuel
rods.

Platinized Niobium Anodes for Cathodic
Protection. The high anodic breakdown
potential and good electrical conductivity and
mechanical properties of niobium have led to its
use as a substrate material for platinized elec-
trodes in impressed-current cathodic protection
systems for reinforced steel bridge structures
(Ref 4). Niobium was chosen as a substrate
material due to its excellent inert-oxide-forming
properties, which provide dimensional stability
in this application. The platinized niobium wire
used in the bridge protection systems has an
estimated life of over 50 years.

Sodium Gas Discharge Lamps. Because of
the high corrosion resistance of niobium to liquid
sodium, the Nb-1Zr alloy is used in sodium vapor
lamps to hold metallic sodium, which is heated to
871 to 927 �C (1600 to 1700 �F). The intense
heat creates a vapor that, when channeled throu-
gh a quartz tube, generates light (Ref 3). The
ductility of the Nb-1Zr enables the material to be
easily fabricated into tight-tolerance parts.

Microalloying Element in Steels and
Nickel-Base Alloys. Niobium is one of the most
effective microalloying elements in steels.
Additions of niobium in steel, depending on the
grade, will improve grain refinement, retardation
of recrystallization, and precipitation hardening
and will promote scavenging of the iron matrix
(in interstitial-free steels). Niobium is also
recognized as a major alloying element in the
production of superalloys.

Miscellaneous Applications. Niobium is
finding use in components for satellite launch
vehicles and spacecraft and in the production of
superconducting devices. Niobium alloys are

Table 8 Corrosion of niobium in aqueous salt solutions

Media Concentration, wt%

Temperature Corrosion rate

�C �F mm/yr mils/yr

AlCl3 25 Boiling 0.005 0.2
Al2(SO4)3 25 Boiling nil
AlK(SO4)2 10 Boiling nil
CaCl2 70 Boiling nil

0.2% with 0.1% MgCl2+200 ppm NaF
+200 ppm CaF2

80 176 0.025 1.0

0.2% with 0.1% MgCl2 80 176 0.25 10
2% with 1% MgCl2+200 ppm NaF

+2800 ppm CaF2

80 176 0.025 1.0

2% with 1% MgCl2 80 176 0.125 5.0
6.6% with 3.3% MgCl2+200 ppm NaF

+9800 ppm CaF2

80 176 0.025 1.0

6.6% with 3.3% MgCl2 80 176 0.025 1.0
Cu(NO3)2 40 Boiling nil
CuSO4 40 104 219 0.025 1.0
FeCl3 10 25–boiling 77–boiling nil
HgCl2 Saturated Boiling 0.0025 0.1
H2SiF6 10 90 194 5.0 200
HSO3NH2 10 Boiling 0.025 1.0
K2CO3 1–10 25 77 0.025 1.0

10–20 98 208 Embrittle
K2PO4 10 25 77 0.025 1.0
MgCl2 47 Boiling 0.025 1.0
NaCl Saturated and pH=1 Boiling 0.025 1.0

5% with 0.5% acetic acid 100 212 nil
Na2CO3 10 25 77 0.025 1.0

10 Boiling 0.025 1.0
NaHSO4 40 Boiling 0.125 5.0
NaOCl 6 50 122 0.125 5.0
Na3PO4 5–10 25 77 0.025 1.0
NH4Cl 40 Boiling 0.025 1.0
NH2SO3H 10 Boiling 0.025 1.0
NiCl2 30 Boiling nil
Ni(NO3)2 40 104 219 0.025 1.0
ZnCl2 40–70 Boiling nil
ZrCl4 70 Boiling nil

88 Boiling nil

Table 9 The corrosion of niobium in organic solutions

Media Alloy
Specimen

condition(a)

Temperature

Impurity
Test

duration

Corrosion rate(b)

Comment�C �F mm/yr mils/yr

30% oxalic acid Nb W Boiling . . . 20 min 1.7 67 Liquid
Nb-1Zr NW Boiling . . . 20 min 2.4 95 Liquid

40% methanesulfonic acid Nb NW 60 140 . . . 2 d 0.0 0 Liquid
Nb NW 60 140 500 ppm ceric nitrate 2 d GW GW Liquid
Nb NW 60 140 500 ppm ceric sulfate 2 d 0.003 0.1 Liquid
Nb W 60 140 . . . 2 d 0.003 0.1 Liquid
Nb W 60 140 500 ppm ceric citrate 2 d 0.000 0 Liquid
Nb W 60 140 500 ppm ceric sulfate 2 d 0.003 0.1 Liquid

50% acetic acid Nb-1Zr NW Boiling . . . 3–4 d 0.0076/GW 0.3/GW Liquid
Nb-1Zr W Boiling . . . 3–4 d 0.01/GW 0.4/GW Liquid

Glacial acetic acid Nb NW 40 104 HCl and chlorine gas sparge 18 h/11 d 0.0126/GW 0.5/0.7 Liquid
Nb NW 40 104 HCl and chlorine gas sparge 18 h/11 d 0.0076/0.0126 0.3/0.5 Vapor
Nb NW 80 176 HCl and chlorine gas sparge 18 h 0.020 0.8 Liquid
Nb NW 80 176 HCl and chlorine gas sparge 18 h 0.008 0.3 Vapor
Nb NW 100 212 HCl and chlorine gas sparge 18 h 0.020 0.8 Vapor
Nb NW 100 212 HCl and chlorine gas sparge 18 h 0.013 0.5 Liquid
Nb NW Boiling HCl and chlorine gas sparge 18 h 45.1 4200 Vapor
Nb NW Boiling HCl and chlorine gas sparge 18 h 45.1 4200 Liquid
Nb W 40 104 HCl and chlorine gas sparge 18 h/11 d GW/2.3 GW/90 Liquid
Nb W 40 104 HCl and chlorine gas sparge 18 h/11 d GW/45.1 GW/4200 Vapor
Nb W 80 176 HCl and chlorine gas sparge 18 h GW GW Liquid
Nb W 80 176 HCl and chlorine gas sparge 18 h GW GW Vapor
Nb W 100 212 HCl and chlorine gas sparge 18 h GW GW Vapor
Nb W 100 212 HCl and chlorine gas sparge 18 h GW GW Liquid
Nb W Boiling HCl and chlorine gas sparge 18 h 45.1 4200 Vapor
Nb W Boiling HCl and chlorine gas sparge 18 h 45.1 4200 Liquid

(a) W, welded; NW, nonwelded. (b) GW, gained weight
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used for rocket nozzles on satellite launch vehi-
cles and spacecraft (Ref 29). Because niobium is
easily oxidized at elevated temperatures, it must
be coated for this use. Aluminide and silicide

coatings are used for this purpose. Niobium
alloys, such as Nb-55Ti, are used in the aircraft
industry. Nb-55Ti requires approximately 25%
of the buckling force necessary to head a CP
titanium rivet of the same size and is stronger
than CP titanium at temperatures in excess of
316 �C (600 �F).

A recent application for Nb-55Ti is for flanges
and helium vessels to support high-purity
superconducting cavities in radio frequency (RF)
linear accelerators (Ref 30, 31). Nb-55Ti flanges
have been shown to withstand heat treatments of
1400 �C (2550 �F), where stainless steel flanges
would deform while losing mechanical strength.
Also, the Nb-55Ti can be electron beam welded
directly to the high-purity niobium RF cavities.
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Table 10 Corrosion of niobium in miscellaneous solutions

Media
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duration
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Temperature Corrosion rate(b)
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10% aluminum potassium sulfate 2-4-2 d NW Boiling GW/GW/GW GW/GW/GW . . .
50% aluminum chloride 2-4-2 d NW 116 241 0.056/0.018/0.0025 2.2/0.7/0.1 . . .
40% ammonium chloride 2-4-2 d NW Boiling GW/0.015/0.007 GW/0.6/0.3 . . .
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. . . NW 20 70 nil nil . . .
. . . NW 20 70 0.025 1 . . .

50% chromic acid
1-6 d NW 25 77 0/0.0025 0/0.1 . . .
1-6 d W 25 77 0/0.0025 0/0.1 . . .

Chrome plating solutions . . . NW 92 198 0.125 5 25% CrO3, 12% H2SO4, H2O
. . . NW 92 198 0.125 5 17% CrO3, 2% Na5SiF6, trace H2SO4,

H2O
40% copper sulfate 2-4-2 d NW Boiling 0.05/0.01/0.0025 2/0.5/0.1 . . .
37% formaldehyde 4 d NW Boiling 0.01 0.4 . . .
10% hydrofluoric

silicic acid
2.5 h NW 90 194 3.8 150 . . .
2.5 h W 90 194 3.8 150 . . .

30% hydrogen peroxide 2-4-2 d NW 25 77 0.007/0.01/0.015 0.3/0.5/0.6 . . .
2-4-2 d NW Boiling 0.17/0.08/0.15 6.8/3.2/6 . . .

30% nickel chloride 2-4-2 d NW Boiling 0/0.0076/GW 0/0.3/GW . . .
30% oxalic acid 20 min W Boiling 1.7 67 . . .
10% sodium carbonate 2-4-2 d NW 25 77 0.015/0.01/0.01 0.6/0.4/0.5 . . .

2-4-2 d NW Boiling 0.7/0.4/0.3 28/17/12 . . .
33% sodium sulfide 10 d NW Boiling 45 4200 . . .
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fluoride
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NaF, SO2 bubble

1 d W 55 131 0.07 2.7 30% CaCl2, 30% NaCl,
20% MgCl2, 20%
KCl, NaF, SO2 bubble
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fluoride
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1% CuCl2

8 d NW 110 230 0.12 4.8(c) 7 vol% H2SO4, 3 vol% HCl, 1% FeCl3,
1% CuCl2

(a) W, welded; NW, nonwelded. (b) GW, gained weight. (c) No pitting or crevice corrosion observed

Table 11 Corrosion of niobium in liquid
metals
Niobium is resistant to attack below the indicated
temperatures.

Molten metal

Temperature

�C �F

Bismuth 5510 5950
Gallium 5400 5750
Lead 5850 51560
Mercury 5660 51220
Sodium 51000 51830
Potassium 51000 51830
Sodium-potassium 51000 51830
Thorium-magnesium eutectic 5850 51560
Uranium 51400 52550
Zinc 5450 5840
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Corrosion of Tantalum and
Tantalum Alloys

TANTALUM is one of the most versatile
corrosion-resistant metals known. It combines
the inertness of glass with the strength and duc-
tility of low-carbon steel and with a much higher
heat-transfer capability than glass. The relatively
high cost of tantalum has been a limiting factor in
its use, but where premium corrosion resistance
is important, the cost can be justified. Fabrication
techniques, in which thin linings of tantalum are
used in chemical processing equipment, result in
equipment that has the acid corrosion resistance
provided by tantalum but at a much lower cost
than an all-tantalum construction.

The long life and reliability of tantalum
equipment in severe-corrosion applications can
offset its higher initial cost. Table 1 lists numer-
ous applications for tantalum in the chemical
processing industry and in other industries.

Most tantalum, (approximately 60%) is used
in electronics, with tantalum capacitors being the
largest application by far. The constant drive for
smaller portable electronic devices with high
reliability has increased the demand for tantalum
capacitors. The dielectric is tantalum oxide, and
the capacitor packaging protects the tantalum
from the environment, so this article does not
dwell on this application.

The most common compositions of tantalum
are unalloyed cast (UNS R05200) and unalloyed
sintered (UNS R05400); tungsten alloyed, Ta-
2.5W (UNS R05252); and Ta-10W (UNS
R05255). Ta-2.5W is selected for greater low-
temperature mechanical strength than pure
tantalum, and Ta-10W has superior high-temp-
erature strength (service up to 2480 �C, or
4500 �F). Tantalum is processed as a powder that
can be sintered or remelted using an electron
beam or vacuum arc. Ta-40Nb (UNS R05240)
provides higher tensile and yield strength than
pure tantalum, while retaining much of the
chemical resistance at a lower cost.

Mechanism of Corrosion Resistance

The outstanding corrosion resistance and
inertness of tantalum are attributed to a very thin,
impervious, protective oxide film that forms on
exposure of the metal to slightly anodic or oxi-
dizing conditions (Ref 1). Although tantalum

pentoxide (Ta2O5) is the usual oxide form, sub-
oxides may also exist in transition between the
base metal and the outer film (Ref 2). It is only
when these oxide films react with or are pene-
trated by a chemical reagent that attack occurs on
the underlying metal substrate. A visible, con-
tinuous oxide film can be formed on tantalum by
electrolytic anodizing in an acid solution such as
dilute phosphoric acid (H3PO4). This film has a
high dielectric constant, which prevents the flow
of direct current from tantalum to an electrolyte
when the metal is made anodic. The high stabi-
lity of the oxide film makes tantalum valuable for
capacitor and rectifier applications. For corro-
sion applications, pickling in a solution of HF/
HNO3/H2O or HF/H2SO4/H2O will also produce
a continuous oxide film.

Tantalum occupies a position toward the
electropositive end of the electromotive force
series and thus tends to become cathodic in the
galvanic cell circuit formed by contact with
almost all other metals. Because of this cathodic
behavior, atomic hydrogen, which may be lib-
erated, can be absorbed by the tantalum and
result in hydrogen embrittlement. Stray voltages
can also cause this undesired effect. Therefore,
when used in chemical processing equipment,
tantalum must be protected from becoming
cathodic so that the material will not become
embrittled. Hydrogen embrittlement and meth-
ods for minimizing its effect are discussed later
in this article.

Corrosion in Specific Media

Because tantalum is resistant to a wide range
of acids, salts in solution, and organic chemicals
at elevated temperatures, tantalum has a primary
application as a material of construction in the
chemical processing industry. The corrosion
resistance of tantalum in media important to the
chemical processing industry follows.

Water. Tantalum is not attacked by fresh-
water, mine waters (which are usually acidic), or
seawater. Tantalum shows no corrosion in
deionized water at 40 �C (100 �F) (Ref 3). For
tantalum equipment exposed to boiler waters and
condensates, the alkalinity must be controlled.
The pH should be less than 9 and preferably no

more than 8. No failures caused by exposure of
tantalum to steam condensate have ever been
recorded. Tantalum is used in many cases at
saturated steam pressures above 1035 kPa
(150 psi) at temperatures of 185 �C (365 �F) and
is considered resistant to saturated steam below
250 �C (480 �F) at a pressure of 3.9 MPa
(560 psi).

Acids. The chemical properties of tantalum
are similar to those of glass. Like glass, tantalum
is immune to attack by almost all acids except HF
(Table 2). Reactions conducted in the laboratory
in glass equipment can be transferred to plant
operations in tantalum equipment with complete
assurance that the equipment will be free from
corrosion, that the product will not become
contaminated, and that undesired side reactions
will not occur.

Tantalum is not attacked by such agents as
sulfuric acid (H2SO4), nitric acid (HNO3), hydro-
chloric acid (HCl), aqua regia, perchloric acid
(HClO4), chlorine, bromine, hydrobromic acid
(HBr) or any of the bromides, phosphoric
acid (H3PO4) when free of the F� ion, nitric
oxides, chlorine oxides, hypochlorous acid
(HClO), organic acids, and hydrogen peroxide
(H2O2) at ordinary temperatures. It is attacked,
even at room temperature, by strong alkalis (e.g.,
NaOH), HF, and free sulfur trioxide (SO3) (as in
fuming H2SO4). Table 3 compares the corrosion
resistance of tantalum and other resistant metals
in various acids.

Sulfuric Acid. Tantalum is highly resistant to
corrosion by H2SO4 in all concentrations up to
approximately 98%. It is inert to dilute acid even
at boiling temperatures and is not attacked by
concentrated acids at temperatures below 150 �C
(300 �F). A slow, uniform attack by concen-
trated H2SO4 begins on tantalum at approxi-
mately 175 �C (345 �F). However, the corrosion
by hot, concentrated H2SO4 is uniform, and at a
temperature as high as 200 �C (390 �F), tanta-
lum can be successfully used with 98% H2SO4

(Fig. 1) and, under certain conditions, in 99%
H2SO4 at temperatures as high as 230 �C
(445 �F) (Ref 4, 5).

Fuming H2SO4 (oleum) attacks the metal
much more rapidly than the concentrated acid
does (Fig. 1), but the attack on tantalum by either
concentrated H2SO4 or oleum is uniform over
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Table 1 Applications for tantalum equipment

Product Operation Industry Equipment Remarks

Acetic acid, crude Recovery from wood distillate Chemical Bayonet heaters, condensers . . .
Aluminum chloride Concentration Chemical Bayonet heaters, condensers Condensers for HCl recovery
Amino acids Digesting proteins in HCl Chemical, breweries,

distilleries, food
Bayonet heaters, condensers, complete

plants
See glutamic acid, mono-sodium

glutamate
Ammonium chloride, crude Concentration from gas house liquors Gas and coke Bayonet heaters, heat exchangers . . .
Ammonium chloride, pure Concentration before crystallizing Chemical Heat exchangers High pressure
Ammonium nitrate Concentration Chemical Heat exchangers . . .
Aqua regia Ore solution, stainless steel pickling Chemical, steel Bayonet heaters, heat exchangers, pickling

tank coils
. . .

Aviation gasoline Butane isomerization Petroleum Anhydrous HCl plants . . .
Benzoic acid Hydrolysis from benzyl chloride Chemical, pharmaceutical HCl absorbers Recovery of by-product HCl
Benzyl chloride Chlorination of toluene Chemical HCl absorbers Recovery of by-product HCl
Bromine, crude Steam and bromine condensation Chemical Condensers . . .
Bromine, pure Purification from chlorine and organics Chemical Boilers, condensers, complete purification

plants
. . .

Bromides, organic Bromination Pharmaceutical Condensers Both reflux and product condensers
Chloral HCl absorption Chemical HCl absorbers Recovery of by-product HCl
Chlorine Brine cooling Chemical Heat exchangers . . .
Chloroacetic acid HCl absorption Chemical HCl absorbers Recovery of by-product HCl
Chlorobenzene, also

monochloro-benzene and
paradichloro-benzene

Chlorinator operation HCl absorption Chemical Condensers, HCl absorbers Recovery of by-product HCl

Chromic acid Heating solutions Electroplating Coils, heat exchangers . . .
Diphenyl chloride HCl absorption Chemical HCl absorbers Recovery of by-product HCl
Detergents (chlorinated) HCl absorption Chemical HCl absorbers Recovery of by-product HCl
Ethyl ether Heating alcohol reactor Pharmaceutical, chemical Bayonet heaters, single and multiple . . .
Ethyl bromide Alcohol bromination Chemical Special HBr reactor; anhydrous HBr plant . . .
Ethyl chloride Alcohol chlorination Chemical Special HCl reactor; anhydrous HCl plant . . .
Ethyl gasoline Tetraethyl lead production Chemical, petroleum Heaters, coolers, condensers, anhydrous

HCl plant
. . .

Ethylene dibromide Ethyl gas stabilizer, ethylene bromination Chemical Condensers, bromide plants . . .
Ethylene dichloride Chlorination Chemical Condensers . . .
Ethylene glycol Reactor, sulfuric acid concentrator Chemical Bayonet heaters, multiple . . .
Ferric chloride Dissolving concentration Chemical Bayonet heaters, single and multiple . . .

Sewage treatment Sanitary districts Bayonet heaters, flow regulator parts,
thermometer wells

Heaters to warm storage tanks

Formic acid Distillation Chemical Condensers . . .
Fuming HNO3 Distillation Chemical Multiple bayonet heaters, condensers . . .
Glutamic acid Digesting gluten in HCl, vacuum

evaporation of HCl, recovery of HCl
Chemical Bayonet heaters, single and multiple;

condensers; synthetic HCl plants
. . .

Halogens (except fluorine) Chlorine, bromine, iodine generators and
recovery systems

Chemical, pharmaceutical Bayonet heaters, coils, condensers,
regulator parts, thermometer wells

. . .

Hydrobromic acid Generation Chemical Bayonet heaters, coils, condensers,
synthetic HBr plants

. . .

Hydrochloric acid Production, purification, recovery,
processing

Chemical, pharmaceutical,
food

Bayonet heaters, heat exchangers, coils,
condensers, HCl absorbers, synthetic HCl
plants, acid coolers, gas coolers, chlorine
burners, strippers, thermometer wells

. . .

Hydrochloric acid C. P. Distillation Chemical Bayonet heaters, coils, condensers,
complete stills

. . .

Hydrochloric acid, anhydrous Production Chemical Absorbers, coolers, strippers, chlorine
burners, complete plants

. . .

Hydriodic acid Generation and recovery Chemical, pharmaceutical Bayonet heaters, coils, condensers . . .
Hydrogen chloride Production Chemical Absorbers, coolers, strippers, chlorine

burners, complete plants
. . .

Hydrogen peroxide Hydrolysis, concentration Chemical Bayonet heaters, heat exchangers . . .
Iodine Recovery from sour brines Chemical Coils . . .
Isobutane Isomerization for aviation gasoline Petroleum Anhydrous HCl plants . . .
Isopropyl alcohol Concentration of H2SO4 Chemical, petroleum Bayonet heaters, multiple . . .
Lactic acid Distillation purification Chemical, pharmaceutical Bayonet heaters, condensers . . .
Magnesium bromide Concentration Chemical Bayonet heaters, coils . . .
Magnesium chloride Concentration Chemical Heat exchangers . . .
Methyl chloride Methanol chlorination Chemical Coils, condensers, complete units . . .
Methyl ethyl ketone Recovery of by-product HCl Chemical HCl absorbers . . .
Mono-sodium glutamate Glutamic hydrochloride production Chemical, food Bayonet heaters, condensers, complete

plants
. . .

Muriatic acid pickling Heating, pickling tanks Steel, metal working Coils . . .
Nitric acid Distillation, recovery Chemical Bayonet heaters, single and multiple;

condensers
. . .

Nitroglycerin Nitration, HNO3 recovery Chemical, explosive Condensers, thermometer wells . . .
Nitrosyl bromide Recovery, handling Chemical Condensers, pipe and fittings . . .
Nitrosyl chloride Generation, recovery Chemical Pipe and fittings . . .
Oakite (tri-sodium phosphate) Cleaning and degreasing metals Metal working Bayonet heaters, coils . . .
Pentachlor phenol Chlorination Chemical HCl absorbers Recovery of by-product
Perchloric acid Generation, concentration Chemical Coils, condensers . . .
Persulfuric acid Electrolysis, recovery Chemical Bayonet heaters, electrode supports . . .
Phenol (carbolic acid) Chlorination, hydrolysis Chemical, plastic Bayonet heaters, HCl absorbers Tantalum equipment used in Raschig

process

(continued)
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the surface. The presence of impurities does not
increase the corrosion rate of tantalum in H2SO4.
In general, no failures due to hydrogen embrit-
tlement have been reported for tantalum chemi-
cal processing equipment used in H2SO4 service
unless additional factors such as fatigue loading,
or mechanical damage are present. However,
under special laboratory test conditions, hydro-
gen embrittlement can be induced in tantalum
(Ref 7).

Phosphoric Acid. Figure 2 shows the corro-
sion rate of tantalum exposed to various con-
centrations of reagent-grade (chemically pure)
H3PO4 at the boiling temperature and at 190 �C
(375 �F). Figure 2 also shows the boiling point
curve of H3PO4 as a function of concentration.
Tantalum exhibits superior resistance to boiling
H3PO4 at all concentrations. At temperatures in
excess of boiling, the superiority of tantalum is
evident. Data for 85% H3PO4 are included in
Fig. 1. If the H3PO4 contains more than a few
parts per million of F� ion, however, as is fre-
quently the case with commercial acid, attack on
the tantalum may occur.

In one study, the corrosion resistance of
commercially pure tantalum to a mixture of
H3PO4, potassium chloride (KCl), and water
initially containing 60 to 260 ppm F� was
evaluated at 120 �C (250 �F) and at atmospheric
pressure (Ref 9). Corrosion rates calculated from
the test data were of the order of 0.0005 to
0.15 mm/yr (0.02 to 6 mils/yr), indicating good
corrosion resistance.

Hydrochloric Acid. Specific corrosion tests
and many industrial applications show that tan-
talum is completely inert to HCl in all con-
centrations under atmospheric pressure to at
least 121 �C (250 �F) (Ref 4). This has been
demonstrated by long industrial experience.
Bayonet heaters, probes stuck into the medium to

be heated, that were fabricated from tantalum
with a wall thickness as thin as 0.33 mm
(0.013 in.) have been in continuous industrial
use in HCl distilling units for over 20 years
without being attacked. However, there have
been instances where hydrogen embrittlement
without signs of corrosive attack has occurred in
tantalum when exposed to solutions of HCl and
methanol.

Figure 3 shows the corrosion rate of tantalum
in HCl over the concentration range from 1 to
35%. Figure 4 shows a plot of the corrosion rate
of tantalum in 20, 32, and 37% HCl as a function
of temperature. Additions of HNO3 and ferric or
cupric chlorides (FeCl3 or CuCl2) to HCl tend to
improve corrosion resistance.

Tests indicate that tantalum resists HCl at
all temperatures and concentrations to 190 �C
(375 �F). At concentrations near 30% and at
190 �C (375 �F), some tendency toward hydro-
gen embrittlement has been noted. This possi-
bility should be considered when handling
concentrated solutions of acid above the boiling
point. The tendency was not noted at or below the
boiling point of HCl solutions.

Nitric Acid. Tantalum is inert to HNO3 solu-
tions in all concentrations and at all temperatures
to boiling. The presence of Cl� in HNO3 does
not reduce the corrosion resistance of the metal
to this acid. Figure 5 shows the corrosion rate of
tantalum in HNO3 concentrations ranging from 1
to 70%.

The corrosion rate of tantalum to HNO3 at
subboiling temperature is less than 0.4 mm/yr
(0.015 mil/yr) for most concentrations and tem-
peratures. In general, the use of tantalum at these
temperatures would not be economical, con-
sidering the resistance offered by stainless steels.
At temperatures near and above the normal
boiling point of HNO3, the superior resistance of

tantalum becomes pronounced. Corrosion test-
ing of tantalum for equipment to be used at these
temperatures is recommended. Tantalum has
been successfully used for years to handle fum-
ing HNO3 at service conditions up to 5.5 MPa
(800 psig) and 315 �C (600 �F) in chemical
processing equipment.

Hydrofluoric acid is the best solvent for tan-
talum. The rate of attack varies from slow for
dilute acid to rapid for concentrated solutions.
The rate of attack by HF can be greatly acceler-
ated by the addition of HNO3 and other oxidizing
agents, such as H2O2. Metallographic etchants
use this recipe. Embrittlement of the metal due to
the absorption of atomic (nascent) hydrogen can
occur when the metal is attacked by HF. How-
ever, when sufficient HNO3 is present, hydrogen
embrittlement does not occur, even after nearly
all of the tantalum is dissolved, for example, by
severe pickling. The rate of hydrogen absorption
is greatly reduced in dilute HF if the tantalum is
made positive by impressing 2 to 10 V on the
material in an electrolytic cell. Embrittlement by
hydrogen does not occur when tantalum is made
positive. In solutions of HF, which prevent the
formation of the protective oxide film, tantalum
is less noble than zinc, manganese, aluminum,
and zirconium (Ref 10).

Attack on tantalum apparently does not occur
in chromium plating baths containing F�

(Ref 11). In one test, a corrosion rate of
0.0005 mm/yr (0.02 mil/yr) was observed on a
sample placed in a chromium plating bath for
21/2 months. The solution contained 40% chro-
mium trioxide (CrO3) and 0.5% F� ion at a
temperature of 55 to 60 �C (130 to 140 �F). In
another 4-day exposure, a corrosion rate of
0.005 mm/yr (0.2 mil/yr) occurred in a bath
containing 250 g/L (33 oz/gal) CrO3, 1.5 g/L
(0.20 oz/gal) H2SO4, and 3 g/L (0.40 oz/gal)

Table 1 (continued)

Product Operation Industry Equipment Remarks

Phosphoric acid Concentration Chemical, food Bayonet heaters Tantalum can be used only when
fluorine content is below 10 ppm.

Phosgene Generation Chemical Bayonet heaters, condensers . . .
Pickling liquors Heating, pickling tanks Metal working, steel Coils Tantalum used with HCl, HNO3, or

mixtures of them
Plating (See chromic acid) . . . . . . . . .
Polystyrene Recovery of by-product HCl Chemical, plastic HCl absorbers . . .
Rayon (viscose process) . . . . . . Bayonet heaters, spinneret cups,

thermometer wells
. . .

Silver nitrate Recovery Photographic Heat exchangers . . .
Smokeless powder Nitration, HNO3 and H2SO4 recovery Chemical equipment Bayonet heaters, condensers,

thermometer wells
. . .

Sulfuric acid Concentration Chemical, petroleum Bayonet heaters . . .
Styrene Recovery of by-product HCl Chemical, plastic HCl absorbers . . .
Sulfuric acid Concentration, recovery Chemical, petroleum,

pharmaceutical
Bayonet heaters, single and multiple . . .

Tartaric acid Reactor concentrator Chemical, pharmaceutical,
food

Bayonet heaters, multiple . . .

Tetraethyl lead Production Chemical, petroleum Heaters, coolers, condensers, anhydrous
HCl plants

. . .

T.N.T (Tri-nitrotoluene) Nitration, HNO3 and H2SO4 recovery Chemical, explosive Bayonet heaters, condensers,
thermometer wells

. . .

Tri-sodium phosphate Cleaning and degreasing metals Metal working Bayonet heaters, coils . . .
Vinyl chloride Chlorination Chemical, plastic Anhydrous HCl plants . . .
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of F� ion at 55 �C (130 �F). Complex ion
formation between chromium and F� ions is
thought to explain the reduced activity of F�.

Corrosion rates were determined on several
construction materials, including tantalum in
HNO3 plus HF mixtures (Ref 12). These studies
were related to tests of various candidate mate-
rials for fuel element processing. Tantalum
showed some promise but was not entirely
satisfactory. Its possible use was considered
restricted to low fluoride concentrations and
temperatures below boiling.

Acid Mixtures. Tests were conducted to
determine the suitability of tantalum to either hot
or cool mixed solutions of HCl, H2SO4, and

potassium hydrogen sulfate (KHSO4). The test
temperature ranged from the boiling point of the
solution, 115 to 120 �C (235 to 250 �F). The
corrosion rate of the tantalum based on 4 days
of exposure was 0.001 mm/yr (0.04 mil/yr).
Examination of the sample after the test indi-
cated no apparent discoloration. There were no
visible signs of attack, and the sample remained
ductile after the test. The very slight weight loss
reported was believed to have been caused by
physical scraping on the sample. Thus, tantalum
exhibited excellent corrosion resistance to this
mixture.

Corrosion rates were also determined on tan-
talum exposed to a mixture of concentrated

H2SO4, HNO3, and HCl at temperatures ranging
from 200 to 270 �C (390 to 520 �F) (Ref 13).
Corrosion rates were reduced by a factor of 3
compared to the rate in H2SO4 alone. When only
HCl or water was added, the corrosion rate was
reduced only slightly. When HNO3 was added
alone, the corrosion rate was the same as when
HCl and HNO3 were both added. Thus, the oxi-
dizing effect of HNO3 reduced the tantalum
corrosion rate.

Other Acids and Reagents. Over the tem-
perature range commonly used in solution pro-
cesses, tantalum is inert to sulfur and phosphorus
chlorides, diphenyl and diphenyl oxide, and
hydrogen sulfide (H2S).

Table 2 Effects of acids on tantalum

Acid Concentration, % Temperature, �C (�F) Code(a)

Acetic acid 5–99.5 Room to boiling E
Acetic acid, glacial 99.7 Room to boiling E
Acetic acid vapor 0–100 Room to boiling E
Acetic anhydride 99 Room E
Aqua regia 3 HCl, 1 HNO3 Room to 77 (170) E
Arsenic acid 90 Room E
Benzoic acid 5 Room E

Saturated Room E
Boric acid 5 Room to boiling E

10 Room to boiling E
Saturated Room E

Butyric acid 5 Room E
Carbolic acid Saturated Room E

. . . . . . E
Chloroacetic acid 30 Room to 82 (180) E

100 Room to boiling E
Chloric acid . . . Room E
Chlorosulfonic acid 10 . . . E
Chromic acid 5–50 Room to boiling E
Citric acid 5 Room E

10–25 Room to boiling E
Citric acid (nonaerated) 50 Room to 100 (212) E
Citric acid (aerated) 50 Room to 100 (212) E
Citric acid Concentrated Room to boiling E
Dichloroacetic acid 100 Room to 100 (212) E

100 Room to boiling E
Fatty acids . . . . . . E
Fluoboric acid 5–20 Elevated NR
Fluorosilicic acid 10 Room NR
Formic acid (still) 5 Room to 66 (150) E
Formic acid (nonaerated) 10–50 Room to boiling E
Formic acid (aerated) 10–90 Room to 100 (212) E
Gallic acid 5 Room to boiling E
Hydrobromic acid 0–100 Room to boiling E
Hydrochloric acid

(nonaerated)
5–20 Room to 35 (95) E

Hydrochloric acid (aerated) 5–20 Room to 35 (95) E
Hydrochloric acid All Room to 71 (160) E
Hydrochloric acid fumes Concentrated Room to 38 (100) E
Hydrocyanic acid . . . . . . E
Hydrofluoric acid 5–48 Room NR
Hydrofluoric acid

(anhydrous)
100 Room NR

Hydrofluoric acid vapors . . . Room NR
Hydrofluoric-nitric acid 1 HF:15 HNO3 Room NR
Hydrofluosilicic acid 5 Room V
Hydrofluosilicic acid vapors . . . 100 (212) NR
Hydroxyacetic acid . . . Room to 40 (105) E
Lactic acid 5 Room to 66 (150) E

10–100 Room to boiling E
Malic acid . . . Room and hot E
Methyl-sulfuric acid 0–100 Room to 150 (300) E
Molybdic acid 5 Room E
Muriatic acid . . . Room E
Nitric acid 5 Room E

Acid Concentration, % Temperature, �C (�F) Code(a)

Nitric acid (continued) 10–40 Room to 100 (212) E
50–65 Room to boiling E
69.5 Room to 100 (212) E

Nitric acid (white fuming) 90 Room to 82 (180) E
Nitric acid 95 Room E
Nitric acid Concentrated Room to boiling E
Nitric acid Fuming Room E
Nitrous acid 5 Room E
Oleic acid . . . Room E
Oxalic acid 1 Room to 38 (100) E

5 Room to 35 (95) E
10 Room to boiling E

0.5–25 Room to 60 (140) E
Saturated Room to 93 (200) E

Perchloric acid 0–100 Room to 150 (300) E
Phenol (carbolic acid) Saturated Room E
Phosphoric acid 1 Room E
Phosphoric acid 5 Room to 100 (212) E
Phosphoric acid (still) 10 Room to 175 (350) E
Phosphoric acid (agitated) 10 Room E
Phosphoric acid (aerated) 10 Room E
Phosphoric acid 5–30 Room E
Phosphoric acid 35–85 Room E
Phosphoric acid 85 Room to 38 (100) E
Phosphoric-

sulfuric þ CuSO4

15H3PO4-10H2SO4 Room to 66 (150) E

Picric acid Concentrated . . . E
Propionic acid vapor . . . 190 (375) E
Pyrogallic acid . . . . . . E
Salicylic acid . . . Room E
Stearic acid Concentrated Room to 93 (200) E
Succinic acid . . . Molten E
Sulfuric acid 1–5 Room to 60 (140) E

5 Room to 60 (140) E
10 Room to boiling E
15 Room E
50 Room to boiling E

Concentrated Room to 150 (300) E
Concentrated Boiling NR

Fuming Room NR
Sulfuric acid vapors 96 Room to 150 (300) E
Sulfuric anhydride Dry Room NR
Sulfuric-nitric acid 90–10 Room E

70–30 Room E
50–50 Room to 60 (140) E
30–70 Room E
10–90 Room to 60 (140) E

Sulfurous acid 6 Room E
Saturated Room to 190 (375) E

Sulfurous spray . . . Room E
Tannic acid 10 Room to 66 (150) E

25 Room to 100 (212) E
Tartaric acid 10 Room to 100 (212) E

25 Room to 100 (212) E
50 Room to 100 (212) E

(a) E, no attack; V, variable, depending on temperature and concentration; NR, not resistant
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Hypochlorites do not affect tantalum unless
they are strongly alkaline. The same is true of all
chlorides, bromides, and iodides. Fluorides,
however, will attack tantalum.

A detailed corrosion study was conducted in a
chlorine dioxide (ClO2) plant for pulp bleaching
in an effort to secure useful information on the
performance of various metals and alloys in this
service (Ref 14). Tantalum was among the
materials tested, and it showed no corrosion
attack in any of the tests.

Salts. Tantalum is not attacked by dry salts or
by salt solutions at any concentration or tem-
perature unless HF is liberated when the salt
dissolves or unless a strong alkali is present. Salts
that form acidic solutions have no effect on
tantalum. However, fused sodium hydrosulfate
(NaHSO4) or KHSO4 dissolves tantalum
(Ref 11), Table 4 gives compatibility data for
tantalum in numerous salts.

Alkalis. Sodium hydroxide (NaOH) and pota-
ssium hydroxide (KOH) solutions do not dis-
solve tantalum but tend to destroy the metal by
formation of successive layers of surface scale.
The rate of the destruction increases with con-
centration and temperature. Damage to tantalum
equipment has been experienced unexpectedly
when exposed to strong alkaline solutions for
prolonged periods during cleaning and main-
tenance.

Tantalum is attacked, even at room tempera-
ture, by concentrated alkaline solutions and is
dissolved by molten alkalis. However, tantalum
is fairly resistant to dilute alkaline solutions. In
one long-term exposure test in a paper mill,
tantalum suffered no attack in a solution with a
pH of 10.

A study using change in electrical resistivity
to measure corrosion rates found that tantalum
wire totally immersed in 10% NaOH solution

at room temperature for 210 days corroded
at the rate of 0.24 mm/yr (0.01 mil/yr). A
similar rate occurred in 10% NaOH at 100 �C
(212 �F). In the latter case, there was some
local effect at the points where the wire left
the solution and entered submerged rubber
stoppers in the sides of the corrosion vessel;
this accounted for most of the weight loss. In
another study (Ref 4), tantalum sheet was
exposed to solutions of 5 to 10% NaOH at tem-
peratures of 66 to 100 �C (151 to 212 �F). Cor-
rosion rates as high as 0.76 mm/yr (0.03 mil/yr)
were measured, along with extreme hydrogen
embrittlement.

Tantalum has been used as anode baskets in
a number of silver cyanide barrel platers for
several years of service life, and although
the solutions are quite alkaline with free KOH,
the tantalum has remained bright and ductile,
with no failures occurring. The tantalum anode

Table 3 Corrosion resistance of tantalum and other metals to acids

Corrosion rate

Temperature Tantalum Niobium Zirconium Titanium

Solution �C �F
Test duration,

days mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

HCl, 18% 19–26 65–80 36 nil nil 2.3 mm 0.09(a) 0.11 4.5
HCl, 37% 19–26 65–80 36 nil 0.003 0.12 2 mm 0.08 17.7 698
HCl, 37% 110 230 7 nil 0.1 4(b) 0.48 18.75 Not tested
HNO3, conc 19–26 65–80 36 nil nil nil 1.3 mm 0.05
1HNO3

.2HCl 19–26 65–80 35 nil 0.5 mm 0.02 Very soluble 5.3 mm 0.21
1HNO3

.2HCl 50–60 120–140 1 nil 0.025 1 Very soluble Not tested
H2SO4, 20% 95–100 205–212 4 nil 0.5 mm 0.02 4.6 mm 0.18 Not tested
H2SO4, 50% 19–26 65–80 35 nil Not tested nil 0.053 2.1
H2SO4, 98% 19–26 65–80 36 nil 0.5 mm 0.02 Very soluble 1.2 46.8
H2SO4, 98% 21 70 . . . nil Not tested Not tested Not tested
H2SO4, 98% 145 295 30 nil 4.6 180(b) Very soluble Very soluble
H2SO4, 98% 175 345 30 0.25 mm 0.01 Not tested Not tested Not tested
H2SO4, 98% 200 390 30 0.04 1.5 Not tested Not tested Not tested
H2SO4, 98% 250 480 6 h 0.74 29 Not tested Not tested Not tested
H2SO4, 98% 300 570 Not stated 8.7 342 Not tested Not tested Not tested
H3PO4, 85% 19–26 65–80 36 nil 0.5 mm 0.02 0.5 mm 0.02(b) 0.17 6.75
FeCl3, 10% 19–26 65–80 36 nil nil 0.01 0.42(c) 0.76 mm 0.03

(a) Became brittle. (b) Tarnished. (c) Uneven corrosion

85% H3PO4
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basket is protected by the positive voltage of the
cell itself.

Organic Compounds. In general, tantalum
is completely resistant to organic compounds
and is used in heat exchangers, spargers, and
reaction vessels in several important organic
reactions, particularly when corrosive inorganics
are involved. These include solutions of phenol
and of acetic, lactic, and oxalic acids. Table 5
lists the compatibility of tantalum in numerous
corrosive environments, including many organic
compounds.

Most organic salts, gases, alcohols, ketones,
alkaloids, and esters have no effect on tantalum.
Specific exceptions, however, should be made
for reagents that may hydrolyze to HF or contain
free SO3 or strong alkalis. One important
exception was noted in Ref 15, which states that
mixtures of anhydrous methanol with chlorine,
bromine, or iodine cause pit-type corrosion on
tantalum at 65 �C (150 �F). This is of particular
interest because tantalum is not attacked indivi-
dually by methanol, the halogens involved, or the
product, methyl halide, even at somewhat higher
temperatures. Also, pit-type corrosion on tanta-
lum is rare.

Reagents, Foods, and Pharmaceuticals.
The immunity of tantalum to corrosion also
ensures freedom from product contamination
and undesired side reactions in the processing of
fine chemicals, foods, and pharmaceuticals.

Body Fluids and Tissues. Tantalum is
thought to be completely inert to body fluids and
tissues. Bone and tissue are not thought to recede
from tantalum, which makes it attractive as an
implant material for the human body. Tantalum
is used for bone repair and prosthetic devices,
suture wire, cranial repair plates, and wire gauze
for abdominal muscle support in hernia-repair
surgery (Ref 16). A highly porous tantalum
biomaterial called Trabecular Metal that is

99 wt% Ta and 1 wt% C has excellent bio-
compatibility and an elastic modulus that is
similar to bone. The textured surface makes it
attractive to bone (osteophilic) (Ref 17). (Please
consult with current studies before considering
tantalum for biomedical applications.)

Carbon, Boron, and Silicon. Tantalum
reacts at elevated temperatures directly with
carbon, boron, and silicon to form Ta2C and TaC,
TaB and TaB2, and TaSi2, respectively, although
other binary compounds of these elements
have been reported (Ref 11). These compounds
are characterized by metallic appearance and
properties, high melting point, and high
hardness.

Phosphorus. Tantalum phosphides, TaP and
TaP2, are formed by heating tantalum filings in
phosphorus vapor at 750 to 950 �C (1380 to
1740 �F) (Ref 11).

Sulfur. Tantalum reacts with sulfur or H2S at
red heat to form tantalum sulfide (Ta2S4). Tan-
talum sulfide is also formed when Ta2O5 is
heated in H2S or carbon disulfide (CS2). Little or
no data are available on the effect of solutions of
sulfides, such as those of the alkali and alkaline
earth metals, but the highly alkaline nature of
these compounds indicates that they probably
corrode tantalum to some degree.

Selenium and Tellurium. Tantalum is
attacked by selenium and tellurium vapors at
temperatures of 800 �C (1470 �F) and higher. In
contrast, there is little or only slight attack on the
metal by liquid selenides and tellurides of
yttrium, the rare earths, and uranium at tem-
peratures of 1300 to 2100 �C (2370 to 3810 �F),
and tantalum is considered to be a satisfactory
material in which to handle these intermetallic
compounds.

Gases. The solubility of oxygen in tantalum,
as determined by an x-ray technique, is shown by
curve B in Fig. 6.

The conversion of tantalum into oxide was
shown to occur by the nucleation and growth of
small plates along the {100} planes of the body-
centered cubic (bcc) metal (Ref 19, 20). The
kinetics of the oxidation of tantalum were stu-
died at temperatures to 1400 �C (2550 �F) and at
pressures ranging from less than 1 to over 40 atm
(100 to 4050 kPa) (Ref 18). The reaction was
found to be initially parabolic, with a transfor-
mation to a linear rate after a period of time.

Increasing the temperature not only increases
the rate of oxidation of tantalum but also
decreases the time before the reaction changes
from parabolic to linear behavior. At a moder-
ately high temperature (approximately 500 �C,
or 930 �F), this transition occurs almost at once.
Under a pressure of 1 atm (100 kPa) of oxygen,
tantalum oxidizes rapidly and catastrophically at
a temperature of 1300 �C (2370 �F). At slightly
lower temperatures (1250 �C, or 2280 �F), the
specimen oxidizes linearly at a high rate for a
short period of time, then oxidizes catastrophi-
cally.

The effects of pressure on the oxygen-tanta-
lum reaction have been established and can be
summarized as follows: tantalum oxidizes line-
arly from 500 to 1000 �C (930 to 1830 �F) at all
pressures between 1.3 and 4137 kPa (0.19 and
600 psi). From 600 to 800 �C (1110 to 1480 �F),
the oxidation rate shows a pronounced increase
in rate with oxygen pressures above 100 kPa
(14.7 psi). Another investigator found that at a
higher temperature (1000 �C, or 1830 �F), the
rate tends to vary as the square root of pressure
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Table 4 Effects of salts on tantalum

Salt Concentration, % Temperature, �C (�F) Code(a)

Aluminum acetate Saturated Room E
Aluminum chloride 5 Room E
Aluminum chloride (aerated) 5–10 Room to 60 (140) E
Aluminum chloride 25 Room to 100 (212) E
Aluminum fluoride 5 Room NR

Saturated Room NR
Aluminum hydroxide Saturated . . . E
Aluminum potassium sulfate (alum) 2 Room E

10 Room to boiling E
Aluminum sulfate 10–saturated Room to boiling E
Ammonium acid phosphate 10 Room E
Ammonium alum . . . . . . E
Ammonium alum (slightly ammoniacal) . . . . . . E
Ammonium bicarbonate 50 Room to 100 (212) E
Ammonium bromide 5 Room E
Ammonium carbonate 50 Room to 100 (212) E
Ammonium carbonate (aqueous) 50 Room to boiling E
Ammonium carbonate All Room to hot E
Ammonium chloride 1 Room E

10–50 Room to boiling E
Ammonium fluoride 10 Room NR
Ammonium hydroxide . . . . . . V
Ammonium monosulfate . . . . . . E
Ammonium nitrate 0–100 Room to 150 (300) E
Ammonium oxalate 5 Room E
Ammonium persulfate 5 Room E
Ammonium phosphate 5 Room E
Ammonium sulfate (aerated) 1 Room E

5 Room to 100 (212) E
Ammonium sulfate 10 Room to 100 (212) E
Ammonium sulfate Saturated Room to boiling E
Ammonium sulfite Saturated Room to boiling E
Amyl acetate . . . . . . E
Aniline hydrochloride 5 Room E

20 Room to 38 (100) E
Antimony trichloride . . . Room E
Barium carbonate Saturated Room E
Barium chloride 5 to saturated Room E

5 Room to 100 (212) E
20 Room to 100 (212) E
25 Room to boiling E

Barium hydroxide Saturated . . . E
Barium hydroxide.8H2O Saturated Room E
Barium nitrate Aqueous solution Room to hot E
Barium sulfate . . . Room E
Butyl acetate . . . Room E
Calcium bisulfite . . . Room E
Calcium carbonate Saturated Room to boiling E
Calcium chlorate Dilute Room to hot E
Calcium chloride 5–20 Room to 100 (212) E

28 Room to boiling E
Concentrated Room E

Calcium hydroxide 10–saturated Room to boiling E
Calcium hypochlorite 2–saturated Room to boiling E
Calcium sulfate Saturated Room E
Copper acetate Saturated Room E
Copper carbonate Saturated . . . E
Copper chloride (agitated, aerated) 1 Room E
Copper chloride (agitated) 5 Room E
Copper chloride (aerated) 5 Room E
Copper cyanide (electroplating

solution)
. . . Room E

Copper cyanide Saturated Room to boiling E
Copper nitrate 1–saturated Room E
Copper sulfate 5 Room E

Saturated Room to boiling E
Cupric carbonate-cupric hydroxide Saturated Room E
Cupric chloride 20–50 Room to boiling E
Cupric cyanide Saturated Room E
Cupric nitrate . . . Room to 40 (105) E
Cuprous chloride 50 Room to 90 (195) E
Ferric chloride (still) 1–50 Room to boiling E
Ferric chloride (agitated) 5 Room E
Ferric chloride (aerated) 5 Room E
Ferric hydroxide . . . Room E
Ferric nitrate 1–5 Room E
Ferric sulfate 1–saturated Room E
Ferrous chloride . . . Room E

Salt Concentration, % Temperature, �C (�F) Code(a)

Ferrous sulfate Dilute Room E
Ferrous ammonium citrate . . . . . . E
Fluoride salts Variable Variable V
Hydrogen bromide . . . . . . E
Hydrogen peroxide 3–30 Room E

. . . Room to boiling E
Hydrogen iodide . . . . . . E
Hydrogen sulfide Dry Room E

Saturated H2O Room E
Hyposulfite soda (hypo) . . . . . . E
Lactic acid salts . . . Room E
Lead acetate Saturated Room E
Magnesium carbonate . . . . . . E
Magnesium chloride (still) 1–5 Room to hot E
Magnesium chloride 5–40 Room to boiling E
Magnesium hydroxide Saturated Room E

Thick suspension Room E
Magnesium nitrate . . . . . . E
Magnesium sulfate 5 Room to hot E

Saturated Room E
Manganese carbonate . . . . . . E
Manganese chloride 10–50 (Aqueous) Room to boiling E
Manganous chloride 5–20 Room to 100 (212) E
Mercuric bichloride 0.07 Room E
Mercuric chloride 1–saturated Room to 100 (212) E
Mercuric cyanide Saturated . . . E
Mercurous nitrate . . . . . . E
Nickel chloride 5–20 Room to 100 (212) E
Nickel nitrate 10 Room E
Nickel nitrate plus 6% H2O 50 Room E
Nickel sulfate 10 Room E
Phosphoric anhydride Dry Room E
Phosphorus trichloride . . . . . . E

Saturated Room E
Phthalic anhydride . . . . . . E
Potassium bichromatic (neutral) . . . Room E
Potassium bromide 5–saturated Room E
Potassium carbonate 1 Room E
Potassium chlorate . . . . . . E
Potassium chloride 1–36 Room to boiling E

Saturated Room E
Potassium cyanide . . . . . . E
Potassium dichromate (neutral) . . . . . . E
Potassium ferricyanide 5–saturated Room E
Potassium ferricyanide plus 5% NaCl 0.5 Room E
Potassium ferrocyanide 5 Room E
Potassium hydrate . . . . . . E
Potassium hydroxide 5 Room E

27–50 Boiling NR
Potassium iodide Saturated Room E
Potassium iodide—iodine . . . . . . E
Potassium iodide plus 0.1% Na2CO3 Saturated Room E
Potassium nitrate 5 Room E
Potassium oxalate . . . . . . E
Potassium permanganate (neutral) . . . . . . E
Potassium pyrosulfate . . . Molten NR
Potassium sulfate 1–5 Room to hot E

10 Room E
Potassium sulfide . . . . . . E
Potassium thiosulfate 1 Room E
Silver bromide . . . . . . E
Silver chloride . . . . . . E
Silver cyanide . . . . . . E
Silver nitrate 50 Room E
Sodium acetate (moist) 5 Room E
Sodium acetate Saturated Room E
Sodium aluminate 25 Room to boiling E
Sodium benzoate . . . . . . E
Sodium bicarbonate All Room to 66 (150) E
Sodium bichromate (neutral) . . . . . . E
Sodium bisulfate Solution . . . E

10–25 Room to boiling E
Saturated Room E

. . . Molten NR
Sodium borate . . . . . . E
Sodium bromide 5 Room E
Sodium carbonate 10–25 Room to boiling E

All Room E

(continued)
(a) E, no attack; V, variable, depending on temperature and concentration; NR, not resistant
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below 100 kPa (14.7 psi). At any one tempera-
ture between 500 and 800 �C (930 and 1480 �F),
the rate of oxidation approaches a limiting rate
as the pressure increases.

The presence of a few atomic percent of
oxygen in tantalum increases electrical resistiv-
ity, hardness, tensile strength, and modulus of
elasticity but decreases elongation and reduction
of area, magnetic susceptibility, and corrosion
resistance to HF (Ref 21). When one realizes that
1 at.% O in tantalum equals 892 ppm, the effect
of very small contents of oxygen on the proper-
ties is evident. Tantalum is used as a getter in
vacuum tubes to absorb outgases released on
heating to maintain a high vacuum. It is used as a
getter in vacuum furnaces to capture oxygen and
hydrogen.

Nitrogen. The solubility of nitrogen in tanta-
lum is shown by curve B in Fig. 7. It was found
that tantalum dissolves 4 at.% N at 1000 �C
(1830 �F) and that the solubility decreases
rapidly with decreasing temperature. Other
researchers indicated that the room-temperature
solubility limit was 5.5 at.% for a stable solid
solution and 7.7 at.% for a metastable solid
solution (Ref 11, 18).

Below 800 �C (1470 �F), the tantalum-nitro-
gen reaction was reported to be cubic by one
investigator, or parabolic by another (Ref 18). In
the latter case, the nonlinear behavior of the
Arrhenius plot of parabolic rate constants below
600 �C (1110 �F) suggests that the reaction does
not obey a parabolic rate law. In contrast, an
Arrhenius plot of cubic rate constants, although
showing a wide range of scatter, was stated to be
linear (Ref 21).

Above 800 �C (1470 �F), the reaction is
parabolic, with rate constants increasing uni-
formly as temperature increases. Although both
investigators agree on the rate law followed in

this temperature region, neither their initial
weight gain versus time data nor their rate con-
stants are in agreement.

As in the case of oxygen in tantalum, the
presence of nitrogen in only a few atomic percent
concentration increases hardness, tensile
strength, and electrical resistivity and decreases
elongation and density. One atomic percent N2 in
tantalum equals 780 ppm N2.

Air. The kinetics of the reaction of tantalum
with air can be regarded as an extension of the
reaction of tantalum with oxygen, because tan-
talum forms oxides preferentially over nitrides.
The rate law governing the initial period of the
reaction has not been established, but by analogy
to the oxygen-tantalum reaction, it may be linear
(with a rate constant differing from that of sub-
sequent linear oxidation rates), parabolic, or
logarithmic, depending on temperature and
pressure conditions. Tantalum is quite stable in
air at 250 �C (480 �F) and below; at 300 �C
(570 �F), it shows a tarnish after 24 h of expo-
sure. The rate of corrosion, as measured by
weight gain, increases rapidly at higher
temperatures. At 500 �C (930 �F), the white
oxide, Ta2O5, begins to form. Figure 8 shows
a plot of weight gain versus temperature
(Ref 11, 18).

After a certain amount of time, ranging from
over 6 h at 400 �C (750 �F) to less than 2 min at
900 �C (1650 �F), the reaction was said to
become linear (Ref 22). The possibility was
expressed that, at high temperatures or after
extended exposure at low temperature, the linear
oxidation data may also fit one of the other rate
laws.

Protection against Oxidation. Although pro-
posed environments for tantalum and tantalum
alloy applications involve gases ranging from
carbon dioxide (CO2) to halides, most of the

interest centers on applications that will expose
the metals to either oxygen or air at an elevated
temperature. A great deal of work has been done
in an effort to understand the reactions involved
and to develop methods to protect the metal
against attack. Although nitrogen in air may in
some cases be deleterious, oxygen attack is
usually seen as the mechanism of failure under
low loads at elevated temperatures. Conse-
quently, most attempts to protect tantalum
against elevated-temperature gas attack have
focused on imparting resistance to the base
metal.

If any degree of oxidation resistance is to be
imparted to tantalum, two approaches are:

� Form a denser, more adherent oxide film by
alloy additions to the tantalum that alter and
modify the oxide phase

� Provide a protective coating to inhibit oxygen
attack on the tantalum. Coatings include sili-
cides, aluminides, and noble metals (Ref 23)

The use of silicide coatings to protect tantalum
substrates is also described in the article “Cera-
mic Coatings and Linings” in Surface Engi-
neering, Volume 5, ASM Handbook, 1994.

Other than by oxidation, tantalum structures
may also fail in high-temperature service
because of embrittlement by diffusion of an
environmental gas into a subsurface layer of the
base metal. Protection against this contamination
is achieved by the same techniques as used
against surface oxidation, although the actual
agents are often different. Because oxidation
and contamination are both symptoms of the
same basic problem, most work on contamina-
tion has been done as part of a larger effort on
oxidation.

Hydrogen. Tantalum dissolves a considerable
amount of hydrogen at comparatively low

Table 4 (continued)

Salt Concentration, % Temperature, �C (�F) Code(a)

Sodium chlorate 10–25 Room E
Saturated Room E

Sodium chloride (still) 5 Room to 40 (105) E
Sodium chloride (aerated) 20 Room E
Sodium chloride 29 Room to boiling E

Saturated Room to boiling E
Sodium citrate Saturated Room E
Sodium cyanide Saturated Room E
Sodium dichromate Saturated Room E
Sodium ferricyanide . . . . . . E
Sodium ferrocyanide . . . . . . E
Sodium fluoride 5–saturated Room NR
Sodium hydrosulfite . . . . . . E
Sodium hydroxide 10–saturated Room NR

10 Boiling NR
25 Room to boiling NR
40 80 (175) NR

Sodium hypochlorite 6 Room E
Sodium hyposulfite Dilute Room E
Sodium lactate . . . . . . E
Sodium nitrate All Room E
Sodium nitrite . . . . . . E

Saturated Room E
Sodium peroxide . . . 100 (212) V
Sodium phosphate 5–saturated Room E
Sodium pyrosulfate . . . Molten NR

Salt Concentration, % Temperature, �C (�F) Code(a)

Sodium silicate . . . . . . E
25 Room to boiling E

Sodium sulfate (still) 5 Room E
Sodium sulfate 10–20 Room to boiling E

Saturated Room E
Sodium sulfide 10 Room to boiling E

Saturated Room E
Sodium sulfite 5 Room E

10–saturated Room to boiling E
Sodium thiosulfate 10–25 Room to boiling E
Sodium thiosulfate—acetic acid 20 Room E
Stannic chloride 5 Room to 100 (212) E

24 Room to boiling E
100 Molten E

Stannous chloride 5–saturated Room E
Sulfur chloride Dry . . . E
Sulfuryl chloride . . . . . . E
Thionyl chloride . . . . . . E
Tin salts . . . . . . E
Titanium tetrachloride . . . . . . E
Zinc chloride (still) 5 Room to boiling E
Zinc chloride 10 Room to boiling E

20 Room to 100 (212) E
Saturated Room E

Zinc sulfate 5–saturated Room E
25 Room to boiling E

(a) E, no attack; V, variable, depending on temperature and concentration; NR, not resistant
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temperatures (Ref 11, 18). The maximum limit
of solubility is 50 at.%.

Although tantalum generally does not react
with molecular hydrogen below 250 �C
(480 �F), it can absorb 740 times its own volume
of hydrogen at red heat. However, it was reported
that tantalum containing dissolved oxygen can
absorb molecular hydrogen at room temperature

when it is undergoing deformation. Tantalum
containing more than 100 ppm (by weight) of
hydrogen begins to lose its ductility (Ref 16).

Atomic hydrogen can be absorbed by tanta-
lum, even at room temperature. Therefore, che-
mical equipment should be insulated from stray
currents. In a few commercial cases, the metal is
made electrolytically positive to prevent the

liberation and absorption of atomic hydrogen on
its surface.

Absorption of hydrogen is accompanied by an
expansion of the bcc crystal lattice. When such
material is heated to approximately 800 �C
(1470 �F) or more in a high vacuum, it loses
essentially all of its hydrogen. When permanent
damage to the metal has not occurred, annealing

Table 5 Effects of miscellaneous corrosive reagents on tantalum

Medium Concentration, % Temperature, �C (�F) Code(a)

Acetone . . . Boiling E
Air . . . Below 300 (570) E

. . . Above 300 (570) NR
Amines . . . . . . E
Aniline Concentrated Room E
Baking oven gases . . . . . . E
Beer . . . . . . E
Benzene . . . Room E
Benzol . . . Hot E
Bleaching powder Solution Hot V
Blood (meat juices) . . . Cold E
Body fluids . . . . . . E
Borax . . . Fused NR
Bromine Dry Below 300 (570) E

Wet . . . E
Bromine water . . . Room E
Buttermilk . . . Room E
Carbon bisulfide . . . Room E
Carbon tetrachloride 99 Boiling E

Liquid Boiling E
Pure Room E

5–10 aqueous solution Room E
Chlorinated brine . . . . . . E
Chlorinated hydrocarbons . . . . . . E
Chlorinated water Saturated Room E
Chlorine dioxide . . . 180 (355) E
Chlorine gas Dry Up to 250 (480) E

Moist (1.5% H2O) Up to 375 (705) E
Moist (30% H2O) Up to 400 (750) E

Chloroform . . . Room E
Chromium plating bath . . . Room E
Cider . . . Room E
Coffee . . . Boiling E
Copal varnish . . . . . . E
Cream of tartar . . . . . . E
Creosote (coal tar) . . . Hot E
Crude oil . . . . . . E
Developing solutions . . . Room E
Distillery wort . . . . . . E
Dyewood, liquor . . . Room E
Ether . . . Room E
Ethyl acetate . . . . . . E
Ethyl chloride 5 Room E
Ethyl sulfate . . . . . . E
Ethylene chloride . . . Room E
Ethylene dibromide . . . . . . E
Ethylene dichloride 100 Boiling E
Flue gases . . . . . . E
Fluorine . . . Room NR
Food pastes . . . . . . E
Formaldehyde . . . Room E
Formaldehyde plus 2.5% H2SO4 50 158 (315) E
Fuel oil . . . Hot E
Fuel oil (containing H2SO4) . . . Hot E
Fruit juices . . . Room E
Furfural . . . . . . E
Gasoline . . . . . . E
Glauber’s salt Solution Hot E
Glue, dry . . . Room E
Glue, solution acid . . . Hot E
Glycerine . . . Room E
Gypsum . . . . . . E
Hydrocarbons . . . . . . E
Hydrogen . . . Up to 300 (570) E
Ink . . . . . . E
Iodine . . . Up to 300 (570) E

Medium Concentration, % Temperature, �C (�F) Code(a)

Idoform . . . . . . E
Kerosene . . . Room E
Ketchup . . . Room E
Lard . . . Room E
Linseed oil . . . . . . E
Lye (caustic) 34 110 (230) NR
Lysol . . . 100 (212) E
Mayonnaise . . . Hot and cold E
Meats (unsalted) . . . Room E
Mash . . . Hot E
Methylene chloride 40 Room to boiling E
Milk Fresh or sour Hot or cold E
Mine water, acid . . . . . . E
Molasses . . . . . . E
Mustard . . . Room E
Naphtha . . . . . . E
Nitre cake . . . Fused NR
Nitric oxides . . . . . . E
Nitrosyl chloride . . . . . . E
Nitrous oxide Dry . . . E
Oils, crude . . . Hot and cold E
Oils, mineral, vegetable . . . Hot and cold E
Organic chlorides . . . . . . E
Oxygen . . . Up to 300 (570) E
Paraffin . . . Molten E
Paregoric compound . . . . . . E
Petroleum ether . . . . . . E
Phenol . . . . . . E
Phenolic resins . . . . . . E
Pine tar oil . . . . . . E
Potash Solution Hot NR
Quinine bisulfate (dry) . . . . . . E
Quinine sulfate (dry) . . . . . . E
Rosin . . . Molten E
Sal ammoniac 20 Boiling E
Salt Saturated Room E
Salt brine Saturated Hot E
Salt water . . . . . . E
Sewage . . . . . . E
Soaps . . . Room E
Soy bean oil . . . . . . E
Starch Solution . . . E
Steam . . . . . . E
Sugar juice . . . . . . E
Sulfur, dry . . . Molten E
Sulfur, wet . . . . . . E
Sulfur dioxide Dry Room E

Moist Room E
Sulfur trioxide Dry Room NR
Tomato juice . . . Room E
Turpentine oil . . . . . . E
Tung oil . . . . . . E
Varnish . . . . . . E
Vegetable juices . . . . . . E
Vegetable oil . . . Hot and cold E
Vinegar Still Room E

Agitated Room E
Aerated Room E
Fumes . . . E

Vinegar and salt . . . . . . E
Water . . . . . . E

. . . Hot E
Salt . . . E
Sea . . . E

Whiskey . . . . . . E

(a) E, no attack: V, variable, depending on temperature and concentration; NR, not resistant
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or degassing at 800 �C (1470 �F) or higher
temperature restores the metal to its original
condition. In addition to decreasing the ductility,
strength, and density of tantalum, the presence of
hydrogen increases the hardness and the elec-
trical resistivity.

Water Vapor. It is known from industrial
practice that tantalum is not affected adversely
when heated with steam at pressures to 1380 kPa
(200 psig), corresponding to a temperature of
200 �C (390 �F). It has been reported that at
temperatures above 1125 �C (2057 �F), water is
decomposed by tantalum, with adsorption of
oxygen by the metal and evolution of hydrogen.
At 925 �C (1700 �F) and lower temperatures,
the reaction is negligibly slow.

Halogens. Fluorine attacks tantalum at room
temperature. Tantalum is totally inert to wet or
dry chlorine, bromine, and iodine to 150 �C
(300 �F), and these elements dissolved in solu-
tions of salts or acids likewise have no effect.
Chlorine begins to attack tantalum at approxi-
mately 250 �C (480 �F).

The reaction is rapid at 450 �C (840 �F), and it
occurs instantaneously at 500 �C (930 �F). The
presence of water vapor sharply decreases cor-
rosion by chlorine so that the maximum tem-
peratures at which tantalum is sufficiently
resistant to chlorine containing 1.5 to 30% H2O
for chemical equipment applications are 375 and
400 �C (705 and 750 �F), respectively. Bromine
attacks tantalum at 300 �C (570 �F), and iodine
begins to attack at approximately the same
temperature (Ref 6, 11).

Carbon Dioxide and Carbon Monoxide.
Tantalum is corroded by dry CO2 at 810 kPa
(8 atm) and 500 �C (930 �F). Tantalum reacts
with CO2 at 1100 �C (2010 �F) to form Ta2O5,
and with carbon monoxide (CO) at the same
temperature to form TaO. The latter reverts to
Ta2O5 when exposed to oxygen (Ref 11, 18).

The oxidation rates of tantalum in various
partial pressures of CO2 in the temperature range
of 700 to 950 �C (1290 to 1740 �F) were mea-
sured with a gravimetric balance (Ref 24). Oxi-
dation involved a surface-controlled reaction
associated with the formation of a nonprotective
layer of Ta2O5. Below 720 �C (1330 �F), there
was a change in the rate-determining mechan-
ism, and above 830 �C (1525 �F), the linear rate
was preceded by a complex region of nonlinear
oxidation behavior. The linear oxidation of tan-
talum has been explained quantitatively in terms

of CO2 absorption, followed by a rate-control-
ling surface reaction. The initial absorption has
been expressed both as an equilibrium process
and as a steady-state reaction.

Nitrogen Monoxide and Nitrous Oxide. Be-
low approximately 1125 �C (2050 �F), the reac-
tion rate of nitrogen monoxide (NO) (as a 5%
mixture in argon) with tantalum cannot be
detected (Ref 11). As the temperature is
increased, the reaction takes place with increas-
ing rapidity, rising from 0.0065% area loss per
second at 1195 �C (2180 �F) to 0.076% at
1457 �C (2660 �F) (Ref 25).

The oxidation by nitrous oxide (N2O) on
evaporated films of niobium, tantalum, and tita-
nium was studied in the temperature range of 195
to 435 K (Ref 26). For tantalum, fast dissolution
absorption of N2O occurred at 195 K, accom-
panied by N2 evolution. Some incorporation of
N2O also occurred. The rate of N2O absorption
was found to depend on the pressure of the
reacting gas.

Other Reactive Gases. Although little pub-
lished data appear to exist on the subject, it is
expected that tantalum would react at some ele-
vated temperature with oxygen-containing gas-
eous compounds, such as sulfur dioxide (SO2)
and nitrogen dioxide (NO2) (Ref 22). With such
hydrocarbons as benzene or naphthalene, tanta-
lum reacts at temperatures from 1700 to 2500 �C
(3090 to 4530 �F) to form tantalum carbide.

Inert Gases. Helium and argon do not react
with tantalum, even at its melting point. These
gases are used as an inert atmosphere for arc
melting and welding the metal. Tantalum will
react with trace amounts of oxygen, nitrogen,
hydrogen, and carbon in inert gases.

Liquid Metals. Tantalum and some tantalum-
base alloys exhibit good resistance to many
liquid metals (Ref 7, 11, 27). Table 6 lists the

effect of various liquid metals on tantalum.
Tantalum materials exhibit remarkable resis-
tance to several liquid metals, even to high tem-
peratures (900 to 1100 �C, or 1650 to 2010 �F) in
the absence of oxygen or nitrogen.

The severity of attack on tantalum by liquid
metals may be markedly increased by increasing
temperature. Because operating temperatures
somewhat in excess of 700 �C (1290 �F) are
desirable in many cases, refractory metals,
including tantalum and niobium, seem to be
particularly promising materials of construction
for containing liquid metals.

Aluminum. Tantalum reacts rapidly with alu-
minum to form the stable compound tantalum
aluminide (Al3Ta) (Ref 11).

Bismuth. Tantalum reacts little with bismuth
at temperatures below 1000 �C (1830 �F) and
exerts no detrimental effects on the stress-rup-
ture properties of tantalum at 815 �C (1500 �F);
but it causes some intergranular attack at
1000 �C (1830 �F) (Ref 7, 28).

Calcium. Tantalum is only slightly attacked
by calcium at 1200 �C (2190 �F). A crucible
with a wall thickness of 0.15 mm (5.8 mils) was
reduced to 0.13 mm (5.3 mils) after 12 days
of exposure to calcium at 1200 �C (2190 �F)
(Ref 11).

Cesium. Similar lack of corrosion resistance
to cesium was found for tantalum as reported for
niobium. Refluxing capsule tests indicated sur-
face dissolution and severe attack after 720 h at
980 and 1370 �C (1800 and 2500 �F) (Ref 29).

Gallium. The resistance of tantalum to molten
gallium is considered to be good at temperatures
to 450 �C (840 �F) but poor at temperatures
above 600 �C (1110 �F).

Lead. Tantalum is highly resistant to liquid
lead at temperatures to 1000 �C (1830 �F), with
a rate of attack of less than 0.025 mm/yr
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(1 mil/yr). It exhibits no detrimental effects
when stress-rupture tests are conducted in mol-
ten lead at 815 �C (1500 �F) (Ref 7).

Lithium. Tantalum possesses good resistance
to molten lithium at temperatures to 1000 �C
(1830 �F) (Ref 7, 27, 30, 31). Tantalum cap-
ability with lithium is similar to that of niobium
in that corrosion resistance depends on oxygen
concentration. Tantalum metal will exhibit good
corrosion resistance to lithium as long as the
oxygen concentration of the tantalum is main-
tained below 100 to 200 ppm.

Ta-9.6W-2.4Hf-0.01C alloy, oxygen contami-
nated to 500 ppm and welded in argon, was
exposed to lithium at 750 and 1200 �C (1380 and
2190 �F) for 100 h. Evaluation indicated no
attack in the weld areas; however, intergranular
penetration was observed in the base metal of
both alloys. Heat treatment at 1315 �C (2400 �F)
eliminated the attack. In addition, a method
of inhibiting the corrosion of tantalum by
liquid lithium at temperatures above 1000 �C
(1830 �F) by the addition of 0.15 to 1.5 at.% Si
to the lithium is discussed in Ref 32.

Magnesium and Magnesium Alloys. Tanta-
lum is unattacked by molten magnesium at
1150 �C (2100 �F) (Ref 11).

Mercury. The limited amount of corrosion
testing of refractory metals in mercury is sum-
marized as follows. The results for tantalum
are consistent with the solubility information
(Ref 33).

In static tests, tantalum exhibited good resis-
tance to mercury at temperatures to 600 �C
(1110 �F). Refluxing capsule tests showed no
attack of tantalum up to 760 �C (1400 �F). The
corrosion resistance of tantalum to mercury
was further documented in a two-phase natural-

circulation loop test that ran for 19,975 h with a
boiling temperature of 650 �C (1200 �F) and
superheat temperature of 705 �C (1300 �F).

Posttest evaluation of the loop revealed no
corrosion. As a result of the inertness of tantalum
to mercury attack demonstrated in this long-term
experiment, tantalum was evaluated as a repla-
cement material for Croloy 9M steel in a mercury
boiler (Ref 27). Results of other tests of tantalum
in mercury are described in Ref 33 and 34.

Potassium. The compatibility of tantalum and
potassium at 600, 800, and 1000 �C (1110, 1470,
and 1830 �F) was studied in static capsule tests
(Ref 35). As the oxygen concentration of potas-
sium was increased, the amount of tantalum in
the potassium was also found to increase. The
results indicated the formation of an unidentified
ternary oxide phase that is either nonadherent or
dissolved when the potassium is dissolved for
chemical analysis. When the tantalum specimens
contained oxygen above a certain threshold
concentration, potassium penetrated the tanta-
lum, and intergranular, as well as transgranular,
attack was observed. The threshold levels for
intergranular attack at the test temperatures were
found to be 500, 700, and 1000 ppm O, respec-
tively. The mechanism of attack was believed to
be the formation of a ternary oxide phase.

Silver. Tantalum is only slightly attacked by
silver at 1200 �C (2190 �F); a tantalum crucible
tested in silver at this temperature for 35 days
showed a loss in wall thickness of 0.02 mm
(0.8 mil).

Sodium has little effect on tantalum at tem-
peratures to 1000 �C (1830 �F), but oxygen
contamination of sodium causes increases in
corrosion. Sodium does not alloy with tantalum
(Ref 7).

The presence of oxygen in liquid sodium leads
to slight weight loss of tantalum in flowing sys-
tems. In addition, extensive intergranular and
transgranular attack of tantalum by sodium was
observed. This attack was attributed to the high
(390 ppm) oxygen concentration of the tantalum
before exposure to the sodium.

The compatibility of Ta-8W-2Hf and Ta-10W
with static sodium was demonstrated in capsules
tested at 1315 �C (2400 �F) for 6271 and 300 h,
respectively. No corrosion was found in either
alloy.

Tellurium. Corrosion of candidate construc-
tion materials for stills to extract radioactive
polonium-210 from bismuth by distillation at
temperatures of 450 to 950 �C (840 to 1740 �F)
was investigated (Ref 30, 36). Tellurium, which
is chemically similar to polonium, was used as a
nonradioactive substitute for polonium. Of the
materials investigated, tantalum appeared to be
the most satisfactory from the standpoint of
fabricability and long-term corrosion resistance.
Tantalum was corroded at rates up to 0.5 mm/h
(0.02 mil/h) during the initial 100 to 200 h of
exposure; the rate decreased to less than
0.05 mm/h (0.002 mil/h) after 400 h for con-
centrations of tellurium of less than 30% in bis-
muth.

Thorium-Magnesium. In static tests, the
thorium-magnesium eutectic had no appreciable
effect on tantalum at 1000 �C (1830 �F). No
measurable corrosion of tantalum by the thor-
ium-magnesium eutectic was noted in dynamic
tests for 28 days with a temperature range of 700
to 840 �C (1290 to 1545 �F) (Ref 7). Extensive
tests on components for molten-metal fuel
reactors revealed that tantalum is a satisfactory
material for several thousand hours of service in
high-temperature circulating loops containing a
molten magnesium-thorium alloy having a
composition in the range of the magnesium-rich
eutectic (Ref 11).

Uranium and Plutonium Alloys. Short-term
tests indicated that the practical upper limit for
tantalum as a container material for uranium is
approximately 1450 �C (2640 �F). However,
attack below this temperature is also significant,
because a tantalum crucible with a wall thickness
of 1.5 mm (0.06 in.) was completely corroded
within a test period of 50 h at 1275 �C (2325 �F)
(Ref 7). Other investigations showed that tanta-
lum is not attacked by uranium-magnesium
and plutonium-magnesium alloys at 1150 �C
(2100 �F) (Ref 11). Extensive tests on compo-
nents for molten-metal fuel reactors revealed that
tantalum is a satisfactory material for several
thousand hours of service in several liquid-metal
environments (Ref 11).

Zinc is reported to wet and attack tantalum,
the surface of which is abraded in zinc at 440 �C
(825 �F); also, molten zinc attacks tantalum at
significant rates at temperatures above 450 �C
(840 �F) (Ref 11). Tantalum showed appreciable
attack from molten zinc at 750 �C (1380 �F)
(Ref 18). However, one industrial zinc producer
observed excellent corrosion resistance at
500 �C (930 �F) (Ref 11). The maintenance of

Table 6 Effects of molten metals on tantalum

Metal Remarks Temperature, �C (�F) Code(a)

Aluminum Forms Al3Ta Molten NR
Antimony . . . to 1000 (1830) NR
Bismuth . . . to 900 (1650) E
Cadmium . . . Molten E
Gallium . . . to 450 (840) E
Lead . . . to 1000 (1830) E
Lithium . . . to 1000 (1830) E
Magnesium . . . to 1150 (2100) E
Mercury . . . to 600 (1110) E
Potassium . . . to 900 (1650) E
Sodium . . . to 900 (1650) E
Sodium-potassium alloys . . . to 900 (1650) E
Zinc . . . to 500 (930) E/V
Tin . . . . . . V
Uranium . . . . . . V
Mg-37Th In helium to 800 (1470) S
Bi-5 to 10U In helium to 1100 (2010) S
Bi-5U-0.3Mn In helium to 1050 (1920) S
Bi-10U-0.5Mn In helium to 1160 (2120) S
Al-18Th-6U Failed to 1000 (1830) NR
U-10Fe Failed to 900 (1650) NR
U-Cr (eutectic) Failed to 900 (1650) NR
YSb-intermetallic compound . . . 1800–2000 (3270–3630) S
YBi-intermetallic compound . . . 1800–2000 (3270–3630) S
ErSb-intermetallic compound . . . 1800–2000 (3270–3630) S
LaSb-intermetallic compound . . . 1800–2000 (3270–3630) S
Plutonium-cobalt-cerium . . . to 650 (1200) V

(a) E, no attack; S, satisfactory; V, variable, depending on temperature and concentration; NR, not resistant
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the oxide film on the tantalum may account for
the latter result.

Other Molten Metals. The intermetallic
compounds YSb, ErSb, LaSb, and YBi have little
effect on tantalum at 1800 to 2000 �C (3270 to
3630 �F), but antimony vapor severely attacks
tantalum at temperatures of 1000 �C (1830 �F)
and higher (Ref 11).

Hydrogen Embrittlement,
Galvanic Effects, and
Cathodic Protection of Tantalum

Hydrogen embrittlement of tantalum was
observed when it was exposed to concentrated
H2SO4 at 250 �C (480 �F) or to concentrated
HCl at 150 �C (300 �F) (Ref 37).

Failures due to hydrogen embrittlement have
occurred in some severe aqueous acid media in
chemical industry applications where tantalum
was, or became, electrically coupled to a less
noble material, such as low-carbon steel. Under
these conditions, tantalum became the cathode in
the galvanic cell thus created.

Because of the presence of stray currents,
tantalum may become a cathode in the system
and consequently may absorb and become
embrittled by atomic hydrogen in the electrolytic
cell (galvanic cell). The presence of stray current
can result from induction from adjacent lines,
leakages, variable ground voltages, and other
sources. Although stray voltages may be tran-
sient, absorbed hydrogen is cumulative in its
effect on producing hydrogen embrittlement of
tantalum.

For applications of pure tantalum in aggres-
sive acids at high temperatures, hydrogen
embrittlement rather than uniform corrosion
attack is the crucial concern (Ref 7, 37). Refer-
ences cited in Ref 37 propose a specific
mechanism for hydrogen embrittlement of tan-
talum based on stress-induced hydride pre-
cipitation.

Several methods have been used or proposed
to reduce hydrogen embrittlement of tantalum
(Ref 7, 38–40).

� Complete electrical isolation of tantalum
from all metals in the system. For additional
protection, the insulated tantalum may be
connected to a positive direct current source
(approximately 15 V), while the negative is
connected to some other metallic part, which
is exposed to the solution in the vessel or to
ground.

� Addition of a selected oxidizing agent to the
solution

� Coupling the tantalum surface to a noble
metal, such as electroplated platinum spots

� Anodizing the tantalum

Galvanic Effects. If tantalum is the cathode
in a galvanic couple, hydrogen embrittlement
can prove disastrous (Ref 7). If tantalum is the
anode in such a cell, anodization occurs so
readily that no damage occurs, and galvanic

current quickly drops to a very low value. In
couples of tantalum with platinum, silver, cop-
per, bismuth, antimony, molybdenum, nickel,
lead, tin, zinc, and aluminum, tantalum was
initially the more electronegative member of the
couple (except for zinc and aluminum). How-
ever, galvanic current rapidly decayed as the
tantalum spontaneously anodized. In HF, tanta-
lum was again more noble than zinc and alumi-
num and was more active than platinum, silver,
copper, antimony, nickel, and lead. The latter six
couples result in high steady-state currents,
because tantalum dissolves rather than anodizes
in fluoride solution. The anomalous behavior of
tantalum when coupled with bismuth or iron in
HF is apparently attributable to the formation of
insoluble fluorides on the surfaces of the bismuth
or iron electrodes.

Time is an important factor in determining
whether tantalum will be damaged by galvanic
effects (Ref 41). In practice, it is dangerous to
depend on laboratory tests to provide informa-
tion on whether tantalum is anodic in a given
galvanic couple. In results reported in Ref 41,
tantalum was cathodic to aluminum in dilute
NaC1, HCl, and NaCl after times of 0.5 and
60 min. When tantalum was coupled to certain of
the other metals—notably Hastelloy B, nickel,
and lead—the polarity of the tantalum reversed
with time in some electrolytes from anodic to
cathodic. When tantalum is cathodic, or becomes
cathodic, hydrogen embrittlement can occur. In
probably all of the couples, tantalum would
become cathodic if given sufficient time
(Ref 41). The conclusion is drawn that it is highly
desirable to prevent galvanic cell formation by
providing adequate electrical insulation.

Cathodic Protection. Applying low-over-
voltage elements, such as platinum and other
noble metals, to tantalum and other metals has
received further attention in efforts to develop
improved anodes for cathodic protection (Ref
42). The first of the precious-metal-containing
anodes to become commercial was platinum or
platinum alloy on a titanium substrate. The
uniqueness of this concept was not that of plati-
num, which has been used as an electrode
material for many years, but the nature of tita-
nium (or tantalum) itself. Titanium and tantalum
have a very adherent, nonporous inert oxide
film that will not transfer current unless the
electrode-to-electrode potential reaches a certain
value. With proper treatment, this oxide film
can be removed, and a very thin layer of platinum
can be applied to the titanium (or tantalum)
surface. Any unplatinized surface will reoxidize,
leaving a surface that will pass current from
the platinized areas but not from the oxidized
areas. Platinum electroplated spots are a com-
mercially accepted technique to reduce potential
hydrogen embrittlement through galvanic
effects. Current industrial practices use tanta-
lum-to-platinum area ratios no greater than
10,000 to 1, with ratios of 1000:1 to 2000:1
being more common.

The commonly used precious metal and
anode materials are lead-platinum bielectrodes,

platinized titanium, platinized niobium, and
platinized tantalum. The latter two substrates
allow greater applied voltage to the anode sys-
tem. Like platinized titanium anodes, the mech-
anism for successful operation of the platinized
niobium or platinized tantalum anodes is the
valvelike nature of the oxide film on the niobium
or tantalum substrates. Niobium in such anodes
operates to a breakdown voltage of 40 to 50 V,
but tantalum will operate up to 200 V. For both
materials, the resistivity of the alloys used is
approximately one-third that of titanium, which
is said to give better anode characteristics
(Ref 42).

Corrosion Resistance of
Tantalum-Base Alloys

The outstanding corrosion resistance found for
certain low-substitutional alloy content tanta-
lum-base alloys, notably tantalum-molybdenum,
is described (Ref 37). Data found in the literature
on the corrosion resistance of other tantalum-
base alloys are also summarized.

Tantalum-Tungsten Alloys. Samples of 0.18
to 0.75 mm (0.007 to 0.03 in.) thick strip or sheet
of the following materials were exposed for
selected times in concentrated (95.5 to 98%)
H2SO4 at chosen temperatures ranging from 175
to 200 �C (345 to 390 �F):

� Tantalum, electron beam (EB) melted
� Tantalum, powder metallurgy
� Ta-2.5W-0.15Nb
� Ta-5W
� Ta-10W

Some tests on EB-melted tantalum and Ta-2.5W-
0.15Nb were conducted on materials in the as-
rolled, stress-relieved, and fully recrystallized
conditions. The average corrosion rates observed
in these tests are listed in Table 7. Corrosion rate
as a function of tungsten content is plotted in
Fig. 9 for additional tests on EB-melted tanta-
lum, Ta-2.5W-0.15Nb, Ta-5W, and Ta-10W
exposed to concentrated H2SO4 at 180 and
210 �C (360 and 410 �F).

The corrosion behavior of substitutional tan-
talum-molybdenum, tantalum-tungsten, tanta-
lum-niobium, tantalum-hafnium, tantalum-
zirconium, tantalum-rhenium, tantalum-nickel,
tantalum-vanadium, tantalum-tungsten-molyb-
denum, tantalum-tungsten-niobium, tantalum-
tungsten-hafnium, and tantalum-tungsten-rhe-
nium alloys was studied in various corrosive
media, including concentrated H2SO4 at 200 and
250 �C (390 and 480 �F) (Ref 37). Figure 10
gives corrosion data in 95% H2SO4 for several
binary tantalum alloys. Tantalum became
embrittled in concentrated H2SO4 at 250 �C
(480 �F). Additions of tungsten reduced the
corrosion rate and hydrogen absorption, but
additions of molybdenum and rhenium were
more effective in reducing both effects. Addi-
tions of niobium and vanadium had only a slight
influence on the corrosion rate of tantalum;
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lower-valence elements, such as hafnium,
increased the corrosion rate (Ref 37).

Hydrochloric Acid. Samples of recrystallized
sheet of EB-melted tantalum and Ta-2.5W-
0.15Nb were exposed in the same test in a tan-
talum autoclave to concentrated (37 to 38%) HCl
at 100 �C (212 �F) for 24 h. The corrosion rates
of these materials were:

Corrosion rate

Alloy mm/yr mils/yr

Tantalum 0.04 1.6
Ta-2.5W-0.15Nb 0.023 0.9

Researchers in other tests also found that tanta-
lum and substitutional tantalum-base alloys
became hydrogen embrittled in concentrated
HCl at 150 �C (300 �F) (Ref 37).

Nitric Acid. Samples of unalloyed, EB-mel-
ted tantalum and Ta-2.5W-0.15Nb were exposed
to concentrated (70%) HNO3 for 3 days at
approximately 200 �C (390 �F). Following this
test, neither material showed any measurable
weight loss. Additional tests on Ta-2.5W-
0.15Nb tested in 70% HNO3 at approximately
200 �C (390 �F) for 72 h in an autoclave reactor
gave the following corrosion rates for material in
three metallurgical conditions:

Corrosion rate

Condition mm/yr mils/yr

As-rolled 0.1 0.0038
Stress relieved 0.04 0.0016
Fully recrystallized 0.038 0.0015

Other Aqueous Media. The Ta-10W binary
solid-solution alloy has been used in some
applications, such as pump and valve parts, for
which a material appreciably harder and stronger
than the pure metal is desired. For example, Ta-
10W alloy is used as an insert in the plug of a
tantalum-lined split-body valve to give a hard-
plug-to-soft-seat combination when used with a
tantalum seat.

The Ta-10W alloy is of interest as a repair
metal for glass-lined steel equipment because it
is of much higher strength than unalloyed tan-
talum. Consequently, corrosion tests were con-
ducted on the Ta-10W alloy in various
environments (Ref 43).

Figure 11 shows the corrosion rate as a func-
tion of H2SO4 concentration for tests at 205 and
230 �C (400 and 450 �F). These data indicate
that either unalloyed tantalum or Ta-10W alloy
can be used at 230 �C (450 �F) to handle H2SO4

in concentrations below 90%. Although the
corrosion rates at 205 �C (400 �F) are similar for
the two materials, on the basis of this graph, the
corrosion weight loss of the Ta-10W alloy is
approximately twice that of unalloyed tantalum
at 230 �C (450 �F) in H2SO4 over the con-
centration range of 70 to 90%.

Little or no weight loss occurred below
175 �C (350 �F) in HCl, even at 30% con-
centration. At 190 �C (375 �F), a small amount
of attack was detected, with that for the Ta-10W
alloy being more severe.

In the HNO3 corrosion tests, even up to
175 �C (350 �F) in concentrations to 60%, it was
concluded that neither the tantalum nor the Ta-
10W alloy showed any perceptible loss in weight
(Ref 44). No comments were made regarding the
small weight gains observed in most cases.

Tests were also conducted in 5% NaOH
solution at 100 �C (212 �F). Considerable
weight losses occurred on both the unalloyed
tantalum and the alloy under caustic conditions.
The difference, if any, in the corrosion rates of
the two materials appears small.

The NaOH corrosion test was conducted
because tantalum is known to be susceptible to
caustic embrittlement; therefore, it was desired
to determine whether the Ta-10W alloy suf-
fered embrittlement also. Unalloyed tantalum
showed approximately a 25% increase in yield
strength, and a 10% increase was attributed to a
pickup of interstitial elements (oxygen, nitrogen,
and hydrogen), although chemical analyses of

the materials before and after exposure were not
conducted. With the Ta-10W alloy, the exposure
to 5% NaOH at 100 �C (212 �F) produced
embrittlement, as evidenced by the premature
fracture in the tensile test. Reportedly, such
embrittlement was not evident on the sample of
the Ta-10W alloy to which a platinum spot had
been welded before the test. The corrosion
resistance of tantalum-tungsten alloys was also
studied in 50% KOH at 30 and 80 �C (85 and
175 �F), 20% HF at 20 �C (70 �F), and
KOH:3K3Fe(CN)6 mixture (concentration not
given) (Ref 11). In the hydroxide solutions, a
maximum corrosion rate was obtained at
approximately 60 at.% Ta. Although the alloy
system reportedly represents a continuous series
of solid solutions, a maximum electrical resis-
tance also was found at the same composition.

In 20% HF solution, the tantalum-tungsten
alloy system essentially exhibits the relatively
low corrosion rates associated with tungsten,
except when the tantalum concentration exceeds
80 at.%, at which concentration the corrosion
increases markedly. Alloys containing more than
18% W show no corrosion in 20% HF, thus

Table 7 Corrosion rates for tantalum materials exposed to concentrated H2SO4 at 175 to
200 �C (345 to 392 �F)

Temperature Corrosion rate

Material Metallurgical condition �C �F Exposure, days mm/yr mils/yr

Ta, electron beam melted Recrystallized 175 345 60 0.005 0.189
Ta, P/M Recrystallized 175 345 60 0.0055 0.217
Tantaloy 63(a) Recrystallized 175 345 60 0.0058 0.229

As-rolled 181 360 7 0.0026 0.104
Stress-relieved 181 360 7 0.0022 0.087
Recrystallized 181 360 7 0.0022 0.087

Ta, electron beam melted As-rolled 199 390 3 0.018 0.72
Recrystallized 199 390 3 0.024 0.96

Tantaloy 63(a) As-rolled 199 390 3 0.0048 0.19
Stress-relieved 199 390 3 0.0043 0.17
Recrystallized 199 390 3 0.0045 0.18

Ta, electron beam melted Recrystallized 200 392 32 0.057 2.24
Ta, P/M Recrystallized 200 392 32 0.058 2.27
Tantaloy 63(a) Recrystallized 200 392 32 0.029 1.15

Recrystallized 200 392 13 0.03 1.24
Ta-5W Recrystallized 200 392 13 0.034 1.34
Ta-10W Recrystallized 200 392 13 0.05 1.98

Note: P/M, powder metallurgy. (a) UNS R05252
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offering an advantage over pure tantalum. Other
tests have been conducted on tantalum and tan-
talum-tungsten alloys having tungsten contents
ranging from 8.7 to 20.4% in 20% HF. This work
showed that tantalum and tantalum-tungsten
alloys containing less than approximately 20%
W were more susceptible to attack by 20% HF
than was previously reported.

Tantalum-tungsten alloys showed little
improvement over tantalum when tested in the
KOH:3K3Fe(CN)6 mixture.

Combined Reagents. In a proposed dehy-
drator application, the exposure was to be to
an environment containing 61.5% HNO3 plus
7% magnesium nitrate (Mg(NO3)2) at 115 �C
(240 �F). Although no significant corrosion on
tantalum would be expected on exposure to the
separate reagents, tests were conducted on the
mixture to determine corrosion rates. Base metal
and weldment specimens of tantalum and Ta-
2.5W-0.15Nb were used. Within the precision of
the weight measurements, no specimen of either
tantalum or Ta-2.5W-0.15Nb showed any weight
loss in these corrosion tests.

Phosphoric Acid plus Residual Hydrofluoric
Acid. The use of tantalum in H3PO4, other than
the high-purity food-grade acid, has always been
questioned, because fluoride compounds are
usually present. The observation has been made
in several publications and bulletins that the
presence of a small amount of HF (55 ppm) in
commercial H3PO4 causes severe corrosion of
tantalum (Ref 45). Therefore, tantalum has not
been considered resistant to H3PO4 containing
more than a trace of F� ion.

In one test, a sample of Ta-2.5W-0.15Nb was
exposed to a wet-process H3PO4 at an average
temperature of 155 �C (310 �F) for a total of
283.5 h. Following the corrosion exposure, the
sample (0.64 mm, or 0.025 in., thick) was fully
ductile and withstood bending flat on itself with
no evidence of cracking. There was no indication
of corrosion on the surface of the specimen, and
metallographic examination of a cross section of
the specimen showed no evidence of corrosion
attack. The weight loss data for the exposure
equated to a corrosion penetration rate of
0.004 mm/yr (0.15 mil/yr). These data sug-
gested that the tantalum alloy showed good
corrosion resistance to the hot wet-process
H3PO4.

Tantalum-Molybdenum Alloys. Corrosion
resistance was studied on tantalum-molybdenum
alloys that form a continuous series of solid
solutions (Ref 7). The entire alloy system is
extremely corrosion resistant, and the corrosion
resistance of tantalum is generally retained when
the alloy contains more than approximately 50%
Ta. Table 8 gives weight loss data for tantalum-
molybdenum alloys in concentrated H2SO4 and
concentrated HCl at 150 �C (300 �F).

Tantalum-Niobium Alloys. Corrosion tests
were conducted in hot and cold concentrated HCl
and H2SO4 on alloys having various proportions
of tantalum and niobium (Ref 46). The corrosion
rates increased roughly in proportion to the nio-
bium content in the alloy. Even though the 95Ta-
5Nb alloy showed excellent resistance in all
exposures, the attack was three times that
obtained on pure tantalum. Additional corrosion
data on binary tantalum-niobium alloys are given
in Ref 47 and 48.

Other data were reported on corrosion tests of
binary tantalum-niobium alloys and ternary
alloys based on the tantalum-niobium system
(Ref 49). Tests on the materials were carried out
in 75% H2SO4 at 185 �C (365 �F), in 70%
H2SO4 at 165 �C (330 �F), in 75% H2SO4 at
room temperature, and in 20% HCl at room
temperature. The tantalum-niobium alloys con-
taining approximately 60% or more tantalum
appeared promising for boiling 70% H2SO4.
Ternary alloys containing elements of groups IV,
V, and VI with tantalum and niobium did not
offer any advantages in fabricability, and the
addition of zirconium, hafnium, chromium, and
vanadium lowered the corrosion resistance.

Data for Ta-40Nb in HCl acid are found in
Fig. 12 and are compared to unalloyed tantalum.
There is no corrosion below the boiling point
curve, but Ta-40Nb rates of corrosion are higher
than for pure tantalum at temperatures above it.

A comparison of unalloyed tantalum and Ta-
40Nb in sulfuric acid is made in Fig. 13.

Tantalum-Titanium Alloys. Considerable
data have been accumulated on the corrosion
resistance of tantalum-titanium alloys (Ref 7).
Dilution of tantalum with titanium shows
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Table 8 Corrosion rates of tantalum-
molybdenum alloys in concentrated H2SO4

at 150 �C (300 �F)
Solutions were saturated with oxygen.

Average corrosion rate, mg/cm2/day

Tantalum in
molybdenum, at.%

Concentrated
H2SO4 (98%)

Concentrated
HCl (37%)

0 0.008 0.018
10.1 0.009 0.017
20.1 0.008 0.018
30.0 0.010 0.009
40.0 0.009 0.010
50.0 0.000 0.010
61.2 0.000 0.000
71.5 0.000 . . .
82.8 0.000 0.000
91.4 0.000 0.000
100.0 0.000 0.000
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considerable promise for the possibility of pro-
viding a lower-cost alloy with corrosion resis-
tance almost comparable to that of tantalum in
some selected environments. In addition to
dilution with a lower-cost material, the resulting
marked reduction in density is particularly
advantageous because corrosion applications
generally require materials on a volume rather
than a weight basis. Corrosion tests in 10 to 70%
HNO3 at the boiling point and at 190 �C (375 �F)
(in sealed glass tubes) were conducted on tanta-
lum-titanium alloys ranging from pure tantalum
to Ta-90Ti. All of these materials showed
excellent behavior, with corrosion rates less than
0.025 mm/yr (1 mil/yr) and no indication of
embrittlement.

Hydrogen embrittlement may occur when this
alloy system is exposed to reducing corrosive
conditions in tests conducted in sealed capsules.
The tendency for hydrogen damage is markedly
decreased as the tantalum concentration is
increased (Ref 11).

Ternary Alloys. The corrosion behavior of
alloys in the Ti-Ta-Nb system in 5% HCl at
100 �C (212 �F) was investigated (Ref 44). The
corrosion rate dropped by a factor of 1.5 to 2
times less than that of titanium with a total of 15
to 20% Nb or Ta in the alloy. At 20 to 30%
additions of these elements, the corrosion rate
dropped by a factor of 10 to 70 times less than
that of titanium. Tantalum increased the corro-

sion resistance of the alloys more effectively
than niobium did.

The role of the structural factor in increasing
the corrosion resistance of the titanium-tanta-
lum-chromium and titanium-chromium alloys in
a 5% HCl solution at 100 �C (212 �F) was
demonstrated (Ref 51). The corrosion rate of
quenched alloys was 2 to 10 times or more lower
than that of annealed alloys. As the tantalum
content increases, the corrosion rate decreases
for both quenched and annealed alloys. The
ternary alloys with a tantalum-to-chromium ratio
of 3 to 1 and binary titanium-tantalum alloys
with 20% more tantalum were found to have
good corrosion resistance.

Other Tantalum Alloys. It has been observ-
ed that the presence of a small amount of iron
or nickel, for example, in a tantalum weld
makes that site subject to approximately the
same acid attack as would be experienced by
iron or nickel alone (Ref 11). Galvanic action,
as well as simple chemical attack, is undoubt-
edly involved.
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Corrosion of Hafnium and Hafnium Alloys
D.R. Holmes, ATI Wah Chang, Allegheny Technologies

HAFNIUM is element number 72. It resides in
group IVA of the periodic table with titanium
and zirconium. Hafnium is always associated
with zirconium in minerals such as zircon and
baddeleyite, usually in the range of 1 to 5%.
The chemical similarity between hafnium and
zirconium is more pronounced than between any
other two elements in the periodic table, except
the inert gases. This similarity in chemistry of
hafnium and zirconium makes separation ex-
tremely difficult. Along with zirconium, hafnium
forms intermetallic compounds with most
metallic elements, except the alkali metals and
some alkaline earths (Ref 1). Hafnium is
obtained as a by-product of the extraction pro-
cess to produce hafnium-free nuclear-grade zir-
conium. Commercial hafnium typically contains
0.2 to 4.5% Zr. The van Arkel-de Boer (iodine)
process is used to obtain hafnium purities of
greater than 99.99%. Annual world consumption
of hafnium was approximately 60 tons in 2003
(Ref 2).

Hafnium was first identified by x-ray analysis
in 1923 by Coster and von Hevesy in Copenha-
gen, Denmark. Von Hevesey and Jantzen were
the first to separate hafnium from zirconium by
repeated recrystallization of fluoride salts. The
name hafnium comes from the Latin name for
Copenhagen, which is Hafnia. Van Arkel and de
Boer were the first to produce metallic hafnium.
Their process of passing hafnium tetraiodide
vapor over a heated filament is the basis for the
refining process used today to produce higher-
purity hafnium metal.

With a standard reduction potential of
�1.72 V versus the normal hydrogen electrode
at 24 �C (75 �F), hafnium is more reactive
than either titanium (�1.63 V) or zirconium
(�1.53 V). This high chemical reactivity allows
a thin, tenacious protective oxide layer to form
when exposed to most chemical environ-
ments. Like other reactive metals, hafnium
resists attack by many chemicals as long as
this thin oxide layer is not penetrated by reac-
tants. Oxide layers can also be developed by
anodizing and by treatment in steam autoclaves
and in air at elevated temperatures. The most
commonly formed oxide is hafnium dioxide
(HfO2). Because of its high melting point of
2222 �C (4032 �F), hafnium may be considered
refractory.

In addition to the inherent corrosion resistance
of hafnium, other properties make hafnium use-
ful in chemical equipment. It is relatively easy to
form and join, sufficiently strong, ductile, and
wear resistant to withstand the abuse of industrial
applications. Its coefficient of thermal expansion
is approximately 60% lower than that of 304
stainless steel at ambient temperature, and its
thermal conductivity is approximately 40%
higher at ambient temperature (Ref 3).

Hafnium appears to be nontoxic. Haygarth
and Graham state that “there seems to be no
report of the metal, or its alloys with nontoxic
constituents, causing physiological reaction”
(Ref 3). Like zirconium, dissolved hafnium ions
are colorless—an important attribute for some
applications.

Production

Because hafnium is always associated with
zirconium, two main processes have been used to
separate hafnium from zirconium. A European
producer uses an extractive distillation process,
while in the United States a liquid-liquid
extraction is the preferred method. Two primary
operational methods of metal production are also
possible. The Kroll process is the primary
reduction process used in the United States,
while in Europe an electrowinning process is
preferred. Ullman gives a detailed description for
each of these processes (Ref 4).

Highest-purity metal is obtained by using the
van Arkel-de Boer process, also known as the
iodine bar or crystal bar process. In this process,
hafnium sponge produced by the Kroll process is
loaded into a cylindrical Ni-Cr-Fe vessel. The
vessel lid contains insulated electrical lines from
which a hafnium wire filament, in a hairpin
shape, is suspended. Iodine is added to the vessel,
which is then evacuated and heated to vaporize
the iodine. Volatile hafnium tetraiodide forms
and diffuses to the central hafnium filament,
which is resistance heated to 1200 to 1500 �C
(2200 to 2700 �F). The tetraiodide thermally
dissociates at the hot filament, depositing haf-
nium and releasing iodine to react again with the
sponge feed. This cycle continues until the effi-
ciency diminishes (Ref 4, 5). Under conditions
optimized for hafnium transfer, interstitial

impurities such as oxygen, carbon, and nitrogen
are left behind, along with some of the impurity
metals. Electron beam melting is also effective in
purifying hafnium. In this process, hafnium is
slowly double-melted under high vacuum. This
process removes impurities having partial pres-
sures at the surface of the melt greater than the
vapor pressure of hafnium, which is approxi-
mately 0.1 Pa (0.75 mm Hg) at 2500 K
(4040 �F). The more volatile metallic impurities,
such as iron, manganese, and aluminum, along
with chlorine, are moved. Only the higher-
melting-point metals, such as tantalum and
tungsten, are not removed. To get the highest
purity possible, the van Arkel-de Boer process
and electron beam melting are used in sequence.

The United States Government allows the
export of high-hafnium (0.2% or greater)
commercial-grade (nonnuclear) zirconium
(UNS R60702) to most countries. This level of
hafnium content prevents commercial-grade
zirconium from being modified for use in nuclear
production facilities. This requirement limits the
amount of hafnium metal available for other
uses.

Physical and Mechanical Properties
of Hafnium

Hafnium is often considered for the same
applications as zirconium, because of their very
similar physical and chemical characteristics. In
fact, Clark (Ref 1) states that other than the
higher transition temperatures (a!b) for haf-
nium, the only other chemical and physical
property showing a major difference between
these elements is the density. Both zirconium and
hafnium exhibit anisotropy; their mechanical
properties depend on the direction in which they
are measured. Table 1 gives the physical prop-
erties of hafnium, while Table 2 gives the
mechanical properties.

Chemical Properties. The ionic radii of
zirconium and hafnium are almost identical,
due to the lanthanide contraction. This results
in very similar chemical properties between
the two metals. As a result, a review of the
chemical behavior of zirconium can be a use-
ful indicator of the chemical behavior of
hafnium (Ref 4).
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Specifications and Standards. Hafnium
comes in two grades: grade R1 for nuclear
applications (low zirconium) and grade R3 for
commercial applications and alloying. Higher-
quality material can be produced by the crystal
bar process. Grade R3 hafnium is available in
specific grades from 0.5 to 4.5% Zr content (Ref
6). No Unified Numbering System number has
been assigned to hafnium. ASTM B 776,
“Standard Specification for Hafnium and Haf-
nium Alloy Strip, Sheet, and Plate” (Ref 7),
includes chemistry requirements. Table 3 gives
the chemical composition of three grades of
hafnium.

Aqueous Corrosion Testing of
Hafnium and Hafnium Alloys

It is not the purpose of this article to describe
the recommended procedure for corrosion
testing. Reactive-metals corrosion testing, spe-
cifically zirconium and hafnium, is, however,
sufficiently different from stainless steels,
nickel-base alloys, and more common materials
of construction to warrant a few comments.

Testing procedure ASTM G 2, “Corrosion
Testing of Products of Zirconium, Hafnium and
Their Alloys in Water at 360 �C (680 �F) or
Steam at 400 �C (750 �F),” is specifically
directed at zirconium and hafnium and their
alloys for use by the nuclear industry (Ref 8).
Different test methods are required for the
commercial chemical processing industry.
Reference 9 is specifically designed for testing of
zirconium in commercial aqueous environments;
hafnium would require the same guidelines.
ASTM G 31, “Practice for Laboratory Immer-
sion Corrosion Testing of Metals,” may also be
adapted for corrosion testing of hafnium. The
subject of corrosion testing of reactive metals is
also covered by Yau (Ref 10). Surface condition
is more important with hafnium than with many
other metals. In hydrochloric acid applications,
for instance, a well-pickled surface is recom-
mended. Pickling removes impurities, specifi-
cally embedded iron, from the surface and

removes other surface imperfections where pit-
ting may be initiated. Pickling hafnium requires
a solution of 3 to 7% hydrofluoric acid (48%
concentration) with 25 to 59% nitric acid (70%
concentration) and the balance of water. Heat
treatment for weldments may also be beneficial
for corrosion resistance in specific applications.
Heat treatments may be either a solution anneal
requiring high temperatures or a stress anneal at
lower temperatures. The choice of heat treatment
depends on the specific environment and appli-
cation.

For corrosion tests involving stress-corrosion
or environmental cracking, such as tensile, U-
bend, or C-ring specimens, consideration should
be given to the anisotropy in hafnium. Specimen
properties such as thermal expansion, yield
strength, tensile elongation, and bend ductility
depend on the orientation of mill products.
Anisotropy is a characteristic of zirconium,
titanium, and hafnium but not of niobium or
tantalum. Table 2 gives examples of changes in
mechanical properties between materials tested
in the longitudinal and transverse directions.

Welding of reactive metals for corrosion
samples also requires some care. Although
commonly welded, hafnium and other reactive
metals are very sensitive to contamination by
oxygen, nitrogen, hydrogen, and carbon during
the welding process.

Hafnium can be sensitive to minor impurities
in corrosive environments. The presence of
fluoride in low-pH solutions is particularly
damaging to hafnium and other reactive metals.
The data in Table 4 indicate the effect of fluoride
in nitric acid solutions. Fluoride contamination
can come from unexpected sources, such as
boiling chips and the breakdown of some
fluorinated polymers (Ref 13). Beyond this,
oxidizers such as ferric ion (Fe3þ) in hydro-
chloric acid environments may pose a problem

Table 1 Physical properties of hafnium

Property Value

Atomic number 72
Atomic weight 178.49
Density, kg/m3 (lb/in.3) 13.31 · 103 (0.481)
Modulus of elasticity, MPa (ksi)

At 294 K (70 �F) 13.7 · 104 (2.00 · 104)
At 533 K (500 �F) 10.6 · 104 (1.54 · 104)
At 644 K (700 �F) 9.5 · 104 (1.38 · 104)

Magnetic susceptibility per g at
298.2 K (77.4 �F)

0.42 · 10�6

Hall effect at 25 �C (77 �F),
Vm/AT

�1.62 · 10�12

Spectral emissivity,
1750–2300, e0.65u

0.40

Electron emission, A/m2

At 1900 K (2960 �F) 4.80 · 10
At 2000 K (3140 �F) 2.62 · 102

At 2100 K (3320 �F) 1.23 · 103

At 2200 K (3500 �F) 4.85 · 103

Work function, J 6.25 · 10�19

Thermal neutron absorption
cross section, barns

104

Crystal structure
Alpha phase Hexagonal close-packed
Beta phase Body-centered cubic

Alpha-to-beta transformation
temperature, K (�F)

2033 (3200)

Melting point, K (�F) 2500 (4041)
Boiling point, K (�F) 4875 (8312)
Coefficient of linear thermal

expansion, (m/m)/K,
at 273–1273 K (32–1830 �F)

5.9 · 10�6

Thermal conductivity, W/m �K
At 298 K (77 �F) 23
At 373.2 K (212.4 �F) 22.4

Specific heat, J/kg �K, at 298.2 K
(77.4 �F)

117.0

Vapor pressure, Pa
At 2040 K (3215 �F) 10�5

At 2280 K (3645 �F) 10�4

Electrical resistivity, V �m, at
298.2 K (77.4 �F)

3.51 · 10�7

Temperature coefficient of
electrical resistivity, V �m/K,
at 298.2 K (77.4 �F)

3.82 · 10�11

Latent heat of fusion, J/kg 1.35 · 105

Latent heat of vaporization, J/mol
At 298.2 K (77.4 �F) 7.02 · 105

At 1000 K (1340 �F) 6.99 · 105

At 2000 K (3140 �F) 6.96 · 105

Hardness
Brinell, MN/m2 1700
Mohs 5.5
Vickers, MN/m2 1760

Source: Ref 6

Table 2 Typical mechanical properties for fully annealed products

Temperature

Test direction

Ultimate tensile strength Yield strength (0.02% offset)
Elongation in

5 cm (2 in.), %�C �F MPa ksi MPa ksi

Rod

RT Longitudinal 483 70 241 35 25
315 600 Longitudinal 310 45 124 18 40

Plate

RT Longitudinal 469 68 193 28 25
RT Transverse 448 65 310 45 25
315 600 Longitudinal 367 53 124 18 45
315 600 Transverse 234 34 165 24 48

Strip

RT Longitudinal 448 65 172 25 30
RT Transverse 448 65 376 55 30
315 600 Longitudinal 376 55 97 14 45
315 600 Transverse 241 35 165 24 50

RT, room temperature. Source: Ref 6

Table 3 Chemical composition of hafnium
grades and crystal bar

Element

Composition

Grade R1,
wt%

Grade R3,
wt%

Crystal bar,
ppm

Aluminum 0.010 0.050 70
Chromium 0.010 0.050 20
Copper 0.010 . . . 25
Iron 0.050 0.0750 250
Molybdenum 0.0020 . . . 5
Nickel 0.0050 . . . 50
Niobium 0.010 . . . . . .
Silicon 0.010 0.050 50
Tantalum 0.020 . . . . . .
Tin 0.0050 . . . . . .
Titanium 0.010 0.050 50
Tungsten 0.0150 0.0150 10
Uranium 0.0010 . . . 5
Vanadium 0.0050 . . . . . .
Zirconium (a) (a) (a)
Hafnium bal bal bal
Carbon 0.015 0.025 0.0030
Hydrogen 0.0025 0.0050 . . .
Nitrogen 0.010 0.0150 0.0010
Oxygen 0.040 0.130 0.0100

(a) Zirconium content varies. Source: Ref 6, 7
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for the corrosion resistance of hafnium. Because
of its high reactivity, hafnium will generally be
the cathode in most galvanic couples. This
will accelerate the corrosion of the anode com-
ponent and allow hydrogen buildup in the
cathode (hafnium) component of the cell. For
this reason, care must be exercised in the use
of dissimilar wire or bolting systems when
placing hafnium coupons in multicoupon test
racks. Any suspension system must be well
insulated to get meaningful corrosion rates. The
effect of impurities generated by corrosion of
other metals contained on the test rack may affect
the corrosion of hafnium. With few precautions,
any standard test method and coupon config-
uration can be used or adapted for use with haf-
nium.

Aeration is not generally needed to passivate
hafnium in aqueous environments. Hafnium
forms a protective oxide film in the presence of
even small amounts of water. The oxide film
developed on hafnium also forms an effective
barrier to erosion under normal conditions. For

more abrasive conditions, a heat treatment at
566 �C (1051 �F) for 1 to 4 h in air may be
helpful in reducing erosion.

Corrosion Resistance of Hafnium

In aqueous solutions, hafnium is soluble in
hydrofluoric acid (HF) and concentrated sulfuric
acid (H2SO4). Hafnium is resistant to dilute
hydrochloric acid (HCl) and sulfuric acid.
Hafnium is unaffected by nitric acid (HNO3)
in all concentrations. Aqua regia dissolves haf-
nium. The addition of small amounts of soluble
fluoride salts in other acidic solutions can result
in an appreciable increase in corrosion rates.
Researchers report no corrosion for hafnium in
hypochlorite (HClO4) solutions and hydriodic
acid (HI) at room temperature (Ref 14). Pourbaix
gives some indication of possibly higher corro-
sion rates for hafnium in substances that can
form soluble complexes or insoluble salts;
fluorinated, oxalic, and salicylic complexes are

specifically mentioned (Ref 15). Nielson states
that the tendency of hafnium to form inorganic
complexes with anions decreases in the follow-
ing order: OH74F74PO37

4 4CO27

3 4SO27

4 4
NO7

3 � Cl74ClO7
4 (Ref 4). Data presented in

the tables that should be considered only as a
guide for potential applications. As with all
materials, corrosion performance should be
determined in situ in the actual process stream,
because even small process impurities may have
a profound impact on corrosion in a particular
application. The corrosion resistance of hafnium
in various media is given in Table 5.

Table 6 gives the corrosion behavior of haf-
nium in some mixed acid solutions. Because
hafnium is not resistant to aqua regia, caution
should be exercised when applying hafnium in
mixed acids involving hydrochloric acid and
nitric acid.

Corrosion in Specific Media

Water and Steam. Hafnium is superior to
commercial zirconium (UNS R60702) and zir-
caloys (UNS R60804 and R60802), which are
nuclear grades of zirconium, in corrosion resis-
tance in water at elevated temperatures to 450 �C
(840 �F). Table 7 gives weight gains in standard
corrosion tests in water at 360 �C (680 �F) and
2690 psi (18.5 MPa).

Hydrochloric Acid. In hydrochloric acid,
hafnium has slightly higher corrosion rates than
zirconium. In 10 and 37% acid at 35 �C (95 �F),
for instance, hafnium will experience corrosion
rates of 0.007 and 0.033 mm/yr (0.3 and
1.3 mils/yr), respectively (Ref 11). Surface
finish is an important factor to consider for cor-
rosion resistance in hydrochloric acid environ-
ments. Surface impurities such as iron may have
a substantial impact on pitting resistance.

Nitric Acid. Hafnium is resistant to all con-
centrations of nitric acid, including fuming nitric

Table 4 Corrosion of hafnium in nitric acid solutions

Concentration of nitric acid

Temperature

Condition
Duration of testing,

days

Corrosion rate

�C �F mm/yr mils/yr

10%(a) 35 95 Unknown 14 0.008 0.3
30% BP(b) Nonwelded 8 0 0
30%þ1% NaCl BP(b) 240 Nonwelded 8 0 0
50% 115 240 Nonwelded 8 0 0
50%þ1% NaCl 115 240 Nonwelded 8 0 0
70% 116 240 Nonwelded 8 0 0
70%þ1% NaCl 116 240 Nonwelded 8 0 0
70% 116 240 Nonwelded 8 0 0
70% 116 240 Welded 8 0 0
30%þ50 ppm fluoride(c) 80 176 Nonwelded 1 1.8 73
30%þ100 ppm fluoride(c) 80 176 Nonwelded 1 3.2 126
50%þ50 ppm fluoride(c) 80 176 Nonwelded 1 2.8 113
70%þ50 ppm fluoride(c) 80 176 Nonwelded 1 5.1 202
Fuming HNO3 35 95 Nonwelded 14 0.01 0.43

(a) Ref 11. (b) BP, boiling point. (c) Added as hydrofluoric acid. Source: Ref 12

Table 5 Average corrosion rates of hafnium in various boiling solutions

Medium
Exposure time,

days

Corrosion rate

mm/yr mils/yr

Seawater 10 0 0
Saturated sodium chloride (NaCl) at pH 1 21 50.0025 50.1
Saturated sodium chloride (NaCl) at pH 1 with crevice device attached 21 50.0025(a) 50.1(a)
3% sodium chloride (NaCl) (alternate immersion) 7 0 0
70% calcium chloride (CaCl2) 10 0 0
40% hydrobromic acid (HBr) 10 0.025(b) 1.0(b)
48% hydrobromic Acid (HBr) 10 0.025 1.0
40% cupric nitrate (Cu (NO3)2) 10 0 0
40% sodium bisulfate (NaHSO4) 10 1.1 44
10% sulfamic acid (NH2SO3H) 10 0 0
25% aluminum sulfate (Al2(SO4)) 10 0 0
70% zinc chloride (ZnCl2) 10 0 0
88% zinc chloride (ZnCl2) 10 0 0.1
20% hydrochloric acid (HCl) 8 0.005 0.2
60% phosphoric acid (H3PO4) 8 0.22 8.5
85% phosphoric acid (H3PO4) 1 4200 47900
Hydrogen sulfide (H2S) in water 12 0 0
Sour gas (vapor) 18 0 0

(a) No pitting or crevice attack. (b) Pitting. Source: Ref 12

Table 7 Corrosion of hafnium in
high-temperature water

Material

Weight gain, mg/dm2

28 days 56 days

Zircaloy(a) 20–22 25–28
Hafnium 3–6 5–7(b)

(a) Nuclear grade of zirconium containing iron, chromium, nickel, and tin
as important alloy additions. (b) Estimated range; test not run on routine
basis. Source: Ref 12

Table 6 Corrosion rates of hafnium in mixed
acid solutions at 35 �C (95 �F)

Medium
Exposure time,

days

Corrosion rate

mm/yr mils/yr

HClþ H2SO4 (1 : 1) 14 0.0 0.5
HClþ HNO3 (1 : 1) 14 3.3 130
H2SO4þ HNO3 (1 : 1) 14 4.7 185

Source: Ref 6
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acid. Table 4 gives corrosion information for
both welded and nonwelded materials. As with
most solutions, the presence of fluoride ions in
nitric acid will greatly increase the corrosion of
hafnium.

Sulfuric acid is an environment where haf-
nium could see more use. Zirconium is a suitable
material of construction for acid concentrations
up to 70 to 75% at boiling temperatures. Above
80%, materials of construction that can be used
include some stainless steels and carbon steels.
In the range of 70 to 80% acid concentration,
hafnium is more corrosion resistant than zirco-
nium. Table 8 gives corrosion rates for other
temperatures and concentrations of sulfuric acid.
Table 9 gives data showing the effect of ferric
ions on the corrosion of hafnium in various sul-
furic acid concentrations.

Alkalis. Hafnium appears to have a very high
resistance to corrosion by strong alkali solutions.
Potassium hydroxide solutions do not attack
hafnium until the concentration reaches 70 wt%,
and then only at near-boiling temperatures.
Sodium hydroxide is more aggressive toward
hafnium. An upper limit appears to approxi-
mately 38% concentration at boiling tempera-
tures. The presence of a weld does not appear to
alter the corrosion resistance to a significant
degree. Table 10 gives the corrosion resistance of
hafnium in various alkali solutions.

Organics. The only reported corrosion infor-
mation for hafnium in an organic solution is
testing performed in acetic acid. No significant
corrosion was reported at room temperature; the
duration of testing was not given (Ref 14).

Molten Metals. Hafnium is superior to zir-
conium and zircaloy in molten alkali metals. In
lithium, zirconium is rated good to 300 �C
(570 �F) and limited to 600 �C (1110 �F). In
sodium at 500 �C (930 �F), hafnium is as resis-
tant as stainless steel, the corrosion rate being
1.2 mg/cm2�yr, or 0.001 mm/yr (0.04 mils/yr)
(Ref 11).

Gases. Hafnium begins to react slowly with
air or oxygen to form hafnium oxide at
approximately 400 �C (750 �F), with nitrogen
to form nitrides at approximately 900 �C
(1650 �F), and rapidly with hydrogen at
approximately 700 �C (1290 �F) to form
hydrides. Hydrogen can be readily removed from
hafnium by heating in a vacuum at 900 �C
(1650 �F). The oxides and nitrides formed at
these elevated temperatures tend to remain at the
surfaces; however, hydrogen diffuses rapidly
and forms hydrides throughout the metal. Ox-
ides, nitrides, and hydrides all lead to impaired
ductility. Hafnium (containing 2.5 wt% Zr) has a
high reaction rate with nitrogen but less than that
for titanium and zirconium (Ref 11). Hafnium
reacts with carbon at 4500 �C (930 �F) (Ref 5).
At elevated temperatures, hafnium will react
with boron, sulfur, and silicon, while halogens
react directly to form tetrahalides. As a com-
parison, hafnium, at 740 �C (1360 �F), reacts
with air at approximately the same rate as zir-
conium but at one-half the rate of zirconium at
900 �C (1650 �F) (Ref 11).

Table 8 Corrosion of hafnium in sulfuric acid solutions

Acid
concentration, %

Temperature

Condition
Duration of
testing, days

Corrosion rate

�C �F mm/yr mils/yr

60 140 284 Nonwelded 8 0 0
60 140 284 Welded 8 0 0
65 110 230 Nonwelded 1 0.03 1
65 154 310 Nonwelded 9 0.03 1
65 151 303 Nonwelded 8 0 0
65 151 303 Welded 8 0 0
70 165 329 Nonwelded 8 0.05 2
70 165 329 Welded 8 0.05 2
70 120 248 Nonwelded 8 0 0
70 120 248 Welded 8 0 0
70 180 356 Nonwelded 8 0.1 4
70 110 230 Nonwelded 1 0.03 1
75 185 365 Nonwelded 4 0.2 8
75 185 365 Nonwelded 4 0.5 20
75 185 365 Welded 8 0.13 5
75 182 360 Nonwelded 8 0.13 5
75 150 302 Nonwelded 12 0.03 1
75 100 212 Nonwelded 12 0 0
80 202 396 Nonwelded 7 1.8 70
80 204 400 Nonwelded 4 3 118
80 200 392 Nonwelded 7 2.2 86
80 150 302 Nonwelded 4 0.97 38
80 80 176 Nonwelded 2 1.7 66
80 80 176 Welded 2 1.1 42
80 65 149 Nonwelded 2 1.6 64
80 65 149 Welded 2 2.4 95
80 50 122 Nonwelded 11 0.03 1
80 50 122 Welded 11 0.1 4
80 50 122 Nonwelded 8 0.1 4
80 50 122 Welded 8 0.4 16
80 21 70 Nonwelded 8 0.13 5
80 21 70 Welded 8 0.05 2
85 210 410 Nonwelded 1 45 4200
85 210 410 Welded 1 45 4200
85 21 70 Nonwelded 1 45 4200
85 21 70 Welded 1 45 4200

Source: Ref 12

Table 9 Corrosion of hafnium in sulfuric acid containing Fe3þ

Acid concentration
plus Fe3þ

Temperature

Condition
Duration of
testing, days

Corrosion rate

�C �F mm/yr mils/yr

65%þ1000 ppm 151 305 Nonwelded 2–4–2 0.05–0.01–0.05 2–0.4–2
65%þ1000 ppm 151 305 Welded 2–4–2 0.04–0.01–0 1.6–0.4–0.1
70%þ1000 ppm 165 330 Nonwelded 2–4–2 0.06–0.2–0 2.4–7.9–0.1
70%þ1000 ppm 165 330 Welded 2–4–2 0.07–0.02�0.02 2.8–0.8–0.8
75%þ1000 ppm 185 365 Nonwelded 2–4–2 1.5–0.65–0.68 59–26–27
75%þ1000 ppm 185 365 Welded 2–4–2 1.2–0.6–0.6(a) 47–24–24(a)
85%þ200 ppm 21 70 Nonwelded 1 45 4200
85%þ200 ppm 21 70 Welded 1 45 4200

(a) Localized attack. Source: Ref 16

Table 10 Corrosion of hafnium in alkaline solutions

Solution concentration Condition

Temperature
Duration of
testing, days

Corrosion rate

�C �F mm/yr mils/yr

Sodium hydroxide 38% Nonwelded 115 240 3 0.15 6
Sodium hydroxide 38% Welded 115 240 3 0.2 8
Sodium hydroxide 50% Nonwelded 140 284 4 0.67 27
Sodium hydroxide 50% Welded 140 284 4 0.63 25
Sodium hydroxide 50% Nonwelded 35 95 14 0.005 0.2
Potassium hydroxide 50% Nonwelded BP(a) 4 0 0
Potassium hydroxide 50% Welded BP(a) 4 0 0
Potassium hydroxide 70% Nonwelded 170 338 2 0.15 6
Potassium hydroxide 70% Welded 170 338 2 0.15 6

(a) BP, boiling point. Source: Ref 12
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Forms of Corrosion

Galvanic Corrosion. Hafnium is a very
noble (cathodic) metal, probably similar in
ranking to silver and zirconium on the galvanic
series for seawater. With few exceptions, when
hafnium is galvanically coupled with another
metal, the other metal will become the anode and
suffer an increase in corrosion as a result of the
couple. Although the corrosion rate of hafnium
will remain low, its mechanical properties can
suffer from hydrogen pickup as a result of the
couple with the less noble metal.

Crevice Corrosion. Hafnium appears to be
resistant to crevice corrosion in saturated sodium
chloride solutions. Table 5 indicates a limited
tendency for pitting attack in other saturated
chloride solutions and as a result of exposure to
other halide salts.

Pitting Corrosion. Hafnium appears to be
resistant to pitting in a wide variety of solution
compositions. Pitting appears to be limited to
hydrobromic acid (Table 5) and to high con-
centrations of sulfuric acid containing additions
of ferric ion (Table 9).

Corrosion of Hafnium Alloys

Hafnium-Zirconium Alloys. The hafnium-
zirconium system is one of the few metallic
systems in which thermochemical properties are
almost ideal. That is, hafnium and zirconium can
form isomorphous alloys for all ratios of the
components. Moreover, hafnium and zirconium
exhibit similar excellent corrosion-resistant
properties, although they differ greatly in neu-
tron absorption. Therefore, hafnium-zirconium
alloys offer a broad range of neutron absorption
for special applications in which corrosion
resistance and neutron absorption are both
important.

Hafnium alloys with 2.9, 17.3, 42.4, 59.5, and
81.4% Zr were evaluated for their corrosion
resistance in various media. All of the alloys
exhibited low corrosion rates (50.0025 mm/yr,
or 0.1 mil/yr) in the following boiling solutions:
30% HNO3 with or without 19% NaCl, 50%
HNO3 with or without 1% NaCl, and 70% HNO3

with or without 1% NaCl. Transverse-cut U-
bend specimens of these alloys were tested in
90% HNO3 at room temperature for 60 days. No
cracking was observed.

The pitting resistance of these alloys was
evaluated in boiling 20% HCl containing
200 ppm Fe3þ (as FeCl3) and in chlorine-gas-
saturated water. Test results are given in
Tables 11 and 12. Although all alloys showed
some pitting in these oxidizing chloride solu-
tions, Hf-59.5Zr appeared to have the highest
pitting resistance.

Hafnium-Tantalum Alloys. All hafnium-
tantalum alloys tested exhibit no significant
corrosion in boiling j70% nitric acid with or
without 1% sodium chloride (Table 13). The
tensile strength of hafnium-tantalum alloys
increases with increasing tantalum concentra-
tion. Average tensile strengths of hafnium,
Hf-1Ta, Hf-3Ta, and Hf-5Ta are 480, 520, 560,
and 690 MPa (70, 75, 81, and 100 ksi), respec-
tively (Ref 17).

Applications

The limited availability of hafnium leaves
very little material for uses other than nuclear
applications and as an alloying element.

Alloy Component. The primary use of haf-
nium is as an alloying element in nickel-base
superalloys. These include cast nickel-base
alloys such as MM 002, IN-713 Hf (MM 004), B-
1900 Hf (MM 007), René 80 Hf, René 125 Hf
(MM 005), MAR-M 200 Hf (MM 009), MAR-M
246 Hf (MM 006), MAR-M 247 (MM 0011), and
CM 247LC. Each of these alloys contains from
0.05 to 2% Hf. Single-crystal alloys CMSX-3,
CMSX-4, and CMSX-6 use 0.05 to 0.1% Hf in
their formulation. In these alloys, hafnium serves
as a strong carbide former and provides

improved grain-boundary ductility and increased
oxidation resistance (Ref 18).

Hafnium is also used in several niobium- and
tantalum-base alloys to increase strength at high
temperature. The niobium-base alloys are C-103
(Nb-10Hf-1Ti) and C-129Y (Nb-10Hf-0.07Y).
These alloys are used in turbojet and rocket
engine parts. Alloys such as WC-3015 (Nb-
30Hf-1.5Zr-15W) and WC-3009 (Nb-30Hf-
1.5Zr-9W) are used in applications requiring
high-temperature strength and oxidation resis-
tance. Hafnium provides dispersed particle
strengthening and solid-solution strengthening in
niobium-base alloys (Ref 4). Tantalum-base
alloys also use hafnium as an important alloying
element. Alloys T-111 (Ta-8W-2Hf-0.003C), T-
222 (Ta-9.6W-2.4Hf-0.012C), and Astar 811-C
(Ta-8W-1Re-1Hf-0.25C) are used to make hon-
eycomb-type heat shields for use in re-entry
vehicles and for fasteners for high-temperature
conditions. Hafnium is also an important addi-
tion to certain titanium, tungsten, and molybde-
num alloys where, along with carbon, it forms
second-phase dispersions.

Nuclear. The second major use of hafnium is
in control rods for nuclear reactors. Hafnium is
used in pressurized light water reactors used
primarily to power naval vessels (Ref 5). The
combination of excellent hot water corrosion
resistance, good ductility, and good machin-
ability, along with a large neutron absorption
cross section, makes hafnium ideal for this
application. Hafnium has been proposed as
separator sheets to allow closer spacing of spent
nuclear fuel rods in interim holding ponds,
because of it superior neutron absorption cap-
abilities (Ref 5). Hafnium absorbs both thermal

Table 13 Corrosion of hafnium-tantalum alloys at 120 �C (248 �F)

Alloy Corrodant concentration

Corrosion rate

mm/yr mils/yr

Hf-1Ta 70% nitric acid 0 0
70% nitric acidþ1% NaCl 0 0
20% HClþ200 ppm Fe3þ 0.08(a) 3.1(a)

Hf-3Ta 70% nitric acid 0 0
70% nitric acidþ1% NaCl 0 0
20% HClþ200 ppm Fe3þ 0.09(a) 3.5(a)

Hf-5Ta 70% nitric acid 0 0
70% nitric acidþ1% NaCl 0 0
20% HClþ200 ppm Fe3þ 0.04(a) 1.6(a)

Note: Samples both as-received and vacuum annealed at 816 �C (1500 �F) for 45 min were tested. No appreciable difference in corrosion rate was
detected. Fe3þ added as FeCl3. Corrosion rate is the average of the results from 3 to 48 h test periods. (a) Some corrosion at edges. Source: Ref 12

Table 11 Corrosion of hafnium-zirconium
alloys in boiling 20% HClþ200 ppm Fe3þ

Alloy

Average corrosion rate

Pitting
ranking

(a)

First test
(2 days)

Second test
(4 days)

mm/yr mils/yr mm/yr mils/yr

Hf-2.9Zr 0.19 7.4 0.058 2.3 2
Hf-17.3Zr 0.18 7.0 0.053 2.1 5
Hf-47.4Zr 0.22 8.7 0.053 2.1 4
Hf-59.5Zr 0.09 3.5 0.036 1.4 1
Hf-81.4Zr 0.13 5.1 0.058 2.3 3

Note: Fe3þ added as FeCl3. (a) 1, best; 5, worst

Table 12 Corrosion of hafnium-zirconium alloys in boiling water saturated with chlorine gas

Alloy

Average corrosion rate

Pitting
ranking(a)

First test (2 days) Second test (4 days)

mm/yr mils/yr mm/yr mils/yr

Hf-2.9Zr 0.015 0.6 0.005 0.2 3–4
Hf-17.3Zr 50.0025 50.1 0.005 0.2 3–4
Hf-47.4Zr 50.0025 50.1 50.0025 50.1 2
Hf-59.5Zr 0 0 50.0025 50.1 1
Hf-81.4Zr 50.0025 50.1 50.0025 50.1 5

(a) 1, best; 5, worst

358 / Corrosion of Nonferrous Metals and Specialty Products

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



and epithermal neutrons, and its absorption cross
section decreases only slowly after long periods
of neutron irradiation. The combination of high
corrosion resistance in nitric acid and high neu-
tron absorption cross section allows hafnium to
be used in spent fuel reprocessing plants that
utilize nitric acid. The unique properties of haf-
nium help avoid criticality in this application
(Ref 17).

Chemical Processing Industry. While haf-
nium has good corrosion resistance, zirconium
has similar corrosion properties, costs less, is
approximately half as dense, and is more avail-
able.

Other uses for hafnium are in the production of
specialty chemicals, including borides, tetra-
hydridoborates, carbides, halides, nitrides,
hydrides, sulfides, carbonates, acetates, and
oxides. These are discussed in detail by Nielsen
(Ref 5). It is also used in plasma arc metal-
cutting tips, high-temperature ceramics, tool
bits, and sputtering targets.
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Corrosion of Beryllium
and Aluminum-Beryllium Composites
Warren J. Haws, Brush Wellman, Inc.

BERYLLIUM, like aluminum, is a thermo-
dynamically reactive metal that forms a thin,
well-bonded oxide layer on the surface at room
temperature. Of the structural metals, only
magnesium is more reactive. The oxide film on
beryllium is approximately 10 nm (0.4 min.)
thick at room temperature, with this thickness
being achieved in approximately 2 h. This thin
layer of oxide provides a natural protection
against atmospheric oxidation, similar to the
oxide layer of aluminum, titanium, and zirco-
nium. Beryllium is unique among the alkaline
earth metals in providing this characteristic. This
oxidation protection is effective up to 600 �C
(1110 �F), while above 800 �C (1470 �F), the
oxide formed has a tendency to spall.

Health and Safety

Handling beryllium and aluminum-beryllium
composites in solid form and in finished parts
poses no special health risk. Like many industrial
materials, beryllium-containing materials may
pose a health risk if the recommended safe-
handling practices are not followed. Inhalation of
airborne beryllium may cause a serious lung
disorder in susceptible individuals. The degree of
hazard varies, depending on the form of the
product, how it is processed and handled, as well
as the amount of beryllium in the product. The
Occupational Safety and Health Administration
(OSHA) has set mandatory limits on occupa-
tional respiratory exposures. Read and follow the
guidance in the manufacturer’s material safety
data sheet before working with this material.

Effects of Impurities and
Composite Composition

Beryllium is available in pure form in alloys,
and as a composite with aluminum.

Beryllium. There are currently four major
grades of beryllium (commonly referred to as
pure beryllium) commercially available for
structural applications today (Table 1). There are

two other grades of high-purity beryllium that
are used for foil applications, principally as
windows for radiation sources and detectors. For
the structural grades, oxygen (BeO), aluminum,
iron, and silicon are intentionally controlled to
achieve the desired mechanical properties. Ber-
yllium oxide in these grades ranges from 0.5% to
approximately 2%, depending on the grade, and
has no effect on the corrosion behavior of pure
beryllium.

Aluminum, iron, silicon, and magnesium are
present at between 100 and 1000 ppm and are
not generally a major contributor to the corrosion
behavior of pure beryllium. Aluminum is present
as free aluminum and/or as the AlFeBe4 com-
pound at the grain boundaries. Iron is present in
one or more of the following forms: solid solu-
tion in beryllium, precipitated as a beryllide
(FeBe11) within the grains, or as the AlFeBe4

compound at the grain boundaries. The form of
the aluminum and iron is determined by the hold
temperature and cooling rate during heat treat-
ment. Silicon is mainly a grain-boundary con-
stituent, but the exact nature of its form is not
known.

Carbon is the only elemental impurity that
presents special corrosion issues and is discussed
later. Table 1 lists the compositions of the four
structural grades for intentionally controlled
elements and major impurities. All other
impurity elements in beryllium are typically less
than 100 ppm.

Aluminum-Beryllium Composites. Two
aluminum-beryllium composites are currently
produced commercially, AlBeMet 162 and
AlBeMet 140 (Brush Wellman, Inc). These
composites contain 62 wt% Be (the original
Lockalloy material) and 40 wt% Be, respec-
tively. Because these composites solidify as
eutectic microstructures containing aluminum
and beryllium phases with virtually no solubility
of either element in the other, they also have the
same self-protection mechanism against atmo-
spheric oxidation.

The aluminum is the matrix, and the beryllium
is the reinforcement. Aluminum-beryllium com-
posites are made by inert gas atomization from a
molten alloy. The input aluminum is 1100 alloy,

and the input beryllium is typical of the pure
beryllium grades. Carbon is the only impurity
element that presents special corrosion issues,
with behavior in the composite similar to its
behavior in pure beryllium. The other issue with
aluminum-beryllium composites is the potential
galvanic corrosion that may occur in these
composites. The difference between the alumi-
num and beryllium electrode potential is small
(in seawater, for example), which minimizes the
driving force for the galvanic effect; however,
the rate of this reaction has not been studied in
detail.

Alloys. Beryllium is an alloying element in
the copper-beryllium group of alloys. See the
article “Corrosion of Copper and Copper Alloys”
in this Volume.

Corrosion of Beryllium in Air

Even though beryllium is commonly referred
to as being self-protective against atmospheric
oxidation, there are four major conditions that
can cause beryllium to corrode in air:

� Beryllium carbide particles exposed at the
surface

� Surface contaminated with halide, sulfate, or
nitrate ions

� Surface contaminated with other electrolyte
fluids

� Atmosphere that contains halide, sulfate, or
nitrate ions

All of these conditions have a common factor:
moisture in the air. Corrosion of pure beryllium
or aluminum-beryllium composites can and does
occur in air if moisture condenses on the metal
surface. This type of corrosion is essentially a
subset of aqueous corrosion.

One study demonstrated the noncorroding
nature of pure water vapor when the beryllium
surface was uncontaminated and free of exposed
Be2C inclusions (Ref 1). Polished, uncoated
specimen coupons were subjected to an atmo-
sphere of air plus 95% relative humidity at 40 �C
(100 �F) for 30 days, with a result of no apparent
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corrosive attack. Neither microscopic examina-
tion nor weight gain measurements indicated
corrosive attack on any of the specimens.

Beryllium carbide will react in the presence
of moisture at room temperature. The reaction
occurs very slowly and forms a white exfoliated
beryllium oxide (BeO) powder, with an accom-
panying large volume expansion, according to
the following reaction:

Be2Cþ 2H2O? 2BeOþ CH4

with methane as a gaseous product. The fol-
lowing reaction:

Be2Cþ 4H2O? 2BeðOHÞ2 þ CH4

is generally believed to be an intermediate step in
arriving at the final BeO product. This is con-
sistent with the observed formation of a white
gelatinous product from the reaction of Be2C in
an aqueous environment.

These reactions were first reported in 1955
(Ref 2). In work performed at Oak Ridge
National Laboratory in 1947, white corrosion
products and blisters were observed to form on
the surface of extruded beryllium that had been
exposed for approximately 6 months to the local
humid air. The corrosion products were caused
by carbide inclusions that were parallel to the
extrusion axis. Similar corrosion attack has been
observed on finished precision-machined com-
ponents during shelf storage.

An instrument-grade material, in service in a
controlled gas environment containing a fixed
value of relative humidity, exhibited corrosion in
the form of spotty white buildup and disruption
of the surface. This type of corrosion was
experimentally duplicated with carbide-seeded
beryllium subjected to the same type of envir-
onment. In addition, beryllium that exhibits
flowery corrosion spots during extended air sto-
rage was also found to yield a similar pattern of
corrosion attack within hours of immersion in an
aqueous bath.

A study of a large atypical carbide inclusion
(13 mm, or 0.5 in., disk) corroding in a humid air
environment during storage (Ref 3) resulted in
the fracture of a large piece of beryllium from the
component, caused by the volume expansion of
the corrosion product.

The corrosion of a metallographic mount
containing a Be-Be2C composite, from a fusion
research project, over a 6 month period caused
the mount to split apart from the volume

expansion. The corrosion product was piled
12 mm (0.5 in.) high on the mount, illustrating
the volume expansion of the corrosion product.

The carbon typically present in commercial
beryllium today is uniformly distributed as fine
carbide particles roughly 1 mm (0.04 mil) in size
and not likely to cause mechanical damage to the
component; however, blistering and disruption
of beryllium at the edges of Be2C inclusions can
occur.

Surface contamination is the second major
condition that can lead to corrosion of beryllium
and aluminum-beryllium in a humid air environ-
ment. Halides, sulfates, and nitrates remaining
on the surface of beryllium, after the evaporation
of fluids containing the ions, can become very
concentrated, with a small amount of water
condensation from a humid atmosphere provid-
ing a condition for corrosion at active sites.
Failure to clean a beryllium surface that has
come in contact with these ions, or an improper
rinsing and drying operation, can result in loca-
lized deposits of these contaminants.

Common fluids that could contain these ions
include cutting oils and fluids, tap water, chlor-
ine-contaminated water, and chlorinated sol-
vents. In general, it is best to avoid the use of
fluids containing these ions. Where the use of
these fluids cannot be avoided, minimizing the
contact time with beryllium surfaces is recom-
mended. In addition, proper rinsing and drying is
recommended to eliminate evaporation of ion-
containing fluids from the beryllium surface.

Plastic piping, used to avoid metallic con-
tamination of the rinse system, has been found
to be a source of chloride ions that resulted in
the corrosion of beryllium components during
storage.

Salt residue not adequately removed from
a molten-salt dip-brazed aluminum-beryllium
chassis was activated during a humidity test.
The chassis suffered significant corrosion during
this test when the salt residue dissolved in
the condensed water on the metal, producing a
concentration of chloride ions. Galvanic corro-
sion also occurred during this test, because
the part was supported by a stainless steel
rack, and the dissolved salt provided a suitable
electrolyte.

Contamination can also occur after proper
cleaning and drying, from fluids splashing or
dripping onto the beryllium surface. Another
source of surface contamination in beryllium is
fingerprints. The corrosive nature of fingerprints

causes them to be etched into the beryllium
surface when subjected to a humid environment.
This causes cosmetic issues on finished or
semifinished parts as well as problems in etching
or applying coatings to the surface. Fingerprinted
surfaces need to be removed by mechanical
abrasion before most chemical treatments.

In addition to the general aqueous corrosion
that can occur as a result of halides, sulfates, and
nitrates, there is also the potential for galvanic
corrosion if the metal is touching a dissimilar
metal and the solution is bridging both metals.

Electrolyte solutions that come in contact
with beryllium and aluminum-beryllium com-
posites and are allowed to dry on the surface can
reactivate in the presence of humid air in the
same manner as halides, sulfates, and nitrates.
Even though the chemicals in the electrolytes
may not attack the beryllium or aluminum-ber-
yllium composites, there is the potential for
galvanic corrosion, as described in the previous
paragraph.

Atmospheric contamination is the fourth
major condition that can lead to corrosion of
beryllium or aluminum-beryllium composites in
air. Atmospheric contamination can be from
natural sources, such as salt from the sea, or from
manmade sources, such as exhaust from indus-
trial smokestacks. However, any fumes con-
taining halide, sulfate, or nitrate ions (or any
chemical species that can transform to these
ions) that condense on the metal surface can
cause corrosion. Rainwater and salt air from the
ocean are two well-known sources of airborne
contamination.

Rainwater has been recognized as a potential
source of corrosive agents that can be inad-
vertently introduced into a protective environ-
ment through atmospheric transport or through
leaky structures. Table 2 lists the corrosive
agents commonly found in rainwater.

Inadvertent admission of atmospheric moist-
ure into silos and launch control centers of mis-
sile systems has been cited as the cause of most
of the general corrosion problems associated
with the metals contained in these structures
(Ref 4). Despite the fact that corrosion problems
have been encountered in missile silos, the use of
a humidity-controlled environment has generally
been effective in protecting most components
from corrosion.

The open atmosphere above the ocean pro-
vides a site of unusually high salt content. The
natural salt concentration above the sea can
increase by as much as 50 times due to the high
winds during storms. In addition, the mist gen-
erated by a moving vessel can add to the corro-
sion problem. Severe corrosion of the beryllium
brake shoe pads of bombers on military aircraft
carriers has been reported. The brake shoes were
typical of those that have performed well for
years on the C5A military transport in less cor-
rosive environments. The salt-laden environ-
ment of the aircraft carrier caused the brake pads
to pit and become covered with corrosion pro-
ducts. Beryllium brake pads are no longer used in
this application.

Table 1 Specification and typical compositions of four grades of beryllium
S, structural grade; I, instrument grade; O, optical grade

Chemical composition (by weight) S-200F S-65C I-220C O-30

Be, % (min) 98.5 (99.2) 99.0 (99.4) 98.0 (98.5) 99.0 (99.4)
BeO, % (max) 1.5 (1.0) 1.0 (0.65) 2.2 (1.85) 0.5 (0.35)
Al, ppm (max) 1000 (500) 600 (320) 1000 (70) 700 (450)
C, ppm (max) 1500 (800) 1000 (300) 1500 (300) 1200 (500)
Fe, ppm (max) 1300 (1100) 800 (750) 1500 (700) 1200 (1050)
Mg, ppm (max) 800 (350) 600 (100) 800 (100) 700 (300)
Si, ppm (max) 600 (300) 600 (250) 800 (200) 700 (300)

Note: Typical values are shown in parentheses.
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Salt in the air can also cause problems on land
in coastal areas, extending many miles inland.
The effect can vary, depending on distance from
the ocean, wind velocity, and wind direction.
Proper processing, handling, and storage of
beryllium and aluminum-beryllium composites
in these areas are essential to preventing corro-
sion damage.

Aqueous Corrosion of Beryllium

Beryllium that is clean and free of surface
impurities has very good resistance to attack in
low-temperature high-purity water. The corro-
sion rate in good-quality water is typically less
than 0.025 mm/yr (1 mil/yr) (Ref 5). Beryllium
has been reported to perform without problems
for 10 years in slightly acidified demineralized
water in a nuclear test reactor (Ref 3, 6). This
high-purity water environment also produced no
evidence of accelerated corrosion with the ber-
yllium galvanically coupled with stainless steel
or aluminum.

Ionic Solutions. Beryllium is susceptible to
attack, primarily in the form of localized pitting,
when exposed to impure water (Ref 7). Chloride
(Cl�) and sulfate ions (SO4

2�) are the most
critical contaminants in aqueous corrosion.
Because these contaminants are present in tap
water, most processing specifications warn
against its use. Even etching solutions should not
be prepared using tap water. In cases where tap
water is used for rinsing, the final rinses should
be performed immediately in deionized water to
ensure that the Cl� or SO4

2� impurities are not
retained on the subsequently dried metal surface.
Aluminum-beryllium reacts similarly to pure
beryllium under these conditions, but aluminum
is also present on exposed surfaces to act as a
cathode.

The pitting of beryllium in aqueous baths
containing Cl� or SO4

2� ions occurs as the result
of a galvanic cell between the impurities and the
base metal, beryllium (Ref 8). Because beryllium
is anodic to all common metals except magne-
sium, zinc, and manganese, the beryllium area
surrounding the impurities (other than magne-
sium, zinc, and manganese) is rapidly attacked,
creating a pit, while the impurity is cathodically
protected. This reaction progresses until the
impurity is fully undercut and falls out of the
beryllium.

Based on the purity of beryllium today, pitting
is usually visible only microscopically. Macro-
scopic pitting becomes a problem only when
large inclusions are present due to powder-
handling problems in the manufacture of ber-
yllium.

There are reports that pits are observed in
areas associated with concentrations of iron,
aluminum, and silicon (Ref 9–11). For aluminum
and silicon, these observations are consistent
with the fact that these metals have virtually no
solubility in beryllium and are known to segre-
gate to the grain boundaries, where they are
concentrated and can react to form a pit. Iron,
however, is present within the beryllium grains
in either solid solution or precipitated as
FeBe11. It can also concentrate in grain bound-
aries as precipitated AlFeBe4. Both AlFeBe4

and FeBe11 act as cathodes when galvanically
coupled with beryllium in an ionic solution.
Because these compounds are generally believed
not to be chemically active, they will not dissolve
but will remain at grain boundaries until the
corrosion of beryllium around them causes them
to fall out. Thus, iron can be observed within pits
located either within grains or at grain bound-
aries.

A study on the effects of the surface finish of
beryllium on aqueous corrosion showed that the
magnitude of attack for various types of surfaces
in extended exposures reached approximately
the same value: 0.0025 to 0.005 mm/yr (0.1 to
0.2 mil/yr). The specimen surface conditions
included as-machined, pickled in chromic-
phosphoric (H2CrO4-H3PO4) acid after machin-
ing, and machined and annealed in vacuum
for 1 h at 825 �C (1515 �F). In the short
term, however, the tests showed that the pickled
specimens corroded at a higher rate than the
other specimens. This was probably the result of
a fresh, clean surface provided by the pickling
process.

Several studies have been performed more
recently that are more quantitative in nature and
allow for a better understanding of the mechan-
isms of corrosion and pitting in beryllium.

Polarization data and open-circuit potential
measurements were used to make mixed-poten-
tial predictions of the electrochemical activity of
the beryllides in commercial grades of beryllium
(Ref 12). Angle-resolved x-ray photoelectron
spectroscopy was used to characterize the oxide
film on as-prepared and postimmersion samples.

Beryllium was observed to exhibit a passivity
breakdown dependent on voltage, chloride con-
centration, and pH in an electrochemical study of
beryllium in buffered and unbuffered chloride
solutions (Ref 13). This work theorized but could
not confirm that the barrier layer was beryllium
oxide.

The passive behavior of beryllium was studied
in a variety of aqueous solutions, using electro-
chemical measurements, solution analyses, and
electron microscopy (Ref 14). Beryllium exhib-
ited passive behavior in some solutions and pit-
ting corrosion in other solutions. The passive
film was identified as microcrystalline BeO.

It is well known that surface defects, such as
twins, microcracks, and pits, in beryllium com-
promise mechanical properties in beryllium. A
quantitative study was performed to determine
the effect of pitting corrosion on bend test spe-
cimens (Ref 15). Both modulus and failure
strength increased as the concentration of
chloride increased. These properties were sup-
ported by the change in the nature of pitting from
localized deep pitting (low concentration) to
uniform shallow pitting (high concentration).
Scanning electron microscopy, atomic force
microscopy, and potentiodynamic polarization
experiments were also conducted to provide
supportive evidence for the differences in the
pitting behavior of the beryllium with different
NaCl concentrations.

Several electrochemical studies of corrosion
have been performed on single-crystal beryllium
(Ref 16–19). Dramatic differences in cyclic
polarization and pitting were observed.

Galvanic corrosion can occur when ber-
yllium contacts most other metals in the presence
of an electrolyte. Such situations arise in
mechanical joints that use threaded inserts,
screws and bolts, washers, and bolted assemblies
of different metals. Electrical isolation and
coatings can mitigate this problem.

Galvanic corrosion is also possible in welded
beryllium. Beryllium is difficult to weld because
it is highly susceptible to cracking. An alumi-
num-silicon filler alloy is typically used to pre-
vent cracking. This aluminum-rich weld zone
provides the opportunity for galvanic corrosion
between beryllium and the weld zone. An in-
vestigation of galvanic corrosion between ber-
yllium and the aluminum-silicon weld material
showed cathodic protection of the weld zone and
anodic dissolution of the beryllium, which
included some pitting (Ref 20). Beryllium pre-
cipitate in the weld zone did dissolve, but no
corrosion of the aluminum-silicon matrix was
observed.

Microbial corrosion can occur when micro-
organisms grow on a metal surface in the
presence of moisture. In a study of microbial-
influenced corrosion, uncoated beryllium
samples exhibited degradation of mechanical
properties when exposed to marine Pseudomo-
nas bacteria (Ref 21). Application of a self-
assembled silane monolayer on the surface of the
beryllium was found to prevent degradation of
mechanical properties.

Table 2 Corrosive agents in rainwater

Agent and source Location Concentration, ppm

Chloride (Cl�) ions, major source
is sea spray

Over sea or near coastlines Average 2–20; with extreme winds, may
increase up to 100

500 miles or more inland Average 0.1–0.2 but sometimes higher
than 1.0

Sulfate (SO4
2�) ions; major

sources in industrial areas
Large cities, industrial

areas
Average 10–50; higher under extreme

conditions such as smog
Other areas 1–5

Nitrate (NO3
�) ions Over land 0.5–5

Hydrogen ions ( pH) Over land Average approximately 5; may decrease
to 3 near industrial centers
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Chlorinated Solvents. Pitting caused by
chlorinated solvents in contact with beryllium
is a well-known phenomenon. The pitting
mechanism, however, was not well understood.
An x-ray photoelectron spectroscopic study of
beryllium exposed to chlorinated solvents con-
cluded that the chlorinated solvents react with
the beryllium metal surface to produce chlorides
(Ref 22). A mechanism was proposed that
explains the loss of the protective oxide, allow-
ing the reaction to occur.

Acid solutions are commonly used to etch
machined beryllium components to remove the
effects of machining damage from the surface.
Both the high residual stress stored in surface
twins and the surface microcracks resulting
from this stress can lower the mechanical prop-
erties of beryllium. The industry-standard etch-
ing solution is known as the 2-2-2 etch: 2 vol%
concentrated HNO3, 2 vol% concentrated
H2SO4, and 2 vol% diluted (48%) HF. All
etching solutions should be prepared with
distilled water. Metal removal rate is approxi-
mately 2.5 to 6.5 mm/min (0.1 to 0.25 mil/min)
at room temperature with fresh acid. Total
metal removal is typically 75 to 125 mm (3 to
5 mils) per surface. A natural micropitting of
the surface is expected. Excessive pitting/
cratering may develop at greater than 125 mm
(5 mils) removal.

For heavier metal removal, such as chemical
milling, a solution containing 6 to 20 vol%
H2SO4 and 0.5 to 1.0 vol% HF at room tem-
perature is recommended. This etch is fast and
has the advantage that it is a leveling etch, which
removes scratches and dings rather than deep-
ening them. A final light etch using 45 vol%
HNO3-1 vol% HF is required to remove the smut
caused by the H2SO4.

Beryllium must be thoroughly rinsed and
dried after any etching process to prevent cor-
rosion of the active surfaces. Neutralizing the
surface with mildly alkaline solutions followed
by thorough rinsing and drying is sometimes
desirable. While tap water can be used for an
intermediate rinse, final rinsing should be per-
formed immediately, using copious amounts of
deionized water. Techniques such as cascade
rinsing or spray rinsing from top to bottom can be
used. Special care should be taken to ensure that
corners, holes, and cavities are thoroughly
rinsed. Drying is performed in vacuum at
approximately 93 �C (200 �F) or by dipping in
acetone. Another useful technique is to rinse in
hot water, with sufficient time to heat the ber-
yllium. The high specific heat of the beryllium
will dry the metal surface when it is removed
from the rinse.

Beryllium carbide particles at the surface
will react in aqueous solutions in the same
manner as the reaction in humid air. Unlike
metallic impurities, Be2C does not require the
presence of any other ions to corrode. The
reaction takes place even in distilled water.
Carbon control has improved over the last 20
years; thus, the problem of corrosion due to Be2C
particles is greatly reduced.

Stress-Corrosion Cracking

Extensive information on the behavior of
beryllium under the combined effects of stress
and chemical environment is not readily avail-
able (Ref 23–25). The first reported work
involved the use of extruded material in water
containing 0.005 M hydrogen peroxide (H2O2)
with pH values ranging from 6 to 6.5 at 90 �C
(195 �F) (Ref 23). No evidence of cracking was
noted, even though stresses up to 90% of the
yield strength were used. Stress corrosion has
been reported on cross-rolled sheet when syn-
thetic seawater was used as the test medium (Ref
24). Studies of time-to-failure versus applied
stress revealed that the time decreased from 2340
to 40 h as the applied stress was increased from
8.4 to 276 MPa (1.22 to 40 ksi), or 70% of yield
strength. Failure appeared to be closely asso-
ciated with random pitting attack. Certain pits
appeared to remain active and promote severe
localized attack.

Stress-corrosion cracking (SCC) testing of
aluminum-beryllium was performed by the
European Space Agency (Ref 26) in accordance
with ECSS-Q-70-37A (Ref 27). Three types of
aluminum-beryllium material were tested:
extruded (longitudinal and transverse direction),
hot isostatic pressing (HIP) consolidated, and
electron beam welded HIP. Specimens stressed
at 75% of the 0.2% yield strength were immersed
in 3.5% NaCl solution for 10 min and dried for
50 min every hour for 30 days. Unstressed con-
trol specimens were tested with the stressed
specimens. None of the specimens failed during
the SCC test. Metallographic inspection showed
no evidence of SCC. This material was graded as
class 1 (has high resistance) with respect to SCC.

High-Temperature Corrosion

Elevated-temperature exposure of beryllium
that has been studied includes gaseous and liquid
metal corrosion.

High-Temperature Gas Oxidation. The oxi-
dation of beryllium exposed to gases at high
temperature has been studied for applications in
gas-cooled reactor systems (Ref 28–33). Oxide
films were found to protect beryllium in dry
oxygen at temperatures up to 650 �C (1200 �F)
with exposure times up to 300 h (Ref 30). Above
that temperature, oxidation increased rapidly.
There was some evidence that the oxide film
cracked and rehealed during exposure. High-
temperature oxidation was also studied in water
vapor and moist oxygen (Ref 31). One study
showed that carbide inclusions were oxidized
preferentially at 700 �C (1290 �F) (Ref 32).
Another study examined the oxidation of
beryllium at 927 to 1293 �C (1700 to 2360 �F)
(Ref 33).

High-temperature oxidation in carbon dioxide
and carbon monoxide atmospheres has also been
studied (Ref 34–37).

High-Temperature Steam Exposure. The
behavior of beryllium exposed to steam at high

temperature is important for first-wall and blan-
ket applications in fusion reactors. The reaction
rate of 88% dense beryllium (low-quality plasma
sprayed) was determined to be 200 times greater
than that of fully dense beryllium (high-quality
plasma sprayed) (Ref 38). This work was per-
formed over a 600 to 1230 �C (1110 to 2250 �F)
temperature range. Kinetic data were obtained
for the reaction of beryllium in air and in steam as
a function of temperature (Ref 39). These data
confirmed the existence of two oxidation
mechanisms as a function of temperature. Steam
reactivity of beryllium pebbles and beryllium
powder at elevated temperatures showed com-
plex behavior primarily dependent on the test
temperature (Ref 40).

Liquid metal corrosion has been studied for
cooling systems in land- and space-based nuclear
reactors. The resistance of beryllium to liquid
sodium or sodium-potassium alloy (NaK) is
excellent as far as attack by the molten metal or
mass transfer is concerned. Beryllium, however,
reduces sodium oxide (as it reduces most oxi-
des), forming beryllium oxide, which is non-
adherent in rapidly flowing sodium. Thus, the
reaction will proceed as long as there is sodium
oxide present. Cold trapping alone will not suf-
ficiently remove the oxygen (Ref 41). However,
cold trapping followed by calcium deoxidation
of the liquid metal reduced the corrosion rate to
acceptable levels (Ref 42).

Darwin and Buddery (Ref 43) discuss the
performance of beryllium in a number of other
liquid metal systems. They indicate that the
resistance of beryllium to molten magnesium,
zinc, cadmium, mercury, gallium, tin, lead,
antimony, and bismuth is generally good, while
resistance to molten calcium and aluminum is
poor. The compatibility of a molten lead/lithium
alloy in contact with beryllium is addressed in
Ref 44.

In-Process, Handling, and Storage
Corrosion Problems and Procedures

In addition to in-service corrosion issues with
beryllium and aluminum-beryllium composites,
care must also be taken to prevent corrosion
during processing, handling, and storage. Cor-
rosion during processing can result in problems
such as loss of tolerance, visual cosmetic issues,
degradation of mechanical properties, and poor
coating adherence. Most of the specified prac-
tices used by manufacturers and users result from
experience gained in processing and handling of
components. Improper handling, inadequate
control of chemical and rinse baths, and impro-
per storage or packaging procedures are the pri-
mary causes of in-process corrosion problems.

In-Process Problems and Procedures

There are several corrosion mechanisms that
are common but avoidable when processing
beryllium.
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Water. One of the most common caveats in
handling beryllium and aluminum-beryllium
composites is to avoid contact by tap water.
Pitting or surface corrosion will occur in ber-
yllium when allowed to stand in tap water or
when rinsed with tap water and allowed to stand
in a damp atmosphere while drying. Because
most people are aware of this issue, most pro-
blems with tap water are due to inadvertent
contact. Water leaking from a pipe or valve or a
small leak in a roof can go undetected, con-
taminate a surface, and lead to corrosion.

Chloride ions from sources other than tap
water can also lead to pitting attack in aqueous
baths. Chlorinated solvents used to remove oils
and greases present problems when the solvent is
carried into a cleaning bath on an as-machined
surface. The fact that chloride ions are intro-
duced into rinse water from the walls of poly-
vinyl chloride piping illustrates the need to pay
attention to details with respect to the entire
system when dealing with aqueous solutions that
come in contact with beryllium.

Galvanic corrosion can occur during the
electrical discharge machining (EDM) of both
beryllium and aluminum-beryllium. This can be
minimized by fixturing the component so the
EDM fluid does not puddle where the part is in
contact with the metal fixture. Chemical con-
version coatings have been used to protect alu-
minum-beryllium from corrosion during EDM
operations.

Galvanic corrosion has occurred during the
etching of beryllium and was traced to soft
copper from the jaws of a machining clamp that
had smeared onto the hard beryllium surface.

A beryllium x-ray window, brazed in a stain-
less steel frame, suffered significant pitting cor-
rosion in less than 5 min of metallographic
polishing. The electrolyte solution used in pol-
ishing allowed galvanic corrosion to occur
between the beryllium and the stainless steel.
The window was reground and polished suc-
cessfully using a nonelectrolyte solution.

Fingerprint contamination of in-process
parts is another common problem. Certain
atmospheric conditions cause the salt in a fin-
gerprint to seriously etch a beryllium surface. In
addition to causing cosmetic issues, the etched
fingerprint may cause a critically sized finished
component to be rejected or to fail due to poor
coating adherence. Complete removal of all
evidence of fingerprints is strongly recom-
mended before any etching or coating process.

Etching Problems. Micropitting of an etched
beryllium or aluminum-beryllium surface is
natural and cannot be prevented. The objective
during etching is to prevent microscopic imper-
fections from becoming macrodefects visible to
the naked eye and likely to affect the mechanical
behavior of the metal. Most problems that occur
during etching can be traced to an unclean or
improperly cleaned surface, to contamination of
the acid baths, or to the wrong choice of etchant.

Cleaning. The metal surface must be clean of
oxides in order to obtain a uniform initiation and
a uniform rate of attack during the process. The

oxides are best removed using a mechanical
process, such as machining, sanding, or grinding.
Heat treating a finished part in vacuum prior to
etching can produce nonuniform etching if the
oxide film has variable thickness across the part.
Sometimes, a geometric pattern of machine tool
marks will appear after etching a part machined
to precision tolerance. This problem occurs when
the part has been rough machined, stress
relieved, and finish machined with very light cuts
to the final dimensions prior to etching. The
rough machining step leaves deep grooves that
oxidize during the stress relief, even when car-
ried out in a good vacuum. If the finish machin-
ing operation does not remove sufficient metal to
clean up all of the rough machining tool marks,
the oxidized bottoms of the grooves from rough
machining will be close to the surface. These
grooves may not be visible due to their fineness
or because smeared metal from the finish
machining has covered them. The etching pro-
cess reveals the grooves from the rough
machining, because heavy oxide films dissolve at
a slower rate than the metal. The solution to this
problem is to reduce the depth of cut at the end of
the rough machining step, minimizing the depth
of the grooves after rough machining.

Organic contamination should be removed
using nonchlorinated organic solvents only.
Vapor degreasing is a commonly used technique.
Alkaline cleaners are also excellent for removing
organic contaminants. A clean beryllium surface
should not exhibit a water break, an area where
there is no wetting.

After cleaning, the surface should not be tou-
ched with bare hands. Clean white cotton, nylon,
polyethylene, or rubber gloves are usually used.
If anything else is touched with the gloves, a
clean pair should be put on before touching the
beryllium again.

Acid Contamination. The most notorious
cause of macropit formation in etched beryllium
surfaces is the presence of chloride ions. Etching
solutions should be prepared with chloride-free
water. Hydrochloric acid or chloride salts should
not be part of the composition of the etching
reagent.

Replacing acid solutions should be done on a
regular basis. Continuously adding fresh acid to a
spent acid solution can cause etching problems.

Acid solutions contaminated with other metal
ions can cause significant corrosion problems.
Beryllium will chemically displace most metals
from solution, resulting in the plating of the
metal onto the beryllium surface. In doing so, it
forms a galvanic cell, and pitting can occur. This
can also occur when acid solutions have been
used on other metals or when the acid solution
has etched significant beryllium to cause a sig-
nificant increase in the metal ion content of the
solution.

The metal removal rate is also influenced by
the concentration of dissolved beryllium in the
etchant. As the beryllium concentration increa-
ses, the dissolution rate decreases, even if the
hydrogen ion content is maintained by replen-
ishing the acid.

In both cases, completely replacing the acid
solution on a regular basis eliminates con-
tamination problems.

Acid Bath. Choosing the correct etchant is
essential to preventing macropitting problems
during etching. In general, the 2-2-2 etch can be
used for most light removal (up to approximately
125 mm, or 5 mils). If the material has slight
surface imperfections, such as porosity, scrat-
ches, or gouges, the acid can cause them to grow
larger. This can become a significant problem
when more than 125 mm (5 mils) is removed per
surface. The H2SO4-HF solution discussed ear-
lier is a better choice when a large amount of
removal is required or when the material con-
tains surface imperfections. This H2SO4-HF
solution has also been used to remove pits and
craters created by an improper etch. A final light
etch using HNO3-HF must be performed to
remove the smut caused by the H2SO4.

Other Contact. Careful thought should be
given to all materials that come in contact with
beryllium. By taking the proactive stance of
understanding the chemical composition of these
materials, corrosion problems can be avoided.

Incomplete removal of dye penetrant solution
for nondestructive testing has been reported to
cause localized attack if it is merely wiped off the
surface. Because the dye penetrant solution seeps
out of crevices very slowly, this problem is
usually not discovered until well after the
occurrence.

Precision components that cannot be acid
etched but are lapped to final size are susceptible
to corrosion as a result of unremoved micro-
cracks. Improper lapping of the part to remove
only a few micrometers (tenths of a mil) of stock
can cause smearing of metal and trapping of
contaminants in microcracks, which can cause
corrosion of the component at a later time.
A free-cutting diamond paste is recommended as
the lapping agent for this type of operation.

Contact with apparently dry materials has also
been found to cause corrosion of beryllium.
Beryllium was etched when placed on an
inspection bench on which a rubberized mesh
was used to prevent nicking and scratching of
finished parts.

Corrosion occurred on small beryllium com-
ponents inserted into plastic shop-routing folders
when photocopied routing sheets were in direct
contact the components.

Handling and Storage Corrosion
Problems and Procedures

In handling and packaging beryllium compo-
nents for shipment or storage, it is important to
maintain a clean surface, avoid humid environ-
ments, and avoid contact with solid materials
that are not compatible with beryllium.

Handling of beryllium parts with bare hands
is often done and is not harmful when the part is
in a rough or semifinished stage. In general, a
finish-machined surface, even if it is to be acid
etched to remove machine-damaged surface
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material, should not be handled with bare hands.
A fingerprint left on the surface for some time,
during which it may etch the beryllium, may
retard the beneficial aspects of the acid-etching
treatment or at least may provide a questionable
artifact after etching. Fingerprints that have
etched the beryllium adversely affect conversion
or passivation coatings by disrupting the con-
tinuity and effectiveness of the coating.

The common practice in handling finished and
semifinished parts (or when fingerprinting is
unacceptable) is to use protective gloves. White
cotton, nylon, polyethylene, or rubber gloves are
usually used. It is important to maintain clean-
liness of the gloves to ensure that contaminants
are not transferred to the beryllium from the
gloves.

Packaging for Shipment. Polyethylene bags
are extensively used by industry as protective
containment and as barriers to contact between
beryllium and its surrounding. A desiccant in a
permeable container is often placed inside the
polyethylene bag to remove undesirable moist-
ure. Because the desiccant has limits on the
amount of moisture it can remove, the part being
placed in the bag should be clean and dry. An
argon gas purge of the interior of the bag is often
used as a means of displacing the moisture
initially present. An effective seal at the bag
opening is provided by an integrally molded
interlocking seal, overlapping and taping, or
sealing the bag with heat.

Molded foam, formed plastic foam, and con-
toured fiber-type insulation materials are typical
means of supporting and protecting large ber-
yllium structures or components against
mechanical damage inside a shipping container.
When support is desired in all directions (to
protect the part if the container is overturned), a
molded upper closure is used to totally encase the
structure with supporting material. However, in
almost every case, a polyethylene bag provides
an effective separator between beryllium and the
contacting support material.

The importance of isolating beryllium from
other packing materials cannot be stressed
enough. In one case, a molded styrofoam support
used for shipment of a complex satellite boom
caused severe localized etching of the beryllium
at points of pressure contact. While the beryllium
part was not shipped in direct contact with the
styrofoam, the part had been laid on the foam
after being removed from its polyethylene bag
for inspection. Evidence suggests the etching
resulted from attack by chemical compounds
contained in the styrofoam packing materials.

Celotex insulating board (composed of
80 wt% sugarcane fiber, 10 wt% paper, and
10 wt% starch), which is used as a packing
material, was studied to assess the risk of cor-
rosion when dust from the material and moisture
from the air contact a beryllium surface (Ref 45).
The packing material is known to contain
aggressive anions, including chloride.

Storage of beryllium components while
awaiting assembly or use can be safely accom-
plished under the conditions used for shipment,

that is, in a compatible container made of metal
or polyethylene with a desiccant to maintain a
dry storage atmosphere. In high-humidity con-
ditions, particularly near coastal regions, long-
term storage has been successfully accomplished
by placing material in a cabinet with a light bulb
to keep the interior at approximately 50 �C
(120 �F). A room or chamber with humidity
control is also effective in preventing corrosion
of beryllium components during storage periods
of several years. The following points should be
considered in safely storing components for
extended periods of time:

� Ensure that the component entering storage is
free of corrosion-causing contaminants

� Maintain a moderately dry and nonconden-
sing environmental atmosphere

� Ensure against contact with materials of
nonproven compatibility

Corrosion-Protection Surface
Treatments and Coatings

The types of coatings used on beryllium and
aluminum-beryllium belong to these major
categories:

� Chemical conversion coatings
� Anodized coatings
� Plated coatings
� Organic coatings
� Plasma-sprayed coatings

General summaries of the coatings developed for
beryllium in the 1960s are contained in Ref 3, 46,
and 47. Specific processing parameters for the
application of these coatings will vary, depend-
ing on the material being coated. Most coating
vendors consider their coating processing para-
meters proprietary. Individual coaters may also
have their own proprietary procedures for
cleaning, but the goal should be the same: a clean
surface capable of being coated and delivering
consistent performance. There are many coating
vendors but only a few with experience in coat-
ing beryllium-containing materials. Choosing
a coating vendor with experience in coating
beryllium materials will help avoid potential
problems.

Early evaluation of coatings was performed
using the ASTM B 117 salt fog test or a humidity
test to determine the relative effectiveness of
corrosion protection. In addition, wipe testing of
the surface is now performed to assess the rela-
tive effectiveness of corrosion protection.

Surface Preparation. For any type of coat-
ing, preparation of the specimen surface is cri-
tical in achieving an adherent coating. The three
major steps in surface preparation are degreas-
ing, acid etch, and activation dip. It is preferred
that the process continues uninterrupted from the
degreasing to the coating. It is possible to dry the
part after degreasing or etching, if necessary.
However, the part must remain wet between the
activation and coating steps (for processes that

involve dipping into a solution). If there is an
interruption of the process, the procedure should
restart at the etching step. One approach for the
precoating preparation is detailed as follows.
Other approaches can be used if they accomplish
the goal of a clean, oxide-free surface capable of
being coated.

Degreasing is performed to remove organic
contaminants. A common problem is incomplete
removal of the marking or layout ink used by the
machinist. The majority of these marks should be
removed during this process. Vapor degreasing
using a dry solvent is effective in removing
organic soils. Samples are exposed to solvent
vapors for 30 min, with a periodic spray of clean
liquid solvent. The parts are heated by the sol-
vent vapor and must be cooled before continuing.
Room-temperature degreasing can also be per-
formed using a toluene (or other solvent), fol-
lowed by a thorough rinse with (dry) acetone to
remove any adhering toluene film. Organic
contamination can be removed using alkaline
solutions.

The primary purpose of the acid-etch step is
the removal of inorganic contamination, mainly
beryllium oxide. The industry-wide standard
mixture of 40% nitric acid and 2% hydrofluoric
acid is excellent for this purpose. No evidence of
the marking or layout ink used by the machinist
should be observed after this step. Two short
etches of 20 s each, with a distilled water rinse in
between, is better than one long etch. A thorough
rinse in distilled water finishes this step.

The final step is an activation step. This step is
optional, because good coatings may be obtained
without performing it. However, this step adds a
level of robustness to the coating process. The
activating solution is prepared by diluting 83 mL
of concentrated ammonium hydroxide with dis-
tilled water to 375 mL. The solution is neu-
tralized to a pH of 6.4 with glacial acetic acid and
cooled to room temperature. Finally, 4.2 g of
ammonium fluoride are added to the solution,
which is then diluted to a final volume of
500 mL. A vigorous reaction occurs when a
beryllium sample is introduced into this solution.
However, no dimensional changes have been
measured after 2.5 h of immersion. The part is
removed after a 1 min dip in the activating
solution, immediately rinsed in distilled water,
and placed in the coating solution. It is unknown
if the activating solution has been used to pre-
clean aluminum-beryllium parts for coating.

Chemical conversion coatings or chemical
films refer to a number of coatings, including
chromate, phosphate, phosphate-chromate, and
oxalate. These coatings are applied by a simple
dip treatment in solutions of the desired chem-
istry. Of the various conversion coating che-
mistries listed previously, chromate coating
provides the best corrosion protection for ber-
yllium and aluminum-beryllium composites. Of
the available chromate conversion coating solu-
tions, Alodine (MacDermid Acumen) and Iridite
(Amchem Products) provide good results. Con-
version coating solutions containing sulfuric
acid should be avoided.
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In the United States, the coating for beryllium
or aluminum-beryllium composites is typically
specified as MIL-C-5541, even though this spe-
cification was written for conversion coating of
aluminum alloys.

The coatings are extremely thin, typically
0.013 mm (0.5 mil) thick, and not generally
electrically insulating. Thickness is varied by dip
time. Typical dip time is approximately 6 min.

Conversion coatings are soft when first
deposited and can be damaged if not properly
dried. The recommended drying time is 24 h.

Because chemical films are created from
reactions with the base metal surface, abrasion of
the coating could produce fine particulates that
could become airborne (see the section “Health
and Safety” in this article).

Several nonchromium replacements for the
chromate conversion coating have been devel-
oped and have shown equivalent corrosion
protection for aluminum alloys. Evaluation of
these coatings for both beryllium and aluminum-
beryllium composites is planned in the near
future.

A chromate conversion coating can be used by
itself for light-duty corrosion protection or as a
substrate for application of organic paints, epoxy
primers, or, more recently, powder coatings
for improved corrosion protection. The structure
of the conversion coating provides better paint
adhesion than is possible on bare metal. The
overcoats also help mitigate the potential
problem of beryllium-containing particulates
being released from the surface with light
abrasion.

Beryllium Substrate. Chromate conversion coat-
ings provide reasonable protection for beryllium
during handling and storage and against attack
by salt-containing environments for moderately
long time periods. One investigation demon-
strated the ability of a chromate-type coating on
S-100 beryllium to hold up well in a 100%
relative humidity (RH) test involving fifty 6 h
cycles at 75 �C (170 �F) and in a 5% salt spray
test for a period of 120 h (Ref 48).

Another study found that a passivation chro-
mate treatment applied to a type of beryllium that
showed susceptibility to white spot formation in
moist air was very effective in improving resis-
tance to such attack (Ref 49). The treatment
involved a 30 min dip in a solution consisting of
25% H3PO4, 25% (saturated) solution of potas-
sium chromate (K2CrO4), and 50% deionized
water. Specimen life in 100% RH at 70 �C
(160 �F) increased from 1 day to 10 to 14 days
because of the passivation treatment.

A chromate conversion coating is reported to
prevent the oxidation of beryllium up to 927 �C
(1700 �F) (Ref 48).

A chromate conversion coating provided
adequate protection of beryllium heat sinks on
land-based military brake systems for many
years. Carrier-based aircraft required a better
corrosion protection scheme, which is described
in the section on plating.

Aluminum-Beryllium Substrate. Chromate con-
version coatings applied to aluminum-beryllium

provide some corrosion protection in less hostile
salt environments but do not pass the MIL-C-
5541 salt fog test requirements for chemical
films. One vendor has been able to produce a
chemical film coating that not only passed the
168 h test but also passed a 500 h salt fog
test by using a proprietary surface preparation
technique. This coating has also been used to
reduce corrosion during wire EDM machining.

Fluoride Coatings. A BeF2 coating was pro-
duced by treating beryllium in fluorine above
520 �C (970 �F), resulting in a glassy-appearing
water-insoluble coating. The structure of the
coating is of the rhombic tridymite type. This
type of coating was shown to be very effective in
resisting corrosion in chloride-containing water
and in distilled water (Ref 50). Coatings 0.2
and 1.2 mm (0.008 and 0.05 mil) thick were
unchanged after 3000 h in distilled water at room
temperature. A 0.2 mm (0.008 mil) thick coating
provided effective protection in water containing
a 150 ppm concentration of Cl� ion.

Anodized Coating. Beryllium and alumi-
num-beryllium can be anodized using processes
similar to those used for anodizing aluminum
(MIL-A-8625F). Only chromic anodization
(type 1) can be performed on these materials.
Sulfuric anodize (type 2) and hard anodize
(type 3) cannot be performed, because the solu-
tions attack the beryllium surface. Anodizing
solutions containing sulfuric acid should
be avoided with beryllium and aluminum-
beryllium.

The anodized coating is typically called out on
drawings as a U.S. Navy specification OD-58710
for beryllium. MIL-A-8625F type 1 is typically
called out for aluminum-beryllium, even though
the specification does not apply specifically to
aluminum-beryllium.

The anodized coatings are electrically insu-
lating, except when measured using mercury
contact.

Because anodized coatings are created by the
reactions with the base metal, abrasion of the
coating could produce fine particulates that could
become airborne (see the section “Health and
Safety” in this article).

Anodization can be used by itself for corrosion
protection or used as a substrate for application
of organic paints, epoxy primers, or, more
recently, powder coatings for improved corro-
sion protection. The structure of the anodized
coating provides better paint adhesion than is
possible on bare metal. These overcoats also help
mitigate the potential problem of beryllium-
containing particulates being released from the
surface with light rubbing or abrasion.

Beryllium Substrate. Anodization has been
shown to improve the resistance of beryllium to
corrosion in normally corrosive aqueous solu-
tions and to oxidation in air at elevated tem-
perature. In synthetic seawater, unprotected
beryllium corrodes at a rate approximately 21
times that of anodized beryllium. At elevated
temperature in air, unprotected beryllium oxi-
dizes at rates greater than 100 times that of
anodized beryllium.

Chromic acid/nitric acid anodic coatings have
been found to protect beryllium effectively in
environments for the following times (Ref 3):

� 2400 h in a humidity cabinet
� 3 months at 40 �C (100 �F) in tap water
� 2000 h in ASTM salt spray test

No evidence of pitting, staining, or other attack
was observed after the tests. In another study, an
approximately 5 mm (0.2 mil) thick anodic
coating produced in a 1% H2CrO4 solution and
sealed in boiling water produced no corrosion
after exposure to 5% salt fog spray at 40 �C
(100 �F) for 30 days (Ref 1).

Anodic coatings can provide protection from
breakaway oxidation at temperatures up to
1200 �C (2190 �F). No additional weight gain
was observed after approximately 20 h of
exposure at 700 �C (1290 �F) and after 50 h of
exposure at 817 �C (1500 �F). Oxidation occurs
at 1030 �C (1890 �F) after 60 h of exposure, but
the effective rate of oxidation is 100 times less
than unprotected beryllium. Samples were also
exposed to air with 1% moisture at 800 �C
(1470 �F) for over 1000 h without evidence of
attack. At higher temperatures, the normally dark
anodic film turns the alabaster white of beryllium
oxide.

Nitric acid (HNO3), chromic acid (H2CrO4),
potassium dichromate (K2Cr2O7), sodium
chromate (Na2CrO4), sodium dichromate
(Na2Cr2O7), and sodium hydroxide (NaOH) are
common ingredients in many anodizing bath
formations. A chromic acid bath produces a more
uniform and denser anodized coating compared
to other formulations.

Bath temperature is typically approximately
room temperature. A lower anodizing bath tem-
perature (55 �C, or 40 �F) will produce a more
dense coating. Increasing the bath temperature
produces a less dense coating. Bath temperatures
exceeding 55 �C (130 �F) are not recommended.

A short rinse (20 to 30 s) in deionized water at
80 �C (175 �F) is followed by a 2 to 5 min rinse
in deionized water at room temperature. A dou-
ble rinse in acetone followed by a vacuum
bakeout for 2 h minimum at 135 to 150 �C (275
to 300 �F) is recommended. Postanodizing treat-
ments have included boiling water and sodium
silicate solutions. Beryllium is typically not
treated with any postanodizing solution treat-
ments.

Anodizing in nondissolving-type electrolytes,
such as oxalic acid, tartaric acid, and sodium
silicate solutions, produces a very thin anodic
film. The film provides little high-temperature
protection and probably only light-duty corro-
sion protection.

Anodized films vary in thickness from 2.5 mm
(0.1 mil) to several mils, depending on solution
type, applied voltage, current density, bath tem-
perature, and time of treatment. The as-applied
anodized coat is either amorphous or crystalline
BeO so fine that it cannot be detected as crys-
talline by x-ray diffraction. On heating above
850 �C (1560 �F), the coating is converted to
crystalline BeO. By altering the temperature of
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the anodization process, it is possible to grow a
film that would show crystalline BeO by x-ray
diffraction in the as-deposited state.

The appearance of the anodized coating is
smooth, hard, uniform, and black. The color is
black even though beryllium oxide is white, due
to the fine particle size of the anodize film. If a
glossy finish is desired, surfaces must be finish
machined and lapped prior to anodizing. Mini-
mal etching to activate the surface for anodiza-
tion should be performed. A black matte
appearance can be achieved by increasing etch
time prior to anodization. The matte finish is
probably the result of micropitting created by the
nitric-hydrofluoric etching. Removal of only
2.5 mm (0.1 mil) with the acid etch is needed to
produce the matte finish. A more distinct matte
finish can be obtained with additional metal
removal.

Beryllium oxide is the principal component in
the anodized film. Chemical analysis has shown
the chromium content of the film to be on the
order of 10,000 ppm.

Anodized coatings are used in the mirror
industry, where beryllium is used for its light
weight, its high modulus of elasticity, and its
high specific heat and thermal conductivity.
Anodized coatings are selected for their high
thermal emissivity and absorptivity values.
Room-temperature solar absorptance of ano-
dized beryllium is 0.95, and room-temperature
total normal emittance is 0.85. The corrosion
resistance of the anodized coating is an added
benefit in this application. An anodized coating
applied before lapping spherical mirror surfaces
has been found to provide protection against
pitting corrosion at the unlapped edge of the
mirror. The lapping compound tends to move to
the rim of the lens structure, where it will readily
attack uncoated beryllium if allowed to stand
even for relatively short periods of time.

Aluminum-Beryllium Substrate. Chromic
anodization of aluminum-beryllium is more
difficult than pure beryllium but is being done
successfully. If done improperly, the resultant
coating is a black smut on the surface that easily
rubs off with very light contact. This problem has
been solved by using several approaches. In one
case, an anodized coating was produced that
passed the 336 h salt fog test using a proprietary
surface preparation technique. In another case,
by Alumiplate (Alumiplate, Inc.) coating the
aluminum-beryllium surface first, an anodized
coating passed the 336 h salt fog test. In a third
case, the smut problem was solved through
process control measures. No data were available
regarding salt fog corrosion testing of this last
material.

The anodized color ranges from gray to black,
depending on surface finish prior to coating and
other processing conditions. Anodized alumi-
num-beryllium can be dyed various colors,
similar to anodized aluminum alloys.

Chemical removal of the anodized coating on
aluminum-beryllium leaves a film on the surface
that prevents reanodization. Vapor honing to
remove 8 to 12 mm (0.3 to 0.5 mil) produces a

surface with minimal material removal that can
be reanodized.

Sealing the anodized coating with an electro-
lyte solution is not recommended, because cor-
rosion can occur during the sealing process.
Topcoating with epoxy, paint, or powder coat
will improve the corrosion resistance and mini-
mize health and safety issues.

Plated Coatings. Beryllium and aluminum-
beryllium can be plated to provide corrosion
protection and for other specific performance
requirements. A variety of metals have been
electrodeposited successfully onto beryllium,
including nickel, silver, copper, chromium,
cadmium, iron, tin, and gold. While direct plat-
ing onto an activated beryllium surface can be
done, electrodeposition of metals onto beryllium
can be accomplished reliably only through a
surface pretreatment that includes a zincate
immersion coating. Complete coating coverage
produces the best corrosion results; thus, multi-
ple immersions in the zincate solution are
recommended.

Both electroless and electrolytic nickel are
used for light corrosion protection, wear resis-
tance, and electrical contact/grounding. Cad-
mium can be plated over the nickel to improve
corrosion resistance. Electrolytic nickel plating
is also used to improve the polishability of mir-
rors used in the visible range. Aluminum, silver,
or gold are plated over the nickel plating for these
applications. A potential problem with nickel
plating (as well as with most other metal plat-
ings) is that a galvanic cell is created wherever
the coating is scratched. This cell has a large
cathode/small anode ratio that will concentrate
the corrosion attack along the scratch line.

Aluminum has been electroplated from an
organic solution (Alumiplate) on both beryllium
and aluminum-beryllium and has also been ion
vapor deposited (IVD) on aluminum-beryllium.
The advantage of these two coatings is that
subsequent chromate conversion coating or
anodization of the Alumiplate or IVD surfaces
does not contain beryllium compounds. The
other advantage is that these coatings can be hard
anodized, while both uncoated beryllium and
aluminum-beryllium cannot be hard anodized.

Manganese plating was developed to provide
cathodic protection of beryllium brake segments
used in carrier-based aircraft (Ref 51). Without
the manganese coating, beryllium was in contact
with steel and formed a galvanic couple in the
presence of saltwater. Manganese was deter-
mined to be anodic to beryllium and acted as the
sacrificial anode in the same environment.

A proprietary co-plated binary alloy has been
used on beryllium to provide magnetic shielding.

A double zincate coating is required prior to
electroless nickel plating. The Alumiplate pro-
cess requires a zincate coating followed by a
nickel strike prior to plating. The IVD process
does not require any preplating preparation after
the cleaning steps.

Nickel plating is performed on many different
types of beryllium and aluminum-beryllium
parts. Nickel plating has shown variable results

in salt fog testing, which may be due to nonuni-
form processes or variations in coating thickness.
Nickel plating with a cadmium overcoat passes
the 96 h salt fog test.

Alumiplate coating on aluminum-beryllium
has been used on heat flow modules for pro-
prietary noncorrosion performance require-
ments. Chromic anodized and hard anodized
coatings over Alumiplate-coated AlBeMet spe-
cimens have passed a 500 h salt fog corrosion
test. Alumiplate coatings on beryllium have been
experimentally evaluated with encouraging
results. The IVD coating process has been eval-
uated only on aluminum-beryllium testpieces.
Salt fog corrosion testing of this coating did not
match that of the Alumiplate coating, which may
be due to the more porous structure of the IVD
coating.

Organic Coatings. Organic paint coatings
are used for general corrosion protection or when
an electrically insulating barrier between the
beryllium or aluminum-beryllium component
and another metallic structure is required to
prevent galvanic attack. These coatings can be
applied over a cleaned metal surface but form a
better bond with the substrate when applied over
a chemical conversion coating or anodized sur-
face.

Organic coatings include paints, epoxy pri-
mers, and, more recently, powder coatings for
improved corrosion protection. An advantage of
organic coatings is that field repair is easy,
should the coating become nicked or scratched.

An electrodeposited paint coating added over
a passivation coating was found to provide sui-
table protection for beryllium structures requir-
ing long-term storage capability (Ref 49). The
black anodizing treatment yielded a coating that
became troublesome because of scratching and
chipping and the need for additional protection
of uncoated sites where electrical contacts were
attached.

A polyvinyl butyrol phosphating primer was
evaluated for the Navy for atmospheric protec-
tion of several metals, including beryllium
(Ref 52). A two-coating system was recom-
mended for storage periods of 8 to 10 months in
open atmospheric exposure.

An epoxy primer has been effective for gen-
eral protection of sheet and tubular components
in communications satellite platform structures.
The primer is used on all exposed surfaces, and
all individually-coated components are joined by
adhesive bonding or mechanical fasteners. The
primer is applied immediately after a flash
etching of the surfaces to be coated and is cured
by baking. The primer system of protection was
selected to satisfy the requirement of years-
duration storage capability for the fabricated
structure.

Thermal- and Plasma-Sprayed Coatings.
Aluminum oxide and tungsten carbide have been
flame sprayed onto beryllium and lapped to a
mirror finish for air bearings in guidance sys-
tems. Surface preparation for this type of coating
violates the fundamental rule, “Do not use
hydrochloric acid.” The deep, intergranular

Corrosion of Beryllium and Aluminum-Beryllium Composites / 367

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



attack of this acid provides a rough surface to
which the flame-sprayed coating can attach.

Chromium carbide has been plasma sprayed
onto aluminum-beryllium for wear and corrosion
resistance. An overcoat containing no cadmium
was applied for corrosion resistance. Tabor
abrasion tests were performed on specimens
using a 500 g load for 4000 cycles. The speci-
mens were then subjected to a 500 h salt fog test.
The coating was not abraded through to the
aluminum-beryllium substrate, and the speci-
mens passed a 500 h salt fog test.

REFERENCES

1. C.B. Gilpin and T.L. Mackay, “Corrosion
Research Studies on Forged Beryllium,”
AFML-TR-66-294, Air Force Materials
Laboratory, Jan 1967

2. J.L. English, Corrosion of Beryllium in Air,
The Metal Beryllium, D.W. White, Jr. and
J.E. Burke, Ed., American Society for
Metals, 1955, p 530–532

3. A.J. Stonehouse and W.W. Beaver, Ber-
yllium Corrosion and How to Prevent It,
Mater. Prot., Vol 4, 1965, p 24–28

4. L.E. Gatzek, “Corrosion Control of Missiles
in Long-Term Silo Environments,” paper
presented at the National Aeronautics and
Space Engineering Meeting, Oct 5–9, 1964
(Los Angeles, CA)

5. J.N. Wanklyn and P.J. Jones, The Aqueous
Corrosion of Reactor Metals, J. Nucl.
Mater., Vol 6 (No. 3), 1962, p 291–329

6. P.D. Miller and W.K. Boyd, Beryllium
Deters Corrosion—Some Do’s and Don’ts,
Mater. Eng., Vol 68 (No. 1), 1968, p 33–36

7. J.L. English, Corrosion of Beryllium in
Water, The Metal Beryllium, D.W. White,
Jr. and J.E. Burke, Ed., American Society for
Metals, 1955, p 533–548

8. T.L. Mackay and C.B. Gilpin, Corros. Met.,
Vol 6, 1968, p 235–240

9. J.L. English, Report ORNL-772, United
States Atomic Energy Commission, 1951

10. A.M. Kinan et al., “The Significance of
Inclusion/Precipitates in Beryllium,” paper
presented at 1972 WESTEC Conference
(Los Angeles, CA), American Society for
Metals, March 1972

11. H.A. Moreen and A.G. Gross, Jr., “Pitting
Corrosion in Beryllium,” unpublished
report, Boeing North America, Inc., Auto-
netics and Missle Systems Division

12. M.A. Hill, R.J. Hanrahan, C.L. Haertling,
R.K. Schulze, and R.S. Lillard, Influence of
Beryllides on the Corrosion of Commercial
Grades of Beryllium, Corrosion, Vol 59
(No. 5), May 2003, p 424–435

13. A. Venugopal, D.D. Macdonald, and R.
Varma, Electrochemistry and Corrosion of
Beryllium in Buffered and Unbuffered
Chloride Solutions, J. Electrochem. Soc.,
Vol 147, (No. 10), Oct 2000, p 3673–3679

14. E. Gulbrandsen and A.M.J. Johansen, Study
of the Passive Behaviour of Beryllium in

Aqueous Solutions, Corros. Sci., Vol 36
(No. 9), Sept 1994, p 1523–1536

15. R.U. Vaidya, M.A. Hill, M. Hawley, and
D.P. Butt, Effect of Pitting Corrosion in
NaCl Solutions on the Statistics of Fracture
of Beryllium, Metall. Mater. Trans. A, Vol
29 (No. 11), Nov 1998, p 2753–2760

16. M.A. Hill, J.F. Bingert, and R.S. Lillard,
The Relationship between Crystallographic
Orientation and the Passivity and Break-
down of Beryllium, Electrochem. Soc. Ser-
ies, Vol 98 (No. 17), 1999, p 265–273

17. J.R. Friedman and J.E. Hanafee, “Corrosion/
Electrochemistry of Monocrystalline and
Polycrystalline Beryllium in Aqueous
Chloride Environment,” Lawrence Liver-
more National Laboratory Report UCRL-
ID-137482, Jan 2000

18. R.S. Lillard, Factors Influencing the Tran-
sition from Metastable to Stable Pitting in
Single-Crystal Beryllium, J. Electrochem.
Soc., Vol 148 (No. 1), Jan 2001, p B1–11

19. R.S. Lillard, Relationships between Pitting
Corrosion and Crystallographic Orientation,
An Historical Perspective, Electrochem.
Soc. Series, Vol 2002 (No. 13), 2002, p 334–
343

20. M.A. Hill, R.S. Lillard, and D.P. Butt,
“Galvanic Corrosion of Beryllium Welds,”
Report LA-UR-97-3163, Aging, Compat-
ibility, and Stockpile Stewardship Con-
ference, Sept 30 to Oct 2, 1997
(Albuquerque, NM), Sandia National
Laboratories

21. R.U. Vaidya, S.M. Brozik, A. Deshpande,
L.E. Hersman, and D.P. Butt, Protection
of Beryllium Metal against Microbial
Influenced Corrosion Using Silane Self-
Assembled Monolayers, Metall. Mater.
Trans. A, Vol 30 (No. 8), Aug 1999, p 2129–
2134

22. J.C. Birkbeck, N.L. Kuehler, D.L. Williams,
and W.E. Moddeman, X-Ray Photoelectron
Spectroscopic Examinations of Beryllium
Metal Surfaces Exposed to Chlorinated
Solvents, Surf. Interface Anal., Vol 27
(No. 4), April 1999, p 273–282

23. H.L. Logan and H. Hessing, “Summarizing
Report of Stress Corrosion of Beryllium,”
NBS-6, National Bureau of Standards, Dec
1955

24. R.A. Miller et al., Corrosion, Vol 23, 1967,
p 11–14

25. C.M. Packer, “Stress Corrosion Cracking of
Beryllium,” Report LMSC-288140, General
Research in Materials and Propulsion, Sec-
tion 6, Lockheed Corporation, Jan 1960;
also LMSD-49735.

26. E. Semerad, T. Gross, and H. Lichtl, “Stress-
Corrosion Cracking Testing of AlBeMet
162, Extruded, HIP and EB Weld,” Metal-
lurgy Report 3276, European Space Agency,
Noordwijk, The Netherlands, Jan 2002

27. “Determination of the Susceptibility of
Metals to Stress-Corrosion Cracking,”
ECSS-Q-70-37A, European Space Agency,
1998

28. E.A. Gulbransen and K.F. Andrew, The
Kinetics of the Reactions of Beryllium with
Oxygen and Nitrogen and the Effect of
Oxide and Nitride Films on Its Vapor Pres-
sure, J. Electrochem. Soc., Vol 97, 1950,
p 383–385

29. D. Cubicciotti, The Oxidation of Beryllium
at High Temperatures, J. Am. Chem. Soc.,
Vol 72 (No. 5), May 1950, p 2084–2086

30. D.W. Aylmore, S.J. Gregg, and W.B. Jep-
son, The High Temperature Oxidation of
Beryllium, Part I: In Dry Oxygen, J. Nucl.
Mater., Vol 2 (No. 2), 1960

31. D.W. Aylmore, S.J. Gregg, and W.B. Jep-
son, The High Temperature Oxidation of
Beryllium, Part IV: In Water Vapor and
Moist Oxygen, J. Nucl. Mater., Vol 3 (No.
2), 1961

32. W.B. Jepson, J.B. Warburton, and B.L.
Myatt, The High Temperature Oxidation of
Beryllium and the Fate of Beryllium Carbide
Inclusions, J. Nucl. Mater., Vol 10 (No. 2),
1963

33. W.G. Bradshaw and E.S. Wright, “Reaction
Kinetics of High Temperature Corrosion of
Beryllium in Air,” Paper 25, Conference on
Metallurgy of Beryllium, Institute of Metals,
(London), Oct 1961

34. S.J. Gregg, R.J. Hussey, and W.B. Jepson,
The High Temperature Oxidation of Ber-
yllium, Part II: The Reaction with CO2

and CO, J. Nucl. Mater., Vol 2 (No. 2),
1960

35. W.J. Werner and H. Inouye, “The Reactions
of Beryllium with Wet Carbon Dioxide,”
Paper 32, Conference on Metallurgy of
Beryllium, Institute of Metals, (London),
Oct 1961

36. T. Raine and J.A. Robinson, The Corrosion
of Beryllium with Calcium in CO2, J. Nucl.
Mater., Vol 5 (No. 3), 1962

37. V.D. Scott and G.V.T. Ranzetta, Electron
Metallography of the Corrosion of Ber-
yllium and Beryllium-Calcium Alloys,
J. Nucl. Mater., Vol 9 (No. 3), 1963

38. G.R. Smolik, B.J. Merrill, and R.S. Wallace,
Implications of Beryllium: Steam Interac-
tions in Fusion Reactors, Proceedings of the
Fifth International Conference on Fusion
Reactor Materials ICFRM-5, Nov 17–22,
1991 (Clearwater, FL), Minerals, Metals and
Materials Society, ASM International and
Atomic Energy Society Japan; J. Nucl.
Mater., Vol 191–194, part A, Sept 1992,
p 153–157

39. F. Druyts, B. Beaumont, G. Tonon, B. de
Gentile, and P. Libeyre, Determination of
Be/Air and Be/Steam Reactivities with TG/
DTA, Symposium on Fusion Technology
1998 (Marseille France), Vol 1–2
(No. 1744), Euratom-CEA, p 1597–1600

40. R.A. Anderl, R.J. Pawelko, G.R. Smolik, F.
Scaffidi Argentina, and D. Davydov, Steam
Chemical Reactivity of Be Pebbles and Be
Powder, Fusion Technol., Vol 38 (No. 3),
Nov 2000, p.283–289; Fourth International
Workshop on Beryllium Technology for

368 / Corrosion of Nonferrous Metals and Specialty Products

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Fusion, Sept 15–17, 1999 (Karlsruhe,
Germany), International Energy Agency

41. F.L. Bett and A. Droycott, “The Compat-
ability of Beryllium with Liquid Sodium and
NaK in Dynamic Systems,” Paper 1091,
Second United Nations Conference on the
Peaceful Uses of Atomic Energy, 1958

42. W.W. Kendall, “Corrosion of Beryllium in
Flowing Sodium,” U.S. AEC Report GEAP-
3333, Jan 15, 1960

43. G.E. Darwin and J.H. Buddery, Reactions
with Corrosive Environments, Beryllium,
Butterworths Scientific Publications, Lon-
don, 1960, p 259–262

44. H. Feuerstein, H. Graebner, J. Oschinski,
and S. Horn, Compatibility of Refractory
Metals and Beryllium with Molten Pb-17Li,
Proceedings of the 1995 Seventh Interna-
tional Conference on Fusion Reactor Mate-
rials, ICFRM-7, Sept 25–29, 1995 (Obninsk,
Russia), Institute of Physics and Power
Engineering; J. Nucl. Mater., Vol 233–
237B, Oct 1996, p 1383–1386

45. M.A. Hill, R.S. Lillard, and D.P. Butt,
“Corrosion of Beryllium Exposed to Celotex
and Water,” Aging, Compatibility, and
Stockpile Stewardship Conference, Sept 30
to Oct 2, 1997 (Albuquerque, NM), Sandia
National Laboratories

46. J.G. Beach, “Electrodeposited, Electroless,
and Anodized Coatings on Beryllium,”
Memorandum 197, Defense Materials
Information Center, Sept 1, 1964

47. “Corrosion of Beryllium,” Report 242,
Defense Materials Information Center,
Dec 11, 1967

48. J. Booker and A.J. Stonehouse, Chemical
Conversion Coatings Retard Corrosion of
Beryllium, Mater. Prot., Vol 8 (No. 2),
1969, p 43–47

49. S.J. Morana, “Surface Passivation Coating
for Beryllium Metal,” paper presented at the
Air Force Materials Laboratory 15th Anni-
versary Corrosion of Military and Aero-
space Equipment Technical Conference,
May 23–25, 1967

50. P.M. O’Donnell, Beryllium Fluoride Coat-
ing as a Corrosion Retardant for Beryllium,
Corros. Sci., Vol 7, 1967, p 717–718

51. R.M. Paine and A.J. Stonehouse, “A Cor-
rosion Protection System for Beryllium in
Aircraft Brake Applications,” Brush Well-
man Technical Report TR-584, Dec 1976;
also presented at Corrosion’77, March
14–18, 1977 (San Francisco, CA), National
Association of Corrosion Engineers

52. G. Ya Terlo, “Protection of Steel and Light
Alloys with Polyvinyl Butyral Phosphatiz-
ing Primers,” VL-023, AD628185, Depart-
ment of the Navy, 1966

SELECTED REFERENCES

� P.P. Budnikov, R.A. Belyaev, P.L. Volodin,
N.A. Rakhalin, V.A. Furaev, and M.I. Tum-
bakova, Corrosion of Aluminum and Ber-

yllium Oxides in Gaseous Ammonia at
Temperatures of 200 to 800 C, Zh. Prikl.
Khim., Vol 44 (No. 1), Jan 1971, p 54–59;
English translation in J. Appl. Chem. USSR,
Vol 44 (No. 1), part 1, Jan 1971, p 51–55
� B.V. Cockeram, and G. Wang, The Pesting of

Intermetallic Compounds, Oxidation and
Corrosion of Intermetallic Alloys, Purdue
University, HTMIAC/CINDAS, 1996, p 333–
350
� W.E. Dalton, Passivation of Beryllium in an

Ultrasonic Field, Plat. Surf. Finish., Vol 70
(No. 5), 1983, p 106–107
� I.N. Ganiev, K.O. Odinaev, A.A. Safarov, and

K.M. Nazarov, Corrosion-Electrochemical
Behavior of Aluminum-Beryllium Alloys
with Yttrium, Lanthanum, and Cerium, Russ.
J. Appl. Chem., Vol 73 (No. 2), Feb 2000,
p 235–237
� M. Pourbaix, Atlas of Electrochemical Equi-

libria in Aqueous Solutions, Pergamon Press,
1974, p 132–138
� M. Seki, T. Yamanishi, W. Shu, M. Nishi, T.

Hatano, M. Akiba, H. Takeuchi, K. Naka-
mura, M. Sugimoto, K. Shiba, S. Jitsukawa,
and E. Ishitsuka, Development of Fusion
Nuclear Technologies at Japan Atomic
Energy Research Institute, Fusion Sci. Tech-
nol., Vol 42 (No. 1), July 2002, p 50–61
� G.F. Tikhinskij and G.I. Volokita, Beryllium

Foils for Devices and Physical Experiments,
Prib. Tekh. Eksp., No. 5, Sept–Oct 1994,
p 191–195

Corrosion of Beryllium and Aluminum-Beryllium Composites / 369

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Corrosion of Uranium and Uranium Alloys
Jennifer A. Lillard and Robert J. Hanrahan, Jr., Los Alamos National Laboratory

URANIUM as an industrial material is limited
to areas where its nuclear properties and/or high
density are required. Due to the high value of
many applications and the reactivity of uranium,
there have been numerous studies of uranium
corrosion in both dry and aqueous environ-
ments. This article reviews general corrosion
of uranium and its alloys under atmospheric
and aqueous exposure as well as with gaseous
environments. Reaction rates for general corro-
sion and oxidation are dependent on the surface
area available for reaction and are therefore
normalized to the surface area of the specimen.
The exception is reactions that only occur at
isolated sites on a specimen (e.g., pitting). In this
case, the surface normalized rate underestimates
local penetration rates. Stress-corrosion crack-
ing and hydrogen embrittlement of uranium
are discussed briefly. In view of its catastrophic
nature, a detailed review of the corrosion of
uranium in hydrogen (hydriding) has also been
included. Protection of uranium using plating
and surface modification is discussed, with par-
ticular emphasis on techniques that have proved
successful in industrial applications. Finally,
storage conditions and environmental, health,
and safety considerations are briefly addressed.

The corrosion properties of uranium are
minimal, but uranium is often used in radiation
shields, counterweights, and armor-piercing
kinetic energy penetrators because of its high
density (68% greater than lead) and ease of
fabrication. Uranium has moderate strength and
ductility and can be cast, formed or machined,
and welded by standard methods. Pure uranium
metal and uranium alloys have also been used as
nuclear fuel in plutonium production reactors.
Uranium corrodes in room-temperature air at a
rate slightly less than that of cast iron. The cor-
rosion rate increases exponentially as tempera-
ture and humidity increase. At temperatures
below about 200 �C (390 �F), the primary cor-
rosion product is nominally UO2, and if hydro-
gen is present or is generated during corrosion,
UH3 can form. Additionally, aqueous electro-
chemical polarization can produce UH3 directly
or hydrated UO3. At temperatures above about
200 �C (390 �F), U3O8 becomes the primary
corrosion product.

Similar to the group IV metals, uranium forms
colorful interference films in the early stages of

oxidation that can be correlated with the thick-
ness of the oxide. Larson found that as uranium
oxide thickness increased, the observed film
color changed in the following order: silver,
yellow, red brown, violet, blue, second-order
silver, second-order yellow, and gray (Ref 1).
Caution must be exercised, however, because the
second-order colors appear the same as first-
order and yet represent significantly different
thicknesses. Many of the alloys of uranium under
atmospheric conditions grow scales to charac-
teristic thickness in the interference regime and
therefore are often identified by their color (e.g.,
U-0.75Ti often appears blue and U-6Nb is often
blue or gold).

The corrosion resistance of uranium can be
increased by adding alloy elements. Alloys are
generally still susceptible to corrosion, particu-
larly pitting in salt solutions and galvanic cor-
rosion. The major uranium alloys can all trace
their history back to work during the 1940s,
which was devoted to the development of
metallic nuclear fuels for reactors. As a con-
sequence, virtually all of the common uranium
alloys have reasonable corrosion resistance.
Uranium is most commonly alloyed with ele-
ments that stabilize the c phase such as titanium,
niobium, molybdenum, zirconium, and vana-
dium, and their properties are summarized
below. Pure uranium has also been used in
reactors by roll cladding with aluminum (Ref 2).
The corrosion resistance of uranium-aluminum
alloys was therefore studied extensively in the
1950s.

U-0.75Ti is used when strength and ductility
are important. The alloy is more resistant to
corrosion than unalloyed uranium, but still
suffers significant oxidation accompanied by
hydrogen production in vapor and aqueous
environments, especially when galvanically
coupled to more noble metals. Small amounts
of hydrogen can embrittle the alloy. Because
hydrogen is generated as a result of atmospheric
and aqueous solution corrosion, the alloy is
susceptible to environmentally assisted cracking.
Protective coatings are often employed to reduce
corrosion.

U-6Nb is commonly used for applications
requiring good corrosion resistance and ductility.
It is less susceptible to environmental embrit-
tlement than U-0.75Ti and other alloys. Alloys

with 8 to 12 wt% Nb have excellent corrosion
resistance, but they also have higher strengths
and are therefore more susceptible to environ-
mental cracking. Uranium-niobium alloys are
most corrosion resistant when used in the
gamma quenched condition and can undergo
low-temperature phase transformations. Hence,
the applications of U-6Nb are limited to near
ambient temperatures.

Uranium-molybdenum alloys are not as
widely used as uranium-titanium and uranium-
niobium alloys because they do not perform as
well as other alloys. For example, U-2Mo is less
corrosion resistant and more susceptible to
environmental cracking than U-6Nb; U-10Mo
has good corrosion resistance, but it exhibits
severe environmental assisted cracking and
residual stress. U-10Mo was extensively inves-
tigated as a fuel material for pressurized water
reactors (PWRs) because it is not susceptible
to the low-temperature phase transformations
observed in U-6Nb.

Ternary, quaternary, and higher-order alloys
show improved corrosion resistance. These
alloys include U-7.5Nb-2.5Zr (Mulberry),
U-0.5Nb-0.5Mo-0.5Zr-0.5Ti (1=2 quad), U-
0.75Nb-0.75Mo-0.75Zr-0.75Ti (3=4 quad), U-
1Nb-1Mo-1Zr-1Ti (1 quad), and U-1Nb-1Mo-
1Zr-1Zr-0.5Ti-0.5V (1 quint). They do not
exhibit significantly better strength-ductility
combinations, quench-rate insensitivity, or re-
sistance to environmentally assisted cracking
and thus have limited application.

Aqueous Corrosion

Corrosion of uranium in aqueous solutions has
been widely studied but can been difficult to
interpret due to large variations in corrosion rates
under similar test conditions. Uranium corrosion
is very sensitive to the nature and concentration
of dissolved gases and to impurities in the metal.
For this reason, much of the early corrosion
work was carried out using boiling water. This
section looks at the dependence of uranium
and uranium alloy corrosion on microstructure,
alloying, solution chemistry, and temperature as
well as galvanic interactions between uranium,
its alloys, and other metals.

ASM Handbook, Volume 13B: Corrosion: Materials 
S.D. Cramer, B.S. Covino, Jr., editors, p370-384 
DOI: 10.1361/asmhba0003828

Copyright © 2005 ASM International ® 
                                 All rights reserved. 
                     www.asminternational.org

 www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



As with any metal, thermodynamics and
kinetics govern the rate and type of corrosion.
The Pourbaix diagram for uranium in water
(Fig. 1, Ref 3) predicts stable, room-temperature
phases based on electrochemical thermo-
dynamics.* If the electrochemical potential and
solution pH are known, the Pourbaix diagram
will show the equilibrium phase of uranium (e.g.,
UO2 is expected at pH 7 and �1 VSCE, SCE is
the saturated calomel reference electrode).
However, the kinetics of a reaction may be so
slow that the equilibrium phase is not reached.
Furthermore, the diagram is only valid in the
absence of substances that can form insoluble
salts or soluble complexes. Electrochemical
polarization techniques and weight loss/gain
are commonly used to measure the kinetics
of corrosion and to determine some of the
parameters important in localized corrosion. The
Pourbaix diagram and polarization techniques
are used in the discussions that follow to better
understand results of time-dependent weight-
loss techniques as they apply to uranium and
uranium alloy corrosion.

Microstructure and Alloying

Microstructural effects on uranium corrosion
were reported as early as the 1950s (Ref 4, 5).
Two observations were significant. First, corro-
sion rate was found to depend on impurity
content, particularly iron and carbon (Ref 4).
Second, corrosion rate could be reduced by
quenching from the c phase where impurities
generally have a higher solubility (Ref 5). For
this reason, elements that stabilize the uranium c
phase (e.g., Ti, Mo, Nb, and Zr) have been used
to develop corrosion-resistant alloys. For exam-
ple, weight-loss data in air-exposed water show
that the corrosion rate decreases from about
3 mm/yr (0.12 mil/yr) for uranium (Ref 6) to
about 0.5 mm/yr (0.02 mil/yr) for U-6Nb (Ref 7).

Uranium alloys are produced by vacuum
induction or vacuum arc melting methods, and
corrosion properties are often sensitive to cool-
ing rate and postfabrication heat treatment. Heat
treatment generally occurs at approximately
800 �C (1470 �F) (in the c region) to put the
alloying elements into solid solution; alloys are
then allowed to slowly cool to allow diffusional
decomposition or are quenched to form super-
saturated metastable phases (Ref 8). Slow cool-
ing does not significantly increase corrosion
resistance (Fig. 2) because alloy-free, a uranium
regions form. Quenching or quenching and
aging, on the other hand, can significantly in-
crease corrosion resistance. Corrosion resistance
is lost if alloys are overaged because regions of
the a phase form.

The oxides of uranium and it alloys also play
a large role in corrosion resistance, and both

the microstructure and composition are impor-
tant. Generally, alloy elements are incorporated
into the oxide and make it more resistant to
corrosion or more “passive.” For example, in
uranium-niobium alloys, the presence and
amount of Nb2O5 in the oxide have a direct effect
on the susceptibility and rate of alloy corrosion.
Results show that higher niobium alloys produce
compact, passive oxides (Ref 10, 11).

Screening of a wide number of alloys for
corrosion resistance was carried out using boil-
ing water corrosion tests (Ref 12, 13). Niobium,
molybdenum, zirconium, titanium, nickel, sili-
con, and aluminum all increased boiling water
corrosion resistance. Vanadium required alloy-
ing above 1 wt% for improved corrosion resis-
tance (Ref 6). Corrosion resistance was further
increased when the alloys were heat treated in
the c region.

Waber examined more than 20 alloys and
found some additions had no effect or were
detrimental (Ref 6). Antimony, beryllium,
copper, and tantalum provided no significant
increase in corrosion resistance. Chromium pro-
tected uranium in boiling water, but protection
was lost in chloride solutions. Bismuth and tin
additions formed pyrophoric phases. Cerium,
rhodium, and ruthenium increased the corrosion
rate. Some elements showed synergistic effects
(e.g., U-Nb-Zr), but their corrosion resistance
was sensitive to heat treatment. The most com-
monly used and studied alloys contain Ti, Nb,
Mo, (Nb+Zr), and (Nb+Mo+Zr+Ti), and
further discussion is limited to these alloys.

Solution Chemistry

The behavior of uranium and uranium alloys
in an electrolyte will depend on the pH of the
solution and dissolved gases and salts.

Dissolved Gases. Atmospheric gas, dis-
solved in the solution, can alter the solution
chemistry and corrosion behavior of uranium
and its alloys. The most significant differences
are observed between inert or reducing and oxi-
dizing (e.g., oxygen) conditions. For uranium,
this difference can affect the corrosion rate by

over an order of magnitude (Ref 13). When
oxygen is dissolved in solution, uranium corro-
sion is remarkably slowed compared to either
inert or reducing gases. The corrosion rate
of unalloyed uranium is about 300 mm/yr
(12 mils/yr) in hydrogen-saturated water and
about 8 mm/yr (0.3 mil/yr) in air-saturated water
at 50 �C (120 �F) (Ref 6).

Electrochemical polarization scans are a good
way to look at the effect a dissolved gas has on
corrosion kinetics. The difference in uranium
polarization scan behavior for argon and air is
shown in Fig. 3. Figure 3(a) shows that uranium
in a neutral buffer solution that is purged with air
has a corrosion potential (Ecorr) of �0.5 VSCE,
and when it is purged with inert argon or “de-
aerated,” Ecorr is much lower, �1.2 VSCE. The
corrosion product at Ecorr can be predicted from
the Pourbaix diagram in Fig. 1. For this case,
the predicted product for the aerated (pH 7.2,
�0.5 VSCE) and deaerated (pH 7.2, �1.2 VSCE)
conditions is the same, UO2. However, the
aerated and deaerated values are at opposite ends
of the UO2 region. For the aerated case, the value
is in a region where the oxidation state transitions
from +4 to +6, which would result in a mixed
oxidation state and hyperstoichiometric UO2.
For the deaerated case, near-stoichiometric UO2

is expected.
An important consideration for aerated and

deaerated solutions is the cathodic reaction.
For the air-purged solution, Ecorr is at a potential
where oxygen reduction is the primary cathodic
reaction (Eq 1). For the argon-purged condition,
Ecorr is at a potential where water reduction is
the primary cathodic reaction (Eq 2):

O2 þ 2H2Oþ 4e�?4OH�  (oxygen  reduction)

(Eq 1)

2H2Oþ 2e�?H2 þ 2OH�  (water  reduction)

(Eq 2)

The corrosion rate depends on the kinetics of the
anodic and cathodic reactions, and Fig. 3(a)
suggests that the corrosion rate of uranium is
slower when air (or oxygen) is dissolved in
solution. The reverse scan (Fig. 3b) shows that
there is an anodic nose between the Ecorr values
for air-purged and argon-purged solutions. In
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*There are two Pourbaix diagrams shown for uranium in Ref 3.
The diagram in Fig. 1 is the equilibrium diagram. The second
diagram in Ref 3 does not consider UH3 or hydrated UO3, but is
useful for pitchblende, which has U3O8 as its main constituent,
and for considering the slow kinetics of electrochemical UH3

formation in aqueous solutions.
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air, Ecorr is at a point on the nose where the
current density is low, and in argon Ecorr is at a
point on the nose where the current density is
high. Also, the potential region where the current
density is low on the anodic nose is small. This
anodic control of uranium corrosion is important
because small perturbations from equilibrium
in aerated systems can cause an increase in
corrosion rate.

Waber demonstrated the corrosion-rate depen-
dence on dissolved oxygen by placing a cover
glass near the uranium surface and immersing it
in water. The uranium near the edge of the glass,
where oxygen was readily available, was rela-
tively unattacked, but the uranium in the oxygen-
depleted region near the center of the glass was
deeply pitted (Ref 4). Waber also observed the
anodic control of uranium corrosion by observ-
ing the effects of dissolved oxygen and addition
of cupric ions (Ref 6).

In addition to showing the effects of oxygen
on Ecorr and reaction rate, Fig. 3(a) shows two
distinct regions of anodic behavior. Just above
Ecorr, the current density, i, is low and is the
passive current density associated with predicted
formation of UO2. At just above 0.2 VSCE,
i increases to above 10�5 A/cm2 and is
associated with the predicted formation of
hydrated UO3.

Similar corrosion behavior is observed in
uranium alloys. They generally undergo a de-
crease in Ecorr when changing from aerated to
deaerated conditions. Depending on the alloy
and the solution, they may or may not show an
increase in corrosion rate when changing from
aerated to deaerated conditions. The absolute
values of Ecorr and relative change in Ecorr

depend on the alloy composition. Data for
uranium-niobium alloys are shown in Table 1.
Although Ecorr changes for aerated/deaerated
solutions and with alloy composition, it varies
little between oxygen-saturated solutions and

air-equilibrated solutions for uranium and
uranium-niobium alloys (Ref 14), which indi-
cates that the corrosion rate is relatively in-
sensitive to the amount of oxygen in solution.
Note also that Ecorr increases as alloy content
increases.

Solution pH. In addition to dissolved gas,
corrosion of uranium depends significantly on
solution pH. The Pourbaix diagram (Fig. 1)
indicates corrosion in acidic environments
(pH53) with the formation of soluble ions U3+,
U4+, and UO2+

2 . In mildly acidic solutions
(3 5pH 55) solid UO2 should begin to form but
will probably be nonprotective. In neutral to
alkaline solutions, solid UO2 should form, which
may or may not be protective. Electrochemical
data for uranium show that Ecorr decreases from
�0.73 VSCE at pH 0.55 to �1.27 VSCE at
pH 9.6 (Ref 15). From Ecorr alone, it is not
clear whether or not the UO2 formed at pH 9.6
is protective.

Evidence for the protective nature of the
oxide, which is probably UO2, in mildly alkaline
solutions is shown in Fig. 4. The figure shows the
polarization scan behavior for uranium in buf-
fered, room-temperature solutions ranging in
pH from 0.5 to 13.6 (Ref 10). It also shows that
uranium passivity is greatest at about pH 10.7.
In highly alkaline solutions, an anodic nose is
observed at about 0 VSCE (Ref 10, 16, 17) and
probably corresponds to the change from UO2 to
hydrated UO3 as the stable phase. Surface sci-
ence measurements of oxides grown at 0.6 VSCE

confirm hydrated UO3 formation (Ref 11).
Alloy elements enhance uranium passivity,

but solution pH can affect alloy effectiveness.
Figure 5 shows the effect of niobium content on
polarization scan behavior in neutral solution
(Ref 10). The figure shows regions where the
current density, i, is relatively constant. These
regions of constant current are associated with
film (e.g., oxide) growth. If the current density

is low (less than ~10�5 A/cm2), the oxide is
considered protective and the current density is
called “passive.” If the current density is high,
the oxide is not protective and the current density
will be referred to as the “film-limited anodic
current density.” Above about 0 VSCE, unalloyed
uranium has a high film-limited anodic current
density in neutral solution, but even small nio-
bium additions increase the corrosion resistance
so that the anodic current densities are con-
sidered passive. Figure 6 shows how niobium
content affects the film-limited anodic current
density as a function of pH (Ref 10). In neutral
solutions, the alloy current densities were about
one order of magnitude lower than for unalloyed
uranium, and in mildly acidic solutions, alloy
current densities were about two orders of
magnitude lower. Niobium additions enhanced
passive behavior in acidic and neutral solutions
by the formation and enrichment of Nb2O5 in
the oxide (Ref 10, 11). Niobium was not as
effective at enhancing passivity in alkaline
solutions because uranium shows an inherent
increase in passivity in mild alkaline solutions
while the oxide of niobium becomes less pro-
tective in alkaline solutions.

Air purged

2.0

1.5

1.0

0.5

0

C
or

ro
si

on
 p

ot
en

tia
l (

E
co

rr
),

 V
S

H
E

C
or

ro
si

on
 p

ot
en

tia
l (

E
co

rr
),

 V
S

C
E

–0.5

Ecorr in air

Ecorr in argon
icorr in air

icorr in argon

–1.0

10–8

(a)

10–7 10–6

Current density (i ), A/cm2

10–5 10–4

Argon purged
Air purged

2.0

1.5

1.0

0.5

0

–0.5

–1.0

10–8

(b)

10–7 10–6

Current density (i ), A/cm2

10–5 10–4

Argon purged

Ecorr in air

Ecorr in argon

Fig. 3 Forward (a) and reverse (b) anodic polarization scans for uranium in neutral buffer solution (7.2 pH, 0.5 M boric acid plus 0.05 M sodium borate) showing the effect of oxidizing
and inert gas environments on corrosion potential (Ecorr) and anodic kinetic behavior.

Table 1 Comparison of corrosion potential
(Ecorr) for U-Nb alloys in air-purged (aerated)
and argon-purged (deaerated) solution
pH 7.2 buffer solution (0.5 M boric acid+0.05 M sodium
borate)

Alloy(a)

Ecorr, VSCE

Air purged Argon purged

U �0.51 �1.15
U-2Nb �0.66 �0.82
U-4Nb �0.51 �0.73
U-6Nb �0.53 �0.68
U-8Nb �0.46 �0.72
Nb (b) �0.72

(a) Designation based on wt%. (b) Not determined
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Other uranium alloys also exhibit better
effectiveness in acidic solutions than in alka-
line solutions. Uranium-titanium and uranium-
molybdenum alloys increase the corrosion
resistance in acidic solutions. Levy and Zabielski
observed a decrease in the passive current den-
sity of about two orders of magnitude for
U-1.76Ti, U-3.41Ti, U-1.8Mo, and U-3.75Mo in
1 N H2SO4 (Ref 16). In alkaline environments,
however, polarization scan data show that U-
0.75Ti, U-7.5Nb-2.5Zr (Mulberry), and U-1.4Zr
do not significantly increase corrosion resistance
(Ref 18).

Salt Solutions. When no aggressive anions
are present, uranium corrosion is relatively
uniform; however, when chloride is present in
solution, uranium corrosion occurs by localized
attack (Fig. 7a). The localized corrosion sites in
unalloyed uranium are not hemispherical pits.
Instead, they have a central area where corrosion
initiated and “fingers,” which grew during
corrosion propagation. The pits also are covered.
That is, light grinding of the sample in Fig. 7(a)
showed the fingers were much wider just under
the surface. The pitting potential of uranium
in 0.1 M NaCl (Ar purged) is approximately
�0.03 VSCE. This value varies somewhat and
is lower if corrosion initiates at large defects.
Additions of Nb increase Ecorr, but do not sig-
nificantly increase the pitting potential in 0.1 M
NaCl (Table 2). Similar behavior was observed
for uranium-titanium and uranium-molybdenum
alloys, with the exception of U-3.75Mo, which
showed a slight increase in pitting potential
(Ref 16).

Although the pitting potential does not
change, the pit size and number change as
niobium content increases. For example, after
potentiodynamic polarization uranium had 1
corrosion pit per 0.1 cm2 area, U-4Nb had ~15
smaller pits per 0.1 cm2 area, and U-6Nb had the
smallest pits with ~40 pits per 0.1 cm2 (Fig. 7).
The figure also shows that as alloy content
increases, the corrosion pit shape becomes more
hemispherical. Therefore, niobium does not
increase the resistance of uranium to pit initiation

(as chromium does in stainless steel). Instead,
nobium additions affect pit propagation by
making the corrosion less localized (i.e., the pits
will be more shallow and there will be more
of them).

Results similar to those in NaCl have been
observed in seawater. In ASTM artificial sea-
water at 25 �C (77 �F), uranium showed deep
pitting with a maximum corrosion rate of
0.01 mg/cm2 �h (Ref 19). This corrosion rate is
lower than what is observed in water; however,
the corrosion was in the form of pits and the
localized penetration rate would be much higher.
In the same study, pitting corrosion was observed
on uranium exposed to distilled water and some
of those pits penetrated the metal at 3 mm/yr
(0.12 in./yr) (Ref 19).

Macki and Kochen measured similar weight
loss rates for uranium in ASTM artificial sea-
water at 20 �C (68 �F) (Ref 20). When uranium
was exposed to acidic chloride (0.1 N HCl), they
observed over an order of magnitude increase
in corrosion rate. Alloy additions significantly
decreased the corrosion rate, and weight loss
generally decreased in the following order: U4
U-4.5Nb4U-6Nb4[U-8Nb, U-7.5Nb-2.5Zr,
and U-10Mo] (Ref 20). Figure 8 summarizes
the measured corrosion rates for chloride-
containing solutions as a function of alloy
content.

Very little chloride is required to cause pitting
corrosion on uranium alloys, but common inhib-
itors sometimes prevent pitting. For example,
pitting corrosion occurred on uranium-titanium
and uranium-molybdenum in chloride solutions
at concentrations as low as 0.005 M, but chro-
mates, sulfates, and nitrates at sufficient con-
centration inhibited pitting at the low chloride
concentrations (Ref 16). The nature of the halide
also plays a role in corrosion rate. Waber found
that fluoride ions greatly increase the corrosion
rate compared to chloride ions. The corrosion
rate of U-6Nb in 1% NaCl at 178 �C (350 �F)
was about 0.003 mg/cm2 �h, but in 1% NaF
the corrosion rate increased to 12 mg/cm2 �h
(Ref 6).

Temperature

As is the case with most metals, corrosion
rates of uranium and its alloys increase with
increasing temperature. As temperature is
increased from 25 to 70 �C (77 to 158 �F) Ecorr

decreased slightly for uranium and its alloys in
air-purged 0.1 N HCl (Table 3) (Ref 14).
A decrease in Ecorr for a given uranium alloy
generally corresponds to an increase in corrosion
rate. Reviews of early project data showed an
exponential increase in uranium corrosion rate
as temperature was increased in hydrogen-
saturated and air-purged water, steam, and dilute
hydrogen peroxide (Ref 6, 13, 21). A linear
regression to literature data gives the following
rate for uranium reaction in deaerated water at
temperatures between 20 and 300 �C (68 and
570 �F) (Ref 22):

k=5:03 · 109 exp
766:4+2:0 kJ=mol

RT

� �

(Eq 3)

where R is the gas constant, T is temperature,
and k is corrosion rate in mg (U)/cm2 �h.
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A second effect of temperature on uranium
corrosion is that the amount of oxygen that can
be dissolved in solution decreases as tempera-
ture increases. Therefore, the inhibiting effect of
oxygen on uranium corrosion should decrease
as the temperature increases. Measurements of
uranium corrosion rates in hydrogen-saturated

water were over an order of magnitude greater
than in air-saturated water at 50 �C (122 �F), but
were nearly equal at 100 �C (212 �F) (Fig. 9)
(Ref 6).

Galvanic Interactions

When uranium or its alloys are in contact
with other metals, a galvanic corrosion cell
may be created. If there is electrical contact and
an electrolyte, there will be a driving force for
corrosion of one of the metals. The driving force
is proportional to the difference in the Ecorr

values of the metals, and the metal with the more
negative Ecorr value will corrode. The corrosion
rate will depend not only on the metals in contact
but also on the electrolyte solution. For ex-
ample, alloyed uranium generally has better
corrosion resistance than unalloyed uranium in
neutral to acidic solutions; however, unalloyed
uranium can have greater corrosion resistance
than alloyed uranium in some alkaline solutions.
Corrosion resistance also depends on oxygen
dissolved in solution. Therefore, the rate and
even which material is the anode or cathode
may change as solution pH or aeration changes.
Corrosion rate will also depend on the ratio of
the cathode and anode areas. For example, if the
cathode area is large and the anode area is small,
the anode will corrode at an accelerated rate.

Early reports found that, in water, uranium
galvanically corroded when it was coupled to
stainless steel (Ref 21). When coupled to alu-
minum, uranium was initially cathodic but, after

50 h, uranium became anodic and corroded at
1.3 times the uncoupled rate (Ref 21). Ecorr data
in 25 �C (77 �F) ocean water support this
observation with Ecorr for aluminum 7178 at
�0.800 VSCE, uranium at �0.795 VSCE, and
304 stainless steel at �0.250 VSCE (Ref 14).
Uranium is also corroded by uranium-niobium
alloys, uranium-molybdenum, and Mulberry
(U-7.5Zr-2.5Nb) in seawater (Ref 14). Some
metals were anodic to uranium in seawater and
reduced the short-term corrosion rate. When
coupled to aluminum, beryllium, or beryllium
plus stainless steel, the corrosion rate of uranium
in seawater was reduced and the corrosion
shifted from localized to general (Ref 19).

Although uranium alloys are more corrosion
resistant than unalloyed uranium they still suf-
fer from galvanic corrosion. Uranium-niobium
alloys are corroded in 0.1 N HCl by Ti-6Al-4V,
U-10Mo, Mulberry, and 304 stainless steel
(Ref 14). Low uranium-niobium alloys will cor-
rode when coupled to high alloys (e.g., U-4Nb
will galvanically corrode when coupled to U-
6Nb) (Ref 14).

Experiments on U-0.75Ti in ASTM seawater
showed the alloy galvanically corroded when
coupled to AISI 4340 steel and 7075-T6 alumi-
num (Ref 23). The same study showed that
magnesium alloy ZK60A-T5 (UNS M16600)
protected U-0.75Ti, and 4340 (UNS G43400)
steel with a zinc chromate conversion coating
protected the alloy for a limited time. U-0.75Ti
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Fig. 7 Corrosion pits observed on (a) uranium, (b)
U-4Nb, and (c) U-6Nb after anodic polarization

scans in 0.1 M NaCl (room temperature, Ar-purged)

Table 2 Room-temperature pitting data for
U and U-Nb in 0.1 M NaCl, argon purged
solution

Alloy(a) Ecorr, VSCE Epit, VSCE ipass, 10�6 A/cm2

U �1.15 �0.03 2
U-4Nb �0.66 �0.04 1
U-6Nb �0.57 �0.01 0.7
U-8Nb �0.63 �0.03 0.9
Nb �0.23 (b) 2

Ecorr, corrosion potential; Epit, pitting potential; ipass, passive current. (a)

Designation based on wt%. (b) No pitting observed, transpassive oxygen
evolution at approximately 1.2 VSCE

Table 3 Comparison of corrosion potential
(Ecorr) for U-Nb alloys in air-purged 0.1 N
HCl at 25 and 70 �C (77 and 158 �F)

Alloy(a)

Ecorr, VSCE

25 �C (77 �F) 70 �C (158 �F)

U �0.755 �0.790
U-4.5Nb �0.475 �0.600
U-6Nb �0.420 �0.465
U-8Nb �0.400 �0.445
U-7.5Nb-2.5Zr

(Mulberry)
�0.340 �0.410

U-10Mo �0.190 �0.240

(a) Designation based on wt%
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Fig. 9 Weight-loss rate as a function of temperature
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saturated water. The rates converge at approximately
100 �C (212 �F). Data from Ref 6
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showed a threefold increase in corrosion rate
in distilled water when coupled to tungsten,
and tungsten-reinforced uranium composites
corroded 1.3 times faster than unalloyed uranium
(Ref 24).

Winkel and Childs performed a comprehen-
sive study of the galvanic corrosion of uranium,
uranium alloys, and many other metals in non-
aerated acidic, neutral, alkaline, and chloride
solutions at 29 �C (84 �F) (Ref 25). Their data
show a significant effect of solution pH on gal-
vanic corrosion of uranium and its alloys. For
example, in acidic, neutral, and chloride sol-
utions, U-6Nb is significantly cathodic to ura-
nium; however, in pH 11.3 carbonate solution,
U-6Nb is anodic when coupled to uranium.

Although uranium and uranium alloy galvanic
corrosion depends on solution pH, aeration, and
salt content, Fig. 10 shows general trends in the
driving force for uranium galvanic corrosion
in room-temperature, neutral, chloride solutions.
Negative values indicate the material is anodic
to uranium.

Atmospheric Corrosion

Atmospheric corrosion of uranium is com-
monly divided into oxidation in dry air or
oxygen, water vapor, and oxygen-water vapor
mixtures. These are all discussed in this section
because one or more of these conditions may
apply to the atmospheric corrosion of uranium
depending on the particular storage conditions.
Hydriding, which is another condition that may
apply in atmospheric corrosion of uranium, is
discussed separately due to the unique mechan-
ism and morphology of hydride corrosion of
uranium.

Oxidation of
Uranium in Dry Air or Oxygen

The oxidation of uranium is reviewed by
Ref 22 and 26 to 30. The reaction of uranium

with oxygen is typically described in the net
reaction:

U+
2+x

2
O2 ! UO2+x (Eq 4)

The value of x is a product of the atmosphere
(oxygen activity), temperature, and time. The
value of x therefore varies as a function of the
particular oxidizing species (oxygen, CO2, and
CO mixtures) or mixtures thereof. As the oxide
scale grows, the outer layers in contact with the
oxide/gas interface gradually increase in oxygen
content. Early work reported values of x in Eq 4
between 0.2 and 0.4 (Ref 31, 32). More recent
work, however, has measured x between 0.06
and 0.1 (Ref 28, 33, 34). The oxide spalls off
of the surface at a thickness of approximately
1 mm (25 mils), leading to a reinitialization of
the process. The spalling of oxide results in the
linear kinetics characteristic of the steady-state
oxidation of uranium. In fact, the linear kinetics
are really a series of short parabolic steps
approximated by a straight line. For temperatures
between 38 and 300 �C (100 and 570 �F), the
rate of uranium oxidation in dry air was derived
from literature data by Hilton (Ref 22) and is
expressed by Eq 5, which is also shown in
Fig. 11.

k=1:46 · 107 exp
771:3+2:1 kJ=mol

RT

� �

(Eq 5)

where R is the gas constant, T is temperature, and
k is the rate of mass increase in mg/cm2 �h. At
high temperatures, uranium oxidation behavior
becomes more complex as shown by the data of
various investigators (Ref 32, 36–41) in Fig. 12.

Uranium in Water Vapor

The reaction rate of uranium with water vapor
is much faster than that with dry air or oxygen

and has been reviewed by numerous authors
(Ref 22, 26, 42, 43). In the absence of oxygen,
uranium reacts in the presence of water vapor
to form UO2+x, where x is between 0 and 0.1,
and hydrogen. Hydrogen is formed as atomic
hydrogen adsorbed to the surface. Most of the
atomic hydrogen will recombine to form gas,
but some will be absorbed into the lattice. The
amount of hydrogen gas measured is typically
between 1 and 13% less than predicted and is
believed to be trapped hydrogen and/or hydride
(Ref 31, 44). The oxide is black, has a face-
centered cubic (fcc) crystal structure, and readily
flakes off the uranium surface (Ref 29, 31,
35, 45). Depth profiling with isotopically labeled
water showed that the water adsorbed last pro-
duces the oxide nearest the metal (Ref 46).
Positron annihilation techniques showed that
an oxygen species migrates through complex
oxygen interstitial defects to form oxide
(Ref 29).

Uranium oxidation rates in water vapor have
been measured by various researchers (Ref 35,
45, 47–51). The weight-gain rate for uranium
oxidation in unsaturated water vapor at tem-
peratures between 30 and 80 �C given by
(Ref 35):

k=4:0 · 108 r1=2 exp
764:9 kJ=mol

RT

� �

(Eq 6)

where r is the fractional relative humidity (e.g.,
r=0.5 at 50% RH), R is the gas constant, and
T is temperature. The units of k in Eq 6 and 7 are
mg/cm2 �h. For 100% RH and temperatures
between 20 and 100 �C (68 and 212 �F), the rate
is given by (Ref 27):

k=4:3 · 107 exp
757:7 kJ=mol

RT

� �

(Eq 7)
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The oxidation rates in water vapor from Eq 6 and
7 are shown in Fig. 11. A regression analysis in a
more recent review found that for temperatures
between 20 and 302 �C (68 and 575 �F) and
water vapor pressure below 101 kPa (14.6 psi),
the weight-gain rate follows (Ref 22):

k=1:31 · 105 p1=2 exp
746:6+0:7 kJ=mol

RT

� �

(Eq 8a)

where p is the water vapor partial pressure
expressed in kPa, and k is in units of mg
(kPa)1/2/cm2 �h. In terms of fractional relative
humidity (RH):

k=1:28 · 109 r1=2 exp
768:0+0:1 kJ=mol

RT

� �

(Eq 8b)

and R is the gas constant, T is temperature, and
k is in units of mg/cm2 �h. Equations 6 and 8 give
similar results at low temperatures, but diverge
somewhat at higher temperatures (Fig. 13). The
reaction mechanism is discussed in the next
section.

Uranium in
Oxygen-Water Vapor Mixtures

This condition is the most typical of atmo-
spheric oxidation of uranium. The reaction rate

falls between that of oxygen and water vapor,
and the kinetics and mechanism have been
widely studied (Ref 4, 22, 26, 28, 43, 45, 47,
52–54). In oxygen-water vapor systems or air-
water vapor systems below about 200 �C
(392 �F), uranium reacts to form an fcc oxide,
UO2+x, where x is between 0.2 and 0.4. (Ref 27,
53, 55). When oxygen is present, the reaction rate
is significantly reduced, and the oxide formed is
initially more adherent than that formed in pure
water vapor. Given enough time, however, the
uranium oxide formed in oxygen-water vapor
mixtures will flake off of the substrate as plates
(Fig. 14).

The reduction in oxidation rate is observed
even at very low partial pressures of oxygen
(Fig. 15). For small amounts of moisture in
oxygen-containing environments (below about
2% RH), there is a strong dependence of reaction
rate on water vapor pressure (Ref 27, 31, 33, 52,
53). At intermediate oxygen and water vapor
pressures, the reaction rate is, for practical pur-
poses, independent of oxygen content or water
vapor pressure (Ref 52, 53).

The oxidation rate of uranium in oxygen-
water vapor for temperatures between 40 and
100 �C (104 and 212 �F) and RH between 11

and 75% has been found to follow (Ref 53):

k=7:6 · 1013 exp
7110 kJ=mol

RT

� �

(Eq 9)

where R is the gas constant, T is temperature,
and the gain rate k is in units of mg/cm2 �h. More
recent work (Ref 22), which includes data from
20 to 200 �C (68 to 392 �F) and 2 to 90% RH,
fit the data to:

k=1:10 · 1011 exp
792:9+4:8 kJ=mol

RT

� �

(Eq 10)

Equations 9 and 10 are plotted in Fig. 16 along
with literature data for comparison. For the
case of 100% RH and temperatures between
20 and 100 �C (68 and 212 �F), the rate can be
expressed by (Ref 22):

k=1:16 · 109 exp
776:9+7:0 kJ=mol

RT

� �

(Eq 11)

Equation 11 is very similar to equations derived
by Ritchie (Ref 27) and Pearce (Ref 43).
Equations 10 and 11 are plotted in Fig. 11 for
comparison to the rates in water vapor and dry
air/oxygen.

In closed oxygen-water vapor systems, the
rate of oxidation varies with time. When uranium
is introduced into the system there is an initial
period where equilibration takes place and the
reaction is parabolic. After equilibration, there
are two distinct regions representing different
uranium oxidation rates (Fig. 17). In the first
region, (a), uranium reacts with water and oxy-
gen with no significant formation of hydrogen
gas (Ref 45, 55). In the second region, (b), oxy-
gen has been depleted, and uranium reacts with
essentially deaerated water and hydrogen gas
is evolved (Ref 45, 55). Measurements of the
oxidation rates show that, after oxygen is con-
sumed, the oxidation rate is up to 100 times faster
(Ref 55). Spalling of the oxide is observed at
the same time as the rate increase (Ref 45). Many
explanations for the slower reaction rate when
oxygen is present have been published. Most

Eq 6, Ref 35
Eq 8b, Ref 22
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relate the slower oxidation rate to a chemisorbed
oxygen layer and/or a less defective oxide
(Ref 28, 52, 55). Isotopic surface science studies
have shown that it is not a chemisorbed layer or
oxide diffusion barrier that slows the reaction
(Ref 56) and that both oxygen and water react
simultaneously to form the oxide (Ref 52). The
slower kinetics can be understood by looking
at the electrochemical cell that forms when
uranium is exposed to water vapor.

In humid environments, a thin layer of water
forms on a material surface and sets up an elec-
trochemical cell (Ref 57). Therefore, uranium
oxidation in water vapor environments is elec-
trochemical corrosion, which is governed by
anodic and cathodic reactions. The anodic reac-
tion is the oxidation of uranium whereby ura-
nium gives up electrons and UO2+x is formed.
To maintain charge neutrality, the cathodic
reaction must consume the electrons generated
by oxidation. In water-containing systems, the
two predominant cathodic reactions are oxygen
reduction and hydrogen evolution.

When oxygen and water are present, the
primary cathodic reaction is oxygen reduction
(Eq 1): oxygen and water react with four elec-
trons to form hydroxide ions. The hydroxide
undergoes further reaction, and the overall
reaction for uranium oxidation in water vapor
and oxygen can be written as:

Uþ O2 þ 3H2O?UO2 þ 3OH� þ 3Hþ

(Eq 12)

Although both oxygen and water participate in
the reaction, this reaction depletes only oxygen
from the system. The OH� and H+ in Eq 12 will
recombine to form H2O with no net loss of water.
This reaction is consistent with observations
that both O2 and H2O participate in the reaction,
but no water is consumed during the period of
“inhibition.”

After the oxygen is depleted from the system,
the system becomes the same as the uranium-
water vapor system, and the cathodic reaction
changes to hydrogen evolution (Eq 2). The
overall reaction is:

Uþ 5H2O?UO2 þ 4Hads þ 3OH� þ 3Hþ

(Eq 13)

In this reaction, water is consumed and adsorbed
hydrogen (Hads) is formed. Hads may combine to
form H2 gas or may be absorbed into the oxide
and/or metal substrate, which is consistent with
observations that hydrogen gas is detected in
the system after oxygen depletion but at a level
that is less than theoretically predicted.

Another aspect of the electrochemical nature
of the oxygen-water vapor reaction with uranium
is that aqueous electrochemical data can also be
applied to this system. The aqueous data show
that the uranium corrosion rate is under anodic
control. The rate of the anodic reaction, which is
lower when oxygen is present (Fig. 3), controls
the corrosion rate. Therefore, the rate-controlling
step is somewhere in the anodic reaction, which

can include the formation of intermediate
species. The anodic reactions of uranium are
complex and are not yet well understood
(Ref 58).

The proposed electrochemical reactions also
explain results from oxygen isotope studies.
According to Eq 1 and 12, 18O2 would be reduced
to 18OH�; 18OH� would then further react and
could form H2

18O, U18O2 and/or U18O16O. Iso-
tope studies have shown that these three 18O
compounds are observed. Baker found that the
water was enriched with 18O after oxygen was
consumed (Ref 55). Another 18O2 study analyzed
time-interval gas samples from the system; 18O
was not observed in the water vapor (Ref 45).
However, according to the electrochemical
model, 18O2 would react to form 18OH�, which
would mainly stay in the adsorbed water layer
on the uranium surface and would not likely be
detected by gas sampling.

Additionally, various studies using isotopes
have also shown that it is an oxygen-containing
species (Ref 29, 46, 52, 59) that migrates through
complex oxygen interstitial sites (Ref 29) in the
oxide to form new uranium oxide, not uranium
ions migrating through the oxide to react at the
water/oxide interface. These observations agree
with defect models that show UO2+x has com-
plex oxygen interstitial defects (Ref 28, 60, 61).

Oxidation of Uranium Alloys

The objective of alloying of uranium has been
principally intended to improve corrosion or
oxidation resistance. The few exceptions to this
rule are the high-strength uranium alloys such
as U-0.75wt%Ti, which is used in penetrators
(Ref 62) and in alloys containing a small amount
of a second element such as chromium or vana-
dium as an a grain refiner. The elements most
often used to obtain improved oxidation resis-
tance and/or mechanical properties from ura-
nium are the group IV elements niobium,
zirconium, titanium, and molybdenum, as well as
aluminum and copper.

Uranium Alloys in Water Vapor and
Oxygen-Water Vapor Mixtures. Oxidation
rates in water vapor can be reduced by orders
of magnitude by alloying uranium. The alloy,
U-0.75Ti, which is desirable for its high strength,
has only slightly better oxidation resistance in
water vapor. Molybdenum additions below
about 5 wt% also have little to no effect on
uranium oxidation. Additions of 10% Mo, on
the other hand, result in significant improvement
of oxidation resistance. Niobium additions
improve water vapor oxidation resistance, and
the improvement increases with increasing nio-
bium content. Figure 18 compares uranium and
uranium alloy oxidation resistance in 100%
relative humidity N2 (Ref 63). The figure shows
the rate of hydrogen gas produced, which is
proportional to the oxidation rate, as a function
of alloy addition. The significant decrease for
alloys with greater than 10 at.% additions should
be viewed with caution. Highly alloyed materials
are usually c phase, which has high hydrogen

solubility, so the measured hydrogen rate is
lower than the actual hydrogen generation rate.

The presence of oxygen in water vapor further
slows the oxidation of uranium alloys. For
example, uranium oxidation occurs at 1.2 ·
10�2 mg/cm2 �h in 2.7 kPa (0.39 psi) water
vapor and 0.67 kPa (0.097 psi) oxygen at 100 �C
(212 �F), but the U-0.75Ti oxidation rate is only
3.7 · 10�3 mg/cm2 �h in 2.0 kPa (0.29 psi)
water vapor and 0.13 kPa (0.02 psi) oxygen at
140 �C (284 �F) (Ref 64). The oxidation rate is
even lower for uranium-niobium alloys. U-6Nb
heat treated to the a00 phase, which is the
monoclinic distortion of a, reacted at 1=500 the
rate of unalloyed uranium in moist air, and two-
phase U-6Nb (a+c) reacted at 1=20 to 1=200 the
rate of uranium (Ref 65).

High-Temperature Oxidation. Uranium al-
loys are generally not used in high-temperature
service because they tend to always form a
mixed scale of uranium oxides and oxides of
the alloying elements (Ref 36, 66–69). None-
theless, the high-temperature oxidation of ura-
nium alloys is observed in hot processing of
these metals and, of course, in conditions
where the alloys are exposed in fires. The high-
temperature oxidation of uranium alloys is
reviewed by Cathcart (Ref 70). As in atmo-
spheric oxidation, the growth of scales on
uranium alloys proceeds principally via anion
diffusion through hyperstoichiometric UO2. As
a result, the oxide scale tends to grow outward
and develop extremely high stresses that result
in cracking and spallation. Because of the very
low oxygen activity maintained in the uranium
oxide scale, the alloying elements (notably Nb
and Zr) are often found in the scale as only par-
tially oxidized metal, the distribution of which
largely reflects the microsegregation of the
original alloy. This phenomenon is thought to
contribute to the “explosive” behavior of ura-
nium alloys pickled in concentrated nitric acid
(Ref 71). The uranium dioxide that forms the
majority of the scale rapidly dissolves in nitric
acid, leaving behind a layer of finely divided
niobium and/or zirconium that reacts explosively
with the acid. Therefore, it is strongly advised
that pickling not be used to remove thick
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scales from uranium alloys, rather that they
be mechanically cleaned prior to any acid
cleaning.

Hydriding

The product of the reaction between hydro-
gen gas and uranium is nearly stoichiometric
uranium hydride, UH3. The preparation of this
compound was the subject of the first report
within the field of metallurgy produced at the
Los Alamos Laboratory during the Manhattan
project, although this work was not published
in the open literature until 1947 (Ref 72). UH3 is
the only stable phase formed between uranium
and hydrogen. It is reported to exist in two forms,
a and b UH3. Both the a and b forms share the
same crystal structure (PM3M), but the a is the
lower-density phase. The nomenclature used
for these phases would imply that the a phase
could be obtained from the b phase on cooling;
however, a UH3 is in fact metastable at all tem-
peratures (Ref 73).

The kinetics of the uranium-pure hydrogen
reaction have been the subject of many studies
and are well characterized (Ref 42, 73–81). In the
reaction between hydrogen and bulk uranium
metal at constant temperature and pressure,
paralinear kinetics are observed. Under these
conditions, the reaction is extremely rapid
relative to any other corrosion phenomenon
observed in uranium. Because of the large dif-
ference in density between uranium metal and
uranium hydride, the hydride product spalls
off of the surface of the uranium. Consequently,
the initiation period of the reaction (discussed
below) is followed by a transition to a linear
rate. At longer times, a faster linear rate is
observed due to the breakup of the substrate and

consequent increase in surface area. Finally,
a decreasing rate is observed as the available
uranium is consumed. The kinetics are depen-
dent on the strength of the material, so in order to
obtain reproducible kinetics it has been shown
that it is necessary to use well-annealed material
with properties similar to those of as-cast
uranium. Figure 19 (Ref 82) illustrates typical
initiation kinetics on bulk uranium with a native
oxide present. Figure 20 (Ref 82) shows the
overall linear reaction kinetics as a function
of pressure and temperature for well-annealed
uranium. Note that at higher temperatures the
rates decrease as the dissociation pressure of
the hydride becomes comparable to the applied
hydrogen pressure.

The initiation of the uranium-hydrogen reac-
tion has been the subject of some controversy.
While early studies identified an “induction
period” prior to the reaction initiating, most
later studies maintain that this is a product of low
gas purity. In high-purity hydrogen, the reaction
begins immediately (Ref 4, 73, 75, 83). It has
been reported that, in order for the induction
period to be eliminated at temperatures below
100 �C (212 �F) it is also necessary to “sensi-
tize” the surface with an anneal at 200 to 600 �C
(390 to 1100 �F) (Ref 73, 76). It has recently
been demonstrated that, at the temperature of
the sensitization treatments, a range of chemical
species characteristic of hyperstoichiometric
uranium dioxide exposed to air are evolved (such
as COx or H2O) (Ref 84). This implies the pres-
ence of excess oxygen, OH�, and carbonate
or carbide/carboxide in the native oxide, all of
which have been shown to “inhibit” the uranium-
hydrogen reaction, although the mechanism of
inhibition varies. The kinetics of the initiation
stage have been reported by Brill (Ref 85).

Most studies have reported that the reaction
initiates at discrete sites on the surface of the
metal, the number and distribution of which
have been observed to vary with surface prep-
aration, grain size, purity, inclusion size, and
inclusion distribution, among other variables
(Ref 86–91). The kinetics vary considerably
with the metallurgical condition of the specimen,
notably the reaction is slower with cold-worked
material than in as-cast or annealed metal
(Ref 92). This effect has been explained by the
growth rate of the hydride being dependent
on the resistance of the metal to deformation
(flow stress) as the pits nucleate and grow below
the metal surface (Ref 79). This phenomenon is
significant and is often overlooked in mechan-
isms proposed for the hydriding of uranium.
Mechanisms that postulate a reaction limited
to the surface of the uranium are difficult to
reconcile with the inverse relationship between
strength and hydride growth in uranium, since
the hydride itself is not coherent with the metal
and has no strength. The Condon model predicts
that the nucleation occurs below the surface
of the metal in a hydrogen-saturated region
(Ref 79). This phenomenon has recently been
observed in the form of blisters that develop in
the early stages of hydriding (Ref 93).

There have been a number of studies on the
nature of the sites where the hydride nucleates
(Ref 87, 88, 94, 95). Owen and Scudamore
(Ref 87) identified inclusions as nucleation sites.
They also determined that the nucleation rate
decreases as the native oxide film grows. Bloch
et al. (Ref 88) conducted hydrogen exposures
at 133 kPa (1000 torr) and 150 to 250 �C (300
to 480 �F) with unalloyed uranium and U-0.1Cr.
They specifically excluded carbides as nuclea-
tion sites, but associated nucleation with random
sites in preferential areas such as grain bound-
aries, slip lines, scratches, and so forth. This
study showed extensive attack at all of these
sites. A “pitting-type” attack was identified
as occurring at temperatures below 130 �C
(266 �F) by coalescence of several nuclei into
a single pit growing into the metal. At higher
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temperatures, the growth appeared to be more of
a “lateral spread” type. Moreno et al. (Ref 95)
investigated uranium and U-0.1Cr exposed to
hydrogen at 50 �C (122 �F). They sensitized
their samples at 600 �C (1112 �F). Very rapid
attack was observed at grain boundaries, inclu-
sions, and twins. They attributed this to transport
through the oxide along planar defects formed
during oxide growth in the annealing stage.

Regardless of the precise nucleation site, it
has been demonstrated that the initial stage of
precipitation of uranium hydride on oxidized
uranium occurs below the surface. This results
in blisters that subsequently rupture and result in
pits on the surface of the uranium (Ref 93). Once
ruptured, the pits continue to grow until they
cover the entire surface of the component or
all of the available hydrogen is consumed. The
product of the uranium-hydrogen reaction is a
very fine powder that is extremely pyrophoric
(Ref 96, 97). Hydriding and dehydriding of
uranium is a convenient process for the produc-
tion of uranium powder.

It has been reported that at low partial pres-
sures of hydrogen (on the order of 1 torr, or
0.1 kPa) uranium with a thin surface layer
of oxide does not initiate hydriding (Ref 98).
This phenomenon suggests that a threshold
pressure may be required to maintain a sufficient
hydrogen activity at the metal/oxide interface to
dissolve hydrogen in the uranium prior to the
initiation of hydriding.

In the presence of mixtures of hydrogen and
other oxidants, the kinetics of the reaction are
considerably slower (Ref 99). This is due to a
combination of the effects discussed previously,
inhibition caused by the formation of surface
species such as uranium carbonate, and differ-
ential diffusion and geometry effects in the case
of large or nonuniform components.

Electrochemically Generated Hydrogen

Electrochemical polarization can produce
uranium hydriding in aqueous solutions at room
temperature. Uranium and U-2Nb hydrided in
acidic, neutral, and alkaline buffer solutions
when potentials were in the UH3 potential-pH
region, which is shown in Fig. 1. The reaction
was relatively slow, and samples that were
exposed for about 1 h were only ~20% covered
with hydrided material. Attempts to hydride
U-4Nb, U-6Nb, and U-8Nb were unsuccessful.

Figure 21 shows typical hydride morphology
after cathodic electrochemical polarization. The
hydrides were black in color and were raised
above the uranium surface. Hydriding was
localized, and initiation of the hydrides occurred
near, but not on, inclusions (Fig. 21a). Hydride
growth often occurred preferentially along grain
boundaries (Fig. 21b).

Environmentally Assisted Cracking

Uranium and uranium alloys, particularly
those with high strength, are often susceptible

to environmentally assisted cracking (EAC).
Environmentally assisted cracking is observed in
aqueous chloride solutions, hydrogen environ-
ments, and even in atmospheric air. A thorough
review of uranium alloy EAC has been written
by Eckelmeyer (Ref 100); therefore, this dis-
cussion only briefly reviews cracking due to
chloride and hydrogen environments. In general,
unalloyed uranium and moderately alloyed ura-
nium (e.g., U-6Nb) are more resistant to envi-
ronmental degradation of mechanical properties
than dilute alloys (e.g., U-0.75Ti) or highly
alloyed uranium (e.g., U-7.5Nb-2.5Zr).

The most sensitive and conservative method
for quantifying EAC susceptibility is a rising-
load, fracture mechanics test, which employs
precracked specimens. The stress intensity
(KISCC) at crack initiation and the crack growth
rate as a function of KISCC can be measured. This
method is conservative because it uses pre-
cracked specimens, which will give the lowest
initiation KISCC. The method is sensitive to dif-
ferences in alloy, heat treatment, and environ-
ment because these differences often change
crack growth rates more than the initiation KISCC.

Stress-Corrosion Cracking

Stress-corrosion cracking (SCC) is the brittle
failure of an alloy when it is exposed to a cor-
rosive environment and tensile stress. Stress-
corrosion cracking is often characterized by
multiple, branching cracks, and it can be sup-
pressed by cathodic polarization.

Studies show a significant decrease in the
fracture properties of U-0.75Ti (Ref 101, 102),
U-4.5Nb (Ref 103), U-6Nb (Ref 104), U-7.5Nb-
2.5Zr (Ref 105), and polynary uranium alloys
(Ref 101), in moist air and chloride environments
due to SCC. Stress-corrosion cracking typical-
ly occurs intergranularly, along prior c grain
boundaries. These alloys even suffer degradation
in humid air: the moist air plane-strain fracture
toughness, KIc, can be on the order of 50% lower
than the dry air KIc value.

In high-chloride environments (above 500
ppm), cracking is sometimes observed in the
absence of any stress (Ref 103, 105). This type of
crack propagation is due to stresses created by
the wedging force of the higher-volume corro-
sion product at the crack tip.

Hydrogen Embrittlement

Hydrogen embrittlement occurs when hydro-
gen diffuses into the alloy and causes brittle
failure under tensile stress. Sources of hydrogen
can be from the gas environment or the result
of electrochemical reactions such as corrosion,
electroplating, cleaning and pickling, or cathodic
protection. Hydrogen is commonly introduced
into uranium and its alloys during processing,
either by heating in molten salt baths or by heat
treatment in moist atmospheres.

Unlike in SCC, unalloyed uranium and lean
uranium alloys are most susceptible to hydrogen

embrittlement due to the low hydrogen solubility
of the a phase. Hydrogen embrittlement is also
more pronounced in lean alloys because they
tend to have higher strengths. The critical hydro-
gen concentration for significant degradation in
uranium and its alloys can be as low as 0.5 ppm
by weight. For example, U-0.75Ti with hydrogen
contents of 0.06 and 0.16 ppm showed little
decrease in reduction in area; however, U-0.75Ti
containing 1.14 ppm H had a significant de-
crease, with a reduction in area of only a few
percent (Ref 106). U-0.75Ti and lean alloys can

25 µm(a)

50 µm(b)

Fig. 21 Hydrides observed on U-2Nb after cathodic
polarization at �3.5 VSCE in pH 7.2 borate

buffer solution (Ar purged). (a) Hydrides initiate near,
but not on, carbide inclusions. (b) Hydride growth often
follows grain boundaries.
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even undergo HE due to residual stresses from
quenching or welding.

Hydrogen embrittlement in uranium and
uranium alloys that is a result of processing can
be all but eliminated by vacuum heat treatment
and thermal or mechanical stress relief. Lean
uranium alloys in particular benefit from stress
relief because they can retain high residual stress.

Protective Coatings and
Surface Modification

Oxide, organic, and metallic coatings have
been tested on uranium and lean uranium alloys
for improved corrosion resistance. Of the
numerous coating systems investigated, the
most successful are electroplating (principally
of nickel), cladding, and ion plating (both with
aluminum). Organic and ceramic coatings and
surface modification techniques, such as pre-
oxidation and ion implantation, have also been
investigated with varying degrees of success.

Protective Oxides

Both thermally grown and anodically grown
oxides have been investigated as protective
oxides on uranium and U-0.75Ti. Protective
oxides are attractive because they do not change
the surface finish of the metal, and they are also
hard and adherent. Although they can delay
the onset of corrosion, they do not provide any
additional corrosion resistance once corrosion
has initiated.

In the late 1960s, thermal oxides were grown
using a controlled oxygen atmosphere and
temperatures near 625 �C (1155 �F) (Ref 107).
Corrosion testing showed that thermal oxides
could delay the onset of corrosion for up to
several hundred hours at 100% relative humidity
at 95 �C (203 �F). However, once corrosion
initiated, the rate was the same as for unprotected
uranium. The most protective oxides were blue
in color and were hydrophobic; that is, when they
were dipped into water, the water did not wet
the surface (Ref 108).

Similar results were observed for anodically
grown oxides. Oxides were grown in solutions
of ammonium borate, ethanol, ethylene glycol,
and combinations thereof, but they did not pro-
vide long-term corrosion protection (Ref 109).
A nonaqueous solution was used to grow oxides
on U-0.75Ti, but they did not show any addi-
tional increase in corrosion resistance (Ref 110).

Organic Coatings

Organic coatings or paint work well for cor-
rosion protection when the environment is only
mildly corrosive and the substrate is somewhat
corrosion resistant (e.g., coated aluminum cans
for food or beverages). Water, given enough
time, will permeate through an organic coating,
and organic coatings can easily be scratched or
damaged. Because uranium is easily corroded,

organic coatings are not ideal for long-term
corrosion protection in aggressive environments.

Orman and Walker (Ref 111) examined a wide
range of coatings that represented the three major
curing mechanisms. They compared the effec-
tiveness of a single coat against multiple coats
and even added an aluminum powder to try to
reduce water permeability. Corrosion rates were
measured in water-saturated air at various tem-
peratures. Of the systems examined, only an
aluminum-pigmented, styrene-butadiene lacquer
provided significant protection at temperatures
up to 40 �C (105 �F) (Ref 111).

Although lean uranium alloys have somewhat
better corrosion resistance, organic coatings
performed marginally on them as well. Speci-
mens of U-4.2Nb that were a-aged and then
coated with epoxy primer and polyurethane
showed no severe corrosion in unscratched areas
after a 90 day salt fog test; however, severe
corrosion was observed in areas where the
coating was intentionally scratched (Ref 112).
Also, U-2Mo coated with both thermoplastic
and thermosetting acrylic resins using water and
solvent vehicles showed a delay in corrosion
initiation, but long-term corrosion rates were at
least as high as the uncoated material (Ref 113).
Monochlorotrifluoroethylene over an epoxy
paint on U-0.75Ti had good corrosion protection
in moderate humidity environments, but not
in high humidity environments (Ref 114).

It is clear from these results that organic
coatings should only be used on uranium and
lean alloys for short times where conditions are
only mildly aggressive. If storage is short-term,
a coating that is easily removed may be used. For
example, uranium was successfully stored for
several months under room-temperature, atmo-
spheric conditions by applying a thin coating
of watch oil (Ref 115).

Metallic Plating and
Surface Modification

Metallic coatings are the most common
method for increasing the corrosion resistance
of unalloyed uranium and lean uranium alloys.
These coatings are often applied in applications
where uranium and lean alloys will form gal-
vanic couples with more noble metals. There are
several processes for applying metallic coatings
on uranium: electroplating, ion implantation,
and physical vapor deposition.

Electroplating nickel on uranium provides
increased corrosion resistance and was devel-
oped at Los Alamos National Laboratory and
Battelle Memorial Institute in the 1960s
(Ref 116, 117). The Batelle process removed a
large amount of uranium from the surface. The
Los Alamos process did not remove as much
metal and included a chemical etch that created
a good mechanical bond (e.g., Fig. 22). The
drawback to the process was that metallic tin,
which resulted from a displacement reaction
during an alcohol-stannous chloride etch, had to
be mechanically removed as part of the process.

(a)

(b)

(c)

Fig. 22 Surface morphology (a) and (b) and cross
section (c) of U-0.75Ti after chemical etching.

The recesses extending into the base metal facilitate
adherence of the electroplate and provide enhanced cor-
rosion protection. Original magnification: (a) and (c) 300 ·,
(b) 1000 ·
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Improvements, made at Sandia Laboratories,
eliminated mechanical removal of tin (Ref 118,
119). Because of recent regulations and waste
reduction, this process is slightly different from
the original process:

1. Ultrasonic clean in an aqueous, alkaline
detergent to degrease.

2. Caustic soak in sodium hydroxide at 80 �C
for 5 to 10 min.

3. Water rinse.
4. Pickle in 50 vol% nitric acid at room tem-

perature until oxide is removed.
5. Water rinse.
6. Etch in ferric chloride hexahydrate (1.34 g/

mL) at 32+1 �C for about 20 min. The
water content of this solution is critical
to the etch rate. An alternate solution is
40 g/L CuCl3+2 mL/L HF for 1 min
(requires operator expertise).

7. Double rinse in water.
8. Pickle in 30 vol% nitric acid at room

temperature.
9. Water rinse.

10. Apply a noncyanide copper strike (op-
tional).

11. Nickel sulfamate plate (160 to 220 A/m2).

The process yields better results if the non-
cyanide copper strike (step 10 above) is applied.
The older processes used trichloroethylene
to clean the surface, but aqueous, ultrasonic
cleaners are now used. Also, a pumice scrub was
used in addition to the caustic soak to remove
oxide; however, it creates a potential operator
contamination hazard and is not needed for good
results.

Nickel coatings of 6 to 8 mm (0.24 to 0.31 mil)
thickness significantly reduced the uranium
corrosion rate (Fig. 23), but a coating thickness
greater than 50 mm (1.97 mils) would be re-
quired for good, long-term corrosion resistance
in moist nitrogen (Ref 120, 121). Because nickel
is noble to uranium and lean uranium alloys
(Fig. 10), any breach or defect in the coating
will cause accelerated, galvanic corrosion to the
substrate. Therefore, nickel or any noble metal
coating should be used with caution. A better

option is a multilayer plate that incorporates a
sacrificial layer. When zinc and zinc-chromate
conversion overplates are applied to a nickel
layer, thinner nickel thicknesses are required for
protection of U-0.75Ti (Ref 122, 123).

Another consequence of electroplated, nickel
coatings is hydrogen generation and uptake
during plating. This is of special concern in
highly susceptible alloys such as U-0.75Ti.
Hydrogen uptake from nickel electroplating is
concentrated at the surface and generally does
not affect tensile properties of bulk specimens
tested in air (Ref 120). However, if the nickel
coating is thin, tensile properties are reduced in
water or water vapor due to accelerated corrosion
at coating defects (Ref 120).

Adhesion of electroplated nickel coatings is
good due to mechanical interlocking between
uranium and nickel, but high temperatures can
affect adhesion. Specifically, the uranium-nickel
bond is susceptible to reduced bond strength
at temperatures above about 350 �C (660 �F),
and brittle intermetallic phases form at long
times and higher temperatures (Ref 124).

Ion Implantation. Another method for
applying metallic coatings is ion implantation.
The corrosion protection provided by ion-
implanted coatings depends on the coating
structure that results from various process pa-
rameters, including deposition rate, bias voltage,
substrate cleanliness, contaminants, and inter-
diffusion of substrate and coating materials
(Ref 125, 126). The advantages of this process
over electroplating include no hydrogen uptake,
excellent coating adherence, uniform thickness,
and the ability to plate aluminum or, any other
species, most of which cannot be accomplished
electrochemically. The disadvantages include
cost, possible surface heating, which may affect
mechanical properties, and part geometry/
thickness effects due to line-of-sight application,
although this can be overcome by using plasma
implantation techniques.

Aluminum and molybdenum are the most
commonly studied elements for ion implantation
on uranium. Aluminum ion-implanted onto
uranium provided good humid-air corrosion
resistance at temperatures below about 75 �C
(165 �F) through the formation of a uranium-
aluminum intermetallic layer (Ref 126). Ion-
implanted molybdenum on U-0.75Ti had a ben-
eficial effect on pitting resistance in acidic and
alkaline chloride solutions, but not in neutral
chloride solution, (Ref 127).

Ion implantation has also been investigated
as a means to suppress interactions between
metals and hydrogen gas. Implantation of oxy-
gen resulted in much delayed hydride initiation
and localized hydride pits compared to as-
polished uranium, which exhibited fairly rapid
initiation and uniform hydriding (Ref 128). The
same study showed that implantation of carbon
instead of oxygen produced a similar delay
in initiation, but a larger area on the carbon-
implanted surface participated in the hydride
reaction. In a later study, carbon and nitrogen
were implanted separately into uranium, with

the result that both oxidation and hydriding
were suppressed (Ref 129–131). These results
are especially interesting insofar as they relate
to the effects of impurities on the corrosion of
uranium. The most common impurities in ura-
nium are carbon, nitrogen, and oxygen, usually
in the form of cubic inclusions based on UC.
The fact that uniform layers of these elements
actually decrease reactivity with oxygen and
hydrogen suggests that the inclusions them-
selves, which are composed of these elements,
are unlikely to act as nucleation sites for pitting
corrosion.

Physical Vapor Deposition. Metallic coat-
ings can also be applied by the physical vapor
deposition (PVD) process. In PVD, the source
material is either evaporated and then deposited
or sputtered and then deposited. A wider variety
of metals, including alloys, can be applied using
the sputter method. Physical vapor deposition
by sputtering provides excellent adhesion, but
can cause substrate heating and is expensive.

The corrosion resistance of PVD coatings
ranging in thickness from 3 to 13 mm (0.12 to
0.51 in.) was examined electrochemically in
aerated 3.5% NaCl solution (Ref 132). For all
thicknesses studied, the coatings were porous,
and only sacrificial coatings of zinc, magnesium,
aluminum-zinc, and aluminum-magnesium pro-
vided protection. Coatings with noble metals,
such as nickel, titanium, aluminum, and TiN,
would need to be thicker and defect-free to pro-
vide protection. Another study confirmed that
sacrificial aluminum-zinc on U-0.75Ti provided
better corrosion protection and adhesion than
a noble, multilayer coating of TiN/Ti/TiN,
which will corrode if there are coating defects
(Ref 132).

Storage of Uranium

Proper storage and handling of uranium to
minimize corrosion is somewhat counter-
intuitive. Uranium produces hydrogen in reac-
tions with H2O, except when oxygen is present.
The solubility of hydrogen in uranium alloys
tends to increase with alloy content, so while the
tendency to precipitate the hydride decreases,
more hydrogen may dissolve in the metal, which
could have a detrimental effect on the material
properties. Consequently, for most cases, the
best option for storing uranium metal is in well-
ventilated metal containers that allow the
continued reaction with air and do not lead
to low-oxygen conditions, which will result
in accelerated corrosion. Alternatively, if it is
necessary to avoid corrosion entirely, the metal
should be stored in sealed cans that have been
thoroughly dried and backfilled with ultrahigh-
purity, dry, inert gas. Uranium metal that has
been stored in sealed containers for many
years without any known provision for the
removal of moisture must be suspected of having
some fraction of hydride present. Because the
hydride is pyrophoric when exposed to air,
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this material should be treated with extreme
caution. The pyrophoricity of uranium com-
pounds formed on old metallic nuclear fuel
stored under poor conditions has recently been
reported (Ref 96).

Environmental, Safety, and
Health Considerations

Special care should be observed when han-
dling uranium due to its mild radioactivity,
chemical toxicity, and pyrophoricity. The
primary radiological hazards associated with
uranium are alpha and beta emission. Alpha
radiation mainly poses an internal radiation
hazard, so any process that may produce inges-
tible particulate should be designed with appro-
priate engineering controls. Exposure to beta
radiation can easily be minimized by increasing
distance and shielding (safety glasses, gloves,
and plastic shields, for example). Uranium is a
heavy metal, and as such, can cause damage to
internal organs when ingested. Finely divided
uranium, uranium oxide, and uranium hydride
are pyrophoric and must be handled carefully to
avoid fire. As the material becomes more finely
divided, the surface area available for reaction
increases, which results in more mass being
consumed per unit time, resulting in a more
energetic fire. Therefore, uranium or uranium
alloys that have corroded and have loose oxide
need to be handled carefully. Finally, uranium-
niobium and uranium-zirconium alloys can
become explosive after immersion in acid.
Immersion of heavily oxided, two-phase ura-
nium-niobium or uranium-zirconium in nitric
acid can produce a black surface film that will
explode when triggered by a spark or mechanical
shock, even after being dried (Ref 71). Because
of the radioactivity and toxicity of uranium,
disposal is strictly regulated. Additional infor-
mation on uranium safety can be found in
Ref 133 and 134.
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Corrosion of Precious Metals and Alloys
Revised by Gaylord D. Smith, Special Metals Corporation

THIS ARTICLE characterizes the corrosion
resistance of the precious metals: ruthenium,
rhodium, palladium, silver, osmium, iridium,
platinum, and gold. The elements are listed in
order of their atomic number as found in periods
5 and 6 and group VIII and IB of the periodic
table. These metals—also called noble, based on
their positive position relative to a hydrogen
electrode and in recognition of their resistance to
chemical reaction, especially oxidation—offer
corrosion resistance that is unmatched in base
metals and alloys. The available information on
the corrosion resistance of each element varies
widely. Generally, more data are available for the
more abundant, more easily fabricated elements.
Silver and platinum have been evaluated in more
environments than the other elements. Con-
versely, very little data are available for the
intractable elements, osmium and ruthenium.

For each element, the general fabricability of
the metal is briefly defined. More detailed
information on fabricability is available in Ref 1
to 3. Fabrication characteristics and physical
properties are found in the article “Properties of
Precious Metals,” Properties and Selection:
Nonferrous Alloys and Special-Purpose Materi-
als, Volume 2, ASM Handbook, 1990. This will
aid in assessing the relevance of any particular
noble metal to a given application. Atomic,
structural, and physical properties can also play
an important role in the use of any element or
alloy in a given environment. Table 1 lists
selected physical and mechanical properties
for all of the noble metals. Corrosion data are
divided into several categories, including high-
temperature oxidation. These data follow a
general summary of the performance of each
element. For comparative purposes, certain
tables have common corrosive environments in
each table for each element. This should aid the
reader in finding the optimal element or alloy for
any given type of common corrosive environ-
ment. Much of these data were originally
presented in different corrosion units. This infor-
mation has been standardized in units of milli-
meters per year (mils per year). Virtually all the
corrosion results are based on short-duration
tests, so the information is intended to serve
principally as a guide of expected results,
because short-term results do not always re-
liably predict longer-term corrosion rates. The

corrosion resistance of the pure or principal
element is given in the tables but this is still
relevant to the performance of many of their
available commercial alloys. Effects of some
alloying elements, when significant, are men-
tioned in the text.

Corrosion data for the noble metals have been
summarized for the various elements in the past
(Ref 1, 3–10). Some of these data are in conflict
and some are in question. A best effort has been
made to present the most reliable corrosion rate.
The references cited will frequently contain
additional detail in specific incidences.

Because of the high cost of the noble metals, a
corrosion rate of approximately 0.05 mm/yr
(2 mils/yr) was selected as an arbitrary practical
upper limit of an acceptable corrosion rate. In
severe environments, where a noble metal must
be used and a higher corrosion rate can be tol-
erated, an upper limit of 0.25 mm/yr (10 mils/yr)
may be acceptable. Most of the corrosion data
presented here are in either of these two cate-
gories. For many design applications, more rig-
orous limits and knowledge of the actual
corrosion rate and type are required. For these
applications, a more rigorous search of the lit-
erature or actual laboratory/field testing is war-
ranted.

Silver

Fabrication. Next to gold, silver is the most
easily fabricated metal in the periodic table. It is
very soft and ductile in the annealed condition.
Silver is available in a large variety of product
forms, including sheet, strip, foil, bar, wire, and
shaped extrusions. Although silver work hard-
ens, it is easily annealed in air above approxi-
mately 300 �C (570 �F). Silver is readily fusion
welded—preferably by argon arc welding,
because an oxyhydrogen flame can embrittle
silver through gas absorption. Silver can be sol-
dered by a number of silver- or tin-base solders.
It can also be hammer peened to form strong
joints.

Silver is commonly clad to copper, nickel, and
steel alloys by either brazing or solid-phase
bonding. Silver-lined tubing can be fabricated by
expanding silver tubing inside the base metal
tubing.

Atomic,Structural,andPhysicalProperties.
Silver has several distinctions in the ranking of
properties:

� Silver has the lowest density of the noble
metal group of elements.

� Silver has the lowest melting point of all the
noble metals.

� The thermal conductivity of silver is the
highest of all the elements near room tem-
perature.

� The room-temperature electrical resistance of
silver is the lowest of all the elements.

� The standard electrode potential for silver
(Ag$Agþþe� ) is þ0.79 V and is ex-
ceeded only by gold and the platinum group
metals.

Mechanical Properties. Annealed silver has
relatively low yield and tensile strengths, but
appreciable strength can be induced through cold
working. Tensile strength can be increased from
124 to 186 MPa (18 to 27 ksi) for annealed
material to approximately 310 MPa (45 ksi)
following 50 to 80% cold work. Silver loses
strength rapidly above room temperature and,
accordingly, is used with caution if high-tem-
perature service is contemplated. Silver cladding
is being successfully used to extend the useful
temperature range of silver and its alloys.

Corrosion Resistance. Extensive reviews of
the corrosion resistance of silver are available in
the literature (Ref 1, 4–6, 8).

The corrosion resistance of silver depends on
purity; much of the data presented here is for 999
fine silver (the fineness of silver is the pure silver
content per 1000 parts of alloy). Silver can be
used in hydrochloric acid (HCl), but results can
be unsatisfactory under strongly aerating condi-
tions when the concentration of acid and the
temperature are increased. The halide acids, with
the exception of hydrofluoric acid (HF), passi-
vate silver under favorable conditions by form-
ing a stable protective film. Silver-lined vessels
are used for the bromination of organic materials,
but hydrobromic acid (HBr) exposure is limited
to room temperature and a maximum of 14%
acid. Similarly, silver is restricted to room-tem-
perature exposure in dilute hydroiodic acid (HI).
Nitric acid (HNO3) that contains traces of nitrous
acid attacks silver vigorously. Hot, concentrated
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(60%) sulfuric acid (H2SO4) also attacks silver
rapidly, as does 95% acid at room temperature.
Phosphoric acid (H3PO4) can be handled at all
concentrations and temperatures of 160 to
200 �C (320 to 390 �F). The corrosion resistance
of silver in acids is given in Table 2. The Pour-
baix diagram for silver is given in Ref 11. Silver
is not attacked by water or steam to 600 �C
(1110 �F).

Silver is resistant to dry and moist chlorine,
due to the formation of a compact and pore-free
film of silver chloride through which ambipolar
diffusion of silver ions and electrons takes place.
Silver is resistant to dry bromine but is not
resistant to iodine and fluorine unless it is cath-
odically protected (Table 3). Silver is resistant to
many hydroxide, sulfate, carbonate, nitrate-
bisulfate, and halide salt solutions but is attacked
by others (Table 4).

Table 5 lists corrosion rate data for silver in
nearly 100 organic compound environments.
Silver is satisfactory for use in nearly 90% of
these environments. Several of the organics for
which silver is not recommended did not attack
silver; rather, silver affected the organic com-
pound, such as certain fats and the essential oils.
This is also true for hydrogen peroxide and
hydrazine. Silver is attacked by organic amines
and by ammoniacal solutions of copper acetate.

The inertness of silver in many organic environ-
ments makes it the material of choice, especially
where high product purity is essential.

Silver is attacked by most fused bisulfates,
cyanides, halides, phosphates, and peroxides but
is not attacked at temperatures below 500 �C
(930 �F) by sodium hydroxide and at slightly
lower temperatures by potassium, cesium, and
rubidium hydroxides. All the low-melting mol-
ten metals attack silver, including mercury,
sodium, potassium, lead, tin, bismuth, and
indium. The corrosion resistance of silver in
various gases is given in Table 6.

Oxidation. Silver is resistant to dry and
moist air at ordinary temperatures. At slightly
elevated temperatures, silver may form a thin
film of silver oxide. Above approximately
455 �C (850 �F), any silver oxide present will
dissociate at atmospheric pressure, leaving the
surface clean once again. However, molten silver
dissolves appreciable quantities of oxygen,
which can result in considerable internal porosity
upon resolidification as the oxygen is rejected
from the lattice. Oxygen diffuses more freely
through solid silver than through any metal. This
fact has made it feasible to internally oxidize
certain alloying elements, such as magnesium, in
order to dispersion strengthen silver in, for
example, the Ag-10MgO alloy used for electrical

contacts. The information on oxygen in silver is
reviewed in Ref 12. The causes and character-
istics of sulfur-induced tarnish on silver and sil-
ver-rich alloys are reviewed in Ref 6. Sulfur in air
will tarnish silver items, as will sulfur in eggs,
wool, and rubber products.

Silver is blackened by ozone, with the max-
imum rate of attack at 220 to 250 �C (430 to
480 �F); the black tarnish disappears above
approximately 455 �C (850 �F). Silver can be
exposed to carbon monoxide to 300 �C (570 �F),
to hydrogen to 700 �C (1290 �F), and to nitrogen
to 500 �C (930 �F). At red heat, sulfur dioxide
and sulfur trioxide rapidly attack silver. This
attack becomes progressively worse with tem-
peratures beginning at or near room temperature
(Table 6).

The relatively poor strength of silver at ele-
vated temperatures has minimized its use at high
temperatures. However, silver-plated bearings
are used in jet engines because of the improved
lubricity and thermal conduction the silver con-
tributes.

Alloying of Silver for Corrosion Applica-
tions. Sterling silver contains a minimum of
92.5% Ag. Although the remainder is unrest-
ricted, it is usually copper. Because copper is
soluble in silver to the extent of approximately
4%, sterling silver is commonly a duplex alloy.

Table 1 Selected properties of the noble metals

Metal

Property Platinum Palladium Iridium Rhodium Osmium Ruthenium Gold Silver

Atomic number 78 46 77 45 76 44 79 47
Atomic weight, amu 195.09 106.4 192.2 102.905 190.2 101.07 196.967 107.87
Crystal structure(a) fcc fcc fcc fcc hcp hcp fcc fcc
Electronic configuration (ground state) 5d96s 4d10 5d76s2 4d85s 5d66s2 4d75s 5d106s 4d105s1

Chemical valence 2,4 2,4 3,4 3 4,6,8 3,4,6,8 1,3 1,2,3
Density at 20 �C (70 �F), g/cm3 (lb/in.3) 21.45 12.02 22.65 12.41 22.61 12.45 19.32 10.49

(0.774) (0.434) (0.818) (0.448) (0.816) (0.449) (0.697) (0.378)
Melting point, �C (�F) 1769 1554 2447 1963 3045 2310 1064.4 961.9

(3216) (2829) (4437) (3565) (5513) (4190) (1948) 1763.4
Boiling point, �C (�F) 3800 2900 4500 3700 5020+100 4080+100 2808 2210

(6870) (5250) (8130) (6690) (9070+180) (7375+180) (5086) (4010)
Electrical resistivity, mV . cm

at 0 �C (32 �F)
9.85 9.93 4.71 4.33 8.12 6.80 2.06 1.47

Linear coefficient of thermal expansion,
min./in./�C

9.1 11.1 6.8 8.3 6.1 9.1 14.16 19.68

Electromotive force versus Pt-67 electrode
at 1000 �C (1830 �F), mV

. . . �11.457 12.736 14.10 . . . 9.744 12.34(b) 10.70(c)

Tensile strength, MPa (ksi)
As-worked wire 207–241 324–414 2070–2480(d) 1379–1586(d) . . . 496 207–221 290

(30–35) (47–60) (300–360) (200–230) . . . (72)(d) (30–32) (42)
Annealed wire 124–165 145–228 1103–1241 827–896 . . . . . . 124–138 125–186

(18–24) (21–33) (160–180) (120–130) . . . . . . (18–20) (18.2–27)
Elongation in 50 mm (2 in.), %

As-worked wire 1–3 1.5–2.5 15–18(d) 2 . . . 3(d) 4 3–5
Annealed wire 30–40 29–34 20–22 30–35 . . . . . . 39–45 43–50

Hardness, HV
As-worked wire 90–95 105–110 600–700(d) . . . . . . . . . 55–60 . . .
Annealed wire 37–42 37–44 200–240 120–140 300–670 200–350 25–27 25–30
As-cast 43 44 210–240 . . . 800 170–450 33–35 . . .

Young’s modulus at 20 �C (70 �F)
GPa (106 psi)
Static 171 115 517 319 558 414 77 74

(24.8) (16.7) (75) (46.5) (81) (60) (11.2) (10.8)
Dynamic 169 121 527 378 . . . 476 . . . . . .

(24.5) (17.6) (76.5) (54.8) (69)
Poisson’s ratio 0.39 0.39 0.26 0.26 . . . . . . 0.42 0.37(e)

(a) fcc, face-centered cubic; hcp, hexagonal close-packed. (b) At 800 �C (1470 �F). (c) At 700 �C (1290 �F). (d) Hot worked. (e) Annealed. Source: Engelhard Industries Division, Engelhard Corporation
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The copper in solid solution has little effect on
corrosion resistance, but the duplex micro-
structure may be a source of galvanic attack in
strong electrolytes, such as seawater. However,
this effect is rare in most environments. At
slightly elevated temperatures, the copper is
selectively oxidized. In this regard, copper does

adversely affect the tarnish resistance of silver.
However, copper additions to silver improve the
strength of the metal, an attribute that is exploi-
ted in making cooling coils for beer and other
foodstuff manufacturers. In general, base metal
alloying does little to improve the corrosion
resistance of silver. Most alloying of silver with

base metals is done to change mechanical prop-
erties and melting point.

Some electrical contacts have been made with
a 60 to 70% Ag alloy containing up to 30% Au. A
ternary Au-24Ag-6Pt alloy is extensively used in
telephone equipment. Silver-gold binary alloys
are used for jewelry and dental applications as
well (Ref 13–17). Alloys of silver containing 3 to
10% Pd are used for electrical contact materials.
It should be noted that the alloy Pd-23Ag,
because of its dimensional stability and high
hydrogen permeability, has found acceptance as
a diffusion membrane for the production of
ultrapure hydrogen. Alloys in the Ag-Au-Pd
ternary field possess excellent high-temperature
oxidation resistance, favorable brazing char-
acteristics, and a wide range of fusion tempera-
tures from the melting point of silver (961.9 �C,
or 1763.4 �F) to that of palladium (1554 �C, or
2829 �F).

Corrosion Applications of Silver. The use
of silver and silver-rich alloys in jewelry, coin-
age, and sterling ware is well known. Also of
commercial significance are the uses of silver in
manufacturing and processing equipment within
the food, chemical, and pharmaceutical indus-
tries. Silver has been used for decades within the
food industry to maintain purity and freedom
from metallic taste. Silver is resistant to many
organic acids, salts, compounds, and foodstuffs
and is used to manufacture, concentrate, and
evaporate these products. Silver equipment
has been used for handling syrups, fruit juices,
beer, cider, white vinegar, jellies, gelatin, fatty
acids, and essential oils, as well as autoclaves,
mixing vessels, boiling pans, storage vats, and
transfer equipment. Similarly, in the pharma-
ceutical industry, silver equipment is used to
produce certain fine chemicals, hormones, and
vitamins.

The chemical industry frequently uses sil-
ver-lined process equipment to minimize corro-
sion. Silver is used in apparatus to synthesize

Table 2 Corrosion of silver in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Acetic, all concentrations Boiling 50.05 2
Acetylsalicylic, all concentrations Boiling 50.05 2
Aqua regia Room Potential dissolution(a)
Arsenic Room Dissolution
Ascorbic, all concentrations Room 50.05 2
Benzoic, all concentrations 130 265 50.05 2
Boric, salt Boiling 50.05 2
Butyric Boiling 50.05 2
Carbonic, all concentrations Room 50.05 2
Chloric, all concentrations Room Attacked
Chlorotoluene-sulfonic Room 50.05 2
Chromic, all concentrations 100 212 50.05 2
Citric, to 30% concentration Boiling 50.05 2
Crotonic Boiling 50.05 2
Fatty acids 400 750 50.05 2
Fluorosilicic 65 150 50.05 2
Formic, pure Boiling 50.05 2
Gluconic, all concentrations Boiling 50.05 2
Glycerophosphoric, to 50% Boiling 50.05 2
Hydrogen selenide Room Attacked
Hydrogen sulfide Room Attacked
Hydrobromic, below 14% Room 50.05 2
Hydrochloric, %

5 (limited aeration) 100 212 0.035 1.4
5 (strong aeration) Room 0.04 1.6

15 (limited aeration) Room 0.007 0.28
15 (strong aeration) Room 0.085 3.3
25 (limited aeration) Room 0.14 5.5
25 (strong aeration) Room 0.36 14.2
36 (limited aeration) Room 0.07 2.8
36 (strong aeration) 100 212 2.5 100

Hydrofluoric, below 50% Boiling 50.05 2
Hydroiodic, dilute Room 50.25 10
Hypochlorous Room Attacked
Isovaleric, all concentrations Boiling 50.05 2
Lactic Boiling 50.05 2
Laevulinic, all concentrations Boiling 50.05 2
Monochloroacetic, all concentrations Boiling 50.05 2
Nitric Room Rapid dissolution
Nitrous Room Dissolution
Oxalic Boiling 50.05 2
Phenylacetic, all concentrations Boiling 50.05 2
Phosphoric, %

5 102 215 0.003 0.12
45 60 14 nil
45 110 230 0.007 0.28
67 60 140 0.004 0.16
67 125 255 0.02 0.8
85 60 140 0.002 0.08
85 140 285 0.048 1.9
85 160 320 0.306 12

Phthalic, pure Boiling 50.05 2
Picric, pure 125 255 50.05 2
Propionic Boiling 50.05 2
Pyridine-carboxylic, pure Room 50.05 2
Salicylic, all concentrations Boiling 50.05 2
Stearic, pure 160 320 50.05 2
Sulfuric, %

10 Boiling 0.003 0.12
50 Boiling 0.034 1.3
60 Boiling 0.88 34.6
95 Room 0.14 5.5

Sulfurous, all concentrations 90 195 50.05 2
Tartaric, all concentrations(b) 100 212 50.05 2

(a) Attack will occur whenever silver chloride film is ruptured. (b) Oxygen increases attack in dilute tartaric acid at room temperature

Table 3 Corrosion of silver in halogens

Temperature Corrosion rate

Halogen �C �F mm/yr mils/yr

Chlorine,
dry(a)

100 212 Slight 40.05 2

Chlorine, moist
or in solution

100 212 50.05 2

Saturated
chlorine in
water

Room 50.05 2

Bromine,
dry(a)

Room 50.05 2

Bromine, in
methanol

Room 40.05, 50.5 2.20

Bromine, in
glacial acetic
acid

50 120 50.05 2

Iodine, dry Room Dissolution
Iodine, moist or

in solution
Room Dissolution

Fluorine, dry(b) Room Very slight attack

(a) Halogen attack accelerates with increasing temperature, especially
with moisture present. (b) Can be used as cathode to 250 �C (480 �F) for
electrolysis of potassium fluoride plus HF to produce fluorine
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urea from ammonia and carbon dioxide. Dye
manufacturers use silver to handle aniline, ethyl
chloride, boric acid, iodine, formaldehyde,
magnesium chloride, magnesium sulfate, and
zinc oxide. Silver-lined equipment is used to
dehydrate glacial acetic acid and to process and
store acetic anhydride in the rayon industry and
phenol in the synthetic coatings industry. Highly
refined acid products, such as phthalic acid made
from hardwood distillation, can be processed in
silver-lined stills. Silver vessels are often used to
produce highly corrosive writing inks. Silver
condensers are used to produce high-purity
methyl acetone. High-purity sodium and potas-
sium hydroxide are concentrated to the anhy-
drous melt in silver pans, and commercial grades
of these products are also concentrated in silver-
lined continuous vacuum evaporators operating
at over 315 �C (600 �F). Silver-tubed con-
densers are used for condensing 70% HF from
the hot hydrogen fluoride vapors formed during
the hydrofluorination of uranium. Silver meter-
ing equipment is employed in disperse wet

chlorine gas in water purification installations.
The chemical industry uses equipment made
from silver to produce fluorophosphoric acid and
salts. Rupture disks for emergency relief of
pressure in chemical-processing equipment are
frequently made of silver.

The use of silver to produce mirrors is based
on the relative inertness of silver in air as well as
its high and uniform reflectivity in the visible
light range. Silver-containing electrical contacts
and batteries derive their utility from the che-
mical nobility and stability of silver, although in
relay contacts the formation of silver sulfide,
whose resistance increases as the current
decreases, imposes restraints on the use of silver
and its alloys in this field.

Gold

Fabrication. Gold is a highly malleable ele-
ment that does not work harden significantly at
room temperature. It is available for industrial

use in all product forms, including thin strip and
leaf, tubing, and fine wire. It is readily fabricated
into finished-product forms and claddings. Gold
is easily fusion or hammer welded. Soft solder-
ing is not recommended. Gold can be deposited
in thin films and fabricated on the nanometer
scale for electronic components.

For jewelry, the common unit of gold content
is the carat (commonly spelled karat in the
United States). This is the proportion of gold in
alloy in twenty-fourths. Au 18 karat item is 18/24
or 75% Au.

Mechanical Properties. Annealed gold is
extremely soft (25 to 27 HV) at room tempera-
ture and is relatively low in tensile strength (125
to 138 MPa, or 18 to 20 ksi). Cold-worked wire
cannot be strengthened much above 207 MPa
(30 ksi). Because of the low strength of gold, the
use of gold cladding on stronger base metals is
common. Gold cannot be used as a structural
material at elevated temperatures because of
creep of the metal. Gold rupture disks usually are
not used above 80 �C (175 �F).

Table 4 Corrosion of silver in salts and other environments

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Alum, all concentrations Boiling 50.05 2
Aluminum chloride, all concentrations(a) Boiling 50.05 2
Aluminum fluoride, all concentrations Boiling 50.05 2
Aluminum sulfate, all concentrations Boiling 50.05 2
Ammonium chloride, all concentrations Boiling 50.05 2
Ammonium hydroxide(b) Room 50.05 2
Ammonium nitrate, 520% Room 50.05 2
Ammonium phosphate, all concentrations Boiling 50.05 2
Ammonium sulfate, all concentrations Boiling 50.05 2
Ammonium thiocyanate, pure 100 212 50.05 2
Antimony pentachloride, pure 90 195 50.05 2
Barium chloride, all concentrations Boiling 50.05 2
Barium chloride, all concentrations Room 50.05 2
Barium peroxide, all concentrations Room Attacked
Bismuth oxide, all concentrations Room Slight attack
Calcium bisulfite, pure Boiling 50.05 2
Calcium carbonate, all concentrations Room Slight attack
Calcium chloride, all concentrations 100 212 50.05 2
Calcium hydroxide, all concentrations 100 212 50.05 2
Calcium sulfate, all concentrations 100 212 50.05 2
Calcium sulfide, all concentrations Room Blackens
Cesium hydroxide, all concentrations 500 930 50.05 2
Cupric chloride, all concentrations 100 212 Attacked
Cupric nitrate, all concentrations Room 50.05 2
Cupric sulfate, all concentrations Room-boiling 50.05 2
Cupric sulfate in sodium chloride 100 212 Attacked
Cuprous chloride, all concentrations 100 212 Attacked
Cuprous nitrate, all concentrations 100 212 Attacked
Cuprous sulfate, all concentrations 100 212 Attacked
Dyes, acid chromium Boiling 50.05 2
Ferric alum, all concentrations 100 212 Attacked
Ferric chloride, 55% Room 50.05 2
Ferrous sulfate, all concentrations(c) Room 50.05 2
Fluorosilicate, all concentrations 100 212 50.05 2
Hydrogen peroxide, all concentrations Room Peroxide decomposed
Hydrogen sulfide, all concentrations Room Blackened
Lithium chloride, all concentrations Boiling 50.05 2
Magnesium chloride, all concentrations 120 250 50.05 2
Magnesium chloride, melt 710 1310 Attacked
Mercuric chloride, all concentrations Room Not recommended
Nitrosyl chloride, dry Room 50.05 2
Phosphorus chlorides, pure Boiling 50.05 2
Potassium bisulfate, all concentrations Boiling 50.05 2
Potassium bromide, all concentrations 200–400 390–750 50.05 2
Potassium carbonate, all concentrations Boiling 50.05 2

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Potassium chlorate, all concentrations Boiling 50.05 2
Potassium cyanide, concentrated, in air Room Attacked
Potassium dichromate, all concentrations Boiling 50.05 2
Potassium ferrocyanide, all concentrations Room Attacked
Potassium hydroxide, all concentrations(b) 300 570 50.05 2
Potassium hydroxide, melt(b) 350 680 50.05 2
Potassium nitrate, all concentrations Boiling 50.05 2
Potassium nitrate, melt 335 635 Attacked
Potassium perborate, all concentrations(d) 50 120 50.05 2
Potassium permanganate, all concentrations Boiling Attacked
Potassium peroxide, melt 100 212 above Attacked

melting point
Potassium persulfate, all concentrations Room Attacked
Potassium sulfate, all concentrations Boiling 50.05 2
Sodium bisulfate, melt 400 750 Attacked
Sodium bisulfites, all concentrations 100 212 50.05 2
Sodium carbonate Boiling 50.05 2
Sodium chloride, all concentrations Boiling 50.05 2
Sodium chromate, all concentrations Boiling 50.05 2
Sodium cyanide, all concentrations Room Attacked
Sodium fluorosilicate, pure 100 212 50.05 2
Sodium hydroxide, 595% Boiling 50.05 2
Sodium hydroxide, melt(b)(e) 500 930 50.05 2
Sodium hypochlorite, all concentrations Room 50.05 2
Sodium hypochlorite plus Room 50.05 2

sodium chloride, saturated solution
Sodium nitrate, all concentrations Boiling 50.05 2
Sodium perborate, all concentrations 50 120 50.05 2
Sodium perchlorate, all concentrations Boiling 50.05 2
Sodium perchlorate, melt 480 900 Attacked
Sodium peroxide, melt 400 750 Attacked
Sodium phosphates, all concentrations Boiling 50.05 2
Sodium silicates, all concentrations Boiling 50.05 2
Sodium sulfate, all concentrations Boiling 50.05 2
Sodium sulfide, all concentrations Room Slight attack
Sodium thiosulfate, all concentrations Room 50.05 2
Stannic ammonium chloride, all

concentrations
Boiling 50.05 2

Stannic chloride, all concentrations Boiling 50.05 2
Sulfuryl chloride, dry and wet 300 570 50.05 2
Thionyl chloride, dry or wet Boiling 50.05 2
Uranyl nitrate, all concentrations Boiling 50.05 2
Zinc chloride, all concentrations Boiling 50.05 2

(a) Provided oxidizing agents are not present. (b) Air must be excluded. (c) Attacked upon heating. (d) Causes deterioration of potassium perborate. (e) Mass transfer possible above 600 �C (1110 �F)
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Corrosion Resistance. Pure gold essentially
owes its corrosion resistance to the low chemical
affinity of the element. Passive film protection,
such as occurs for silver in halide environments,
is rare.

Table 7 gives the corrosion resistance of gold
in acids. Gold is very resistant to H2SO4 to
250 �C (480 �F), and attack above this tem-
perature may be primarily dependent on avail-
able oxygen. Gold is also resistant to
concentrated HCl to its boiling point and to
HNO3 concentrations of up to 50% at the boiling
point. However, hot mixtures of HNO3 and
H2SO4 will rapidly attack gold, as will aqua regia
and hydrogen cyanide (with oxygen present).
Mixtures of HCl, HBr, and HI with HNO3 are
extremely corrosive to gold. Mixtures of HF and
HNO3 are not corrosive to gold. Gold is resistant
to most other acids. The anodic dissolution and
corrosion of gold is reviewed in Ref 18.

Gold is generally attacked by wet or dry
gaseous halogens. Only dry fluorine and wet
or dry iodine can be handled by gold, and then
only within limitations (Table 8). Gold, second
only to platinum, is resistant to dry hydrogen
chloride to 870 �C (1600 �F), to oxygen to its
melting point, to ozone to 100 �C (212 �F), to
phosgene at room temperature, and to sulfur
dioxide, dry and wet, to 600 �C (1110 �F)
(Table 9).

Gold is not attacked by most inorganic salts in
solution for their typical conditions of use
(Table 10). Exceptions are the solutions of alkali
cyanide and peroxide. Most alkali and alkaline
melts as nitrates, hydroxides, and bisulfates will
eventually attack gold but only at elevated tem-
peratures. The corrosion resistance of gold in
over 40 organic compounds is given in Table 11.
In all cases, gold was found to be resistant
enough for commercial use.

Gold is attacked by all low-melting alloys,
including mercury, sodium, potassium, lead, tin,
bismuth, and iridium. The standard electrode
potential for gold (Au$Auþþe� ) is þ1.68 V,
the highest of all precious metals.

Oxidation Resistance. Gold does not oxi-
dize at any temperature up to its melting point but
may possess an absorbed layer of oxygen on the
surface. Gold and its alloys greater than 14 karat
are usually not susceptible to tarnish by hydro-
gen sulfide, sulfur, or other nonoxidized sulfur
compounds. Tarnish is a superficial corrosion
that darkens the surface.

Corrosion Applications. Gold is primarily
used for its decorative appearance in jewelry,
coinage, dentistry, and gold leaf. Because
of its softness and lack of resistance to halogens,
its use in chemical applications, even as
gold-lined apparatus, is somewhat limited.
Gold is resistant to nonoxidizing H3PO4 and

Table 5 Corrosion resistance of silver in organic compounds

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Acetaldehyde, pure 200–400 390–750 50.05 2
Acetic anhydride, all concentrations Boiling 50.05 2
Acetone, pure Boiling 50.05 2
Acetylene dichloride, wet and acid Boiling 50.05 2
Ethyl alcohol, all concentrations Boiling 50.05 2
Amyl acetate, pure Boiling 50.05 2
Amyl alcohol, pure Boiling 50.05 2
Aniline, pure Boiling 50.05 2
Benzaldehyde, pure and aqueous Boiling 50.05 2
Benzene, pure Boiling 50.05 2
Benzotrifluoride, pure Boiling 50.05 2
Benzyl chloride, pure 180 355 50.05 2

-bromoisovaleryl bromide, pure 100 212 50.05 2
-bromoisovaleryl urea, pure Melting point 50.05 2

Butyl acetate, pure Boiling 50.05 2
Butyl alcohol, pure Boiling 50.05 2
Carbon tetrachloride, dry and wet Boiling 50.05 2
Chlorobenzene, pure Boiling 50.05 2
Chlorocresols, all concentrations Boiling 50.05 2
Chloroform, dry or wet Boiling 50.05 2
Chlorohydrins, pure Boiling 50.05 2
Chloronitrobenzenes, pure Boiling 50.05 2
Chlorotoluene, pure Boiling 50.05 2
Coniferyl alcohol, all concentrations 80 175 50.05 2
Copals, pure and wet 400 750 50.05 2
Copper acetate, neutral solutions 100 212 50.05 2
Copper acetate, ammoniacal solutions Room Attacked
Coumarin, pure 100 212 50.05 2
Cresols, pure Boiling 50.05 2
Dextrose, all concentrations Boiling 50.05 2
Dialkyl sulfates, pure Boiling 50.05 2
Dibutyl phthalate, pure Boiling 50.05 2
Dimethylaniline, pure Boiling 50.05 2
Diphenyl, pure 400 750 50.05 2
Essential oils, pure(a) Boiling 50.05 2
Ether, pure Boiling 50.05 2
Ethyl acetate, pure Boiling 50.05 2
Ethyl benzene, pure 136 277 50.05 2
Ethylene dibromide, wet and acid

products
Boiling 50.05 2

Ethylene dichloride, wet and acid
products

Boiling 50.05 2

Fats pure 300 570 50.05 2
Fatty acids, pure 400 750 50.05 2
Formaldehyde, all concentrations Boiling 50.05 2
Furfural, wet and slightly acid Boiling 50.05 2
Gelatin, pure Boiling 50.05 2
Glycerol, pure Boiling 50.05 2

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Guanidine nitrate, all concentrations Room Not recommended
Guinolines, pure Boiling 50.05 2
Guinone, inorganic solvent and pure 100 212 50.05 2
Hexachloroethane, dry and moist 187 369 50.05 2
Hexamethylene tetramine, all

concentrations(b)
Room 50.05 2

Hydrazine, pure Room Not recommended
Hydroguinone, pure Boiling 50.05 2
Isoborneol acetate, pure Boiling 50.05 2
Isobutyl chloride, dry and wet Boiling 50.05 2
Limonene, pure Boiling 50.05 2
Methyl alcohol, pure Boiling 50.05 2
Methylamines, aqueous Room Attacked
Methyl chloride, dry and wet 300 570 50.05 2
Methylene chloride, dry and wet Boiling 50.05 2
Methylglycol, pure Boiling 50.05 2
Milk, pure(c) Boiling 50.05 2
Nitrobenzene, pure Boiling 50.05 2
Nitrocellulose, in water or alcohol Room 50.05 2
Nitrophenols, pure Boiling 50.05 2
Nitrotoluenes, pure Boiling 50.05 2
Pentachloroethane, wet, dry, and acid Boiling 50.05 2
Phenol, all concentrations Boiling 50.05 2
Phthalic anhydride, pure Boiling 50.05 2
Potassium acetate, all concentrations Boiling 50.05 2
Quinine sulfate, all concentrations 70 160 50.05 2
Sodium acetate, all concentrations Boiling 50.05 2
Sodium acetate, melt 400 750 50.05 2
Sodium bisulfate, all concentrations Boiling 50.05 2
Sodium formate, all concentrations Boiling 50.05 2
Sodium isovalerate, all concentrations Boiling 50.05 2
Sodium isovalerate, melt with sodium

hydroxide
290 555 50.05 2

Sodium methylate, all concentrations in
alcohol or ether

100 212 50.05 2

Sodium pentachlorophenolate, all
concentrations

Boiling 50.05 2

Sodium phenolate, all concentrations Boiling 50.05 2
Sodium salicylate, all concentrations Boiling 50.05 2
Sodium tartrates, all concentrations Boiling 50.05 2
Sorbital, all concentrations Boiling 50.05 2
Sorbose, all concentrations Boiling 50.05 2
Toluene, pure Boiling 50.05 2
Toluenesulfonyl chlorides, pure Boiling 50.05 2
Triethanolamine, mixture with

diethylene glycol
Room 50.05 2

Vinyl chloride, pure 200 390 50.05 2

(a) Silver may taint the flavor of fats. (b) Solutions must be free of air and ammonia. (c) Silver may impart metallic taste
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phosphates; therefore, it is used for lining auto-
claves handling phosphate mixtures to 500 �C
(930 �F). In the production of zirconium by the
iodide process, gold closure gaskets are used to
handle dry iodine vapors at 500 �C (930 �F). The
use of gold-lined equipment to perform hydro-
chlorinations and hydrofluorinations of organic
compounds in the chemical industry has been
established. Laboratory ware fabricated from an

Au-10Pt alloy is frequently used in place of
platinum.

The stability of gold, coupled with its ability to
reflect infrared radiation, has made it a popular
glass window coating for energy conservation.
Gold-base brazing alloys are used in critical
aerospace and chemical equipment applications.
Electroplated gold is used for its stability in
electrical applications, such as connectors, relay
switches, and contacts. Gold-silver-copper
alloys are used for pen nibs and for slip rings
and brushes in electrical instruments. Gold-
palladium-iron alloys are used for potentiometer
wire. A gold-palladium-iron alloy having a high
resistivity and a negative temperature coefficient
of resistance has been used as a resistor and
potentiometer wire.

Platinum

Fabrication. Platinum is a soft, ductile, white
metal, and like other face-centered cubic (fcc)
metals, it can be readily hot or cold worked. Hot
working is typically begun at 1000 �C (1830 �F),
with reductions per pass as great as 50% being
possible. Cold work is usually performed with
reductions of 10% per pass and intermediate
annealing after 75% reduction in thickness. Wire
processing is similarly performed. Platinum can
be processed bare into leaf and wire as small as
2.5 mm (0.1 mil). Pure platinum can be annealed
in a short time at 600 to 700 �C (1110 to

1290 �F). Alloys require higher temperatures.
Platinum can be annealed in air, but other
atmospheres, such as nitrogen, argon, and
helium, can also be used without damage. Pla-
tinum is readily fusion or resistance welded.
Platinum can be electrodeposited on base metals.

Mechanical Properties. Platinum work
hardens at approximately the same rate as copper
or silver; the mechanical properties obtained are
strongly influenced by the purity of the platinum.
The hardness and tensile strength are in the range
of 37 to 42 HV and 124 to 165 MPa (18 to
24 ksi) for annealed material. The tensile
strength of annealed platinum wire versus tem-
perature is given in Table 12.

Corrosion Resistance. The exceptional cor-
rosion resistance of platinum is extensively
covered in the literature (Ref 1, 7, 10). Platinum
is one of the few metals that is unaffected by
atmospheric exposure, even in sulfur-bearing
industrial atmospheres.

Platinum is resistant to corrosion by single
acids (Table 13), alkalis, aqueous solutions of
common salts (Table 14), and organic materials
(Table 15). The potential-pH diagram for plati-
num as defined by Pourbaix shows that platinum
at 25 �C (75 �F) is immune to attack at all but the
lowest pH levels and high redox potentials
(Ref 11). Even at elevated temperatures, plati-
num is resistant to dry hydrogen chloride and
sulfurous gases (Table 16). Platinum is resistant
to most halogen gases at room temperature, with
dry and moist bromine being the exception

Table 7 Corrosion of gold in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Acetic, glacial 100 212 50.05 2
Aqua regia Room Rapid dissolution
Arsenic, all concentrations Room 50.05 2
Chlorosulfonic, all concentrations Boiling 50.05 2
Chlorotoluene-sulfonic, all concentrations Boiling 50.05 2
Citric, 20% Boiling 50.05 2
Citric, 30% Boiling 50.05 2
Crotonic, all concentrations Boiling 50.05 2
Fatty acids, pure Boiling 50.05 2
Glycerophosphoric, 1 to 50% Boiling 50.05 2
Hydrobromic, specific gravity 1.7 Room 50.05 2
Hydrochloric, 36% Room-100 212 50.05 2
Hydrofluoric, 40% Room 50.05 2
Hydrogen sulfide, moist Room 50.05 2
Hydroiodic, specific gravity 1.75 Room 50.05 2
Isovaleric, all concentrations Boiling 50.05 2
Lactic, all concentrations Boiling 50.05 2
Laevulinic, all concentrations Boiling 50.05 2
Nitric, %

1–50 Boiling 50.05 2
70 Room 40.05 2
70 Boiling 0.15 6

Oxalic, all concentrations Boiling 50.05 2
Phenol-2,4-disulfonic, all concentrations 100 212 50.05 2
Phthalic, pure Boiling 50.05 2
Picric, pure 125 255 50.05 2
Propionic, all concentrations Boiling 50.05 2
Pyridine, all concentrations Boiling 50.05 2
Pyridine-carboxylic, all concentrations 150 300 50.05 2
Salicylic, all concentrations Boiling 50.05 2
Stearic, pure Boiling 50.05 2
Sulfuric, all concentrations 250 480 50.05 2
Sulfurous, all concentrations 100 212 50.05 2
Tartaric, all concentrations Boiling 50.05 2

Table 8 Corrosion of gold in halogens

Temperature Corrosion rate

Halogen �C �F mm/yr mils/yr

Bromine, all
concentrations,
dry and wet

Room Attacked

Chlorine, dry Room 0.3 12
120 250 0.7 27.6
150 300 1.5 60
175 345 3.0 120
205 400 30.5 1200

Chlorine, wet Room Attacked
Fluorine, dry 5500 930 50.05 2
Iodine, dry and wet Room 50.05 2
Iodine, dry and wet 450 120 Attacked
Iodine, 5% in

alcohol
Room Attacked

Table 9 Corrosion of gold in various gases

Temperature Corrosion rate

Gas �C �F mm/yr mils/yr

Hydrogen
chloride, dry

870 1600 50.05 2

Ozone, with 98%
oxygen

100 212 50.05 2

Phosgene Room 50.05 2
Steam 800 1470 50.05 2
Sulfur dioxide,

dry and wet
600 1110 50.05 2

Table 6 Corrosion of silver in gases

Temperature Corrosion rate

Gas �C �F mm/yr mils/yr

Acetylene, dry Room Risk of explosion
Ammonia, pure 190 375 50.05 2
Ammonium chloride,

vapor
200 390 Attacked

Carbon dioxide, pure Room 50.05 2
Carbon monoxide, pure 300 570 50.05 2
Hydrogen, pure 700 1290 50.05 2
Hydrogen chloride

dry(a)
430 805 50.05 2

Nitric oxide, pure Room Attacked
Nitric tetroxide, pure Room 50.05 2
Nitrogen, pure 500 930 50.05 2
Oxygen, pure(b) 100 212 50.05 2
Ozone, with 98%

oxygen
Room 50.05 2

Steam, pure(c) 600 1110 50.05 2
Sulfur dioxide, pure Red heat Attacked
Sulfur trioxide, pure Red heat 50.05 2

(a) Silver is protected by a layer of silver chloride that forms rapidly on the
surface. (b) Attack becomes appreciable at 200 �C (390 �F). (c) Without
pressure
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(Table 17). Platinum is also essentially inert
to many molten salts, and it resists the action
of fused glasses if oxidizing conditions are
maintained.

Aqua regia and mixtures of HCl and oxidizing
agents will attack platinum, as will free halogens
and selenic acid to some degree at elevated
temperatures. A number of low-melting metals,
including lead, tin, antimony, zinc, and arsenic,
will readily alloy with and attack platinum at
their melting temperatures. Low-melting phases
are formed with silicon, phosphorus, bismuth,
and boron, and salts or compounds of these
metals can be detrimental at high temperatures
under reducing conditions.

As an anode, platinum will resist attack in a
wide variety of alkaline, neutral, and mild acid
solutions (Ref 19). There is attack in strong HCl.
If an alternating current is applied to platinum
electrodes, attack will occur in cyanide and in
some acid solutions. The standard electrode
potential (Pt$Pt2þþ2e� ) is approximately
þ1.2 V at 25 �C (75 �F).

Effect of Alloying on Corrosion Resistance.
Alloys containing up to 25% Pd in platinum
have essentially the same corrosion resistance

as platinum and are not discolored by heating
in air.

The corrosion resistance of the entire binary
series of rhodium-platinum alloys is excellent,
with corrosion resistance tending to improve
with higher rhodium contents. For example, a
10% addition of rhodium to platinum reduces the
corrosion rate in 36% HCl at 100 �C (212 �F)
from 0.2 mm/yr (8 mils/yr) to 0 and the attack
of 100 g/L ferric chloride (FeCl3) at 100 �C
(212 �F) from 16.7 to 0.2 mm/yr (660 to
8 mils/yr). Alloys containing less than approxi-
mately 20% Rh can be hot or cold worked, while
those containing between 20 and 40% Rh must
be hot worked prior to cold working. The
practical limit for workability is approximately
40% Rh.

Iridium and ruthenium additions to platinum
result in corrosion resistance similar to that
obtained through rhodium additions. However,
the ranges for working are slightly more
restrictive for iridium and much more limiting
for ruthenium. All the alloys of the gold-plati-
num binary system remain quite corrosion
resistant. Alloys containing more than 60% Ag
are rapidly attacked by HNO3 and FeCl3 and are

tarnished by exposures to industrial atmo-
spheres.

Nickel additions rapidly harden platinum and
gradually reduce the nobility of platinum. Up to
50% Cu can be added to platinum while still
retaining its resistance to HNO3.

Platinum can be used as a minor alloying
element in the base metals titanium and chro-
mium. Platinum additions as small as 0.1%
greatly increase the resistance of these base
metals to HCl and H2SO4.

Oxidation Resistance. Platinum is out-
standing in its resistance to oxidation, remaining
untarnished upon heating in air at all tempera-
tures and retaining its metallic luster up to the
melting point. At temperatures above approxi-
mately 750 �C (1380 �F), an extremely small but
measurable weight loss occurs because of the
formation of a volatile oxide, probably PtO2, and
because of volatilization of the metal. The loss
due to oxide formation is the greater of the two
effects as higher temperatures are reached, and it
is influenced by such factors as oxygen pressure,
atmosphere flow rate, degree of saturation of the
atmosphere with the oxide, and the geometry of
the system (Ref 20, 21). A comparison of the
oxidation resistance of platinum with that of a
number of other high-melting metals is given in
Fig. 1.

Alloys with more than 5% Rh or Ir are slowly
oxidized in air at temperatures between 750 �C
(1380 �F) for rhodium, 900 �C (1650 �F) for
iridium, and 1150 �C (2100 �F) with the for-
mation of a superficial blue-black film. At higher
temperatures, the film decomposes, and the alloy
becomes bright again. Above approximately 800
to 900 �C (1470 to 1650 �F), both alloy systems
lose mass because of the volatilization of oxides
formed on the surface and the preferential vola-
tilization of the alloying element. Iridium-con-
taining alloys have greater volatilization rates at
a given temperature than rhodium-containing
platinum alloys. When heated in air, ruthenium is
selectively oxidized from ruthenium-platinum
alloys, although less vigorously than osmium.

Corrosion Applications. Pure platinum, as
well as platinum containing small amounts of
rhodium, gold (5%), or iridium, is used for cru-
cibles and other laboratory ware. The first major
use of platinum was in laboratory ware and, to a
certain extent, in chemical equipment, particu-
larly for stills and condensers in the concentra-
tion of H2SO4. Today, laboratory apparatus
and ware made from platinum and other noble
metals are extensively used in analytical control
work (fusions, ignitions, ashing) and research
demanding corrosion resistance at room and
elevated temperatures. Platinum crucibles are
used for the production of large synthetic crys-
tals. The chemical industry uses platinum for
constructing heating and cooling coils, eva-
poration apparatus, stills, and autoclaves. Cor-
rosion-resistant platinum rupture disks are used
for the protection of pressure vessels handling
corrosive materials. Platinum electrodes are used
for the electrolytic production of hydrogen
peroxide and per-salts, such as perchlorates,

Table 10 Corrosion of gold in salts

Temperature Corrosion rate

Salt �C �F mm/yr mils/yr

Aluminum sulfate, 10% 100 212 50.05 2
Ferric chloride in HCl solutions Room 50.25 10
Magnesium chloride, all concentrations Boiling 50.05 2
Mercuric chloride, 10% 100 212 50.0 2000
Nitrosyl chloride, dry Room 50.05 2
Potassium bisulfate, all concentrations Boiling 50.05 2
Potassium bromide, all concentrations Boiling 50.05 2
Potassium carbonate, all concentrations Boiling 50.05 2
Potassium chlorate, all concentrations Boiling 50.05 2
Potassium dichromate, all concentrations Boiling 50.05 2
Potassium hydroxide, all concentrations 300 570 50.05 2
Potassium hydroxide, melt 360 680 50.05 2
Potassium iodide, with iodine Room Attacked
Potassium nitrate, all concentrations Boiling 50.05 2
Potassium permanganate, all concentrations Boiling 50.05 2
Potassium peroxide, melt 380 715 Attacked
Potassium sulfate, all concentrations Boiling 50.05 2
Sodium bisulfate, all concentrations Boiling 50.05 2
Sodium bisulfate, melt 400 750 50.05 2
Sodium bisulfites, all concentrations 100 212 50.05 2
Sodium carbonate, all concentrations Boiling 50.05 2
Sodium chloride, all concentrations Boiling 50.05 2
Sodium chromate, all concentrations Boiling 50.05 2
Sodium cyanide, all concentrations Room Attacked
Sodium hydroxide, 590% Boiling 50.05 2
Sodium nitrate, all concentrations Boiling 50.05 2
Sodium perborate, all concentrations 50 120 50.05 2
Sodium phosphates, all concentrations Boiling 50.05 2
Sodium silicates, all concentrations Boiling 50.05 2
Sodium sulfate, all concentrations Boiling 50.05 2
Sodium sulfide, all concentrations Boiling 50.05 2
Sodium sulfite, all concentrations Boiling 50.05 2
Stannic ammonium chloride, all concentrations Boiling 50.05 2
Stannic chloride, all concentrations Boiling
Strontium nitrate, all concentrations Boiling 50.05 2
Sulfur monochloride, pure Boiling 50.05 2
Sulfuryl chloride, dry and wet 300 570 50.05 2
Thionyl chloride, dry or wet Boiling 50.05 2
Uranyl nitrate, all concentrations Boiling 50.05 2
Zinc sulfate, 10% 100 212 50.05 2
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because they have a high oxygen overvoltage
and do not corrode or affect the purity of the
product. In addition, platinum electrodes can be
used for cathodic protection in seawater and in
chlorine production (Ref 22).

Platinum and, preferably, Pt-5Rh or Pt-10Rh
are used in woven screen form to catalytically
oxidize ammonia to HNO3. Platinum, platinum-
rhodium, and other platinum-base alloys are used
in large quantities by the glass industry for
molds, nozzles, and spinnerets.

A large percentage of the platinum market is
used by the automotive industry in catalytic
converters. It is also used in spark plugs and
sensors. Depending on economics and catalyst
performance requirements, other metals of the
platinum group, such as palladium and rhodium,
are used in the catalytic converters.

A platinum-silver membrane was used in the
first practical alkaline fuel cells. Platinum is still
used in phosphoric-acid fuel cells. See the article
“Fuel Cells” in ASM Handbook, Volume 13A,
2003.

The platinum resistance thermometer and
the 90%Pt-Pt thermocouple are used to define
the International Practical Temperature Scale
between 13.81 K and 630.74 �C and between
630.74 �C and 1064.43 �C (freezing point of
gold), respectively. In commercial practice,
the rhodium platinum-platinum thermocouple is
regularly used to 1400 �C (2550 �F) and under
special conditions to as high as 1600 �C
(2910 �F).

Because of its tarnish resistance, platinum is
used in the jewelry, dental, medical implant, and
electrical contact fields. Platinum-containing
aluminide coatings are gaining favor as turbine
blade and vane coatings (Ref 23).

Palladium

Fabrication. In many respects, the fabric-
ability of palladium resembles that of platinum
and gold, which are closely associated with

palladium in the periodic table. Like other fcc
metals, palladium is ductile and can be readily
hot or cold worked. Palladium can withstand
drastic working and forming operations and, like
gold, can be processed into leaf as thin as 0.1 mm
(4 min.). Many wrought and fabricated forms of
palladium and its commercial alloys are readily
available, including sheet and strip, bar and wire,
and shaped extrusions. Palladium and some
alloys are easily electroplated.

Physical Properties. Palladium, with a den-
sity of 12.02 g/cm3 (0.434 lb/in.3), is the lightest
of the platinum-group metals. It also has the
lowest melting point of the platinum metal group
(1554 �C, or 2829 �F).

Mechanical Properties. Palladium work
hardens at approximately the same rate as plati-
num; the annealed hardness increases from
40 HV to approximately 105 HV after a 50%
reduction in thickness. Similarly, the tensile
strength increases from 207 MPa (30 ksi)
annealed to approximately 379 MPa (55 ksi)
after a 50% reduction in thickness to 448 MPa
(65 ksi) following a 75% reduction. The tensile
strength of annealed palladium wire decreases
progressively with increasing temperature, as
shown in Table 12. Creep and stress rupture
properties are reviewed in Ref 24 and 25.

Corrosion Resistance. Palladium is gen-
erally resistant to corrosion by most single acids,
alkalis, and aqueous solutions of many common
salts (Ref 9) (Tables 18, 19). It is not attacked at
room temperature by H2SO4, HCl, HF, acetic, or
oxalic acids but may be attacked at 100 �C
(212 �F) or when air is present. Nitric and hot
H2SO4 attack palladium, as do FeCl3 and hypo-
chlorite solutions, chlorine, bromine, and, to a
negligible extent, iodine. Table 20 lists the
resistance of palladium to halogens at room
temperature. Palladium is readily corroded an-
odically in HCl or acid chloride solutions. As an
electrode for cathodic protection use in seawater,
palladium corrodes at a rate of 8.6 g/A . yr at a
current density of 540 A/m2 (50 A/ft2). The
current efficiency is 0.05%. In binary palladium-
platinum alloys, the corrosion rate in this appli-
cation becomes equal to that of platinum if
the palladium content is less than 20%. Cyanide
solutions containing an oxidizing agent are

Table 11 Corrosion of gold in organic compounds

Temperature Corrosion rate

Compound �C �F mm/yr mils/yr

Acetylene dichloride, wet and acid Boiling 50.05 2
Aniline, pure Boiling 50.05 2
C-bromoisovalerty bromide, pure 100 212 50.05 2
Chloronitrobenzenes, pure Boiling 50.05 2
Copper acetate, neutral solutions 100 212 50.05 2
Cresols, pure Boiling 50.05 2
Dextrose, all concentrations Boiling 50.05 2
Dimethylaniline, pure Boiling 50.05 2
Diphenyl, pure 400 750 50.05 2
Essential oils, pure Boiling 50.05 2
Ether, pure Boiling 50.05 2
Ethylene dibromide, wet and acid products Boiling 50.05 2
Ethylene dichloride, wet and acid products Boiling 50.05 2
Glycerol, pure Boiling 50.05 2
Guinine sulfate Boiling 50.05 2
Guinolines, pure Boiling 50.05 2
Hydroguinone, all concentrations Boiling . . . . . .
Isoborneol acetate, pure Boiling 50.05 2
Isobutyl chloride, dry and wet Boiling 50.05 2
Limonene, pure Boiling 50.05 2
Methyl alcohol, pure Boiling 50.05 2
Methyl chloride, dry and wet 300 570 50.05 2
Methylglycol, pure Boiling 50.05 2
Milk, pure Boiling 50.05 2
Nitrobenzene, pure Boiling 50.05 2
Nitrotoluenes, pure Boiling 50.05 2
Pentachloroethane, wet, dry, and acid Boiling 50.05 2
Phenol, all concentrations Boiling 50.05 2
Phenylhydrazine, all concentrations 100 212 50.05 2
Phthalic anhydride, pure Boiling 50.05 2
Potassium acetate, all concentrations Boiling 50.05 2
Pyridine, all concentrations Boiling 50.05 2
Sodium acetate, all concentrations Boiling 50.05 2
Sodium bisulfate, all concentrations Boiling 50.05 2
Sodium formaldehyde sulphoxylate, all concentrations 90 195 50.05 2
Sodium formate, all concentrations Boiling 50.05 2
Sodium formate, melt 260 500 50.05 2
Sodium isovalerate, all concentrations Boiling 50.05 2
Sodium isovalerate, melt with sodium hydroxide 290 555 50.05 2
Sodium phenolate, all concentrations Boiling 50.05 2
Sorbital, all concentrations Boiling 50.05 2
Sorbose, all concentrations Boiling 50.05 2
Toluene, pure Boiling 50.05 2
Triethanolamine, pure and all concentrations Boiling 50.05 2
Vinyl chloride, pure 500 930 50.05 2

Table 12 Effect of temperature on the
tensile strength of annealed platinum and
palladium wires
1.3 mm (0.05 in.) diam wire annealed at 1100 �C
(2010 �F) for 5 min

Tensile strength

Test temperature Platinum Palladium

�C �F MPa ksi MPa ksi

20 70 138 20 193 28
200 390 117 17 169 24.5
400 750 90 13 125 18
600 1110 76 11 88 13
800 1470 55 8 57 8

1000 1830 28 4 26 4
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useful for metallographic etching. Benari
describes the corrosion of palladium in dime-
thylsulphoxide and water solutions by Fe(III)
and Cu(II) (Ref 26).

At high temperatures, molten salts such as
sodium peroxide, hydroxide, and carbonate
attack palladium, but the molten nitrate does not.
Hydrogen sulfide at temperatures above 600 �C
(1110 �F) attacks the metal and produces a low-
melting phase. The standard electrode potential
(Pd$Pd2þþ2e� ) is approximately þ0.83 V at
25 �C (75 �F).

Effect of Alloying Elements on Corrosion
Resistance. The addition of 2% Pt to palladium
makes the alloy resistant to the jewelers’ HNO3

drop test used to determine equivalency with
gold alloys, and the addition of 10% Pt to pal-
ladium makes it completely resistant to HNO3. In
FeCl3 solution (100 g/L), 10% Pt decreases the
room-temperature corrosion rate of palladium

from 11.9 to 8.6 mm/yr (469 to 339 mils/yr).
A 30% Pt addition further decreases the corro-
sion rate to 1.8 mm/yr (71 mils/yr).

Both iridium and rhodium are quite effective
in improving the corrosion and tarnish resistance
of palladium. Palladium alloys with 2% Ir or Rh
are resistant to the HNO3 drop test, and alloys
with 10% of either element are untarnished
by industrial sulfur-bearing atmospheres. The
addition of up to 10% Ru only slightly improves
the corrosion resistance of palladium. Alloys
containing more than 10% Au are resistant to
tarnish by industrial sulfur-bearing environ-
ments, and those with more than 20% Au are
resistant to HNO3 and HCl. Atmospheric corro-
sion of palladium-silver claddings is described in
Ref 27. The effect of saliva is described in Ref
16. The anodic characteristics of amorphous Pd-
Ir-P alloys in hot concentrated NaCl solution is
given in Ref 28.

The corrosion resistance of binary palladium-
nickel or cobalt alloys is intermediate between
that of the component metals and can be raised to
levels above those of gold alloys by the addition
of platinum, rhodium, or iridium in quantities of
from 5 to 20%. Small additions of palladium
(0.15 to 0.20%) to titanium may have been found
to be effective in improving its corrosion resis-
tance. In such corrosive media as boiling HCl, an
almost hundredfold increase in corrosion resis-
tance is obtained. Similar effects in chromium
have also been observed.

Oxidation Resistance. Palladium is not
tarnished by dry or moist air at ordinary tem-
peratures. At temperatures in the range of 400 to
790 �C (750 to 1450 �F), a thin oxide film forms
in air. At higher temperatures, the superficial
oxide decomposes to give off oxygen, leaving a
clean metal surface.

At temperatures above approximately
1000 �C (1830 �F), the behavior of palladium in
air or oxygen is complicated by the interplay of
two phenomena: the solution of oxygen in pal-
ladium (which increases the weight) and the loss
of metal by volatilization (which decreases the
weight). The mass change data for palladium
oxidized in air over the temperature range 700 to
1400 �C (1290 to 2550 �F) are given in Fig. 1.
The oxidation of palladium (thin oxide film
formation) can be eliminated by alloying with
75% Pt (Ref 29, 30). Because palladium lacks
an oxide film above 1000 �C (1830 �F), the
volatilization losses will depend on rate of flow
of the gas stream over the surface of the metal
(Ref 31–33).

Corrosion Applications. Palladium is a fre-
quently used component of automobile emission
catalytic converters. It is sometimes used in
place of platinum for economic reasons.
Although it is more subject to poisoning by sul-
fur and lead than platinum, it may improve
emission control for diesel engines. Pure
wrought or electroplated palladium is used for
electrical contacts and relays. Palladium and
palladium-rich alloys, because of their freedom
from tarnish, perform with high reliability and
low electrical noise, even with low contact
forces. Many alloys containing palladium have
been developed to meet specific contact require-
ments. A list of platinum and palladium alloys is
given in Table 6 of the article “Electric Contact
Materials,” Properties and Selection: Non-
ferrous Alloys and Special-Purpose Materials,
Volume 2, ASM Handbook, 1990. The palladium
content provides the noble metal characteristics;
other metals are added for improved hardness,
electrical resistance, or economy.

Palladium does not stain or discolor porcelain
that is fired on it, and palladium-rich alloys
are used as supports in porcelain overlay dental
restorations (Ref 34). In the jewelry field,
palladium hardened with a few percent of
ruthenium or rhodium provides a light, white,
tarnish-free alloy suitable for such articles as
watch cases, brooches, and settings for gems.
Palladium is an exceptionally effective whitener
for gold; the addition of as little as 15% produces

Table 13 Corrosion of platinum in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Acetic, all concentrations Boiling 50.05 2
Acetylsalicylic, all concentrations Boiling 50.05 2
Aqua regia Room Rapid dissolution
Ascorbic, all concentrations Boiling 50.05 2
Benzoic, all concentrations 130 265 50.05 2
Benzene sulfonic, pure Room 50.05 2
Boric, saturated Boiling 50.05 2
Butyric, all concentrations Boiling 50.05 2
Carbonic, pure 1400 2550 50.05 2
Chloric, all concentrations Room 50.05 2
Chlorosulfonic, all concentrations Boiling 50.05 2
Chlorotoluene-sulfonic, all concentrations Boiling 50.05 2
Citric, 520% concentrations Boiling 50.05 2
Citric, 30% concentrations Boiling 50.05 2
Crotonic, all concentrations Boiling 50.05 2
Fatty, pure 400 750 50.05 2
Fluorosilicic (10% hydrofluoric, 5% fluorosilicic) Boiling 50.05 2
Formic, pure Boiling 50.05 2
Gluconic, all concentrations Boiling 50.05 2
Glycerophosphoric, 1–50% solution Boiling 50.05 2
Hydrobromic, fuming Room 50.25 10

100 212 4.8 189
Hydrochloric, 36% Room nil

100 212 50.25 10
Hydrofluoric, 40% Room nil
Hydrogen sulfide, pure 1000 1830 50.05 2
Hydroiodic, specific gravity 1.75 Room 50.25 10

100 212 13.7 539
Isovaleric, all concentrations Boiling 50.05 2
Lactic, all concentrations Boiling 50.05 2
Laevolinic, all concentrations Boiling 50.05 2
Monochloroacetic, all concentrations Boiling 50.05 2
Nitric, 70% Room 50.25 10
Nitric, 95% Room-100 212 nil
Nitrosyl-sulfuric, pure 100 212 50.05 2
Oxalic, all concentrations Boiling 50.05 2
Phenol-2,4-disulfonic, all concentrations 100 212 50.05 2
Phenylacetic, all concentrations Boiling 50.05 2
Phosphoric, 100 g/L 100 212 nil
Phthalic, pure Boiling 50.05 2
Picric, pure 125 255 50.05 2
Propionic, all concentrations Boiling 50.05 2
Pyridine, all concentrations Boiling 50.05 2
Pyridine-carboxylic, all concentrations 150 300 50.05 2
Salicylic, all concentrations Boiling 50.05 2
Stearic, pure Boiling 50.05 2
Sulfuric Room-100 212 nil
Sulfurous, all concentrations 100 212 50.05 2
Tartaric, all concentrations Boiling 50.05 2
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a satisfactory white color. In contrast to the great
increase in hardness and working difficulties
encountered when gold is whitened by other
metals, the white gold-palladium alloys are
ductile and readily worked.

Palladium alloys are well suited for the con-
struction of fine wire precision resistors because
of their ductility, corrosion resistance, and the
range of electrical resistivities available. Alloys
with exceptionally low temperature coefficients
of electrical resistivity have been developed
for applications as potentiometer resistor wire.
An alloy that is widely used for this is Pd-40Ag,
which has a resistivity of 42 mV . cm in the as-
worked condition and a temperature coefficient
of only 0.00003/�C (0.00005/�F) in the tem-
perature range 0 to 100 �C (32 to 212 �F).

Metallic films fired on glass or ceramic sub-
strates are of interest for thin-film resistors. For
this application, palladium-gold resistance films
can be produced by the thermal decomposition of
resinate mixtures. In another process, a mixture
of finely ground low-melting glass and palla-
dium and silver powders is fired on the substrate.
Thin-film resistors made in this manner do not
exhibit a critical resistance/composition depen-
dence.

In general, brazing alloys containing palla-
dium exhibit exceptional wettability, good flow
and gap-filling characteristics, freedom from
the tendency to attack and erode base metals,
good ductility, and other desirable brazing qua-
lities. The palladium-containing brazing alloys
have proved useful for dissimilar-metal or

metal-to-ceramic joints, for extremely thin
sheet metal assemblies, and for assemblies that
must withstand extreme service temperatures.
The alloys can be used to braze a wide range
of base metals, including low-alloy and stain-
less steels; nickel-, cobalt-, and copper-base
alloys; and refractory metals such as tungsten
and molybdenum. They are consequently gain-
ing a significant place in the gas turbine, jet
engine, air frame, missile, nuclear, and electronic
industries.

Gold-palladium alloys are used for thermal
fuses to prevent temperature override in fur-
naces. The range of melting temperatures pos-
sible with the different gold-palladium
combinations (1063 to 1552 �C, or 1945 to
2825 �F), the narrow melting range of the alloys,

Table 14 Corrosion of platinum in salts

Temperature Corrosion rate

Salt �C �F mm/yr mils/yr

Alum, all concentrations Boiling 50.05 2
Aluminum chloride, all concentrations Boiling 50.05 2
Aluminum fluoride, all concentrations Boiling 50.05 2
Aluminum sulfate, 100 g/L Room-100 212 nil
Aluminum sulfate, all concentrations Boiling 50.05 2
Ammonium chloride, all concentrations Boiling 50.05 2
Ammonium nitrate, all concentrations Boiling 50.05 2
Ammonium persulfate, all concentrations 60 140 50.05 2
Ammonium phosphate, all concentrations Boiling 50.05 2
Ammonium sulfate, all concentrations Boiling 50.05 2
Ammonium thiocyanate, pure Boiling 50.05 2
Antimony pentachloride, pure 100 212 50.05 2
Barium chloride, all concentrations Boiling 50.05 2
Calcium hypochlorite, all concentrations Room 50.05 2
Calcium bisulfite, pure Boiling 50.05 2
Calcium chloride, all concentrations 100 212 50.05 2
Calcium sulfate, pure To red heat 50.05 2
Calcium sulfide, all concentrations 100 212 50.05 2
Calcium tungstate, pure 800 1470 50.05 2
Calcium tungstate, all concentrations Boiling 50.05 2
Carnallite, pure 500 930 50.05 2
Carnallite, all concentrations Boiling 50.05 2
Carnallite, saturated solution Boiling 50.05 2
Cupric chloride, 100 g/L Room nil
Cupric sulfate, 100 g/L 100 212 nil
Ferric chloride, 100 g/L Room 50.25 10

100 212 16.7 657
Ferrous sulfate, all concentrations Room 50.05 2
Fluorosilicate, all concentrations 100 212 50.05 2
Lithium chloride, all concentrations Boiling 50.05 2
Magnesium chloride, all concentrations Boiling 50.05 2
Magnesium sulfate, all concentrations 100 212 50.05 2
Mercury chloride, all concentrations Boiling 50.05 2
Nitrosyl chloride, dry Room 50.05 2
Phosphorus chlorides, pure Boiling 50.05 2
Potassium bisulfate, all concentrations Boiling 50.05 2
Potassium bisulfate, melt 200–400 390–750 50.05 2
Potassium bromide, all concentrations Boiling 50.05 2
Potassium bromide, melt 760 1400 50.05 2
Potassium carbonate, all concentrations Boiling 50.05 2
Potassium carbonate, melt(a) 900 1650 50.05 2
Potassium chlorate, all concentrations(b) Boiling 50.05 2
Potassium cyanide, 50 g/L Room 50.25 10

100 212 14 55
Potassium dichromate, all concentrations Boiling 50.05 2
Potassium ferricyanide, all concentrations Boiling 50.05 2
Potassium ferrocyanide, all concentrations Boiling 50.05 2
Potassium hydroxide, all concentrations 300 570 50.05 2
Potassium hydroxide, melt(a) 300 570 50.05 2
Potassium nitrate, all concentrations Boiling 50.05 2
Potassium nitrate, melt 335 635 Attacked

Temperature Corrosion rate

Salt �C �F mm/yr mils/yr

Potassium permanganate, all
concentrations

Boiling 50.05 2

Potassium peroxide, all concentrations 100 212 50.05 2
Potassium peroxide, melt 380 715 Attacked
Potassium persulfate, all concentrations 60 140 Attacked
Potassium sulfate, all concentrations(c) Boiling 50.05 2
Potassium sulfate, melt Melting point 50.05 2
Sodium bisulfate, all concentrations Boiling 50.05 2
Sodium bisulfate, melt 400 750 50.05 2
Sodium bisulfites, all concentrations 100 212 50.05 2
Sodium carbonate, all concentrations Boiling 50.05 2
Sodium carbonate, melt 860 1580 50.05 2
Sodium chloride, all concentrations Boiling 50.05 2
Sodium chloride, melt(d) 800 1470 50.05 2
Sodium chromate, all concentrations Boiling 50.05 2
Sodium cyanide, all concentrations Room 50.05 2
Sodium formaldehyde sulfoxylate, all

concentrations
90 195 50.05 2

Sodium formate, all concentrations Boiling 50.05 2
Sodium formate, melt 260 500 50.05 2
Sodium fluorosilicate, all concentrations 100 212 50.05 2
Sodium hydroxide, 590% pure Boiling 50.05 2
Sodium hydroxide, melt 350 660 50.05 2
Sodium hypochlorite, all concentrations 100 212 50.05 2
Sodium hypochloriteþ sodium chloride,

saturated solution
100 212 50.25 10

Sodium nitrate, all concentrations Boiling 50.05 2
Sodium perborate, all concentrations 50 120 50.05 2
Sodium percarbonate, all concentrations 50 120 50.05 2
Sodium perchlorate, all concentrations Boiling 50.05 2
Sodium perchlorate, melt 480 900 Attacked
Sodium peroxide, all concentrations Boiling 50.05 2
Sodium peroxide, melt 400 750 50.05 2
Sodium phosphates, all concentrations Boiling 50.05 2
Sodium silicates, all concentrations Boiling 50.05 2
Sodium sulfate, all concentrations Boiling 50.05 2
Sodium sulfide, all concentrations Boiling 50.05 2
Sodium sulfide, melt 700 1290 50.05 2
Sodium sulfite, all concentrations Boiling 50.05 2
Sodium thiocyanate, all concentrations Boiling 50.05 2
Sodium thiocyanate, melt 300 570 50.05 2
Sodium thiosulfate, all concentrations Boiling 50.05 2
Stannic ammonium chloride, all

concentrations
Boiling 50.05 2

Stannic chloride, all concentrations Boiling 50.05 2
Strontium nitrate, all concentrations Boiling 50.05 2
Sulfite cooking liquor, pH 13 Boiling 50.05 2
Sulfur monochloride, pure Boiling 50.05 2
Sulfuryl chloride, dry and wet 300 570 50.05 2
Thionyl chloride, dry or wet Boiling 50.05 2
Uranyl nitrate, all concentrations Boiling 50.05 2

(a) Platinum is attacked if strong oxidizers are present. (b) Platinum-iridium anodes used to electrolytically manufacture potassium chlorate. (c) Provided reducing agents are not present. (d) Provided no ammonia is present
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and their corrosion and oxidation resistance
make them well suited for this service.

Rhodium

Fabrication. Rhodium powder can be con-
solidated either by powder metallurgy techni-
ques or by melting. Powder compacts are
sintered by air, inert atmospheres, hydrogen, or
vacuum at approximately 1200 �C (2190 �F).

The melting of rhodium requires careful con-
trol of atmospheric conditions because liquid
rhodium will dissolve a large quantity of oxygen,
which is rejected upon solidification. If condi-
tions are reducing, the rhodium may become
contaminated through reduction of the refractory
crucibles. A satisfactory technique for the pro-
duction of small rhodium ingots is electron beam
or argon arc melting on a water-cooled copper
hearth.

Sintered or cast rhodium ingots can be
worked down to thin strip or fine wire. The
fabrication of these wrought forms requires an
initial hot working at a temperature of
1200 �C (2190 �F) or higher, but subsequently,
the temperature can be dropped. At thinner
gages, the metal can be cold worked. During
cold work, the rhodium should be given stress-
relief anneals at 600 to 800 �C (1110 to
1470 �F), but complete annealing should be
avoided because recrystallized metal is less
ductile than metal with a fibrous structure.
Moderate amounts of cold work (up to 40
to 50%) can be given between stress-relief
anneals.

Physical Properties. Rhodium is character-
ized by:

� High specular reflectivity
� The highest electrical conductivity of all the

platinum-group metals

� The highest thermal conductivity of all the
platinum-group metals

� A high melting point: 1963 �C (3565 �F)
� A density of 12.41 g/cm3 (0.448 lb/in.3),

approximately 58% that of platinum

Mechanical Properties. The hardness of
wrought rhodium in the annealed condition
averages approximately 130 HV. Therefore,
rhodium is harder than platinum or palladium
(each approximately 40 HV).

Rhodium work hardens rapidly. A 15%
reduction by cold rolling increases hardness to
300 HV. The hardness of annealed rhodium
decreases progressively with increasing tem-
perature; hardness falls from approximately
120 HV at room temperature to 80 HV at
600 �C (1110 �F) and to less than 50 HV
at 1100 �C (2010 �F). The tensile strength of
annealed rhodium is 827 to 896 MPa (120
to 130 ksi), while a tensile strength of 1379

Table 15 Corrosion of platinum in organic compounds

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Acetaldehyde, pure 200–100 390–750 50.05 2
Acetic anhydride, all concentrations(a) Boiling 50.05 2
Acetone, pure Boiling 50.05 2
Acetylene, dry 600 1110 Becomes spongy
Acetylene dichloride, wet and acid Boiling 50.05 2
Ethyl alcohol, all concentrations Boiling 50 05 2
Amyl acetate, pure Boiling 50.05 2
Amyl alcohol, pure Boiling 50.05 2
Aniline, pure Boiling 50.05 2
Benzaldehyde, pure and aqueous Boiling 50.05 2
Benzene, pure Boiling 50.05 2
Benzotrifluoride, pure Boiling 50.05 2
Benzyl chloride, pure 180 355 50.05 2
Butyl acetate, pure Melting point 50.05 2
Butyl alcohol, pure Boiling 50.05 2
Carbon bisulfide, pure Boiling 50.05 2
Carbon tetrachloride, dry and wet Boiling 50.05 2
Chloramine(s), all concentrations Boiling 50.05 2
Chlorobenzene, pure Boiling 50.05 2
Chlorocresols, all concentrations Boiling 50.05 2
Chloroform, dry or wet Boiling 50.05 2
Chlorohydrins, pure Boiling 50.05 2
Chloronitrobenzenes, pure Boiling 50.05 2
Chlorotoluene, pure Boiling 50.05 2
Copper acetate, neutral solutions 100 212 50.05 2
Cresols, pure Boiling 50.05 2
Dextrose, all concentrations Boiling 50.05 2
Dibutyl phthalate, pure Boiling 50.05 2
Dichlorodifluoromethane, pure 600 1110 50.05 2
Dimethylaniline, pure 600 1110 50.05 2
Diphenyl, pure 400 750 50.05 2
Essential oils, pure Boiling 50.05 2
Ether, pure Boiling 50.05 2
Ethyl acetate, all concentrations Boiling 50.05 2
Ethyl benzene, pure 135 275 50.05 2
Ethylene dibromide, wet and acid products Boiling 50.05 2
Ethylene dichloride, wet and acid products Boiling 50.05 2
Fatty acids, pure 400 750 50.05 2
Formaldehyde, all concentrations 500 930 50.05 2
Furfural, wet and slightly acid Boiling 50.05 2
Gelatin, pure Boiling 50.05 2
Glycerol, pure Boiling 50.05 2
Guanidine nitrate, all concentrations Room 50.05 2
Guinine sulfate, all concentrations Boiling 50.05 2
Guinolines, pure Bailing 50.05 2
Guinone, inorganic solvent and pure 100 212 50.05 2

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Hexachloroethane, dry and moist 187 370 50.05 2
Hydrazine, 550% solution Room 50.05 2
Hydroquinone, all concentrations Boiling 50.05 2
Isoborneol acetate, pure Boiling 50.05 2
Isobutyl chloride, dry and wet Boiling 50.05 2
Limonene, pure Boiling 50.05 2
Methyl alcohol, pure Boiling 50.05 2
Methylamines, all solutions and gaseous Room 50.05 2
Methyl chloride, dry and wet 300 570 50.05 2
Methylene chloride, dry and wet Boiling 50.05 2
Methylglycol, pure Boiling 50.05 2
Milk, pure Boiling 50.05 2
Nitrobenzene, pure Boiling 50.05 2
Nitrocellulose, in water or alcohol Room 50.05 2
Nitrotoluenes Boiling 50.05 2
Pentachloroethane, wet, dry, and acid Boiling 50.05 2
Phenol, all concentrations Boiling 50.05 2
Phenyl hydrazine, all concentrations 100 212 50.05 2
Phenylmercuric acetate, pure and all

concentrations
Melting point 50.05 2

Phthalic anhydride, pure Boiling 50.05 2
Potassium acetate, all concentrations Boiling 50.05 2
Pyridine, all concentrations Boiling 50.05 2
Sodium acetate, all concentrations Boiling 50.05 2
Sodium acetate, melt 400 750 50.05 2
Sodium bisulfate, all concentrations Boiling 50.05 2
Sodium formaldehyde sulphoxylate, all

concentrations
90 195 50.05 2

Sodium formate, all concentrations Boiling 50.05 2
Sodium formate, melt 260 500 50.05 2
Sodium isovalerate, all concentrations Boiling 50.05 2
Sodium isovalerate, melt with sodium

hydroxide
290 555 50.05 2

Boiling 50.05 2

Sodium methylate, all concentrations in
alcohol or ether

100 212 50.05 2

Sodium pentachlorophenolate, all
concentrations

Boiling 50.05 2

Sodium phenolate, all concentrations Boiling 50.05 2
Sodium salicylate, all concentrations Boiling 50.05 2
Sodium tartrates, all concentrations Boiling 50.05 2
Sorbital, all concentrations Boiling 50.05 2
Sorbose, all concentrations Boiling 50.05 2
Toluene, pure Boiling 50.05 2
Toluenesulfonyl chlorides, all concentrations Boiling 50.05 2
Triethanolamine, pure and all concentrations Boiling 50.05 2
Vinyl chloride, pure 500 930 50.05 2

(a) Platinum-gold alloys perform better than pure platinum
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to 1517 MPa (200 to 220 ksi) is obtainable in
cold-drawn wire.

Corrosion Resistance. Rhodium is resistant
to corrosion by nearly all aqueous solutions at
room temperature, including concentrated acids
(Ref 35), but it is slowly attacked by solutions of
sodium hypochlorite. In wrought or cast form, it
is unattacked at 100 �C (212 �F) by concentrated
HCl, HNO3, and aqua regia, but it is attacked
slowly by concentrated H2SO4 and by HBr
(Table 21). Table 22 lists corrosion rates of
rhodium in other environments. Rhodium can be
used for insoluble anodes in electrolytic pro-
cesses in which evolution of oxygen and chlorine
occurs. When alternating current is used, how-
ever, rhodium is dissolved fairly readily in a
number of electrolytes.

Rhodium is unattacked by chlorine at room
temperature, but it may be attacked at elevated
temperatures. It is generally more resistant to the
halogens than platinum, although it is less
resistant than iridium (Table 23). In the massive
form, it is attacked slowly by molten sulfur, but
finely divided metal may react violently. Rho-
dium is resistant to wet or dry gaseous sulfur
dioxide vapors to 1000 �C (1830 �F) if ele-
mental sulfur is not present.

Rhodium is resistant to attack by some
molten salts. Rhodium crucibles have been used
at 1620 �C (2950 �F) for growing calcium
tungstate single crystals by the Czochralski
technique.

Rhodium is attacked to varying extents by
fused alkalis under oxidizing conditions; the rate
of corrosion is comparable to that of platinum. It
is corroded fairly rapidly by alkali cyanides and
fused sodium bisulfate.

At temperatures 200 �C (360 �F) above their
melting points, gold, silver, mercury, cesium,
potassium, sodium, and gallium have negligible
corrosive action on rhodium, but unlike iridium
and ruthenium, rhodium is rapidly dissolved by
lead and bismuth. The standard electrode
potential of rhodium (Rh$Rh2þþ2e� ) is
approximately þ0.6 V at 25 �C (75 �F).

Oxidation Resistance. Rhodium does not
tarnish in air at room temperature, even in the
most severe atmospheric conditions, but heating
in air at temperatures above approximately

600 �C (1110 �F) will produce a thin oxide film
that is visible as a dark discoloration. The weight
change due to oxidation at these temperatures is
negligible even after prolonged heating.

The oxide decomposes at approximately
1100 �C (2010 �F) in air at normal pressure and
at slightly higher temperatures in oxygen. At
higher temperatures, rhodium dissolves some
oxygen and simultaneously reacts with it to form
a volatile oxide. The volatile oxide is formula
rhodium dioxide (Ref 33).

The vapor pressure of rhodium dioxide is
directly proportional to the partial pressure of
oxygen in the atmosphere. It is slightly less than
that of the corresponding platinum oxide at
temperatures below 1200 �C (2190 �F), but at
higher temperatures the reverse is true.

Corrosion Applications. Rhodium is princi-
pally used as an alloying element in conjunction
with platinum and palladium. Rhodium-con-
taining platinum alloys are used for crucibles,
furnace windings, thermocouple elements, lin-
ings for glass extrusion nozzles and spinnerets,
and woven screen oxidation catalysts for pro-
duction of HNO3 from ammonia. Rhodium is
used to harden palladium in jewelry applica-
tions. It also increases the corrosion resistance.
Similarly, rhodium increases the hardness and
corrosion resistance of nickel.

As the element, rhodium is electroplated for
a number of decorative and nontarnishing
uses, including jewelry, reflective mirrors, and
electrical contacts. Rhodium is also vacuum
deposited on glass to produce mirrors with high
reflectivity and chemical stability. Thin coatings
of rhodium on glass make an excellent gray filter.

Iridium

Fabrication. Pure iridium is not readily
amenable to conventional fabrication and is
generally used as an alloying element. However,
iridium powder can be consolidated by conven-
tional powder metallurgy techniques or by
melting. Powder compacts are preferably sin-
tered in vacuum at 1500 �C (2730 �F) before
forging, rolling, swaging, or other hot-working
operations for consolidation. Melting can be

carried out in an argon arc furnace on a water-
cooled copper hearth or by induction heating in a
zirconia crucible, again in an argon atmosphere.
In both cases, iridium powder is the raw material,
which is preferably first briquetted and vacuum
sintered into a partially consolidated material.

Sintered or cast iridium has working char-
acteristics that are similar to those of tungsten
and therefore requires considerable care in the
early stages of processing. Initial breakdown of
cast or sintered shapes is done in the temperature
range of 1200 to 1500 �C (2190 to 2730 �F).

Subsequent drawing to wire is performed by
warm working at 600 to 750 �C (1110 to
1380 �F), which is below the recrystallization
temperature. Such wire has a fibrous structure, a
hardness of 600 to 700 HV, and useful tensile
strength and ductility. Drawing at lower
temperatures leads to a rapid increase in hardness
and splitting of the wire. Drawing of material
that has been fully recrystallized by annealing
results in frequent breakage.

Iridium can also be rolled at 600 to 750 �C
(1110 to 1380 �F) into strip with the fibrous
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Fig. 1 Weight losses of platinum-group metals oxi-
dized in air

Table 16 Corrosion of platinum in gases

Temperature Corrosion rate

Gas �C �F mm/yr mils/yr

Ammonia, with oxidant(a) 950 1740 50.05 2
Ammonia, pure Elevated Nitridation
Carbon dioxide, no reductant present 1400 2550 50.05 2
Carbon monoxide, no reductant present 1400 2550 50005 2
Hydrogen, pure 1000 1830 50.05 2
Hydrogen chloride, dry(b) 1200 2190 50.1 4
Hydrogen sulfide, moist Room Blackened(c)
Nitrogen dioxide 50.05 2
Ozone, with 98% oxygen 100 212 50.05 2
Steam 600 1110 50.05 2
Sulfur dioxide, dry and wet 600 1110 50.05 2

(a) Use of platinum-rhodium alloys is preferred for ammonia oxidation (loss is5250 mg of platinum/ton of nitric acid). (b) Corrosion rate is increased by
the presence of steam or oxidizing agent. (c) Platinum is blackened but unattacked in hydrogen sulfide to 1000 �C (1830 �F).

Table 17 Corrosion of platinum in halogens
at room temperature

Corrosion rate

Halogen mm/yr mils/yr

Chlorine, dry 50.25 10
Chlorine, moist 50.25 10
Saturated chlorine in water nil
Bromine, dry 3.5 138
Bromine, moist 2.0 80
Saturated bromine in water nil
Iodine, dry 50.25 10
Iodine, moist nil
Iodine in alcohol, 50 g/L nil
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structure characteristic of drawn wire. In addi-
tion, iridium can be rolled at higher temperatures
(1200 to 1500 �C, or 2190 to 2730 �F) to yield a
product with an equiaxed structure and hardness
of approximately 400 HV. In general, worked
material that has a fibrous structure is preferred
because it has better ductility and strength.

Warmed-worked iridium does not exhibit
a sharp recrystallization temperature. Some
softening occurs upon heat treatment at 700 �C
(1290 �F), but it is necessary to heat to a
minimum of 1000 �C (1830 �F) or higher tem-
peratures before full recrystallization occurs.

Physical Properties. Interesting features of
iridium include:

� Iridium has the distinction of being the hea-
viest element known, with a density of
22.65 g/cm3 (0.818 lb/in.3).

� Next to osmium, iridium has the highest
melting point of the platinum-group metals,
2447 �C (4437 �F).

� The modulus of elasticity of iridium is one
of the highest for an element, 517 GPa
(75,000 ksi).

Mechanical Properties. Iridium shows a
high degree of work hardening compared with
other fcc metals. The hardness of annealed iri-
dium increased by 250 HV with 20% cold
reduction, as compared to an increase of 30 HV
for pure platinum worked to a similar degree.
The very small amounts of the impurities seg-
regated at the grain boundaries may be the cause
of the rapid work-hardening behavior. The
excellent high-temperature strength properties of
iridium place it in the category of the refractory
metals.

Corrosion Resistance. Iridium is the most
corrosion-resistant metal known. It is completely
unattacked by the common mineral acids at
normal and high temperatures and by cold and
boiling aqua regia (Table 24) (Ref 36). It is the
most resistant of the platinum metals to the
halogens, as shown in Table 25. It is slightly
attacked by fused sodium and potassium hydro-
xides and by fused sodium bicarbonate. Iridium
is resistant to anodic corrosion in aqueous
electrolytes but may be attacked in aqueous
potassium cyanide, HCl, and ammonium carbo-
nate solutions under the action of an alternating
current. The corrosion resistance of iridium in
other environments is shown in Table 26. Iridium
can be dissolved by aqua regia under pressure by
heating to 250 to 300 �C (480 to 570 �F). Iridium
is resistant to wet or dry gaseous sulfur dioxide to
1000 �C (1830 �F) if elemental sulfur is not
present.

Iridium shows excellent resistance to attack by
a wide range of molten metals. Iridium is unat-
tacked by gallium, lithium, potassium, sodium,
indium, mercury, and bismuth at temperatures up

to 200 �C (360 �F) above their respective melt-
ing points under an atmosphere of argon. It is
only slowly attacked by molten lead, tellurium,
cadmium, antimony, tin, calcium, silver, and
gold. On the other hand, the metal is readily
attacked by molten copper, aluminum, zinc, and
magnesium. The standard electrode potential
of iridium (Ir$ Ir3þþ3e� ) is approximately
þ1.0 V at 25 �C (75 �F).

Iridium is unattacked by lithium, sodium,
potassium, bismuth, gallium, lead, silver, and
gold at up to 200 �C (360 �F) above the respec-
tive melting points of these metals (Ref 37). It is
also unattacked by mercury up to 550 �C
(1020 �F). Iridium is not wetted by lithium,
sodium, potassium, bismuth, gallium, and lead at
these test temperatures, although at 400 �C
(720 �F) above its melting point, gallium does
wet iridium, and there is some surface attack.
Gold and silver wet iridium and form continuous
films over both the inside and outside of the
sintered crucible.

Tellurium, cadmium, and tin attack iridium at
all temperatures above their melting points,
along with the formation of intermediate com-
pounds at the interface. These compounds have
some protective value for the iridium, although
they are brittle and do not adhere well to the
iridium. Antimony also reacts with iridium to
form an intermetallic compound, but this com-
pound does not seem to adhere to the iridium and
has no protective action.

Table 20 Corrosion of platinum in halogens
at room temperature

Corrosion rate

Halogen mm/yr mils/yr

Chlorine, dry 1.1 43
Chlorine, moist 14.0 551
Saturated chlorine in water 50.25 10
Bromine, dry 24.5 965
Bromine, moist 25.0 984
Saturated bromine in water 27.7 1090
Iodine, dry 50.25 10
Iodine, moist 50.25 10
Iodine in alcohol, 50 g/L 50.25 10

Table 21 Corrosion of rhodium in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Aqua regia Boiling nil
Hydroiodic, specific

gravity 1.75
100 212 nil

Hydrobromic, fuming 100 212 2.2 87
Hydrochloric, 35% 100 212 nil
Hydrofluoric, 40% Room nil
Nitric, 95% 100 212 nil
Phosphoric, 100 g/L 100 212 nil
Sulfuric, concentrated 100 212 50.25 10
Acetic acid, glacial 100 212 nil

Table 19 Corrosion of palladium in
common salts and other environments

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Hydrogen sulfide,
moist

Room nil

Sodium
hypochloriteþ
sodium chloride,
saturated solution

Room 1.8 71
100 212 14.9 587

Ferric chloride,
100 g/L

Room 11.9 469
100 212 Rapid dissolution

Potassium cyanide,
50 g/L

Room 1.6 63
100 212 62.7 2469

Mercuric chloride,
solution

100 212 nil

Cupric chloride,
100 g/L

Room 50.25 10

Cupric sulfate,
100 g/L

100 212 nil

Aluminum sulfate,
100 g/L

Room nil
100 212 nil

Table 18 Corrosion of palladium in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Aqua regia Room Rapid dissolution
Hydroiodic, specific

gravity 1.75
Room 65.7 2587

Hydrobromic, fuming Room 161.2 6346
Hydrochloric, 36% Room 50.25 10

100 212 1.3 51
Hydrofluoric, 40% Room nil
Nitric, 70% Room 61.3 2413
Nitric, 95% 100 212 Rapid dissolution
Phosphoric, 100 g/L 100 212 50.25 10
Hydrochloric, specific

gravity 1.6
Room nil

100 212 2.5 100

Sulfuric, concentrated Room 50.25 10
100 212 1.6 63

Acetic acid, glacial Room 50.25 10

Table 23 Corrosion of rhodium in halogens
at room temperature

Corrosion rate

Halogen mm/yr mils/yr

Chlorine, dry nil
Chlorine, moist nil
Saturated chlorine in water nil
Bromine, dry nil
Bromine, moist nil
Saturated bromine in water nil
Iodine, dry nil
Iodine, moist 50.25 10
Iodine in alcohol, 50 g/L 50.25 10

Table 22 Corrosion of rhodium in common
salts and other environments

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Hydrogen sulfide,
moist

Room nil

Sodium
hypochloriteþ
sodium chloride,
saturated solution

Room 50.25 10
100 212 50.25 10

Ferric chloride,
100 g/L

100 212 nil

Mercuric chloride,
100 g/L

100 212 nil

Cupric sulfate,
100 g/L

100 212 nil

Aluminum sulfate,
100 g/L

100 212 nil
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Molten copper, calcium, and zinc at all tem-
peratures penetrate iridium intergranularly; this
is followed by the dissolution of iridium in these
liquid metals. Copper, in particular, penetrates
very rapidly into the iridium. Magnesium and
aluminum attack iridium very rapidly by uniform
diffusion at the interface; the solid solution so
formed then dissolves in the liquid metal.

Oxidation Resistance. Iridium does not tar-
nish at room temperature, but heating in air at
temperatures above approximately 600 �C
(1110 �F) will produce a thin oxide tarnish. At
temperatures of 1000 �C (1830 �F) and higher,
iridium loses weight through the formation of a
volatile oxide, which is reported to be either
iridium sesquioxide, iridium trioxide, or iridium
dioxide (Ref 38–40). The weight loss as a func-
tion of time is linear, because base metal is
continually exposed to the attacking air. The
linear mass change for all the platinum metals is
plotted in Fig. 1. Although the weight loss in air
is much greater for iridium than for platinum,
iridium is the only metal with a sufficiently high

melting point that can be used unprotected in air
at temperatures up to 2300 �C (4170 �F) without
catastrophic failure.

Corrosion Applications. Except for the use
of pure iridium as high-performance sparkplug
electrodes and for very high-temperature cruci-
bles used in the preparation of single crystals of
certain optical and electronic glasses, iridium is
largely used for hardening and increasing the
corrosion resistance of platinum and palladium.
In platinum, which in the fully annealed state has
a tensile strength of 131 MPa (19 ksi), a 10% Ir
addition increases tensile strength to 414 MPa
(60 ksi); a 35% Ir addition increases tensile
strength to 965 MPa (140 ksi). Platinum-iridium
alloys are used for prosthetics and other biome-
dical devices. The electrochemical and corrosion
behavior of an iridium-palladium oxide elec-
trode is characterized in Ref 41.

In addition to hardening platinum, iridium
greatly enhances its corrosion resistance, parti-
cularly in environments involving nascent
chlorine, aqua regia, and similar corrosives.
Because of their exceptional resistance to cor-
rosion and tarnish, platinum-iridium alloys con-
taining up to 30% Ir have been used in:

� Chemical plants handling extremely corrosive
materials

� Electrical contacts exposed to severe envir-
onments and where extreme reliability of
chlorine is required

� Jewelry, surgical tools, and implants (cathe-
ters, microelectrodes, and pacemaker com-
ponents)

� Primary standards of length and weight.
(When the meter was defined by a physical bar
in 1889, a platinum-iridium bar was used as
the standard.)

Iridium is also an effective hardener for pal-
ladium, and it imparts corrosion resistance.
Although not so widely applied as their platinum
counterparts, the palladium alloys have been
used for jewelry and electrical contacts.

Iridium alloys containing up to 60% Rh have
been proposed for high-temperature thermo-
couples. The couple iridium versus Ir-40Rh is
regarded as one of the most satisfactory for use in
oxidizing atmospheres at temperatures as high as
2100 �C (3810 �F).

The naturally occurring alloy osmiridium (30
to 65% Os balance iridium) has been widely used
for the tipping of fountain pen nibs, for instru-
ment pivots, and for similar applications requir-
ing high hardness and extreme resistance to wear
and corrosion. Recently, osmiridium has been
replaced by a wide variety of complex synthetic
alloys containing, among others, the refractory
metals, together with iridium, ruthenium,
osmium, rhodium, and platinum.

Iridium-tungsten alloys have been principally
developed for springs required to operate at high
temperatures. These springs have excellent
relaxation properties at temperatures up to
800 �C (1470 �F).

Small additions of iridium are very effective in
improving the corrosion resistance of titanium.

As with the other platinum-group metals,
addition of as little as 0.1% Ir increases the
corrosion resistance of titanium to nonoxidizing
acids a hundredfold. Similar improvements
have been reported for chromium containing
0.5% Ir. Iridium-base alloys are undergoing
evaluation as gas turbine blade and vane coatings
(Ref 42).

Ruthenium

Fabrication. Wrought forms of ruthenium
are limited. Those products that are available are
generally fabricated by powder metallurgy
techniques. The ruthenium powder is obtained
from the refining process. Hot working can be
accomplished at 1150 to 1500 �C (2100 to
2730 �F), although rolling of bar to strip can be
performed in the range of 1050 to 1250 �C (1920
to 2280 �F) to minimize grain growth and edge
cracking due to large grain size. Cold rolling of
ruthenium is very limited because of the low
ductility of the metal. The metal work hardens
rapidly and requires frequent intermediate
anneals.

Single-crystal ruthenium, prepared by elec-
tron beam zone refining, shows a relatively high
degree of ductility when compared to poly-
crystalline material. However, the material work
hardens rapidly, and upon annealing, it reverts to
a polycrystalline state and exhibits low ductility.

Atomic, Structural, and Physical Properties.
A high melting point (2310 �C, or 4190 �F), a
moderate density of 12.45 g/cm3 (0.45 lb/in.3),
and a Young’s modulus of 414 GPa (60,000 ksi)
characterize ruthenium. In relation to other
metals of the platinum group, ruthenium bears
closest resemblance to osmium and, like it,
has a hexagonal close-packed (hcp) structure.
Some of these properties will vary according to
the degree of preferred orientation present in the
material.

Mechanical Properties. The hardness of
ruthenium varies considerably according to the
orientation of the hexagonal lattice. The hard-
ness of sintered bar, swaged at 1500 �C
(2730 �F) with a 45% reduction in area and
subsequently annealed at the same temperature,
is in the range of 400 to 450 HV on longitudinal
sections and 250 to 300 HV on transverse
sections.

The tensile strength of a polycrystalline sin-
tered bar, swaged with a 45% reduction in area at
1500 �C (2730 �F) and subsequently annealed at
the same temperature, is 496 MPa (72 ksi), and
the elongation is 3%. High-temperature tensile
tests carried out in air indicate a steady decrease
in strength with increasing temperature and a
maximum in elongation and reduction of area in
the temperature range of 750 to 900 �C (1380 to
1650 �F).

Corrosion Resistance. Ruthenium is resis-
tant to attack by cold and hot acid solutions,
including aqua regia, and, in this respect, is
superior to platinum (Table 27). However, its

Table 24 Corrosion of iridium in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Aqua regia Room-boiling nil
Hydroiodic, specific

gravity 1.75
Room-100 212 nil

Hydrobromic, specific
gravity 1.7

100 212 nil

Hydrochloric, 36% 100 212 nil
Hydrofluoric, 40% Room nil
Nitric, 95% 100 212 nil
Phosphoric 100 212 nil
Sulfuric, concentrated Room-100 212 nil
Acetic acid, glacial 100 212 nil

Table 25 Corrosion of iridium in halogens
at room temperature

Corrosion rate

Halogen mm/yr mils/yr

Chlorine, dry nil
Chlorine, moist nil
Bromine, dry nil
Bromine, moist 50.25 10
Saturated bromine in water nil
Iodine, dry nil
Iodine, moist nil
Iodine in alcohol, 50 g/L nil

Table 26 Corrosion of iridium in other
environments

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Hydrogen sulfide, moist Room nil
Sodium hypochloriteþ

sodium chloride,
saturated solution

100 212 50.25 10

Ferric chloride, 100 g/L 100 212 nil
Mercuric chloride, solution 100 212 nil
Cupric sulfate, 100 g/L 100 212 nil
Aluminum sulfate, 100 g/L 100 212 nil
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resistance to attack under certain oxidizing
conditions is not as high as that of platinum.
Therefore, it is attacked fairly rapidly by sodium
hypochlorite. Saturated aqueous solutions of
chlorine and bromine and alcoholic solutions of
iodine attack the metal slowly (Table 28). It is
dissolved fairly rapidly as an anode in a large
number of electrolytes and more rapidly by
alternating current electrolysis (Ref 43). Ruthe-
nium is attacked by fused alkaline hydroxides,
carbonates, and cyanides and is attacked very
rapidly by fused sodium peroxide. The corrosion
resistance of ruthenium in other environments is
given in Table 29. The behavior of ruthenium
anodes in base is reviewed in Ref 44.

Ruthenium exhibits good resistance to attack
by molten lithium, sodium, potassium, copper,
silver, and gold when it is heated in an atmo-
sphere of argon. No solution attack by these
metals occurs up to 100 �C (180 �F) above their
melting points, although grain-boundary pene-
tration is observed with sintered and unworked
ruthenium. It is also resistant to attack by molten
lead, and up to 700 �C (1290 �F), attack by
liquid bismuth is extremely slight. The solubility
of ruthenium in bismuth at this temperature
is 0.029%, and at 1200 �C (2190 �F), it is
0.016%.

Ruthenium is unattacked by lithium, sodium,
potassium, gold, silver, copper, lead, bismuth,
tin, tellurium, indium, cadmium, calcium, and
gallium at temperatures up to 200 �C (360 �F)
above the melting points of the respective metals
(Ref 37). Gold, silver, and copper flow readily
over the surface of ruthenium but do not wet it.
Ruthenium is also unattacked by mercury at
temperatures to 550 �C (1020 �F). Ruthenium is
apparently unattacked at lower temperatures by
gallium, but there is some attack at temperatures

400 �C (720 �F) above the melting point of
gallium. Similarly, bismuth dissolves ruthenium
very slowly at 700 �C (1290 �F), with the dis-
solution occurring uniformly at the ruthenium
surface.

Ruthenium is attacked by molten aluminum or
zinc at all temperatures above their melting
points. This attack appears to consist of uniform
dissolution of the surface and does not result in
the formation of intermetallic compounds or
grain-boundary penetration. On the other hand,
attack by magnesium and antimony occurs with
the formation of an intermetallic compound at
the interface, which appears to have some
protective value.

Oxidation Resistance. Ruthenium does not
tarnish at room temperature, even in heavily
polluted atmospheres, but when heated in air or
oxygen to temperatures approaching 800 �C
(1470 �F), it oxidizes to form a surface film of
ruthenium dioxide. Between this temperature
and 1150 �C (2100 �F), there is simultaneous
formation of a volatile oxide, probably ruthe-
nium monoxide and ruthenium dioxide. At
higher temperatures, only ruthenium monoxide
is formed. The vapor pressure of the monoxide
when formed on heating ruthenium in pure
oxygen at temperatures in the range of 1200 to
1400 �C (2190 to 2555 �F) has been found to
follow the approximate relationship:

log10 P=
11,100

T
+4:83

where T is the absolute temperature, and P is the
pressure in atmospheres (Ref 21). The actual rate
of weight loss upon heating the metal in air will
depend on a number of factors, including the
geometric form of the sample under test and the
degree of movement of the surrounding atmo-
sphere. The mass change of ruthenium in air in
comparison with the other platinum metals is
given in Fig. 1.

Corrosion Applications. Because of the lack
of wrought forms of ruthenium that can be
readily fabricated, the applications of ruthenium
in corrosive environments are limited. High-
ruthenium alloys containing other platinum
metals or base metals have been used for elec-
trical contacts and for severe wear-resistance
applications, such as tips for fountain pen nibs
and for nonmagnetic instrument pivots. High

hardness and excellent resistance to corrosion
are the prime virtues of these alloys. Ruthenium-
dioxide-coated titanium is an effective anode in
chlorine-manufacturing cells.

Ruthenium is added to platinum and palla-
dium as a hardener. A 5% addition of ruthenium
to annealed platinum will increase the hardness
from 40 to 130 HV; similarly, the hardness of
annealed palladium can be increased from 40 to
90 HV. The work-hardening rate of these metals
is also increased by the addition of ruthenium.

Small additions of ruthenium have also been
found to be effective in improving the corrosion
resistance of titanium. As a cost-reduction mea-
sure, the titanium industry has developed two
grades of Ti-0.1%Ru with properties similar to
the more expensive titanium-palladium grades.
These precious-metal-containing grades outper-
form commercial-grade titanium in hot halide
and sulfate environments, particularly in inhi-
biting crevice corrosion (Ref 45, 46).

Osmium

Fabrication. Osmium is an element that is
essentially impossible to fabricate except by
powder metallurgy, and even with powder
metallurgy techniques, extreme care must be
used. Arc melting must be done under vacuum or
inert atmospheres.

Atomic, Structural, and Physical Properties.
Osmium has the highest melting point
(approximately 3045 �C, or 5515 �F) and the
second-highest density (22.57 g/cm3, or
0.815 lb/in.3) of the platinum-group metals.
Osmium is similar in many properties to ruthe-
nium and, like ruthenium, has a hcp crystal
structure. The principal physical properties of the
element are given in Table 1. Some of these
properties will vary according to the degree of
preferred orientation present in the test speci-
men.

Mechanical property data on osmium are
scarce. The annealed hardness of osmium is
300 to 670 HV (Ref 47). This makes osmium the
hardest of the platinum-group metals.

Corrosion Resistance. Compared to other
elements in the platinum-group metals, osmium
has relatively modest corrosion resistance. The
element is attacked by aqua regia and the oxi-
dizing acids but is resistant to HCl and H2SO4

(Table 30). Osmium is attacked by the halogens
at room temperature (Table 31), and the attack
becomes progressively worse upon heating.
Osmium is dissolved fairly rapidly in sodium
hypochlorite at room temperature and in FeCl3 at
100 �C (212 �F) (Table 32). Osmium burns in
the vapor of sulfur and phosphorus and is
attacked by molten alkali hydrosulfates, potas-
sium hydroxide, and oxidizing agents. Osmium
powder readily absorbs considerable amounts of
hydrogen.

Oxidation Resistance. Osmium powder will
slowly oxidize, even at room temperature, to
form osmium tetroxide. Osmium tetroxide boils
at 130 �C (265 �F) and is extremely toxic.

Table 27 Corrosion of ruthenium in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Aqua regia 100 212 nil
Hydroiodic, 60% 100 212 nil
Hydrobromic, 62% 100 212 nil
Hydrochloric, 36% 100 212 nil
Hydrofluoric, 49% Room nil
Nitric, 95% 100 212 nil
Sulfuric, 95% 100 212 nil

Table 28 Corrosion of ruthenium in
halogens at room temperature

Halogen

Corrosion rate

mm/yr mils/yr

Saturated chlorine in water 1.3 51
Chlorine, dry nil
Chlorine, moist nil
Saturated bromine in water 1.0 40
Bromine, dry nil
Bromine, moist nil
Iodine, dry nil
Iodine, moist nil
Iodine in alcohol, 50 g/L 1.0 40

Table 29 Corrosion of ruthenium in salts
and other environments at 100 �C (212 �F)

Corrosion rate

Environment mm/yr mil/yr

Hydrogen sulfide, moist, at
room temperature

nil

Sodium hypochloriteþ
sodium chloride,
saturated solution

Moderate attack

Ferric chloride, 100 g/L nil
Mercuric chloride, 100 g/L 44.0 1732
Aluminum sulfate, 100 g/L nil
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Corrosion Applications. Osmium is the
rarest of the platinum-group metals; annual
worldwide production amounts to only a few
thousand ounces. Some of this production is for
medical applications. A principal use of osmium
is in the manufacture of hard, nonrusting pivots
for instruments, phonograph needles, tipping the
nibs of fountain pens, and certain types of elec-
trical contacts. Alloys containing at least 60% Os
or osmium plus ruthenium in conjunction with
another platinum-group metal are usually used in
these applications.

Anodic Behavior of the Noble Metals

Under anodic conditions in nitrate and cyanide
solutions, silver is readily dissolved. This beha-
vior is the basis of numerous silver electroplating
baths. Silver becomes passive in most halide and
hydroxide solutions because of the formation of

a silver halide layer and a silver oxide layer,
respectively. In sulfate solution, silver first forms
a passive film of sulfate, but on application of a
higher potential, the sulfate becomes an oxide
that can be reduced again to silver sulfate at a
potential even lower than that required for the
initial sulfate film formation.

Gold dissolves readily when it is made anodic
in chloride solution containing an oxidizing
agent (Ref 18). Only under conditions of low
acid concentration or high current densities will
the surface gradually become passivated by an
absorbed layer of oxygen. In H2SO4, gold initi-
ally dissolves as Auþ, but the surface gradually
becomes passivated by a layer of gold hydroxide.

Platinum and iridium are capable of carrying
high current densities in certain acidic and
alkaline solutions but can become passivated
with difficulty by absorbed oxygen (Ref 48).
This film formation is accelerated by the super-
imposition of an alternating current on the direct
current. The low solubility of platinum has made
it a valuable commercial anode material for the
electrolytic production of persulfates and per-
chlorates, electroplating anodes, and cathodic
protection. Platinum loses less than 0.6 mg/
A . yr over a current density range of 540 to
5400 A/m2 (50 to 500 A/ft2) in flowing sea-
water, and less than 1 g per ton of chlorine pro-
duced in the electrolysis of brine. In strong HCl
solutions, platinum may be attacked, particularly
if the temperature is raised. Rhodium becomes
anodically passive in HCl. Conversely, pal-
ladium is readily dissolved anodically in acid
chloride solutions and under certain neutral
chloride conditions. Ruthenium metal is dis-
solved anodically in both HCl and H2SO4. The
anodic dissolution of osmium in acid media is
reviewed in Ref 49 and 50.

Small additions of the noble metals, particu-
larly palladium and platinum, can substantially
lower the corrosion rate of such metals as tita-
nium, stainless steel, and chromium (Ref 46).
This is achieved through the noble metal addi-
tions by their cathodic reduction of dissolved
oxygen or hydrogen ions, permitting larger cur-
rent densities and higher positive potentials in
the anodic regions of the surface. To be effective,
this higher potential must move the metal into a
passive condition; otherwise, the corrosion rate
will be accelerated. The technique works well for
many base metal alloys in H2SO4.

ACKNOWLEDGMENT

This article is based on the article “Corrosion
of the Noble Metals,” by Gaylord D. Smith and
Edward Zysk, that appeared in Corrosion,
Volume 13, ASM Handbook, 1987.

REFERENCES

1. G.W. Walkiden, The Noble Metals, Corro-
sion—Metal/Environmental Reactions,
Vol 1, 2nd ed., L.L. Sheir, Ed., Newnes-
Butterworths, 1979, p 6.3–6.23

2. C.R. Marsland, The Fabrication of
Silver and Silver-Base Alloys, Silver—
Economics, Metallurgy and Use, A. Butts
and C.D. Cox, Ed., D. Van Nostrand, 1967,
p 310–321

3. E.M. Wise, Gold, D. Van Nostrand, 1964
4. R.H. Leach, Silver and Silver Alloys, The

Corrosion Handbook, H.H. Uhlig, Ed., John
Wiley & Sons, 1948, p 314–320

5. A. Butts and J.M. Thomas, Corrosion
Resistance of Silver and Silver Alloys, Sil-
ver in Industry, L. Addicks, Ed., Reinhold,
1940, p 357–400

6. A. Butts, The Chemical Properties of Silver,
Silver—Economics, Metallurgy and Use,
D. Van Nostrand, 1967, p 123–136

7. E.M. Wise, Platinum Group Metals and
Alloys, The Corrosion Handbook, H.H.
Uhlig, Ed., John Wiley & Sons, 1948, p 299–
313, 699–718

8. R.F. Vines, Noble Metals, Corrosion
Resistance of Metals and Alloys, 2nd ed.,
F.L. LaQue and H.R. Copson, Ed., ACS
Monograph Series, No. 158, Reinhold,
1963, p 601–621

9. E.M. Wise, Corrosion Behavior of Palla-
dium, Palladium—Recovery, Properties
and Uses, Academic Press, 1968, p 21–28

10. E. Rabald, Corrosion Guide, 2nd ed., Else-
vier, 1968

11. M.J.N. Pourbaix, Atlas of Electrochemical
Equilibria in Aqueous Solutions, 2nd ed.,
NACE, 1974

12. J.C. Chaston, Oxygen in Silver, Silver—
Economics, Metallurgy and Use, A. Butts
and C.D. Cox, Ed., D. Van Nostrand, 1917,
p 304–309

13. M.C. Bernard et al., Reduction of Silver
Tarnishing and Protection against Sub-
sequent Corrosion, Corros. Sci., in press

14. P.R. Mezger et al., The Corrosion Behaviour
of Palladium-Silver-Ceramic Alloys, Dent.
Mater., Vol 5 (No. 2), March 1989, p 97–100

15. N. Horasawa et al., The Effect of Recasting
on Corrosion of a Silver-Palladium Alloy,
Dent. Mater., Vol 20 (No. 4), 4 May 2004,
p 352–357

16. L. Joska et al., The Mechanism of Corrosion
of Palladium-Silver Binary Alloys in Arti-
ficial Saliva, Biomaterials, Vol 26 (No. 14),
May 2005, p 1605–1611

17. H.J. Mueller et al., Electrochemical Char-
acterization and Immersion Corrosion of a
Consolidated Silver Dental Biomaterial,
Biomaterials, Vol 22, (No. 19), 1 Oct 2001,
p 2635–2646

18. A.T. Kuhn et al., Anodic Dissolution, Oxy-
gen Reduction and Corrosion of Gold
Alloys, Surf. Technol., Vol 13 (No. 1), May
1981, p 17–31

19. D.A.J. Rand, A Study of the Dissolution of
Platinum, Palladium, Rhodium and Gold
Electrodes in 1 M Sulphuric Acid by Cyclic
Voltammetry, J. Electroanal. Chem., Vol
35, March 1972, p 209–218

20. J.S. Hill and H.J. Albert, Loss of Weight of
Platinum, Rhodium and Palladium at High

Table 30 Corrosion of osmium in acids

Temperature Corrosion rate

Acid �C �F mm/yr mils/yr

Aqua regia Boiling Rapid
dissolution

Hydroiodic, specific
gravity 1.75

100 212 3.7 148

Hydrobromic,
specific
gravity 1.7

100 212 1.8 72

Hydrochloric, 36% Room nil
Hydrochloric, 36% 100 212 50.25 10
Hydrofluoric, 40% Room nil
Nitric, 95% 100 212 Rapid

dissolution
Phosphoric,

concentrated
100 212 nil

Sulfuric,
concentrated

100 212 nil

Table 31 Corrosion of osmium in halogens
at room temperature

Corrosion rate

Halogen mm/yr mils/yr

Chlorine, dry 50.25 10
Bromine, dry 4.1 161
Iodine, dry 50.25 10

Table 32 Corrosion of osmium in salts and
in other environments

Temperature Corrosion rate

Environment �C �F mm/yr mils/yr

Hydrogen sulfide, moist Room 50.25 10
Sodium hypochloriteþ

sodium chloride,
saturated solution

Room Rapid
dissolution

Ferric chloride, 100 g/L 100 212 3.0 120

400 / Corrosion of Nonferrous Metals and Specialty Products

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Temperatures, Englehard Ind. Tech. Bull.,
Vol 4 (No. 2), 1963, p 59–63

21. J.C. Chaston, Reaction of Oxygen with the
Platinum Metals: I-The Oxidation of Plati-
num, Platin. Met. Rev., Vol 8 (No. 2), 1964,
p 50–54

22. I.K. Igumenov et al., Corrosion Testing of
Platinum Metals CVD Coated Titanium
Anodes in Seawater-Simulated Solutions,
Desalination, Vol 136, (No. 1–3), 1 May
2001, p 273–280

23. B.A. Pint, J.A. Haynes, K.L. More, and I.G.
Wright, “The Use of Model Alloys to
Understand and Improve the Performance
of Pt-Modified Aluminide Coatings,”
Tenth International Symposium on Super-
alloys, 19–23 Sept 2004 (Champion, PA),
TMS

24. E.P. Sadowski, Stress-Rupture Properties
of Some Platinum and Palladium Alloys,
Part I, Metallurgical Society Conferences,
Vol II, The Metallurgical Society, 1961,
p 465–476

25. H.J. Albert, D.J. Accinno, and J.S. Hill,
Stress-Rupture Properties of Some Platinum
and Palladium Alloys, Part II, Metallurgical
Society Conferences, Vol II, The Metallur-
gical Society, 1961, p 476–482

26. M.D. Benari et al., The Corrosion of Silver,
Copper, Palladium and Gold by Fe(III) and
Cu(II) in Dimethylsulphoxide and Water
Solutions, Electrochimi. Acta, Vol 36,
(No. 3–4), 1991, p 479–488

27. C.A. Haque et al., Atmospheric Corrosion of
Clad Palladium-Silver Alloys: Film Growth
and Contamination Effects, Corros. Sci.,
Vol 22 (No. 10), 1982, p 939–949

28. M. Hara et al., Anodic Characteristics of
Amorphous Palladium-Iridium-Phosphorus
Alloys in a Hot Concentrated Sodium
Chloride Solution, J. Non-Cryst. Solids, Vol
54, (No. 1–2), Jan–Feb 1983, p 85–100

29. E.D. Zysk, Noble Metals in Thermometry—
Recent Developments, Englehard Ind. Tech.
Bull., Vol 5 (No. 3), 1964, p 69–99

30. E. Raub and W. Plate, The Solid State
Reactions Between the Precious Metals
or Their Alloys and Oxygen at High

Temperatures, Z. Metall., Vol 48, 1957,
p 529–539

31. W. Betteridge and D.W. Rhys, High-
Temperature Oxidation of Platinum Metals
and Their Alloys, Proceedings of the First
International Congress on Metallic Corro-
sion, Butterworths, 1962, p 186–192

32. J.C. Chaston, Reaction of Oxygen with the
Platinum Metals III—The Oxidation of
Palladium, Platin. Met. Rev., Vol 9 (No. 4),
1965, p 126–129

33. C.B. Alcock and G.W. Hooper, Thermo-
dynamics of the Gaseous Oxides of the
Platinum-Group Metals, Proc. R. Soc.
(London) A, Vol 254, p 551–561

34. P.R. Mezger et al., The Corrosion Behaviour
of High-Palladium Porcelain-Bonding
Alloys, J. Dent., Vol 17 (No. 1), Feb 1989,
p 33–37

35. J.M. Martinovic et al., Nature of the
Rhodium Rest Potentials in Oxygen
Saturated Aqueous Solutions, Electrochim.
Acta, Vol 34 (No. 5), 10 May 1989,
p 671–676

36. J. Llopis et al., Passivation of Iridium
in Hydrochloric Acid Solutions, Electro-
chim. Acta, Vol 9 (No. 1), 1 Jan 1964,
p 103–111

37. D.W. Rhys and E.G. Price, Resistance of
Iridium and Ruthenium to Attack by Liquid
Metals, Englehard Ind. Tech. Bull., Vol V
(No. 2), 1964, p 37–42

38. R.W. Douglass and R.J. Jaffee, Elevated-
Temperature Properties of Rhodium, Iri-
dium and Ruthenium, Proc. ASTM, Vol 62,
1962, p 627

39. H. Schafer and N.J. Heitland, Equilibrium
Measurements in the System Iridium-Oxy-
gen: Gaseous Iridium Trioxide, Z. Anorg.
Allg. Chem., Vol 304, 1960, p 249–265

40. W.L. Phillips, Jr., Oxidation of the Platinum
Metals in Air, Trans. ASM, Vol 57, 1964,
p 33–37

41. Y.-P. Lee et al., Electrochemical and Cor-
rosion Behaviour of Iridium-Palladium
Oxide Electrode Prepared by Electro-
chemical Methods, Corros. Sci., Vol 35
(No. 1–4), 1993, p 387–389

42. H. Murakami, A. Suzuki, F. Wu, P. Kup-
pusami, and H. Harada, “Application of Ir-
Base Alloys to Novel Oxidation Resistant
Bond-Coatings,” Tenth International Sym-
posium on Superalloys, 19–23 Sept 2004
(Champion, PA), TMS

43. J. Llopis et al., Anodic Corrosion of Ruthe-
nium in Hydrochloric Acid Solutions,
Electrochim. Acta, Vol 10 (No. 11), Nov
1965, p 1045–1055

44. L.D. Burke et al., The Behaviour of Ruthe-
nium Anodes in Base, J. Electroanal.
Chem., Vol 103 (No. 2), 12 Nov 1979,
p 179–187

45. E. van den Lingen et al., The Cathodic
Modification Behaviour of Ruthenium
Additions to Titanium in Hydrochloric
Acid, Corros. Sci., Vol 43 (No. 3), 3 March
2001, p 577–590

46. C.S. Brossia and G.A. Cragnolino, Effect
of Palladium on the Corrosion Behaviour
of Titanium, Corros. Sci., Vol 46 (No. 7),
7 July 2004, p 1693–1711

47. R.F. Vines, The Platinum Metals and Their
Alloys, The International Nickel Company,
Inc., 1941

48. F. Colom et al., Anodic Corrosion of Iridium
in the LiClþ KCl Eutectic Melt, J. Elec-
troanal. Chem., Vol 290 (No. 1–2), 10 Sept
1990, p 105–118

49. F. Colom, Anodic Film Formation on
Osmium Electrodes in Strong Acid Solu-
tions—Voltammetric Studies, J. Electro-
anal. Chem., Vol 89 (No. 2), 25 May 1978,
p 397–406

50. F. Colom, Anodic Dissolution of Osmium in
Acid Media, J. Electroanal. Chem., Vol 73
(No. 3), 10 Nov 1976, p 303–315

SELECTED REFERENCE

� L.S. Brenner, T. Suzuki, K. Meguro, and
S. Tanaka, Precious Metals Science and
Technology, International Precious Metals
Institute, 1991

Corrosion of Precious Metals and Alloys / 401

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Corrosion of Zinc and Zinc Alloys
X. Gregory Zhang, Teck Cominco Metals Ltd.

ZINC is twenty-third among the elements in
relative abundance in the earth’s crust, at
0.013%. However, zinc is one of the most used
metals, ranking fourth in worldwide production
and consumption behind iron, aluminum, and
copper (Ref 1).

Zinc is silvery blue-gray with relatively low
melting (419.5 �C, or 787.1 �F) and boiling
(907 �C, or 1665 �F) points. The strength and
hardness of unalloyed zinc are greater than tin or
lead but appreciably less than aluminum or
copper. Pure zinc, however, cannot be used in
applications under mechanical stress because of
its low creep resistance. It recrystallizes rapidly
after deformation at room temperature and thus
cannot be work hardened at room temperature.
The temperature for recrystallization and creep
resistance can be increased through alloying
(Ref 2).

Applications of Zinc

The applications of zinc can be divided into
six categories: coatings, casting alloys, alloying
element in brass and other alloys, wrought zinc
alloys, zinc oxide, and zinc chemicals (zinc dust,
powder, salts). The most important use of zinc is
for corrosion protection of steel, mainly in the
form of coatings, due to the excellent corrosion
performance of zinc-coated steel in natural
environments. Nearly one-half of all zinc pro-
duced is consumed for this purpose. Cast zinc
products are mainly produced by the die-casting
process, which can turn out complex, very
accurate components requiring little or no final
machining. Die-cast products are used for auto-
motive parts, household appliances and fixtures,
office and computer equipment, and building
hardware. Rolled zinc products can have a vari-
ety of compositions and be in the form of sheet,
strip, foil, plate, rod, and wire. Rolled zinc sheet
is widely used in the building construction for
roofing, cladding, gutters, rainwater pipes, and
flashings. The main commercial use of zinc
powder is as anode material for alkaline bat-
teries. Zinc dust is used as a reagent for produ-
cing chemicals, in metal refining processes, as a
component for making zinc-rich paints, and as an
additive for plastics.

Zinc is alloyed for different applications. The
binary zinc alloy systems of commercial interest
are:

� 95Zn-5Al and 55Al-45Zn, major coating
alloys

� 96Zn-4Al, zinc die-casting alloy
� Zn-Cu, with up to 45% Zn, are brass alloys
� Zn-Fe, includes the phases making up galva-

nized coatings
� Zn-Pb, plays an important role in some py-

rometallurgical extraction processes

Ternary and quaternary systems involving
these alloys, with additions of such elements as
nickel, magnesium, titanium, and cadmium, are
also of commercial importance.

Zinc is essential for the normal healthy growth
and reproduction of plants, animals, and humans
(Ref 1). A wide range of human health problems
is related to a zinc deficiency. The use of
zinc compounds in medicine and agriculture,
although very small in quantity, has gained
recognition in recent years in addressing the zinc
deficiency in both crop and human nutrition
(Ref 3).

Zinc Coatings. Through galvanizing, metal
spraying, sacrificial anodes, zinc-dust paints, and
other methods, zinc-protected steels are widely
used in automobiles, building structures, rein-
forced concrete, roofing, and other domestic and
industrial structures. The protection of zinc-
coated steel is due primarily to the much better
corrosion resistance of zinc. In most natural
environments, zinc corrodes by a factor of 10 to
100 times slower than steel (Ref 2). A unique
feature of zinc coatings is the extra protection
provided by galvanic action between the zinc
coating and the substrate steel at places where the
coating is damaged and the steel is exposed.

The many types of zinc and zinc alloy coatings
can be classified according to coating composi-
tion and production methods (Ref 4, 5). By
chemical composition, zinc-base coatings are
categorized as pure zinc, zinc-iron, zinc-alumi-
num, zinc-nickel, zinc-aluminum-magnesium,
and zinc composites. In terms of methods, zinc
coatings can be produced by hot dipping, elec-
troplating, mechanical bonding, sherardizing,
and thermal spraying (metallizing). The hot
dipping process may be continuous or batch. See
the articles “Continuous Hot Dip Coatings” and

“Batch Process Hot Dip Galvanizing” in ASM
Handbook, Volume 13A, 2003. Typical appli-
cations for zinc and its alloy-coated steel sheet
products cover a wide range in the construction,
automotive, utility, and appliance industries, as
shown in Table 1.

Coating Processes. Hot dip galvanizing,
either continuous or batch, is a process by which
an adherent coating of zinc and zinc-iron alloys
is produced on the surface of iron or steel pro-
ducts by immersion in a bath of molten zinc. In
general, an article to be galvanized is cleaned,
pickled, and fluxed in a batch process, or heat

Table 1 Typical applications of zinc-coated
steel products

Coatings Typical applications

Continuous galvanized coatings

Zn and Zn-5Al Roofing, culverts, housing, appliances,
autobody panels and components,
nails, guy wire, rope, utility wire, and
fencing

Zn-Fe Autobody panels and structural
components

Zn-Ni and Zn-Co Autobody panels and structural
components, housing, appliances,
and fasteners

Zn-55Al Roofing, siding, ductwork, culverts,
mufflers, tailpipes, heat shields,
ovens, toasters, chimneys, and silo
roofs

Zn-Al-Mg Construction products

Batch galvanized

Various alloys Structural steel for power generating
plants, petrochemical facilities, heat
exchangers, cooling coils, water
treatment facilities, and electrical
transmission towers and poles.
Bridge structural members, culverts,
corrugated steel pipes, and arches.
Reinforcing steel for concrete.
Highway guard rails, lighting stands,
and sign structures. Marine pilings
and rails. Architectural applications
of structural steel, lintels, beams,
columns, and related building
materials

Thermal spray

Zn-15Al Large structures that are not suitable for
batch galvanizing, such as bridge
superstructures

Source: Ref 4, 5
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treated in a reducing atmosphere in a continuous
galvanizing process, to remove surface oxide. It
is then immersed in a bath of molten zinc for a
time sufficient for it to wet and alloy with zinc,
after which it is withdrawn and cooled.

The coating produced in this way is bonded to
the steel by a series of zinc-iron alloy layers with
a layer of almost pure zinc on the surface. The
engineering properties of the coating depend on
the physical and chemical nature of the zinc-iron
intermetallic layers formed. The thickness and
composition of the layers depend on the
immersion time and bath composition, which
vary in the batch and continuous processes. The
coating produced by a batch process is relatively
thicker and has clearly distinguishable alloy
layers, while that of the continuous process is
thinner and has only a very thin and sometimes
invisible alloy layer at the coating/steel interface.
The thickness, structure, and quality of galva-
nized zinc coatings depend on many operational
factors, particularly the surface condition of the
steel and the chemistry of the steel and the
molten zinc bath.

In addition to pure zinc coatings, a number of
zinc alloy coatings that offer better corrosion
performance have been developed, among them
Galvanneal, Galvalume (BIEC International,
Inc.), and Galfan (International Lead Zinc
Research Organization). Galvanneal is a zinc-
iron alloy coating obtained by annealing hot
dipped sheet. Galvalume (55Al-1.5Si-43.5Zn)
has a microstructure consisting of an outer layer
and a thin intermetallic layer that bonds the outer
layer to the steel. Galfan, 95Zn-5Al and a small
amount of mischmetal, has a multiphase micro-
structure that is characteristic of its composition,
exhibiting a lamellar structure of alternating
zinc-rich and aluminum-rich phases. More
recently, some magnesium-alloyed zinc-coated
steel sheets have been developed for specialized
applications (Ref 6, 7). For example, new alloy
coatings with a composition of Zn-6Al-3Mg and
Zn-11Al-3Mg-0.2Si are being used in the con-
struction industry (Ref 6, 8).

Electroplating is another common galvanizing
method used mainly for high-surface-quality
thinner coatings. These coated products are
generally painted (automotive bodies and
household appliances). Owing to its versatility,
electroplating has been extensively used with
new zinc alloy coatings (zinc, zinc-iron, zinc-
cobalt, and zinc-nickel). The plating process
generally comprises three stages: degreasing and
cleaning, electroplating, and posttreatment.
Electroplating can be a batch or a continuous
process.

Postgalvanizing surface treatment is com-
monly applied to freshly galvanized steel pro-
ducts to prepare the surface for manufacturing
processes such as forming or painting or to pro-
vide short-term protection during handling, sto-
rage, and transportation (Ref 2). A number of
surface treatment processes are commonly used
in the industry, such as phosphating, chromating,
oiling, thin polymer coating, and variations and
combinations thereof.

Phosphating is a surface treatment process
with a solution of phosphoric acid and other
chemicals for metals such as iron, zinc, and
aluminum and their alloys. The reaction between
the surface of the metal and the solution results in
the formation of an integral layer of insoluble
crystalline phosphate. Phosphating on zinc-
coated steels is used mainly to prepare metal
surfaces for painting. Phosphate coatings pro-
vide uniformity in surface texture and increased
surface area and, when used as a base for paint,
promote good adhesion, increase the resistance
of the paint to humidity and water soaking, and
eventually increase the corrosion resistance of
the painted system. They can also serve the role
of lubricants in the forming process of some
applications.

Chromating to provide short-term stain or
corrosion protection has been the most com-
monly used posttreatment process for galvanized
steel products (Ref 9). Chromating is a process in
which an aqueous solution of chromic acid,
chromium salts, and mineral acids is used to
produce a thin conversion coating on a metal
surface. The chemical reaction between the
metal and the solution causes the dissolution of
the metal and the formation of a protective film
containing complex chromium and metal com-
pounds. Since its introduction in the mid-1930s,
the chromating process has become the most
widely used process for postgalvanizing surface
treatment of zinc products. However, due to
environmental concerns, great efforts have been
made in the industry to develop new processes to
reduce the environmental impact of the chro-
mating process (Ref 10). One measure the gal-
vanizing industry has taken is to use very weak
chromate solutions for wet-storage stain pre-
vention. Also, many chromium-free organic and
inorganic thin films have been developed in
recent years, particularly in continuous galva-
nizing (Ref 10, 11). Unlike chromating, in which
the processing conditions and procedures are
largely the same from operation to operation,
these thin-film processes may vary greatly in
material composition and processing conditions
and procedures.

Corrosion Performance

There is a wealth of information on the cor-
rosion and electrochemical behavior of zinc and
its alloys in various environments, particularly in
atmospheres in which they are most widely used.
Much of this information has been systemati-
cally compiled in a book (Ref 2) and on a website
(Ref 12). Information in this article is treated in a
general way; interested readers are encouraged
to consult the original sources for details.

Electrochemical Characteristics. Zinc has
electrochemical properties that are important in
the production and applications of zinc, includ-
ing electrowinning in zinc refining and electro-
plating in the production of zinc coatings, zinc
batteries for energy storage, and coatings and

anodes for corrosion protection. The electro-
chemical properties that are important to the
performance of zinc coatings for corrosion pro-
tection of steel are the favorable position in the
electromotive force (emf) fast series, dissolution/
deposition kinetics, large overpotential for
hydrogen evolution, and formation of a porous,
tenacious corrosion product film (Ref 2). The
favorable position in the (emf) series (lower than
iron but not too low) allows zinc to act as a
sacrificial anode when galvanically coupled with
steel; the fast reaction kinetics allow a large
galvanic protection distance; the large over-
potential for hydrogen reaction is the reason that
zinc is stable in aqueous environments; and the
formation of a porous, tenacious corrosion pro-
duct film provides zinc with high corrosion
resistance without losing the effect of galvanic
protection. Among the metallic elements in the
periodic table, this set of electrochemical prop-
erties, in its combined effect, is unique to zinc.

The corrosion of zinc is an electrochemical
process in which zinc is oxidized with simulta-
neous reduction of hydrogen ions or dissolved
oxygen in the electrolyte. The oxidation follows
the reaction:

Zn  ?  Zn2þ þ 2e� (Eq 1)

The chemical potential Nernst equation is:

E0¼ �0:763

þ 0:0295  log ½Zn2þ�  VSHE (Eq 2)

The standard potential of this reaction is
�0.763 VSHE, which is 0.315 V more negative
than iron and 0.9 V more positive than aluminum
in the electromotive series.

Figure 1 shows the Pourbaix diagram of zinc
in aqueous solutions. The solid lines, calculated
from Eq 1, assuming 10�4 M Zn2þ in the solu-
tion, define the stability regions of the different
solid and dissolved zinc species and thus the
condition for zinc corrosion and passivation.
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Fig. 1 Corrosion potentials experimentally determined
in various solutions with respect to pH. The solid

line indicates the reversible potential, which is calculated
from the Nernst equation, assuming 10�4 M Zn2þ in the
solution. SCE stands for saturated calomel electrode, the
potential of which is 0.236 V positive of the standard
hydrogen elctrode.
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Also plotted in the figure are the corrosion
potentials reported in different studies on zinc or
zinc coatings as functions of pH (Ref 2). It can be
seen that the corrosion potentials experimentally
measured in the pH range of 4 to 8 are close to the
theoretical values. However, the corrosion
potentials in acidic and alkaline solutions are
somewhat higher than the reversible potential
value, indicating that the zinc electrode at the
corrosion potential is anodically polarized from
its reversible value. Part of the deviation of the
corrosion potential from the reversible value
may result from a concentration of Zn2þ in
these solutions higher than 10�4 M, at least near
the surface where the zinc ions from the dis-
solution reaction may accumulate. The corrosion
potential in slightly alkaline solutions, from pH
of approximately 8 to 12, in which ZnO is the
stable form, can be much higher than the rever-
sible value due to the formation of a surface
oxide, which, depending on the specific condi-
tions, results in various degrees of passivation.

Because the kinetics of the electrochemical
reactions and the surface state determine the rate
and form of corrosion in a given circumstance,
the corrosion potential values, along with the
equilibrium potential values and their variation
with pH, shown in Fig. 1, are fundamental for
understanding the corrosion behavior of zinc
under different conditions.

Atmospheric corrosion occurs when a sur-
face is wet due to rain, fog, or condensation.
Atmospheric corrosion is a complex process
involving a large number of interacting and
constantly varying factors, such as weather
conditions, air pollutants, and material condi-
tions. The combined effect of these factors
results in a great variation in corrosion rates, as
shown in Fig. 2. The corrosion rate of zinc in
atmospheric environments may vary from
approximately 0.1 mm/yr (0.004 mil/yr) in
indoor environments to as high as more than
10 mm/yr (0.4 mil/yr) in industrial or marine
environments—2 orders of magnitude. The cor-
rosion rate is lowest in dry, clean atmospheres
and highest in wet, industrial atmospheres. Sea-
coast atmospheres, not in direct contact with salt
spray, are mildly corrosive to zinc. Locations
nearer seawater, subject to salt spray, have
higher corrosion rates. Atmospheres are con-

ventionally defined as rural, industrial, urban,
and marine. The typical range of corrosion rates
of zinc in each of these categories is (Ref 8, 13):

Rural 0.2 to 2 mm/yr (0.008 to 0.08 mil/yr)
Marine (outside the

splash zone)
0.5 to 10 mm/yr (0.02 to 0.4 mil/yr)

Urban and industrial 0.8 to 8 mm/yr (0.03 to 0.3 mil/yr)

Except for the initial years, the corrosion loss
of zinc is generally observed to be almost linear
with respect to time (Ref 14). The corrosion rate
in the initial period of exposure tends to be higher
than that after several years of exposure. For a
given location, the yearly average corrosion rate
may vary, because atmospheric conditions, such
as the amount of rain or the pollution level,
change from year to year.

Table 2 ranks the atmospheric corrosivity of
different locations for steel and zinc around the
world (Ref 15). The corrosivity of atmospheres
from one location to another varies by as much as
a factor of 100 for zinc and 500 for steel. The data
indicate that the corrosion rate of zinc in most
atmospheres is at least ten times lower than that
of steel, which accounts for the use of galvanized
steel. The steel/zinc loss ratio data of Table 2,
plotted in Fig. 3, show that the ratio increases
with increasing corrosion rate of steel, suggest-
ing that the more corrosive an atmosphere is to
steel, the more benefit derived from using zinc
coatings.

Table 3 compares the corrosion rate of zinc
and other common metals in various atmo-
spheres. Zinc has a lower corrosion rate than iron
and cadmium in all atmospheres, is lower than
copper in industrial atmospheres, and is lower
than tin and magnesium in marine and rural
atmospheres.

Figure 4 shows that, for a given thickness, the
life of coatings produced by different processes
does not vary significantly. It has been reported
that zinc-coated steel wire of different diameters
has a coating life directly proportional to the
coating thickness, largely irrespective of the
method used to produce the coating (Ref 2).

The most corrosive pollutant to zinc in air is
sulfur dioxide. The rate is dependent on time of
wetness, which is affected by relative humidity

(RH) and temperature (Ref 14, 16). Other air
pollutants, such as NOx, have a relatively less
significant effect on the corrosion of zinc, largely
due to the much lower content of these species in
the air (Ref 17). The level of pollution in many
developed countries has been considerably
reduced over the years because of environmental
awareness and regulations; similar trends have
generally been found for reduced corrosion rates
of many metals. For example, the corrosion rate
of zinc has been found to be lower in the 1980s
and 1990s than in the 1960s and 1970s (Ref 18).

Near the seacoast, where the major pollutants
in the air are chloride salts, the corrosion rate of
zinc is high. Figure 5 shows that the corrosion
rate decreases with distance from the seacoast,
because the salt content in the air drops sig-
nificantly with distance from the sea (Ref 19). In
general, at distances greater than 1 km (0.6 mile)
from the seashore, the corrosion rate of zinc is
close to that measured inland.

In addition to RH, rainfall, and temperature,
other climatic factors, such as wind and solar
radiation, may also affect condensation and the
rate of drying as well as the amount of con-
taminants and corrosion products retained on
the surface. The initial climatic conditions at the
time of exposure exert marked effects on the
corrosion of zinc. Long-lasting rainfall or a RH
near 100% during the first days tends to cause a
higher corrosion rate.

Data from field-testing programs, such as in
Table 2, account for the macroscopic effect of
atmospheric environments; namely the factors
determined by the general climate and pollution
of a geographic area. Other small-scale factors,
such as the distance from the ground, orientation
of the samples, rain shielding, and distance to
local contaminant sources, may also significantly
affect the corrosion rate.

The corrosion rate is higher on the skyward
surface than on the groundward surface, even
though the wetting time is longer on the
groundward surface. This may be attributed to
the effect of rain and the retention of larger
amounts of pollutants on the skyward surface
(Ref 20). Figure 6 shows the effect of rain shel-
tering on corrosion rate in four typical environ-
ments (Ref 21). Sheltering reduced the corrosion
rate by 3.8 times in rural, 2.4 times in urban, and
2.2 times in industrial environments. The fact
that the corrosion rate under sheltered conditions
in the marine environment was increased by 1.4
times is due to the lack of rain to wash away the
deposited seasalt.

The highway environment experienced by
automobiles and highway structures is particu-
larly aggressive, due to splashed water that may
contain sand, minerals, and deicing salts. In one
study, the corrosion rate of zinc coatings in an
undervehicle environment was found to be
approximately 8.5 mm/yr (0.33 mil/yr), which is
comparable to the corrosion rate in a relatively
severe marine atmospheric environment
(Ref 22).

In an indoor atmosphere, the corrosion rate of
zinc is very low, typically below 0.1 mm/yr
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(0.004 mil/yr), making galvanized steel a long-
lasting material for indoor applications such as
residential housing. The low corrosion rate in
indoor environments, if they are properly insu-
lated from outdoor environments, appears to
have little correlation to the corrosivity of out-
door environments, as observed in various types
of environments at different geographic loca-
tions worldwide (Ref 2). Generally, in an indoor
environment, a visible tarnish film forms slowly,
starting at spots where dust particles have fallen
on the surface. Over a period of time, such films
grow gradually until the surface has lost much
of its original luster. The appearance and the
degree of corrosive attack are related to RH.
Relative humidity of up to approximately 70%
has little influence on corrosion. Above 70%,
corrosion activity may occur, because moisture

precipitates on the surface, especially on that
covered with zinc corrosion products and con-
taminants.

The effect of alloying elements on the
atmospheric corrosion performance of zinc is
complex. Some elements may be beneficial in
one situation while harmful in another, while
others have little effect. The effect may depend
on the combination of alloying elements present.

Lead has little effect on the corrosion of zinc
when synergistic effects with other elements are
absent. It has been found that there are no sig-
nificant differences in corrosion rates among
different grades of zinc with lead concentrations
of 0.0055, 0.049, and 0.84% after 20 years of
atmospheric exposure. Copper has been found to
have a beneficial effect on the atmospheric cor-
rosion resistance of galvanized coatings. The

addition of up to 0.82% Cu increased the corro-
sion resistance by as much as 20% in a two year
industrial exposure test. However, copper-bear-
ing zinc is more likely than unalloyed zinc to
develop distinct pits due to corrosion. Small
additions of tin (from 0.27 to 0.96%) to a gal-
vanizing bath have been reported to have very
little effect on the atmospheric corrosion rate.
The addition of 0.08% V slightly increases the
corrosion resistance of galvanized coatings.
Galvanized coatings containing 0.04% Mg have
been found to demonstrate no significant differ-
ences in coating life in various atmospheres.

Aluminum is a widely used alloying element
for zinc. When present in small quantities
(0.3%), aluminum significantly reduces the
atmospheric corrosion resistance, but the addi-
tion of a small amount of copper was found to
offset the effect of aluminum. For higher con-
centrations (41% Al), the atmospheric corro-
sion resistance of zinc coatings increases with
aluminum content. Two major commercial
zinc-aluminum alloy coatings, Galfan and
Galvalume, have been developed for more
corrosion-resistant steel sheets. Table 4
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Table 2 Ranking of corrosivity in 45 locations for steel and zinc after two years’ exposure
Specimen size: 102 by 152 mm (4 by 6 in.)

Ranking Weight loss, g

Loss ratio
steel/zincSteel Zinc Location Steel Zinc

1 1 Norman Wells, NWT, Canada 0.73 0.07 10.3
2 2 Phoenix, AZ, USA 2.23 0.13 17.0
3 3 Saskatoon, SK, Canada 2.77 0.13 21.0
4 4 Esquimalt, Vancouver Island, BC, Canada 6.50 0.21 31.0
5 15 Detroit, MI, USA 7.03 0.58 12.2
6 5 Fort Amidor Pier, Panama 7.10 0.28 25.2
7 11 Morenci, MI, USA 9.53 0.53 18.0
8 7 Ottawa, ON, Canada 9.60 0.49 19.5
9 13 Potter County, PA, USA 10.0 0.55 18.3

10 31 Waterbury, CT, USA 11.0 1.12 9.8
11 10 State College, PA, USA 11.2 0.51 22.0
12 28 Montreal, PQ, Canada 11.4 1.05 10.9
13 6 Melbourne, Australia 12.7 0.34 37.4
14 20 Halifax (York Redoubt), NS, Canada 13.0 0.70 18.5
15 19 Durham, NH, USA 13.3 0.70 19.0
16 12 Middletown, OH, USA 14.0 0.54 26.0
17 30 Pittsburgh, PA, USA 14.9 1.14 13.1
18 27 Columbus, OH, USA 16.0 0.95 16.8
19 21 South Bend, PA, USA 16.2 0.78 20.8
20 18 Trail, BC, Canada 16.9 0.70 24.2
21 14 Bethlehem, PA, USA 18.3 0.57 32.4
22 33 Cleveland, OH, USA 19.0 1.21 15.7
23 8 Miraflores, Panama 20.9 0.50 41.8
24 29 London(Battersea), England, UK 23.0 1.07 21.6
25 24 Monroeville, PA, USA 23.8 0.84 28.4
26 35 Newark, NJ, USA 24.7 1.63 15.1
27 16 Manila, Philippine Islands 26.2 0.66 39.8
28 32 Limon Bay, Panama 30.3 1.17 25.9
29 39 Bayonne, NJ, USA 37.7 2.11 17.9
30 22 East Chicago, IN, USA 41.1 0.79 52.1
31 9 Cape Kennedy (3.2 km, or 2 miles, from ocean),

FL, USA
42.0 0.50 84.0

32 23 Brazos River, TX, USA 45.4 0.81 56.0
33 40 Pilsey Island, England, UK 50.0 2.50 20.0
34 42 London (Stratford), England, UK 54.3 3.06 17.8
35 43 Halifax (Federal Building), NS, Canada 55.3 3.27 17.0
36 38 Cape Kennedy (55 m, or 60 yd, from ocean; 18 m, or

60 ft, elevation), FL, USA
64.0 1.94 33.0

37 26 Kure Beach (250 m or 800 ft, lot), NC, USA 71.0 0.89 80.0
38 36 Cape Kennedy (55 m, or 60 yd, from ocean; 9 m, or

30 ft, elevation), FL, USA
80.2 1.77 45.5

39 25 Daytona Beach, FL, USA 144.0 0.88 164.0
40 44 Widness, England, UK 174.0 4.48 39.0
41 37 Cape Kennedy (55 m, or 60 yd, from ocean, ground

level), FL, USA
215.0 1.83 117.0

42 34 Dungeness, England, UK 238.0 1.60 148.0
43 17 Point Reyes, CA, USA 244.0 0.67 364.0
44 41 Kure Beach (25 m, or 80 ft, lot), NC, USA 260.0 2.80 93.0
45 45 Galeta Point Beach, Panama 336.0 6.80 49.4

Source: Ref 15

Table 3 A comparison of typical corrosion
rates of zinc and other common commercial
metals

Metal Industrial Marine Rural

Zinc 1 1 1
Cadmium 2 2 2.4
Tin 0.23 1.6 1.9
Aluminum 0.13 0.3 0.09
Copper 2.4 0.72 0.38
Lead 0.07 0.3 0.28
Nickel . . . 0.6 1.1
Antimony 0.06 . . . . . .
Magnesium 0.31 1.8 1.9
Iron 30 50 15

Note: Corrosion rate is relative to zinc, which is taken as 1. Source: Ref 2
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compares the corrosion resistance of galvanized,
Galfan, and Galvalume coatings. In general,
Galfan is approximately two times more corro-
sion resistant than a galvanized coating, and
Galvalume is two to four times more corrosion
resistant than a galvanized coating. The corro-
sion of zinc-aluminum alloys proceeds through
several stages. First, the zinc preferentially dis-
solves, leaving an aluminum-rich porous struc-
ture. During this stage, the steel is cathodically
protected. After the zinc is depleted in the coat-
ing, depending on the compactness of the
remaining structure and the type of atmosphere,
red rust may start to form, because the aluminum
may be passivated and hence is cathodic to steel.
The zinc-aluminum alloy system has been fur-
ther expanded by the addition of magnesium to
produce ternary alloy coatings for special
applications (Ref 6, 7). The reported increased
corrosion performance is related to the altered
structure of the corrosion product due to the
presence of magnesium.

Corrosion Mechanism. The high corrosion
resistance of zinc-coated steel is attributed to
barrier protection and cathodic protection.
Barrier protection is the primary protection
mechanism, because the majority of the surface
area of a galvanized product is covered with the
zinc coating, while galvanic protection is sec-
ondary and occurs only at places where the zinc
coating is not present.

The galvanic action of zinc-coated steel with
the coating partially removed under a thin
moisture layer (e.g., atmospheric environments)
is schematically represented in Fig. 7. There are
five regions across the surface. On the zinc side,
the surface area away from the zinc/steel
boundary experiences only normal corrosion (no
galvanic corrosion), and the narrow region at the
boundary corrodes galvanically. On the steel
side, there are three regions: a region next to the
zinc, measured by protection distance, in which
the steel is fully cathodically protected; a region
where the steel is partially protected; and a
region further away from the zinc where the steel
is not cathodically protected and corrodes nor-
mally.

The high corrosion resistance of zinc coatings
in atmospheric environments is associated with
the compactness and tenacity of the corrosion
products formed on the surface of zinc. During
atmospheric corrosion, the corrosion products
formed initially are loosely attached to the sur-
face but gradually become more adherent and
denser, resulting from the wetting and drying
cycles of the weathering process. After the for-
mation of this corrosion product layer, further
corrosion can proceed only within the pores
where the zinc surface is not sealed by the cor-
rosion products, while the rest of the surface
area, which is sealed by the corrosion products, is
protected from corrosion. This is a dynamic
process. With time, some pores become sealed
by newly formed corrosion products, while some
pores are opened due to dissolution of the cor-
rosion products. This corrosion mechanism, in
simplified form, is illustrated in Fig. 8. The low
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Table 4 Corrosion losses for galvanized steel, Galfan, and Galvalume after one year exposure
in four different atmospheric environments

Corrosion loss

Galvanized

Galfan

GalvalumeMin Max

Environment mm mils mm mils mm mils mm mils

Rural 1.0 0.04 0.3 0.012 1.0 0.04 0.3 0.012
Urban 3.0 0.12 0.7 0.03 1.4 0.06 0.6 0.024
Marine 2.4 0.09 1.4 0.06 2.8 0.11 1.1 0.043
Severe marine 5.4 0.21 2.8 0.11 3.8 0.15 2.6 0.10
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corrosion rate observed in atmospheric envi-
ronments is described as:

R ¼ ra=A (Eq 3)

where R is the observed corrosion rate, averaged
over the entire surface; r is the actual corrosion
rate on an active zinc surface unsealed by cor-
rosion products; a is the area of active zinc sur-
face; and A is the area of the entire surface.

Because a is small compared to A, the
observed rate R is low even though the actual
corrosion rate r within the pores may be much
higher. Thus, the more compact the corrosion
product layer, as determined by the corrosion
environment, the smaller the active surface area
within the pores and the smaller the observed
corrosion rate.

The value of a, and thus the observed corro-
sion rate of zinc, depends on the physical and
chemical natures of zinc corrosion products,
which depend on environmental conditions and
change over time. The more compact and con-
tinuous the corrosion product layer, the smaller
the active surface area within the pores and the
smaller the observed corrosion rate. Thus, the
performance of galvanized steel in various
environments depends largely on the tendency to
form compact and tenacious corrosion products
that have a small a. The corrosion rates will be
high under conditions where tenacious and
compact corrosion products cannot form. For
example, wet-storage stain formed under con-
tinuous wetting is loose, having a large a, and
thus is not protective.

Corrosion products are the solid phases
formed as a result of the interaction between the
metal substrate and the environment. The white
rust on zinc is a corrosion product. The physical
characteristics of the zinc corrosion products

play a more important role in corrosion protec-
tion than the chemical composition. Also, the
physical characteristics, such as the morphology,
are, in general, more difficult to define than the
chemical characteristics, partly due to the
extremely rich morphological details of corro-
sion products and partly due to the lack of con-
venient examination methods. The morphology
of corrosion products can vary greatly, depend-
ing on conditions, as shown in Fig. 9.

Many zinc compounds have been identified in
the corrosion products formed in different types
of atmospheres. However, for a specific atmo-
sphere, only certain compounds dominate.
Generally, among the zinc compounds, oxides,

hydroxides, and carbonates are most often
found in corrosion products (Ref 24). Zinc
sulfate (ZnSO4

.nH2O) and basic zinc sulfate
(Zn4SO4(OH)6

.nH2O) are also found. In seacoast
areas, zinc hydroxy chloride (Zn5(OH)8Cl2.H2O)
is also a major compound.

The formation sequence of the major zinc
compounds found in corrosion products is given
in Fig. 10. On exposure, the zinc surface is
covered quickly with zinc hydroxide, which is
gradually converted to zinc carbonate. Within
one month of exposure, almost all major zinc
compounds can be detected in the corrosion
products. In the more severe marine and indus-
trial atmospheres, the formation of chloride and

Steel

Zinc

1

2
3

4 5
PD

Fig. 7 Schematic illustration of the different regions on
a partially zinc-coated steel surface. 1, normal

corrosion only; 2, mainly galvanic corrosion; 3, full
cathodic protection; 4, partial cathodic protection; and 5,
normal corrosion with no cathodic protection. The pro-
tection distance (PD) is indicated. Source: Ref 23
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Corrosion productBare zinc surface

Fig. 8 Schematic illustration of the corrosion mecha-
nism of galvanized steel

Zn(OH)2

Zn5(CO3)2(OH)6

Zn(OH)2
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ZnO
Zn5(CO3)2(OH)6

Zn5(OH)8Cl2·H2O

Zn4SO4(OH)6·nH2O

Zn4SO4(OH)4Cl2·5H2O
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Fig. 10 Sequence of formation of major zinc compounds in the corrosion products formed in different corrosion
environments

(a)

(d) (e) (f)

(b) (c)

Fig. 9 Examples that show the morphological diversity of the corrosion products that form under various environ-
mental conditions. (a) After standard salt spray test (continuous spraying with 5% NaCl solution). (b) After cyclic

corrosion test with 17.5 min of spraying with 0.001 M Na2(SO)4, 2.5 min of 100% humidity, and 10 min of air drying.
(c) After atmospheric exposure. (d) After immersion in water. (e) After exposure in a sealed box containing water (100%
humidity). (f) After a cyclic test with 10 min of spraying with 0.001 M Na2(SO)4, 30 min of 100% humidity, and 20 min of
air drying
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sulfate compounds can be very rapid, occurring
within one day. As corrosion continues, the
various zinc compounds generally increase in
quantity but may also disappear due to transfor-
mation into different compounds, depending on
the specific environmental factors. The specific
types of compounds and the time needed for their
formation depend on the specific conditions of
the environment.

Dissolution of Corrosion Products and Zinc
Runoff. Corrosion of zinc in the atmosphere
proceeds through formation of solid corrosion
products to dissolution of the corrosion products.
The rainwater that is collected by and runs over a
zinc surface plus the dissolved/particulate sub-
stances, including zinc, is the runoff. Figure 11
shows the amount of zinc runoff from zinc spe-
cimens exposed at an urban site in Stockholm,
Sweden (Ref 25). Both corrosion rate and runoff
rate decreased with time during the period.
However, runoff rate was found to increase from
23% of total corroded metal at the eighth week of
exposure to 60% at the 48th week.

In general, the amount of dissolved and par-
ticulate zinc in runoff water relative to the
amount of corrosion is approximately 30 to 60%
during relatively short exposure and 50 to 90% in
long exposure (Ref 25, 26). This means that, at an
early stage of exposure, most corrosion products
are retained on the surface and are carried away
as runoff at a later stage, which is in agreement
with the two-step corrosion model. The amount
of runoff is affected by many environmental
factors, such as the amount of rain, intensity, pH,
pollutants in the air, and wetting and drying
pattern. Thus, the amount of zinc runoff relative
to the amount of corrosion will vary significantly
with atmospheric environment, as has been
reported (Ref 2, 26). It has been found that during
one rain episode, zinc concentration in runoff
water is initially higher compared to a later stage;
it tends to increase with increasing rain acidity
but decreases with the intensity of rain. There is
also a correlation between the amount of SO2 in
the air and the zinc runoff rate.

Efforts have been made in recent years to
improve the understanding of the impact of zinc

corrosion products when they enter the envir-
onment. The amount of zinc released through
corrosion is small compared to the natural pre-
sence of zinc, and recent studies have explained
the absence of observed effects on the environ-
ment.

The fate and potential effects of zinc runoff
entering aquatic ecosystems is dependent on
many different factors. The uncomplexed or free
metal ion of trace metals (e.g., Zn2þ) is con-
sidered to be the bioavailable form that can result
in toxicity. However, it is well known that water
chemistry parameters such as pH, dissolved
organic carbon, and hardness can all significantly
affect (e.g., reduce) the bioavailability/toxicity
of metals such as zinc (Ref 27). These environ-
mental factors must be considered in both the
immediate runoff water and the receiving water.
Only a portion of the zinc in runoff water is in the
dissolved/ionic form, and the speciation of the
zinc can further change from the major cations
and anions, such as calcium, magnesium,
sodium, SO4, and chlorine, that are generally
present in runoff water (Ref 28). The water body
receiving the runoff will have different water
chemistry parameters present (e.g., pH, dis-
solved organic carbon), affecting the speciation
and bioavailability/toxicity of zinc. Also, there
typically is a large dilution effect, depending on
the volume and/or flow of the receiving water
body. Further, runoff traveling even short dis-
tances to the receiving water can be altered sig-
nificantly from changes in partitioning and
speciation as it passes over/through different
substrates (e.g., concrete, pavement, soil). In
conclusion, the site-specific characteristics of the
runoff and receiving waters must all be taken into
account to determine if any potential impacts
may occur to organisms in the aquatic ecosystem
in question.

Similar natural processes limit the impact of
zinc corrosion products in soils, and studies have
shown that soil chemistry parameters can limit
and control the bioavailability/toxicity of zinc to
plants and invertebrates, even at relatively high
concentrations (Ref 29). Further, although ele-
vated concentrations of zinc may build up in soils
from a corrosion source after long periods of
time, these elevated levels are only found in
close proximity (i.e., at or around the base) to the
source, thus limiting the exposure to a small and
localized area.

Corrosion testing is an essential part of
materials development, life prediction, materials
selection, and quality control (Ref 30–32).
Generally, results from corrosion testing con-
ducted under field conditions are reliable,
because they provide direct information regard-
ing the corrosion performance of the tested
materials, but field testing is often not practical
because of the length of time involved. To
shorten the testing time, many corrosion tests run
under simulated conditions are used for various
materials/application environments. Laboratory
corrosion tests are efficient and flexible but give
results that are generally difficult to correlate to
performance in the field.

Zinc and its alloy coatings are known to be
corrosion resistant in a range of natural envir-
onments. However, they may not perform well in
comparison to other materials in many labora-
tory accelerated tests, such as the salt spray test.
In a systematic investigation of laboratory cor-
rosion tests for zinc-coated steels, the ratio of the
corrosion rate of steel to that of zinc has been
used as a quantitative measure of relevance of a
corrosion test to field performance (Ref 32). It is
based on the premise that a relevant test will
accelerate corrosion similarly for different
materials, such as steel and zinc.

Figure 12 shows the corrosion rates and cor-
rosion rate ratios obtained for a number of dif-
ferent laboratory tests. Clearly, tests 1 to 6 are not
relevant tests for atmospheric environments,
because the corrosion ratios of steel to zinc in
atmospheric environments are higher than 20
(Fig. 2, 3). In particular, it has long been known
that test 6, the ASTM standard salt spray test,
which gives a ratio of less than 2, is not a relevant
test. The use of concentrated salt and the lack of
cyclic drying are the main factors causing the
differences. This is reasonable because the salt
content in the moisture formed under atmo-
spheric conditions is much lower than 5% NaCl,
and drying cycles are part of natural exposure in
almost all atmospheric environments. On the
other hand, test 8, with a low solution con-
centration of 0.01 M NaCl and a 0.5 h drying
period after every 0.25 h of spray, is a more
relevant test for steel and zinc products, because
it generates a corrosion ratio within the range
observed in natural environments.

The fundamental reason that corrosion ratios
vary with testing conditions is due to the differ-
ent effects of those conditions on the formation
of corrosion products on the two metals. The rust
on steel, due to its porous nature, lack of adher-
ence to the surface, and catalytic effect for
cathodic reactions, has little protective effect on
the steel surface beneath. On the contrary, it may
enhance corrosion by acting as a reservoir for
water, thus increasing time of wetness, or as a
catalyst for oxygen reduction. On the other hand,
the corrosion products formed on zinc surfaces in
most natural environments are compact and
tenacious and thus provide protection to the zinc
surface. The compactness and tenacity of zinc
corrosion products strongly depend on the
environmental conditions. For example, the
effect of periodic drying increases the compact-
ness of the corrosion products of zinc but not
those of steel and therefore results in a sig-
nificantly increased corrosion ratio.

Because the corrosiveness of natural corrosion
environments is determined by many interacting
factors, it is extremely difficult to exactly simu-
late the conditions of these environments in
laboratories. However, it is essential that a rele-
vant corrosion test simulate the most important
conditions for a particular corrosion environ-
ment. Every corrosion test has a set of conditions
to generate specific corrosion phenomena for a
specific metal alloy. There is no intrinsically bad
test or good test, in a general sense, and every test
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Fig. 11 Zinc runoff rate from samples exposed for 48
weeks at an urban site in Stockholm, Sweden.
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can be a good test if it generates results relevant
to the specific application conditions. Immersion
tests are good tests for corrosion in water or
solutions. Continuous salt spray may provide a
close simulation of the condition in a spray zone
of a seacoast but is not a good test for corrosion
in atmospheric environments. For atmospheric
environments, dilute salt spray, in addition to
cyclic drying, produces more realistic results.
Ideally, one needs to have a specific corrosion
test for each specific material/application com-
bination. The corrosion ratio of steel to zinc is a
simple measurable parameter that is useful for
evaluating the relevance of corrosion tests to
actual field performance.

Corrosion Rate Prediction. Because the
corrosion rate of galvanized steel varies greatly
from one geographic location to another, the
ability to predict the specific corrosion rate and
life of a zinc coating in a given application
environment is important for effective applica-
tion of zinc-coated steels.

Historically, there have been a number of
approaches to predicting the life of galvanized
steels in atmospheric environments. These
include the general value, mapping, ISO COR-
RAG, regression, and neural network methods.
The general value method has been a common

method for estimating the life of galvanized
steels. Because it uses only four to six values to
classify the diverse atmospheric environments
rather subjectively, it is no longer adequate in
today’s marketplace. In the mapping method,
corrosion rates of materials in a geographic area
are determined and used in the form of maps,
notably in the United Kingdom and Australia
(Ref 33). Although most reliable, its usefulness is
limited to the areas where such mapping is
available. The ISO CORRAG method is an
environmental corrosivity classification system
that was developed by the International Organi-
zation for Standardization (Ref 34). Although
this method is widely used, it is still a rather
approximate estimation, using only five ranges to
account for the 2 orders of magnitude in the
variation of corrosion rates. In the regression
method, mathematical functions are formulated
based on the statistical analysis of historical data
with respect to certain factors (Ref 35–38). Large
uncertainty may be associated, mainly due to the
fact that these models use presumed functions,
while the real function for atmospheric corrosion
is unknown.

Most recently, the neural network method has
been used for predicting the corrosion rate of
metals. Using neural network methodology, an

Internet-based software program, “Zinc Coating
Life Predictor,” has been developed for predic-
tion of the specific corrosion rate of zinc in an
atmospheric environment, based on commonly
available weather and air pollution data (Ref 39).
This software has been available on the Internet
because 2001 from the websites of a number of
organizations, including American Galvanizers
Association, International Zinc Association, and
Teck Cominco Metals Ltd.

Corrosion in Waters, Solutions, Soils,
and Other Environments

In distilled water at room temperature and
open to air, zinc corrodes with the formation of
pits. The formation of these pits depends on the
oxygen content of the water. When the water is
depleted of oxygen, there is little corrosion, and
when oxygen pressure is high, the corrosion is of
a uniform type.

As shown in Table 5, the corrosion rate in
different hard waters can vary significantly. In
general, the corrosion rate of zinc is lower in hard
water than in soft or distilled water. Flowing
water causes more corrosion than still water. The
presence of trace amounts of copper in water can
substantially increase the corrosion of zinc. As
little as 0.1 ppm copper causes a definite increase
in the corrosion rate (Ref 40). With concentra-
tions of copper up to 0.3 ppm, the corrosion rate
is proportional to the concentration of copper.

The corrosion rate of zinc in seawater is
between 20 and 70 mm/yr (0.8 and 2.8 mils/yr),
varying with location, length of exposure, and
type of zinc. It is generally much higher at the
beginning of exposure and decreases with time.

The corrosion processes of zinc in solutions
are greatly influenced by the nature of the anions
present. Table 6 lists the corrosion rates of zinc in
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5 100% humidity
6 5% NaCl spray
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Fig. 12 Corrosion rates of steel and zinc and the corrosion rate ratio between the two materials in different corrosion
tests. Source: Ref 32

Table 5 Corrosion rates of zinc and zinc
coatings immersed in various types of waters

Solution

Corrosion rate

mm/yr mils/yr

Mine water, pH 8.3, 110 ppm
hardness, aerated

31 1.2

Mine water, 160 ppm hardness,
aerated

30 1.18

Mine water, 110 ppm hardness,
aerated

46 1.8

Demineralized water 137 5.4
River water, moderately soft 61–97 2.4–3.8
River water, treated by chlorination

and copper sulfate
64–81 2.5–3.2

Tapwater, pH 5.6, 170 ppm hardness,
aerated

142 5.6

Spray cooling water, chromate
treated, aerated

15 0.59

Hard water 16 0.63
Soft water 15 0.59
Seawater in Pacific Ocean 70 2.8
Seawater in Bristol Channel 64 2.5
Seawater at Eastport, ME 28 1.1
Seawater at Kure Beach, NC 28 1.1
Seawater at Panama 21 0.8

Source: Ref 2
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solutions of different compositions. The parti-
cularly low values in phosphate and chromate
solutions are due to the formation of passive
films on the zinc surfaces. In neutral solutions,
with chemical agents that are not electro-
chemically reactive and that do not form inso-
luble salts or complex ions with zinc, the
corrosion rate of zinc is not very different from
that in distilled water.

In the absence of reducing or passivating
agents, the corrosion of zinc in aqueous solutions
is determined primarily by the pH of the solu-
tions. The corrosion rate of zinc in water of pH 6
to 12 is relatively low, primarily due to the for-
mation of passive corrosion products on the
surface of the zinc (Ref 41). At pH values lower
than 6 or higher than 12, the corrosion rate
increases substantially. Figure 13 shows the
corrosion loss measured for various chemical
solutions as a function of pH (Ref 38). The pH
dependence of the corrosion rates of zinc in
sulfate, chloride, and benzoate is similar to that
in water, that is, relatively low in solutions near
neutral or slightly alkaline and high in acidic or
strong alkaline solutions. In phosphate solutions,
corrosion is inhibited between pH 4 to 12, due
to the formation of a less soluble and more
protective zinc phosphate film. In chromate

solutions, the corrosion of zinc is inhibited
almost in the entire pH range of 1 to 13, due to the
formation of a passive chromate-incorporated
chromium/zinc oxide film.

Soils. The corrosion rate of zinc varies dras-
tically among the soils, as shown in Table 7,
because soils vary in chemical and physical
properties. For example, the pH of soil may vary
from as low as 2.6 to as high as 10.2, and the
electrical resistance from less than 100 V to
nearly 100 kV. Also, because soil is a highly
inhomogeneous environment, both micro-
scopically (at the dimension of a clay particle)
and macroscopically (at the dimension of a rock),
corrosion in soil is seldom uniform across the
metal surface.

The factors that may affect the corrosion of
zinc and galvanized steel in soils are numerous,
but the correlation between the corrosion beha-
vior and the various factors is rather poor. In
general, the corrosion rates tend to be lower in
soils with very high resistivity. There is little
correlation between corrosion rate and soil pH,
which is an indication of the very complex nature
of soil corrosion (Ref 2). Poorly aerated soils
tend to be more corrosive to zinc. Soils of fair to
good aeration but containing high concentrations
of chlorides and sulfates tend to induce deep
pitting. Also, muddy clay and peat (as compared
to sand) are, in general, more corrosive to zinc
(Ref 42).

Painted products include both coil painted
and painted in product forms. These are com-
monly referred to as a duplex system. Painted
galvanized steels, due to superior corrosion
performance and versatility in surface finishing,
have been widely used in automotive bodies,
appliances, wall panels, building roofs, and so
on. In particular, the use of painted galvanized
steel starting late in the 1980s has greatly
improved the corrosion life of automotive bodies

and is responsible for the virtual disappearance
of rusty cars.

The corrosion process occurring on painted
metal is very different from that on unpainted
metal. Typically, corrosion of painted metals is
characterized as perforation corrosion or cos-
metic corrosion. Cosmetic corrosion is an attack
that is initiated at the exterior surface, usually at
regions where the paint is damaged. Cosmetic
corrosion is usually related to red rust, paint
creep, and chipping. Corrosion of a painted steel
sheet that initiates at an interior surface of a car
body panel, penetrates the sheet, and eventually
shows through as rust at the exterior exposed
surface is known as perforation corrosion
(Ref 43). It often occurs at locations that are
difficult to clean, phosphate, or coat, such as
lapped parts and hem flanges, or at crevices that
collect dirt, salt, and moisture.

Cosmetic corrosion is most commonly eval-
uated by measuring the length of underpaint
creeping. It is sometimes evaluated also by the
extent of rust formation or paint loss. Many
factors, such as coating composition, coating
thickness, surface treatment, test condition, type
of paint damage, and type of paint, can affect the
cosmetic corrosion of painted steels. Data from a
field survey have shown that, in general, steel
panels coated with zinc or zinc alloy coatings
have much slower underpaint creep than cold
rolled steel (Ref 44). The creep resistance of
zinc- and zinc-alloy-coated steels increases with
coating weight.

In general, underpaint corrosion starts at pla-
ces where the paint is damaged. The process
begins with corrosion of the coating or with paint
delamination, followed by corrosion of the sub-
strate and, with time, leads to perforation of the
steel. For cold rolled steel, the corrosion products
built up at the corrosion front may mechanically
delaminate the paint. Delamination can occur at

Table 6 Corrosion rates of zinc in different
solutions in the neutral pH range

Rate of corrosion

Solution Duration mm/yr mils/yr

Distilled water 4 weeks 46 1.8
Distilled water 1 month 55 2.2
0.1 N benzoate 4 weeks 59 2.3
0.1 N NaCl 4 weeks 62 2.4
0.1 N Na3PO4 4 weeks 1.8 0.07
0.1 N Na2ClO4 4 weeks 0.4 0.016
5 g/L NaCl 2 months 90 3.5
5 g/L KCl 2 months 92 3.6
5 g/L NaNO3 6 months 18 0.71
5 g/L K2SO4 2 months 52 2.0
8% Na2SO4

.10H2O 1 month 83 3.3
5% NaCl 3 weeks 89 3.5
3% Na2SO4 1 day 144 5.7

Source: Ref 2
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Table 7 Corrosion rates of zinc coatings in soils at different geographic locations in the
United States

No. (a) Soil type Location
Soil resistance,

V-cm pH

Corrosion rate(b)

mm/yr mils/yr

1 Allis silt loam Cleveland, OH 1215 7.0 11.8 0.46
2 Bell clay Dallas, TX 684 7.3 1.5 0.059
3 Cecil clay loam Atlanta, GA 30,000 5.2 1.7 0.067
4 Chester loam Jenkintown, PA 6670 5.6 7.9 0.31
5 Dublin clay adobe Oakland, CA 1345 7.0 7.7 0.30
6 Everett gravelly sandy loam Seattle, WA 45,100 5.9 0.5 0.02
7 Maddox silt loam Cincinnati, OH 2120 4.4 10.8 0.43
8 Fargo clay loam Fargo, ND 350 7.6 3.2 0.13
9 Genesee silt loam Sidney, OH 2820 6.8 5.0 0.20

10 Gloucester sandy loam Middleboro, MA 7460 6.6 5.2 0.20
11 Hagerstown loam Loch Raven, MD 11,000 5.3 3.7 0.15
12 Hanford fine sandy loam Los Angeles, CA 3190 7.1 2.2(c) 0.09(c)
13 Hanford very fine sandy loam Bakersfield, CA 290 9.5 3.7 0.15
14 Hempstead silt loam St. Paul, MN 3520 6.2 1.1 0.04
15 Houston black clay San Antonio, TX 489 7.5 1.5 0.06
16 Kalmia fine sandy loam Mobile, AL 8290 4.4 4.2 0.17
17 Keyport loam Alexandria, VA 5980 4.5 14.8(d) 0.58(d)
19 Lindley silt loam Des Moines, IA 1970 4.6 2.9 0.11
20 Mahoning silt loam Cleveland, OH 2870 7.5 4.9 0.19

(a) Original identification. (b) Average coating thickness, 121 mm (4.8 mils). (c) Sheet specimens. (d) Coating corroded completely, and the data
included the corrosion of steel. Source: Ref 2, 42
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different interfaces in a paint-coating-steel sys-
tem, depending on the material and environ-
mental conditions. The causes of the
delamination at the corrosion front can be phy-
sical, anodic, cathodic, mechanical, or combi-
nations thereof. The predominant cause in a
specific corrosion situation can be due to varia-
tions in paints, coatings, phosphates, and test
conditions (Ref 43–45).

Concrete. The use of galvanized steel rebar
as concrete reinforcement has been one of the
remedies to alleviate the corrosion problems of
steel rebar in concrete caused by water and
chloride permeation into the concrete (Ref 2).
When galvanized steel is covered with a good-
quality concrete free of chloride, the corrosion
rate is very low (Ref 46). The corrosion rate
is higher when concrete contains a high level
of chloride salts. According to a field investiga-
tion on galvanized steel-reinforced concrete
structures in different marine locations, the cor-
rosion rates of galvanized rebar are, in most
cases, at or below 0.5 mm/yr (0.02 mil/yr)
(Table 8).

There are large amounts of data in the pub-
lished literature on the corrosion performance of
galvanized rebar in concrete (Ref 2). Most of
these data are from laboratory-simulated testing
environments. The data from natural exposure
tests, the only reliable information for predicting
the life of galvanized reinforced concrete struc-
tures, are rather limited. Particularly, there is a
lack of conclusive data from heavy deicing salt
environments in which protection of reinforced
steel is most needed. The available field data
generally suggest that galvanized steel reinfor-
cement provides longer life compared to black
steel, which is not always in agreement with the
data from studies using simulated test conditions
(Ref 47).

Organic Solvents. Reactivity of metals in
organic solvents depends on the type and struc-
ture of the organic compound. Figure 14 shows
that the corrosion rate varies greatly with the type
of solvents (Ref 48). It also shows that the cor-
rosion rate (slope of curves) of zinc is much
higher in some solvents while much lower in
others than that in water. Table 9 and Fig. 14
show that the corrosion rate of zinc is higher in
methanol than in ethanol (Ref 49). The addition
of formic acid, sodium formate, acetic acid, and

sodium acetate results in an increase in the cor-
rosion rate. Formic acid causes more corrosion
than acetic acid, due to the higher acid strength of
formic acid.

Viscosity is a major factor in determining the
corrosion rate of zinc in organic solvents con-
taining small amounts of acid (Ref 48). The
corrosion processes in solvents containing small
amounts of contaminants are usually diffusion
controlled due to the fact that viscosity deter-
mines the diffusion coefficient. This explains
why the corrosion rate for zinc in primary alco-
hols containing 0.01 M HCl decreases with
increasing chain length of the alcohol. Corrosion
rate does not appear to be a direct function of
the solubility of zinc in solvents. Additionally,
neither the dissociation level of the dissolved
acid nor the electrolytic conductivity has been
found to have a predominant effect on the
corrosion rate.

Gaseous environment corrosion is gov-
erned by principles similar to those for atmo-
spheric corrosion but has its own special features
(Ref 40). As in normal atmospheres, the amount
of moisture plays an important role in gaseous
corrosion. Depending on the kinds of gases and
their concentrations, the critical RH required for
corrosion may vary. Also, depending on whether
an electrolyte is formed, the corrosion can be of
an electrochemical or chemical nature. Dry air
has little effect on zinc at room temperatures, but
oxidation occurs rapidly above 200 �C (390 �F)
(Ref 1).

In hydrogen sulfide gas, the corrosion rate of
zinc compared to other common metal alloys is
low. The corrosion rate of zinc in a moving
mixture of SO2, water vapor, and air is rather
high but reduces with exposure (Ref 50, 51).
When zinc is enclosed with other materials that
may release vapors in the enclosure, direct con-
tact with these materials causes more corrosion
than merely being exposed in the vapor released
by these materials (Ref 52). The corrosion
rate of galvanized steel over sealed aqueous
solutions of several organic acids is much higher
than that over water (Ref 53). Table 10 shows the
corrosion rates of zinc in a sealed chamber con-
taining different woods at 35 �C (95 �F). The
corrosivity of wood is due to the production of
acetic acid and, in lesser amounts, formic acid
(Ref 52).

Corrosion Forms

Metallic corrosion has different forms or
mechanisms (general corrosion, galvanic corro-
sion, pitting corrosion, stress-corrosion cracking,
intergranular corrosion). The most common
form of corrosion encountered by zinc and its
alloys is general (uniform) corrosion. Pitting
corrosion and intergranular corrosion are less
common for zinc and its alloys; they may occur
under certain specific conditions. Stress-corro-
sion cracking is generally not encountered by
zinc products that are normally used for non-
structural applications. Wet-storage stain is a
common concern in the galvanizing industry and
is a type of general corrosion. The corrosion
forms that are encountered in zinc coatings are
described as follows.

Galvanic action is a particularly important
process for applications of zinc and zinc alloys,
whether as a coating, an anode, or a zinc-dust
paint. In most situations, unlike many other
metals, the corrosion of zinc due to galvanic
action is desirable, because it results in protec-
tion of the coupled metal, usually steel. The
unique role of zinc in galvanic protection is
mainly due to its low position in the galvanic
series. Because of its relatively low self-corro-
sion rate and lack of full passivation in many
common environments, it is also an efficient
sacrificial anode for protection of steel structures
in many situations.

Galvanic Series and Polarity. When two
dissimilar metals in electrical contact with each
other are exposed to an electrolyte, a galvanic

Table 8 Average corrosion rate of zinc coatings on galvanized steel rebar inside concrete in
marine environments

Structure Age, yr

Cover

Sample Cl �

location(a)

Corrosion loss

cm in. wt% kg/m3 mm/yr mils/yr

Longbird Bridge 23 10 4 Above HT 0.19 4.4 0.2 0.008
St. George Dock 12 8 3 Above HT 0.27 6.4 1.1 0.04

10 6 2.4 Above HT 0.22 4.6 0.5 0.02
7 13 5 Above HT 0.14 3.0 0.29 0.01

Hamilton Dock 10 5 2.0 Near MT 0.08 1.9 0.5 0.02
10 6 2.4 Above HT 0.14 3.6 0.8 0.03

Bermuda Yacht Club 8 7 2.8 Below HT 0.16 3.7 0.0 0.0

(a) HT, high tide; MT, mean tide. Source: Ref 46
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current flows from one to the other. Galvanic
corrosion is that part of the corrosion that occurs
to the anodic member of such a couple and is
directly related to the galvanic current by Fara-
day’s law. The polarity and direction of galvanic
current flow between two connected bare metals
is determined by the thermodynamic reversible
potentials of the metals. The metal that has the
higher or more positive reversible potential in the
electromotive force series is the cathode in
the galvanic couple. In real situations, owing to
the formation of a surface oxide or a salt film
on the surface, or owing to differences in the
local electrolytes around the two coupled metals,
the polarity may be different from that predicted
by the electromotive series. A metal surface can
exhibit different potentials in different electro-
lytes, as shown in Fig. 15. Thus, a galvanic series
is environment-specific because the relative
position of each metal changes with solution.

A galvanic series of some commercial metals
and alloys in seawater is found in the article
“Corrosion of Zirconium and Zirconium Alloys”
in this Volume.

Materials Factors. The extent of galvanic
corrosion of a metal does not, in general, corre-
late with the potential difference between the
coupled metal alloys (Ref 54). Table 11 shows
that, although the potential difference between
steel and zinc is much less than that between
stainless steel and zinc and between Ti-6Al-4V
and zinc, the amount of galvanic corrosion is
much larger in the zinc/steel couple than in the
other two couples (Ref 55, 56). This indicates
that the difference in corrosion potentials for
uncoupled metals is not a reliable indicator of the

extent of galvanic corrosion. As indicated by
Table 11, zinc corrosion is greater when zinc is
coupled with 4130 steel than with copper,
although the potential difference between zinc
and steel is smaller than that between zinc and
copper. In these situations, other factors, such as
reaction kinetics and formation of corrosion
products, are the rate-determining factors in the
galvanic corrosion.

The addition of alloying elements to zinc
changes its electrochemical properties, such as
electrode potential, dissolution kinetics, oxygen
and hydrogen reduction overpotentials, and for-
mation of solid-surface films (Ref 54, 57). In
general, the additions of small amounts of
alloying elements cause little change to the cor-
rosion potential of zinc. With the additions of
alloying elements to approximately 10%, the
potential of the zinc alloy may change by 50 to
100 mV, usually to a more noble value than pure
zinc (Table 12).

The corrosion potential of an alloy in an
electrolyte is a function of time. It tends to
change to more positive values with the length of
immersion time because, in most cases, the
preferential dissolution of zinc causes an
enrichment of the more noble elements on the
surface. The polarization behavior of zinc can
also be significantly affected by alloying. High
polarization resistance is normally not desirable
for zinc when it is used for galvanic protection of
steel, because a large polarization of the zinc
anode reduces the amount of current available
for the polarization of steel.

The effect of anode and cathode areas on
galvanic corrosion depends on the type of control
over the system. If the galvanic system is under
cathodic control, variation in the area of the
anode will have little effect on the total amount
of corrosion, but variation of the cathodic area
will significantly change the corrosion rate.

Table 9 Corrosion of zinc in the presence of different solvents, gases, and contaminants at
room temperature

Contaminant,
mol/L

Corrosion rate(a), g/m2h

H2O CH3OH C2H5OH

N2 O2 Air N2 O2 Air N2 O2 Air

0 . . . . . . 0.09 0.01 0 0 0 0 0
50 ppm Cl� 0.01 0.18 . . . 0.14 0.01 0 0 . . . . . .
CH3COONa

0.1 0.02 . . . . . . 0.38 0.67 . . . 0.03 0.03 . . .
CH3COOH

0.1 1.29 . . . . . . 4.2 7.0 11.7 0.17 2.8 3.51
0.05 . . . . . . 0.87 3.93 . . . 1.06 2.8 . . . . . .
0.01 . . . . . . . . . 0.62 0.28 0.43 0.62 . . . . . .
0.005 . . . . . . . . . . . . 0.16 0.21 0.29 . . . . . .
0.001 . . . . . . . . . . . . 0.13 0.03 0.02 . . . . . .

HCOONa
0.1 . . . . . . . . . 0.46 0.3 . . . 0.01 0 . . .

HCOOH
0.1 . . . . . . . . . 3.9 5.5 9.7 0.17 0.08 0.13
0.05 . . . . . . . . . . . . 0.24 . . . . . . . . . . . .
0.01 . . . . . . . . . . . . 0.20 . . . . . . . . . . . .
0.005 . . . . . . . . . . . . . . . 0.29 . . . . . . . . .
0.001 . . . . . . . . . . . . 0.07 . . . . . . . . . . . .

(a) 0 corresponds to weight loss rates5 0.01 g/m2h. Corrosion rates in g/m2h nearly correspond to mm/yr. Source: Ref 49

Table 10 Corrosion losses of iron and zinc
enclosed with wood at 35 �C (95 �F) for 32
days

Wood(a)

Relative
humidity,

%

Corrosion loss

Iron Zinc

mm mils mm mils

Oak 100 10.57 0.42 15.42 0.61
84 1.37 0.05 10.47 0.41

Beech 100 3.02 0.12 3.00 0.12
84 0.53 0.02 4.33 0.17

Ash 100 3.16 0.12 3.00 0.12
84 0.53 0.02 4.33 0.17

Maple 100 1.04 0.04 1.53 0.06
84 0.48 0.02 4.22 0.17

Spruce 100 0.58 0.02 0.40 0.02
84 0.03 0.001 0.46 0.02

Poplar 100 1.12 0.04 5.20 0.20
84 0.07 0.003 6.37 0.25

(a) Veneer. Source: Ref 52
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The opposite occurs if the system is under anodic
control.

Environmental Factors and Polarity Rever-
sal. Galvanic action of a bimetallic couple
depends on the surface condition of the metals,
which, in turn, is determined by environmental
conditions. A metal surface exhibits different
potentials in different electrolytes (Fig. 15). A
galvanic series is environment-specific because
the relative position of each metal changes with
solution.

The conductivity of the electrolyte is a very
important factor, because it determines the dis-
tribution of galvanic corrosion across the anode
surface. When conductivity is high, as in sea-
water, the galvanic corrosion of the anodic metal
is distributed uniformly across the surface. As
the conductivity decreases, galvanic corrosion
becomes concentrated in a narrow region near
the junction. The total galvanic corrosion is
usually less in a poorly conductive electrolyte
than in a highly conductive one.

The physical position of a galvanic couple in
solution can also affect the galvanic action

between coupled metals (Ref 58, 59). One
important solution factor is the thickness of thin-
layer electrolytes that are encountered in atmo-
spheric environments. The thickness of an elec-
trolyte affects corrosion processes in several
different ways. First, it affects the lateral resis-
tance of the electrolyte and thus affects the
potential and current distribution across the
surface of the coupled metals. Secondly, it
affects the transport rate of oxygen across the
electrolyte layer and thus the rate of cathodic
reaction. Thirdly, it changes the volume of the
electrolyte and the solvation capacity of the
electrolyte and thus affects the formation of
corrosion products.

Formation of a surface film, whether a salt film
or an oxide film, may not only affect the rate of
galvanic corrosion but may also affect the
polarity of the galvanic couple. The corrosion
products formed on the zinc surface, in the pH
range of 9 to 13, have varying degrees of com-
pactness and can result in passivation of the zinc
surface (Ref 60, 61). The presence of certain
ionic species, such as carbonate, phosphate, and
chromate, can enhance the formation of a passive
film in a broader pH range (Ref 38). As a result of
passivation, the potential of zinc can shift to
more positive values and thus change its galvanic
behavior when coupled with another metal.
Typically, if a stable and compact zinc oxide is
formed, the zinc electrode may show a potential
more noble than �0.5 VSCE.

When the potential of zinc rises to such a
value, polarity reversal of galvanized steel can
occur. It commonly occurs in hot water and
diluted solutions but does not occur in distilled
water up to 65 �C (150 �F). Also, without the
presence of oxygen, it does not occur in hot water
(Ref 2).

The presence of certain ionic species is often
responsible for the reversal. In hot water con-
taining oxygen, sulfates and chlorides decrease,
whereas bicarbonates and nitrates increase the
probability of reversal. In the absence of oxygen,
zinc is always found to be anodic to the steel.
Additions of even small amounts (up to 20 ppm)

of calcium salts or silicates can also decrease
the probability of reversals. The pH of the solu-
tions in which reversal occurs is usually slightly
basic.

Polarity reversal observed in hot water and
solutions is primarily due to the ennoblement of
zinc, because the potential of the steel is rela-
tively unaffected by changes in the temperature.
In general, the enoblement of zinc:

� Only occurs in certain waters and solutions; it
occurs readily in the presence of bicarbonate
and less readily, or not at all, in the presence of
chloride or sulfate.

� Requires oxygen
� Increases with increasing temperature for a

given solution

Atmospheric and Soil Environments. Galva-
nic corrosion of galvanized steel occurs in areas
where the coating is damaged and the steel
beneath is exposed, such as at cuts or scratches.
At these areas, the exposed steel is cathodically
protected, while the surrounding zinc coating is
galvanically corroded. However, in most cases
for galvanized steel, the amount of coating loss
due to galvanic corrosion, compared to normal
corrosion, is small, because the exposed areas of
bare steel are usually too small to cause sig-
nificant corrosion of the relatively much larger
zinc surface area. As a result, the atmospheric
corrosion rate of galvanized zinc coatings,
including galvanic and normal corrosion, is
usually very similar to that of uncoupled zinc.

Galvanic corrosion can, however, be a sig-
nificant contributor to the total corrosion of zinc
in atmospheres when it is connected to other
metals of similar size. Data in Table 13 show the
galvanic corrosion rate of zinc wires when cou-
pled to bolts of various metals in different
atmospheres (Ref 56). Depending on the con-
nected metal and the type of atmosphere, the
galvanic corrosion can be as much as five times
the normal corrosion of zinc in a rural atmo-
sphere and three times that in a marine atmo-
sphere (Ref 62, 63).

Table 11 Galvanic corrosion rate of zinc
coupled with various alloys
Tested in 3.5% NaCl solution for 24 h

Coupled
alloy

Corrosion rate(a)

DV(b), mV

A B

mm/yr mils/yr mm/yr mils/yr

Zinc 0 0 101 3.98 0
Stainless

steel 304
244 9.61 705 27.8 905

Nickel 990 39.0 1390 54.8 817
Copper 1065 41.9 1450 57.1 811
Ti-6Al-4V 315 12.4 815 32.1 729
Tin 320 12.6 810 31.9 435
4130 steel 1060 41.7 1550 61.1 483
Cadmium 600 23.6 660 26.0 258

(a) A, measured as galvanic current; B, measured as weight loss. (b)
Potential difference between zinc and the coupled metal before testing.
Samples of zinc and coupled alloys were of equal size, 20 cm2 (3.1 in.2).
Source: Ref 55

Table 12 Corrosion potential of zinc alloys
in solutions

Alloy Solution ESCE, V

Steel NaCl, Na2SO4 �0.55 to �0.65
Zinc NaCl, Na2SO4 �1.00 to �1.10
5% Al 3% NaCl �1.04 to �1.07
55% Al 1 N Nacl �0.99 to �1.05
10% Fe 0.1 M NaCl �0.97 to �0.95
25% Fe 0.1 M NaCl �0.95
50% Fe 0.1 M NaCl �0.72
25% Mn 3% NaCl �1.05
10% Cr 5% NaCl �0.95
10% Ti 5% NaCl �1.00
10% Mg 5% NaCl �1.10
10% Ni 5% NaCl �0.90 to�1.00
20% Ni 3.5% NaCl �0.7
10% Cu 3.5% NaCl �0.85 to�1.02
40% Cu 3.5% NaCl �0.4
10% Co 5% NaCl �1.02

Source: Ref 2

Table 13 Galvanic corrosion rate of zinc coupled with other common metals in different
atmospheres

Coupled alloy

Corrosion rate

Rural Urban Marine

mm/yr mils/yr mm/yr mils/yr mm/yr mils/yr

Zinc freely exposed 0.5 0.02 2.4 0.09 1.3 0.05
Mild steel 3.0 0.12 3.3 0.13 3.9 0.15
Stainless steel 1.1 0.04 1.8 0.07 2.0 0.08
Copper 2.2 0.09 2.0 0.08 3.2 0.13
Lead 1.6 0.06 2.4 0.09 3.4 0.13
Nickel 1.5 0.06 1.9 0.07 2.8 0.11
Aluminum 0.4 0.02 1.1 0.04 1.1 0.04
Anodized aluminum 0.9 0.04 1.9 0.07 1.0 0.04
Tin 1.0 0.04 2.6 0.10 2.4 0.09
Chromium 0.7 0.03 1.4 0.06 1.9 0.07
Magnesium 0.02 0.0008 0.04 0.002 1.1 0.04

Source: Ref 56
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Galvanic action is most significant in marine
atmospheres because of the high conductivity of
seawater. In a marine atmosphere, the galvanic
corrosion rate of zinc is found to increase at the
beginning of exposure and then remain at a
relatively constant value. Rain, compared to
other types of moisture, is particularly effective
in causing galvanic corrosion. It has been found
that the galvanic corrosion rate is several times
that of normal corrosion rates in an open expo-
sure, while they are similar when under a rain
shelter, due to the fact that the electrolyte layer
formed by rain is thicker and has a smaller lateral
electric resistance.

There are many sources in soils that can affect
the electrochemical behavior of metal alloys and
therefore the galvanic actions between the
alloys. The zinc electrode potential can vary
hundreds of millivolts, depending on the type of
soil (Ref 42). It has been reported in a study by
the National Bureau of Standards (now the
National Institute of Standards and Technology)
that the amount of galvanic corrosion of zinc
generally increased with decreasing soil resis-
tivity. However, the degree of galvanic protec-
tion for steel is lower in a soil of higher
resistivity.

Galvanic Protection of Steel. The galvanic
corrosion of zinc generally results in galvanic
protection of the coupled alloy. It was reported
that galvanic action reduced the corrosion of
steel by 40 times in industrial, 230 times in
humid industrial, and 300 times in seacoast
industrial atmospheres using discs of zinc and
steel clamped together, exposing an annular area
of each metal. The reduction was only approxi-
mately three times in rural atmospheres, largely
due to the relatively non-conductive nature of the
moisture.

The protection distance (PD) or throwing
power of galvanic action, as illustrated in Fig. 7,
is the width of the steel between the steel edge
next to the zinc and the line of critical potential
value, below which the steel is considered to be
cathodically protected (Ref 23). The NACE
International criterion for cathodic protection of
steel is �780 mVSCE) (Ref 64).

Figure 16 shows the PD values determined for
galvanic samples with zero separation distance
under various environmental conditions. The
data indicate that PD varies greatly with corro-
sion environments. The PD, based on color
examination of samples tested under exposure in
100% RH, was close to zero, because the steel
surface was almost fully covered with red rust.
The very small value of PD was due to the
extremely high resistance of the very thin
moisture layer formed on the surface under the
humid condition. A large PD, approximately
5 mm (0.2 in.), was observed under a full
immersion test in deionized water. The immer-
sion condition, although in high-resistivity
water, provided considerable galvanic action
between the two metals.

The PD increased from 0.2 mm (8 mils)
under a cyclic spray with deionized water to
0.6 mm (24 mils) with tapwater, indicating the

effect of increased conductivity of the spraying
solution. The PD was 1.6 mm (63 mils) under
the 5% salt spray and 1.3 mm (51 mils) under
0.001 M Na2SO4 spray. The fact that the PD
value obtained under 5% salt spray was only
slightly larger than that under the much less
conductive 0.001 M Na2SO4 spray may indicate
a much larger galvanic current in the 5% salt
solution.

The surface activity of zinc plays an important
role in determining galvanic action. This is
shown in Fig. 17, which is the result of theore-
tical modeling (Ref 65). When the activity of a
zinc surface is very low, such as at a passive
surface, PD is practically zero; the entire exposed
steel surface is not protected. As zinc surface
activity increases to a certain value, PD starts to
increase with increasing surface activity. On the
other hand, galvanic current increases with the
increasing surface activity of zinc. Unlike PD, it
does not level off at a high zinc surface activity.

For a given environmental condition, there is a
given range of zinc surface activity within which
the exposed steel surface is protected effectively
(with a relatively large PD and moderate galva-
nic current). This explains the fact that there is no
galvanic protection for an exposed steel surface
when the zinc surface is in a passive condition, as
may occur in some hot waters.

The data in Fig. 17 can also be used to explain
the differences in galvanic properties between
varied commercial zinc-aluminum-alloy-coated
sheet products. Under normal environmental
conditions, the surface activity decreases from
galvanized to Galfan to Galvalume to aluminum-
coated steel, as qualitatively marked by the
arrows in Fig. 17. There are significant differ-
ences in PD and galvanic current for these
materials. On one end, the pure zinc coating
(galvanized steel) has the largest PD and galva-
nic corrosion rate of the coating. On the other
end, aluminum-coated steel has the lowest PD
and corrosion rate. This is why zinc-coated steel,
due to its large PD, is widely used in atmospheric
environments and aluminum-coated steel is not,
because, having insignificant PD, it offers very
little galvanic protection. Galfan and Galvalume
have surface activity and thus galvanic proper-
ties between that of zinc and aluminum and are
used in situations where high corrosion resis-
tance and moderate galvanic protection are pre-
ferred.

Sacrificial Anode. Zinc is a common material
for making sacrificial anodes. Historically, zinc
anodes have been used mostly in seawater
applications. They are also used for the cathodic
protection of hot water tanks, fuel storage tanks,
concrete rebar, and underground steel structures.
Anodes can be designed according to composi-
tion, shape, size, and position for specific appli-
cations.

When zinc is used as an anode material in an
electrolyte of low resistivity, compared to other
anode materials such as aluminum and magne-
sium, it has the advantages of high efficiency and
little hydrogen evolution. Owing to the small
self-corrosion rate in most natural environments,

the zinc anode has a high galvanic efficiency, 95
to almost 100%, because zinc suspended in
seawater or buried in the ground does not corrode
rapidly by self-corrosion. Another advantage of
zinc as an anode material is its generally low
overpotential for anodic dissolution. Because the
overpotential on the anode is low, most of the
potential difference between zinc and steel is
available to polarize the steel. In some situations,
the smaller potential difference between zinc and
steel, compared to aluminum and magnesium,
has the advantage of not causing overprotection,
which would cause hydrogen evolution on the
steel and a high anode consumption rate (Ref 2).

When a zinc anode is employed in the cathodic
protection of a steel ship hull in seawater, an
empirical rule is to employ one unit of zinc anode
area for 100 units of surface area of a painted
steel hull, and one to five units for bare surface
area. According to such a rule, the zinc anode
consumption rate is approximately 0.5 to
1.0 kg/yr per square meter (0.1 to 0.2 lb/yr per
square foot) of painted steel surface. The
presence of iron in a zinc anode, even in very
small amounts, for example, 0.001%, is harmful
to the performance of the anode. The presence of
iron causes a reduction of current output and
ennoblement of the anode potential due to the
formation of an insulating dissolution product
film on the surface of the anode. The addition of
aluminum can reduce the effect of iron in the zinc
anode.

Zinc-Rich Paint. Steels can also be protected
by zinc-rich paints, in which the zinc dust not
only serves as a binder material but also provides
some galvanic protection to the painted steel
(Ref 2). For zinc-rich coatings, three conditions
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must be satisfied for the galvanic process to
occur:

� The zinc particles in the coating must be in
electrical contact with each other.

� The zinc particles must be in electrical contact
with the steel.

� A continuous electrolyte must exist between
the zinc particles and the steel.

These conditions imply that the galvanic
protection of steel by zinc-rich coatings
improves with increasing amounts of zinc. Thus,
high zinc contents, higher than 70%, are needed
for good galvanic protection of steel. Galvanic
action of the zinc dust is usually effective in the
early stage, because the oxidized zinc particles
cause a gradual loss of the electrical continuity
between the dust particles in the interior of the
paint and the steel. However, the transformation
of the zinc particles from metallic form to oxide
form exerts a sealing effect on the paint and adds
more resistance to the permeation of aggressive
agents from the environment.

Pitting is not a common form of corrosion in
zinc applications (Ref 2). In atmospheric envir-
onments, pitting corrosion has seldom been
reported as the main cause of failure of zinc
products. In soil, pitting may result from the
nonuniform nature of corrosion in this environ-
ment, and the extent varies significantly,
depending on the chemical composition and
texture of the soil (Ref 42). Pitting may occur in
distilled water under an immersed condition.

Pitting is a rather common form of corrosion
for zinc in hot water and can be a serious problem
for galvanized steel hot water tanks. In hot soft

water, pitting corrosion is likely to lead to rapid
penetration of galvanized coatings because of the
reversal of polarity for zinc/steel galvanic cou-
ples in hot water. In hot hard water, the corrosion
is likely to be stifled by the deposition of a pro-
tective scale, depending on the heating method.
The presence of copper in the water was found to
enhance the pitting corrosion of galvanized
coatings in hot water (Ref 40).

Intergranular corrosion has been observed
to occur on zinc alloys in different environments:
atmosphere, water, solution, and concrete. Zinc
of high purity is not susceptible to intergranular
corrosion (Ref 66). The presence of other ele-
ments, particularly aluminum, as alloying ele-
ments or impurities is necessary to cause
intergranular corrosion. Table 14 shows the
intergranular corrosion rates of zinc-aluminum
alloys of different compositions in steam or hot
water. Intergranular corrosion is observed to
occur in a concentration range between 0.03 and
50% Al and is most severe at approximately
0.2% Al, as shown in Fig. 18. When aluminum
concentration is higher than 0.03%, the alumi-
num precipitates at the grain boundaries and is
responsible for the increased corrosion rate at the
grain boundaries. Below 0.03% Al, intergranular
corrosion does not occur. For zinc alloys con-
taining an aluminum concentration higher than
0.03%, the aluminum precipitates at the grain
boundaries and is responsible for the increased
corrosion rate at the grain boundaries.

The presence of impurities is not required for
the occurrence of intergranular corrosion on
zinc-aluminum alloys. However, the presence of
other metal impurities can greatly influence the
intergranular corrosion rate of zinc-aluminum

alloys. More specifically, according to the
experimental results, magnesium, copper, gold,
nickel, platinum, and cobalt are beneficial, while
tin, thallium, indium, lead, bismuth, mercury,
cadmium, and sodium are harmful (Ref 66).
Molybdenum, zirconium, titanium, barium, sili-
con, beryllium, tellurium, lithium, antimony, and
silver are found to have little effect. Table 15
shows the effects of some harmful elements on
the intergranular corrosion of Zn-0.1Al alloy
exposed to 95 �C (205 �F) water vapor.

Heat treatment generally affects intergranular
corrosion, because it influences the amount of
grain boundaries and the extent of grain-bound-
ary segregation. Stress, particularly tensile
stress, can also affect intergranular corrosion.
Temperature is the most significant of the
environmental factors. Alkaline environments
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Table 14 Intergranular penetration rates of
some zinc alloys in different environments

% Al Environment
Duration,

day

Rate

mm/day mils/day

0.075 95 �C (205 �F)
water vapor

10 0.02 0.8

0.1 95 �C (205 �F)
water vapor

10 0.018 0.7

4 95 �C (205 �F)
water vapor

10 0.033 1.3

20 95 �C (205 �F)
water vapor

10 0.028 1.1

21.1 100% RH at
50 �C (120 �F)

42 0.002 0.08

0.1 95 �C (205 �F)
tapwater

. . . 0.1 3.9

RH, relative humidity. Zinc purity, 99.99%. Source: Ref 2, 66
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are also the most aggressive in intergranular
corrosion of zinc-aluminum alloys (Ref 66).
Between pH 5 and 10, the corrosion penetration
rate is almost constant. Below pH 5, it decreases
with decreasing pH. At pH values above 10, it
increases drastically with increasing pH.

As a result of intergranular corrosion, the
strength of zinc alloys can be drastically reduced.
It has been reported, for example, that for an
alloy containing more than 0.05% Al after ten
days of exposure in 95 �C (205 �F) water vapor,
there is practically no mechanical strength left.

Wet-storage stain is a term used to describe
the zinc corrosion products formed on galva-
nized steel surfaces during periods of storage and
transportation. It is voluminous, white, powdery,
and bulky and is formed when closely packed
galvanized articles are stored under damp and
poorly ventilated conditions.

White corrosion products may have a wide
range of appearances and morphology, as shown
in Fig. 9. The crevices formed between the arti-
cles can attract and absorb moisture and retain
the wetness more readily than the surface area
exposed to the open air. The nonprotective
characteristic of such a corrosion product can be
described with the mechanistic model illustrated
in Fig. 8.

The moisture necessary for the formation of
wet-storage stain originates in various ways.
It may result from direct exposure to rain or
seawater or from condensation caused by atmo-
spheric temperature changes. Close packing can
result in moisture being retained by capillary

action between the surfaces in contact, because
drying is delayed by the lack of circulating air.
Under sustained wetting, a fluffy white rust is
formed. Due to this loose nature, it has little
barrier effect on the access of solution to the zinc
metal and also prolongs the time of wetness.

Wet-storage stain discolors the galvanized
steel surface and, in some situations, can ser-
iously affect the appearance of the galvanized
steel articles. However, it is generally not
harmful to the long-term corrosion performance
(Ref 67). Wet-storage stain can be prevented
by properly stacking and storing galvanized
products under dry and ventilated conditions.
In addition, surface treatments can be applied
to freshly galvanized articles to enhance corro-
sion resistance. Among surface treatment pro-
cesses, chromating has been most widely used
in the galvanizing industry as an effective
surface treatment to prevent wet-storage stain
from forming during storage or transportation.
Due to environmental concerns, chromium-
free surface treatment processes have been
developed to replace the chromating process
(Ref 10, 11).
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Corrosion of Brazed and Soldered Joints
Manish Dighe, HI TecMetal Group

CORROSION is often thought of as rusting,
the process of deterioration undergone by a metal
when it is exposed to air or water. However,
corrosion reactions are actually much broader in
scope. Whereas rusting involves the corrosion of
iron or steel, other materials also suffer dete-
rioration when they react with the environment.
In a wider sense, corrosion can be defined as any
reaction between a material, whether this be a
metal, plastic, or ceramic, and its environment,
resulting in a reduction in the ability of the
material to perform the service for which it was
intended.

This article primarily addresses various forms
of corrosion observed in brazed and soldered
joints, their causes, the role of proper brazing
procedures in controlling corrosion, and the
corrosion resistance of various brazing alloy
systems. Corrosion of weldments is discussed in
the articles “Corrosion of Carbon Steel Weld-
ments,” “Corrosion of Stainless Steel Weld-
ments,” and “Corrosion of Nonferrous Alloy
Weldments” in ASM Handbook, Volume 13A,
2003. Design aspects of mechanical joints are
discussed in the article “Designing to Minimize
Corrosion” also in ASM Handbook, Volume
13A, 2003.

Fundamentals of Corrosion of Joints

In the case of soldered/brazed/welded joints,
variables such as the materials being joined, the
filler metal and fluxes used, and the geometry,
orientation, and environment all play important
roles in the corrosion behavior of the joint.
Inasmuch as corrosion can cause degradation,
structural or functional failure, and lead to
equipment or plant downtime for replacement or
repair, corrosion is expensive. A great deal of
time and economic resources are spent to protect
components. Corrosion occurs on practically all
metals in a wide variety of environments.
Reactions occur in liquids such as aqueous
solutions, molten salts, molten metals, and in air,
oxygen, or other gaseous compounds at ambient
or elevated temperatures.

The effects of diffusion and alloying with the
base metal during brazing/soldering/welding
(and during service) also influence compatibility.

For this reason, each brazing filler metal class
must be considered in conjunction with the var-
ious base materials commonly brazed with it. For
specific applications, surveillance testing in
actual or simulated systems should be performed
in order to model actual service conditions.

Corrosion of Soldered Joints

Soldering is a widely used low-temperature
joining technique applied to a wide variety of
metals. Soldering is a process generally carried
out at temperatures below 450 �C (840 �F) and
often is accomplished in air without a protective
atmosphere. In many cases, soldering is used to
join dissimilar metals or nonferrous metals.
Soldering achieves its strength from the wetting
of the surface of the part to be joined. There is
minimal interaction between the base metal and
the solder alloy. A soldered joint is a mechanical
joint and not a metallurgical joint. In most cases,
due to the low temperatures involved, fluxes are
needed to clean up the surface to be joined.
Because there are rarely any controlled atmo-
spheres involved, the cleaning has to be done
solely by the flux. These fluxes are highly reac-
tive materials, designed to react with the base
metal and to remove the oxide layer on the sur-
face. Thus, the flux must be chemically very
active to accomplish the cleaning action. Most of
the fluxes are chloride- or fluoride-base com-
pounds. These compounds dissociate at the sol-
dering temperature, react with the metal surface,
and help in cleaning the surface by reducing the
surface oxides. As a result, most of the corrosion
associated with soldered joints is due to the use
of improper or insufficient cleaning methods to
remove the fluxes.

Materials that are commonly soldered include
copper and copper alloys, aluminum, and low-
carbon steels. Although copper and aluminum
have good corrosion resistance due to the for-
mation of an oxide layer, flux, if not completely
removed, may continue to react with the oxide
layer. Thus, the base metal is continuously
exposed to the atmosphere and the flux, resulting
in severe local corrosion attack over time. Pre-
vention of this type of attack includes the use of
proper solvents to remove the flux, and rinsing

the joint with clean water. In many cases (for
example, steel alloys), a further step is required
to instill some corrosion resistance to the base
metal. This may include the application of rust-
preventive solutions or coatings to the soldered
part. In most cases, prevention of corrosion in
soldered joints involves proper cleaning, proper
selection of flux and flux removal, and use of
soldering alloys that have corrosion resistance to
meet the requirements.

Corrosion of Brazed Joints

Brazing is a widely used manufacturing
technique due to its adaptability, applicability to
dissimilar materials, and strength levels meeting
or exceeding those of base materials. Brazing is a
high-temperature joining process, usually above
450 �C (840 �F). In addition to the mechanical
bonding between the base material and the braze
alloy, there is also a metallurgical bonding that
occurs, resulting in very high joint strengths. Due
to the chemical difference and interaction
between the base material and the braze alloy,
there is a possibility of corrosion if proper care is
not taken during the selection of materials.

Ceramics as well as metals are brazed. Struc-
tural ceramics can be categorized as either mono-
lithic materials or ceramic-matrix materials.
Such ceramic-based materials are widely used in
automotive, aerospace, and energy applications.
In many cases, ceramic-to-ceramic or ceramic-
to-metal brazing is required. Many applications
where ceramic materials are selected include
exposure to high-temperature corrosive envir-
onments. As a result, high-temperature corrosion
behavior of ceramic braze joints is critical.
Ceramics, by themselves, are highly corrosion-
and oxidation-resistant materials, but the brazing
alloys often have inferior corrosion resistance.
The braze filler alloys may form intermediate
phases with the ceramic or the matrix material (in
the case of composites), altering the chemical
composition locally. This can affect the corro-
sion in two ways. The new phase formed may be
much less corrosion resistant than the ceramic or
the braze filler alloy; or the different chemistries
may form a galvanic cell, increasing the chances
of corrosion. Various techniques used for
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ceramic brazing include (but are not limited to)
active metal brazing techniques, nonmetallic
glass brazing techniques, and eutectic brazing.
In addition, much research is being done to
develop newer techniques. Ceramics have very
low surface energy, which means that there is
no thermodynamic driving force for interface
formation (wetting).

The active metal brazing technique is based on
the observation that addition of certain elements,
such as titanium and aluminum, to the conven-
tional braze alloys, such as copper-silver eutectic
composition, increases the surface energy of the
ceramics, resulting in better wetting of the sur-
face and adherence to structural ceramics and
graphite. In the case of oxide ceramics, elements
having a strong affinity for oxygen, such as
titanium, aluminum, hafnium, and silicon, pro-
mote better adhesion with the ceramic. In the
case of nonoxide ceramics, such as carbides and
nitrides, elements showing strong interactions
with carbon and nitrogen increase the surface
energy and wetting of the ceramic surface. In the
case of active metal brazing, it is very important
to choose a braze filler metal composition with
good corrosion resistance to the anticipated
corrodants, taking into consideration the final
application of the ceramic.

Brazed joint design can also greatly influence
corrosion response, often by means of mechan-
ical effects such as complicating stress factors.
Brazed joint performance is improved when the
joint is designed so that the braze, when stressed,
is placed in shear or compression rather than
tension. The stress and corrosion resistance of
the brazed joint improve with increasing braze
length or depth. Unless specified, the joint design
of the braze discussed in this article typically
shows the effect of corrosion only; the joint is
not load bearing. Examples include lap joints and
T-joints.

The types of corrosion that affect brazed joints
are often similar to those that act on the base
metals and their alloys. Brazed joints experience
attack caused by environmental and geometric
factors, selective attack due to the microstructure
or composition of the brazed joint, galvanic
corrosion, high-temperature corrosion, and
occasional cracking complicated by corrosion.

The materials, stress condition, and service
conditions determine which corrosion mechan-
isms are involved. Certain types of corrosion
occur more frequently because of conditions that
are inherent to brazing. For example, galvanic
corrosion is often of concern because the brazed
joint consists of a bond between dissimilar base
and filler metals. If the braze is immersed in an
electrolyte, galvanic corrosion may occur. The
electrolyte may be simply water and could be in
the form of dew.

Types of Corrosion. Most common types of
corrosion seen in monolithic materials are also
seen in braze assemblies. The following sections
explain these major types of corrosion as applied
to brazed assemblies. The fundamentals and
evaluation of these types of corrosion are
detailed in Corrosion: Fundamentals, Testing,

and Protection, Volume 13A, ASM Handbook,
2003.

General corrosion, also called uniform cor-
rosion, usually results from improper selection
of the braze alloy for the service environment.
In most cases, uniform corrosion occurs when
the braze alloy is exposed to environments in
which it has inherently low corrosion resistance.
Stainless steel parts are widely brazed using
copper as a braze alloy under vacuum, dis-
sociated ammonia, or pure hydrogen atmo-
spheres. If such a copper-brazed assembly is
exposed to an environment containing nitric
acid, it will result in uniform corrosion of the
braze alloy. Although stainless steel has decent
resistance to nitric acid, copper is eaten away by
nitric acid. The acid will uniformly dissolve
copper as a braze alloy, resulting in failure of the
braze assembly. This type of corrosion can be
easily prevented by careful study and selection of
the braze alloy.

Pitting refers to corrosion of a metal surface
in the form of cavities. The amount and severity
of pitting is more difficult to predict than uniform
corrosion and even more difficult to design
against. In some cases, pits can initiate at loca-
tions of specific chemical compositions, such
as manganese-silicon inclusions in steels.
If such inclusions are formed during the brazing
operation due to interaction of the braze alloy
and the base metal, there is a potential for pitting
corrosion.

Selective Dealloying. Many brazed joints
consist of two or more phases. Sometimes, one
or more of the phases are subjected to selective
attack. Occasionally, an element is selectively
leached from the braze. An example is the
leaching (removal) of phosphorus from nickel-
phosphorus brazed joints during liquid metal
service. Other areas selectively attacked due to
structure or composition differences are grain or
phase boundaries, precipitates, or the composi-
tionally depleted matrix material immediately
surrounding them.

The same mechanism is involved with the
removal of aluminum from copper-aluminum,
cobalt from cobalt alloys, nickel from copper-
nickel, or the separation of silver-gold alloys. In
an example involving a silver braze (Ag-15.6Cu-
19.9Zn-18.5Cd), both zinc and cadmium were
removed. After corrosion, the brittle, spongy
residue contained 66.3% Ag, 16.5% Zn, and
13.8% Cd. Selective attack is less likely under
uniform high-velocity flow conditions because
of decreased opportunity for concentration
buildups.

Galvanic Corrosion. In simple terms, galva-
nic corrosion is a type of corrosion that is initi-
ated or aided by electrical contact between two
dissimilar metals. This type of corrosion also
requires an electrolyte to complete the electrical
circuit. A galvanic series is a very useful tool in
assessing the potential for galvanic corrosion in a
braze system in a specific environment. See the
reference material at the back of this Volume.
The list ranks the metals according to their gal-
vanic potential. The higher the alloy or metal on

this list, the better the resistance to galvanic
corrosion. While using this series, it should be
remembered that the galvanic series deals with
only a portion of the corrosion phenomenon and
provides the standard oxidation-reduction
potentials as compared to a standard solution.
The galvanic potentials may change in different
solutions and concentrations. Hence, the galva-
nic series should be used with care, and some
experimentation in actual conditions should be
conducted for verification.

In the case of braze systems, galvanic corro-
sion can occur, because two metals or alloys are
always involved. It is unwise to combine a small
area (that is, the braze) of the anodic member of a
couple with a large area (base metal) of the
cathodic member. The reverse relationship is
usually not hazardous, unless corrosion is
selective toward a phase in the braze or toward
the interface. In addition, the braze alloys or the
base metals may not be homogeneous and may
have multiple phases. This situation can also
have a potential for galvanic corrosion. Galvanic
corrosion is often the result of poor design and
the improper selection of materials and can be
prevented by proper attention to the micro-
structure, the application environment, and the
galvanic series.

As an example of galvanic corrosion, consider
a stainless steel or nickel alloy brazed with
nickel-phosphorus eutectic brazing alloy. Phos-
phorus is a melting-point depressant and forms a
low-melting eutectic with nickel at 910 �C
(1670 �F) with approximately 11% P. After the
brazing operation, the joint microstructure con-
sists of Ni3P intermetallic in a matrix of nickel.
The Ni3P has inferior mechanical and corrosion
properties and can form a galvanic cell with the
surrounding nickel in some electrolytes, result-
ing in galvanic corrosion. Proper diffusion heat
treatments are required after the brazing opera-
tion to diffuse the phosphorus in the base metal
and to reduce the amount of intermetallics in the
joint. Figure 1 shows the scanning electron
microscopy image of the joint structure.

Intergranular Attack. Most engineering
materials consist of grains separated by grain
boundaries. These grain boundaries can be
locations of differences in chemical composi-
tion, such as alloying element segregation or
second-phase precipitation. An example is the
carbide precipitation in austenitic stainless steels
during sensitization. It is also a well-established
fact that diffusion occurs faster along the grain
boundaries than through the bulk of the grains.
During brazing, such diffusion of the braze alloy
occurs along the grain boundaries in the base
metal and can result in the formation of second-
phase particles along the grain boundaries. The
second-phase particles will have a different
corrosion response than the base metal. The
grain-boundary region may corrode faster when
exposed to a corrosive medium in such a situa-
tion. One such example is the brazing of nickel
alloys with a boron-containing braze alloy. In
Fig. 2, UNS N06617 (Inconel 617) was brazed
with UNS N99620 (AMS 4777), a braze alloy
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containing Ni-Cr-B. The boron from the braze
alloy diffuses along the grain boundaries into the
Inconel 617 base metal. This boron combines
with nickel to form nickel boride along the grain
boundaries. This second phase can deteriorate
the corrosion resistance in some alloys.

Interfacial Corrosion. A brazed joint may be
susceptible to interfacial corrosion, depending
on a number of factors. The types of base and
filler metals, the brazing technique (such as using
flux or using a vacuum), and the service envir-
onment influence the likelihood of attack. Sev-
eral of these mechanisms interact, depending on
the particular environmental circumstances, to
result in interfacial corrosion.

Interfacial corrosion is most commonly seen
in stainless steels brazed with silver brazing
alloys. Such a process usually involves the use of
flux, which makes the problem worse. The
interfacial corrosion problem is more prominent
in martensitic and low-nickel-containing ferritic
stainless steels. Using nickel-containing braze
alloys and employing fluxless brazing techni-
ques, such as hydrogen atmospheres or furnace
brazing techniques, can reduce the chances of
interfacial corrosion.

Role of Proper Brazing Procedures
in Minimizing Corrosion

The severity of corrosion of brazed joints is
governed by many variables. To minimize the
risk of corrosion failure of brazed assemblies,
proper understanding of the base metal, braze
alloy, brazing atmosphere, brazing fluxes, post-
heat treatment, and application environment is
required. The risk of corrosion can be minimized
by proper part and joint design, correct selection

of the braze alloy and brazing atmosphere, and
proper postcleaning and heat treating operations.

Joint Design. In designing a joint that is to
be brazed, geometries that minimize corrosion
are preferred. For example, if an assembly is
to be pickled, the internal geometry of the entire
assembly should allow complete exchange of the
pickling and cleaning solutions.

If a lap joint is to be fabricated, the possibility
of the buildup of a stagnant solution at the
leading edge of the joint should be considered.
In a butt joint, the efficiency of the joint is
maximized by making sure the joint has no
discontinuities such as entrapped flux, voids,
incomplete joining, or porosity. These dis-
continuities, in addition to impairing the struc-
tural integrity of the joint, may enhance the
susceptibility of the joint to corrosion. Entrapped
flux may lead to high-temperature corrosion,
whereas incomplete joining may lead to crevice
corrosion.

The distribution of the stress as evenly as
possible in the joint is also important in joint
design. If the stress is concentrated, the like-
lihood of stress-corrosion cracking exists.

Materials Selection. The selection of the
materials to be used in the fabrication of a brazed
joint must involve a consideration of the poten-
tial for corrosion in addition to the factors rou-
tinely considered, such as liquidus temperature
and strength. In particular, the appropriate gal-
vanic series for the particular service environ-
ment should be consulted if available. Standard
galvanic series, such as the one for seawater
located in the back of this Volume, may serve as
a guide. Also, attention should be paid to the
susceptibility of certain materials to other types
of corrosion, such as selective (dealloying)
attack and general attack. The service environ-
ment and selected materials dictate the potential
for corrosion.

Brazing Process Selection. Brazing pro-
cesses are classified based on the heating method
used to elevate the part to the brazing tempera-

ture, and the protective atmosphere. Thus, most
common brazing processes include furnace
brazing (with atmospheres of hydrogen, nitro-
gen, argon, exothermic, endothermic, or dis-
sociated ammonia), vacuum brazing, induction
brazing, and torch brazing. The choice of brazing
process depends on the base material, part size,
part geometry, and braze alloy. For example,
small parts usually work well in continuous
furnace brazing, because they heat up very
quickly. On the other hand, parts that are big and
have intricate geometry should be slowly heated
at a controlled rate to prevent excessive thermal
stresses during heating and cooling. Excessive
stresses due to fast and nonuniform heating can
cause stress-corrosion cracking during the braz-
ing operation.

Actual brazing temperatures should be deci-
ded after consulting the phase diagram and
continuous cooling transformation diagram for
the material in question. For example, brazing of
stainless steel should not be carried out in the
temperature range of 538 to 954 �C (1000 to
1750 �F), because carbide precipitation occurs
in this temperature range, and this reduces the
corrosion resistance of stainless steel.

Furnace or induction heating may be used to
maintain a uniform temperature distribution
around the joint to prevent the formation of
stresses from nonuniform thermal expansion and
contraction, thus avoiding the tendency for stress
cracking. Generally, vacuum brazing is used for
larger parts where high temperatures are
involved. Vacuum brazing prevents oxidation of
the surface and degasses the assemblies before
brazing. In addition, the use of flux is usually not
required, thus reducing the cleaning and flux-
removal operation after the brazing operation.

Many times, the negative effects of the brazing
process can be eliminated or minimized by a
proper postbraze heat treatment. The corrosion
resistance of the material is strongly influenced
by the microstructure of the braze and base
material. Hence, proper control of the braze
microstructure is required. For example, effects
such as sensitization of stainless steel can be
eliminated by using a fast cooling once the
part reaches the temperature below the braze
solidification temperature.

Final Cleaning. After brazing, the brazed
joint must be cleaned to remove flux residue and
any oxide scale formed during the brazing pro-
cess. Flux removal is particularly important
because flux residues are often chemically
active, and if not removed, they could cause
corrosion.

Corrosion Resistance of Particular
Brazing Alloy Systems

The corrosion resistance of brazed joints
involves the corrosion resistance of the base
metals and filler metals individually and collec-
tively. The corrosion resistance of various com-
mon filler metals is discussed in this section.

Fig. 2 UNS N06617 (Inconel 617) brazed with UNS
N99620 (AMS 4777) under vacuum at 1038 �C

(1900 �F). The structure shows borides at the grain
boundaries in the base metal. Original magnification
200 · . Courtesy of HI TecMetal Group

Fig. 1 Nickel phosphide intermetallic in the braze joint
under scanning electron microscopy. Original

magnification 400 · . Courtesy of HI TecMetal Group
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Silver-base braze alloys are widely used
in the industry to join metals such as titanium,
zirconium, copper, steel, and stainless steels.
They are also used for dissimilar-metal joining.
Silver braze alloys can be brazed in air (with
flux) and with torch, induction, or furnace. In
general, silver braze alloys have good corrosion
resistance. These brazing filler metals are not
suitable for strong acids for extended periods.
They behave well for short times, thus making
it possible to acid clean or pickle assemblies
brazed with silver. Silver-brazed parts have
decent high-temperature corrosion resistance.
Silver-brazed parts can be used at temperatures
up to 427 �C (800 �F). When brazing stainless
steels with silver alloys, the use of flux is usually
required. In addition, stainless steel parts brazed
with silver have a tendency for interfacial
corrosion.

Copper-Base Filler Metals. As a brazing
filler metal, the material cost of copper is much
less than silver and hence more suitable for large-
volume brazing. The energy cost is higher,
however, because copper brazing is done at
much higher temperatures, usually at 1121 �C
(2050 �F). This requires the use of a protective
atmosphere and control to prevent oxidation.
Thus, copper brazing has to be performed in a
controlled atmosphere furnace. The most com-
mon atmospheres used are hydrogen, dissociated
ammonia, and exothermic.

Many studies of the corrosion resistance of
copper-base filler alloys have been made on
joints involving stainless steel. Copper filler
alloys containing significant amounts of zinc
(such as naval brass welding and brazing rod,
RBCuZn, similar to UNS C4700) or phosphorus
(such as copper-phosphorus brazing filler metal,
BCuP, similar to UNS C55180) are not recom-
mended for the joining of stainless steels,

because brittle compounds tend to form at the
interface between the braze and the base metal.
The combination of copper-base brazing filler
metals and stainless-steel-base metals is parti-
cularly susceptible to liquid metal embrittle-
ment, especially if the assembly is held at
brazing temperature for too long.

When copper-base filler metals are used to
braze stainless steel, care should be taken to cool
the assembly through the carbide sensitization
range (538 to 927 �C, or 1000 to 1700 �F) as
quickly as possible. The dezincification of cop-
per-zinc filler metals may occur under certain
circumstances.

Nickel-Base Filler Metals. Brazed joints
produced with nickel-base filler metals are
used at temperatures ranging from �200 �C
(�328 �F) to above 1200 �C (2192 �F). The
characteristics of nickel make it a good starting
point for developing brazing filler metals to
withstand high service temperatures. Nickel is
ductile, and with proper alloying additions such
as chromium, it has excellent strength and oxi-
dation resistance as well as corrosion resistance
at elevated temperatures. Nickel braze alloys
contain phosphorus, silicon, and boron as melt-
ing-point-lowering elements. These elements
also have a tendency to form nickel-base inter-
metallics during the brazing operation. These
intermetallics have low melting points and also
have different high-temperature corrosion
behavior as compared to pure nickel. Prolonged
diffusion treatment is required to diffuse the
phosphorus, boron, and silicon into the base
metal in order to reduce the amount of inter-
metallics in the braze joint. Such diffusion
treatments are performed immediately after the
brazing operation or as a part of the brazing
operation itself. This step minimizes the amount
of second phases in the braze joint, thereby

lowering the susceptibility to localized corrosion
mechanisms discussed in the earlier sections.

Aluminum-Base Filler Metals. Aluminum-
silicon braze alloys are widely used to braze
aluminum. Brazing of aluminum requires the
use of fluxes. This makes most postcleaning
operations very critical, because the highly
active and hygroscopic flux residue may cause
corrosion by absorbing moisture. These fluxes
can be removed by immersion in boiling water.

Aluminum braze alloys are also used to join
titanium alloys. Although there is a galvanic
potential difference between aluminum and
titanium, in reality, the risk of galvanic corrosion
is greatly reduced due to the formation of passive
oxide layers on titanium and aluminum.

Manganese-base filler metals are generally
alloyed with nickel when used with stainless
steels and nickel-base alloys. Most results pub-
lished on the corrosion behavior of manganese-
nickel filler metals indicate that this system
exhibits poor corrosion resistance in high-
temperature environments.

Precious-Metal-Base Filler Alloys. Gold
filler alloys are used in vacuum and high-
temperature heat-resisting applications (e.g.,
electronics and engine components), because
they are generally free from volatiles and have
exceptional resistance to oxidation and other
types of corrosion. Gold brazing alloy BAu-4
(UNS P00820), when used to braze stainless
steel or other Fe-Ni-Co-base heat-resistant
alloys, is resistant to oxidation by air and sulfur-
bearing gases up to 816 �C (1500 �F).
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Thermal Spray Coatings for Corrosion
Protection in Atmospheric and Aqueous
Environments
Seiji Kuroda, National Institute for Materials Science
Andrew Sturgeon, TWI, Ltd.

CORROSION PREVENTION by the appli-
cation of thermal spray coatings has a history
dating back to the 1940s. When applied to large
infrastructures such as bridges, highway rail, and
light and sign supports, their use requires a
relatively high initial application cost compared
to competitive technologies such as painting and
galvanizing. As the expected life of these struc-
tures becomes longer, typically 50 years and
more, the life-cycle cost consideration is a more
widely accepted criterion for structural design,
materials selection, and judging the merits of
corrosion prevention and maintenance methods.
Also, environmental regulations now require
paints and other treatments to contain sig-
nificantly lower volatile organic compounds
(VOCs), whereas thermal spraying is essentially
a zero-VOCs process. In these respects, thermal
spray coatings are an attractive alternative to
paint systems that can offer longer service life
and are suitable as a maintenance upgrade for
existing structures. In addition, thermal spray
coatings can provide protection to smaller engi-
neering components, such as tanks, pumps,
impellers, ship equipment, architectural pro-
ducts, and many other items. Thermal-sprayed
coatings of zinc, aluminum, and their alloys have
a proven history in service and in tests of pro-
viding long-term corrosion protection of steel in
various natural environments. This information
is accumulated and incorporated into industrial
standards and assists the user in the selection of
coating materials and the posttreatment most
suitable for a particular environment. Dense
barrier-type coatings of various corrosion-resis-
tant alloys can be fabricated using the high-
velocity oxyfuel (HVOF) spray processes, but
the corrosion resistance of the coating itself in
aqueous solutions does not yet match that of the
wrought materials. This article is intended to
give the reader a general technical background of
thermal spray coatings used for corrosion pro-
tection in atmospheric and aqueous environ-

ments. It covers coating types and application
methods, with reference to industrial standards
and some established application examples. Also
see the article “Thermal Spray Coatings” in ASM
Handbook, Volume 13A, 2003, for additional
information about quality control of the process,
plasma spray, and applications of polymers and
ceramics.

Coating Types

There are two approaches for the corrosion
prevention of steel structures using thermal spray
coatings. The first approach is to spray metallic
coatings that can provide cathodic protection to
the underlying steel substrate as well as act as a
barrier layer. The spray metals include zinc,
aluminum, and alloys such as zinc-aluminum
and aluminum-magnesium that have a corrosion
potential less noble than that of steel. When the
steel surface is covered with such metals, it does
not corrode, even if pores exist in the coating.
The coating is acting as a sacrificial anode, and
the steel is cathodically protected. The term
metallizing is often used as an equivalent
expression for thermal spraying when describing
these types of coatings, and the coatings are
usually referred to as thermal spray zinc (TSZ) or
thermal spray aluminum (TSA).

The second approach is to spray dense, low-
porosity coatings of corrosion-resistant materials
such as stainless steels, titanium, or nickel-base
alloys, such as nickel-chromium, alloy C278 or
alloy 625. These metals and alloys are expected
to form a very thin (usually less than 0.1 mm, or
0.004 mils), compact oxide film on the surface,
called a passive film that inhibits reaction of the
coating with the environment. Here, the coating
acts as a barrier layer on the steel surface. If there
is through-coating porosity, any moisture that
penetrates through the pores can cause galvanic
corrosion at the coating-substrate interface,

usually with the substrate being anodic to the
coating. This is an undesirable situation, because
the corrosion rate at the interface is accelerated
by the coupling effect, often with rapid corrosion
of the substrate and loss of coating adhesion.

The sacrificial coatings of TSA and TSZ have
a long history of development and evaluation,
both in the laboratory and in industry. The bar-
rier-type coatings of corrosion-resistant alloys
have been used in various industries for the
corrosion protection of engineering components
but are at a developmental stage for the corrosion
protection of steel infrastructures requiring long
service life. The recent availability of new
spraying processes such as HVOF is believed to
offer the potential to fabricate extremely dense
coatings with high corrosion resistance.

Aluminum Coatings and
Zinc Coatings

The TSA and TSZ coatings are usually
sprayed onto large structures using flame and
electric arc-based processes, and with the coating
material supplied in wire form to the spray gun.
There are standards for the composition and
diameter of these wires: ISO 14919 (Ref 1) and
AWS C2.25/C2.25M (Ref 2). Among these, four
classes of materials—zinc, aluminum, Zn-15Al,
and Al-5Mg—are specified for the general pur-
pose of corrosion protection in ISO 2063 (Ref 3).

Alloys with other compositions, as well as
composite coatings, can be used for corrosion
protection, but their use has been limited. One
way to fabricate composite coatings is to
simultaneously feed wires of different materials,
such as zinc and aluminum, to the arc spraying
gun. The molten droplets of the two metals mix
on the substrate and form a composite coating
called a pseudoalloy. Another route is to use
cored wires filled with powders. Oxide powders
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are used to enhance wear resistance of the coat-
ing. The in situ synthesis of various intermetallic
compounds by the reaction between the sheath
metal and the filler powder is also possible
(Ref 4, 5).

Figure 1 shows the pH dependence of corro-
sion rates of zinc and aluminum in NaCl aqueous
solution (Ref 6). Corrosion of zinc proceeds
significantly faster in low-pH acidic environ-
ments, whereas aluminum corrodes more readily
in high-pH alkaline environments. This behavior
influences the selection of coating type to be
used. Table 1 presents the minimum thickness of
thermal spray coatings of zinc, Zn-15Al, alumi-
num, and Al-5Mg recommended for different
environments (Ref 3). Zinc is not recommended
for industrial areas where acid rain is expected.
These recommendations are based on a large
number of field exposure tests carried out glob-
ally over many years, as is described in a later
section.

In the United States and northern Europe, zinc
and the Zn-15Al alloy are commonly used to coat
steel bridges rather than TSA. The reasons cited
for this are that TSZ is lower in cost and some-
what easier to spray than aluminum or Al-5Mg.
The TSZ is also said to be more forgiving of the
surface preparation quality. A typical coating
system consists of 100 mm (4 mils) of thermal-
sprayed zinc, followed by an etch primer and a
vinyl resin sealer.

In Japan, there is a preference for TSA coat-
ings, with an increasing number of aluminum-
coated bridges in the coastal regions. Because
aluminum forms a very thin and tight passive
oxide film on its surface in the pH range of 4 to
8.5, its corrosion rate is low in such coastal
environments. Another reason is that TSA can
have good adhesion to steel substrates. However,
when the coating is damaged and the steel sub-

strate exposed, the capability of a TSA coating to
protect the exposed steel (often referred to as the
throwing power) is significantly less than for
TSZ (Ref 7). Alloying of aluminum with zinc,
and also sometimes with a third element, has
been studied to increase the durability of the
coating while maintaining its throwing power
(Ref 8, 9). In severely corrosive marine atmo-
spheres, aluminum or Zn-15Al coatings are
preferred.

The TSA in combination with a sealer or a
paint system is widely used in Europe to provide
long-term corrosion protection of steel structures
on North Sea oil and gas installations, both off-
shore and onshore. In the last 10 years, arc-
sprayed Al-5Mg has been used almost exclu-
sively as the coating material. The prepared steel
surface is coated with 200 to 400 mm (8 to
16 mils) of Al-5Mg and then usually painted
with an organic coating, such as epoxy, urethane,

or acrylic. This coating system has shown a good
combination of long-term stability in marine
environments while providing sufficient catho-
dic protection to the underlying steel substrate to
prevent corrosion.

Thermal Spray Application Methods
for TSA and TSZ Coatings

Application of a thermal spray coating onto a
steel structure consists of three steps: surface
preparation, coating deposition by thermal
spraying, and postspray treatment.

Substrate surface preparation is a critical
step in the thermal spraying process. Table 2
shows the International Organization for Stan-
dardization (ISO) and the Society for Protective
Coatings (SSPC) standards relating to the blast-
ing process, abrasive materials, and assessment
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Fig. 1 Corrosion rate of zinc and aluminum in NaCl
aqueous solution as a function of pH

Table 1 Minimum thicknesses recommended for different purposes according to ISO 2063

Environment

Metal thickness(a), mm

Zinc Aluminum Al-5Mg Zn-15Al

Unpainted Painted Unpainted Painted Unpainted Painted Unpainted Painted

Saltwater NR(b) 100 300 150 250 200 NR(b) 100
Freshwater 200 100 200 150 150 100 150 100
Urban environment 100 50 150 100 150 100 100 50
Industrial environment NR(b) 100 200 100 200 100 150 100
Marine atmosphere 150 100 200 100 250(c) 200(c) 150 100
Dry indoor environment 50 50 100 100 100 100 50 50

(a) To convert to mils, multiply by 0.03937. (b) NR, not recommended. (c) Offshore application. Source: Ref 3

Table 2 Standards for surface preparation

Standard Title

Blasting

ISO 8504 “Preparation of Steel Substrates before Application of Paints and Related Products—Surface
Preparation Methods—Part 2: Abrasive Blast-Cleaning” (There are three parts.)

Abrasive materials

ISO 11124 “Preparation of Steel Substrates before Application of Paints and Related Products—Specifications
for Metallic Blast-Cleaning Abrasives—Part 1: General Introduction and Classification” (There
are four parts.)

ISO 11125 “Preparation of Steel Substrates before Application of Paints and Related Products—Test Methods
for Metallic Blast-Cleaning Abrasives—Part 1: Sampling” (There are seven parts.)

ISO 11126 “Preparation of Steel Substrates before Application of Paints and Related Products—Specifications
for Nonmetallic Blast-Cleaning Abrasives—Part 1: General Introduction and Classification”
(There are ten parts.)

ISO 11127 “Preparation of Steel Substrates before Application of Paints and Related Products—Test Methods
for Nonmetallic Blast-Cleaning Abrasives—Part 1: Sampling” (There are seven parts.)

SSPC-AB 1 “Mineral and Slag Abrasives”
SSPC-AB 2 “Cleanliness of Recycled Ferrous Metallic Abrasives”
SSPC-AB 3 “Ferrous Metallic Abrasive”

Assessment

ISO 8501 Preparation of Steel Substrates before Application of Paints and Related Products—Visual
Assessment of Surface Cleanliness—Part 1: Rust Grades and Preparation Grades of Uncoated
Steel Substrates and of Steel Substrates after Overall Removal of Previous Coatings (There are four
parts.)

ISO 8502 “Preparation of Steel Substrates before Application of Paints and Related Products—Tests for the
Assessment of Surface Cleanliness” (There are twelve parts.)

ISO 8503 Part 1 “Preparation of Steel Substrates before Application of Paints and Related Products—Surface
Roughness Characteristics of Blast-Cleaned Steel Substrates—Part 1: Specifications and
Definitions for ISO Surface Profile Comparators for the Assessment of Abrasive Blast-Cleaned
Surfaces” (There are five parts.)

SSPC-VIS 1 “Guide and Reference Photographs for Steel Surfaces Prepared with Dry Abrasive Blast Cleaning”
SSPC SP 5/NACE 1 “White Metal Blast Cleaning”
SSPC SP 10/NACE 2 “Near-White Metal Blast Cleaning”

ISO, International Organization for Standardization; SSPC: The Society for Protective Coatings; NACE, NACE International
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of the blasted surface. The surface preparation
begins with blast cleaning to achieve the required
degree of cleanliness, normally, level Sa 2.5
according to ISO 8501-1 or SP 10 according to
SSPC. For all immersion and marine service,
more complete removal of rust (Sa 3 or SP 5)
may be required. The difference between SP 5,
“White Metal Blast Cleaning,” and SP 10,
“Near-White Metal Blast Cleaning,” is that a
white metal blast removes all the mill scale, rust,
oxides, corrosion products, and other foreign
matter from the surface. Near-white metal
blasting allows light shadows, slight streaks, or
minor discolorations to remain on no more than
5% of each unit area of surface.

The blasted surface must have a sharp, angular
profile, usually with a depth greater than 60 mm
(2.4 mils). This profile is the anchor tooth pattern
to which the particles of spray metal adhere,
forming a mechanical bond between the coating
and substrate. In order to achieve the surface as
specified and to ensure good adhesion of the
spray coating applied thereafter, there are several
practical matters to consider, such as the type and
size of grit, the temperature and humidity of the
atmosphere, the holding period or time between
blast cleaning and spraying, and the appearance
of rust bloom. These issues should be clearly
defined in the coating specifications. Compliance
with the detailed specifications is necessary to
avoid errors that can lead to poor coating appli-
cation and premature coating failure.

The most commonly used blasting materials
include alumina, chilled iron, angular steel,
silicon carbide, and garnet. The selection of
blasting material and the size is based on the
type, grade, and surface condition of the steel to
be cleaned, the type of blast-cleaning system
employed, the finished surface to be produced
(cleanliness and roughness), and whether the
abrasive will be recycled. When the abrasive is
recycled, a procedure to maintain the size and
cleanliness of the abrasive needs to be followed.
Clean, dry compressed air must be used for
blasting. The use of moisture separators, oil
separators, traps, or other equipment may be
necessary.

In order to assess the cleanliness of the blasted
surface, reference photos for visual comparison
are included in ISO 8501-1 and SSPC-VIS 1-89.
For the assessment of the surface profile of blast-
cleaned steel, a reference plate with different
grades of roughness, called a comparator, may be
used. Other procedures use a stylus instrument or
replica tapes. Because of the dust generated
during abrasive blast cleaning, operators must be
provided with appropriate protection. Also, the
blasting media should not be allowed to escape
from the application site to the environment and
must be treated in accordance with the industrial
wastes regulations.

Monitoring and control of the atmosphere
during and after blast cleaning is very important.
The surface temperature of the steel substrate
should be higher than the dewpoint by at least
3 �C (5 �F) in order to avoid water condensation
on the surface, which will degrade the adhesion

of the spray coating. The procedures to inspect
the blast-cleaned surface before spraying must
be clearly defined, with, ideally, the thermal
sprayer responsible for the surface preparation.
In areas where significant chloride contamina-
tion of the steel surface is likely, such as in
coastal regions, the amount of soluble salt con-
taminants on the steel should be determined and
the salts removed prior to blast cleaning. Simi-
larly, degreasing or pressure washing may be
necessary prior to abrasive blasting.

Arc and Flame Spraying Processes. The
term thermal spray covers several application
methods. Electric arc spraying and flame spray-
ing using wire consumables are the most suitable
methods for applying coatings of zinc, alumi-
num, and their alloys to steel structures. These
methods are simple, they can be used on-site, and
they offer relatively high coverage rates com-
pared to other thermal spray processes. Wire
consumables are also more economical and
easier to handle than powders. A more detailed
description of these spray processes can be found
elsewhere (Ref 10). Electric arc spraying (Fig. 2)
is performed by feeding two electrically con-
ducting metal wires toward each other. An
electric arc is produced at the wire tips. The arc
melts the metal wires, and a high-pressure air
line is used to atomize and then spray the fine
droplets onto the steel surface. In flame spraying
(Fig. 3), a metal wire is melted in a gas flame and
then air sprayed onto the steel surface.

The rate of coating application is a major cost
factor and an important consideration in equip-
ment selection. The traverse speed of the spray
gun over the substrate surface will vary,
depending on the operator and coating specifi-
cation. A gun traverse speed of approximately
0.5 m/s (20 in./s) is typical, with upper spray
rates for aluminum being approximately 20 kg/h
(44 lb/h) and that for zinc being 50 kg/h
(110 lb/h). This corresponds to a coverage rate of
approximately 50 m2/h (540 ft2/h) for a 150 mm
(6 mils) thick coating.

Modern arc spray units can apply a 50 mm
(2 in.) wide band of coating, 75 mm (3 mils)
thick, at a traverse rate of 0.5 m/s (20 in./s). This
compares to an airless spray unit moving at
approximately 0.5 m/s (20 in./s) when applying
150 mm (6 mils) of wet paint in a band up to

450 mm (18 in.) wide. The application rate of
thermal spray coatings is, at best, only 5% that of
conventional organic coatings. Such compar-
isons can be misleading, however, as they do not
include mixing, thinning, equipment setup,
cleaning, and the curing cycle, which are time-
consuming steps in applying organic coatings.
The application of thermal spray coatings nor-
mally requires fewer steps, saving considerable
time.

A notable trend in the United States is the
development of wire arc spraying equipment
capable of spraying thicker wires, such as
4.8 mm (3/16 in.) diameter. This offers sig-
nificant improvement in terms of application
speed and cost. With such a large-diameter wire,
a deposition rate of 75 kg/h (165 lb/h) with
deposition efficiency at 68% for pure zinc has
been reported (Ref 11). Acceptance of such
large-wire spraying has been limited until
recently, partly due to the greater surface
roughness of these coatings, which absorbs more
sealant and topcoat paint, together with a less
acceptable appearance.

Posttreatment. Arc and flame spray coatings
usually contain numerous pores, some of which
are closed and the rest connected from the
coating surface to the substrate. Natural sealing
can be achieved by oxidation of the metallic
coating under normal environmental exposure
conditions, when the resulting oxides, hydro-
xides, and/or basic salts are not soluble in this
environment. It is often beneficial to apply an
organic sealant to close these pores. Penetration
of sealant into the spray coating becomes more
difficult with time after spraying. This is due to
the adsorption of moisture on the pore surface,
which can lead to the formation of corrosion
product within the pores. As a consequence, it is
often recommended that any posttreatment, in
particular, the application of organic sealants, is
completed within the same day as the thermal
spray coating application. Sealant materials
include acrylic, epoxy, phenolic, silicone, ure-
thane, and vinyl resins. They should be diluted
properly to assure good wetting and penetration
into the porosity present in the coating. Typi-
cally, the sealant coat is applied to give a
0.06 mm (2 mils) dry-film thickness. A cross
section through a typical arc-sprayed and sealed
TSA coating is shown in Fig. 4.

The effect that sealing has on the thickness
change of thermal-sprayed zinc, Zn-13Al, and
aluminum coatings exposed in a splash-zone
environment is shown in Fig. 5 (Ref 7). Coating
thickness was measured by an electromagneticSpray-
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Fig. 2 Schematic of arc spraying process
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Fig. 3 Schematic of wire flame spraying process
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thickness tester. It is believed that the thickness
values increased over the years, mostly due to the
formation of corrosion products on the surface
and within the pores of the spray coatings. The
rate of increase was dependent on the coating
material as well as the sealant type. Coatings of
zinc showed the most rapid increase in thickness
and started to show heavy rusting after 5 to 6
years. The thickness of a Zn-13Al coating
without sealing almost doubled over 16 years. By
sealing the Zn-13Al coating, the rate of thickness
increase was dramatically reduced, with the steel
still protected from corrosion. Aluminum coat-
ings in both the as-sprayed and sealed condition
showed little increase in thickness over the years.
Sealing has the effect of slowing down the
penetration of water and seasalt into the coatings
and hence prolonging coating life. It is not
always possible to state the benefits of sealing
quantitatively, but the appearance of spray metal
coatings is also improved by sealing. There is no
requirement for a measurable layer of sealant,
but the sealant should be applied until absorption
is complete. From the corrosion-prevention
viewpoint, painting or topcoating is seldom
required, except to give a specific color to the
surface for aesthetic reasons.

Field Exposure Tests of TSA
and TSZ Coatings

Field exposure tests are regarded as the most
reliable method to estimate the longer-term
performance of spray coatings in service envir-
onments. For atmospheric and marine exposure
tests, there are international standards to be
observed (Ref 12).

The major field exposure tests of thermal
spray coatings conducted around the world are
summarized in Fig. 6. Small test panels have
been used for selection of coatings, but steel pipe
piles or model steel structures are also used for
more realistic testing. One of the earliest expo-
sure tests was undertaken by the British Iron and
Steel Research Association (1940 to 1952) and
included metallic coatings of zinc, aluminum,
cadmium, lead, and tin prepared by thermal
spraying, electroplating, and hot dipping
(Ref 13). Atmospheric test sites included rural,
coastal, and industrial areas. Marine immersion
testing was also included. An important result
obtained from these tests was that the life of a
coating, as defined by the period when rust
covered 5% of the surface area, was roughly
proportional to the coating thickness, regardless
of the application processes. The relationship
between the life and the coating thickness of zinc
and aluminum coatings at a site in Sheffield,
United Kingdom, is shown in Fig. 7. Life of a
zinc coating was shown to be significantly
shorter in the severe industrial areas.

A subsequent exposure trial tested various
alloy and composite coatings, including zinc-
aluminum and aluminum-magnesium, in marine
and industrial atmospheres (Ref 14). Prealloyed
or mixed powders with various compositions
were flame sprayed onto small steel substrates
(50 by 75 mm, or 2 by 3 in.) to a thickness of
approximately 80 mm (3 mils). After 10.5 years
of exposure, it was reported that zinc-aluminum
alloys and composites of approximately a 50 to
50 composition were the best performers. One
set of specimens still remains at the Kure Beach
exposure site in the United States, 250 m (800 ft)
from the ocean, and it has been subsequently
reported that aluminum and aluminum-rich

coatings perform better over the long term at this
location (Ref 15).

The 19 year exposure test carried out by the
American Welding Society is by far the largest,
with more than 4200 testpieces tested in various
atmospheric and seawater immersion environ-
ments (Ref 16). Coatings were wire flame-
sprayed zinc and aluminum with a thickness
range from 80 to 460 mm (3 to 18 mils), with and
without sealing. The sealants included wash
primer, aluminum vinyl, and chlorinated rubber.
Coarse- and fine-grained silica as well as cast
iron grit were used as abrasive for sandblast
cleaning of the steel substrate prior to coating
application. Major results included:

� Aluminum coating with a thickness of 80 to
150 mm (3 to 6 mils), with or without sealing,
protected the steel substrate in seawater,
severe marine, and industrial atmospheres.

� For 19 year protection life, zinc coatings
without sealing required at least 300 mm
(12 mils) thickness in seawater and 230 mm
(9 mils) in marine and industrial atmospheres;
the latter can be reduced to 80 to 150 mm (3 to
6 mils) with appropriate sealing.

� Pretreatment did not significantly affect the
coatings performance.

� Chlorinated rubber is not a good sealant for
zinc or aluminum coatings.

Carbon steel pipe piles for marine construc-
tion with thermal-sprayed zinc, aluminum, and
alloy coatings have been tested and compared
with other protective coatings and linings (Ref 7,
17–20). Corrosion rate varied significantly along
the pipe pile length, depending on the sur-
rounding environment. The rate was approxi-
mately 0.1 to 0.2 mm/yr (0.004 to 0.008 mil/yr)
in seawater but can be several times higher in the
splash zone (Ref 21). If the pipe pile is only
protected in the areas exposed to splash and tidal
zones, the coating is consumed very rapidly by
its sacrificial action with respect to the adjacent
bare steel in the seawater (Ref 19). The pipe
pile should be totally covered with the thermal
spray coating or used in combination with
sacrificial anodes or impressed current to cath-
odically protect the uncoated immersed steel. In
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Fig. 4 Cross section of arc-sprayed coating of alumi-
num with sealant. Courtesy of TWI, Ltd.
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long-term tests conducted in the United States
and Japan, TSA coatings with a thickness of
approximately 150 mm (6 mils) provided pro-
tection over 15 years in both immersion and
splash conditions, whereas TSZ coatings with a
similar thickness lost protection capability after
several years (Ref 7, 18). One problem asso-
ciated with a TSA coating is its inferior cathodic
protection, compared to TSZ coatings (Ref 7),
over sharp edges or exposed steel substrate
where the coating is damaged.

Application History of TSA and TSZ
Coatings for Corrosion Prevention

In the United States (Ref 22), the Federal
Highway Administration has demonstrated that
thermal spraying is a valuable and proven tech-
nology for corrosion control. In 1984, the Rhode
Island Department of Transportation was the first
to metallize a bridge in the United States. This
project was the Acorn Street Bridge in downtown
Providence and was a replacement of an old
bridge. The thermal spraying was done partly in a
shop and partly on-site. The steel was coated
with TSZ, sealed, and finished with a topcoat.
The Department of Transportation in Ohio fol-
lowed a short time later, coating several existing
bridges in central Ohio with TSZ. The first bridge
was in a rural setting in Morrow County and was
coated with TSZ, sealed with epoxy, then coated
with an epoxy intermediate coat and a urethane
topcoat in 1985. The Mile 135 bridge on Inter-
state I-71 north of Columbus was coated with

zinc in 1988. Over 20,000 m2 (215,000 ft2) of
the substructure of Castleton Bridge over the
Hudson River near Albany, NY, was sprayed
with Zn-15Al in 2001. The Mile 73 overpass
bridge for the CSX rail line on I-71 near
Columbus, OH, was metallized with TSZ in
2001.

In the northern United States, deicing salt used
on highways during the winter causes severe
corrosion of steel rebars in reinforced concrete
structures. Corrosion prevention using thermal
spray coatings has been developed and tested in
existing bridges. A TSZ is applied on the blast-
cleaned surface of concrete and acts as the anode
to the impressed current between the steel rebars.
Necessary current density for such protection has
been shown to be 2.2 mA/m2 (0.2 mA/ft2), and
the coating life has been estimated as a function
of electrical charge transmitted across the coat-
ing/concrete interface until the coating adhesion
is significantly lost. Typical lifetime for such
cathodes is estimated at approximately 27 years
(Ref 23).

The use of thermal spray coatings for corro-
sion control of production risers, tethers, flare
booms, and other equipment on offshore plat-
forms has increased over the last several years.
Other applications include corrosion control of
subsea production system flow pipes and land-
based flowlines with thermal insulation. In June
1984, the Hutton tension leg platform was
installed in water 146 m (480 ft) deep in the
North Sea. The tethers, risers, and flare boom
were all TSA coated. The background and sev-
eral reports on this TSA coating application have
been published (Ref 24, 25). The coating was
flame-sprayed aluminum sealed with two coats

of vinyl on the tethers and silicone on the risers.
One tether was removed in 1986, and a produc-
tion riser was removed in 1987 for inspection.
There were distinct differences in the TSA
coating on the production risers and the tethers,
with the vinyl sealant on the tethers blistering,
while that on the riser did not. Despite the blis-
ters, the TSA coating was in excellent condition,
with no measurable reduction in coating thick-
ness or evidence of corrosion damage to the
substrate. Visual inspections of the splash zone
also revealed no deterioration in coating quality
or performance or any corrosion damage. High-
pressure waterjetting was used to remove fouling
to enable better inspection (no antifouling coat-
ing was applied). This strong mechanical impact
did not cause any coating deterioration.

Based on the good experience with TSA
coatings on the Hutton platform, TSA was used
for splash-zone protection on nine platforms in
the southern North Sea, installed between 1987
and 1988. The splash-zone coatings were typi-
cally 200 mm (8 mils) thick, with a polyvinyl
butyral etch primer overcoated with poly-
urethane. Pinholes occurred in the polyurethane
if the etch primer was not used. Subsequent
annual splash-zone inspections have revealed no
damage to the TSA, and the sealer has performed
well. A TSA was also selected to protect the
risers on the Jolliett platform in the Gulf of
Mexico in 1989, and no visual damage of the
coating was observed after 13 years of service.

More recent examples of TSA coatings
applied to give corrosion protection in severe
offshore environments include the Shell Sheer-
water jackets (5000 m2, or 54,000 ft2) and
the Mobile Sable Islands (10,000 m2, or
108,000 ft2) over five platforms. For the Shell
Sheerwater jackets, the coating systems com-
prised 200 mm (8 mils) of TSA followed by an
epoxy sealant and epoxy-acrylic topcoat.

Kanmon Bridge, the first long-span suspen-
sion bridge in Japan, was constructed in 1973,
connecting the mainland Honshu with the
Kyushu district. The bridge was protected from
corrosion by TSZ, with six layers of painted
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topcoat. Thermal spray coatings have not been
used for subsequent other large-scale bridges due
to the high cost, except for small areas such as the
inspection girder. Since the mid-1990s, an
increasing number of smaller steel bridges and
port facilities in coastal areas have been pro-
tected with sealed TSA. The most recent large-
scale application of thermal spray coatings in
Japan is for the urban highway route No. 5 in
Fukuoka. During the first term of its construc-
tion, more than 200,000 m2 (2.15 · 106 ft2) of
steel structures such as girders and piers sup-
porting the highway were thermal sprayed, and
approximately 500,000 m2 (5.4 · 106 ft2) will
be sprayed in total when completed. Two types
of coating systems have been adopted for this
construction. One is thermal-sprayed Zn-15Al,
finished with an inorganic sealant. The other
coating system is based on co-spraying zinc and
aluminum wires simultaneously to form a pseu-
doalloy coating that is then sealed. Thermal
spray was selected to achieve a longer main-
tenance cycle. This was essential, because the
cost of maintenance and repair is prohibitively
high in such a densely populated urban area with
high traffic levels.

Dense Barrier Coatings by High-
Velocity Spraying Processes

High-velocity oxyfuel (HVOF) spraying is a
relatively new process being considered for
coatings of corrosion-resistant alloys that act as
barrier layers on less resistant substrates. The
HVOF process produces coatings with much
lower levels of porosity compared to arc and
flame spraying. The HVOF spraying process is
based on oxyfuel combustion at high pressure
inside a spray gun to produce a high-velocity jet.
A schematic of the HVOF spray gun is shown in
Fig. 8. This jet is used to heat and accelerate a
powder consumable to high velocity, which then
impacts on a substrate to build up the coating.
There are several types of HVOF equipment
available commercially. The fuel for combustion
is a gas such as ethylene, methane, acetylene, and
hydrogen, or a liquid fuel such as kerosene. The
very high velocity of the powder particles results
in a dense coating structure with porosity usually
below 2%. Such low-porosity coatings have been
achieved for corrosion-resistant alloys, including
stainless steels 304, 316L, and nickel-base alloys

such as C276 and 625. The coating micro-
structures obtained depend on the HVOF system
type and the spray conditions used to prepare the
coating. In all cases, the coating microstructures
are different than those seen for these materials
in their wrought form. Unlike the sacrificial
anode-type coatings of TSZ and TSA, elimina-
tion of through porosity in the barrier layer
coating type is of critical importance. In wet
conditions, corrosion of the substrate surface can
be accelerated by the galvanic coupling between
the more noble coating and the less noble sub-
strate, which will lead to premature debonding of
the coating. Of next importance is control of
oxidation of the powder material during spray-
ing. Oxidation degrades the corrosion resistance
of the deposited coating by creating regions
depleted in alloying elements, such as chromium
and nickel.

The HVOF-sprayed coatings can be prepared
with low levels of oxide and porosity. An
example of a cross section through a coating of
nickel alloy prepared with the HVOF process is
shown in Fig. 9. The coating shows an inhomo-
geneous microstructure dominated by inter-
particle (splat) boundaries, often depleted in
alloy elements, and by the presence of thin oxide
films at these splat boundaries (Ref. 26). The
HVOF-sprayed coatings are found to exhibit
different corrosion behavior compared to the
corresponding alloy in wrought materials.

Corrosion Performance of Dense HVOF
Spray Coatings. The corrosion performance of
dense HVOF coatings in aqueous environments
can be difficult to evaluate. If the porosity level is
very small, typically below 0.5 vol%, penetration
of water through the coating may take a long
time. Reliance on immersion methods to com-
pare corrosion behavior requires long test dura-
tions (often 60 days or longer), with a qualitative
visual judgment of any corrosion attack. Elec-
trochemical test techniques, such as that descri-
bed by ASTM G 61(Ref 27) and based on cyclic
potentiodynamic polarization methods, are used
to quickly determine susceptibility to corrosion
of wrought iron- or nickel- base alloys in aque-
ous chloride-containing environments. More
recently, such techniques have also been applied
to thermal-sprayed metallic coatings (Ref 28) to
provide a relatively quick method to rank their
resistance to corrosion. When the spray coating
is porous—higher than 1 vol%—the influence of
the substrate on corrosion should be taken into
account when interpreting the results. For denser

HVOF coatings, the results are likely to be
dominated by the corrosion resistance of the
coating itself.

Using this approach, the electrochemical cor-
rosion characteristics of coatings of corrosion-
resistant alloys sprayed onto low-carbon steel
using commercially available HVOF systems
have been investigated in seawater and other
aqueous solutions (Ref 29). Some examples of
typical polarization curves obtained by this test
method in artificial seawater for HVOF-sprayed
stainless steel 316L and alloy 625 coatings, and
the respective materials in bulk wrought form,
are shown in Fig. 10 and 11. Only the forward
scan is shown for clarity. Coatings with corro-
sion potentials closer to the values of the corre-
sponding wrought material and lower anodic
currents at a given potential are taken to have
better resistance to corrosion. Such coatings
would be expected to provide greater protection
to the underlying steel substrate if completely
dense.

The results of these tests suggest that high-
quality HVOF-sprayed coatings of nickel alloy
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with composition similar to alloy 625 can pro-
vide significantly better corrosion resistance and,
consequently, better protection to a steel sub-
strate than similar high-quality HVOF coatings
of stainless steel. All the HVOF-sprayed coat-
ings of stainless steel 316L exhibit a significantly
lower rest potential and show a much more rapid
rise in anodic current density as potential is
increased, compared to wrought 316L (Fig. 10).
The coatings also show an apparent breakdown
potential at approximately 0 mVSCE, con-
siderably lower than that seen for the wrought
alloy. As shown in Fig. 11, all the nickel alloy
625 coatings have higher anodic current den-
sities at potentials below approximately
400 mVSCE than the nickel alloy in wrought
form. These results again suggest that a HVOF-
sprayed nickel alloy coating does not match the
corrosion resistance of the same alloy in its
wrought form when in a seawater environment.

Efforts to achieve denser coatings with less
oxidation of the coating have been made by
improving the HVOF processes. An earlier study
reports success in petroleum plants by the use of
a gas shroud to control the atmosphere sur-
rounding the spray particles as they travel from
the spray gun to the substrate (Ref 30, 31). A
more recent study demonstrated the ability to
produce dense, low-oxide coatings without
through-coating porosity by controlling the
atmosphere surrounding the spray particles in
flight while still attaining the very high particle
velocity typical of HVOF spraying (Ref 32, 33).
The relationship between the amount of through-
coating porosity in alloy C278 coatings and
coating thickness is shown in Fig. 12 for a
commercial HVOF spray gun and with a gas
shroud attachment. Alloy C278 is a nickel alloy
and has a superior corrosion resistance, espe-
cially against crevice corrosion, in seawater
compared to 316L stainless steel. Coated speci-
mens were immersed in 0.5 M HCl aqueous
solution for long durations, and iron ions present
in the test solution, dissolved from the steel
substrate, were measured by inductively coupled

plasma (ICP) emission spectroscopy analysis.
The results of these tests showed that the
through-coating porosity decreased significantly
with increase in coating thickness, but there still
remains detectable through-coating porosity
when the coating was sprayed using the normal
HVOF process. It should be noted that the por-
osity of alloy C278 coatings obtained by the
commercial HVOF spray gun was below the
detection limit of mercury porosimeter (0.3 vol%
in this case) and protected the steel substrate for
more than 3 months in a laboratory immersion
test in aerated artificial seawater. With the gas
shroud attachment, through porosity was
reduced to the detection limit of the ICP analysis.
Based on these tests, HVOF coatings with a
thickness of 400 mm (16 mils) were selected for
longer-term marine exposure tests.

The appearance of alloy C278 coatings
immersed in seawater at a test site facing the
Pacific Ocean washed by vigorous waves for
three months is shown by the samples in Fig. 13.
Even though the coating produced by the com-
mercial HVOF process performed well in the
laboratory immersion test, it was penetrated by
seawater, and corrosion had started. The results
of the marine exposure test of alloy C278 coat-
ings sprayed by using commercial HVOF
equipment, HVOF with the gas shroud, and
coatings sprayed with commercial HVOF and
then heat treated in vacuum at 1050 �C
(1920 �F) for 1 h are summarized in Fig. 14. The
coatings produced with the commercial HVOF
process lasted for 3 months in the tidal and
immersed zones, but coating life was longer than
a year in the splash zone. The coatings produced
with the HVOF process using the gas shroud
attachment protected the steel substrate for
approximately 1 year in seawater and approxi-
mately 2 years in the tidal zone. In the splash
zone, the coating life is in excess of 2 years, with
the test still in progress. Generally, the coatings
exposed at the splash zone have a longer life.
The heat treated coatings provided very good
corrosion protection in all the zones, with a life
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greater than 2 years. The results indicate that the
elimination of through-coating porosity must be
achieved, and a coating material with good
resistance against crevice corrosion should be
selected for such applications. The latter is
because the spray coating has a rough surface
and a more inhomogeneous microstructure, with
the potential for microcrevices at the coating
surface.

Even though significant progress has been
made in this field with the development of the
HVOF spraying process, the industrial need is
for coatings that can provide a protection life in
seawater of 50 years, which is yet to be shown
possible.

The Future Use of Thermal
Spray Coatings

Thermal spray coatings of zinc, aluminum,
and their alloys have a proven history in pro-
viding long-term corrosion protection of steel in
various natural environments. As the concept of
life-cycle cost becomes a more widely accepted
requirement, thermal spray coatings will be a
more attractive choice for steel structures that
require protection against corrosion for many
years. There now exists a large amount of
information from exposure tests conducted
worldwide. This information and the case his-
tories of applications are being accumulated and
incorporated into industrial standards and will
assist the user in the selection of coating mate-
rials and the post-treatment most suitable for a
particular environment.

Dense barrier-type coatings of corrosion-
resistant alloys using the HVOF spraying pro-
cesses have not yet achieved the corrosion
resistance in aqueous solutions of that of the
wrought form of the same materials. Depending
on the environment and the coating material, a
minimum amount of the residual porosity or thin
oxide films at the intersplat boundary can be
detrimental. Further improvement of the HVOF
process, including the use of gas shrouds and the
development of new processes such as cold
spraying, is expected to further improve coating
quality in the near future.
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Corrosion of Electroplated Hard
Chromium
Allen R. Jones, Atotech

HARD CHROMIUM plated parts have chro-
mium coatings more than approximately 1.2 mm
(0.05 mil) thick. Parts that are plated with less
than this amount are referred to as decorative
applications. Electroplated chromium protects
substrates by acting as a barrier coating as
opposed to a sacrificial coating, such as zinc.
Chromium is more electrochemically active than
steel; however, it forms a dense self-healing
oxide layer on its surface. Chromium can be
passivated, or the oxide layer can be formed by
exposure to air or by immersion in room-
temperature oxidizing acids. Electroplated
chromium is chemically resistant to most com-
pounds and offers excellent corrosion pro-
tection in various environments. It is especially
useful in applications that also require wear
resistance.

Corrosion of Chromium
Electrodeposits

Coatings protect a substrate by forming a
barrier or by being sacrificial. The electro-
chemical series predicts that chromium is more
base or active than zinc, a sacrificial coating.
However, chromium metal rapidly reacts with air
or oxidizers to form a thin chromium oxide film.
This surface chromium oxide film is very passive
or noble. If scratched, this passive film auto-
matically heals in the air. Electrodeposited
chromium coatings have a Knoop (100 g)
microhardness of between 900 and 1100 kg/
mm2. Chromium is the hardest as-deposited
electrodeposit. This combination of self-healing
and coating hardness provides a good barrier in
abrasive environments.

The protective chromium oxide resists high-
temperature corrosion and has a desirable Pilling-
Bedworth (PB) ratio of 2. The PB ratio is the
ratio of the metal oxide volume divided by the
metal volume. Pilling-Bedworth values of less
than 1 result in an oxide that does not completely
cover the surface (Ref 1, 2). A PB ratio of more
than 1 is necessary but not sufficient to predict
corrosion resistance. Some oxides with ratios

of more than 1 are not protective. Additional
information about the PB ratio is available in the
article “Gaseous Corrosion Mechanisms” in
ASM Handbook, Volume 13A, 2003.

Microribbons or Microcracks. Chromium
electrodeposits are not homogenous, because
they contain microribbons. Microcracks are
formed by stress relief in the chromium during
plating and are filled in by plating with material
that contains more oxide and less metallic
chromium than the bulk, producing micro-
ribbons. Microcracks may form due to the
spontaneous decomposition of chromium
hydride to form chromium metal and hydrogen.
Microribbons is a more accurate and descriptive
term than the classical term microcracks, which
is a misnomer. Microribbons are not voids but
are ribbons of a three-dimensional network of
areas that are more electrochemically active than
the bulk of the chromium. They are like ribbons
in that they are long, very narrow, and are solid
material uniformly distributed throughout the
chromium coating. Microcracks only exist on the
surface of the chromium where they have not
been plated in. When chromium electrodeposits
are etched in hydrochloric acid or etched
anodically, the microribbons are attacked before
the bulk of the chromium and become visible
as microcracks. The tensile stress in most elec-
troplated chromium deposits increases with
deposit thickness until microcracks are formed
(Ref 3, 4). The microcracks decrease the stress in
the deposit as the thickness of the deposit
increases. Stress is inversely proportional to the
number of microcracks (microribbons). Crack-
free deposits are highly stressed and softer
than microribboned (microcracked) chromium
deposits.

Microribbons are present in most electro-
plated hard chromium deposits. Figure 1 shows
typical microribbon structures after etching. The
density of microribbons in chromium deposits
varies from 0 to more than 1200 ribbons/cm
(3000 ribbons/in.), primarily depending on bath
chemistry, current density, and temperature. The
number of microribbons increases with the con-
centration of catalyst in the plating bath. After
etching a deposit with a high microribbon

density (Fig. 1a), the depth of a microribbon was
less than 8 mm (0.3 mil) on a deposit 130 mm
(5 mils) thick, with ribbon counts of approxi-
mately 800 ribbons/cm (2000 ribbons/in.). The
depth and width of microribbons decrease as
the microribbon density increases. Additional
information on microribbons and their formation
are reported in the literature (Ref 5).

Because chromium protects substrates by
forming a barrier, the coatings must be thicker
than the microribbon depth to provide good
corrosion resistance. Microribbons are not det-
rimental to corrosion resistance, as may be
expected. There are two reasons for this. First,
the microribbons are not voids but are areas with
a structure and composition that are different
from those of the bulk. Microribbons contain
more chromium oxide, which increases the
deposit microhardness. Second, the micro-
ribbons distribute the corrosion over a larger
area, decreasing corrosion penetration of the
coating. This is similar to the use of micro-
cracked or microdiscontinuous chromium coat-
ings over nickel in decorative coatings.

Optimizing Corrosion Resistance

The corrosion resistance of a 25 mm (1 mil)
thick hard chromium electrodeposit, as deter-
mined by neutral salt spray test (NSST), should
be 10 to 500 h to red rust. This large range of
NSST hours can be attributed to the large number
of steps and variables involved in the total
process. The main steps fall into the areas of
pretreatment, electroplating, and postplating
treatment. If any one of these areas is deficient,
then the corrosion performance of the product is
significantly reduced. These three processes can
be viewed as a chain where each process is a link.
The weak link will decrease the overall corrosion
performance. Improvements in one process
cannot overcome large deficiencies in one of the
other processes. Interactions occur between the
processes. Optimization of the corrosion per-
formance should start with the area that needs
the most improvement, because this gives the

ASM Handbook, Volume 13B: Corrosion: Materials 
S.D. Cramer, B.S. Covino, Jr., editors, p434-441 
DOI: 10.1361/asmhba0003833

Copyright © 2005 ASM International ® 
                                 All rights reserved. 
                     www.asminternational.org

 www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



biggest return (improved corrosion performance)
on investment (time, resources, and money). If
two of the three processes are at between 80 and
90% of optimum and the remaining process is
only 50% of optimum, then the system opti-
mization should start with the process that is only
at 50% of optimum.

The corrosion resistances in NSST results are
relative within each experiment or reference.
Hours of NSST results may not be comparable
between experiments or references due to var-
iations in substrate, pretreatment, electroplating,
and postplating treatment. Trends or rankings
with respect to pretreatments, electroplating
chemistries or conditions, and postplating treat-
ments are reproducible.

A detailed analysis of unpublished and pub-
lished corrosion data (Ref 6) has shown that any
process change in the pretreatment or plating
steps that would be expected to reduce nod-
ulation leads to better corrosion performance.
Large nodules can be removed (picked out) by
finishing to form pits (Ref 7). This occurs
because the cohesion between the nodule and the
bulk of the chromium is less than the cohesion of
the chromium within the nodule or bulk chro-
mium. This weak bond may exist, partially, even
in small nodules and could be a corrosion path-
way to the substrate. The plated parts should be
examined for nodules before postfinishing. The
presence of significant nodules suggests that
optimization should be done on the pretreatment
and plating processes. Processes should be
designed to give the least amount of nodules.
Any process changes must be made with con-
sideration for productivity.

Pretreatments. The main steps for pretreat-
ment processing are shown in Table 1. The goal
of the pretreatment is to make a smooth and
uniform surface. Each step of the pretreatment
process is discussed subsequently, with exam-
ples of problems that can be encountered.

Substrate quality is very important, because
inclusions can lead to pretreatment problems and
can cause plating defects. Inclusions can be
classified as physical and chemical. Both types
may result in plating defects such as pits or
nodules. Physical inclusions, such as hard parti-
cles or voids, cause defects by mechanical
means. Defects can be microscopic and can be
obscured by grinding or honing but may be
exposed in the chemical pretreatment processes.
Defects in the substrate that cause pits or atypical
cracking expose the substrate metal to corrosive
media (Ref 8). Gas pits are usually caused by
particles in or on the substrate surface that have a
low hydrogen overvoltage, such as graphite or
carbon particles. The low hydrogen overvoltage
promotes the evolution of hydrogen gas in pre-
ference to chromium deposition. These pits can
occur on overetched cast iron parts and on
reworked parts that have not been baked after
stripping. Chemical inclusions interact with
the cleaning, etching, or plating processes to
cause defects. Sulfur-bearing inclusions can
cause pits by overcatalyzing the bath at the
inclusion site. Inclusions can etch differently
than the bulk of the substrate and produce a
nonuniform deposit.

Case Depth. Heat treating a suitable ferrous
substrate by means of electromagnetic induction
and quenching will increase its hardness to a
given depth. A hard surface can be finished better
than a soft substrate. The harder substrate also
improves the mechanical performance of the
chromium coating. Hard and soft areas react very
differently in an anodic etch, which is used to
improve adhesion to the substrate. The case
depth should be uniform so that the surface
chemistry will react uniformly in the anodic etch,
commonly referred to as reverse etching. When
the case depth is shallow and variable, a non-
uniform surface will be produced after reverse
etching.

Grinding and polishing should produce a
smooth surface with no or only small steel sub-
strate slivers. The surface should have only small
defects or defects that will be removed in the
cleaning and etching cycle. Mechanical finishing
was shown to be important in obtaining good
corrosion resistance (Ref 9). Surface roughness
can be quantified by many parameters. The most
common are the average roughness (arithmetic
mean deviations of the profile), Ra; the average
peak-to-valley height in five sampling lengths,
Rz; and the maximum peak-to-valley height
(total roughness), Rt. The values of the param-
eters are Ra5Rz5Rt. The parameter Rz is often
used for describing the surface to be plated,
because it better quantifies defects that are
important to plating. Naik (Ref 9) showed that
if the substrate surface roughness parameter,
Rz, was reduced from 1.2 to 1.0 mm (0.05 to
0.04 mil), the NSST hours of plated samples
increased from less than 70 to between 180 and
410 h. Jones (Ref 10) demonstrated that sub-
strates with equal Ra’s may not produce the same
surface finish after plating. Table 2 shows that
although the part with a factory finish has a low
Ra, it is much rougher after plating than a part
finished with 400- and 600-grit paper to a com-
parable prefinish Ra value. The factory finish
contained many bentover slivers that were raised
during the pretreatment or plating process and
produced roughness and nodules. Substrate
brightness is not a good measure of surface fin-
ish, because brightness is determined by optical
reflection (wavelength of light) and microscopic
roughness, whereas larger defects are more
important during electrodeposition.

Cleaning steps include demagnetization,
cleaning, and rinsing. Demagnetizing parts will
reduce the iron particle concentration in the
plating bath. Iron particles in the plating bath can
cause large nodules. Cleaning is usually done in
alkaline solutions with or without current. The
cleaning should be designed to remove oils, dirts,
smuts, and oxides. Inadequate cleaning can
cause pits and nodules. Up to 50% of the dirt is
removed in the rinse water after the cleaner has
loosened the dirt. Rinse water should be warm
and contain less than 3% of the cleaner. The rinse
should remove the alkaline film from the

(a)

(b)

(c)

25 µm 75 µm

Fig. 1 Micrographs of surfaces (left) and cross sections (right) of anodically etched chromium deposits from (a) high-
efficiency etch-free, (b) fluoride, and (c) conventional baths. The samples were plated under typical conditions

for each bath. The cross sections were polished prior to etching. Etching was performed in a solution of 100 g/L NaOH at
room temperature. Current density on surface: 46 A/dm2 for 2 min. Electroetch on cross section: a few seconds at 4 V.
Etched surface view, original magnification 600 · . Etched cross section, original magnification 200 ·

Table 1 Processing steps and conditions for
hard chromium plating

Step Process or condition

Pretreatment Substrate quality
Case depth
Grinding/polishing
Cleaning
Etching

Electroplating Chemistry
Temperature
Current density
Deposit thickness
Contamination

Posttreatment Grinding
Superfinishing
Buffing
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substrate. Excessive cleaner contamination of
the plating bath can partially neutralize the
plating solution.

Anodic etching is typically the last step before
plating most steel substrates. Anodic etching or
reverse etching is usually accomplished in
chromic acid but can be done in sulfuric acid.
Other acid immersion treatments can also be
used. The type of etching can significantly
improve the corrosion resistance of the plated
part (Ref 10). Table 3 shows that pretreatment B,
which used a high-coulomb etch, produced a
smoother part with much better corrosion resis-
tance than the part prepared using pretreatment
A. Jones (Ref 10) showed that to produce the
least number of nodules, the reverse-etch cou-
lombs should be either low (100 C/dm2) or
high (3000 C/dm2). Anodic etch in the plating
bath will increase the impurities (iron from the
substrate) as well as the voltage required for
deposition.

Electroplating. Commercially, hard chro-
mium is deposited from three types of baths:
conventional, fluoride mixed-catalyst, and high-
efficiency etch-free. All of the baths contain
sulfate (SO4

2� ) and chromium (VI) oxide,
commonly referred to as chromic acid (CrO3).
The sulfate and fluoride compounds act as
catalysts. The high-efficiency etch-free bath
contains a nonhalide catalyst. Chromium cannot

be electrodeposited from an aqueous CrO3

solution unless one or more catalysts are present.
Depending on which catalysts are present and the
plating parameters, between 10 and 30% of
the cathodic current will be used to reduce
hexavalent chromium (Cr6þ ) to chromium
metal. In the fluoride process, a high concentra-
tion of fluoride compound must be used to obtain
a high microribbon density; unfortunately, this
causes severe substrate etching in the low-
current-density areas. Excessive catalyst con-
centration will also decrease the cathodic
chromium efficiency. The properties of the
electrodeposits are influenced by the type of
catalyst, the ratio of CrO3 to the catalysts, bath
impurities, plating temperature, and current
density.

The best corrosion resistance is obtained from
a chromium deposit having the highest micro-
ribbon density, with the smallest number and
smallest size of nodules after plating. For a
chromium coating with a high microribbon
density, the corrosion current is distributed over
a larger area, thereby reducing the corrosion rate
at any one site and increasing the corrosion
resistance of the coating. Figure 1 shows
that as the microribbon density increases, the
microribbon width and depth decrease. The
microribbons in Fig. 1 were etched to make them
visible.

The three chemistries used in hard chromium
plating exhibit many differences in per-
formance, but the main attribute that affects
corrosion resistance is the microribbon density
of the deposit. Typical microribbon density of
deposits from a conventional bath is between 0
and 500/cm, a fluoride bath is between 500 and
1000/cm, and a high-efficiency etch-free bath is
between 1000 and 2000/cm. Figure 2 shows the
corrosion performance of 25 mm (1 mil) thick
deposits plated from the three different bath
types (Ref 11). All samples were plated under
optimal conditions for each bath. Corrosion
testing was performed according to ASTM B
117. These samples and the samples in Fig. 3
were pretreated as follows: polishing with 600-
grit silicon carbide; 15 s, 15 A/dm2 (1 A/in.2)
anodic electroclean; water rinse; 5 s immersion
in room-temperature 5% hydrochloric acid;
water rinse; and 5 s, 15 A/dm2 reverse etch in
the plating bath. The parts did not have any
posttreatment. After 200 h of NSST exposure,
18% of the conventional deposits, 58% of the
fluoride deposits, and 87% of the high-efficiency

Table 2 Surface roughness of parts processed with different pretreatment grinding

Finish Appearance

Average roughness (Ra)

Before plating After plating

mm mil mm mil

Factory Bright 0.079 0.0031 0.46 0.02
400- and 600-grit SiC Semibright; grind lines visible 0.084 0.0033 0.14 0.006

Source: Ref 10

Table 3 Corrosion performance of 35 mm (1.4 mils) thick chromium deposits with different
pretreatments
The samples were tested as plated with no postfinishing.

Performance Pretreatment A Pretreatment B

Process description Anodic electroclean, cold water rinses,
immersion in 5% sulfuric acid at room
temperature for 15 s, cold water rinses

Anodic electroclean, cold water rinses,
anodic etch in bath for 1 min at 60 A/dm2

Surface roughness after plating
Ra, mm (mil) 0.53 (0.02) 0.18 (0.007)
Rz, mm (mil) 3.9 (0.15) 1.7 (0.07)

Time in NSST to red rust, h 24–48 96–122

Note: Abbreviations are found in the text. Source: Ref 10

Table 4 Corrosion rates of chromium deposits with different postfinishing

Sample

Chromium corrosion rate (a)

mm/yr mils/yr

As-plated 24 0.95
Coarse polish only 3.3 0.13
Fine polish only 8.2 0.32
Coarse and fine polish 0.4 0.016

(a) Rates are based on the corrosion current (icorr) in 3% NaCl. Source: Ref 15
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free bath under optimal conditions. The samples were
tested as plated without any postfinishing. Source: Ref 11
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etch-free deposits were not corroded. The cor-
rosion resistance of deposits 13 mm (0.5 mil)
thick, plated from the three baths, had the same
ranking as for the 25 mm (1 mil) thick deposits.
These data show that as the microribbon density
increases, the corrosion resistance of the deposit
increases. The improved corrosion performance

of the deposits may also be partially attributed to
the capability of the high-efficiency etch-free
and fluoride baths to plate deposits that are
smoother and less nodular than deposits from a
conventional bath. Naik (Ref 9) reports that the
deposits from a high-efficiency etch-free bath
have more corrosion resistance and more

microribbons than deposits from a conventional
bath.

Temperature. The residual stress and micro-
ribbon density are low at low plating tempera-
tures. At plating temperatures of 40 �C (105 �F)
and above, the residual stress increases, and
microcracking occurs. Above 60 �C (140 �F),

Table 5 Corrosion resistance of electroplated chromium deposits immersed in various acids

Acid Concentration, %

Temperature Corrosion rate

�C �F mm/yr mils/yr

Acetic 10 12 55 nil
58 135 0.38 15

100 12 55 nil
58 135 0.20 8

Anthranilic Saturated 12 55 nil
58 135 nil

Anthraquinone 2-sulfonic 10 12 55 nil
58 135 0.03 1.2

Arsenic 10 12 55 nil
58 135 0.28 11

Benzene, sulfonic 10 12 55 nil
58 135 0.05 2

Benzoic Saturated 12 55 nil
58 135 nil

Butyric 10 12 55 nil
58 135 0.15 6

Carbolic (phenol) Saturated 12 55 nil
58 135 nil

Chloric 10 12 55 0.40 16
Chlorine Acid . . . . . . . . . Attacked
Chromic . . . . . . . . . Slow attack
Cinnamic Saturated 12 55 nil

58 135 nil
Citric 10 12 55 nil

58 135 0.18 7
Dichloroacetic 10 12 55 nil

58 135 1.57 62
Dinitrobenzoic (3,5) Saturated 12 55 nil

58 135 0.03 1.2
Formic 10 12 55 nil

58 135 30.48 1200
Fumaric Saturated 12 55 nil

58 135 nil
Furoic (pyromucic) 10 12 55 nil

58 135 nil
Gluconic 10 12 55 nil

58 135 nil
Glycollic 10 12 55 nil

58 135 0.58 23
Hydrobromic 10 12 55 0.03 1.2

58 135 4.72 186
Hydrochloric . . . . . . . . . Rapid attack
Hydrofluoric 10 12 55 25.4 1000
Hydroiodic 10 12 55 nil

58 135 0.38 15
Lactic 10 12 55 nil

58 135 0.15 6
Maleic 10 12 55 nil

58 135 0.46 18
Malic 10 12 55 0.05 2

58 135 0.23 9
Malonic 10 12 55 0.03 1.2

58 135 0.36 14
Mandelic (amygdalic) Saturated 12 55 nil

58 135 0.03 1.2
Mixed acid 36% HNO3,

61% H2SO4, 3% H2O
100 12 55 nil

58 135 0.03 1.2

Monochloroacetic 10 12 55 nil
58 135 0.08 3

Mucic Saturated 12 55 nil
58 135 nil

Naphthalene 2,7 disulfonic 10 12 55 nil
58 135 0.03 1.2

Acid Concentration, %

Temperature Corrosion rate

�C �F mm/yr mils/yr

Naphthionic Saturated 12 55 nil
58 135 nil

Nitric 10 12 55 nil
58 135 0.30 12

100 12 55 nil
58 135 0.13 5

Nitrobenzoic (meta) Saturated 12 55 nil
58 135 nil

Nitrocinnamic (meta) Saturated 12 55 nil
58 135 nil

Oleic 100 12 55 nil
58 135 nil

Oxalic 10 12 55 nil
58 135 0.03 1.2

Palmitic 100 12 55 nil
58 135 nil

Perchloric 10 12 55 0.03 1.2
58 135 1.07 42

Phenolsulfonic (ortho) 10 12 55 nil
58 135 0.66 26

Phenylacetic Saturated 12 55 nil
58 135 0.03 1.2

Phosphoric 10 12 55 0.03 1.2
58 135 0.86 34

85 12 55 nil
58 135 0.05 2

Phosphoric (crude) 28 81 180 Attacked
60 81 180 Slight attack

Phthalic Saturated 12 55 nil
58 135 0.08 3

Picric Saturated 12 55 nil
58 135 nil

Propionic 10 12 55 nil
58 135 0.13 5

Pyrogallic 10 12 55 nil
58 135 nil

Pyruvic 10 12 55 nil
58 135 nil

Salicylic Saturated 12 55 nil
58 135 0.05 2

Stearic 100 12 55 nil
58 135 nil

340 645 Resistant
Succinic 10 12 55 0.03 1.2

58 135 0.25 10
Sulfanilic Saturated 12 55 0.03 1.2

58 135 0.20 8
Sulfobenzoic (ortho) 10 12 55 nil

58 135 3.28 129
Sulfuric 10 12 55 0.28 11

58 135 254 10,000
100 12 55 0.76 30

58 135 1.75 69
Tannic 10 12 55 nil

58 135 nil
Tartaric 10 12 55 nil

58 135 0.10 4
Toluene, sulfonic (para) 10 12 55 nil

58 135 nil
Trichloroacetic 10 12 55 0.03 1.2

58 135 2.62 103
Uric . . . . . . . . . Resistant

Source: Ref 30, 31
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the stress and microribbon density decrease
(Ref 12) in some chemistries at typical current
densities. Residual stress is high on the chro-
mium surface, decreases at the center of the
coating, and then increases at the coating-
substrate interface (Ref 13). The high stress on
the surface is probably due to the reduced
cracking in the outer surface.

Current Density. For deposits plated from a
high-efficiency etch-free bath, as the current
density decreased from 46 to 23 A/dm2 (3 to
1.5 A/in.2), the corrosion resistance of the deposit
increased (Ref 11). This improved corrosion
resistance is probably related to the reduced
nodulation that occurs at lower current densities.
Plating at low current density reduces produc-
tivity, so a balance must be made between
productivity and corrosion-resistance require-
ments.

Deposit Brightness. For a particular plating
chemistry, as-plated chromium deposits that are
bright typically contain an optimum microribbon
density. For a particular current density, if the
temperature is too low, then the deposit will
appear frosty. Conversely, if the temperature is
too high, then the deposit will appear dull. All
plating chemistries have an optimum tempera-
ture and current density range combination that
will produce bright deposits.

Coating Thickness. Corrosion resistance
increases as the deposit thickness is increased.
Figure 3 shows that as the chromium thickness of
the high-efficiency etch-free deposit increases,
the corrosion resistance increases (Ref 11). Naik
(Ref 9) also showed that if the deposit thickness
increases from 10 to 20 mm (0.4 to 0.8 mil), then
the deposit corrosion resistance increases from
10 to 100 h to 190 to 390 h of NSST. Increasing
the coating thickness by a factor of 2 increased
the corrosion resistance by 4 to 19 times and
decreased the corrosion variability of the sample.
These data show that deposit thickness has a
large effect on corrosion resistance. One reason
is that as the deposit thickness increases, the
corrosion path to the substrate is longer and more
discontinuous.

Plating bath contaminants, such as iron,
nickel, and copper ions; iron particles; nitrate,
phosphate, and hydroxide ions, can decrease
corrosion resistance of the deposition. The ions
of iron, nickel, and copper have a cumulative
effect and, at high concentrations, make a deposit
nodular, which will decrease the corrosion
resistance of the deposit. Iron particles are
usually slivers that are narrow and long,
approximately 2 by 5 mm (0.08 by 0.2 mil).
When current is applied to the part, it becomes an
electromagnet and attracts iron particles. This
means that iron may stick through the chromium
coating after postfinishing. Nitrate and phos-
phate contamination causes the deposit to
become dull gray in appearance. Dull deposits
usually have fewer microribbons and would
therefore have less corrosion resistance than a
bright deposit. When a bath is heavily con-
taminated with sodium hydroxide, the micro-
ribbon density decreases. The sodium hydroxide

source is electrolytic or soak alkaline cleaners.
Bath contamination from cleaners usually will
not be a problem if good rinsing is used after the
cleaner.

Additional Deposit Properties Influencing
Corrosion. Hardness is related to microribbon-
ing, which is related to corrosion. Microribboned
chromium coatings have hardnesses between
850 and 1050 HK (100 gf load). Microribbon-
free deposits can have hardnesses as low as 300
to 600 HK (Ref 4). According to one study, as
deposit hardness increases or crystal size
decreases, the rate of attack by sulfuric acid
(H2SO4), hydrochloric acid (HCl), and CrO3

decreases (Ref 14).

Microribbon-free thick chromium deposits
can be plated from special chemistries under
specific conditions. However, these deposits are
highly stressed and not as hard as microribboned
chromium. Microribbon-free deposits may form
macrocracks with aging or when exposed to
mechanical or thermal stress. Deposits with
macrocracks will have exposed substrate and
very poor corrosion resistance.

Postplating Treatments. The main post-
treatment of hard chromium deposits is
mechanical finishing. The mechanical finishing
is often used to machine parts to the proper size
after plating. Table 4 shows the importance
of proper post-finishing (Ref 15). Mechanical

Table 6 Corrosion resistance of electroplated chromium deposits immersed in salt solutions

Salt Concentration, %

Temperature Corrosion rate

�C �F mm/yr mils/yr

Alum . . . . . . . . . Resistant
Aluminum chloride 10 12 55 nil

58 135 0.08 3
Aluminum sulfate 10 12 55 nil

58 135 0.20 8
Amino G salt Saturated 12 55 0.03 1.2

58 135 0.38 15
Ammonium chloride 10 12 55 nil

58 135 0.10 4
Barium chloride 10 12 55 nil

58 135 0.03 1.2
Calcium chloride 10 12 55 nil

58 135 nil
Calcium hypochlorite 10 12 55 0.05 2

58 135 0.89 35
Chromic chloride 10 12 55 nil

58 135 0.08 3
Cupric chloride 10 12 55 0.38 15
Cupric nitrate 10 12 55 0.05 2

58 135 0.18 7
Cupric sulfate . . . . . . . . . Resistant
Ferric chloride 10 12 55 nil

58 135 0.41 16, pitting
Ferrous chloride 10 12 55 nil

58 135 0.14 5.5
Magnesium chloride 10 12 55 nil

58 135 nil
Manganese chloride 10 12 55 nil

58 135 nil
Mercuric chloride 10 12 55 2.01 79, pitting
Potassium chloride 10 12 55 nil

58 135 nil
Scheaffer salt Saturated 12 55 nil

58 135 0.15 6
Sodium benzene sulfonate 10 12 55 nil

58 135 nil
Sodium carbonate . . . . . . . . . Resistant
Sodium chloride 10 12 55 nil

58 135 nil
Sodium formate 10 12 55 nil

58 135 nil
Sodium hydrosulfite 10 12 55 nil

58 135 nil
Sodium hydroxide 10 12 55 nil

58 135 nil
Sodium phenol sulfonate 10 12 55 nil

58 135 0.03 1.2
Sodium sulfate 10 12 55 nil

58 135 0.05 2
Stannous chloride 10 12 55 nil

58 135 0.89 35
Strontium chloride 10 12 55 nil

58 135 nil
Zinc chloride 10 12 55 nil

58 135 0.03 1.2

Source: Ref 30, 31
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finishing improves the corrosion resistance of the
deposit compared with the as-plated condition.
However, proper finishing is as important after
plating as it is before plating. Coarse finishing
alone results in a rough surface. The use of only
fine polishing probably leaves areas where the
chromium is in the as-plated condition. The
combination of coarse and fine polishing
increases the deposit corrosion resistance by 60
times compared with the as-plated sample. Pol-
ishing decreases the deposit surface area and
makes the surface a more equipotential surface
that corrodes at a slower rate than an unfinished
surface. Naik (Ref 9) showed that by using
superfinishing, the corrosion resistance of
deposits increased from less than 70 h to 180
to 420 h of NSST. Buffing, with or without
buffing compounds, is frequently used after
grinding. Buffing compounds are composed of
fine abrasive media and greases, oils, or waxes.
Optimal corrosion resistance of the system is
obtained when post-finishing, like prefinishing,
proceeds in a series of steps from coarse to fine
media.

The as-plated sample in Table 4 has a cor-
rosion rate that would correspond to approxi-
mately a 9000 h life for a coating 25 mm
(1.0 mil) thick in 3% NaCl solution. This life-
time far exceeds what would be expected based
on NSST data. The electrochemical measure-
ments appear to measure the bulk uniform initial
corrosion rate and demonstrate the inherent
corrosion resistance of electroplated chromium.
The NSST for electroplated chromium is a
porosity and defect test.

Chromium is often plated on hardened steel
parts, and these parts will retain some of the
hydrogen that is codeposited with the chromium
and occluded in the steel. It is often necessary to

Table 7 Corrosion resistance of electroplated chromium deposits in miscellaneous
environments

Environment Concentration, %

Temperature Corrosion rate

�C �F mm/yr mils/yr

Acid green 10 12 55 nil
58 135 0.08 3

Aminophenol (meta) Saturated 12 55 nil
58 135 0.03 1.2

Aniline hydrochloride 10 12 55 0.03 1.2
58 135 0.58 23

Bakelite during molding . . . . . . . . . Resistant
Beer and wort . . . . . . . . . Resistant
Beet sugar juice . . . . . . . . . Resistant
Benzyl chloride Saturated 12 55 nil

58 135 nil
100 12 55 nil

58 135 nil
Biscuit dough . . . . . . . . . Resistant
Brass, molten . . . . . . . . . Resistant
Brine, neutral . . . . . . . . . Resistant
Bronze, aluminum, molten . . . . . . . . . Resistant
Carbonaceous material, hot . . . . . . . . . Resistant
Carbon tetrachloride Saturated 12 55 nil

58 135 nil
100 12 55 nil

58 135 nil
Chlorobenzene Saturated 12 55 nil

58 135 nil
100 12 55 nil

58 135 nil
Chloroform Saturated 12 55 nil

58 135 nil
100 12 55 nil

58 135 nil
Chlorohydroquinone 10 12 55 nil

58 135 0.003
Chlorophenol (ortho) Saturated 12 55 nil

58 135 0.03 1.2
Cyanides, fused . . . . . . . . . Resistant
Ebonite during molding . . . . . . . . . Resistant
Fruit acids . . . . . . . . . Generally resistant
Glass, molten . . . . . . . . . Resistant
Glue, hot . . . . . . . . . Resistant
Milk . . . . . . . . . Resistant
Nitrophenol (para) Saturated 12 55 nil

58 135 0.03 1.2
Oil, crude . . . . . . . . . Resistant
Oils, essential . . . . . . . . . Resistant
Paper pulp suspension . . . 12 55 nil

58 135 nil
Phthalimide Saturated 12 55 nil

58 135 0.03 1.2
Printing ink . . . . . . . . . Resistant
Resins, synthetic . . . . . . . . . Resistant

Thiourea (during molding) . . . . . . . . . Resistant
Vinyl (during molding) . . . . . . . . . Resistant

Rubber (during vulcanizing) . . . . . . . . . Resistant
Soap . . . . . . . . . Resistant
Steam . . . . . . . . . Resistant
Steam (superheated) . . . . . . . . . Resistant
Succinimide Saturated 12 55 nil

58 58 0.03 1.2
Sugar . . . . . . . . . Resistant
Sulfite liquors . . . Below boiling Resistant
Sulfur (in petrol) . . . . . . . . . Resistant
Tar . . . . . . . . . Resistant
Tartrazine 10 12 55 nil

58 135 0.15 6
Tetrachlorobenzene Saturated 12 55 nil

58 135 nil
Vegetable oil acid . . . . . . . . . Generally resistant
Water, deep well . . . . . . . . . Resistant
Water, sea . . . . . . . . . Resistant
Zinc, molten . . . . . . . . . Attacked

Source: Ref 30, 31

Table 8 Corrosion resistance of
electroplated chromium in various gases

Gas

Temperature
Corrosion

rate�C �F

Air, gas works . . . Resistant
Air, hot oxidizing . . . Resistant
Air, hot reducing . . . Resistant
Air, nitric acid works . . . Resistant
Air, normal . . . Resistant
Ammonia . . . Resistant
Carbon monoxide . . . Resistant
Carbon dioxide . . . Resistant
Chlorine, dry 5300 5570 Resistant
Chlorine, wet . . . Attacked
Coal gas . . . Resistant
Hydrogen sulfide . . . Resistant
Oxygen 41200 42190 Oxidizes
Petroleum and diesel

fuel combustion
products, hot

. . . Resistant

Steam . . . Resistant
Steam, superheated . . . Resistant

Source: Ref 30, 31
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bake parts made with very hard substrates after
plating in order to reduce hydrogen embrittle-
ment. Baking will affect corrosion in two ways.
First, it will develop (open up) the outermost
microribbon layer. Second, if the temperature is
sufficient (370 �C, or 700 �F), it will reduce the
stress in the deposit (Ref 3). This reduced stress
will decrease stress-corrosion cracking (SCC).
Stress-corrosion cracking occurs at pits or
grooves in the coating caused by differences in
potentials at the bottom of the groove. The bot-
tom of the groove will be dissolved anodically
and will deepen the groove (Ref 16).

In one study, diamond compacting and
baking in oil after plating improved the cor-
rosion resistance of electrodeposited chromium
(Ref 17). Diamond smoothing at forces of 10 and
15 kgf (22 and 33 lbf) after baking improved the
corrosion resistance of 9 to 25 mm (0.35 to 1 mil)
thick and 50 to 80 mm (2 to 3 mils) thick chro-
mium coatings relative to samples that were not
smoothed. Chromium-plated samples baked in
oil were much more corrosion resistant than
samples baked in air. Both methods sealed pores
or outer microcracks in the chromium, which
improved the corrosion resistance. Super-
finishing techniques seal microcracks and
enhance corrosion resistance (Ref 18). Super-
finishing is more effective on high-microribbon-
density coatings, because the microribbons are
narrower than in coatings with lower micro-
ribbon densities. Mechanical recompression of
electrodeposited chromium improves corrosion
resistance (Ref 19).

Grinding of a chromium-plated part to fin-
ished dimensions should be performed with
adequate cooling and lubrication. Excessive
forces and heat may cause macrocracking of the
chromium down to the substrate metal. Coarse
grinding will promote SCC.

The passivation of chromium by exposure
to air or by immersion in an oxidizing acid
will significantly improve its corrosion resis-
tance (Ref 20). In one study, nitrogen ion
implantation of a chromium-plated molding tool
improved the corrosion resistance of the part to
molding gases and fluids and increased its ser-
vice life by more than four times (Ref 21).
Postplating treatments are extensively discussed
in Ref 22.

Duplex Coatings

A duplex chromium coating is the combina-
tion of chromium on another coating. The inner
layer is typically nickel and must be hard enough
to prevent an anvil effect in wear applications.
Anvil effect describes a mechanical force
applied to a thin hard coating that is on a softer
coating or substrate, which results in cracking of
the hard coating and penetration and deformation
of the inner coating or substrate. Electroless
nickel and electrolytic deposits are used under
chromium deposits. A heat treated chromium-
nickel coating on type 304 stainless steel reduced

SCC (Ref 23). Hard chromium has been used as
the inner and outer layer; after grinding the first
layer to remove all nodules, another hard chro-
mium layer is deposited. This produces a corro-
sion-resistant duplex chromium coating. Crack-
free chromium has been used as the inner layer,
but these layers have the potential to macrocrack
and reduce the corrosion resistance of the sys-
tem. Attention must be given to the activation
prior to chromium plating to ensure adhesion of
the chromium to the inner layer.

Corrosion-Resistance Data

Corrosion of hard chromium deposits usually
begins at microcracks or intersections of micro-
cracks (Ref 20). After moderate acid attack in
hydrochloric, sulfuric, or acetic acid, the cor-
rosion reveals the microribbon pattern. Attack
will continue on to all of the chromium, and the
microribbon pattern will no longer be visible.
The corrosion of chromium in sodium chloride
(NaCl) solutions will produce mounds of cor-
rosion products. When these mounds are re-
moved, concentric rings define the attacked area.
The center and outside areas are unattacked.

The corrosion resistance of chromium-plated
40 Ch steel (SAE 5140) in stratal water from oil
wells was comparable to high-alloy steels and
superior to low-alloy steels (Ref 24). In concrete
corrosion testing, heat treated chromium-plated
steel requires a shorter heat treatment time and
has a higher tolerable chloride limit than pack
chromized steel (Ref 25). Moist sulfur dioxide
corrosion testing compared 316L steel to various
coatings, including chromium and nickel-
chromium duplex coatings with and without heat
treatments (Ref 26). Several of the duplex
coatings approached the corrosion resistance
of 316L steel. Chromium coatings of 0.1 and
0.3 mm (0.004 and 0.012 mil) thickness sig-
nificantly improved the corrosion resistance of a
chromium alloy steel exposed to chloride and
fluoride containing volcanic ash (Ref 27).
Chromium-plated steel is resistant to a gas
mixture of iodine, hydrogen iodide, and water up
to temperatures of 500 �C (930 �F) (Ref 28).

Chromium-plated steel with and without a
diffusion treatment at 1000 �C (1830 �F) resists
corrosion by sodium polysulfides (Na2S4, Na2S5)
and sulfur at temperatures to 440 �C (825 �F).
In a 12 month static test, chromium-diffused
samples (plating thickness: 50 to 200 mm, or 2 to
8 mils) performed better than the as-plated
samples (Ref 29). Tables 5 to 8 provide detailed
data on the corrosion of hard chromium in var-
ious media.

Applications

Electrodeposited chromium is used in a wide
variety of applications and environments.
Reference 31 includes a listing of 38 industrial
categories with 315 specific applications of

electroplated chromium. The corrosion resis-
tance of electroplated chromium is important in
wear applications. The wear resistance of a part
will decrease if corrosion occurs on a wearing
surface, for example, on automotive shocks and
struts. Industrial applications in which chromium
is not exposed directly to aggressive chemicals
may expose chromium coatings to elevated
temperature and corrosive environments, such as
combustion products.

Electroplated chromium for atmospheric-
corrosion applications should be between 20 and
30 mm (0.8 and 1 mil) thick. For corrosion
resistance in chemical exposures, electroplated
chromium should be 50 to 75 mm (2 to 3 mils)
thick.

Electroplated chromium is attacked at 58 �C
(135 �F) in formic acid (HCOOH), hydrobromic
acid (HBr), HCl, perchloric acid (HClO4),
H2SO4, and trichloroacetic acid (CCl3COOH)
and is attacked at 12 �C (55 �F) in hydrofluoric
acid (HF). Hot (58 �C, or 135 �F) solutions of
ferric chloride (FeCl3), mercuric chloride
(HgCl2), and stannous chloride (SnCl2) attack
electroplated chromium more severely than most
other salt solutions.
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Corrosion of Clad Metals
Robert Baboian, RB Corrosion Service

CLAD METALS are metallurgical materials
systems consisting of two or more metals or
alloys that are metallurgically bonded to form a
single material. They are part of a large group of
materials termed composites. As shown in Fig. 1,
clad metals are categorized as bonded metal-
metal laminar composite systems that can be
fabricated by several processes. They are also
referred to as sandwich metals, metal laminates,
and multimetals. Clad metals can be provided in
plate, strip, tube, rod, and wire form.

The use of clad metal systems dates back to
3000 B.C., when gold was used to cover bronze.
Hammering was the method usually used for
cladding. Even today, clad metals—including
platinum- and gold-clad (gold-filled) systems—
are widely used in the jewelry industry. In
approximately 300 B.C., laminated swords
fabricated by hammer cladding were stronger,
lighter, and more durable than the ones made
with a monometal. Modern cladding processes
originated in the early 1800s, when English
craftsmen developed the Old Sheffield pro-
cess for cladding silver (or gold) to another

metal. This was the first use of the roll-bonding
process.

This article describes the principal cladding
processes, methods of calculating properties of
clad metals, how to design clad metals, and dis-
cusses six categories of clad metal systems
designed for corrosion control.

The Cladding Process

The cladding process is generally differ-
entiated from other bonding processes, such as
brazing and welding, by the fact that none of the
metals to be joined is molten when a metal-to-
metal bond is achieved. Also, there are no
intermediate layers, such as adhesives. The
principal cladding techniques include cold roll
bonding, hot roll bonding, hot pressing, explo-
sion bonding, and extrusion bonding (Fig. 1).
Regardless of the technique used, the bond is
achieved by forcing clean oxide-free metal sur-
faces into intimate contact; this causes a sharing

of electrons between the metals. Gaseous impu-
rities diffuse into the metals, and nondiffusible
impurities consolidate by spheroidization. All
the techniques involve some form of deforma-
tion to break up surface oxides and to create
metal-to-metal contact, and some form of heat in
order to accelerate diffusion. The techniques
differ in the amount of deformation and heat used
to form the bond and in the method of bringing
the metals into intimate contact. Cold and hot roll
bonding apply primarily to sheet (less than
5 mm, or 0.2 in., thick), but explosion bonding is
usually restricted to thicker gages (up to several
inches).

Most engineering metals and alloys can be
clad by using one or more of these techniques.
As many as 100 different metal combinations
with up to 15 layers have been cold roll bonded.
Clad combinations that have been commer-
cially produced on a large scale are shown in
Fig. 2.

Certain combinations are more difficult to
bond. Table 1 categorizes a number of cladding
combinations by degree of difficulty in bonding.

Composite systems

NonlaminarLaminar

Metal-metal

Bonded
Rolled
Hot-pressed
Brazed
Welded
Cast
Adhesive
Extruded
Exploded

Coated

Other combinations
Metal-organic
Metal-inorganic
Organic-organic
Organic-inorganic
Inorganic-inorganic

Electrodeposited
Chemical reduction
Vapor deposited
Sprayed
Mechanically plated
Hot-dipped
Powder compacted

Fiber
Flake
Filled
Particulate

Fig. 1 Categorization of clad metals as bonded metal-metal laminar composite systems
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Requires development

Fig. 2 High-volume commercially available clad
metals
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The degree of difficulty is not based on how
some combinations are routinely bonded by
companies. It is based on the complexity of
the process and required equipment. Some of the
properties that affect the bonding process include
ductility, nature and stability of oxide films (for
example, the ratio of hardness between the film
and the metal itself), and the tendency to form
intermetallic compounds. Because bonding pro-
cesses commonly use large amounts of reduc-
tion, alloys with greater ductility are more easily
clad. Metals and alloys with virtually no duc-
tility, such as beryllium and chromium, are
impossible to bond. Metals and alloys that form
tenacious oxide films are generally more difficult
to bond. These include stainless steels, alumi-
num alloys, and the refractory metals. However,
there are exceptions, such as when the oxide film
on the metal surface is very thin and dense and its
hardness is much higher than that of the base
metal. Finally, some combinations of metals are
thermally unstable and form brittle intermetallic
compounds above a certain temperature. These
combinations can be clad but require stringent
control of process variables to avoid the forma-
tion of intermetallic compounds, unless com-
pounding is a desirable result.

Properties of Clad Metals

In the absence of measured data, properties
of clad metals can be calculated using the rule
of mixtures. Thus, a weighted combination of the
properties of the components is used according
to the following equation:

X=aA+bB+� � �

where X is the property of clad metal, a is
the volume fraction of component A, A is the
property of component A, b is the volume frac-
tion of component B, and B is the property of
component B.

This simple equation can apply to the
approximation of density, tensile strength, yield
strength, thermal expansion (normal to surface),
thermal conductivity (parallel to surface), and
electrical conductivity (parallel to surface).
When calculating properties such as thermal and
electrical conductivities normal to the clad metal
surface, the general equation for the rule of
mixtures is as follows:

X=
1

a

A
+

b

B
+� � �

Equations for other properties, such as mod-
ulus of elasticity in bending, and thermal prop-
erties, such as flexivity, thermal deflection, and
thermal force, are also available (see Selected
References) but are more complex than the rule
of mixtures.

Designing with Clad Metals

The choice of a material for a particular
application depends on such factors as cost,
availability, appearance, strength, fabricability,
electrical or thermal properties, mechanical
properties, and corrosion resistance. Clad metals
provide a means of designing into a composite
material specific properties that cannot be
obtained in a single material. The early use of
clad metals in the jewelry industry combined the
aesthetics of precious metals with the low-cost
strength of base metals. These materials systems
are currently being used for electrical and elec-
tronics applications, such as contacts and con-
nectors with selectively clad (inlay) precious
metals for low electrical contact resistance and
high reliability.

Clad metals can provide properties not avail-
able in a monolithic material at any cost. The best
example is thermostat bimetals. An alloy with a
high coefficient of thermal expansion is clad to
an alloy with a low coefficient of thermal
expansion. When heated, the resulting bimetal
will bend about its neutral axis. Thermostat
bimetals are used in various temperature-sensing
devices, including motor protectors, circuit
breakers, automotive chokes, vent dampers, and
room thermostats.

Clad metal coinage is another example
of materials with unique properties. These

materials are used throughout the world for coins
because of the specific requirements of electrical
conductivity and density for discrimination in
coin machines. Choice of alloys and cladding
ratio are varied to produce a coin with specific
properties. For example, the U.S. dime and
quarter coins are composed of a cupronickel-
copper-cupronickel sandwich. This material is
corrosion resistant in the coinage environment
and provides the properties required for coinage.
In addition, recovery of scrap after coin stamping
simply involves melting and reuse after adjusting
the composition.

Clad metals can be designed with a unique
coefficient of linear expansion by cladding two
or more alloys in a symmetrical configuration.
Specific examples are copper-clad Invar (iron-
nickel alloy) wire for glass-to-metal seals and
copper-clad Invar (Cu/Invar/Cu) strip that mat-
ches the coefficient of expansion of ceramics for
leadless semiconductor chip carriers. Different
expansion rates can be obtained by varying the
cladding ratio in the wire or strip materials.

Self-brazing materials, such as copper-clad
stainless steel (Cu/SS/Cu) and copper-clad steel
(Cu/steel/Cu), provide another example of the
unique properties designed into a clad material.
Multilayer heat exchangers are fabricated from
these materials by simply stacking the layers of
clad material and furnace brazing the entire
assembly.

A final example of a unique clad system is the
brass-clad steel used in bullet jackets. In this
case, the brass cladding provides the drawability
that allows steel to be used as a bullet jacket with
improved strength, aerodynamics, and resistance
to stress-corrosion cracking.

Designing Clad Metals for
Corrosion Control

Clad metals designed for corrosion control
can be categorized according to the following
systems:

� Noble metal clad systems
� Corrosion barrier systems
� Sacrificial metal systems
� Transition metal systems
� Complex multilayer systems
� Clad diffusion alloys

Proper design is essential for providing max-
imum corrosion resistance with clad metals. This
section discusses the basis for designing clad
metals for corrosion resistance.

Noble metal clad systems are materials
having a relatively inexpensive base metal cov-
ered with a corrosion-resistant metal. Selection
of the substrate metal is based on the properties
required for a particular application. For exam-
ple, when strength is required, steel is frequently
chosen as the substrate. The cladding metal is
chosen for its corrosion resistance in a particular
environment, such as seawater, sour gas, high
temperature, and automotive. The corrosion

Table 1 Categorization of clad metals by
degree of difficulty in bonding
In most cases, when a metal is named, alloys of that metal
also apply.

Easy to bond

Copper/steel
Copper/nickel
Copper/silver
Copper/gold
Aluminum/aluminum alloys
Tin/copper
Tin/nickel
Gold/nickel

Difficult to bond

Copper/aluminum
Aluminum/carbon steel
Stainless steel/aluminum
Copper/tantalum, niobium, titanium
Titanium/carbon steel, stainless steel
Stainless steel/carbon steel
Aluminum/nickel
Nickel/steel
Copper/stainless steel
Manganese/nickel/copper
Copper/manganese
Silver/manganese
Silver/steel
Uranium/zirconium
Zirconium/copper, steel, stainless steel
Platinum/nickel, copper, steel
Tantalum/niobium

Impractical to bond

Gold/aluminum
Zirconium/aluminum
Cobalt/aluminum

Impossible to bond

Beryllium/anything
Chromium/anything
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resistance of this clad metal category is based on
the cladding metal and the fact that the base
metal is not exposed to the environment.

A wide range of corrosion-resistant alloys clad
to steel substrates has been used in industrial
applications. One example is type 304 (UNS
S30400) stainless steel clad to steel. Figure 3
shows cross sections of this material. The uni-
formity of the bond interface is apparent in
Fig. 3(a), and in the polished-and-etched condi-
tion (Fig. 3b), the metallographic structure of the
stainless steel is clearly visible. The grain
structure is analogous to that of annealed stain-
less steel strip.

Clad metals of this type are typically used in
the form of strip, plate, and tubing. The noble
metal cladding ranges from commonly used
stainless steels, such as type 304, to high-nickel
alloys, such as Inconel 625 (UNS N06625).
These clad metals find various applications in the
marine, chemical-processing, power, and pollu-
tion control industries. Specific uses include heat
exchangers, reaction and pressure vessels, fur-
nace tubes, tubes and tube elements for boilers,
scrubbers, wallpaper for the pollution control
industry, and other systems involved in the pro-
duction of chemicals.

Another group of commonly used noble metal
clad metals uses aluminum as a substrate. For

example, in stainless steel clad aluminum truck
bumpers (Fig. 4), type 301 (UNS S30100) or 302
(UNS S30200) stainless steel cladding provides a
bright corrosion-resistant surface that also resists
the mechanical damage (stone impingement)
encountered in service. The aluminum provides a
substrate with a high strength-to-weight ratio.
This materials system provides an optimal
combination of weight, appearance, and dura-
bility against road damage and corrosion.

A wide range of precious metals is clad to
lower-cost materials. Platinum-clad niobium
consists of a thin layer of the precious metal
bonded to a niobium substrate. This clad mate-
rial, available in strip, wire, and rod form, is used
as an anode for impressed-current cathodic pro-
tection (Fig. 5) and for such other applications as
electroplating and desalination. Gold that is clad
to such substrate materials as brass is widely
used in wire, strip, and tube form. The most
familiar example is the gold-filled writing
instrument (pens and pencils), which consists of
gold clad to brass.

Corrosion Barrier Systems. The combina-
tion of two or more metals to form a corrosion
barrier system is most widely used where per-
foration caused by corrosion must be avoided.
Low-carbon steel and stainless steel are suscep-
tible to localized corrosion in chloride-contain-
ing environments and may perforate rapidly.
When steel is clad over the stainless steel layer,
the corrosion barrier mechanism prevents per-
foration. Localized corrosion of the stainless
steel is prevented; the stainless steel is protected
galvanically by the sacrificial corrosion of the
steel in the metal laminate. Therefore, only a thin
pore-free layer is required. This mechanism of
corrosion resistance is shown schematically in
Fig. 6.

The example shown in Fig. 7 of carbon steel
clad to type 304 stainless steel demonstrates how
perforation is avoided in seawater compared to
solid type 304 stainless steel. This material can
be used for tubing and for wire in applications
requiring strength and corrosion resistance.

Carbon steel cannot be used when increased
general corrosion resistance of the outer cladding

Fig. 3 Micrographs of cross sections of type 304 stain-
less steel clad carbon steel. (a) As polished.

Original magnification 300 · . (b) Polished and etched.
Original magnification 500 ·

Aluminum

Stainless
steel

Fig. 4 Stainless steel clad aluminum truck bumper
material that combines the corrosion resistance

of stainless steel with lightweight aluminum

Low-carbon steel

Low-carbon steel

Stainless steel(b)

(a)

Fig. 6 Illustrations of the corrosion barrier principle.
(a) Solid carbon steel. (b) Carbon steel clad

stainless steel

Fig. 5 Platinum-clad niobium, used widely as an anode material in electroplating and in impressed-current cathodic
protection. (a) Expanded anode. (b) Cross section showing 1 mm (0.04 mil) thick platinum cladding on a niobium

substrate. Original magnification 500 ·
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is required. A low-grade stainless steel with
good resistance to uniform corrosion but poor
resistance to localized corrosion can be se-
lected. In seawater service, type 304 stainless
steel that is clad to a thin layer of Hastelloy
C-276 (UNS N10276) provides a substitute for
solid Hastelloy C-276. In this corrosion barrier
system, localized corrosion of the type 304
stainless steel is arrested at the C-276 alloy
interface.

The most widely used clad metal corrosion
barrier material is copper-clad stainless steel
(Cu/430 SS/Cu) for telephone and fiber optic
cable shielding. In environments in which the
corrosion rate of copper is high, such as acidic or
sulfide-containing soils, the stainless steel acts as
a corrosion barrier and thus prevents perforation,
while the inner copper layer maintains high
electrical conductivity of the shield.

Sacrificial metals, such as magnesium, zinc,
and aluminum, are in the active region of the
galvanic series and are extensively used for
sacrificial corrosion protection. The location
of the sacrificial metal in the galvanic couple is
an important consideration in the design of
a system. By cladding, the sacrificial metal

may be located precisely for efficient cathodic
protection.

One of the classic applications for cold roll
bonded materials is stainless steel clad aluminum
for automotive trim (Fig. 8). The stainless steel
exterior surface provides corrosion resistance,
high luster, and abrasion and dent resistance, and
the aluminum on the inside provides sacrificial
protection for the painted auto body steel and for
the stainless steel.

The largest application for hot roll bonded
materials—Alclad aluminum—also falls into
this category. In this case, a more active alumi-
num alloy is bonded to a more noble aluminum
alloy. In service, the outer clad layer of alumi-
num corrodes sacrificially and protects the more
noble aluminum substrate.

Transition Metal Systems. A clad transition
metal system provides an interface between two
incompatible metals. It not only reduces galvanic
corrosion where dissimilar metals are joined but
also allows welding techniques to be used when
direct joining is not possible.

The principle of a clad transition metal is
illustrated in Fig. 9. In this example, aluminum is
joined to low-carbon steel through a steel-clad
aluminum transition metal. Steel and aluminum
form brittle intermetallic compounds at welding
temperatures and are therefore difficult to weld
directly. The clad transition metal insert allows
steel to be welded to steel and aluminum to

aluminum; the actual bond between the steel and
the aluminum occurs in the clad transition. In
addition, the dissimilar-metal crevice is elimi-
nated, which reduces susceptibility to galvanic
corrosion.

This concept has been applied commercially
in a number of applications. Roll-bonded
copper-clad aluminum has been deep drawn into
transition tubes for joining aluminum and copper
refrigeration tubing. Explosion-bonded steel-
clad aluminum has been used to weld aluminum
superstructures to steel ship hulls and alu-
minum bus bars to steel electrodes in aluminum
smelting plants. Because of the increased use of
aluminum on automobiles, steel-clad aluminum
transition materials are being used for spot
welding steel to aluminum in such applications
as steering wheels and door components. This
material is also being used to avoid galvanic
corrosion between steel and aluminum in vehicle
suspension systems.

Complex Multilayer Systems. In many
cases, materials are exposed to dual environ-
ments; that is, one side is exposed to one corro-
sive medium, and the other side is exposed to a

Fig. 7 Micrographs of cross sections of materials after 18 months of immersion in seawater at Duxbury, MA. (a) Low-carbon steel. (b) Type 304 stainless steel. (c) Carbon steel clad type
304 stainless steel

Steel body panel

Steel clip

Aluminum

Stainless steel

Fig. 8 Stainless steel clad aluminum automotive trim
provides sacrificial corrosion protection to the

auto body while maintaining a bright corrosion-resistant
exterior surface.

Low-carbon
steel

Aluminum

Transition

Low-carbon
steel

Aluminum

Fig. 9 Illustration of a steel-clad aluminum transition
material insert used for joining aluminum to

carbon steel

Copper

Steel

Phosphor bronze

Fig. 10 Clad metal windshield wiper socket, which
consists of copper-clad, steel-clad phos-

phor bronze
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different one. A single material may not be able
to meet this requirement, or a critical material
may be required in large quantity.

Clad metals provide an ideal solution to the
materials problem of dual environments. For
example, in automobile windshield wiper sock-
ets (Fig. 10), wear resistance is required on the
mating surface, atmospheric-corrosion resis-
tance is required on the external surface, and

high strength is required and incorporated into
the design. Multilayer phosphor-bronze-clad,
steel-clad copper is used in this application. The
phosphor bronze provides the required bearing
surface, copper provides atmospheric-corrosion
resistance, and steel provides the required
strength.

In the application of small battery cans and
caps, copper-clad, stainless steel clad nickel
(Cu/SS/Ni) is used where the external nickel
layer provides atmospheric-corrosion resistance
and low contact resistance. The copper layer on
the inside provides the electrode contact surface
as well as compatible cell chemistry. The stain-
less steel layer provides strength and resistance
to perforation corrosion.

Other examples include the titanium-clad,
copper-clad nickel (Ti/Cu/Ni) bipolar electrode
used in fuel cells. Titanium is required on the
anode side, nickel provides a hydrogen barrier
on the cathode side, and copper provides elec-
trical and thermal conductivity. Tantalum-clad,
copper-clad nickel (Ta/Cu/Ni) is used for capa-
citor cans. Tantalum provides internal corrosion
resistance, nickel provides external atmospheric-
corrosion resistance and low contact resistance,
and copper provides electrical and thermal con-
ductivity.

Clad Diffusion Alloys. Alloying by cladding
and thermal diffusion has emerged as a new
technology to provide materials with high-
temperature corrosion/oxidation resistance. The
process involves bonding the components having
required compositions, followed by in situ ther-
mal diffusion alloying processes. The technol-
ogy is useful when an alloy has specific desirable
properties but the alloy is brittle. Thus, fabric-
ability of the material is limited. The cladding
and diffusion processes provide a material with
increased workability. In addition, the clad
material can be fabricated to the desired config-
uration and then thermally diffused to form the
alloy.

One example is the development of an
oxidation-resistant Fe-Cr-Al metallic substrate
for catalytic converters. Pure aluminum is roll
bonded to both sides of ferritic stainless steel and
then processed to foil thickness. The foil is then
fabricated to form the converter structure. After
the necessary converter fabrication process, the
Fe-Cr-Al alloy is obtained by in situ diffusion
alloying. For the example of pure aluminum clad
to Fe22Cr, Fig. 11 shows the microstructure in
cross sections of in situ diffused samples
annealed at 950 �C (1740 �F) in air.
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Corrosion-Resistant Powder
Metallurgy Alloys
Barbara Shaw, Penn State University

POWDER METALLURGY (P/M) COMPO-
NENTS produced from corrosion-resistant
alloys constitute a relatively small, but rapidly
growing, segment of the P/M market. Appli-
cations for corrosion-resistant P/M alloys,
especially stainless steel alloys, span a variety
of industries including aerospace, automotive,
chemical processing, medical, and recreational.
Stainless steels, nickel-base superalloys, and
titanium and titanium-base alloys are the primary
corrosion-resistant P/M alloys in use today.
Among these, P/M stainless steels currently find
the widest range of applications.

The corrosion resistance of stainless steels
(SS) and nickel-base superalloys can be attrib-
uted to the natural, protective oxide layer
(passive film) that forms on the surfaces of
these metals. This protective oxide film is subject
to localized breakdown, allowing pitting, crevice
corrosion, and/or intergranular corrosion of
the underlying substrate. Sintered stainless steels
and nickel-base superalloys also derive their
corrosion resistance from protective surface
oxide films. However, in the case of the sintered
metals, inherent pores/crevices are part of the
material. Depending on their dimensions, these
pores can act as initiation sites for breakdown of
the protective oxide leading to the establishment
of crevice corrosion.

Pitting resistance, especially in wrought
stainless alloys, is often increased by the addition
of passivity-enhancing elements to the base
alloy. For wrought stainless steels, passivity is
typically enhanced through the addition of
molybdenum, nickel, or more chromium. These
same alloying additions also enhance the pitt-
ing resistance of P/M stainless steels. While
passivity-enhancing alloying additions also
increase crevice-corrosion resistance, they are
often not completely effective, and significant
alteration of crevice dimensions (increasing its
width and/or decreasing its depth), or total
elimination of the crevice, is needed to deter
crevice corrosion. Another form of localized
attack to which corrosion-resistant alloys are
susceptible is intergranular corrosion. This form
of degradation is commonly encountered in
wrought stainless steels and is the result of

microstructural differences in composition in
the grain-boundary region of the alloy. These
unwanted compositional differences result in
what is called a sensitized microstructure, and
they are usually the result of improper heat
treating or welding of the alloy. Powder
metallurgy alloys can acquire sensitized micro-
structures during welding or, for unwelded
components, as a result of the sintering/cooling
cycle used to produce the alloy.

Susceptibility to pitting, crevice corrosion,
and intergranular corrosion is typically evaluated
by exposure testing or through the use of one or
more electrochemical test methods. Exposure
tests provide information on the number of pit or
crevice sites present on the specimen surface and
the maximum pit or crevice depth or weight loss
resulting from attack of sensitized regions of a
microstructure. Electrochemical test methods
indicate how the passive characteristics of one
alloy compare to those of another and provide
insight into the mechanisms responsible for
corrosion. Parameters that are frequently used to
assess passive behavior include the pitting
potential, the protection potential, and the
passive current density.

Much of the corrosion literature for P/M
alloys, including corrosion-resistant alloys,
consists of simple immersion and salt-spray
cabinet test results. Data from these tests
can provide useful information for some simple
systems and will be included in this article;
however, the results of these tests are often not
discriminating enough to separate similar types
of alloys, and they do not provide information
concerning the nature or mechanisms of corro-
sion in P/M alloys. In fact, the mechanism of
degradation in an artificial environment, such as
the salt-fog chamber, is often quite different than
the operative mechanism in a natural environ-
ment. This difference in mechanism could lead
to design decisions based on totally inappropri-
ate data. Electrochemical test methods provide
another means for evaluating corrosion resis-
tance, and they can also be used to elucidate
important mechanistic information. The corro-
sion of P/M alloys is often interpreted in sim-
plistic terms; however, in reality the corrosion of

sintered stainless steels, nickel-base superalloys,
and titanium and titanium-base alloys is more
likely the result of somewhat complicated
electrochemical interactions. An understanding
of these interactions and the mechanisms of
corrosion is essential to the continued develop-
ment of corrosion-resistant P/M alloys and
exploitation of their inherent processing advan-
tages. This understanding can only come from
carefully planned and executed experiments.

In the following sections, the corrosion char-
acteristics of P/M stainless steels and nickel-base
superalloys are presented and discussed. When-
ever possible, the corrosion data for P/M alloys
are compared to that of their wrought counter-
parts, and a wide array of test results is presented.

Evaluating the Corrosion Resistance
of P/M Alloys

A wide array of experimental techniques are
currently being used to assess the corrosion
resistance of P/M alloys. These tests range from
simple laboratory exposure studies in open
containers to more sophisticated electrochemical
approaches aimed at gaining insight into the
underlying mechanism(s) of P/M alloy corro-
sion. This section introduces several of the more
commonly employed tests and provides specific
examples of the use of these methods in evalu-
ating the corrosion resistance of P/M stainless
steels. More detailed information on corrosion
testing, in general, is available in Corrosion:
Fundamentals, Testing, and Protection, Volume
13A of the ASM Handbook, and in Annual
Book of Standards, Volume 3.02, of the ASTM
standards.

Results from Exposure Testing

Exposure tests are commonly used for ranking
the performance of a group of related alloys and
assessing quality control. Ideally, these tests
should be conducted in actual service environ-
ments. Unfortunately, very few references in the
literature cite service or environmental exposure
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test results for P/M materials; instead, much of
the P/M literature cites results from immersion
and salt-spray cabinet testing.

Immersion Test Results. Most immersion
test results found in the P/M literature are for
exposures in either acid or chloride environ-
ments. The concentration of the aggressive
species (i.e., chloride or hydrogen ions) in these
immersion tests is typically greater than that
expected during actual service. The increased
concentration of the aggressive species serves
to accelerate the test; however, the degree of
acceleration is unknown and no real consensus
exists on the best concentration to use. Several
investigators have used a 5% NaCl solution for
the chloride exposures. Immersion test results
have been reported in a number of acid solutions
including 1% HCl, 30% H2SO4, 10% HNO3, and
20% HNO3, at ambient and elevated tempera-
tures. Unfortunately, no single acid electrolyte is
used consistently.

Erroneous results can occur when using
wrought alloy specimen preparation practices on
P/M specimens. Surface polishing prior to test-
ing, for example, can produce erroneous results
because polishing tends to distort or close off
surface pores that might normally be present on
the surface of the actual component. The method
of cleaning and degreasing porous P/M materials
prior to testing is another practice that needs to be
considered carefully. Degreasing, a practice that
is routinely used for wrought specimens, can trap
liquids in the pores of P/M specimens and care
must be taken to remove this liquid prior to the
initiation of a test. As with all corrosion exposure
tests, it is advisable to test P/M specimens with
surfaces similar to those anticipated for service
conditions.

Evaluation of P/M specimens after exposure
testing is a subject of some controversy. Typi-
cally, a rating system is used that involves
visually assessing the amount of surface staining
or corrosion on a test coupon and categorizing its
degradation in one of four ways:

� A, no attack of the surface, categorized as 0%
attack

� B, attack of 1% or less of the surface
� C, attack of 1 to 25% of the surface
� D, attack of more than 25% of the surface

A photographic chart showing a series of
stainless steel specimens after exposure to a 5%
NaCl solution and characterization using the A
through D rating system (Ref 1) is shown in
Fig. 1. Another way of using the data acquired
from such an inspection is illustrated in Fig. 2,
which shows a plot of the percentage of replicate
specimens holding a particular rating versus the
log of the time of exposure (Ref 1). This plot
reveals that the mean life of a 316L P/M speci-
men immersed in 5% NaCl solution, accepting
no surface rust or staining, is approximately 80 h
(the intersection of the 50% line with the 1%
surface rust/stain curve). If 1% surface rust/stain
is acceptable, then the mean life is extended to
longer than 300 h. If 1 to 25% surface rust/stain
is acceptable, the mean life is extended to more

than 1000 h. Corrosion-resistance data for a few
different stainless steels, in terms of the hours
needed to attain up to 1% surface rust or stain
(“B” rating on Klar’s scale), is presented in
Table 1 (Ref 2). Not surprisingly, the more
highly alloyed stainless steels exhibited the best
performance. Because strict adherence with the
first category in Klar’s rating scheme (no rust or
rust stain) is difficult to achieve for P/M speci-
mens, this category is often broadened to allow
for the first spot of rust or stain on the specimen
surface. Some researchers find it more con-
venient to use 0.1% rust or rust stain for this first
category instead of no attack (Ref 3–5).

Measurement of weight loss following
exposure or immersion in a corrosive media is
a standard method used for assessing corrosion
resistance. While weight-loss measurements are
relatively straightforward and easy to apply to
wrought metals, they can be more difficult to
apply to P/M materials because of their inherent

porosity. Porosity traps the test solution and the
corrosion products within the pores, making it
difficult to accurately record small weight losses,
even when elaborate cleaning and drying
procedures are employed. Most researchers have
been successful in obtaining meaningful weight-
loss values for porous P/M alloys after immer-
sion testing in acid solutions, but weight losses in
less aggressive solutions (such as 0.1 M NaCl or
5% NaCl) are not available. Figure 3 (Ref 6)
shows weight-loss data for P/M 316L stainless
steel as a function of sintering atmosphere, after
immersion in a 10% HNO3 solution for 24 h.
Following testing, the specimens in this study
were rinsed three times in distilled water and
dried in a box oven at a temperature less than
100 �C (212 �F). The drying was continued until
the point where no further water evaporation was
detected in the weight-loss measurements. A
more elaborate cleaning and drying procedure,
employed after similar testing, is described in

A B C D

Fig. 1 Photographic chart of sintered stainless steel transverse rupture specimens tested in 5% aqueous NaCl by
immersion. Definition of ratings: A, sample free from any corrosion; B, up to 1% of surface covered by stain or

rust; C, 1 to 25% of surface covered by rust; D, more than 25% of surface covered by rust. Source: Ref 1. Courtesy of Prasan
Samal, OMG Americas
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Ref 7 and is outlined in Table 2. Researchers
occasionally report weight gains following cor-
rosion testing; however, the utility of such values
in assessing corrosion resistance is unknown and
is, perhaps, not of much value.

Provided that the density of the material, the
exposed surface area, and the time of exposure
are known, the conversion of weight-loss data
into corrosion-penetration rates is accomplished
by the relationship:

mm=yr=87:6  w=dAt (Eq 1)

where d is the density in g/cm3, w is the weight
loss in mg, A is the surface area in cm2, and t is
the time in hours.

The application and design life of the part will
determine a tolerable rate. In general, corrosion-
penetration rates can be qualified as (Ref 8):

Penetration rate

Ratingmm/yr mils/yr

50.02 50.8 Outstanding
0.1–0.5 4–20 Good
0.5–1 20–40 Fair
1–5 40–200 Poor

An example of corrosion rate data for 304L
and 316L wrought and P/M sintered stainless
steel after immersion in 0.5 M H2SO4, as a
function of immersion time and sintering
conditions, is presented in Table 3 (Ref 9). The

wrought alloys clearly exhibited the lowest
corrosion rates, followed by the vacuum sintered
alloys. As is the case here, weight-loss data are
sometimes reported in the units of mg/dm2day
(mdd) or g/dm2day (gdd). Conversion between
these two corrosion rate measures and penetra-
tion rate is:

mm=yr=56:6 mdd=alloy  specific  gravity

or

mm=yr=0:0566 gdd=alloy  specific  gravity

(Eq 2)

Elevated-temperature or boiling acid solutions
are often used to assess susceptibility of wrought
stainless steels to intergranular corrosion, and
procedures for this type of testing are covered in
ASTM A 262 and A 763. Because the solutions
called for in these ASTM are quite aggressive to
porous P/M specimens, a variety of modifica-
tions have been employed by investigators to
reduce the aggressiveness of the specified solu-
tions. These modifications include reducing the
time of the test, reducing the concentration
of the acid, and/or reducing the temperature of
the solution. Unfortunately, no consensus on the
appropriate approach for intergranular corrosion
testing of P/M alloys has been reached. Weight-
loss values for both P/M and wrought 434L and
409 stainless steels after testing according to
ASTM method A 763 practice Z are presented in
Table 4 (Ref 10). Practice Z of ASTM A 763

calls for exposure of the test specimens in a
boiling solution of 6 wt% CuSO4+16 wt%
H2SO4 for a period of 24 h. In this test, the
specimens are embedded in copper shot that is
poured into the bottom of the test flask. The
standard practice Z calls for 180� bending of
the tested specimen, because weight loss for
wrought specimens is often not large enough
to determine corrosion rates. In the case of
P/M parts, however, weight loss was found to
be effective in measuring corrosion rates and,
while 180� bending of the P/M specimens was
possible prior to testing, bend testing resulted in
fracture after only a few degrees of bending.
Examination of the specimens after intergranular
corrosion testing, via ASTM A 763 practice Z,
revealed uniform corrosion of the P/M alloys
in addition to the anticipated grain-boundary

Table 1 Sintering conditions, chemical analysis, and corrosion resistances of hydrogen-
sintered stainless steel
Specimens held 45 min at 1127 �C (2060 �F)

Alloy Sample No.

Sintering conditions

Density,
g/cm3

Properties of sintered parts

Dew point Cooling
rate,

�C/min

Composition, wt%
Corrosion resistance (5% aqueous

NaCl by immersion)

�C �F N O C B-rating(a), h % of maximum

316L(b) 1 �32 �25 540 6.7–6.8 0.04 0.21 0.033 2 ~24
2 50
3 60
4 80
5 �32 �25 54 6.7–6.8 0.03 0.21 0.032 1 ~12
6 1
7 30
8 60

316LSC(c) 9 �40 �40 187 6.7 0.06 0.21 0.045 1800 ~60
10 1800
11 1800
12 �44 �45 187 6.8 0.04 0.19 0.043 1200 ~100
13 2900
14 2900
15 2900

317L 16 �44 �45 187 6.75 0.04 0.24 0.052 600 ~17
17 200
18 1600
19 1600

20Cr-17Ni-
5Mo

20 �44 �45 187 6.7 0.05 0.15 0.049 6000 ~100
21 6000

22 6000
23 46000
24 �40 �40 187 6.7 0.07 0.14 0.11 7800 ~100
25 7800
26 7800

(a) Average of hours specimens are in test solution until 1% of surface is covered by stain or rust. (b) L, low carbon. (c) LSC, copper and tin are prealloyed
into 316L powder. Source: Ref 2

Corrosion: 24 h, 10% HNO3, 25 °C
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Fig. 3 Corrosion weight loss for 316L in 10% HNO3

shown as a function of the sintering atmosphere
for three sintering temperatures. Source: Ref 6

Table 2 Procedure used to clean P/M
specimens after acid exposure testing

Step No. Procedure

1 Heat P/M samples to 70 �C
2 Submit samples to a vacuum of (�100 kPa) to

evaporate solution in the pores
3 Repeat steps 1 and 2 two times
4 Fill pores of the P/M samples with distilled water

to wash out the pores
5 Repeat steps 1 and 2 three times
6 Impregnate samples with ethyl alcohol to absorb

water
7 Repeat steps 1 and 2 once
8 Store in a dessicator

Source: Ref 7
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attack, as Fig. 4 reveals for a P/M 434 alloy.
After modifying this test method by reducing
the concentration of sulfuric acid, as suggested in
Ref 10, weight losses were reduced to the values
reported in Table 5. Examination of the speci-
mens after testing revealed that corrosion was
predominantly along the grain boundaries, as the
scanning electron micrograph in Fig. 5 reveals.

Another means of quantifying the degree of
corrosion of a metal is to measure the amount of
corroded material that is in solution following
immersion for a given period of time. A colori-
metric method for evaluating the corrosion of
P/M stainless steels, which utilizes a commer-
cially available test kit, has been described in Ref
11. In this method, the iron concentration in
solution is measured as a function of time using
a commercial test kit containing self-filling
ampoules, activator solutions, and a photometer.

First, a sample of the test solution is placed in a
sample cup and an activator, a solution contain-
ing a mixture of thioglycolic acid and ammonia,
is added to the solution. The activator dissolves
most forms of particulate iron and reduces ferric
(Fe3+) ions within the solution to ferrous (Fe2+)
ions. The partially evacuated ampoule contain-
ing an acidic, buffered solution of 1,10-phenan-
throline is inserted into the test solution, and its
tip is snapped allowing both solutions to mix and
fill the ampoule. After mixing, the ampoule is
then inserted into a calibrated photometer and the
transmission of light is measured by percentage.
Iron content in parts per million (ppm), within
the range of 0.01 to 7.6 ppm is then calculated
based on a conversion chart provided with the
test kit. Examples of the average total iron con-
centration measured as a function of exposure
time for a variety of sintered stainless alloys

exposed to a 5 wt% NaCl solution are presented
in Table 6 (Ref 11). In each case, specimens of
identical dimensions were exposed to 400 mL of
a 5 wt% NaCl solution in closed containers, and
the values reported were the average of five
readings. A nearly linear iron dissolution rate
was observed for most of the alloys during the
eight-day test, as Fig. 6 illustrates (Ref 11). Good
correlation was noted between the results of the
colorimetric test and salt-spray and 5% NaCl
immersion tests (Ref 12), as Fig. 7 and 8 reveal.
Immersion testing can also be used in conjunc-
tion with other experimental methods, such as
mechanical tests, to assess corrosion resistance.
Table 7 illustrates the results from such a test
conducted on sintered 316L stainless steel
specimens (Ref 13). Prior to mechanical testing
via a three-point loading transverse rupture test,
the specimens in this study were immersed in
a 5% NaCl solution at 20 �C (70 �F). Three
sintering atmospheres were evaluated, and some
of the specimens were passivated in acid
solutions prior to chloride exposure. Under the
sintering conditions used (laboratory alumina
tube furnaces, no purification of the gaseous
atmospheres, and dew points in the range of
�40 to �60 �C, or �40 to �75 �F, upon
entering the furnace), only the vacuum sintered
specimens showed resistance to corrosion. These
data also reveal that the two passivating treat-
ments were detrimental to corrosion resistance.
Strengths of specimens sintered in vacuum and

Table 3 Properties and corrosion rates of sintered type 304L and 316L stainless steels

Properties

Code
Sintering

atmosphere

Sintering
temperature,

�C

Volume
mass,

(kg/m3) · 103

Rockwell
hardness,

HRB

Porosity
total,

%

Pore size
average,

mm

Corrosion rates(a) Immersion time

7 days 14 days 21 days

304L

W . . . . . . . . . . . . . . . . . . 2.5 · 10�2 1.2 · 10�2 3.4 · 10�2

A Vacuum 1200 6.52 44 12.0 1.99 2.1 · 10�1 1.2 · 10�1 4.0 · 10�1

B N2+H2 1120 6.39 72 11.7 1.25 7.2 · 10�1 3.7 · 10�1 7.3 · 10�1

C N2+H2 1190 6.43 78 10.9 0.79 1.4 9.3 · 10�1 1.3

316L

W . . . . . . . . . . . . . . . . . . 1.8 · 10�3 9.2 · 10�4 6.1 · 10�4

A Vacuum 1200 6.43 38 10.4 0.98 1.2 · 10�1 6.9 · 10�2 2.1 · 10�1

B N2+H2 1120 6.34 63 12.7 0.98 1.8 1.5 1.6
C N2+H2 1190 6.36 69 11.4 0.79 2.3 2.0 2.3

(a) (g/dm2 · day) in 0.5 M H2SO4. T=25 �C, of wrought (W) and sintered samples (A, B, C). Source: Ref 9

Table 4 Average intergranular corrosion
rates via ASTM A 763 practice Z

Specimen
Density,

g/cm3

Sintering
temperature Corrosion

rate(a),
mm/month�C �F

P/M434L 7.00 1200 2200 4.68
7.20 1290 2350 3.77

Wrought 434L . . . . . . . . . 2.47
P/M 409Cb 6.90 1200 2200 63.01(b)

7.07 1290 2350 23.06
Wrought 409 7.73 . . . . . . 19.83
Welded

wrought 409
. . . . . . . . . 12.37

Welded P/M
434L

. . . 1200 2200 2.73

. . . 1290 2350 3.66

(a) Average of two tests. (b) After testing, pieces of the specimen were so
badly dissolved that they could not be collected. Source: Ref 10

Table 5 Average intergranular corrosion
rates for P/M and wrought 434 and 409
according to modified ASTM A 763

Specimen

Sintering temperature
Corrosion rate(a),

mm/month�C �F

P/M 409Cb 1290 2350 1.22
Wrought 409 . . . . . . 0.226
P/M 434L 1290 2350 0.231
Wrought 434L . . . . . . 0.002(b)

(a) Average of three tests. (b) The weight losses used to calculate cor-
rosion rates were within the expected error range of the balance. Source:
Ref 10

(a) (b)

Fig. 4 Two views of a 1290 �C (2350 �F) sintered P/M 434L specimen subjected to ASTM A 763 practice Z that reveals
regions of: A, subsurface intergranular attack; and B, surface uniform attack. (a) Metallographic cross section.

(b) Scanning electron micrograph of the surface
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in hydrogen were similar. A similar investigation
using a 20% NaCl solution, in lieu of the 5%
solution, found that the corrosion resistance of
316L stainless steel was the same as reported in
Table 7 (Ref 13).

Ferric Chloride and Ferroxyl Exposures.
The ferric chloride test method, ASTM G 48, for
characterizing the resistance of wrought stainless
steels and related alloys to pitting and crevice
corrosion is sometimes used for evaluating P/M
materials. While this method may be useful in
assessing the susceptibility of wrought materials
to crevice corrosion, its use for evaluating cre-
vice-corrosion susceptibility in sintered stainless
steel alloys is questionable because these mate-
rials already contain inherent crevices. Applying
a crevice former to a specimen that already

contains a crevice may facilitate the initiation of
crevice corrosion. Because crevice width and
length are critical factors in establishing crevice
corrosion, the application of one crevice on top
of another seriously alters the intent and validity
of the original test. However, if the ferric chlor-
ide solution is simply being used as an aggressive
oxidizing solution and no crevice formers are
used, such as the test described in ASTM G 48
method A, then the data for P/M specimens may
be of value.

It should be noted that some researchers have
found that exposures in the 6% FeCl3 solution
suggested in ASTM G 48 are too aggressive for
the characterization of sintered stainless steels.
An alternative solution that has been used for
exposure studies is a hexacyanoferrate solution
(ferroxyl) that may or may not contain added
chloride (Ref 14). A benefit of this solution, in
addition to being an oxidizing agent, is that it
can be used as an indicator of contamination by
iron because the solution turns blue in the pre-
sence of ferrous ions. A typical test involves
exposure to the hexacyanoferrate solution for
24 h and a visual inspection of the specimens
using the following rating scale (Ref 14):

Category Amount of attack Visual inspection results

0 No attack No blue spots
1 Light attack Very weak blue spots

without growth
2 Moderate attack Blue spots with slow

growth—no needle
growth or large
accumulation of blue dye

3 Severe attack Blue spots with growth—
needle growth or
accumulation of the
corrosion product on the
surface

An example of the results obtained on sintered
316L stainless steel (produced under different
sintering conditions) and a few wrought stainless
steels (which were tested with an artificial
crevice formed by an O-ring) are provided in
Table 8 (Ref 14). The pitting potential as repor-
ted in Table 8 is a characteristic potential such
that pits are stable at potentials noble to the
pitting potential, and pits will grow if potential is
noble to the repassivation potential, which is less
than the pitting potential. See the article “Pitting
Corrosion” in Volume 13A, ASM Handbook, for
further details.

Salt-Spray Cabinet Test Results. Despite
the controversy that exists concerning the
applicability of salt-spray cabinet exposure
results compared to natural environments, the
test remains a standard in many communities.
In relation to other types of corrosion data for
P/M materials, a substantial amount of salt-spray
cabinet data exists. In fact, when conducted
according to ASTM B 117, this test is probably
the most commonly used experiment for assess-
ing corrosion in P/M metals and alloys. Exam-
ples of the times needed to notice 0.1% surface
rust for a variety of stainless steels after salt-
spray cabinet testing are presented in Table 9

(Ref 3). An inspection at 100 h revealed no
attack of wrought 316L specimens. Similar data,
obtained using the Klar rating system, for
sintered 304L, regular 316L, special 316L alloys,
and SS 100 alloys after ASTM B 117 testing for
times in excess of 1000 h are presented in Fig. 9
(Ref 11).

Electrochemical Testing

As stated earlier, electrochemical methods of
corrosion testing yield information concerning
corrosion mechanisms as well as information
on corrosion rates. Because of their inherent
porosity, some special issues arise in the elec-
trochemical testing of sintered P/M materials.
These issues include alteration of surface
porosity resulting from polishing, insufficient
removal of degreasing solvents from pores prior
to testing, unknown or unreported surface areas,
and increased time needed to establish steady-
state conditions. Irrespective of the particular
electrochemical test being conducted, care
should be exercised in addressing each of the
aforementioned issues.

Open-Circuit Potential versus Time. Prior
to initiating an electrochemical test, it is cus-
tomary to monitor the open circuit or corrosion
potential for a period of time. Monitoring of the
potential should be conducted for a long enough
period of time to ensure that steady-state condi-
tions exist between the metal and its environ-
ment. The length of time needed to establish a
steady-state open-circuit potential can vary from
a few minutes to several weeks, depending on
the particular metal/environment combination.
Important information concerning the nature of
corrosion can sometimes be determined from
open-circuit potential versus time behavior.
Comparison of open-circuit potential versus time
behavior for wrought and P/M alloys of the same
nominal composition typically reveals lower
potentials for the P/M alloys—indicating a more
active electrochemical state, as Fig. 10 reveals
for porous 316L sintered stainless steel (Ref 15,
16). Open-circuit potential behavior can also
provide an indication of the role that alloying
additions play in altering corrosion resistance.
The data in Fig. 11 show that the addition of
either nickel, platinum, or palladium to sintered
stainless steel increases the open-circuit poten-
tials of the alloy, suggesting that these alloying
additions enhance passivity, at least temporarily
(Ref 17). In some cases, the initial open-circuit
potential versus time behavior for P/M materials
reveals significant instabilities, supposedly
resulting from the infiltration of solution into the
porous alloy, as shown in Fig. 12 (Ref 18).
Instabilities such as these, despite their origin,
are the reason that the open-circuit potentials are
monitored prior to initiating electrochemical
experiments that rely on steady-state behavior,
such as polarization tests.

Polarization experiments are the most
commonly used electrochemical methods for
assessing corrosion behavior. Of specific interest

Fig. 5 Two views of a 1290 �C (2350 �F) sintered P/M
434L specimen subjected to the modified inter-

granular test. (a) Metallographic cross section showing
subsurface intergranular attack and no uniform surface
attack. (b) Scanning electron micrograph of the surface
revealing intergranular attack and no attack of grain
interiors
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in the study of corrosion-resistant P/M materials
are the following polarization techniques: anodic
polarization, cyclic polarization, polarization
resistance, and electrochemical potentiokinetic
reactivation. Prior to a discussion of electro-
chemical corrosion testing of P/M materials, it is
necessary to briefly review some basic informa-
tion concerning polarization curves and to define
a few terms related to polarization behavior and
passivity. The reader is encouraged to consult
Ref 19 for more detailed information.

Figure 13 shows anodic polarization behavior
for an active/passive metal (Ref 20). With regard
to corrosion-resistant P/M alloys, anodic polar-
ization curves provide useful information con-
cerning the potential range over which a material
is passive, the amount of protection afforded by
the film, the susceptibility to pitting, and the ease
with which passivity is obtained. Starting at the
open-circuit potential and moving in the anodic
direction, many metals undergo an initial period
of active dissolution, prior to passive film for-
mation, as the potential is scanned in the positive
direction. The current density just prior to the
onset of passive film formation is termed the
“critical current density” and is often denoted by
icrit. The potential marking the onset of passivity
is termed the primary passivation potential and it
is denoted by Epp. Passivity is observed in the
region of the anodic polarization curve where the
current density drops significantly. It is desirable
for passivity to extend over a broad potential
range and for the current density in this range,
termed the passive current density (ip), to be

very low (typically, a few mA/cm2 or less). If
aggressive species, such as chloride ions, are not
present, then the end of the passive region of the
curve is determined by the onset of transpassive
dissolution of the film or the initiation of another
anodic reaction, such as oxygen evolution, on
the specimen surface. The passive film is subject
to pitting corrosion when chloride or another
aggressive species is present. The onset of pitting
is marked by a sudden increase in the current
density—the potential where this increase occurs
is called the pitting potential, Epit, or the break-
down potential, Ebd. The higher the pitting
potential, the less susceptible the material is
to pitting. It should be noted that the pitting
potential as measured in a potentiodynamic
polarization experiment is a function of scan
rate. As a result, care must be exercised in
picking a scan rate to ensure that a slow enough
scan rate is being used to maintain steady-state
conditions at the metal electrolyte interface and
to allow for the induction time needed for the
onset of pitting. In a polarization curve, such
as the one shown in Fig. 13, the potential pro-
vides the driving force for a reaction to occur and
the current density (the current/surface area of
the specimen) is a measure of the corrosion rate
(Ref 20). For some metal/solution combinations,
the protective passive film is present on the metal
surface initially and polarization is not required
for its formation. The term “self-passivating”
is used to describe such metals, and their
polarization behavior is illustrated in Fig. 14
(Ref 20).

Anodic polarization curves for wrought and
P/M 434L stainless steel in 0.1 M NaCl are
presented in Fig. 15 (Ref 18). In this particular
example, the current density was based on the
apparent surface area of the specimen rather than
the actual wetted surface area of the specimen.
Measurement of the actual wetted surface area
would be needed for precise determination of
current-related polarization characteristics, such
as the passive current density and critical current
density. In addition, the actual wetted surface
area is needed for an accurate determination
of the corrosion rate. Unfortunately, much of the
P/M electrochemical corrosion literature fails to
measure and/or report actual surface areas. As a
result, care must be taken when basing judg-
ments on variations in current density (ip, icrit, or
icorr) of an order of magnitude or less, unless
the actual surface area of the specimen was
measured. Anodic polarization characteristics
(ip, icrit, Epit, Ecorr) are often summarized in tab-
ular form, as shown in Table 10 for wrought and
sintered 316L stainless steel (Ref 1).

Because Epit is subject to scan rate effects
and is a stochastic parameter, other more
conservative parameters are often used to
characterize the safe upper potential bounds for
use of a passive metal. The most frequently used
parameter in this category is the protection
potential (Eprot). A cyclic polarization experi-
ment in which the potential scan direction is
reversed after reaching a predetermined critical
current or potential is used to determine the
protection potential, as shown in Fig. 16

Table 6 Total iron concentrations after immersion testing in 400 mL of 5 wt% NaCl solution

Sintering conditions and resulting properties of stainless steel samples
Average total iron concentration

in solution(c), ppm

Designation Alloy
Sintering

conditions(a)

Sintered
density(b),

g/cm3

Surface, wt%

C N O 1 day 4 days 8 days

304N2 304 SS 1316 �C DA(d) 6.32 0.002 0.550 0.170 1.18 5.28 ‹

304N29 304 SS 1316 �C DA(d) 6.90 0.016 0.560 0.190 0.61 4.01 6.33
304L 304 SS 1288 �C Vac 6.31 0.002 0.010 0.220 0.57 4.19 7.44
304L9 304 SS 1288 �C Vac 6.89 0.004 0.010 0.200 0.20 1.57 3.92
304N2LSC 304 LSC 1316 �C DA(d) 6.49 0.006 0.220 0.180 › › ›

304N2LSC9 304 LSC 1316 �C DA(d) 6.91 0.010 0.220 0.150 › › 0.12
304L LSC9 304 LSC 1288 �C Vac 6.92 0.006 0.078 0.450 › 0.12 0.50
304N2 PLUS 304 PLUS 1316 �C DA(d) 6.40 0.008 0.140 0.170 › › ›

304L PLUS 304 PLUS 1288 �C Vac 6.41 0.004 0.044 0.280 0.15 0.19 0.20
316N2 316 SS 1316 �C DA(d) 6.54 50.001 0.570 0.150 1.13 4.06 7.17
316N29 316 SS 1316 �C DA(d) 6.83 0.010 0.430 0.190 1.37 3.57 5.53
316L 316 SS 1288 �C Vac 6.46 0.007 0.007 0.250 0.18 0.42 0.48
316L 9 316 SS 1288 �C Vac 6.86 0.006 0.014 0.230 › 0.50 1.62
316N2LSC 316 LSC 1316 �C DA(d) 6.45 0.008 0.180 0.100 › › ›

316N2LSC 9 316 LSC 1316 �C DA(d) 6.87 0.010 0.210 0.210 › › 0.03
316L LSC 316 LSC 1288 �C Vac 6.49 0.002 0.052 0.120 › 0.33 0.76
316L LSC 9 316 LSC 1288 �C Vac 6.63 0.005 0.091 0.250 › 0.06 0.52
316N2 PLUS 316 PLUS 1316 �C DA(d) 6.42 0.004 0.110 0.120 › › ›

316L PLUS 316 PLUS 1288 �C DA(d) 6.45 0.007 0.045 0.150 › › ›

316X 316 SS 1288 �C Vac 6.65 0.005 0.001 0.295 › › 0.10
316X LSC 316 LSC 1288 �C Vac 6.69 0.006 0.002 0.174 › › 0.03
316X PLUS 316 PLUS 1288 �C Vac 6.47 0.007 0.008 0.215 › › ›

100N2 20Cr-17Ni-5Mo 1316 �C DA(d) 6.29 0.006 0.820 0.039 1.88 4.39 5.70
100N29 20Cr-17Ni-5Mo 1316 �C DA(d) 6.82 0.010 0.610 0.054 0.78 3.45 4.16
100L 20Cr-17Ni-5Mo 1288 �C Vac 6.25 50.001 0.011 0.140 › › ›

100L 9 20Cr-17Ni-5Mo 1288 �C Vac 6.71 50.001 0.011 0.140 › › ›

100X 20Cr-17Ni-5Mo 1288 �C Vac(e) 6.72 0.007 0.001 0.144 › › ›

(a) DA, dissociated ammonia: Vac, vacuum. (b) Density was measured with oil impregnation per ASTM B 328. (c) ‹, above the detection range; ›, below the detection range. (d). Actual furnace atmosphere was 91.8 vol% D.A.+8.2
vol% N2. (e) Followed by a hold at 1150 �C for 10 min. Source: Ref 12
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(Ref 21). Pourbaix originally defined the Eprot as
the potential at which the current on the reverse
scan returns to a low value. This low value is
traditionally reported as the potential at which
the reverse scan intersects the forward scan.
Cyclic polarization experiments are frequently
conducted on P/M materials, and an example of
the difference in protection potential observed
between wrought and porous 316L stainless steel
is shown in Fig. 17 (Ref 15).

A few types of electrochemical measurements
can be used to determine corrosion rates, as
discussed in Ref 19. One of these methods,
polarization resistance, involves polarizing the
specimens a few millivolts above and below the
open-circuit potential and measuring the current
response. The data are plotted using linear scales,
and the slope of the potential versus current
density data at the open-circuit potential (DE/Di)
is taken as illustrated in Fig. 18. This slope is
called the polarization resistance, Rp, and it is
inversely proportional to the corrosion current
density:

icorr=(1=2:3Rp)½(ba+bc)=(ba+bc)� (Eq 3)

where ba is the anodic Tafel slope and bc is
the cathodic Tafel slope (both with units

of V/decade. This can be used for the corrosion
rate:

Corrosion  rate=(3:26 · 10�3)(icorr)(EW)=d

(Eq 4)

where EW is the equivalent weight of the metal
or alloy in grams, d is the density of the metal or
alloy in g/cm3, and icorr is the corrosion current
density in mA/cm2. A comparison of polariza-
tion resistance values for P/M and wrought
316 and 304 stainless steels is shown in Fig. 19
(Ref 9).

Sensitization in stainless steels can be
evaluated by two electrochemical potentio-
kinetic reactivation methods (EPR): the single-
loop method (SL-EPR) and the double-loop
method (DL-EPR). A more detailed description
of intergranular corrosion testing is offered in
Ref 22. The SL-EPR method is a rather time-
consuming test because, in addition to the elec-
trochemical experiment, the grain-boundary area
of the specimen must be determined.

The DL-EPR method was developed as a more
rapid and reliable means of assessing suscep-
tibility to intergranular corrosion. In the double-
loop method, the potential is scanned (at a rate

of 6 V/h) in the anodic direction from the open-
circuit potential to +300 mV versus a saturated
calomel electrode (mV SCE). At +300 mV, the
direction of the scan is reversed and the potential
is decreased (at the same scan rate) until the
corrosion potential is reached. Susceptibility to
sensitization is determined from the ratio of the
maximum current on the reverse scan (Ir) to that
measured on the forward scan (Ia), as illustrated
in Fig. 20. The Ir/Ia ratios have been correlated
with the step, dual, and ditch structures observed
during oxalic acid etch screening of wrought
stainless steels to identify sensitization. These
three structures are presented in Fig. 21. Step
structures (Fig. 21a) are free of grain-boundary
attack resulting from sensitization. If the grain
boundaries contain enough carbides to encircle
the grain completely, then grains are undermined
upon exposure to the etch and a ditch structure is
observed (Fig. 21b). If the ditches do not com-
pletely encircle the grains (Fig. 21c), then a dual
classification is used to describe the structure.
Current ratios in the double-loop EPR test in the
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range of 0.0001 to 0.001 correspond to step
structures, ratios of 0.001 to 0.05 correspond to
dual structures, and ratios of 0.05 to 0.3 corre-
spond to ditch structures.

Double-loop EPR curves for P/M 316L
stainless steels with and without sensitized
microstructures are shown in Fig. 22 (Ref 14). In
this example, the sensitized microstructures in
curves in Fig. 22(b) and (c) resulted from high
nitrogen contents and liquid phase sintering
using a boron addition, topics that are discussed
in more detail in subsequent sections of this
article.

P/M Stainless Steels

It was stated earlier that the corrosion resis-
tance of the metals and alloys that are considered
in this article is a result of the protective passive
film that forms on their surfaces. This is certainly
true for stainless steels, whose passive char-
acteristics result from the alloying of iron with
chromium. For wrought alloys, the influence of
chromium concentration on the passivity of iron
in a 2 N H2SO4 solution at 90 �C (195 �F) is
shown in Fig. 23 (Ref 20). As the chromium
content is increased, the primary passivation
potential, Epp, the critical current density, icrit,
and the passive current density, ip, are reduced—
extending the potential region over which
the alloy is passive, reducing dissolution of the
alloy, and enabling the alloy to become self-
passivating, respectively. When chloride is pre-
sent, chromium increases the pitting potential, as
revealed in Fig. 24 (Ref 20).

Figure 23 clearly shows that a significant
improvement in passivity occurs as the chro-
mium content approaches 12%. While there is
some debate over the minimum chromium con-
tent needed to call an iron-base alloy a stainless
steel, most consider that at least 12% is needed to
enhance passivity and, thus, corrosion resistance
significantly. Passivity results from the presence
of a stable, protective oxide barrier on the alloy
surface. For stainless steels, this protective bar-
rier is largely composed of chromium oxide and
significantly limits dissolution of the underlying
metal. Corrosion resistance in stainless steels is
compromised when the chromium concentration
of the alloy, or any part of its microstructure, falls
below a threshold concentration of 10 to 12%.

The primary difference in the corrosion
resistance of wrought and P/M stainless steels is
due to the inherent porosity of the P/M materials.
Of special concern with regard to the corrosion
resistance of sintered stainless steels is their
susceptibility to localized breakdown of the
passive film in the form of crevice corrosion,
pitting, intergranular corrosion, and stress-
corrosion cracking. Development of corrosion-
resistant sintered stainless steels depends on
increasing one’s understanding of how passivity
is attained and sustained in porous metals.

Despite the fact that P/M stainless steel pro-
duction accounted for only 2% of the overall

Table 8 Ferroxyl test results for P/M and wrought stainless steels

AISI No. Type, treatment

Visual rating(a) in ferroxyl test with
chlorine added (% CI�) Pitting

potential(b),
mV SCE0.05% 0.10% 0.50%

316L P/M, 1120 �C 20 min, dissociated
ammonia (�27 �C)

3 3 . . . 75

P/M, 1250 �C 30 min, H2 (�35 �C) . . . 1 3 250
P/M, 1120 �C 30 min, H2 (�70 �C) . . . 0 3 375
P/M, 1120 �C 120 min, H2 (�70 �C) . . . 0 3 375
P/M, 1250 �C 120 min, H2 (�70 �C) . . . 0 1 600

431 Wrought 3 3 . . . 270
303 Wrought 3 3 . . . 325
304 Wrought 1 3 . . . 470
316 Wrought . . . 1 2 590

(a) Rating scale, see in-text table. 0.1% CI�, pH 5, 30 �C, 5 mV/min. Source: Ref 14

Table 9 Salt-spray cabinet test results for P/M stainless steels

Density,
g/cm3

Corrosion tests(a)
P/M material designation

A, hours to
0.1% stain

B, hours to
1% stainType Ames MPIF(b)

303 SFN-Cr18-N11-64 SS-303N-125 6.4 20 1–5 (200–500)
SFAN-Cr18-N11-66 SS-303N2–35 6.6 20 N/A
SFA-Cr18-N11-70 Approx SS-303L-12 7.0 24 N/A

304 SFN-Cr19-N10-64 SS-304N1–30 6.4 20 50–100 (500–1200)
SFAN-Cr19-N10-66 SS-304N2–33 6.6 20 N/A
SFA-Cr19-N10-70 Approx SS-304L-13 7.0 24 N/A

316 SFN-Cr17-N12-M1-64 SS-31NI-25 6.4 20 200–500 (500–1500)
SFAN-Cr17-N12-M1-66 SS-316N2–33 6.6 20 N/A
SFA-Cr17-N12-M1-70 Approx SS-316L-15 7.0 24 N/A

410 SFAN-Cr12-67 Approx SS-410–90HT 6.7 5 N/A
SFA-Cr12-70 7.0 5 N/A

420 SFAN02-Cr12-67 Approx SS-410–90HT 6.7 5 N/A
434 SFA-Cr17-M1-70 7.0 24 N/A
632 SFA-Cr16-NS-M1-70 6.9 22 N/A

(a) A. 5% aqueous Nacl salt spray, per ASTM B 117; B. 5% aqueous NaCl immersion, per ASTM G 31. N/A, data not available. (b) MPIF, Metal Powder
Industries Federation. Source: Ref 3

Table 7 Corrosion tests on 316L sintered stainless steel specimens exposed to 5% NaCl
solution at 20 �C
Specimens were sintered in various atmospheres at 1150 �C (2100 �F) for 1 h. Passivation 1 was carried out for 30 min at
80 �C (175 �F) in a 16 vol% HNO3 nitric acid solution. Passivation 2 was carried out for 60 min at 70 �C (160 �F) in a 40
vol% HNO3 solution.

Sintering
atmosphere

Properties after sintering
but before corrosion testing

Treatment
after

sintering
Period,

days

Properties after corrosion testing

Transverse
rupture strength Angle

of bend,
degrees

Transverse
rupture strength Angle of

bend,
degrees AppearanceMPa ksi MPa ksi

Vacuum 460 67.0 4111(a) None 4 425 61.6 4107(a) No attack
15 450 65.1 4109(a) No attack

Passivation 1 4 430 62.3 100 Slight rusting
15 440 63.8 108 Slight rusting

Passivation 2 4 432 62.8 91 Slight rusting
15 437 63.4 95 Slight rusting

Hydrogen 515 74.6 112 None 4 475 68.9 44 Rusted
15 460 66.8 55 Rusted

Passivation 1 4 480 69.8 80 Rusted
15 470 68.2 62 Rusted

Passivation 2 4 380 55.3 45 Rusted
15 469 68.1 60 Rusted

Dissociated
ammonia

730 106.1 17 None 4 657 95.3 14 Rusted
15 700 101.4 12 Rusted

Passivation 1 4 655 95.1 17 Rusted
15 650 94.2 10 Rusted

Passivation 2 4 729 105.8 16 Rusted
15 665 96.8 15 Rusted

(a) Specimen did not break. Source: Ref 13
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U.S. stainless steel market in 1993, research on
the corrosion resistance of these alloys has been
increasing, and it is obvious that an enormous
opportunity exists for their future development
and utilization. To date, the compositions of
commercial P/M stainless steels have been
largely based on those of their wrought coun-
terparts. A listing of the currently produced
commercial, water-atomized P/M stainless steel
alloys is presented in Table 11. As stated earlier,
applications for these P/M alloys are wide
ranging with austenitic grades accounting for
approximately two-thirds of the total usage.
Table 12 summarizes a number of the current
applications for the P/M stainless alloys identi-
fied in Table 11. It should be noted that auto-
motive applications, especially exhaust systems,
are responsible for much of the recent, increased
interest in and demand for corrosion-resistant
P/M stainless steel alloys.

Early P/M stainless steel developmental
efforts were aimed at improving powder
atomization and compacting properties, while
interest in enhanced corrosion resistance has
been more recent. In fact, the understanding of
the corrosion of P/M stainless steels and the
concomitant development of corrosion-resistant
P/M alloys (specifically, P/M alloys that have

been especially developed for their corrosion
resistance) is still rudimentary. Several factors
are responsible for the differences between the
corrosion resistance of P/M stainless steels and
their wrought counterparts. Next to the proper-
ties of the powder itself (which needs to have
carbon, oxygen, and nitrogen levels less than or
equal to values of 0.02%, 0.2%, and 0.03%,
respectively), the chief factor governing the
production of corrosion-resistant P/M alloys is
the sintering process. Several sintering variables
are of significant importance in the production
of corrosion-resistant P/M alloys. Inadequate
dissipation of lubricant results in the incorpora-
tion of unwanted carbides, and low sintering
temperatures encourage chromium nitride
formation; both conditions can deplete the alloy
of the chromium needed to maintain passivity
and aid in the establishment of microgalvanic
cells in the microstructure. Insufficient cooling
rates contribute to chromium carbide and chro-
mium nitride formation. High dew points
encourage oxide formation that has been asso-
ciated with diminished corrosion resistance.
Carbon and iron contamination from furnaces
leads to carbide formation and iron incorporation
in the alloy. Sintering atmospheres can either
promote or degrade corrosion resistance;

vacuum and hydrogen atmospheres typically
yield the best results, and dissociated ammonia
usually produces the worst results. Unfortu-
nately, a significant portion of the literature
on the corrosion of P/M alloys, stainless steels
included, lacks specific details concerning
processing conditions, making performance
comparisons among different alloy groups
difficult or impossible.

Austenitic stainless steels owe their corro-
sion resistance to chromium, nickel, and other
passivity-enhancing alloying additions such as
molybdenum. As stated earlier, chromium is the
primary element responsible for the corrosion
resistance of stainless steels. Nickel stabilizes the
austenitic structure and promotes repassivation,
especially in reducing environments. Molyb-
denum stabilizes the passive film, especially
in combination with chromium, and improves
pitting and crevice-corrosion resistance.
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Nitrogen enhances the strength and corrosion
resistance of austenitic wrought stainless steels,
but is linked to sensitization in stainless steels.
These elements, and a few others, influence
polarization behavior and enhance passivity in
wrought alloys in the manner depicted in Fig. 25
(Ref 20).

Intergranular corrosion of 300 series stainless
steels has long been associated with sensitization
resulting from welding or improper heat treating.
If the alloys are held in the temperature range of
550 to 850 �C (1020 to 1560 �F), carbides can
form at the grain boundaries depleting the alloy
adjacent to the grain boundary of chromium, as
the chromium profile for a sensitized 304 stain-
less steel shown in Fig. 26 reveals (Ref 23). The
region adjacent to the grain boundary with
the lower chromium content has a lower corro-
sion resistance than either the precipitates at the
grain boundary or the rest of the grain. These
areas of dissimilar chromium concentration can
result in the establishment of localized galvanic
cells within the microstructure that lead to
corrosion of the chromium-depleted regions

adjacent to grain boundaries, as Fig. 27 illus-
trates. In P/M alloys, sensitization can occur
during sintering as well as during welding
operations. Stainless steel alloys with carbon and
nitrogen contents that approach 0.03% have been
shown to form chromium precipitates at the grain
boundaries (Ref 23). In addition, sintering or
cooling (especially from 870 to 425 �C, or 1600
to 800 �F) in an atmosphere that contains nitro-
gen can lead to the formation of chromium
nitrides. When these chromium carbides and
chromium nitrides form, they deplete the
adjacent microstructure of chromium. Hence, a
galvanic interaction ensues between the more
corrosion-resistant, high-chromium concentra-
tion regions of the microstructure and the less-
corrosion-resistant, chromium-depleted regions.

As revealed in Table 12, the 300-series alloys
account for the largest percentage of applications
for stainless P/M alloys. Among wrought stain-
less steels, 304L is the most commonly used
alloy because of its excellent corrosion resis-
tance and lower cost compared to other austenitic
stainless steels. To date, 316L is the most com-

monly used P/M stainless steel because of its
improved corrosion resistance in comparison to
sintered 304L stainless steel. Low-carbon-grade
alloys are essential for P/M stainless components
because of sensitization that can accompany the
sintering process.

Corrosion data for 300 series P/M stainless
steels is largely centered on the susceptibility of
these alloys to pitting/crevice corrosion, inter-
granular corrosion, and processing-induced
degradation. This last item is the subject of the
next section of this article. It must be stated that
while there is an expanding base of literature on
the subject of corrosion of sintered stainless
steels, a number of studies fail to mention
important details related to either processing or
testing of the alloys.

Processing details such as dew-point tem-
peratures, sintering and delubing times, and
information related to cooling of the alloys
are often missing. All of these items are critical
to the production of corrosion-resistant stainless
steels, and the lack of such information limits the
utility of a number of the studies that have been
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conducted. Testing details that are sometimes
neglected include surface area measurements
(needed for determining corrosion rates), test
specimen preparation and test cleaning proce-
dures, and the inclusion of wrought counterparts
or control materials in test plans. This informa-
tion is especially important because sintered
alloys contain porosity. Corrosion resistances of
a variety of austenitic stainless steel P/M alloys
are shown in Table 13 (Ref 1) and Table 14
(Ref 14).

Mechanical properties of 316L stainless steel
as a function of some of the more important
processing parameters are presented in Fig. 28 to
30. As these figures reveal, nitrogen-containing
atmospheres result in the absorption of con-
siderable amounts of nitrogen, which increases
strength, decreases ductility, and, as is seen in
the following paragraphs, influences P/M alloy
corrosion resistance.

Ferritic and Martensitic Stainless Steels.
The 400 series alloys are typically less heavily
alloyed than the austenitic grades and, as a result,
they usually exhibit inferior corrosion resistance.
In addition to the lower pitting and crevice-
corrosion resistance resulting from lower con-
centrations of passivity enhancing elements,
ferritic stainless steels are also more susceptible
to sensitization and intergranular corrosion.
Ferritic stainless steels exhibit a greater affinity
for sensitization than austenitic stainless steels
because the solubility limit of carbon in the
austenite phase is greater than in the ferrite
phase. Hence, the precipitation of carbides is
more prevalent in ferritic microstructures
(Ref 18).

Influence of Processing Parameters
on the Corrosion Resistance of P/M
Stainless Steels

Influence of Iron or Steel Contamination
on Corrosion Resistance. It should come as no
surprise that the corrosion resistance of P/M
stainless steels is seriously degraded if iron or
steel particles become incorporated into the

Table 10 Data obtained from anodic polarization testing of sintered 316L, raw 316L powder, and wrought 316 as a function of sintering
conditions
Electrochemical properties were measured in 0.1% CI�, pH 5, 30 �C, with a scan rate of 5 mV/min.

Sintering(a)

H2 (�30 �C) H2 (�70 �C) Vacuum

Raw 316L
powder

Wrought
316L

1120 �C 1250 �C 1120 �C 1250 �C 1120 �C 1250 �C

30 min 120 min 30 min 120 min 30 min 120 min 30 min 120 min 30 min 120 min 30 min 120 min

Density, g/cm3 6.62 6.68 6.71 6.84 6.62 6.68 6.71 6.84 6.67 6.73 6.76 6.86 . . . 8.00
Nitrogen, ppm 400 320 220 60 470 190 110 70 410 220 90 20 700 . . .
Oxygen, ppm 2400 2400 2200 1500 2300 2000 1900 1700 2200 2200 2100 1800 1900 . . .
Carbon, ppm 230 220 190 130 240 250 170 110 60 60 20 10 180 300
icrit, mA/cm2 150 90 87 83 10 10 7 9 4 7 8 9 . . . 0
ip, ma/cm2 29 21 28 19 14 10 12 11 9 13 12 7 . . . 0.5
Epit, mV SCE 250 243 243 333 345 370 330 395 368 410 363 405 . . . 665(b)
Estp, mV SCE 269 213 188 163 238 275 188 163 263 238 175 150 . . . 538(c)
NSS 1, h 36 60 48 24 1392 1278 1260 1512 1056 1008 420 240 . . . 1512
NSS 2, h 13 24 13 2 1512 1140 1260 60 1512 1008 324 24 . . . . . .

Estp stepwise polarization. NSS: time to corrosion in neutral salt-spray test: 1, no pretreatment: 2, specimens filled with test solution. (a) Measured with a creative-free electrode. (b) Measured with a creviced electrode. Source: Ref 1
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alloy. The potential difference between iron or
steel and stainless steel is typically on the order
of several hundred millivolts and easily results in
the establishment of galvanic or dissimilar metal
corrosion within the contaminated component.
There are numerous possible contamination
sources: contamination of the initial powder at
the supplier; inadvertent introduction during
mixing/blending, feeding, or pressing opera-
tions; incorporation of airborne particles during
processing or storage; and inadequate furnace
cleaning. Cleanliness is of the utmost importance
and separate or dedicated equipment is often
used for the production of stainless components.
Figure 31 shows an example of the appearance of
iron-contaminated sintered 316L stainless steel
after exposure to a 5% NaCl solution. Rusting
became apparent within minutes of exposure to
the chloride-containing solution.

Corrosion resulting from iron or steel con-
tamination is perhaps the worst and, ironically,
most avoidable corrosion problem encountered
with P/M stainless steels. A concentrated copper
sulfate solution can be used to easily detect iron,
or an iron alloy, present in a stainless steel
powder or on the surface of a sintered part.
Dissolved copper from a copper sulfate solution

readily plates out on the anodic (lower potential)
iron sites, making them easy to see at low
magnification.

Influence of Lubricant and Carbon. As
Fig. 32 suggests (Ref 23), carbide formation

(especially, chromium carbide formation) with
concomitant sensitization is an issue when the
carbon content of an austenitic stainless steel
exceeds 0.03%. In order to resist intergranular
corrosion, water-atomized stainless steel pow-
ders have carbon contents greater than 0.03%.
Unfortunately, other sources of carbon are
associated with processing sintered stainless
steels. These sources include the carbon resulting
from inadequate organic lubricant dissipation
and carbon contamination (soot) from insuffi-
ciently cleaned furnaces. Microstructures from
two sintered 316L stainless steels, one below and
one above the critical 0.03% concentration,
are shown in Fig. 33. Thin, undecorated grain
boundaries are observed in the low-carbon
stainless steel, whereas heavily decorated grain
boundaries are observed for the high-carbon
stainless steel. In insufficiently cleaned furnaces,
loose, adherent soot can fall onto the surface
of stainless steel parts or moisture from the
sintering atmosphere can react with soot and
form carbon monoxide and carburize the stain-
less steel. If care is not taken to limit the uptake
of carbon, sensitization of the microstructure can
occur and severely compromise the overall
corrosion resistance of the alloy. The influence of
carbon content on the pitting potential for a
number of different sintered stainless steels is
shown in Fig. 34 (Ref 14). Sensitization can be
minimized with proper lubricant dissipation, a
clean furnace, and low initial carbon concentra-
tion in the powder. It should be noted that
when optimal sintering conditions are used,
differences in corrosion resistance have not been
noted as a function of lubricant type, as Table 15
reveals (Ref 24).

Carbon contents in excess of 0.03% can be
of benefit when stainless steels are vacuum
sintered. In vacuum sintering, the excess carbon
is used for the reduction of some oxides on
the water-atomized stainless steel, improving
strength, ductility, and corrosion resistance.
Microstructures of vacuum sintered 430L
stainless steel with and without the addition
of 0.2% graphite are shown in Fig. 35. The
graphite-containing stainless steel exhibited
clean grain boundaries, while the alloy without
graphite had grain boundaries containing
carbides.

Influence of Nitrogen and Sintering
Atmosphere. Dissociated ammonia is a com-
monly used sintering atmosphere because it costs
less than other sintering atmospheres. However,
sintering in dissociated ammonia usually leads to
the pickup of nitrogen by the stainless steel—a
factor that can enhance susceptibility to corro-
sion in a manner analogous to that observed with
chromium carbide formation. For wrought
stainless steels, enhanced passivity is observed
with increased nitrogen content. However, if
chromium nitrides precipitate, the sensitized
stainless steel is susceptible to intergranular
corrosion. Equilibrium solubilities for nitrogen
in austenitic stainless steels with different chro-
mium contents are presented in Fig. 36. The
concentration of dissolved nitrogen depends on
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Fig. 21 Oxalic acid etch screening. (a) Oxalic acid
etch (Original magnification: 500 · ). Step

structure. Etched 1 A/cm2 for 1.5 min. (b) Oxalic acid etch
(Original magnification: 500 · ). Ditch structure. Etched
1 A/cm2 for 1.5 min. (c) Oxalic acid etch (Original mag-
nification: 250 · ). Dual structure. Etched 1 A/cm2 for
1.5 min. Source: Ref 22 reprinted with permission
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the amount of nitrogen in the atmosphere, the
sintering temperature, and the cooling rate of
the sintered alloy. An example of the influence
of nitrogen concentration in the sintering atmo-
sphere on the corrosion resistance of 316L
stainless steel is shown in Table 16 (Ref 14).
These results reveal that up to the point where
supersaturation associated with sensitization
occurs, no significant difference in corrosion
behavior was noted. In addition, these results
show that the EPR test is very sensitive to the
identification of nitride formation. Reference 26
reported that chromium nitrides were not present

in 316L when its nitrogen content was lower than
0.4 wt%. This point is supported by the weight-
loss data after exposure to 10% HNO3 (as a
function of absorbed nitrogen content) for
sintered 316L stainless steel shown in Fig. 37
(Ref 3). The data presented in this figure were
obtained using several sintering atmospheres.

An example of the influence of temperature on
dissolved nitrogen concentration is shown in
Fig. 38 (Ref 13). The data in this figure were
obtained by continuously measuring weight gain
during heating in dry nitrogen (nitrogen con-
taining 0.01% water and 1% water). In the 700
to 1000 �C (1300 to 1800 �F) range a large
absorption of nitrogen occurs. A maximum of
9 mg N per gram of stainless steel was absor-
bed—24 mg/g would be required to convert all
of the chromium in the alloy to Cr2N (Ref 13).

An example of the influence of cooling rate,
and hence the dissolved nitrogen concentration,

on the corrosion rate of 316L stainless steel is
shown in Table 17 (Ref 13). While the rate
of heating had no influence on corrosion of
the alloy, cooling rates in excess of 100 �C/s
(180 �F/s) inhibited or eliminated corrosion.
Chromium nitride sensitization with con-
comitant loss of corrosion resistance is not lim-
ited to 316L stainless steel. Other stainless steels
(both 300 and 400 series alloys) are subject
to loss of corrosion resistance when nitrogen-
containing sintering atmospheres are used.
Table 2 shows weight-loss data for sintered 304L
and 316L stainless steels as a function of
sintering atmosphere and revealed that nitride
formation lowered corrosion resistance (weight
loss after 5% NaCl exposure).

Influence of Oxygen and Water Vapor/
Dew Point. The influence of oxygen on the
corrosion resistance of sintered stainless steels
can, perhaps, best be understood by visualizing
the structure of the as-sintered material. The
as-received powders contain oxygen, much of
which resides on the surface of the powder.
Reduction of these oxides in industrial furnaces
is not always complete, and the grain-boundary
oxides within the as-sintered structure provide
paths for easier corrosion of the alloy. The role
these grain-boundary oxides play in the corro-
sion of sintered metals is likely similar to the
role that such oxides play in the degradation of
thermal sprayed coatings (Ref 27, 28). Upon
cooling, high oxygen affinity elements oxidize
when they reach the metal-oxide equilibrium
temperature, and the water content (dew point) of
the atmosphere determines the stability of the
oxides according to Fig. 39. This figure reveals
that the oxides are more easily formed at lower
temperatures. The negative effect of high dew
point on the corrosion resistance of sintered
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316L stainless steel is further shown by the data
in Table 18.

A number of investigators have observed
decreased corrosion resistance with increasing
oxygen content (Ref 14, 18, 24, 29). Figure 40
reveals that the pitting potential of P/M 316L
stainless steel is found to decrease with increas-
ing oxygen content (Ref 24). Immersion data in a
5% NaCl solution shows an identical trend, as
seen in Fig. 41. High dew points (greater than
�34 �C, or �29 �F) resulted in high oxygen
concentrations within sintered alloys, leading to
a reduction in mechanical properties and corro-
sion resistance. This is not surprising in light
of the type of microstructure that is attained in

Table 11 Compositions of commercial P/M stainless steels

Material designation (a)

Chemical composition (b), wt%

Fe Cr Ni Mn Si S C P Mo N Nb

Austenitic grades

SS-303N1, N2 bal 17.0–19.0 8.0–13.0 0–2.0 0–1.0 0.15–0.30 0–0.15 0–0.20 . . . 0.20–0.60 . . .
SS-303L bal 17.0–19.0 8.0–13.0 0–2.0 0–1.0 0.15–0.30 0–0.03 0–0.20 . . . 0–0.03 . . .
SS-304N1, N2 bal 18.0–20.0 8.0–12.0 0–2.0 0–1.0 0–0.03 0–0.08 0–0.045 . . . 0.20–0.60 . . .
SS-304L bal 18.0–20.0 8.0–12.0 0–2.0 0–1.0 0–0.03 0–0.03 0–0.045 . . . 0–0.03 . . .
SS-316N1, N2 bal 16.0–18.0 10.0–14.0 0–2.0 0–1.0 0–0.03 0–0.08 0–0.045 2.0–3.0 0.20–0.60 . . .
SS-316L bal 16.0–18.0 10.0–14.0 0–2.0 0–1.0 0–0.03 0–0.03 0–0.045 2.0–3.0 0–0.03 . . .

Ferritic grades

SS-409L bal 10.5–11.75 . . . 0–1.0 0–1.0 0–0.03 0–0.03 0–0.04 . . . 0–0.03 8XC-0.80
SS-430N2 bal 16.0–18.0 . . . 0–1.0 0–1.0 0–0.03 0–0.08 0–0.04 . . . 0.20–0.60 . . .
SS-430L bal 16.0–18.0 . . . 0–1.0 0–1.0 0–0.03 0–0.03 0–0.04 . . . 0–0.03 . . .
SS-434N2 bal 16.0–18.0 . . . 0–1.0 0–1.0 0–0.03 0–0.08 0–0.04 0.75–1.25 0.20–0.60 . . .
SS-434L bal 16.0–18.0 . . . 0–1.0 0–1.0 0–0.03 0–0.03 0–0.04 0.75–1.25 0–0.03 . . .

Martensitic grades

SS-410 bal 11.5–13.5 . . . 0–1.0 0–1.0 0–0.03 0–0.25 0–0.04 . . . 0.20–0.60 . . .
SS-410L bal 11.5–13.5 . . . 0–1.0 0–1.0 0–0.03 0–0.03 0–0.04 . . . 0–0.03 . . .

(a) These designations follow the code of MPIF Standard 35, which was adopted by ASTM B 783. Not all the materials listed are specified in ASTM B 783. N1, N2, nitrogen alloyed; L, low carbon. (b) Maximum unless a range is
specified. Other elements: total by difference equals 2.0% maximum, which may include other minor elements added for specific purposes

Table 12 Applications for P/M stainless steels

Part Alloy

Aerospace

Seatback tray slides 316L
Galley latches 316L
Jet fuel refueling impellers 316L
Foam generators 316L

Agriculture

Fungicide spray equipment 316L

Appliances

Automatic dishwasher components 304L
Automatic washer components 304L
Garbage disposal components 410L
Pot handles 316L
Coffee filters 316L-Si
Electric knives 316L
Blenders 303L
Can opener gears 410L

Automotive

Rearview mirror mounts 316L, 434L
Brake components 434L
Seat belt locks 304L–434L
Windshield wiper pinions 410L
Windshield wiper arms 316L, 434L
Manifold heat control valves 304L, 434L
Exhaust system flanges 304L, 434L
Coupling for a water pump 316L
Solenoid spacer for fuel injector 316L
Sealing washer for water pump 420L
ABS rings 434L

Building and construction

Plumbing fixtures 316L
Spacers and washers 316L
Sprinkler system nozzles 316L
Shower heads 316L
Window hardware 304L, 316L
Thermostats 410L
General construction 303L

Electrical and electronic

Limit switches 410L
G-frame motor sleeves 303L
Rotary switches 316L
Magnetic clutches 410L, 440A
Battery nuts 830
Electrical testing probe jaws 316L

Part Alloy

Hardware

Lock components 304L, 316L
Threaded fasteners 303L
Fasteners 316L
Quick-disconnect levers 303L, 316L

Industrial

Water and gas meter parts 316L
Filters, liquid and gas 316L-Si
Recording fuel meters 303L
Fuel flow meter devices 410L
Pipe flange clamps 316L
High polymer filtering 316L-Si

Jewelry

Coins, medals, medallions 316L
Watch cases 316L
Watch band parts 316L

Marine

Propeller thrust hubs 316L
Cam cleats 304L

Medical

Centrifugal drive couplings 316L
Dental equipment 304L
Hearing aids 316L
Anesthetic vaporizers 316L

Office equipment

Office furniture hardware 304L, 316L

Recreation and leisure

Fishing rod guides 304L, 316L
Fishing rod gear ratchets 316L
Photographic equipment 316L
Soft drink vending machines 830, 316L
Travel trailer water pumps 316L

Computers

Support frame for computer CPU 303L
Bearing holder for hard disk 304L
Pulley for computer application 316L
Bearing housing for hard disk 410L

Chemical

Filters 304L-Si, 316L
High-corrosion resistance filters 830
Cartridge assemblies 316L-Si
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stainless steels on the anodic polarization

behavior. Source: Ref 20
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high dew point sintering atmospheres and illu-
strated in Fig. 42 (Ref 22). The P/M 316L
stainless steel specimen shown in Fig. 42
exhibited a lack of interparticle bonding, result-
ing from the high grain boundary oxides, that led
to poor mechanical and corrosion properties.
Immersion data for sintered 316L stainless steel
in a 5% NaCl solution, as a function of water
vapor content of the hydrogen sintering atmo-
sphere, is shown in Table 19 (Ref 30). When the
water vapor content was 45 ppm or lower, no
corrosion was noted after eight days of exposure.

Influence of Sintering Temperature,
Sintering Time, and Cooling Rate. Improved
electrochemical corrosion resistance has been
noted for sintered 316L stainless steel with in-
creased sintering time, as Table 20 reveals
(Ref 24). These improvements in corrosion
resistance were attributed to the reduced
nitrogen, oxygen, and carbon levels observed for
the specimens after the longer sintering time.
Carbon, oxygen, and CO, H2O, and CH4 con-
centrations in a hydrogen sintering gas as a
function of time at temperature are presented in
Fig. 43. The significant influence of cooling rate
on corrosion resistance is shown in Table 17.
When there is sufficient water vapor to cause
corrosion with slow cooling, it appears that a fast

cooling rate (200 �C/min, or 360 �F/min) retards
corrosion, as shown in Table 21 (Ref 13).

Influence of Porosity/Alloy Density. Sin-
tered stainless steels are used in low-density
forms (e.g., in filters) and in a wide variety
of forms requiring higher-density alloys. The
literature on P/M stainless steels in acid solutions
reveals that corrosion resistance improves with

increasing density, as Fig. 44 shows (Ref 31). In
saline solutions the situation is not as clear—
some researchers have reported that increasing
density is beneficial, while others have reported
it to be detrimental. These discrepancies are
believed to be a result of differences, from study
to study, in pore morphology and alloy density.
This point is illustrated in Fig. 45, which shows

Fig. 27 Intergranular attack in a sensitized austenitic
alloy produced by exposure to a boiling

sulfuric acid-ferric sulfate solution. Prolonged exposure
causes grains to detach from surface. Original magnifica-
tion 100 · . Source: Ref 23, reprinted with permission

Table 13 Corrosion resistances of sintered and wrought austenitic stainless steels

Sintered
stainless steels

Corrosion
test(a)

Corrosion
resistance

rating(b), h
Sintered

density, g/cm3

Comments

Sintering
atmosphere(c)

Sintering temperature
Sintering
time, min

Type of
furnance(d)�C �F

303L I 5 6.7–6.8 DA 1150 2100 60 L
303L SC(e) I 500 6.7–6.8 DA 1150 2100 60 L
304L I 100 6.7–6.8 DA 1150 2100 60 L
316L I 500 6.7–6.8 DA 1150 2100 60 L

I . . . 6.7–6.9 Vac 1205 2200 60 L
NSS . . . 6.7 H2 1150 2100 30 Ind
NSS . . . 6.3 H2 1150 2100 30 Ind
NSS . . . 6.6–6.7 Vac 1120 2050 30 L

303LSC(e) I 500 6.7–6.8 DA 1150 2100 60 L
I 1700 6.7–6.9 Vac 1205 2200 60 L

317 I 4400 6.7–6.9 Vac 1205 2200 60 L
NSS . . . 6.7 H2 1150 2100 30 Ind

(a) I, (by immersion in 5% NaCl: NSS, neutral salt-spray test (ASTM B 117: ISO 4540–1980(E)). (b) Time in hours until 1% of surface of specimen is
covered with stain or rust. (c) H2, hydrogen; DA, dissociated ammonia; Vac, vacuum; (d) L. laboratory; Ind. industrial; (e) Proprietary grades of SCM
Metal Products. Source: Ref 1

Table 14 Corrosion properties of sintered steels produced from prealloyed powders (–100
mesh) with different alloy compositions

Sintering,
�C/min Type PRE

Epit(a),
mV SCE

Estp(b),
mV SCE NSS1, h NSS2, h

1120/30/H2 316L 25 500 225 600 8
317L 30 725 725 41500 9
18-18-6(c) 37 275 275 48 4
SS-100(d) 37 575 400 41500 9
17-25-8(e) 42 550 425 41500 9

1250/120/H2 317L 25 500 150 96 7
317L 30 500 350 14 6
18-18-6 37 450 275 50 5
SS-100 37 4800 4800 41500 10
17-25-8 42 675 450 355 8

PRE, Pitting resistance equivalent (%Cr+3.3% Mo+16% N) in wt%; NSS1, time to first sign of corrosion, salt-spray test in 5% NaCl; NSS2, rust rating
after 1500 h of testing where 10=no corrosion and 0= surface half covered with corrosion products. (a) 0.1%CI�, pH 5, 30 �C, 5 mV/min. (b) 0.1%
CI�, pH 5, 30 �C. 25 mV/8 h. (c) 18.3% Cr, 18.3% Ni, 5.6% Mo, 1.7% Cu, 1.3% Sn. 0.78% Si, 0.23% Mn, bal Fe. (d) 20% Cr, 17.0% Ni, 5.0% Mo,
0.75% Si.40.15% Mn, bal Fe. (e) 16.3% Cr, 24.3% Ni, 7.7% Mo, 0.81% Si, 0.25% Si, bal Fe. Source: Ref 14
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the corrosion resistance of sintered 316L stain-
less steels as a function of density (Ref 1, 32). At
low sintered densities, the network of pores,
including boundary oxides and particle bound-
aries, is rather open and discourages the forma-
tion of the occluded cell environment associated
with crevice-corrosion initiation in stainless
steels. At relatively high sintered densities, this
network is tighter and encourages both the
establishment of an aggressive environment
within the crevice and a high potential drop down
the crevice. At very high sintered densities,
crevice-corrosion susceptibility decreases as the
porous network is closed off with increasing
alloy density. Data showing the percentage of

open pores as a function of sintered density and
the resulting time to first rust during salt-spray
exposure are presented in Table 20 (Ref 24).

In the corrosion literature for wrought alloys,
it is well recognized that the aspect ratio of a
crevice (the ratio of its width to its length) is a
critical parameter in the establishment of crevice
corrosion. Figure 46 illustrates that for narrow
crevice gaps, crevice corrosion initiates at
shallow depths, whereas, for wider crevice
gaps, attack initiates deeper within the crevice
(Ref 23). As a result, narrow and/or long
crevices are likely initiation sites for crevice
corrosion. In sintered stainless steels the inherent
porous nature of the material provides a narrow

tortuous electrolyte path that both encourages
crevice-corrosion initiation and sustains its
propagation.

Several changes occur in the occluded cell
environment of a crevice during the initiation
stages of crevice corrosion: oxygen depletion
within the crevice that establishes a separation of
anodic and cathodic sites (where the cathode is
largely outside the crevice and the anode is inside
the crevice), a lowering of the pH of the solution
within the crevice by hydrolysis reactions, and
migration of chloride into the crevice to maintain
charge neutrality. For some of the less heavily
alloyed stainless steels, the reduction in Epit

resulting from the increased chloride con-
centration is enough to initiate crevice corrosion,
as the schematic polarization curve and mixed
potential analysis in Fig. 47 reveal (Ref 33). The
crossover point in the mixed potential analysis
indicates dissolution of the metal within the
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Fig. 31 Small circles of rust around iron particles
embedded in the surface of sintered type 316L

stainless steel after testing in 5% aqueous NaCl. Original
magnification: 35 ·
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crevice via a pitting type of attack. Changes in
the anodic polarization behavior for the stainless
steel within the crevice, resulting from acid-
ification and increase in chloride ion concentra-
tion of the crevice solution, are illustrated in
Fig. 48 (Ref 33).

As the aggressive nature of the crevice solu-
tion increases, icrit, Epp, and ip increase, while Ebd

decreases. A mixed potential analysis of crevice-

corrosion initiation (using the cathodic polar-
ization behavior for the stainless steel in the
environment outside of the crevice and the ano-
dic polarization behavior for the stainless steel in
the environment inside the crevice) is depicted in
Fig. 49 (Ref 33). This analysis reveals that when
the potential drop associated with the tortuous
electrolyte path of a crevice exceeds a certain
value, IR* in this illustration, crevice corrosion is

initiated by active dissolution of the metal in the
crevice. While the mechanisms just described
were proposed for wrought materials containing
intentional or unintentional crevice formers,
such as O-rings or gaskets, they are equally
applicable to P/M materials containing inherent
porosity. In fact, the extremely tortuous path
provided by the pores, oxides, and particle
boundaries in a sintered stainless steel provide
what could be viewed as the ultimate geometry
for establishing and, perhaps, even studying
crevice corrosion. Clearly, by gaining a better
understanding of the influence that processing
parameters play in establishing pore morpho-
logies susceptible to crevice corrosion, it will be
possible to alter pore morphology to discourage
crevice-corrosion initiation.

Another means of altering the susceptibility
of sintered stainless steels to crevice attack is
to alter alloy composition. By altering alloy

Table 15 Effect of binder/lubricant on the
corrosion resistance of sintered 316L
stainless steel in deaerated 1000 ppm Cl
buffered with acetate at 30 �C (pH=5)
The dew point of the gas atmospheres in the furnace was
approximately �30 �C.

Binder(a)
Sintering,
�C/min

Atmo-
sphere

ip,
A/cm2

Epit,
mV SCE

Salt
spray, h

A 1120/20 DA 45 65 20
M 18 230 24
A 1160/45 H2 3 455 30
M 2 400 620
A 1250/30 H2 16 230 24
M 16 230 24
A 1120/30 Vacuum 4 390 500
M 4 380 500
A 1200/50 Vacuum 8 475 560
M 5 425 560
A 1295/30 Vacuum 2 405 240
M 2 500 330

(a) A, Acrawax (ethylene bis-stearamide); M, Metallub (multi-
component). Source: Ref 24

20

Fig. 33 Microstructures of type 316L stainless steel sintered in hydrogen at 1150 �C (2100 �F). (a) Low carbon content.
(b) Excessive carbon content. Both 400 · (original magnification)

(a) (b)

Fig. 35 Cross sections of vacuum-sintered (30 min at 1330 �C, or 2430 �F) type 430L stainless steel. (a) No oxides are
present in grain boundaries after addition of 0.2% graphite. (b) Small, gray, rounded oxide particles in grain

boundaries (no graphite added)
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composition, the hydrolysis reactions respon-
sible for lowering the pH within the crevice can
be influenced, and these changes can be used
to discourage crevice-corrosion initiation, as
Fig. 50 reveals (Ref 32). The enhanced crevice-
corrosion resistance of the 317L and 20Cr-17Ni-
5Mo alloys is attributed to their higher molyb-
denum concentrations. It should be noted that the
addition of molybdenum does not make these
alloys immune to crevice corrosion because it is
possible to initiate crevice corrosion in neutral

pH crevice environments without the presence
of chloride when the aspect ratio of the crevice is
severe enough; it simply makes initiation more
difficult.

Approaches Used to Improve the Corro-
sion Resistance of Sintered Stainless
Steels. A variety of means have been employed
to improve the corrosion resistance of sintered
stainless steels—some of which simply alter the
number of open pores, others are aimed at both

Table 16 Corrosion properties of 316L stainless steel sintered in hydrogen or nitrogen/
hydrogen mixtures

Sintering,
�C/min

Nitrogen
content

in atm, %
Nitrogen,

ppm
icrit(a),
mA/cm2

ip(a),
mA/cm2

Epit(a),
mV SCE

Estp(b),
mV SCE NSS1, h NSS2, h

Ir/Ia(c)
· 1000

1120/30 0 360 10 11 375 100 41500 8 0.0
5 1710 11 11 475 350 41500 9 0.7

10 2100 10 11 525 350 41500 9 7.2
25 5670 330 34 325 225 24 4 28.9

1250/120 0 20 8 10 600 375 990 8 0.0
5 1350 11 9 550 300 864 6 0.0

10 1850 10 12 600 375 240 3 0.1
25 7180 400 160 �25 �25 24 2 390

(a) 0.1% CI�, pH 5, 30 �C, 5 mV/min. (b) 0.1% CI�, pH 5, 30 �C, 25 mV/8h. (c) EPR test in 0.5 M H2SO4+0.01 M KSCN, 30 �C. Source: Ref 14
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Table 17 Influence of heating and cooling
rates on the corrosion resistance of 316L
stainless steel specimens sintered at 1150 �C
in dissociated ammonia

Heating
rate,
�C/min

Cooling
rate,

�C/min

Weight
increase,

mg/g
Result of corrosion test

in 5% NaCl solution

22 22 3.3 Corroded in 1 day
67 67 2.5 Corroded in 1 day
22 100 3 Slight attack in 4 days
5 200 2.9 No attack in 5 days(a)

22 200 3 No attack in 5 days
200 200 2.3 No attack in 5 days

(a) Test continued to 12 days with no attack. Source: Ref 13
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Table 18 Corrosion properties of 316L stainless steel sintered in hydrogen with a dew point
of –35 or –70 �C at different combinations of time and temperature

Sintering,
�C/min

icrit(a), mA/cm2

at dew point:
ip(a), mA/cm2

at dew point:
Epit(a), mV SCE

at dew point: NSS1, h at dew point NSS2, h at dew point

�35 �C �70 �C �35 �C �70 �C �35 �C �70 �C �35 �C �70 �C �35 �C �70 �C

1120/30 150 10 29 11 250 375 36 41500 5 9
1250/30 105 7 20 12 325 325 288 1260 4 8
1120/120 120 10 25 10 325 375 48 1272 5 7
1250/120 83 4 19 9 325 500 24 96 1 7

(a) 0.1% CI�, pH 5, 30 �C, 5 mV/min. Source: Ref 14
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reducing the number of open pores and enhan-
cing passivity of the alloy. These approaches
include the following finishing processes:
tumbling, grinding and shot blasting, passivating
treatments, liquid phase sintering, double press-

ing and sintering, and the addition of alloying
elements, such as copper, tin, and noble metals
(Ref 34).

One group of researchers evaluated the influ-
ence of several finishing processes on the anodic
polarization behavior of P/M 316L stainless steel
in a 0.1 N NaCl/0.4 N NaClO4 solution (ASTM
B 627). As shown in Fig. 51, the investigation
revealed the following results: tumbling likely
smears the pores and is ineffective at improving
corrosion resistance; coining/sizing introduces
residual stresses in the surface of the alloy that
may increase corrosion; grinding, turning, and
shot blasting can seal surface pores and improve
corrosion resistance; and thermal and chemical
passivation processes can alter the thickness and/
or composition of the passive film, thus enhan-
cing corrosion resistance (Ref 3). In another
investigation, thermal passivation in the range of
325 to 500 �C (615 to 930 �F) for 30 min also
showed promise for enhancing passivity, and
thus corrosion resistance, of sintered 316L
stainless steel exposed to a 1 N H2SO4 solution,
as Fig. 52 reveals (Ref 35).

Closing of porosity through operations such as
double pressing and double sintering (DPDS),
while expensive, has been found to significantly
reduce the amount of open porosity and yield

anodic polarization behavior in aggressive acid
solutions similar to that of wrought materials.
Figure 53 shows anodic polarization data for
wrought and hot pressed and hot sintered 316
stainless steel in 1 N H2SO4 (Ref 29). When a
DPDS operation is used, a P/M 316 stainless
steel alloy of nominal composition exhibits a
degree of passivity almost identical to that of
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Table 19 Effect of water-vapor content of
the sintering atmosphere on the corrosion
resistance of stainless steel specimens
sintered at 1150 �C in hydrogen

Water-vapor
content, ppm

Result of corrosion test
in 5% NaCl solution

30 No attack in 8 days
45 No attack in 8 days(a)
90 Rusted after 3 days

110 Stained in 3 h
150 Rusted in 11/2 h

(a) Test continued to 14 days with no attack. Source: Ref 13

Table 20 Effect of sintering temperature and time on the corrosion resistance of sintered
316L stainless steel
The materials were sintered in hydrogen with a dew point of �70 �C

Sintering,
�C/min Open pores, % Nitrogen, % Oxygen, % Carbon, % ip, A/cm2 Epit, mV SCE Salt spray, h

1120/30 17.4 380 2230 250 3.4 383 41500
1250/30 16.3 110 1980 130 3.1 357 41500
1120/240 15.8 70 1640 130 3.0 508 41500
1250/240 13.8 20 450 70 1.8 561 260

Source: Ref 24

Fig. 42 Microstructure of type 316L stainless steel
sintered in a high-dew-point atmosphere.

Oxygen content: 5100 ppm; sintered density: 7.5 g/cm3.
Etched with Marble’s reagent. Original magnification:
200 ·
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wrought 316 (Ref 36). Another, more thorough,
means for reducing or eliminating open porosity
in P/M materials is liquid phase sintering.
Sintering additives such as boron, NiB, BN,
and CrB have been found to be effective in
producing dense microstructures with enhanced
salt-spray corrosion resistance, as Table 22
reveals (Ref 14). Unfortunately, sensitized
microstructures, as evidenced by the high Ir/Ia

ratio listed in Table 22 are a by-product of liquid
phase sintering (Ref 14). Careful development of
liquid phase sintering additives for stainless
steels will be needed in order to produce dense

alloys that are not susceptible to intergranular
corrosion. Injection molding also shows promise
for producing dense P/M alloys with enhanced
corrosion resistance. Figure 54 compares
weight-loss values for injection-molded and
wrought 14-4PH stainless steel as a function of
exposure time in either full-strength chlorine
bleach or a 10% FeCl3 solution (Ref 37). The
injection-molded P/M compacts had densities of
96 to 97% of the wrought density and exhibited
weight losses comparable to those of the wrought
17-4PH stainless steel.

A number of alloying additions or infiltrants
have been explored as means for enhancing
passivity in P/M stainless steels. Among the most
popular are copper and tin. Infiltration of P/M
316L and 304L alloys with either copper or
bronze has been observed to increase corrosion
resistance in boiling and room-temperature acid
solutions (see Fig. 55). As this figure reveals,
similar results were noted for the bronze and

copper in the room-temperature acid, while the
bronze infiltrant gave the best results in the
boiling acid. Enhanced corrosion resistance was
attributed to the elimination of open-connected
porosity and the effect of the alloying. It should
be noted that in both cases the infiltrants diffused
either partially (bronze at all infiltration percen-
tages and copper at the 6% infiltration level) or
totally (copper at 4 and 6% infiltration levels)
into the matrix. When both copper and tin are
prealloyed into the powder, the alloys are mar-
keted with an “LSC” designation. In Table 1 the
beneficial influence of copper alloying additions
in the 316LSC on the corrosion resistance of
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Table 21 Effect of cooling rate on the
corrosion resistance of 316L stainless steel
specimens sintered at 1150 �C in a hydrogen
atmosphere containing 100 ppm water vapor

Heating rate,
�C/min

Cooling rate,
�C/min

Result of corrosion test
in 5% NaCl solution

5 22 Corroded in 2 days
200 67 Attack started after 1 day;

severe attack after 8 days
200 200 No attack after 3 days; slight

staining after 5 days

Source: Ref 13
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316L stainless steel is seen. Additional data
supporting the beneficial influence of copper
alloying additions on hot pressed and sintered
316 stainless steel are provided in Fig. 55
(Ref 38). The improved passivity of the copper-
containing alloys is attributed to its depolarizing
influence on the oxygen reduction reaction.
Depolarization of the cathodic, oxygen-
reduction reaction enables the alloys to passivate
more easily. Figure 56 shows the benefits of
tin additions to the polarization behavior of
316 stainless steel (Ref 39). The addition of
tin decreases the passive and critical current
densities of the hot-pressed specimens by two
orders of magnitude. Improvements in corrosion
resistance, such as the ones just described, led to
the development of copper- and tin-modified
stainless steel powder chemistries, which are
currently being marketed under the trademarks
of Ultra 303L, Ultra 304, and Ultra 316. The
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Table 22 Corrosion properties of liquid phase sintered 316L steels with the addition of
boron-base sintering additives
All stainless steels were sintered at 1250 �C for 60 to 120 min in pure hydrogen.

Additive
Density,

g/cm3 Open pores, %
Estp(a),

mV SCE NSS1, h NSS2, h Ir/Ia · 103

None 6.86 8.2 150 96 7 0.0
0.2% B (�38 mm) 7.83 0.1 500 41500 10 4.4
1% BN (�63 mm) 7.61 0.2 400 762 9 2.5
1% NiB (�38 mm) 7.67 0.1 525 41500 10 3.8
1% CrB (�38 mm) 7.64 0.1 550 41500 10 2.5

(a) 0.1% CI�, pH 5, 30 �C, 25 mV/8 h. Source: Ref 14
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enhanced corrosion resistance of these alloys,
when compared to those of nonmodified 303L,
304L, and 316L, is evident in Fig. 55 and 56.

The improved corrosion resistance for 316LSC
compared to that of nonmodified 316L is
presented in Fig. 57.

As this section has revealed, a number of
processing variables exert a strong influence on
the corrosion resistance of sintered stainless
steels. A listing of the most important variables
and their impact on corrosion performance is
presented in Table 23.

P/M Superalloys

Development of P/M superalloys began in the
1960s with the search by the aerospace industry
(and later the electric power industry) for stron-
ger high-temperature alloys in order to operate
engines at higher temperatures and thus improve
fuel efficiency.

Initially, lower production costs were a major
objective in exploring the P/M approach. Later,
specific advantages were linked to the P/M
approach. These consisted of the use of more
complex and greater volume fractions of dis-
persoids, reduced segregation, improved work-
ability, and the reduced cost of consolidating
superalloy powders, particularly of oxide-
dispersion-strengthened (ODS) superalloys,
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Table 23 Effect of iron, carbon, nitrogen, and oxygen on corrosion resistance of sintered austenitic stainless steels

Variable Origin of problem
Effect on corrosion

resistance Suggested solutions

Iron Contamination of prealloyed powder with iron or
iron-base powder at powder or parts producer’s
facility

Lowering of corrosion resistance by
more than 99% due to galvanic
corrosion

Utmost cleanliness at both powder and parts producer’s manufacturing
facilities, preferably separate and dedicated equipment and facilities

Carbon Inadequate lubricant removal; carburizing sintering
atmosphere soot in sintering furnace; high-carbon
powder

Inferior resistance to intergranular
corrosion

Use L-grade designation of stainless steel powder.

Ensure adequate lubricant removal (before sintering).
Use clean soot-free sintering furnace and carbon-free sintering

atmospheres; carbon content of sintered part should be j0.03%.
Nitrogen Sintering in dissociated NH3 or other nitrogen-

containing atmosphere combined with slow
cooling

Inferior resistance to intergranular
corrosion

Reduce percentage of nitrogen in sintering atmosphere.
Use fast cooling of parts, preferably4150 to 200 �C/min (4270 to

360 �F/min) through critical temperature range (700 to 1000 �C, or 1290
to 1830 �F).

Use higher sintering temperature.
Use intermediate dew points (�37 to �45 �C, or �35 to �50 �F) in

cooling zone of furnace.
Use tin-modified stainless steel powders.

Oxygen Excessive oxygen in powder, excessive dew point of
sintering atmosphere; slow cooling after sintering

Inferior resistance to general corrosion Use low oxygen content powder, preferably52000 ppm.
Control dew point within sintering furnace to ensure reducing conditions.
Fast cooling, preferably4200 �C/min (360 �F/min)
For nitrogen-containing atmospheres, use dew point of �37 to �45 �C

(�35 to �50 �F) in cooling zone.
For sintering in H2, ensure that water vapor content of atmosphere is below

50 ppm.
Density of

sintered part
High sintered density Inferior resistance to crevice corrosion Use lower density to increase pore size and circulation of corrodent. In

acidic environments, corrosion resistance improves with increasing
density due to a decrease of specific surface area.
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through the development of suitable forging
techniques (Ref 40). Efforts are also underway to
exploit the advantages of microcrystallinity and
extended solid solutions of rapid solidification
technology.

Uses and State of Commercialization.
Table 24 summarizes the uses of P/M super-
alloys as components in aircraft engines.
Other uses of P/M superalloys include nuclear
reactors, heat exchangers, furnaces, sour gas
well equipment, and other high-temperature
applications.

Manufacturing of P/M Superalloys. An
important prerequisite for making P/M super-
alloys that possess reliable dynamic properties is
the use of clean powders. Years of intensive
work were spent in identifying and controlling
the problems related to unclean powders. Today,
argon and vacuum (also known as soluble gas
process) atomization, as well as atomization by
the rotating electrode process, are known to be
suitable for producing powders with the required
low oxygen content and low degree of con-
tamination. The so-called prior particle bound-
ary (PPB) problem, that is, the presence of
carbides segregated at PPBs, was solved through
the development of low-carbon alloys. Special
equipment is used for removing ceramic
particles and particles containing entrapped
argon. Some of these problems are minimized or

avoided in ODS alloys made by mechanical
alloying. In mechanical alloying, elemental and
master alloy powders as well as refractory
compounds are mechanically alloyed by high-
energy milling (Ref 42, 43).

Two established powder consolidation tech-
niques for P/M superalloys are hot isostatic
pressing (HIP) and isothermal forging. Both P/M
methods permit the manufacture of so-called
near-net-shape parts with attendant improved
material use and reduced machining costs.
Powder metallurgy forging exploits the
improved forgeability deriving from the higher
incipient melting temperature and reduced grain
size of P/M material. Hot compaction by extru-
sion leads to very fine grain size, improved hot
ductility, and superplasticity.

Depending on the application of a superalloy
part, the powder consolidation process can be
controlled in order to yield either a fine or a
coarse grain size. Fine grain size is preferred for
intermediate temperatures (up to approximately
700 �C, or 1290 �F) because of its higher
strength and ductility at these temperatures. For
high-temperature blade and vane applications,
however, a large grain size (ASTM 1 to 2) pro-
vides superior creep strength due to reduced
grain-boundary sliding. Grain coarsening of
ODS alloys is achieved through special heat
treatments after consolidation (Ref 40).

Compositions and Properties. Table 25
shows the compositions of the best known P/M
superalloys. Many have the same compositions
as cast alloys but are manufactured similarly to
wrought alloys. The important P/M super-
alloys—IN-100, René 95, and Astroloy—were
adapted in the P/M process by reducing their
carbon content and by adding stable carbide
formers to eliminate the problem of PPB car-
bides. To facilitate HIP, alloy compositions
were modified to increase the temperature
gap between the c0 solvus (above which HIP has
to be carried out for increasing grain size) and
the solidus temperature.

Oxidation. Nickel-, cobalt-, and iron-base
superalloys use the selective oxidation of
aluminum or chromium to develop oxidation
resistance (Ref 44). These alloys are therefore
often referred to as Al2O3 or Cr2O3 formers
depending on the composition of the oxide scale
that provides protection. Alloy composition,
surface conditions, gas environment, and crack-
ing of the oxide scale affect the selective-
oxidation process (Ref 44). Figure 58 shows
the development of superalloys in terms of the
progress achieved against high-temperature
oxidation.

Cyclic oxidation causes protective scales of
Al2O3 and Cr2O3 to crack and spall. Regenera-
tion of the scales will eventually result in the
complete depletion of chromium and aluminum.
The length of time for which superalloys are
Al2O3 or Cr2O3 formers under given conditions
is very important because of the subsequent
appearance of less protective oxides.

Figures 59 and 60 show comparisons of the
oxidation resistances of superalloys with and
without oxide dispersions. Many studies have
confirmed the beneficial effect of dispersed
oxides on oxidation resistance. The lower oxi-
dation rates of ODS alloys have been attributed
to the reduced time required to form a continuous
Cr2O3 scale due to the presence of dispersed
oxides, which act as nuclei for oxidation
(Ref 47). Based on marker studies with platinum,
one investigation attributed the beneficial effect
of oxide dispersions to the predominant, inward
diffusion of oxygen ion (O2�) and a slowdown of
the chromic ion (Cr3+) diffusion (Ref 48). The
latter may be caused by the blocking of the dis-
persions in the Cr2O3 scale. With the dispersed
oxides becoming dissolved in the scale, it

Table 24 Aerospace applications of P/M superalloys

P/M superalloy Component Engine
Aircraft/

manufacturer

Reason for using
P/M technology

Cost
reduction

Improved
properties

IN-100 Turbine disks, seals, spacers F-100 Pratt & Whitney X X
René 95 Turbine disks, cooling plate T-700 Helicopter/G.E . . . . . .

Turbine disks, compressor shaft F-404 F-18 Fighter X . . .
Vane F-404 G.E. . . . . . .
High-pressure turbine blade

retainer, disks, forward outer
seals

F-101 . . . X . . .

Astroloy High-pressure turbine disks JTSD-17R . . . X . . .
Turbofan

Merl 76 Turbine disks Turbofan . . . X X
Inconel MA-754 Turbine nozzle vane F-404 F-18 Fighter . . . X

High- and low-pressure turbine
vanes

Selected
engines

. . . . . . X

Stellite 31 Turbine blade dampers TF30-P100 USAF F-111F X . . .
Inconel MA-6000E Turbine blades TFE 731 . . . . . . X

Source: Ref 41

Table 25 Nominal compositions of several P/M superalloys

UNS No. Alloy

Composition, %

C Cr Mo W Th Ti Nb Co Al Hf Zr B Ni Fe V Y2O3

N13100 In-100 0.07 12.5 3.2 . . . . . . 4.3 . . . 18.5 5.0 0.04 0.02 bal . . . 0.75 . . .
. . . René 95 0.07 13.0 3.5 3.5 . . . 2.5 3.5 8.0 3.5 . . . 0.05 0.01 bal . . . . . . . . .
. . . MERL 76 0.02 12.4 3.2 . . . . . . 4.3 1.4 18.5 5.0 0.4 0.06 0.02 bal . . . . . . . . .
. . . AF 115 0.05 10.5 2.8 6.0 . . . 3.9 1.7 15.0 3.8 2.0 . . . . . . bal . . . . . . . . .
. . . PA 101 0.1 12.5 . . . 4.0 4.0 4.0 . . . 9.0 3.5 1.0 . . . . . . bal . . . . . . . . .

N13017 Astroloy M 0.04 15.0 5.0 . . . . . . 3.5 . . . 17.0 4.0 . . . 0.04 0.025 bal . . . . . . . . .
N07754 MA 754 0.05 20.0 . . . . . . . . . 0.5 . . . . . . 0.3 . . . . . . . . . bal . . . . . . 0.6
S67956 MA 956 . . . 20.0 . . . . . . . . . 0.5 . . . . . . 4.5 . . . . . . . . . . . . bal . . . 0.5

. . . MA 6000 0.05 15.0 2.0 4.0 2.0 2.5 . . . . . . 4.5 . . . 0.15 0.01 bal . . . . . . 1.1
R30031 Stellite 31 0.5 25.5 . . . 7.5 . . . . . . . . . rem . . . . . . . . . . . . 10.5 2.0 . . . . . .
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also appears possible that trivalent ions, such
as yttrium (Y3+) and lanthanum (La3+), will
reduce the number of vacant cation sites, thus
lowering the diffusivity of Cr3+.

Dispersed oxides may also improve scale
adhesion because of the thinner scale or because
of increased porosity or smaller grain size in
the oxide scale (Ref 46). It was reported that at
1300 �C (2370 �F) the outer regions of the Al2O3

film of MA 956 (Fe-20Cr-4.5Al-0.5Ti-0.5Y2O3)
became enriched with titanium, giving rise to a
continuous layer of titanium-rich oxide (Ref 49).
Pegging of the oxide by titanium carbide parti-
cles and the irregular metal/oxide interface is
said to contribute to the good spalling resistance
of the alloy.

In oxidation tests in air and in an inert
atmosphere at 1260 �C (2300 �F) for MA
754 (Ni-20Cr-0.5Ti-0.5Y2O3-0.3Al-0.05C),
Ni-20Cr (cast/wrought), and an ODS nickel-

chromium alloy, subsurface porosity was attrib-
uted to the oxidation of chromium and aluminum
(Kirkendall porosity), and thermally induced
porosity was excluded as a cause (Ref 50). This
type of porosity decreases with improving
oxidation resistance of the alloy.

The importance of chromium and grain size
on fatigue crack growth is demonstrated in
Table 26, which lists fatigue crack growth rates
for different alloys. Results of cyclic oxidation
tests at 1100 �C (2010 �F) for MA 956, TD-
NiCr, and Hastelloy X are given in Table 27. The
superior resistance of MA 956 is attributed to a
very stable Al2O3 film and parabolic oxidation
for more than 500 h. Tables 28 and 29 list
sulfidation and carburization resistance data for
MA 956. As in the case of oxidation, the alloy
shows marked superiority to the other alloys
tested. Tables 30 and 31 provide similar data for
alloy MA 6000E (Ni-15Cr-4.5Al-4W-2Mo-2Ta-

2.5Ti-1.1Y2O3) (Ref 51). The functions of the
various alloying elements are:

� Aluminum, titanium, and tantalum for c0

hardening
� Y2O3 for high-temperature strength and

stability
� Aluminum and chromium for oxidation

resistance
� Titanium, tantalum, chromium, and tungsten

for sulfidation resistance
� Tungsten and molybdenum for solid-solution

strengthening

Hot Corrosion. The requirement of hot
corrosion resistance of superalloys derives from
the use of sodium- and sulfur-containing fuels
and the presence of salt in the air necessary for
combustion. Under such conditions, combustion
gases often leave deposits of sulfates or chlorides
with metallic constituents of sodium, calcium,
magnesium, or potassium on the surfaces of
superalloys. The resulting corrosion problems
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Table 26 Relative increase in fatigue
crack growth rates after 15 min at
650 �C (1200 �F)
DK=30 MPa

ffiffiffiffiffi

m
p

(27 ksi
ffiffiffiffiffiffi

in:
p

)

Alloy

Relative increase
in crack growth

rates
Grain

size, mm
Chromium
content, %

René 95 after
HIP+forge

242 50–70 12.8

IN-100 43.4 4–6 12.0
HIP-consolidated

MERL 76
41.5 15–20 12.0

NASA II B-7 335 4–6 8.9
HIP-consolidated

Astroloy
3.3 50–70 15.1

Waspaloy 4.0 40–150 19.3
Astroloy after

HIP+forge
3.5 50–100 14.7

Source: Ref 46

Table 27 Cyclic oxidation resistance of
superalloys at 1100 �C (2010 �F)
504 h test in atmosphere of air containing 5% H2O; tem-
perature cycled between 1100 �C (2010 �F) and room
temperature every 24 h

Alloy

Weight change,
mg/cm2

Metal loss,
mm

Maximum
attack, mmUndescaled Descaled

MA956 0.99 �1.57 2 15
TD-NiCr �4.66 �12.52 20 33
Hastelloy X �11.81 �20.62 50 256

Source: Ref 51
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are particularly severe if these condensed phases
are liquid. Hot corrosion may occur in gas
turbines, boiler tubes, and incinerators. Typically
(and similar to what happens in pure oxidation),
hot corrosion of superalloys occurs in two stages:
a slow rate initiation stage, followed by a
propagation stage of rapid degradation. The
difference, compared to oxidation, is that the
conditions causing hot corrosion simply shorten
the time in which superalloys form protective
Al2O3 or Cr2O3 scales by selective oxidation
(Ref 44). Factors affecting the length of the

initiation stage (at the end of the initiation stage,
the superalloy must be removed from service
because of the start of excessive corrosion)
include alloy composition, alloy fabrication
conditions, gas composition and velocity,
deposit composition and its physical state,
amount of deposit, temperature, temperature
cycles, erosion, and specimen geometry.

When a protective scale dissolves into a liquid
deposit, so-called fluxing reactions can occur
with the appearance of other basic or acidic
nonprotective reaction products. Propagation
may also be caused by components from the
deposit that can accumulate in the deposit or
the alloy and thus cause a nonprotective scale to
form. Chlorine and sulfur produce such effects,
and hot corrosion caused by the latter is known as
sulfidation. Figure 61 shows the temperature
ranges over which the various hot corrosion
propagation modes are important.

Some superalloys corrode in several modes.
For example, hot corrosion of IN-738 proceeds
by alloy-induced acidic fluxing, but is preceded
by other propagation modes, including a basic
fluxing mode. The higher chromium content
alloys IN-738 and IN-939 were developed
to improve the hot corrosion resistance of

Table 30 Sulfidation resistance of
superalloys at 925 �C (1700 �F)
Tested in burner rig with air-to-fuel ratio of 30 to 1; fuel
contained 0.3% S and 5 ppm seawater. Temperature cycle
58 min at temperature, followed by 2 min cool to room
temperature

Alloy
Exposure

time, h
Descaled weight

loss, mg/cm2
Maximum
attack, mm

MA 6000E 312 �11.11 24
IN-100 48 �367.36 169
Alloy 713LC 168 �488.63 328
IN-738C 312 �9.73 28

Source: Ref 51

Table 31 Cyclic oxidation resistance of
superalloys at 1100 �C (2010 �F)
504 h test in air containing 5% H2O; temperature cycled
from 1100 �C (2010 �F) to room temperature every 24 h

Alloy
Descaled weight
change, mg/cm2

MA 6000E �14.12
IN-100 �7.27
Alloy 713LC �22.08
IN-738C �49.51

Source: Ref 51

Table 32 Dependence on carbide microstructure of creep crack growth rates of alloy IN-750
in four environments

Grain-boundary carbide
microstructure

Crack growth rate (da/dt)(a), mm/min

Helium Air
Helium+4%

methane
Helium + 3%

SO2

Blocky 7 · 10�4 1.95 · 10�2 7 · 10�4 1.5 · 10�1

Cellular 1.15 · 10�3 2.6 · 10�3 3.1 · 10�3 1.3 · 10�1

None 7 · 10�4 6.3 · 10�2 7 · 10�4 1.6 · 10�1

(a) K=35 MPa
ffiffiffiffi

m
p

(32 ksi
ffiffiffiffi

in
p

.). Source: Ref 46, 55
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Fig. 63 Comparison of the corrosion resistance of MA
6000 and MA 956 with that of other super-

alloys. Tested in a burner rig for 312 h using a 30-to-1 air-
to-fuel ratio. Fuel contained 0.3% S and 5 ppm seawater,
and specimens were held at temperature for 58 min of each
hour, then cooled 2 min with an air blast. Source: Ref 46
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Fig. 62 Comparison of resistance of alloy IN-738LC in
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B, IN-738LC with Y2O3 dispersion, annealed at 1270 �C
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1100 �C (2010 �F). Source: Ref 40

Table 28 Sulfidation resistance of
superalloys at 925 �C (1700 �F)
312 h test in burner rig with air-to-fuel ratio of 30 to 1; fuel
contained 0.3% S and 5 ppm seawater. Temperature cycle:
58 min at temperature, followed by 2 min cool to room
temperature

Alloy

Weight change,
mg/cm2

Metal
loss, mm

Maximum
attack, mmUndescaled Descaled

MA956 1.04 �0.17 5 18
TD-NiCr �1.69 �11.57 25 129
Hastelloy X �2.25 �6.83 33 132

Source: Ref 51

Table 29 Carburization resistance of
superalloys at 1095 �C (2000 �F)
100 h test in atmosphere of hydrogen containing 2%
methane

Alloy

Weight change,
mg/cm2

Metal
loss, mm

Maximum
attack, mmUndescaled Descaled

MA956 0.07 �0.42 10 10
Incoloy 800 33.74 29.89 132 7615
Aloy 814 0.82 �0.73 13 363

Source: Ref 51
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land-based gas turbines. Carbide stabilization
through tungsten and tantalum additions and
delay of M23C6 formation in service were
expected to allow the large chromium content to
impart improved hot corrosion resistance.
Increasing the chromium and decreasing the
Al2O3, however, lowered c0 solution tempera-
tures and strength, which necessitated the use
of coatings. The use of coatings led to the current
use of enhanced aluminum, that is, carefully
balanced coating alloys (based on nickel, iron,
or cobalt with chromium, aluminum, and
other active elements). Generally, all superalloy
load-bearing parts used at very high
temperatures under dynamic conditions are

coated (Ref 45). Nevertheless, coatings gen-
erally last longer on more corrosion-resistant
base materials.

In a model study, IN-738 was used to
demonstrate the effect of grain size and Y2O3

dispersions on hot corrosion behavior (Ref 52).
Under gas turbine simulated hot gas corrosion
test conditions at 850 and 950 �C (1560 and
1740 �F) (Fig. 62), the presence of a Y2O3 dis-
persion lowered the corrosion rate. At 950 �C
(1740 �F), a finer grain size further reduced the
corrosion rate, which was thought to be mainly
due to a higher diffusion rate of chromium and
aluminum. The effect of the dispersion was
predominant at 850 �C (1560 �F). Reduced

sulfate formation at 850 �C (1560 �F) was
attributed to the likely formation of yttrium
oxysulfide.

In a study of the oxidation and hot corrosion
resistance of P/M LC Astroloy and IN-100,
isostatically pressed samples were found to be
moderately attacked in a sulfate-chloride envir-
onment and heavily corroded by pure sodium
sulfate (Na2SO4) (Ref 53). Heat treatment and
the use of coarse powder (62 to 150 mm for
Astroloy and 88 to 200 mm for IN-100) lowered
the susceptibility to catastrophic corrosion.
Additions of yttrium to IN-100 improved the
corrosion resistance in pure sulfate, but were
detrimental when NaCl was present. Therefore,
yttrium additions to IN-100 cannot be recom-
mended for marine turbines. It was concluded
that in many cases impregnation coatings must
be considered for components made of IN-100
alloys.

As a part of an evaluation of improved alloys
for use in oil and gas drilling at depths of 6100 m
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(20,000 ft), HIP nickel-base alloy Inconel 625
was studied in a simulated deep, hot, sour cell
environment (Ref 54). The alloy demonstrated
resistance to pitting and crevice corrosion,
sulfide stress cracking, chloride stress-corrosion
cracking (SCC), and elevated-temperature
anodic stress cracking. Hot isostatically pressed
Inconel 625 exhibited essentially the same
corrosion resistance as wrought Inconel 625.

Fatigue and Creep Crack Growth. Fatigue
crack growth rates of nickel-base superalloys
measured at frequencies above 0.1 Hz, at inter-
mediate temperatures, and at an intermediate
stress intensity range, DK, were found to be
several times higher than those measured in inert
atmospheres (Ref 55). The buildup of corrosion
products with decreasing DK, however, was
thought to enhance crack closure, thus reducing
the effective stress intensity range and leading to
fatigue thresholds higher than those in inert
environments.

Table 32 shows creep crack growth rates of
IN-750 with various grain-boundary carbide
microstructures (Ref 46, 55). Aggressive envir-
onments (helium+3% SO2 and air) produce
order of magnitude increases over the rates in
inert gas. In general, the reaction of both oxide
dispersoid-free P/M superalloys and cast and
wrought superalloys to aggressive environments
is similar. This suggests that crack growth is
governed mainly by microstructure and alloy
chemistry.

Oxide-Dispersion-Strengthened (ODS)
Alloys. Mechanical alloying has removed many
constraints on the development of new super-
alloys. Many new ODS alloys were designed
specifically for corrosion resistance because
alloying requirements for precipitation
strengthening can be greatly reduced. Superior
creep, corrosion, and erosion resistance at high
temperatures have been claimed to enable the use
of lower-grade fuels (Ref 56). Figures 63 to 66
show the corrosion resistances of ODS alloys
MA 956, MA 6000, and MA 754 compared to
several conventional superalloys.

Coatings for ODS Alloys. As mentioned
previously, for extended high-temperature ser-
vice, superalloys require additional protection
through coatings. The use of aluminide coatings
appears to be unsatisfactory due to the develop-
ment of subsurface Kirkendall porosity and early
spalling of the protective scale. Kirkendall
porosity decreases with increasing aluminum
content of the substrate alloy as well as with
decreasing grain size (Ref 56). Only limited
information exists on the properties of Cr-Al-Y
coatings (Ref 46) and on diffusion barrier coat-
ings (Ref 57–60).
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Corrosion of Amorphous Metals
John R. Scully and Ashley Lucente, University of Virginia

AMORPHOUS, or glassy, metal systems have
been extensively studied since their introduction
(Ref 1) for their unique structural, mechanical,
electronic, magnetic, and corrosion properties
(Ref 2, 3). These alloys can be produced by such
techniques as liquid quenching, molecular
deposition, or external action, and they retain a
disordered structure resembling the liquid. As
such, they have no long-range order. There is,
however, short-range order over a few atomic
distances (as found in the liquid state). Recently,
medium-range order has been investigated. This
has prompted the use of the terms glassy or
vitreous to distinguish them from materials that
are truly amorphous on the atomic scale.

Glassy metals have seen practical applications
that exploit many of these properties, but they are
also interesting as model materials for probing
the influence of atomic structure and chemical
composition on the corrosion process. In the
fully amorphous state, they contain none of the
classical crystalline or chemical defects found in
crystalline solids, such as grain boundaries, dis-
locations, stacking faults, and second-phase
particles, and they are chemically and structu-
rally homogeneous.

Older glassy alloys were produced from two or
more transition metals, for example, copper-
zirconium and nickel-niobium, or from a com-
bination of metals and metalloids, such as iron,
nickel, and chromium containing boron, phos-
phorus, silicon, or carbon. A key aspect of
metallic glasses is the critical temperature for
cooling to retain the amorphous state. Very high
cooling rates (4105 K/s) are often required to
retain the highly metastable glassy state in some
glassy alloys, chiefly those of the metal-metal-
loid compositions. Although the temperature
decrease in quenching from the liquid to the solid
is not large, the rate of heat extraction is very
high and requires at least one dimension of the
resulting alloy to be very small. Because of this
requirement, many binary metal and metal-
metalloid glassy metals produced by liquid
quenching are typically in the form of ribbons,
wires, and filaments. However, so-called bulk
metallic glasses can be produced with much
lower critical cooling rates. Significantly, the
critical glass-formation cooling rates are as low
as 1 K/s in some of these alloys (Ref 2–4). Thus,

three-dimensional structures can be produced
that are entirely amorphous. This new class of
bulk amorphous and partially nanocrystalline-
amorphous alloys has recently been produced
over a broad range of alloy compositions (Ref
3–9). Most are either pseudo-binary or pseudo-
ternary alloys with compositions characterized
as ETM100�x�y LTMxSMy. The meaning of this
notation is: ETM, early transition metal (such as
zirconium, titanium, niobium, yttrium, lantha-
num, scandium); LTM, late transition-metals
elements (such as iron, copper, cobalt, nickel,
manganese); and SM, simple metal (such as
aluminum, magnesium, beryllium) (Ref 4).
These alloys exhibit a large supercooled region
and high glass-forming abilities, indicated by a
large difference between liquidus temperatures
and glass transition temperatures (Ref 2, 10, 11).
The critical glass-formation cooling rates are as
low as 1 K/s in some of these alloys (Ref 4, 6, 7,
12). One implication of such slow critical cool-
ing rates, the low viscosity of the undercooled
liquid state, and lack of a phase transformation
on solidification is that amorphous components
of centimeter-scale dimensions can be fabricated
(Ref 4, 6, 11, 13). Thus, the term bulk metallic
glasses is appropriately applied to such alloys.
These alloys are notably stable when reheated
from the as-quenched condition and can be heat
treated into the undercooled liquid state for
fabrication of complex shapes using injection
molding technologies used for polymers
(Ref 4, 6).

Zirconium-, magnesium-, and aluminum-base
amorphous-nanocrystalline alloys have been
reported that exhibit excellent specific strengths
(Ref 14–19) and other interesting properties (Ref
20, 21). In the 1980s, high-strength bulk mag-
nesium alloys of the type Mg-TM-RE (TM,
transition metal, such as nickel, copper, or zinc;
RE, rare earth metal, such as yttrium, cerium, or
neodymium) were developed (Ref 22). These
alloys offer the possibility of superior strength
with good corrosion resistance. Corrosion resis-
tance in a magnesium alloy represents a grand
challenge that could possibly be accomplished
via the formation of a homogeneous single-phase
system with alloying elements that either pro-
mote passivity in neutral and acidic environ-
ments or increase resistance to local halide-

induced corrosion. Amorphous alloys offer this
possibility.

The formation of an amorphous single phase
in aluminum-base alloys having more than 50
at.% Al was also reported (Ref 23). As-spun Al-
Fe-Si, Al-Fe-Ge, and Al-Mn-Si alloys containing
an amorphous structure were discovered (Ref 24,
25). These very brittle amorphous alloys were
followed by the discovery of amorphous Al-Ni-
Si and Al-Ni-Ge systems with good ductility in
bending (Ref 26). Since the discovery of the
ductile aluminum-base amorphous alloys, a
number of ternary amorphous alloy systems—
Al-IV-V group TM, Al-VII and VIII group TM
(Ref 27, 28), Al-RE-VII* and VIII group TM
(Ref 5, 16), and Al-RE binary alloys (Ref 5, 29,
30)—have been investigated. Recently, the
glass-formation mechanism of aluminum-base
alloys has been studied extensively by various
techniques (Ref 31–34). One of those showed the
formation of ductile aluminum-base metallic
glasses without RE elements, starting from a
ternary eutectic composition of Al75Cu17Mg8.
A fully amorphous structure was achieved in this
alloy when 2 to 8 at.% Ni was added.

Synthesis of Metallic Glasses

A critical rate of cooling exists that separates
glass forming and crystal forming. Forming
amorphous metals by quenching from the liquid
phase generally requires cooling rates on the
order of 105 to 106 K/s (Ref 35). Recent advances
in the production of bulk metallic glasses have
reduced this rate by orders of magnitude. An
example is Zr-Ti-Be, where a critical cooling
rate as low as 1 K/s has been achieved (Ref 36).
Techniques for producing glassy metals can be
divided into three main groups (Ref 37).

Liquid phase quenching involves rapid
solidification from the melt under a particular set
of conditions, such as cooling rate and sample
dimensions, that precludes the formation of
the stable equilibrium structure. This is achieved

*Rare earth elements include the group 1 to 5 lanthanides plus
lanthanum. Scandium and yttrium are often included for
practical reasons. Refer to periodic table in the Reference
Information of this Volume.
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by producing a cooling rate greater than the
critical cooling rate required to reach the glass
transition temperature prior to crystallization.
This includes thermal spray methods (Ref 35,
38, 39).

Atomic or molecular deposition involves
growth from the vapor phase, such as chemical
and physical vapor deposition and sputtering, or
from a liquid phase, such as electroless deposi-
tion (Ref 40) and electrodeposition, to form the
desired alloy. These techniques have higher
effective cooling rates than liquid quenching
processes; therefore, they allow the formation of
glassy alloys that cannot be produced by rapid
liquid quenching.

External action techniques are a third set of
techniques that rely on such procedures as
mechanical deformation, irradiation, and cold
spray methods to form the metastable glassy
alloy. Ion implantation, ion beam mixing, and
laser pulsing, for example, can produce amor-
phous surface layers on bulk crystalline sub-
strates. The latter two groups of techniques—
molecular deposition and external action tech-
niques—have the advantage of being able to
produce considerably thicker alloys, but they
typically require considerably more time for
completion of the process. Research on glassy
alloy corrosion in the past few years has expan-
ded to include developing means for using these
alloys in practical applications. Therefore,
research has accelerated in such areas as laser
surface remelting (Ref 41, 42), ion implantation
(Ref 43), sputter deposition, electrodeposition,
and chemical vapor deposition. See, for example,
the articles “Surface Modification Using Energy
Beams” (ion implantation and laser surface
processing are discussed) and “CVD and PVD
Coatings” in ASM Handbook, Volume 13A,
2003.

Devitrification and Structural
Relaxation

When subjected to elevated temperatures,
devitrification will occur in many metallic glas-
ses, which results in changes in properties. The
glass transition temperature is, of course, a
function of the alloy composition; therefore,
some alloys are suitable for use at temperatures
substantially above ambient. A variety of
microstructures can be formed in partially
devitrified metallic glasses, depending on the
details of the metallurgical processes. Devitri-
fication of an amorphous alloy can proceed by
several routes, including primary crystallization,
eutectoid crystallization, and polymorphous
crystallization (Ref 44, 45). Figure 1 shows a
free-energy versus composition diagram that
summarizes many of the devitrification routes
that are possible when a fully amorphous alloy is
heated.

Regardless of the exact devitrification route,
the equilibrium-stable final crystalline state in
many cases consists of a solute-lean, crystalline

a phase in equilibrium with one or more solute-
rich intermetallic phases, such as b and c, as
shown in Fig. 1. Polymorphous crystallization,
indicated by the arrow labeled “c” in Fig. 1, is a
relatively rare case in which the transformation
from the glass phase to a crystalline phase occurs
without a change in composition. Eutectoid
crystallization occurs when two crystalline pha-
ses of substantially different compositions grow
simultaneously within the amorphous matrix.
This devitrification path is indicated with the
arrows labeled “b” in Fig. 1. Primary crystal-
lization occurs when isolated solute-lean crys-
tals, often of nanometer dimensions, grow in a
remaining amorphous matrix, as shown by the
arrow labeled “a” in Fig. 1. Such nanocrystals are
typically enriched in the majority alloying ele-
ment, adapt the crystal structure of this alloying
element, and reject solutes that may be beneficial
to the corrosion resistance. The rejected solute
is concentrated in the remaining amorphous
matrix, and compositional gradients are possible
at the matrix-nanocrystal interface. Such
amorphous-nanocrystalline alloys often exhibit
a high density of nanocrystals, on the order of
1022/m3, that can comprise 40 vol% of the
composite alloy. Hence, nearly 40% of the sur-
face area of amorphous-nanocrystalline alloys
may also consist of majority alloying element-
rich sites of nearly random orientation with a
lattice parameter close to that of the bulk
majority element. Notably, such amorphous-
nanocrystalline composite alloys exhibit greater
specific strengths than conventional poly-
crystalline alloys (Ref 17, 19). However, these
materials differ from fully nanocrystalline
materials with nanometer grain sizes in at least
three respects:

� Isolated crystals embedded in an amorphous
matrix lack grain-boundary triple points with
their associated defective structure.

� The remaining amorphous matrix surround-
ing a nanocrystal can collect slowly diffusing
solute that is rejected from newly formed
nanocrystals.

� The crystalline phase does not form a con-
tinuous path through the material.

In addition, relaxation of glasses can occur
when quenched glasses are heated below the
glass transition temperature, Tg, and the dynamic
recrystallization temperature. Relaxation of the
quenched glass toward a more ideal form can
result in topological and compositional short-
range ordering (Ref 46) that can change corro-
sion properties at the nm scale (Ref 47). Struc-
tural and compositional relaxation of amorphous
materials is well known and produces structural
and compositional changes in a glass phase (Ref
48). The coordination number (CN) and short-
range order (SRO) of amorphous solid metals
and even liquid metals are often dictated by
the CN of the majority (host) atom in the
crystalline state (Ref 1). For instance, amorphous
palladium-silicon alloys have a CN of 11.6
instead of 12 as in face-centered cubic (fcc)

palladium, and the average distance of neighbors
is 0.28 nm instead of 0.275 nm (Ref 1). There-
fore, the arrangement is not completely random,
and SRO exists. Molecular dynamics studies also
show that melt temperature, quench rate, and
annealing can lead to the formation of clusters of
atoms in the amorphous state, giving rise to a
medium-range order as well as the aforemen-
tioned SRO (Ref 49). Annealing of amorphous
nickel has led to the formation of tetrahedral
clusters within the amorphous state. X-ray
absorption fine structure methods have been used
to compare as-quenched, glassy Al91La9 to both
annealed counterparts and the final crystalline
phase La3Al11 (Ref 50). Coordination, disorder,
and lattice parameter change with annealing of
the amorphous phase. Moreover, compositional
and structural SRO has been observed in ternary
amorphous alloys on annealing of as-quenched
amorphous alloys. In the case of Fe-Ni-B alloys,
chemical nonuniformity in the bulk amorphous
matrix was observed on the nanometer scale, and
development of mechanical brittleness was
attributed to this phenomenon (Ref 51). In Fe-Ni-
P-B alloys, when the spatial distributions of
nickel and iron are changed, magnetic properties
are significantly altered (Ref 52). Short-range
order and clustering of aluminum and iron were
observed in aluminum-rich metallic glasses with
a substructure substantially different from
random packing (Ref 31, 53). The change in
nearest-neighbor atomic environment and lattice
parameter can change electrochemical proper-
ties (Ref 54). Global electrochemical kinetics
were altered by chemical heterogeneity during
relaxation of Ni-Pd-Si glasses (Ref 55). Nan-
ometer-scale corrosion-induced porosity of the
amorphous substrate was observed on a heat
treated amorphous-nanocrystalline Al-Ni-Y
alloy in an acidic environment that destabilized
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Fig. 1 Hypothetical free-energy curves for a metallic
glass alloy indicating a glass phase as well as

three distinct crystalline phases. The arrows indicate
hypothetical devitrification paths: (a) primary, (b) eutec-
toid, and (c) polymorphous. The eutectoid devitrification
route could be characterized by equilibrium between
either a solute-lean a phase and a solute-rich metastable
phase or a solute-rich equilibrium phase. A final equili-
brium structure may be characterized by equilibrium
between a solute-lean and a solute-rich phase. Source:
Adapted from Ref 45
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protective passive oxide films (Ref 47). Such
behavior was not observed in the as-quenched
version of the same amorphous alloy, which
resisted depassivation and porosity development
in the same solution. However, global electro-
chemical properties, such as resistance to
micrometer-sized pit formation and stabiliza-
tion, were not degraded in both Al-Ni-Y and
Al-Co-Ce alloys when the as-quenched structure
was relaxed (Ref 47, 56).

Mechanisms of Corrosion Resistance

Many glassy metals exhibit extremely good
corrosion resistance, but there is controversy
over the exact mechanism(s) responsible for
such improvement over crystalline counterparts.
There are several possibilities for explaining the
difference in corrosion behavior between amor-
phous and crystalline metals. The good corrosion
resistance of single-phase glasses is often
attributed to structure, composition, as well
as structural and compositional homogeneity.
Glassy metals are free from such defects as the
grain boundaries and second-phase particles that
are present in crystalline metals. Corrosion often
occurs preferentially at such defect sites; there-
fore, glassy metals may be expected to exhibit
better corrosion resistance than crystalline
alloys. The galvanic corrosion associated with
chemical inhomogeneities, such as second-phase
particles, is also impossible in glassy metals.
Because dissolution occurs preferentially at
active sites, including kinks, ledges, steps, and
grain boundaries, and because there are fewer
long-range defects in an amorphous alloy, a
lower exchange current density may be expected
for metal dissolution in the case of amorphous
alloys. It is also possible that defects such as
grain boundaries, second-phase particles, and
other structural defects serve as initiation sites
for localized corrosion such as pitting. Accord-
ing to this theory, the so-called weakest-link
defect is responsible for pit formation (i.e.,
initiation and growth of pits to the micrometer-
sized scale). The notion of a weak link at a cri-
tical defect that is responsible for pit initiation is
a popular theory in local corrosion. The theory
even applies to crystalline solid-solution alloys
such as fcc stainless steels, where good pitting
resistance is attributed to chromium and
molybdenum in solid solution, and weakened
corrosion resistance is attributed to inclusions
(Ref 57). Such alloys suffer from reduced pitting
resistance when pit initiation sites, such as
Mn(Fe,Cr)S inclusions, are large (Ref 58).
Indeed, pitting corrosion resistance is enhanced
when such inclusions are small or even elimi-
nated from body-centered cubic (bcc) or fcc
solid-solution alloys without the need for the
presence of an amorphous structure (Ref 59). For
instance, the pitting resistance of an Fe-Cr-Ni
alloy was increased enormously when high-
purity crystalline Fe-Cr-Ni alloys were sputter

deposited from a type 304 stainless steel target
(Ref 60).

Another theory links the improved resistance
of amorphous alloys to their ability to promote
amorphous oxide formation. In high-temperature
gas, vitreous or amorphous oxides offer im-
proved oxidation resistance due to the absence of
oxide grain boundaries, which provide a rapid
diffusion path for concentration-gradient-driven
ion movement (Ref 61, 62). In the case of metal
passivity in aqueous solutions, ion transport is
mostly driven by the electric field across the
oxide film. The lack of oxide grain boundaries
may lower ion migration rates, rendering the
passive film more protective (Ref 61–63). The
rapid transport and accumulation of cation
vacancies at the oxide/metal interface is one
theory accounting for oxide breakdown (Ref 64).
Moreover, vitreous oxides on amorphous alloys
perform well due to enhanced bond flexibility,
because the vitreous or amorphous material can
rearrange to accommodate lattice mismatch and
strain between the oxide and the metal (Ref 63,
65). As a result of this flexibility, almost all
surface atoms can bond with oxygen or OH�

without requiring an optimal epitaxial relation-
ship between the ordered metal substrate and
oxide. Intolerable changes in oxide/metal misfit
strain with halide incorporation is another theory
accounting for the rupture of protective oxide
films on metals (Ref 66). The improved corro-
sion resistance associated with the addition of
18% Cr to crystalline iron is attributed, in part, to
a change in the protective oxide structure from a
well-oriented spinel structure at 0 to 12% Cr to a
noncrystalline structure at 18% Cr (Ref 63). This
disordering has been shown by low-energy
electron diffraction (Ref 67) and scanning tun-
neling microscopy (Ref 68). A retardation in
ionic transport may occur, because noncrystal-
line films have fewer defects or grain boundaries
to enhance ionic movement. In summary, desir-
able amorphous oxide/amorphous alloy proper-
ties include defect minimization, film ductility,
bond flexibility, and efficient, rapid film repas-
sivation, which all contribute to the enhanced
corrosion resistance (Ref 63, 65).

An alternative explanation for improved cor-
rosion resistance is linked to the ability of these
metastable alloys to form supersaturated solid
solutions in one or more alloying elements. Such
compositions may not be accessible by conven-
tional ingot metallurgy processes. In some binary
alloys, the corrosion resistance of the solid
solution takes on the excellent corrosion prop-
erties of the most resistant element, assuming it
is present in sufficient concentration. For
instance, polycrystalline aluminum may be
alloyed with transition metals to supersaturated
solid-solution concentrations exceeding equili-
brium solubilities. This has been a successful
approach for improving localized corrosion
resistance (Ref 69–73). Here, the native oxide
formed on crystalline aluminum is already
amorphous, and the main benefits of nonequi-
librium alloying derive from two broad concepts.
Alloying elements available in solid solution

may be incorporated into the oxide film to
enhance its resistance to halide chemisorption
and/or penetration (Ref 69, 71). Alternatively,
alloying elements in the underlying metallic
substrate may reduce pit dissolution rates as a
function of electrochemical potential (Ref 73),
increase the severity of critical depassivating pit
solutions, or result in oxidized solute with lim-
ited solubility in the pit environment. An inter-
esting variation of the effect of alloying on
corrosion properties surrounds the possible
effects of solute on cathodic properties. A metal-
metalloid glassy metal typically contains of the
order of 20 at.% metalloids. The exchange cur-
rent density for proton or water reduction reac-
tion may be lower on the metalloid surface than
on the metal. If it is assumed that the anodic
kinetics do not change with metalloid additions,
the Evans diagram predicts a decrease in corro-
sion current (icorr) and a more active corrosion
potential (Ecorr).

Regarding structure, slight changes in the
lattice parameter and coordination number for a
metal in an amorphous state compared to its
crystalline counterpart could theoretically
induce large changes in electrochemical prop-
erties relevant to corrosion. For instance, amor-
phous palladium-silicon alloys have a
coordination number of 11.6 instead of 12 as in
fcc palladium, and the average distance of
neighbors is 0.28 nm instead of 0.275 nm
(Ref 1). The change in nearest-neighbor atomic
environment and lattice parameter may change
electrochemical properties. For instance, the
kinetics of the oxygen reduction reaction change
with platinum lattice parameter (Ref 54).

Thus, the effect of the amorphous structure,
the chemical and structural homogeneity, and the
possibility of forming unique chemical compo-
sitions not typical of near-equilibrium crystalline
alloys must all be considered as factors that could
affect the corrosion properties of metallic glas-
ses. Unfortunately, structure cannot be changed
independent of composition in most metallic
glasses, and compositions cannot be varied over
a broad range while still maintaining a fully
amorphous state. These issues have long been an
obstacle to more complete mechanistic under-
standing of metallic glass corrosion behavior.

Corrosion Behavior of Fully
Amorphous and Partially Devitrified
Metallic Glasses: A Historical
Review

The first published information on the corro-
sion behavior of metallic glasses appeared in
1974 (Ref 74), and it concerned the Fe-Cr-P-C
alloy system. Figure 2 shows the corrosion rates
of Fe70Cr10P13C7 and Fe65Cr10Ni5P13C7 metallic
glasses and a typical type 304 stainless steel in
hydrochloric acid (HCl) of various concentra-
tions at 30 �C (85 �F). It also includes data from
Ref 75 obtained under similar test conditions.
The corrosion rates, calculated from gravimetric
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measurements, were relatively large for the
stainless steel because of pitting attack, but the
rates for the metallic glasses were so low that
they could not be detected even after immersion
for 168 h. This early work illuminated the dis-
tinct differences in corrosion behavior between
crystalline stainless steel and iron-base metal-
metalloid glasses.

Other early research includes work that
appeared in 1976 (Ref 76, 77). Figure 3 shows
the relative corrosion rates in 1 N sodium
chloride (NaCl) of crystalline iron-chromium
alloys as compared to those of glassy
Fe-CrxP13C7 alloys, where x ranges between 2
and 10 at.%. The corrosion rates of the crystal-
line alloys were approximately 0.6 mm/yr
(24 mils/yr) and were largely unaffected by
chromium content as a result of pitting corrosion.
Conversely, the glassy alloys exhibited a sharp

decrease in corrosion rate with increasing chro-
mium content, with an undetectable rate occur-
ring above 8 at.% Cr. Pitting did not occur on the
glassy alloys, even those with only a few atomic
percent of chromium.

In another study, the anodic polarization
behavior of glassy Fe25Ni40Cr15P16B4 and
Fe40Ni40P16B4 alloys was compared in sulfuric
acid (H2SO4) with and without NaCl additions.
The presence of chromium facilitated passiva-
tion over a broad potential range. Thermal
crystallization of the metallic glasses caused the
corrosion rates during anodic polarization to
increase sharply, especially in the presence of
chloride ion (Cl�). It was concluded that crys-
tallization probably decreased corrosion resis-
tance by introducing chemical and structural
heterogeneities into the alloys.

Studies such as those summarized previously
emphasized the excellent resistance to uniform
and localized corrosion that could be obtained
with certain types of metallic glasses. Results of
these studies stimulated additional research into
broader compositional ranges. Research during
the late 1970s focused primarily on the transition
metal-metalloid compositions, although some
work was also initiated on metal-metal systems,
such as copper-zirconium. Regarding the former
compositional class of glassy alloys, research
addressed the effects of phosphorus, boron, sili-
con, and carbon, which are added to stabilize the
glassy structure.

These additive elements strongly influence the
corrosion behavior of glassy alloys, as shown in
Fig. 4 for Fe70Cr10B13X7 and Fe70Cr10P13X7

alloys (Ref 78). Specifically, in acidic solutions,
the corrosion rates of the alloy system containing
phosphorus as the major metalloid are 2 orders of
magnitude lower than those of the alloy system
with boron as the major metalloid. In addition,
the corrosion rate of the glassy iron-chromium
alloy progressively decreased by the addition of
silicon, boron, carbon, and phosphorus in 0.1 N
H2SO4. The addition of chromium without
phosphorus to the glassy alloys is relatively
ineffective in reducing corrosion rates, as evident
from the Fe70Cr10B13C7 and Fe70Cr10B13Si7
alloys. Thus, phosphorus was identified as the
single most effective metalloid element among

phosphorus, carbon, silicon, and boron for
improving the corrosion resistance of glassy
iron-base alloys containing chromium. The
combination of metalloids that is most effective
in providing corrosion resistance in glassy iron-
chromium alloys is phosphorus and carbon.

It was also recognized that the corrosion
behavior of glassy alloys is strongly influenced
by additions of metallic elements, especially
those that form films on the alloy surface, that is,
film-former additions. Figure 3 shows an early
example of the strong beneficial effect of chro-
mium additions to an iron-base glassy alloy. The
effect of chromium content on the corrosion rates
of glassy Ni-Cr-P15B5 alloys in 10% ferric
chloride (FeCl3) is apparent in Fig. 5, which
shows that an undetectably small corrosion rate
was attained with 7 at.% Cr (Ref 79). A large
variety of other metal additions have also been
investigated. For example, such elements as
titanium, manganese, niobium, vanadium, tung-
sten, and molybdenum can benefit the corrosion
resistance of Fe-Cr3P13C7X alloys in 1 N HCl
(Ref 80).

Corrosion research involving metal-metalloid
systems soon led to research with metal-metal
glasses. One study characterized the corrosion
behavior of copper-zirconium and copper-
titanium alloys in H2SO4, HCl, HNO3, and
NaOH (Ref 81). In all of the solutions except
NaOH, the crystalline and glassy copper-
titanium alloys exhibited corrosion rates lower
than those of pure copper, and in all cases, the
corrosion resistance of the glassy alloy was bet-
ter than that of the crystalline alloy. The glassy
alloys in these compositional systems are not
unusually corrosion resistant; in fact, neither the
crystalline nor glassy forms of the alloys were
more corrosion resistant than pure titanium or
pure zirconium. This fact suggests that the cor-
rosion resistance of the glassy alloys is the result
of the presence of the passivating element (tita-
nium or zirconium), not the presence of the
glassy state. In another investigation, several
alloys in the copper-zirconium system were
examined in H2SO4 electrolyte (Ref 82). It was
shown that the copper-zirconium alloys
remained resistant to corrosion regardless of
whether they were devitrified to a single-phase or
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a multiphase equilibrium microstructure; how-
ever, the glassy state was approximately 20%
more corrosion resistant than the devitrified
state.

Since the early work with iron-base metal-
metalloid glasses, the field of study has been
extended to include many alloy systems. The
effect of metalloid additions on corrosion beha-
vior is reasonably well characterized, and the-
ories have been proposed to explain the
beneficial effect of phosphorus on corrosion
(Ref 78). The influence on corrosion behavior of
a wide variety of other elemental additions is
continuing to be evaluated, and many such
additions increase corrosion resistance. Strong
effects are seen by the classical film formers,
such as chromium, titanium, and molybdenum,
but alloying elements that raise pitting potentials
may operate by lowering active dissolution rates
or other means.

General Corrosion Behavior of All
Classes of Amorphous Alloys

Glassy alloys can be grouped into three major
categories with intrinsically different corrosion
behaviors. The first group includes the transition
metal-metal binary alloy systems, such as cop-
per-zirconium, nickel-titanium, and nickel-nio-
bium, as well as binary alloys in the aluminum-
refractory metal and Al-TM type. The second
class consists of TM-metalloid alloys. These
alloys are usually iron-, nickel-, or cobalt-base
systems, may contain film formers (such as
chromium and titanium), and normally contain
approximately 20 at.% P, B, Si, and/or C as the
metalloid component. The third group of alloys
studied includes the recently developed ETM-
LTM-SM, SM-TM-RE, and assorted SM-TM-X
alloys. These alloys can contain a RE and/or TM
and SM elements. The grand challenge with

respect to general corrosion is to impart passivity
to active metals (i.e., magnesium), improve or
extend the range of environments where passiv-
ity is seen (i.e., aluminum), and lower passive
dissolution rates.

Transition Metal-Metal Binary Alloys.
Research in the transition metal-metal systems
indicates that corrosion resistance is sometimes
determined by the behavior of the more corro-
sion-resistant component of the alloy. For
example, in an investigation of the corrosion
behavior of copper-zirconium alloys, the poten-
tiodynamic polarization behavior of the alloys
exhibited characteristics of both components,
but the corrosion resistance of the alloy was
not superior to the more passive material
(zirconium) (Ref 83). Other alloys, including
copper-titanium, copper-zirconium, and nickel-
titanium, have demonstrated that the corrosion
behavior of the transition metal-metal class
of glassy metals is also determined almost
completely by the more corrosion-resistant
component. Thus, the corrosion resistance in
some transition metal-metal alloy systems is
apparently the result of the presence of a key
passivating element in substitutional solid
solution, not the glassy structure.

The work on copper-zirconium also examined
the effect of alloy structure (Ref 83). By choos-
ing the proper alloy composition (Cu60Zr40), the
researchers devitrified the glassy alloy to a sin-
gle-phase Cu10Zr7 and found a slight improve-
ment in corrosion resistance when the material
was in the glassy state. They worked with a series
of copper-zirconium alloys and found that whe-
ther or not the alloy forms a single-phase or
multiphase alloy on devitrification has very little
effect on the general corrosion resistance. This
leads to the conclusion that, at least in this alloy

system, structure plays a secondary role in
establishing general corrosion resistance. Local
corrosion resistance was not investigated.

In other cases, the corrosion performance of
amorphous binary alloys is superior to that of
their component crystalline elements. Alloys
such as chromium-niobium (Ref 84), chromium-
titanium (Ref 85), chromium-zirconium (Ref
84), and chromium-tantalum (Ref 84) showed
general corrosion rates in HCl solutions lower
than those of both pure elements. An interesting
point is that some alloying additions decrease the
general corrosion rates regardless of the micro-
structure. For example chromium-tantalum and
chromium-niobium alloys can be produced over
a range of compositions, but only certain inter-
mediate compositions form a homogeneous
amorphous alloy. Corrosion resistance increases
with tantalum additions regardless of structure,
as shown in Fig. 6. For instance, Cr-89Ta and
Cr-81Zr, which form supersaturated solid-
solution single-phase crystalline alloys because
the solute concentration is beyond the amor-
phous range, both showed a corrosion rate
similar to what was seen for the fully amorphous
alloys with slightly less solute. This again sug-
gests that it is the composition and homogeneity
of the supersaturated solid solution, not neces-
sarily the amorphous structure, that improves the
general corrosion resistance of many amorphous
alloys. This behavior should be compared with
the case of local corrosion where local non-
uniformities at a critical size play a key, if
not dominant, role in determining corrosion
resistance.

Transition Metal-Metalloid Alloys. The
second class of glassy alloys consists of
TM-metalloid elements. This family includes
iron-, nickel-, and cobalt-base alloys containing
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combinations of phosphorus, boron, carbon, and
silicon as the metalloid constituents. These
alloys can be formed as binary systems, such as
nickel-phosphorus and iron-boron, or they may
be considerably more complex, such as Fe-Ni-
P-B quaternary systems. In addition to the base
metal, they often contain appreciable con-
centrations of film formers to promote passivity,
for example, the Fe-Ni-Cr-P-B system. They
derive their corrosion resistance from the same
type of processes as crystalline alloys, namely
the development of a passive film. The sig-
nificant difference between corrosion-resistant
glassy alloys and their crystalline counterparts,
such as stainless steels, is that the level of chro-
mium necessary to promote passivity can be
considerably less in the glassy alloys.

Figure 3 shows a comparison between the
corrosion rates of crystalline iron-chromium
alloys and amorphous Fe-Cr-P-C alloys as a
function of chromium concentration. At low
chromium levels, the amorphous alloy corrodes
at a higher rate than the crystalline material.
However, at slightly higher chromium levels
(4 at.%), there is a significant decrease in the
corrosion rate of the glassy alloy, but the crys-
talline material is essentially unchanged. At an
intermediate level of 8 at.% Cr, no corrosion of
the glassy alloy was detected by weight loss
experiments after immersion for 168 h. It was
also found that the concentration of HCl, which
has a profound effect on corrosion behavior of
crystalline alloys, had no effect on corrosion of
the glassy Fe-Cr-P-C or Fe-Ni-Cr-P-C alloy
systems, which exhibited no weight loss after
exposure for 168 h (Ref 76).

Figure 7 shows the effect of chromium con-
centration on the corrosion behavior of iron-,

nickel-, and cobalt-base alloys. In all cases, the
corrosion rate decreases with increasing chro-
mium concentration and becomes vanishingly
small at some level of chromium. In addition, the
Fe-Cr-P-C alloy system, which exhibits the
highest corrosion rate at low chromium contents,
exhibits no weight loss in immersion tests with a
chromium concentration as little as 8 at.%. This
behavior supports the theory that, when an alloy
contains a strong film former, the higher the
initial reactivity of the alloy, the more rapidly the
film former can be accumulated at the interface,
and the more rapid the rate of passivation (Ref
80). The corrosion behavior of nickel-base
(Ref 79) and cobalt-base (Ref 87) glassy alloys
is very similar to that of the iron-base systems,
and it is also a strong function of chromium
concentration.

In one investigation, ion implantation was
used to make glassy Fe-Cr-P alloys in which the
chromium level varied from 6 to 18 at.% (Ref
88). An interaction between chromium and
phosphorus was observed, which suggests a
mechanism for the passivation of these amor-
phous alloys. Specifically, at low chromium
levels, phosphorus implantation degrades pas-
sivity and induces pitting. At high chromium
concentrations, there is a slight improvement in
passivation, although the crystalline and amor-
phous alloys are both spontaneously passive
and exhibit current densities of the order of
1 mA/cm2. However, at intermediate chromium
levels (8 to 10 at.%), there is a profound benefit
from the phosphorus implantation. At these
intermediate levels, there is a decrease in current
density relative to the unimplanted alloy, namely
4 orders of magnitude for the Fe-Cr10P alloy.
In fact, the Fe-Cr10P alloy exhibits current decay

characteristics similar to an Fe-18Cr crystalline
alloy. This research indicates that there is a cri-
tical chromium concentration required to pro-
vide passivity and that below this level, the
combination of phosphorus and the amorphous
structure increases the initial dissolution rate.
Also, below the critical chromium level, there is
insufficient chromium for passivation; therefore,
pitting is observed. Above this critical chromium
concentration, phosphorus and the glassy struc-
ture increase the initial dissolution rate, cause a
rapid accumulation of chromium in the passive
film, and result in an increased rate of passiva-
tion.

One study examined the influence of alloying
elements on the corrosion behavior of iron-
chromium-base alloys (Ref 86). Figure 8 shows
current decay transients for glassy Fe70Cr10

B13X7 alloys (X is silicon, carbon, or phosphorus)
that were polarized in the passive region and
abraded under potentiostatic control to produce
the repassivation transients. The glassy alloy
containing phosphorus exhibited the highest
initial current, the most rapid repassivation
kinetics, and the lowest passive current density.

Thus, the most effective elements in providing
corrosion resistance are chromium and phos-
phorus. Published concepts concerning chro-
mium and phosphorus appear to be consistent
with existing data, but the relative effects of
structure and composition on corrosion behavior
remain to be quantified.

Amorphous SM-TM-RE Alloys and Other
SM-TM-X Alloys. The general corrosion beha-
vior of a variety of Al-TM-RE alloys has been
investigated in acidic and basic solution over a
range in pH values. In both Al-Fe-Gd and Al-Co-
Ce alloys, the passive dissolution rate of the fully
amorphous alloy was slightly faster in aqueous
solutions of acidic pH than in the case of pure

Fe-Crx B20

Co-Crx B20

Ni-Crx B20

Co-Crx P13B7

Fe-Crx P13C7

Ni-Crx P20

0
0

0.005

0.01

0.1

C
or

ro
si

on
 r

at
e,

 m
m

/y
r

1

10

100

1000

10 20 30

Chromium content (x), at.%

40 50 60
0

0.4

4.0

C
or

ro
si

on
 r

at
e,

 m
ils

/y
r

40

400

4000

40,000

Fig. 7 The influence of chromium content on the corrosion rates of iron-, cobalt-, and nickel-base alloys in 1 N HCl.
Source: Ref 86

Fe70Cr10B13Si7

Fe70Cr10B13C7

Fe70Cr10B13P7

0 V0.2 V

0.3 V

0.2 V

104 6.5

0.65

0.065

0.0065

C
ur

re
nt

 d
en

si
ty

, A
/in

.2

C
ur

re
nt

 d
en

si
ty

, A
/m

2

103

100

10

1
0 0.2 0.4

Time, s

0.6 0.8

0 V

Fig. 8 Current density transients for glassy
Fe70Cr10B13X7 alloys following mechanical

abrasion of specimen surfaces during anodic polarization
at constant potentials in 0.1 N H2SO4. X denotes minor
metalloid content, and potentials (saturated calomel elec-
trode) are indicated in the figure. Source: Ref 86

Corrosion of Amorphous Metals / 481

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



polycrystalline aluminum (Ref 56, 89). How-
ever, a slightly TM-RE-enriched passive film
was evident, and passive current densities were
considerably reduced in alkaline pH. This was
attributed to the relative insolubility of iron,
cobalt, gadolinium, and cerium oxides and
hydroxides relative to aluminum oxide at alka-
line pH levels, and the ability of the TM and RE
elements to passivate over a range of potentials at
high pH. In the case of Al-Co-Ce in 0.6 M NaCl
solutions adjusted to acidic pH values, the
amorphous alloys displayed a passive current
density (ipass) that was 2 to 3 times greater than
that of the high-purity aluminum samples. In
contrast, the passive current density of the alloys
was significantly lower than that of high-purity
aluminum in alkaline solutions at pH410. There
were no detectable differences in the current
densities over a range of near-neutral pH values.
Hence, the amphoteric nature of aluminum was
improved by rendering it passive in alkaline
environments through the use of Al-TM-RE
alloys, as shown in Fig. 9.

The passive current densities of partially
devitrified aluminum-base alloys, heat treated to
form primary aluminum-rich crystals embedded
in an amorphous matrix, exhibited only slight or
no significant deviation from the as-quenched
amorphous material when similarly tested over a
range of pH values. General corrosion properties
after devitrification to form transitional and
equilibrium phases in an amorphous matrix have
not been investigated.

The general corrosion behavior of several Mg-
Y-Cu glasses has also been reported (Ref 90, 91).
Amorphous alloys exhibit the lowest corrosion
rates in neutral or weakly acidic solutions and the
greatest ability to passivate, compared to crys-
talline multiphase variants. Passivation did
depend on the specific ion present in solution, but
passivity could be considerably improved com-
pared to pure magnesium.

Zirconium-base metallic glasses are more
resistant to general corrosion than type 304

stainless steel in some acids. They can exhibit
improved passivity as a function of valve metal
components (Ref 81). Zirconium-base bulk
metallic glasses that have been partially devi-
trified can exhibit improved mechanical proper-
ties but, nickel-zirconium, copper-zirconium,
and icosahedral quasi-crystalline phases degrade
passivity in acid environments (Ref 92).

Localized Corrosion Behavior of All
Classes of Amorphous Alloys

One of the most outstanding characteristics
regarding the corrosion behavior of certain
metallic glasses is their ability to resist localized
corrosion. In this article, the term localized
corrosion refers to pitting and crevice attack.
(Stress-assisted forms of corrosion, such as
stress-corrosion cracking and hydrogen embrit-
tlement, are discussed in another section in this
article.) In many cases, this resistance to loca-
lized attack extends over wide ranges of oxi-
dizing potential and pH and to alloy
compositions that would be considered lean in
film-former elements compared to conventional
crystalline stainless steels.

Metal-Metal Binary Alloys. Alloying alu-
minum with transition metals such as chromium
(Ref 93), zirconium (Ref 94, 95), titanium (Ref
95, 96), niobium (Ref 95), molybdenum (Ref
95), tungsten (Ref 95), and tantalum (Ref 95) to
form amorphous alloys decreases the passive
current density and increases the pitting potential
of the amorphous alloys. The open-circuit
potential, passive current density, and pitting
potential of the resulting alloys are generally
between those of the component elements and
improve with an increase in the amount of the
alloying element. The pitting resistance changes
with devitrification in a way that is dependent on
the types and sizes of the phases formed. This can
be seen clearly in aluminum-chromium (Ref 93).

In Al-35Cr, which undergoes a near-poly-
morphous transformation to Al17Cr9, the open-
circuit potential decreases with devitrification,
but the pitting potential stays the same. In Al-
16Cr, neither the open-circuit nor pitting poten-
tial changes with either structural relaxation or
devitrification to form two aluminum-rich
intermetallic phases (Al4Cr and Al13Cr2) in an
Al(Cr) matrix. However, the passive current
density decreases with devitrification. The Al-
43Cr alloy has completely different behavior.
The pitting potential does change with devi-
trification. A heat treatment to form bcc Cr(Al)
and Al17Cr9 produces a higher pitting potential
than the amorphous alloy, but other forms (with
additional metastable phases or larger grains)
have lower pitting potentials. In addition, it was
found that the relative dissolution rates of the
various devitrified states of this alloy changed
with time in solution, suggesting that some
phases may be preferentially dissolved. An alloy
with more chromium, Al-51Cr, was mostly bcc
Cr(Al) in the as-sputtered state and had a pitting
potential close to that of Al-16Cr. The pitting
potential of Al-51Cr increased when heat treated
to decrease the amount of aluminum in bcc
Cr(Al) and form additional aluminum-chromium
intermetallic phases, but decreased when the size
of the intermetallic phases increased. A critical
size was not determined.

The improvement in the pitting resistance of
some Al-TM alloys may be due to the presence
of beneficial alloying elements, not the amor-
phous state. The localized corrosion resistance of
crystalline aluminum has been successfully
improved by nonconventional alloying methods
to achieve supersaturated solid-solution con-
centrations (Ref 69–73). Here, the native oxide
formed on crystalline aluminum is already
amorphous, and the main benefits of nonequi-
librium alloying derive from two broad concepts.
Alloying elements available in solid solution
may be incorporated into the oxide film to
enhance its resistance to halide chemisorption
and/or penetration (Ref 69, 71). Alternatively,
alloying elements in the underlying metallic
substrate may reduce pit dissolution rates as a
function of electrochemical potential (Ref 97),
increase the severity of critical depassivation pit
solutions, or result in oxidized solute with lim-
ited solubility in the pit environment (Ref 98).

The pitting resistance of nickel-zirconium
alloys has been found to be a function of not only
the alloy composition but also the fabrication
method. The passive current density of both Ni-
60Zr and Ni-75Zr was lower than that of pure
zirconium, but their pitting potentials were also
lower (Ref 99). The pitting potential increased
with increasing zirconium content of the alloy.
The pitting potentials were different on different
sides of a melt-spun ribbon (Ref 100–102).
Sputtered alloys did not suffer pitting under
conditions in which melt-spun alloys of the same
composition did (Ref 102).

As discussed previously, amorphous chro-
mium-zirconium alloys are quite resistant to
general corrosion in acids. However, when the
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zirconium content of the amorphous alloy is
greater than 51%, the alloys undergo pitting
under anodic polarization (Ref 103). The pitting
potential decreases with increasing zirconium
content. The pitting potential also changes with
devitrification of the alloy to form primary hex-
agonal close-packed (hcp) zirconium crystals
embedded in an amorphous matrix and, at higher
temperatures, intermetallic Cr2Zr (Ref 103).
Heat treatment of Cr-60Zr increases the pitting
potential, even when it leads to complete crys-
tallization to hcp zirconium and Cr2Zr with a
grain size of ~16 nm. However, in Cr-67Zr, the
pitting potential initially increases with heat
treatment temperature, then decreases. The
oxide-bridging model has been used to explain
this observation. The buildup of a corrosion-
resistant alloying element in the remaining
amorphous phase allows for an increase in the
concentration of this alloying element in the
oxide. This protective oxide may be able to cover
small nanocrystals, effectively eliminating the
impact of the surface heterogeneity on the ato-
mistic processes governing breakdown. Thus,
partial devitrification would lead to an overall
improvement in the pitting resistance of the
material. A critical nanocrystal diameter of
~20 nm was proposed to be the maximum size
that can be covered by the continuous oxide;
devitrified states with phases larger than this
were found to be more susceptible to pitting.

Metal-Metalloid Alloys. It has been pro-
posed that the excellent resistance of certain
glassy alloys to uniform and localized corrosion
results from their enhanced chemical reactivity
relative to conventional stainless alloys (Ref 104,
105). Transient repassivation experiments with
glassy Fe70Cr10P13C7 and crystalline type 304
stainless steel in acidified chloride electrolyte
showed a higher initial reactivity on the glassy
alloy after abrasion and a more rapid rate of
repassivation. These experiments demonstrated
that there is a synergistic effect between
chromium and phosphorus in transition metal-
metalloid glasses such that the maximum resis-
tance to localized corrosion exists when these
two elements are both present. The excellent
resistance to localized corrosion may result from
the rapid reformation of a passive film at regions
where it is damaged by mechanical or electro-
chemical means, combined with enrichment of
Cr3+ species in the film.

Research cited earlier in this article concern-
ing the use of ion implantation to make Fe-Cr-P
alloys (Ref 88) demonstrated that the synergistic
effect of chromium and phosphorus is a strong
function of the chromium concentration. Poten-
tiostatic polarization experiments in acidic
chloride solutions showed behavior that was a
strong function of chromium concentration.
At low chromium levels, phosphorus implanta-
tion induced pitting, but at high chromium levels
(18 at.%), a slight improvement in passivation
was observed. At intermediate levels (10 to 12
at.%), substantial improvement in the passive
film was obtained through phosphorus implan-
tation. It was proposed that when the alloy con-

tains small amounts of chromium, there is not
enough chromium to passivate the alloy, and
when the phosphorus stimulates the initial dis-
solution, the alloy becomes susceptible to pit-
ting. As the chromium concentration increases,
there is sufficient chromium for passivation, and
the phosphorus promotes the accumulation of
chromium and a very protective passive film.

The work summarized in Fig. 3 and described
previously in this article indicates that iron-base
glasses with only several atomic percent of
chromium very effectively resist pitting in
chloride-containing solutions. Polarization
curves of glassy alloys obtained in 1 N NaCl do
not show a characteristic pitting potential; rather,
they exhibit stable passivity until the onset of
transpassivity. In addition, results from the study
discussed in connection with Fe25Ni40Cr15P16B4

showed that the passive range in 1 N H2SO4 plus
0.1 N NaCl is not interrupted by pitting but
extends to transpassivity (Ref 77). In another
study, increasing the chromium content from 0 to
16 at.% in a series of Fe-Ni-Cr-P-B alloy systems
facilitated passivation in acidified 1 N NaCl, but
pitting was not observed on any alloy polarized
below the transpassive potential region (Ref
106). Polarization at transpassive potentials
caused numerous pits to form that penetrated the
filament. These pits were noncrystallographic in
shape.

Chromium was shown to be very effective in
conferring pitting resistance, such as for the
glassy alloys Fe-CrxB13C7 and Fe-CrxB13Si7 in
3%NaCl (Ref 104, 105). With chromium levels
of 2 and 5 at.%, both alloy types pitted at
potentials slightly anodic to the free corrosion
potential of approximately �0.6 VSCE. The
addition of 8 at.% Cr extended the pitting resis-
tance to approximately 1 VSCE, which is an
extremely aggressive condition for alloys con-
taining such a low level of chromium. By con-
trast, type 304 stainless steel contains
approximately 18 wt% Cr, yet its pitting poten-
tial is several hundred millivolts less positive
than that of these glassy alloys. Approximately
7 at.% Cr was sufficient to prevent pitting of Ni-
Cr-P-B alloy systems in 10% FeCl3.H2O at
30 �C (85 �F) (Ref 79). Glassy Fe73Cr7P15B5

passivated spontaneously in 1 N HCl. Surface
analysis by x-ray photoelectron spectroscopy
showed that chromium and phosphorus were
enriched and nickel depleted in the alloy sub-
strate beneath the passive film. Figure 10 com-
pares the effect on corrosion rate of adding
chromium or titanium to Ni-(Cr,Ti)-P20 glasses.
Chromium is more effective than titanium in
conferring corrosion resistance, and the chro-
mium-containing alloys exhibited a stronger
tendency for spontaneous passivation. The cor-
rosion rate decreased approximately logarith-
mically with increasing chromium or titanium up
to approximately 10 and 7 at.%, respectively
(Ref 107).

Molybdenum benefits the pitting resistance of
glassy alloys and crystalline steels. The addition
of molybdenum to glassy Fe-MoxP13C7 alloys
suppressed pitting and decreased the critical

current density for passivation and the passive
current density (Ref 108). As little as 4 at.% Mo
prevented pitting in 1 N HCl, and small additions
of molybdenum were more effective than chro-
mium in decreasing corrosion rates. Molybde-
num has been shown to facilitate the formation of
a passive hydrated chromium or iron oxy-
hydroxide film through its enrichment in the
corrosion product layer during active dissolution
(Ref 109). The enrichment assists the accumu-
lation of the passivating species in the film by
lowering the dissolution rate of the species; the
molybdenum-rich product subsequently dis-
solves and thus leaves little molybdenum behind
in the film.

Titanium, tantalum, molybdenum, and tung-
sten were incorporated by high-rate sputter
deposition into alloys of the general composition
M1-M2, where M1 is titanium, tantalum,
molybdenum, or tungsten, and M2 is rhenium,
iron, cobalt, nickel, or copper (Ref 110). Tung-
sten-iron and titanium-copper resisted pitting
corrosion up to 2.5 VSCE in chloride solutions of
pH 1 and 7. Addition of tungsten to Fe-WxP13C7

increased the critical pitting potential, Ecrit, to
above 2 VSCE at x=6 at.%, but x=10 at.%
caused transpassive dissolution at 1 VSCE.
Addition of tungsten to commercial type 304
stainless steel by sputtering stabilized the glassy
structure and increased Ecrit in chloride electro-
lyte (Ref 111).

One study investigated the effects of the
alloying additions titanium, zirconium, vana-
dium, niobium, chromium, molybdenum, tung-
sten, manganese, cobalt, nickel, copper,
ruthenium, rhodium, palladium, and platinum in
the glassy alloy Fe-X-P13C7 (Ref 112). All ele-
ments except manganese decreased the corrosion
rate in H2SO4, HCl, HNO3, and NaCl solutions.
Although the base alloy, Fe-P13C7, did not pas-
sivate, additions of any of the preceding elements
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at levels from 0.5 to several atomic percent
enabled passivation to occur during anodic
polarization in 0.1 N H2SO4. Chromium was
most effective, and molybdenum and titanium
also were very beneficial. Pitting was not
observed in 3% NaCl for those alloys that pas-
sivated. The alloys that did not passivate, such as
Fe-Co-P13C7, also did not pit, but they dissolved
uniformly.

One investigation examined the resistance of
glassy alloys to crevice corrosion in acidic
solutions containing Cl� ion. Crevice corrosion
was studied as a means of circumventing the
need for initiating localized corrosion; that is,
crevice corrosion behavior was considered to
represent more a measure of the resistance to
propagation, rather than initiation, of localized
corrosion (Ref 106). Introducing microcracks
into Fe-Ni-Cr-P-B glassy alloy filaments by cold
rolling was found to cause susceptibility to a
transient form of crevice attack; however, the
crevices widened into pit-shaped cavities and
then passivated spontaneously (Ref 113). Sub-
sequent research with an electrochemical cell
consisting of a prepared crevice instrumented
with microreference and pH electrodes showed
that the glassy alloy possessed a strong tendency
to passivate, even under the aggressive condi-
tions of low pH, low dissolved oxygen con-
centration, and oxidizing potential that prevail
within crevices (Ref 114). The conclusion was
that the alloy resisted crevice attack because of
its strong ability to passivate, which in turn sti-
fled propagation. This resistance to crevice cor-
rosion could be expected to extend to other
glassy TM-metalloid compositions containing
both a film former and phosphorus.

Glassy nickel-phosphorus is another alloy
system that has been recently investigated and
that appears to resist chloride-induced corrosion
(Ref 114). In fact, the E-log(i) behavior is vir-
tually identical in both chloride-containing and
chloride-free electrolytes. A form of chemical
passivity has been proposed to explain the cor-
rosion behavior. Passivation in the nickel-phos-
phorus system is due to the formation of an ionic
barrier layer, not to the formation of a classical
passive oxide film. This barrier layer consists of
hypophosphite ion adsorbed on the nickel-
phosphorous surface, which may in turn be
hydrogen bonded to an outer layer of water
molecules. This barrier layer inhibits the trans-
port of water to the surface and thus prevents
hydration of nickel, which is the first step in the
nickel dissolution process.

Amorphous SM-TM-RE Alloys and Other
SM-TM-X Alloys. Various amorphous Al-Fe-
Gd, Al-Co-Ce, Al-Ni-Gd, and Al-Ni-Y alloys
formed at compositions greater than approxi-
mately 85 at.% Al have all exhibited good
resistance to pit stabilization in 0.6 M NaCl
solution, as shown in Fig. 11 and 12 (Ref 56, 115,
116).

Pitting and repassivation potentials were both
raised several hundred millivolts compared to
pure polycrystalline aluminum. Upon low-tem-
perature heat treatment, these alloys all form

isolated, solute-lean, aluminum-rich fcc nano-
crystals by a primary crystallization process
from the fully amorphous state (Fig. 13). The key
result was that the excellent resistance to meta-
stable pitting and pit stabilization seen in the
fully amorphous condition were not lost in the
nanocrystalline-amorphous state in the case of
such small nonuniformities, as shown in Fig. 14.

A critical defect size for pitting of nanocrys-
talline-amorphous aluminum-based glasses is
under investigation. These materials were
expected to behave like a composite consisting
of pure aluminum sites dispersed on an amor-
phous surface. Because both bulk high-purity
poly- and single-crystalline fcc aluminum exhi-
bit far inferior local corrosion properties com-
pared to the fully amorphous Al-TM-RE alloy
(Ref 56, 115, 116), the corrosion resistance of the
nanocrystalline-amorphous material was expec-
ted to be inferior to that of its fully amorphous
precursor. However, both pit initiation and stabi-

lization are shown to be hindered (Ref 117, 118).
This is a noteworthy finding in the field of pitting
corrosion, that solute-lean nanophases embed-
ded in an amorphous matrix resist corrosion
despite a density approaching 1022/m3. More-
over, many of these amorphous-nanocrystalline
variants consist of up to 40 vol% fcc aluminum
but still resist corrosion compared to bulk alu-
minum. The good corrosion resistance of the
amorphous Al-TM-RE alloy was completely
eliminated in the fully crystalline equilibrium
state. The latter was expected because iron,
nickel, and cobalt, as well as gadolinium and
cerium, have limited solubility in bulk poly-
crystalline fcc aluminum. In addition, the fcc
aluminum phase is continuous, and intermetallic
phases are formed. All three of these factors
can contribute to a decrease in the localized
corrosion resistance. A second significant result
was that nanometer-diameter solute-rich (e.g.,
intermetallic) precipitates behaved similarly to
solute-lean (aluminum-rich) nanocrystals when
embedded in an amorphous matrix. These sites
also did not act as pit initiation sites. It should be
noted that these nanocrystal sites are not selec-
tively corroded prior to potential-driven pitting,
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Fig. 13 Dark-field transmission electron micrograph
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because aluminum oxide is thermodynamically
stable at the near-neutral pH associated with the
0.6 M NaCl solution.

Concerning Mg-TM-RE alloys, pitting
potentials have been raised in alkaline NaCl-
containing environments where magnesium is
passive but exhibits an extremely negative pit-
ting potential (Ref 119, 120). Approximately 11
at.% Ni promotes the formation of amorphous
magnesium-nickel, as shown in Fig. 15. Notably,
binary magnesium-nickel alloys raise pitting
potentials, particularly when fully amorphous
(Fig. 16) (Ref 119). Fully amorphous Mg-Cu-Y
and Mg-Ni-Nd alloys performed even better than
magnesium-nickel binary alloys in fast poten-
tiodynamic scans with both raised pitting
potentials and lowered passive current densities
(Fig. 17) (Ref 120). Y2O3 was detected in the
inner layer of passive films (Fig. 18). However,

these alloying additions raise open-circuit
potentials considerably, even in the fully amor-
phous state.

Concerning the pitting resistance of zirco-
nium-base bulk metallic glasses, the pitting
resistance of pure zirconium is already reason-
ably good in comparison to magnesium and
aluminum (albeit inferior to other valve metals
such as titanium and niobium). The localized
corrosion resistance upon creation of the amor-
phous state tends to be similar to its crystalline
state (Ref 121). A related interesting feature is
the possible degradation in bulk zirconium-base
glasses due to undesired casting defects.

Environmental Cracking Behavior

The environmentally induced fracture of
glassy alloys, namely hydrogen embrittlement
and stress-corrosion cracking (SCC), is dis-
cussed in this section. Details on the mechanisms
of these phenomena can be found in the articles
“Stress-Corrosion Cracking” and “Hydrogen
Damage” in ASM Handbook, Volume 13A,
2003.

Regarding SCC, one of the first reported
experiments on the SCC of glassy alloys con-
cerned Ni49Fe29P14B6Al2 (Ref 122). Loading to
75% of the fracture stress in air in 3.5 N NaCl
solution resulted in a slow, presumably SCC
fracture region and a final, fast fracture region.
However, another theory is that the fracture of
this alloy was actually induced by hydrogen (Ref
123). In another case, the SCC behavior of a
glassy Fe32Ni36Cr14P12B6 alloy in boiling mag-
nesium chloride (MgCl2) at 125 �C (255 �F) was
studied by means of constant extension-rate
tensile tests and constant strain tests (Ref 124).
Stress-corrosion cracking occurred at the corro-
sion potential and anodic overpotentials, and
slight cathodic polarization prevented SCC.
Examination of the fracture surfaces led to the
conclusion that localized corrosion enhances
hydrogen entry and subsequent embrittlement.
The SCC behavior of glassy Fe-Cr-Ni-P-C alloy
systems in acidic chloride solutions was inves-
tigated with constant extension-rate tensile tests
(Ref 125). Hydrogen embrittlement occurred at
cathodic polarizations up to �300 mV relative
to the corrosion potential. In the passive potential
region, no cracking occurred in neutral NaCl
solutions and in acidic solutions at low Cl�

concentrations. Fracture stress decreased only
when the specimens were strained in strong
acidic solutions containing Cl�, and this phe-
nomenon was also attributed to hydrogen em-
brittlement. The tendency of glassy Fe40Ni40

P14B6 to undergo SCC and hydrogen embrittle-
ment in acidic electrolytes was also studied
(Ref 126). Cathodic polarization of elastically
stressed specimens in 1 M HCl resulted in
failure by hydrogen embrittlement. Specimens
immersed in aqueous FeCl3 solution at the free
corrosion potential failed by SCC, as did those
that were anodically polarized in 1 M HCl.
These specimens were covered by an iron
oxide film, and selective leaching (dealloying of
nickel from pits and cracks) occurred.
Fe74.5Ni10Si3.5B9C2 was also found to be sus-
ceptible to SCC and hydrogen-induced cracking,
albeit by different fracture modes. Failure time
and fracture stress in NaCl were reduced by
anodic polarization, and a quasi-cleavage-type
fracture mode was observed. Others have sug-
gested hydrogen embrittlement, as discussed
subsequently (Ref 123, 127, 128).

In corrosion fatigue studies of a zirconium-
base metallic glass, the fatigue crack growth
rate (da/dN) was increased over 3 orders of
magnitude, and the threshold stress-intensity
factor range (DKth) was significantly reduced
in a NaCl solution compared to tests in air.
In fact, one of the largest increases in da/dN
ever reported for any metallic system was seen
for this alloy in the NaCl environment compared
to moist air. The fundamental reasons remain
unclear, except that cyclic blunting and
sharpening in air was replaced by brittle fracture
(Ref 129).

Hydrogen Embrittlement. Although classi-
cal SCC (defined as cracking caused directly by
anodic dissolution at the crack tip) of glassy
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alloys apparently occurs, hydrogen embrittle-
ment is a common mode of environmentally
assisted failure in aqueous electrolytes, due to the
propensity for proton and water reduction at
crack tips. Hydrogen embrittlement of glassy
alloys has been observed during bending or
tensile tests during or after hydrogen charging in
the following alloys:

� Fe80P13C7 and Fe70Cr10P13C7 (Ref 127)
� Fe32Ni36Cr14P12C6 (Ref 130)
� Fe49.5Cr7.5Ni23P13C7 and Fe53Cr7Ni20P14C6

(Ref 125)
� Fe78B13,Si9, Fe81B13.5Si3.5C2, Fe66Co18B15Si,

and Fe77B16Cr2Si5 (Ref 131)

As shown in Fig. 19, the stress-strain curve of a
Fe49.5Cr7.5Ni23P13C7 glassy alloy exhibits
almost completely elastic behavior in air and in
various acid chloride solutions, suggesting lim-
ited plastic deformation. The fracture strain
decreased to approximately 30% of that in air as
a result of charging the specimen with hydrogen.
Local corrosion at the open-circuit and even
passive potentials can produce hydrogen and
thus create embrittlement; fractographic evi-
dence and the return of ductility by baking after
corrosion were cited as evidence for this claim
(Ref 123).

Electrodeposited amorphous alloys are often
extremely brittle compared to rapidly solidified
counterparts, and this could be attributed to co-
deposited hydrogen. However, internal voids in
porous electrodeposits may be more detrimental
than internal hydrogen (Ref 132).

Although it appears that hydrogen embrittle-
ment is more common than SCC as the envir-
onmentally assisted failure mode for glassy
alloys, the detailed mechanism of the hydrogen
embrittlement of transition metal-metalloid
alloys is uncertain. At cathodic potentials in
deaerated solutions, the principal cathodic reac-
tion produces hydrogen by the following reac-
tion sequence: 2H++2e�?H2, which can be
separated into a proton reduction step and a
hydrogen adatom-adatom combination step.
Elements such as phosphorus, sulfur, arsenic,

and antimony poison the reaction Hads+
Hads?H2; thus, they increase the concentration
of adsorbed (ads) hydrogen on the electrode
surface and consequently the flux of atomic
hydrogen absorbed through the surface into the
bulk alloy. Because phosphorus is commonly
found in TM-metalloid glassy alloys, it would
seem likely that these phosphorus-containing
alloys may have a large tendency toward
absorbing hydrogen from the electrolyte and
consequently a significant tendency toward
hydrogen embrittlement. Augmenting this ten-
dency would be the very high strength and lim-
ited ductility characteristic of this compositional
class of glassy alloys. However, the detrimental
role of metalloid segregation, at least to grain
boundaries, would be absent, and intergranular
fracture is, of course, eliminated in the fully
amorphous alloys that lack grain boundaries.

Studies of hydrogen permeation through
glassy phosphorus-containing nickel-base alloys
concluded that phosphorus increases the rate of
hydrogen absorption relative to that for pure
nickel (Ref 83). Moreover, hydrogen transport
can be faster in fully amorphous alloys compared
to partially crystalline counterparts due to an
absence of microstructural traps (Ref 133).
However, large quantities of hydrogen may be
absorbed, possibly owing to increased free
volume (Ref 134). Another researcher char-
acterized the effects of metalloid additions on the
susceptibility to hydrogen embrittlement of
glassy Fe-Cr5Mo12X and Fe-Cr10Mo12X (where
X is 18C, 20B, or 13P-7C) in 1 N HCl, 0.5 N
NaCl, and 1 N H2SO4 (Ref 123). Although
phosphorus is an effective hydrogen recombi-
nation poison, alloys containing this element
showed a lower susceptibility to hydrogen
embrittlement. (The alloys containing carbon
were the most susceptible.) This lower suscep-
tibility was ascribed to the higher rate of repas-
sivation of phosphorus-containing alloys;
because the corrosion rate was decreased, the
amount of hydrogen produced by the open-
circuit corrosion reaction and that absorbed into
the alloys should also be lowered.

The damage process mechanism for hydrogen
in metallic glasses remains uncertain. Hydrogen
is known to increase the relaxation time for vis-
cous flow and retard atomic arrangements asso-
ciated with the viscous flow process that enables
plastic deformation (Ref 135). Such retarded
viscous flow at a crack tip could help contribute
to brittle fracture. The conventional rationale
that brittle fracture occurs when the cleavage
stress becomes lower than some shear stress
required for viscous flow may apply to these
situations.

Conclusion

Amorphous metals are being studied exten-
sively due to their unique physical, mechanical,
magnetic, as well as electrochemical properties.
A recent advance has been the development of

so-called bulk amorphous alloys that should
enable a wider application of amorphous mate-
rials, given the possibility of critical cooling
rates as low as 1 K/s. In addition to their sig-
nificance as novel materials with possible
excellent corrosion properties, amorphous
metals and partially devitrified amorphous
metals with compositions similar to conven-
tional alloys may be used as model materials for
understanding the effects of both structural and
chemical homogeneity and nonuniformities on
corrosion mechanisms.

Amorphous materials appear to owe their
good corrosion resistance to a variety of causes,
and some controversy still exists regarding the
exact operative explanation in each metallic
glass system. Amorphous structure; structural
and chemical homogeneity with the associated
lack of defects, such as intermetallic phases,
inclusions, grain boundaries and dislocations;
promotion of amorphous oxide formation via an
amorphous substrate; as well as alloying with
beneficial elements to high nonequilibrium
levels that would be beyond equilibrium solu-
bility limits or supersaturated in crystalline states
have each been cited as the cause for good cor-
rosion resistance. In iron-base alloys, chromium
and phosphorus additions act synergistically to
improve the general corrosion and pitting resis-
tance. These alloys are passive in aggressive
environments, even when the chromium levels
are much lower than the level required to confer
passivity in conventional crystalline stainless
steels. This is likely due to the effects of phos-
phorus and the homogeneous structure. In gen-
eral, the addition of both a film former and
phosphorus leads to good corrosion resistance in
iron-base alloys.

In some cases, the amorphous structure alone
does not appear to impart good corrosion resis-
tance. Instead, it may be the ability to add pas-
sivating elements into solid solution beyond
conventional limits and the compositional and
structural homogeneity that lead to good general
corrosion resistance. This is particularly clear in
chromium-tantalum and chromium-niobium
alloys in which the corrosion resistance of a
variety of crystalline or amorphous single-phase
alloys is better than both alloying elements,
regardless of whether the alloy is amorphous or
crystalline.

Several amorphous zirconium-base glasses
with very low critical cooling rates have been
developed in recent years. These bulk glasses
exhibit good corrosion resistance in the fully
amorphous state, but devitrification to form
many different types of precipitates degrades the
passivity. The localized corrosion resistance of
these alloys is similar to that of the crystalline
state.

Amorphous aluminum- and magnesium-base
alloys show significant improvement in localized
corrosion resistance over the pure elements,
which are thermodynamically predisposed
toward corrosion. This appears to be due to the
addition of beneficial alloying elements that may
be incorporated into the oxide, making it passive
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over a broader range in pH and rendering it more
protective. These alloying elements also may
alter the potential dependence of alloy dissolu-
tion or alter the solution chemistry required to
maintain pit growth under otherwise passive
conditions. Interestingly, these beneficial effects
are not diminished by partial devitrification of
the amorphous alloy.

Several studies have examined the effects of
partial and complete devitrification on the cor-
rosion resistance of several classes of glassy
alloys. In general, partial devitrification to form
nanometer-sized crystalline precipitates does not
significantly diminish the good corrosion resis-
tance of the amorphous material. The exact
behavior appears to be a function of the chem-
istry and size of the phases formed. Structural
relaxation also appears to affect the nanoscale
corrosion processes of the glasses.

Hydrogen embrittlement and SCC have been
observed in several glassy alloys, but the exact
damage mechanisms remain unclear. It is likely
that the effects of alloying additions (particularly
phosphorus for hydrogen embrittlement) and the
amorphous structure interact in complex ways in
these alloys to yield many different results,
depending on the alloy composition. Dissolved
hydrogen can also affect viscous plastic defor-
mation behavior in ways other than those con-
sidered in the case of crystalline materials that
undergo deformation by plastic slip and twin-
ning.
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Corrosion of Intermetallics
P.K. Datta, H.L. Du, and J.S. Burnell-Gray, Advanced Materials Research Institute, Northumbria University, United Kingdom
R.E. Ricker, National Institute of Standards and Technology

IN MANY APPLICATIONS of structural
materials—aerospace, automobiles, power gen-
eration—increasing demands are being made for
materials with temperature capabilities greater
than those of superalloys. Intermetallics with
higher melting points can replace superalloys
with inadequate melting points (Ref 1–3).
Intermetallics, characterized by strong, pre-
dominantly metallic bonding between unlike
atoms, are situated between superalloys and
ceramics. From bonding comes crystal structure,
ordering, high strength at low and high
temperature, and low ductility. Low fracture
strain and poor fracture toughness (KIc) of the
intermetallics stem from their complex crystal
structures, large Burgers vectors (a crystal vector
that defines the amount and direction of atomic
displacement associated with dislocation motion
in a crystal), high lattice stresses, inadequate slip
systems, inability to promote cross slip, and lack
of grain-boundary cohesion. The influence of
such factors on the corrosion behavior is not
insignificant. Stress generation during the scale
growth, scale spallation during thermal cycling,
stress corrosion and corrosion fatigue, and
finally, cationic and anionic transports influen-
cing the corrosion kinetics are all likely to be
affected by these substructure defects. Thus, the
corrosion behavior of the intermetallics stems
from their inherent immunity or susceptibility to
corrosion and from the modifications in macro-
scopic parameters, such as grain size, stoichi-
ometry, grain-boundary design, microalloying,
and second-phase incorporation, to increase the
number of slip and to hence confer improvement
of KIc and fracture strain.

This article reviews the progress that has been
made in understanding the corrosion behavior of
intermetallics. Such understanding is essential
for the modeling of the corrosion processes and
for devising a strategy to create corrosion pro-
tective systems by alloy and coating design.

The main emphasis is on the high-temperature
corrosion properties of intermetallics, but infor-
mation on aqueous corrosion is also reviewed
due to the realization that aqueous corrosion can
seriously compromise intermetallics usefulness.
In the area of high-temperature corrosion, the
discussion is centered on aluminides and sili-
cides, while the aqueous corrosion review is

concentrated on fundamental factors that make
the aqueous corrosion of an intermetallic phase
different from that of a homogeneous alloy or of
the constituents in pure elemental form. Ther-
modynamic principles in the context of high-
temperature corrosion, information on oxidation,
sulfidation, hot corrosion of NiAl-, FeAl-, and
TiAl-based intermetallics, and silicides are
included. Aqueous corrosion is divided into two
main topics: thermodynamic consideration,
ordering influencing kinetics, stress-cracking
corrosion, and hydrogen embrittlement; and
practical issues of dealing with the corrosion
problems.

High-Temperature
Corrosion of Intermetallics

Three major types of high-temperature cor-
rosion are oxidation, sulfidation, and hot corro-
sion. Oxidation involves solely the formation of
an oxide scale. Sulfidation is concerned with the
development of scales consisting of sulfide or
sulfides. Materials exposed to environments
containing other contaminants, in addition to
oxygen and sulfur, can cause the development
of complex scales containing oxides and sul-
fides, termed hot corrosion. The article
“High-Temperature Gaseous Corrosion” in
ASM Handbook, Volume 13A, 2003, will assist
in understanding the fundamentals of high-
temperature corrosion as well as the testing
methods cited in this article.

General Principles

Important aspects of high-temperature corro-
sion are the processes of scale formation and
scale degradation. Two additional modes of
degradation that confer susceptibility of materi-
als to high-temperature corrosion are inter-
granular corrosion and scale vaporization.

The scaling process in high-temperature cor-
rosion involves the formation of a thermo-
dynamically stable corrosion product (a scale)
that separates the surface of the material from the
aggressive environment. Although the following
discussion begins with basic principles, these

principles are very important and useful to
understanding the formation of oxide/sulfide
scales and the high-temperature corrosion mech-
anisms of intermetallics.

The formation of a defect-free, coherent and
adherent scale containing lattice defects capable
of sustaining only cationic and anionic transport
allows progressive scale thickening and diffu-
sion-controlled parabolic kinetics. Linear kinet-
ics predominate in the case of an inherently
nonprotective scale caused by the presence in the
scale of inappropriate defect structures, physical
defects, or by stress-induced scale spallation.
A complex scaling process characterizes alloy
corrosion accompanying the formation of a
multiphase, multilayered scale; each layer grows
in a parabolic rate with different rate constants.
This steady-state scale development is often
proceeded by the competitive processes of
nucleation and growth of transient corrosion
products dictating the mode and nature of
subsequent scale growth.

Equilibrium thermodynamics, although not
predictive, allow an assessment of the nature
of the possible reaction products, whether or
not significant evaporation or condensation of
a given species is likely, and the conditions
under which a given product can react with a
condensed deposit. See the article “Thermo-
dynamics of Gaseous Corrosion” in ASM
Handbook, Volume 13A, 2003. The standard
free energies of formation (DG�) of oxides
and sulfides as a function of temperatures and
the corresponding dissociation pressures of
the oxides and sulfides are conveniently sum-
marized in the form of Ellingham/Richardson
diagrams, as illustrated in Fig. 1 and 2 (Ref 4).
Along the ordinates are plotted values ofDG� for
the oxides and sulfides and of the partial molar
free energy of oxygen and sulfur, while the
temperature is plotted along the abscissa. The
values of DG� refer to the standard free energies
of formation of oxides and sulfides per mole
of oxygen or sulfur, for example, 4/3AlþO2=
2/3Al2O3.

In an environment containing oxygen and
sulfur, the following reactions need to be con-
sidered for a divalent metal, M:

M+1/2O2=MO (Eq 1)
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M+1/2S2=MS (Eq 2)

The equilibrium oxygen and sulfur partial pres-
sures are defined by the following relations:

p1=2
O2

=exp
DG�MO

RT

� �

(Eq 3)

p1=2
S2

=exp
DG�MS

RT

� �

(Eq 4)

Equations 3 and 4 allow the establishment of
the conditions necessary for oxidation or sulfi-
dation; however, a further reaction must be
considered, namely:

MS+1/2O2=MO+1/2S2 (Eq 5)

with the equilibrium condition:

p1=2
S2
=p1=2

O2
=exp

DG�MS

RT
7

DG�MO

RT

� �

aMS

aMO

(Eq 6)

If unit activities are assumed for the phases
MS and MO, Eq 6 can be reduced to:

p1=2
S2
=p1=2

O2
=exp

DG�MS

RT
7

DG�MO

RT

� �

(Eq 7)

Examination of Eq 3, 4, and 7 permits the
identification of various limiting situations con-
cerning the type of surface corrosion products
that may be formed:

� If (pO2
)gas4(pO2

)eq and (pS2
)gas5(pS2

)eq, then
MO is the only stable surface phase.

� If (pO2
)gas5(pO2

)eq and (pS2
)gas4(pS2

)eq, then
MS is the only stable surface phase.

� If (pO2
)gas4(pO2

)eq and (pS2
)gas4(pS2

)eq, then
both MO and MS should be stable and form as
surface products.

However, reference to Eq 7 indicates that only
one phase will form, depending on which of the
following conditions prevails:

� (pS2
=pO2

)gas4(pS2
=pO2

)eq. This condition will
cause Eq 5 to proceed to the left, and MS will
be the stable phase, where the metal is in
contact with the gas.

� (pS2
=pO2

)gas5(pS2
=pO2

)eq. In this case, MO
will be the stable phase, and Eq 5 will proceed
to the right.

If the equilibrium partial pressures of the
oxidants in the environment are known, a ther-
modynamic stability diagram can be constructed
for a given temperature, as shown in Fig. 3
(Ref 5). Such a thermodynamic diagram gives
the stability range for all relevant phases, in this
case, metal, oxide, and sulfide, at a given tem-
perature. The boundaries are calculated from
thermodynamic data for the relevant reactions.
The line between the oxide and sulfide remains
unchanged by activity changes in the alloy. The
corrosion conditions, that is, the oxygen and
sulfur pressures in a given gas atmosphere,
represent a point on the diagram.

The fields in the schematic thermodynamic
stability diagram are indicated:

� A, metal is the only stable phase.
� B, oxide is the only stable phase.
� C, sulfide is the only stable phase.

It should be stated that although the gas
equilibrium can be calculated readily for many
gas mixtures at a given temperature and pressure,
in many cases, even at temperatures as high as
1000 �C (1830 �F), gas equilibrium is not
established. Furthermore, it should be noted that
as soon as the metal surface is either partially or
completely covered by the corrosion product,
corrosion would then not be exclusively deter-
mined by thermodynamics. The kinetic factors,
such as diffusivity of the different alloying ele-
ments and of the reactive species (oxygen, sul-
fur), as well as the morphological features of the
scales formed significantly influence the degra-
dation mechanisms of high-temperature corro-
sion. The analysis leading to this conclusion is
based on the Wagner model (Ref 6) for the
selective oxidation of an active element in a
binary alloy to form a continuous external scale
in the absence of transient oxidation. See the
article “Kinetics of Gaseous Corrosion Pro-
cesses,” in ASM Handbook, Volume 13A, 2003.
According to the Wagner theory, a continuous
external layer of oxide should form on a binary
(A-B) alloy when the solute concentration in the
alloy exceeds a critical atom fraction (NB

crit), as
expressed as:

Ncrit
B =

pg*

3
N

(S)
O

DOVm

DBVOx

� �1=2

(Eq 8)
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where NO
(S) is the oxygen solubility in the alloy;

DO and DB are the diffusivities of oxygen and
solute in the alloy; Vm and VOx are the molar
volumes of alloy and oxide, respectively; and g*

is the critical volume fraction of oxide scale. It is
evident that if NO

(S) and DO are very high, NB
crit

will also be high. If the (NO
(S)) and/or (DO) of

oxygen in the alloy are reduced, the value of NB
crit

can also be significantly reduced. Long-term
stability of the protective scale requires that the
flux of solute to the alloy/scale interface remains
large enough to prevent oxides of A from
becoming stable. Pettit (Ref 7), for example,
found that there are two critical concentrations
for the formation of alumina scales on nickel-
aluminum alloys: one value required for devel-
opment of the alumina scale, and a larger value
required for maintaining its stability.

When high-temperature alloys (usually based
on nickel, cobalt, or iron) containing a number of
elements are exposed to oxygen at elevated
temperatures, oxidation may be anticipated in
accordance with a design rationale. Thus, certain
elements (such as chromium, aluminum, and
silicon) with high affinities for oxygen may be
expected to oxidize in preference to those
derived from the base metals with high dis-
sociation pressures. This process of selective
oxidation is the concept for developing oxida-
tion-resistant alloys (Ref 8–10). In particular, the
composition of the alloy is chosen such that the
stable oxide is the one that provides the most
effective protective barrier. The oxides Cr2O3,
Al2O3, SiO2, and possibly BeO are of primary
interest because they exhibit low diffusivities for
both cations and anions and are also highly

stable. Usually, alumina is an excellent barrier
to oxygen at temperatures below 1300 �C
(2370 �F), but at higher temperatures, oxygen
permeation through silica occurs at a slower rate.

References 11 and 12 have a comprehensive
review of the process of sulfidation. Compared to
oxidation, sulfidation is characterized by faster
kinetics and the formation of scales with com-
plex defective morphologies. Sulfidation is par-
ticularly severe in high-pS2

and low-pO2

environments. Table 1 indicates the problems of
designing sulfidation-resistant alloys and coat-
ings. The parabolic rate constant (kp) for the
sulfidation of three elements, iron, cobalt, and
nickel, that form the basis of many high-tem-
perature oxidation-resistant alloys is typically
10�6 to 10�7 g2/cm4/s at 640 to 800 �C (1180 to
1470 �F) and is several orders of magnitude
higher than their oxidation kp (~10�11 to
10�8 g2/cm4/s) at 800 to 1000 �C (1470 to
1830 �F). It is equally important to note that the
kp value for the sulfidation of chromium
(~10�8 g2/cm4/s) at 750 �C (1380 �F) is sig-
nificantly higher than that (~10�13 g2/cm4/s) at
800 �C (1470 �F) for the formation of Cr2O3, an
important component in the development of
many oxidation-resistant alloys. In contrast, the
refractory metals (vanadium, molybdenum,
niobium, and tungsten), together with zirconium
and hafnium, display low rates of sulfidation.
These elements, when incorporated in sulfida-
tion-resistant materials, are likely to enhance the
resistance to sulfidation, particularly under re-
ducing conditions (Table 2).

Enhanced sulfidation resistance can be
achieved by employing the same principles used
in increasing the oxidation resistance of materi-
als. The incorporation of appropriate elements
into the base materials undergoing selective
sulfidation leads to the development of a barrier
layer capable of sustaining lower ionic transport
rates. While selective sulfidation to form a
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sulfide barrier layer will be governed by the free
energy of formation, the kinetics of this selective
process, and hence the overall rate of sulfidation,
will be controlled by the defect structure of the
sulfides (Table 3), their ability to support fast or
slow diffusion rates as measured by self-diffu-
sion coefficients (Table 4), and the melting
points and mechanical stability indicated by the
Pilling-Bedworth ratio. See the article “High-
Temperature Gaseous Corrosion” in ASM
Handbook, Volume 13A, 2003.

Ni3Al and NiAl

Figure 4 shows the binary NiAl phase diagram
(Ref 13). NiAl possesses the ordered cubic B2
(cP2) CsCl crystal structure (Ref 1, 13). This
structure exists over the composition range of 45
to almost 60 at.% Ni. NiAl is strongly ordered,
even above 0.65 Tm (where Tm is the melting
point), with an intrinsic disorder parameter of

less than 5 ·10�3. The B2 structure is stable for
large deviation from stoichiometry, and sig-
nificant long-range order has been reported. NiAl
not only has the highest melting point of any
compound in the NiAl system but also is the most
stable. This high degree of thermodynamic sta-
bility and the existence of a wide phase field
make NiAl relatively easy to fabricate in a range
of forms, from fine homogeneous powders to
single crystals.

For four decades, NiAl has been extensively
studied as a potential structural material in the
aerospace industry due to (Ref 1, 13):

� High melting point (1638 �C, or 2980 �F), as
shown in Fig. 4, which is nearly 300 �C
(540 �F) higher than the melting temperature
of conventional superalloys

� Low density (5.35 to 6.50 g/cm3); the density
for the stoichiometric composition is 5.85
g/cm3, roughly two-thirds that of typical
nickel-base superalloys

� Good environmental resistance; the parabolic
rate constant is very low, even in composi-
tions with up to 60 at.% Ni, and is typically 2
orders of magnitude lower than for typical
nickel-base superalloys

� High thermal conductivity
� Attractive modulus
� Metal-like properties above a modest ductile-

to-brittle transition temperature
� Low raw materials cost
� Relatively easy processing (conventional

melting, powder, metal forming)

However, two principal drawbacks exist for
unalloyed NiAl: poor toughness and damage
tolerance at room temperature, and inadequate
strength and creep resistance at elevated tem-
peratures.

Ni3Al has an L12 ordered and face-centered
cubic crystal structure (Ref 1) that can be
maintained up to 1395 �C (2545 �F) (Fig. 4). Its
unit cell contains four atoms, with three nickel

Table 1 Sulfidation and oxidation parabolic rate constants, kp, of selected metals

Metal

Sulfidation Oxidation (pO2
~105 Pa)

Temperature

kp, g2/cm4/s pS2
, Pa

Temparature

kp, g2/cm4/s�C �F �C �F

Al 500 930 1.0 · 10�12 105 1000 1830 1.0 · 10�14

Ti 750 1380 4.5 · 10�12 10�1 800 1470 3.3 · 10�10

Zr 750 1380 2.7 · 10�12 10�1 800 1470 6.6 · 10�11

Hf 750 1380 7.4 · 10�12 10�1 800 1470 3.3 · 10�11

V 750 1380 2.3 · 10�10 10�1 . . . . . . Linear
Nb 750 1380 8.2 · 10�13 10�1 . . . . . . . . .
Cr 750 1380 1.9 · 10�8 10�1 800 1470 1.0 · 10�13

Mo 750 1380 2.6 · 10�12 10�1 . . . . . . Linear
W 750 1380 2.0 · 10�9 10�1 . . . . . . Linear
Fe 800 1470 2.0 · 10�7 105 800 1470 5.5 · 10�8

Ni 640 1185 1.6 · 10�6 105 1000 1830 9.1 · 10�11

Co 800 1470 6.7 · 10�6 105 900 1650 2.0 · 10�8

Source: Ref 11

Table 2 Parabolic rate constants, kp, of selected metals and alloys

Metal or alloy

Temperature Atmosphere, Pa

kp, g2/cm4/s�C �F pS2
pO2

V 750 1380 10�1 10�18 2.3 · 10�10

Nb 750 1380 10�1 10�18 8.2 · 10�13

Mo 750 1380 10�1 10�18 2.6 · 10�12

Fe-20Nb 700 1290 103 . . . 8.4 · 10�8

Fe-30Nb 700 1290 103 . . . 3.5 · 10�8

Ni-20Nb 700 1290 103 . . . 7.7 · 10�7

Ni-30Nb 700 1290 103 . . . 1.3 · 10�7

Co-20Nb 700 1290 103 . . . 1.6 · 10�7

Co-30Nb 700 1290 103 . . . 5.9 · 10�8

Fe-20Mo 700 1290 103 . . . 8.4 · 10�8

Fe-30Mo 700 1290 103 . . . 3.5 · 10�8

Ni-20Mo 700 1290 103 . . . 1.0 · 10�7

Ni-30Mo 700 1290 103 . . . 1.5 · 10�8

Co-20Mo 700 1290 103 . . . 4.4 · 10�8

Co-30Mo 700 1290 103 . . . 2.0 · 10�9

Co-20Cr-3.5Al-1Y-5V 750 1380 10�1 10�18 3.4 · 10�9

Co-20Cr-3.5Al-1Y-5Nb 750 1380 10�1 10�18 3.1 · 10�9

Co-20Cr-3.5Al-1Y-5Mo 750 1380 10�1 10�18 4.3 · 10�9

Co-20Cr-3.5Al-1Y-5W 750 1380 10�1 10�18 8.9 · 10�9

Co-20Cr-3.5Al-1Y-10V 750 1380 10�1 10�18 7.2 · 10�10

Co-20Cr-3.5Al-1Y-10Nb 750 1380 10�1 10�18 1.8 · 10�9

Co-20Cr-3.5Al-1Y-10Mo 750 1380 10�1 10�18 6.2 · 10�9

Source: Ref 11

Table 3 Physico-chemical properties of
sulfides of certain metals

Sulfide

Pilling-
Bedworth

ratio
Defect

structure

Melting point

�C �F

Al2S3 2.60 n-type 1099 2010
TiS2 1.11 n-type 1999–2099 3630–3810
ZrS 1.91 n-type 1549 2820
HfS . . . . . . 2100–2273

(estimated)
3810–4123

(estimated)
V2S3 . . . n-type 1799–1999 3270–3630
NbS2 . . . n-type . . . . . .
TaS2 2.42 n-type 999 1830
Cr2S3 2.50

(CrS)
n/p-type 1550 2820 (CrS)

MoS2 3.54 n-type 1457 2655
WS2 3.47 n-type 41800 43270
FeS 2.50 p-type 1189 2172
Co9S8 2.37 p-type 1080 1975
NiS 2.50 p-type 796 1465

Source: Ref 11

Table 4 Self-diffusion coefficients (DM) of
cations in some metal sulfides and oxides

Material

Temperature

DM, cm2/s�C �F

Sulfide

Cu2þyS 650 1200 5.15 · 10�5

Co1�yS 720 1330 7.0 · 10�7

Ni1�yS 800 1470 1.4 · 10�8

Fe1�yS 800 1470 3.5 · 10�7

Cr2S3 1000 1830 1.0 · 10�7

Al2S3 600 1110 1.0 · 10�13

Oxide

Cu2�yO 1000 1830 1.7 · 10�8

Co1�yO 1000 1830 1.9 · 10�9

Ni1�yO 1000 1830 1.0 · 10�11

Fe1�yO 800 1470 1.3 · 10�8

Cr2O3 1000 1830 1.0 · 10�12

Al2O3 1000 1830 1.0 · 10�16

Source: Ref 11
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atoms occupying face-centered positions and
with one aluminum atom at corner positions.
Ni3Al has a homogeneous phase field of
approximately 3 at.% around its stoichiometric
composition, which is very important for alloy
design. With off-stoichiometric compositions,
antisite substitutions are formed on both nickel-
rich and aluminum-rich sides of Ni3Al. This is
quite different from B2-NiAl, where antisite
defects are stable in the nickel-rich side and
vacancies are formed in the aluminum-rich
side.

Oxidation. In the oxidation of nickel alumi-
nides, Al2O3 grows in different modifications,
depending on the oxidation temperatures. At
lower temperatures and/or in the early stages
of oxidation, the metastable oxides c-Al2O3,
d-Al2O3, and h-Al2O3 develop. These types of
alumina contain a high concentration of cation
vacancies. In the early stages of oxidation,
the cubic oxides c-Al2O3 and d-Al2O3 have
been observed on zirconium-doped NiAl (Ref
14). Later, they transform to the monoclinic
h-Al2O3 (Ref 15), and finally, the transformation
to a-Al2O3 takes place (Ref 14–17). The
cubic alumina modifications and their transfor-
mation to h-Al2O3 were observed at lower
temperatures (800 to 1000 �C, or 1470 to
1830 �F). The transformation to a-Al2O3 was
observed at higher temperatures (1000 �C, or
1830 �F, and over).

The oxidation of NiAl generally results in the
formation of a protective alumina surface scale.
The formation of protective a-Al2O3 scale can
be controlled by favorable alloying additions.
The formation of pores and voids beneath the
scale leads to a decrease in the area of coherence.
Especially in NiAl with nickel excess, aluminum
depletion by Al2O3 growth causes rapid diffu-
sion of nickel into the material. Loss of nickel
and aluminum beneath the scale leads to void
nucleation and growth at the oxide/metal inter-
face. Void formation also most probably occurs

at other heterogeneities, for example, grain
boundaries, which may allow oxygen ingress at
grain boundaries, and intergranular oxidation of
NiAl may occur. Intergranular oxidation can be
followed or accompanied by internal oxidation
of NiAl. NiAl with high aluminum content and
multiphase alloys are much less susceptible to
intragranular and internal oxidation attack
(Ref 18).

It is found that the oxide scales forming on
Ni3Al at Ti1000 �C (1830 �F) in air consist of
transiently equiaxed NiO/NiAl2O4 or c-Al2O3

above a columnar a-Al2O3 protective layer
(Ref 19–21). Thus, the steady-state oxidation
mechanism is governed by transport through
a-Al2O3 grain boundaries, although the results
may vary depending on the oxidizing conditions
(Ref 22, 23). The steady-state oxide scales
formed on binary Ni3Al are usually not adherent.
Steady-state oxide scales are typically columnar-
grained a-Al2O3. Temperatures below 1000 �C
(1830 �F), low oxygen partial pressures (less
than the NiO/Ni3Al dissociation pressure), and
high-humidity environments favor the formation
of transition Al2O3 (Ref 19, 24).

The benefits of active element additions to
NiAl are well documented in the literature
(Ref 25–30). The inclusion of elements such as
yttrium and hafnium will have a number of
beneficial results, such as decreasing the oxide
growth rate, decreasing voids at the oxide/sub-
strate interface, increasing the mechanical
properties of the oxide, and acting as sulfur
getters. The effects of the ion implantation of
yttrium on the oxidation behavior of b-NiAl after
isothermal and thermal cycling at temperatures
ranging from 1000 to 1300 �C (1830 to 2370 �F)
is demonstrated in Ref 31. The use of ion
implantation as a method of adding active
elements has been reported to have several
advantages over other processes. These include
a decrease in segregation of the active elements
to the grain boundaries of the substrate and

the deposition of a thin layer onto the sample
surface in the case of higher doses. At a level
of 2 · 1014 Yþ/cm2, the addition has been found
to have little effect. However, at a level of
2 · 1016 Yþ/cm2, the yttrium has been shown to
promote the adherence of the alumina scale
and to decrease the oxidation rate.

The effects of noble metals on the oxidation
behavior of nickel aluminide coatings were
extensively reported (Ref 32–34). Whether used
as an environmental coating (Ref 35) or as a bond
coat for thermal barriers (Ref 36, 37), platinum
aluminides offer a higher level of protection than
that afforded by standard aluminide coatings.
This is due to the beneficial interaction between
platinum and aluminum, which helps to promote
and maintain the protective scale (Ref 38). First,
a stable platinum oxide is not formed at the
operating temperatures of the turbines (Ref 39),
and second, aluminum is very mobile in plati-
num-rich phases, whereas other elements have to
competitively diffuse relatively slowly to the
oxide/coating interface (Ref 40). In essence, the
platinum helps to create a reservoir of aluminum
in the outer portion of the coating. This in turn
promotes a more slowly grown, compact, and
adherent alumina scale, which enables platinum
aluminides to offer a greater level of protection
in oxidizing and corrosive environments than
standard aluminides (Ref 41). Palladium-mod-
ified aluminides have been reported to have
better mechanical properties than platinum alu-
minides and yet still offer a comparable level of
corrosion resistance (Ref 42), whereas the addi-
tion of rhodium is thought to increase both
coating stability and oxidation resistance (Ref
43). However, the performance of iridium-
modified aluminides has rarely been reported in
the open literature. Iridium exhibits relatively
low oxidation rates, compared to other refractory
metals, and is known to have a low oxygen dif-
fusivity (Ref 44). Iridium is less expensive than
platinum, and investigations of IrAl inter-
metallics have found that they have potential as
alumina formers (Ref 45, 46).

Sulfidation. The high-temperature sulfida-
tion behavior of nickel aluminides has been
shown to be strongly influenced by the alloy and
gas compositions. The sulfidation behavior of
four nickel-aluminum alloys containing 25 to
45 at.% Al studied (Ref 47) over the temperature
range of 750 to 950 �C (1380 to 1740 �F) in a gas
mixture of H2/H2S (0.1 to 10 vol%) has been
reported to follow parabolic kinetics. Double-
layered scales consisting of an outer layer of
Ni3S2 and an inner layer of NiAl3.5S5.5 form on
all alloys regardless of the aluminum content,
indicating insignificant influence of aluminum
content on sulfidation rate. However, the low
oxygen partial pressure in H2/H2S/H2O mixtures
has been shown to significantly influence the
sulfidation behavior; severe attack by rapid
internal oxidation destroys all the alloys except
Ni25Al (25 at.% Al), with the internal oxidation
zone consisting of a mixture of c0-Ni3Al and
Al2O3. On the alloys containing 36 and 45 at.%
Al, local attack occurs, with fast-growing pocks

400

800

600

1200

1000

1600

1400

1800

0 10 504020 30 60 70 80 90 100

(Al)

639.9 °C

660.9 °C 854 °C

Al3Ni5

~700 °C

AlNi3

1133 °C

AlNi
(Ni)

1455 °C

1638 °C
L

A
l 3

N
i

A
l 3

N
i 2

Al NiNickel (at%) 

T
em

pe
ra

tu
re

 (
° C

)

Fig. 4 The binary nickel-aluminum phase diagram

494 / Corrosion of Nonferrous Metals and Specialty Products

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



forming after an incubation period. An inter-
ruption of the H2S gas flow stops internal oxi-
dation; virtually no internal oxidation occurs in
flowing H2/H2O atmospheres. These facts indi-
cate that H2S is essential for triggering and
maintaining the internal oxidation of the nickel
aluminides.

The effects of H2S concentration on the sul-
fidation behavior of Ni3Al at 875 �C (1605 �F)
in several H2/H2S gas mixtures ranging from
0.16 to 4.7 vol% H2S are demonstrated in Fig. 5
(Ref 3). Also shown for comparison are weight-
change data for oxidation of the alloy in an air
environment. The weight-change data indicate
that at H2S levels up to 0.75 vol%, the reaction
rate follows a parabolic behavior, and at H2S
levels of 1.5 vol% or higher, the weight-change
data exhibit accelerated corrosion. At low levels
of H2S (0.16 and 0.38 vol%) in the gas phase, the
sulfidation rates become similar to the oxidation
rates in an air environment. As the H2S level
increases, the sulfidation rate increases, and at
~1.5 vol% H2S, liquid Ni-Ni3S2 eutectic forms,
and accelerated corrosion ensues. At a H2S level
of 4.7 vol%, the calculated rate constant for
sulfidation is 8.7 · 10�10 g2/cm4/s, which is ~4
orders of magnitude larger than the rate constant
for the oxidation of the alloy. At higher sulfur
levels, the weight-change curves show an
accelerated rate for longer times, due primarily
to a decrease in the reaction surface area pro-
duced as the reaction front advances deeper into
the alloy.

Hot corrosion studies of the NiAl inter-
metallics are very few. An investigation of hot
corrosion (Ref 48) on a Ni3Al alloy at 605, 800,
and 1000 �C (1120, 1470, and 1830 �F)
demonstrates the significant effect of tempera-
ture. The specimens coated with 1+0.1 mg/cm2

of Na2SO4-Li2SO4 and then exposed to a 1%
SO2/air gas mixture have indicated highest
weight gain at 1000 �C (1830 �F) and least
weight gain at 800 �C (1470 �F). It is proposed
that NiO oxide formation consumes oxygen in
the molten salt. The consumption of oxygen
locally reduces the oxygen potential and
increases the sulfur partial pressure in the molten
salt. As the sulfur partial pressure reaches the
equilibrium partial pressure region of NiSx and/

or AlSx, NiSx and/or AlSx forms at the salt/alloy
interface through sulfidation reaction. The con-
sumption of sulfur decreases the sulfur potential,
and oxygen partial pressure increases in the
molten salt. This leads to the formation of NiO
again. This mechanism also suggests that NiO
and NiSx and/or AlSx are produced simulta-
neously. Because the produced sulfide is ther-
modynamically unstable when the oxygen
potential increases, it is possible for the sulfides
to convert into oxides (NiO, Al2O3, and
NiAl2O4) through the necessary reactions. There
are two possibilities for the formation of spinel
phase, which is produced either through the
reaction of aluminum and nickel with oxygen in
the molten salt or through the evolution of
sulfides.

Fe3Al and FeAl

The iron aluminides, mainly Fe3Al and FeAl,
are of interest for many land-based applications
because of their appropriate mechanical proper-
ties, ease of fabrication, excellent oxidation and
corrosion resistance, conservation of strategic
elements, low density, and low cost. Moreover,
FeAl is characterized to possess good resistance
to catalytic coking, carburization, sulfidation,
and wear. Therefore, iron aluminides are being
developed for use as structural materials and/or
as cladding for conventional engineering alloys.
Figure 6 presents the phase diagram of the iron-
aluminum binary system (Ref 1). In the iron
aluminide system, the alloys of interest are of
composition Fe3Al and FeAl. It is reported (Ref
3) that the crystal structure of Fe3Al is D03 or B2,

while FeAl has the B2 structure. The melting
point temperatures of Fe3Al and FeAl are 1520
and 1250 �C (2770 and 2280 �F), respectively,
and densities are 6.72 and 5.56 g/cm3, respec-
tively. However, the Young’s modulus values for
Fe3Al and FeAl are 140.6 and 260.4 GPa (20 and
38 · 106 psi), respectively, and the stiffer inter-
metallic has a tendency to be much more brittle.
Their tensile strength also compares favorably
with many ferritic and austenitic steels. How-
ever, Fe3Al and FeAl are susceptible to envir-
onmental embrittlement in the presence of water
vapor, although the degree of sensitivity of Fe3Al
appears to be less than FeAl. Limited ductility at
ambient temperatures and a sharp drop in
strength at above 600 �C (1110 �F) have been
major deterrents to their acceptance for many
structural applications.

Oxidation of FeAl-base intermetallic alloys
usually shows different behavior in air and
oxygen atmospheres (Ref 49); the oxidation rates
of Fe-37Al oxidized in ambient air are higher
than in oxygen at 1000 to 1200 �C (1830 to
2190 �F), with a double-layered oxide scale
forming on the surface of Fe-37Al specimens
during oxidation. In the case of air oxidation, the
outer layer consists of convoluted whiskers of a-
Al2O3, while the inner layer is comprised of
Al2O3þAlN. A convoluted a-Al2O3 layer with
the inner layer consisting of Al2O3 is the result of
oxidation in pure oxygen. It is believed that the
nitrogen ions in Al2O3 and the growth of whisker
oxides cause an increase of the oxidation rate
in air.

Doping with yttrium, zirconium, and yttri-
umþ zirconium has a strong influence on the
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oxidation kinetics of Fe-37Al intermetallics.
Yttrium additions to Fe-37Al decrease the oxi-
dation rates at 1000 to 1200 �C (1830 to
2190 �F). Fe-37Al-0.1Y-0.2Zr revealed lower
oxidation rates at 1100 and 1200 �C (2010 and
2190 �F) than Fe-37Al but not at 1000 �C
(1830 �F). Fe-37Al with zirconium demon-
strated higher oxidation rates than Fe-37Al. Fe-
37Al-0.8Zr exhibits a lower oxidation rate at
1100 and 1200 �C (2010 and 2190 �F) than Fe-
37Al-0.3Zr. The effects of the reactive elements
on the isothermal oxidation of Fe-37Al can be
classified into different groups. The compact
oxide scale formed on the doped Fe-37Al redu-
ces the oxidation rate. Reactive elements form
special oxides that have faster growth rates than
the aluminum oxides. Furthermore, reactive ele-
ments, such as yttrium or yttriumþ zirconium,
increase the transformation temperature of
h-Al2O3 to a-Al2O3. The scale growth on
undoped FeAl is influenced by the cation and
anion short-circuit diffusion. The scale growth
on doped FeAl is controlled mainly by anion
short-circuit diffusion. The oxide grain size
has been observed to have significant effects
on the effective diffusion coefficient of the
scales formed on the undoped Fe-37Al but not
on the yttrium-doped Fe-37Al alloys (Ref 50,
51). The results obtained from the studies
of oxidation kinetics of the intermetallic phase
b-FeAl in the temperature range of 800 to
1100 �C (1470 to 2010 �F) (Ref 52) demon-
strate that at temperatures 4900 �C
(1650 �F), the initially formed metastable
aluminum oxides are converted to adherent
and slow-growing a-Al2O3 scales.

Parabolic kinetics after a period of transient h-
Al2O3 scale formation characterizes the oxida-
tion behavior of Fe-40Al-1Hf, Fe-40Al-1Hf-
0.4B, and Fe-40Al-0.1Zr-0.4B (at.%) alloys at
900, 1000, and 1100 �C (1650, 1830, 2010 �F)
(Ref 53). The isothermally grown scales are
associated with a propensity toward massive
scale spallation due to both extensive rumpling
from growth stresses and an inner layer of HfO2.
Spallation in cyclic oxidation for 200 one-hour
cycles produced little degradation at 900 or
1000 �C (1650 or 1830 �F), but caused sig-
nificant spallation at 1100 �C (2010 �F) in the
form of small segments of the outer scale. The
major difference in the cyclic oxidation of the
three FeAl alloys mentioned previously is
increased initial spallation for FeAlþ zirconium
and boron. Although these FeAl alloys indicate
many similarities to NiAl alloys, they are gen-
erally less oxidation resistant. It is believed that
this stems from the presence of nonoptimal
levels of dopants and larger thermal-expansion
mismatch stresses.

It is reported (Ref 54) that the addition of a
reactive element (RE)—yttrium (usually) and/or
hafnium—significantly improves the oxide
adherence of Fe3Al over the range of tempera-
ture from 900 to 1100 �C (1650 to 2010 �F) for
up to 240 h. Without RE additions, the Al2O3

scales developed on Fe3Al alloys become
convoluted, with the growth of the oxide scale

being controlled by a mixed-diffusion mode of
aluminum and oxygen transport. Reduced
aluminum diffusion and the formation of a flat
scale growing mainly by the inward transport
of oxygen are associated with adding REs,
especially yttrium. The reduction in the transport
of aluminum in RE-doped Fe3Al alloys, reducing
the Fe3Al alloy rate of oxidation, probably stems
from the segregation of the RE to the scale/alloy
interface. Extensive intergranular oxidation
of the yttrium-containing Fe3Al alloys has been
observed, probably due to the segregation
of yttrium (not hafnium) to the alloy grain
boundaries. The detrimental effect of excessive
hafnium content on the oxide growth is believed
to be due to the formation of hafnium-rich
oxide particles facilitating inward scale growth,
leading to the formation of localized oxide-
thickening “pegs” and the eventual formation of
less protective oxide, especially under thermal
cycling.

Sulfidation. The results obtained from the
sulfidation experiments conducted on several
sets of iron aluminides at temperatures between
400 and 1000 �C (750 and 1830 �F) (Ref 55) are
shown in Fig. 7, giving thermogravimetric data
for ternary iron aluminide tested in a 1.35 vol%
H2S/H2 gas mixture at 650, 875, and 1000 �C
(1200, 1605, and 1830 �F). Also shown in the
figure are data for type 310 stainless steel oxi-
dized in air at 1000 �C (1830 �F) and sulfidized
in the 1.35 vol% H2S/H2 gas mixture at 875 �C
(1605 �F). Figure 8 shows some scanning elec-
tron micrographs of surfaces of Fe3Al and type
310 stainless steel specimens after sulfidation.
The temperature dependence of the morpholo-
gies of surface sulfides on the Fe3Al probably
results from the variable thermodynamic activity
of sulfur in the exposure environment, with the
activity being lowest at 1000 �C (1830 �F) and
highest at 650 �C (1200 �F) (H2S concentration
in the gas was kept constant). In the scales on the
Fe3Al consisting of (Fe,Al) sulfides and iron
sulfides, the relative proportion of the former to
the latter decreases with decreased temperature.
The scale on the type 310 stainless steel is pre-
dominantly (Fe,Cr) sulfides with some nodules
of iron sulfide.

Comparative studies have been conducted on
the sulfidation resistance of Fe3Al and several
chromia- and alumina-forming alloys in oxygen/
sulfur mixed-gas environments (Ref 55, 56).
Thermogravimetric studies on oxidation of iron-
base alloys with differing aluminum concentra-
tions and Fe3Al alloys show that a minimum
aluminum level of 12 wt% is needed to develop a
continuous alumina scale that is resistant to
sulfur attack. A detailed comparison has been
made of the corrosion performance of alumina-
and chromia-forming alloys exposed to oxygen/
sulfur mixed-gas environments.

The results obtained from the high-tempera-
ture corrosion behavior of FeAl (42 at.% Al)
intermetallics in a mixture gas (95% N2þ 5%
H2) plus 1% H2S at 600 �C (1110 �F) show
excellent corrosion resistance for FeAl in this
atmosphere; the mass gain of FeAl remains

50.15 mg/cm2 after exposure to the atmosphere
for 90 h at 600 �C (1110 �F). The depth profile
of x-ray photoelectron spectroscopy analysis
indicates the formation of the double-layered
scale: a layer of a mixture of FeS and Al2O3 on
the top surface and an Al2O3 layer on the bottom
(Ref 57).

The corrosion behavior of Fe-28Al and Fe-
18Al-10Nb (at.%) over the temperature range of
700 to 900 �C (1290 to 1650 �F) in a H2/H2S/
H2O gas mixture with varying sulfur partial
pressures of 10�2 to 103 Pa and oxygen partial
pressures of 10�19 to 10�15 Pa is characterized,
in general, by parabolic kinetics, although two-
stage kinetics are noted in some cases. The
steady-state parabolic rate constants increase
with increasing temperature. Based on the
equivalent addition (28 at.%) of alloying ele-
ments, Fe-18Al-10Nb exhibits a better corrosion
resistance, being approximately 2 to 4 orders of
magnitude lower than Fe-28Al (depending on
temperature). The scales formed on Fe-28Al
consist of mostly FeS, a-Al2O3, and minor
FeAl2S4, while the scales formed on Fe-18Al-
10Nb consist of mostly a-Al2O3, Nb3S4, Nb2O5,
and minor FexNbWS2 (FeNb2S4/FeNb3S6) at
Tj800 �C (1470 �F) and of a-Al2O3, Nb3S4,
and FexNbS2 at 900 �C (1650 �F). Significantly
reduced corrosion rates follow the formation of
Al2O3 and Nb3S4 (Ref 58, 59).

The minimum aluminum concentration need-
ed to resist sulfidation and oxidation in H2S/H2/
H2O environments was established in Ref 60;
alloys containing i18% Al are uniquely resis-
tant to H2S-containing environments at 800 �C
(1470 �F). Chromium adversely affects the cor-
rosion resistance in this mixed-gas environment,
although this effect is partially offset by the
addition of molybdenum. Zirconium and yttrium
have no significant influence on the corrosion
rate under the same temperature and environ-
mental conditions. Investigations (Ref 61) on the
effects of yttrium, hafnium, and yttriumþ
hafnium on the sulfidation behavior of Fe3Al at
900 �C (1650 �F) in a H2S/H2/H2O environment
demonstrate that additions of the RE confer
significantly increased sulfidation resistance

310 stainless steel, 875 °C, sulfidation

Fe3Al + 5 wt% Cr, 1000 °C, sulfidation

310 SS, 1000 °C, oxidation

Fe3Al + 5wt%Cr, 650 °C, sulfidation
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Fig. 7 Thermogravimetric test data for chromium-
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to Fe3Al. However, the combined addition of
yttriumþ hafnium compromises the benefit to
the sulfidation-resistance enhancement. It is
interesting to note that a superlattice of MnS
formed on the sulfidized Fe3Al with the addition
of yttrium and hafnium, as revealed in Fig. 9.

Hot Corrosion. Important information on
the hot corrosion behavior of FeAl intermetallics
comes from the studies on binary iron aluminide,
Fe-25Al (at.%), at 827, 952, and 1057 �C (1521,
1746, and 1935 �F) (Ref 62). The results ob-
tained from hot corrosion studies conducted by
coating the specimen surfaces with 2.5+
0.2 mg/cm2 of Na2SO4 prior to exposure in
pure oxygen show parabolic rate constants. The
faster kinetics in the initial stages of oxidation
are thought to be related to the formation of h-
Al2O3 and the slower kinetics in the later stages
of oxidation to the formation of a-Al2O3, with
the overall rate of hot corrosion being higher than
that of oxidation at all the temperatures. The
presence of a-Fe2O3 in addition to alumina is
indicated by x-ray diffraction (XRD) analysis of
the scales present on the surface of the samples
after hot corrosion. Fourier transform infrared
spectra from the spalled scales in hot corrosion
divulge the presence of a-Al2O3, a-Fe2O3, and
sulfate. Cross-sectional microscopy reveals pit-
ted metal/scale interfaces in hot corrosion con-
ditions, with the pits containing aluminum
sulfide. Sulfides are also identified along the

grain boundaries in the intermetallic near the
scale/metal interface.

Ti3Al and TiAl

Recent research and development efforts on
Ti3Al and TiAl ordered intermetallics, which are
potential candidates for the structural materials
in aerospace and automobile industries, have
resulted in considerable improvement in their
mechanical and metallurgical properties. The
binary titanium-aluminum phase diagram is
given in Fig. 10. Intermetallic materials with
improved properties—superior specific stiffness
and strength—over conventional titanium-base
alloys in the intermediate temperature range of
600 to 800 �C (1110 to 1470 �F) have been
developed. Among other properties, high-tem-
perature strength (up to 800 MPa, or 116 ksi,
ultimate tensile strength at 700 �C, or 1290 �F),
creep resistance (typically primary ~1% strain
after 500 h), and fatigue resistance (typically
480 MPa, or 70 ksi, runout following turning,
and 730 MPa, or 106 ksi, after high-speed mil-
ling) make c-titanium aluminides ideal materials
for weight-critical components subject to med-
ium temperatures (up to 800 �C, or 1470 �F)/
fluctuating stress. The main advantage for the use
of c-TiAl is weight saving, because it is typically
half the density of alternative nickel-base

superalloys. High stiffness (~130 GPa, or
19 · 106 psi, at 700 �C, or 1290 �F) is a further
advantage (Ref 63, 64). The maximum useful
service temperature for c-TiAl appears to be
limited to 800 �C (1470 �F) today; however,
future applications are targeting operating
temperatures 4800 �C (1470 �F). At these
temperatures, titanium aluminides will be
subjected to severe environmental attack, parti-
cularly oxidation during service. Clearly,
to achieve such enhanced high-temperature
capability, it is essential to devise strategies
based on alloy development and/or protective
coating design. Such strategies must be under-
pinned by a thorough understanding of the
corrosion behavior of these intermetallics.

Oxidation behavior of TiAl and TiAl-base
materials displays a complex pattern (Ref 65–
68). The formation of a slow-growing, adherent,
and protective Al2O3 scale is much more difficult
in TiAl intermetallics than in disordered tita-
nium-aluminum alloys and in NiAl (Ref 69, 70).

Fig. 8 SEM micrographs of surface of Fe3Al and type 310 stainless steel after sulfidation exposure to a H2/1.35 vol%
H2S gas mixture. Fe3Al at (a) 650 �C (1200 �F), (b) 875 �C (1605 �F), and (c) 1000 �C (1830 �F); (d) type 310

stainless steel at 875 �C (1605 �F). Source: Ref 3

Fig. 9 Superlattice layer formed on the sulfidized
Fe3Alþ yttrium-hafnium alloy in a H2/H2S/H2O

environment at 900 �C (1650 �F) for 240 h. (a) Dark-field
image. (b) Electron diffraction pattern. Source: Ref 61
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The difficulty in the development of Al2O3 scale
in TiAl intermetallics is associated with the
retardation in the selective oxidation of alumi-
num. The thermodynamic imperative in pro-
moting the formation of both titanium and
aluminum oxides leads to the development of
scale layering comprised of TiO2/Al2O3/TiO2.
The number of layers formed is influenced by
temperature, time, and the partial pressure of
oxygen.

In order to understand the oxidation mechan-
isms from a fundamental point of view, the
authors (Ref 71) have carried out nanoscale
studies of the early stages of the oxidation
behavior of TiAl, allowing nanoscale informa-
tion on the scaling processes to be obtained. A
two-stage strategy was used. The first stage
involved scanning tunneling microscopy (STM)/
scanning tunneling spectroscopy (STS) investi-
gations of TiO2(110)-(1 by 1) surface in order to
establish “fingerprints” for the identification of
the products formed during oxidation of TiAl. In
the second stage, a TiAl intermetallic alloy was
studied by STM/STS after repeated sputtering
and heating (to provide ideal surfaces) in both
low- and high-oxygen potential environments.
For TiO2, it was found that the oxygen vacancies
produced created additional defect states in the
band gap of stoichiometric TiO2 (Fig. 11b). This
state can be taken as the fingerprint for the
reduced TiO2 surface, indicating the presence of
Ti2O3. The energy for this state, estimated from
the STS measurement, is in agreement with
previous results (Ref 71).

Following oxidation at room temperature with
100 Langmuir oxygen, the TiAl surface, with
well-developed terraces, ledges, and kinks,

shows islands of oxides of nanometer size and
monolayer height (Fig. 11a). The tunneling
spectroscopy results recorded on these islands
show the semiconducting character and peaks at
~1 eV below the Fermi level (SS) on the nor-
malized tunneling conductance dI/dV curves
(Fig. 11b). This curve resembles the curve
obtained for TiO2 where surface states (SS) were
created due to the formation of Ti2O3. Thus, the
curves in Fig. 11(b) confirm the nucleation of
Ti2O3 in a low-oxygen-pressure environment
and clearly show that oxidation of TiAl begins
with the formation of Ti2O3. Surface morphol-
ogy of the TiAl alloy after exposure to a high-
(atmospheric) oxygen-potential environment is
shown in Fig. 12(a). The current/potential (I/V)
curve recorded on this surface (Fig. 12b) reveals
asymmetric shape and shows that the tunneling
current is higher for the positive polarization of
the sample than for the negative voltage of the
same value. Furthermore, a well-defined sup-
pression of the tunneling current, that is, pres-
ence of the I(V) � 0 region in the �1.5 to 0.8 eV
energy range, is observed. This type of asym-
metry and suppression of the tunneling current
can be explained by the presence of TiO2 mate-
rial on the surface as amorphous TiO2 and can be
regarded as a 3 eV band-gap binary oxide (sup-
pression of the tunneling current), with the Fermi
level shifted toward the valence band (asym-
metry of the tunneling current) (Ref 71). Such
fundamental information is essential to studying
the initial stages of scale growth and explaining
the rapid diffusion observed during the onset of
oxide nucleation.

Exposure of Ti3Al alloys to oxygen at high
temperature leads to both oxidation and dis-

solution in the alloy. High oxidation resistance
would be expected if a protective Al2O3

layer could be formed by selective oxidation.
However, Al2O3 is only slightly more stable than
TiO, and the activity of titanium is much higher
than that of aluminum in Ti3Al (Ref 72). Thus,
TiO is the stable oxide in contact with Ti3Al, and
further oxidation leads to nonprotective forma-
tion of rutile, TiO2. The oxidation behavior is
complex, leading to a layered oxide scale struc-
ture with TiO2 on the outside and oxides with
higher metal content underside, including Al2O3

(Ref 73). Besides scale formation at the surface,
oxygen diffuses into Ti3Al as a solute, because
Ti3Al has a comparatively high solubility for
oxygen. This leads to embrittlement, increased
strength, decreased ductility, and crack forma-
tion at the surface (Ref 74).

Molybdenum, tantalum, and niobium increase
the oxidation resistance to such an extent that the
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obtained rate constants are intermediate between
those of TiO2 and Al2O3 formers (Ref 75). The
obtained oxidation resistances remain too low
and limit the application of Ti3Al-base alloys at
high temperature. Therefore, coating of these
alloys is necessary.

The oxidation resistance of c-TiAl is higher
than a2 due to the higher aluminum content but
still orders of magnitude lower than that of Al2O3

formers. The oxidation resistance of TiAl relies
on the formation of a protective Al2O3 layer that
is only slightly more stable than TiO, with further
oxidation producing nonprotective rutile. Thus,
oxidation is a problem for TiAl alloys that have
been optimized with respect to mechanical
behavior.

The majority of the studies on oxidation
behavior of TiAl intermetallics involved ex-
periments in air. In general, it is found that faster
oxidation kinetics are promoted in air than in
oxygen (Ref 76–81). In Ref 82, the oxidation
behavior of Ti-52Al (at.%) at 900 �C (1650 �F)
in various atmospheres, including air and pure

oxygen gas and also in oxygen mixed with dif-
ferent (2, 10, 90, 98, and 100%) nitrogen-con-
taining atmospheres, was studied, and it was
concluded that while a protective alumina scale
was developed in pure O2, the nitrogen-con-
taining atmospheres do not promote the forma-
tion of a continuous alumina scale; instead,
intermixed TiO2/Al2O3 nodules are detected.
The density of these nodules has been found to
increase with increasing nitrogen concentration
in the reactive atmosphere. Reference 83
attributes the fast oxidation of TiAl in air to
nitridation. The mechanism by which nitrogen
adversely affects the oxidation behavior is still
not yet satisfactorily understood. In contrast, the
oxidation results of titanium-aluminum in Ref 84
in air and Ar/O2 atmospheres show beneficial
effects of nitrogen for Ti-48Al-5Nb at 900 �C
(1650 �F). The enhancing effect of nitrogen was
attributed to the elimination of internal oxidation
of the niobium-containing alloy, which has been
found to occur during exposure in Ar-20%O2.
However, in the same study at 900 �C (1650 �F),
the detrimental effect of nitrogen was also
observed for Ti-50Al.

Using commercial gases (O2, Ar-21%O2, Ar-
1%O2, He-1%O2, and argon containing impu-
rities such as CO2, N2, H2O, and H2), the influ-
ence of the partial pressure of oxygen on the
oxidation behavior of c-TiAl was studied. The
results show the lowest oxidation at 1000 �C
(1830 �F) in pure O2 and then increasing with
decreasing oxygen partial pressure (Ref 85). The
observed oxidation kinetic results in argon
showing the highest mass gain at the same
exposure temperature can be attributed to the
presence of other oxidants present in the argon,
such as CO2, H2, and H2O. In fact, the rapid
increase of the weight gain of the experimental
material in the argon atmosphere probably stems
from the presence of water vapor (H2O). Such
results are not consistent with those obtained
from other studies on the effects of the partial
pressures of oxygen (Ref 86). The oxidation rate
of TiAl-V in pure oxygen has been found to be
higher than in Ar-1%O2 at 900 �C (1650 �F).
The investigation of transport processes indi-
cates the formation of protective Al2O3 increas-
ing with the increase of oxygen partial pressure
in the reactive atmosphere.

It is possible to predict the alloying element
concentration, the temperature, and the oxygen
partial pressure of the atmosphere in which
preferential oxidation of the alloying element
can initially occur, provided that appropriate
thermodynamic data are available. An oxidation

mechanism has been proposed by the authors
(Ref 87) for the oxidation of an intermetallic
alloy, Ti-46.7Al-1.9W-0.5Si, in air at 750 to
950 �C (1380 to 1740 �F). The minimum activ-
ities of titanium and aluminum required to form
the relevant TiO2 and Al2O3 can be calculated if
the oxygen partial pressure (0.21 atm) and
experimental temperatures (750, 850, and
950 �C, or 1380, 1560, and 1740 �F) are known.
The free energies of formation (joule/mole) for
TiO2 and Al2O3 (Ref 88) are given by:

DG�T,TiO2
=7910,000 + 173 T (Eq 9)

DG�T,Al2O3
=71,676,000 + 320 T (Eq 10)

where T is the experimental temperature in
Kelvin. The calculated results of minimum
activities of aluminum and titanium to form
Al2O3 and TiO2 are listed in Table 5. Detailed
calculations for the titanium-aluminum binary
system (Ref 89) show that the activity of titanium
is slightly higher than the aluminum activity in
the Ti-46.7Al-1.9W-0.5Si alloy. It appears that
the addition of tungsten and silicon does not
significantly alter the situation concerning the
activity of titanium and aluminum. Thus, the
preferential formation of TiO2 is predicted dur-
ing exposure to both environments. The dis-
continuous nature of the TiO2 layer at the early
stages of oxidation, observed in this study, may
be attributed to the two-phase nature of the
microstructure of the alloy, which implies that
the activities of titanium and aluminum varied
depending on the location of the phases on the
alloy surface, and it was difficult for TiO2 to form
in certain areas.

During the initial exposure of the Ti-46.7Al-
1.9W-0.5Si alloy to air at the experimental
temperatures, the high oxygen partial pressure
promotes the formation of TiO2, according to the
reaction:

TiðsÞ þ O2ðgÞ ¼ TiO2ðsÞ (Eq 11)

The formation of TiO2 changes the balance of the
activities of titanium and aluminum and the
oxygen partial pressure between the TiO2 layer
and the substrate. The reduction of titanium
activity then leads to the development of an
Al2O3 layer:

2Al(s)+3/2O2(g)=Al2O3(s) (Eq 12)

This development of an Al2O3 layer in turn leads
to the formation of a titanium-enriched zone
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Fig. 12 (a) 300 nm · 300 nm scanning tunneling
microscopy topography and (b) I/V curve for

oxidized TiAl after exposure to atmospheric environment.
Source: Ref 71

Table 5 The minimum activities of titanium and aluminum to form TiO2 and Al2O3

0.21 atm of oxygen partial pressure at temperatures given

Metal Symbol

Activity, minimum

750 �C (1380 �F) 850 �C (1560 �F) 950 �C (1740 �F)

Aluminum aAl 1.19 · 10�34 7.72 · 10�31 1.18 · 10�27

Titanium aTi 1.77 · 10�37 2.44 · 10�33 7.05 · 10�30
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beneath the Al2O3 layer. At the same time,
nitrogen migrates through the Al2O3 layer to
this titanium-enriched zone from the external
atmosphere, which creates a favorable circum-
stance for the following reaction to take place:

Ti(s)+1/2N2(g)=TiN(s) (Eq 13)

Thus, a TiN layer is formed beneath the Al2O3

layer. In the meantime, oxygen species also
diffuse inward to the interface between the
Al2O3 layer and the TiN layer, allowing a
buildup of the oxygen partial pressure. When
the oxygen partial pressure reaches a certain
level, TiN became unstable, favoring the
following reaction:

TiN(s)+O2(g)=TiO2(s)+1/2N2(g) (Eq 14)

The released nitrogen migrates inward via the
TiN layer. The nitrogen partial pressure gradu-
ally increases at the TiN/substrate interface, and
the nitrogen species, encountering titanium from
the substrate, allows the reaction (Eq 13) to take
place again. This gives rise to the formation of a
titanium-depleted zone, demonstrated by the
existence of a TiAl2 band beneath the TiN layer.
The oxidation mechanisms of the Ti-46.7Al-
1.9W-0.5Si alloy in air are schematically
described in Fig. 13. It is apparent that the
thickness of the TiO2 layer increases with
exposure time, as does the thickness of the TiN
layer as nitrogen migrates inward from the
external environment. However, it is not clear
why AlN does not develop between the TiN and
TiAl2 band, because the affinities of aluminum
and titanium to nitrogen are very close (Ref 88).
This can probably be attributed to the faster self-
diffusion of titanium in the TiAl substrate than
that of aluminum (Ref 90); TiN became the
kinetically favored product.

Sulfidation. Information on the high-tem-
perature sulfidation behavior of titanium-alumi-
num intermetallics is not extensive. Some work
has been reported on the response of titanium-
aluminum-base materials, such as Ti-54Al and
Ti-48Al-2Nb-2Mn, after exposure at 900 �C
(1650 �F) to mixed-gas environments with a
fixed pO2

(10�14 Pa) and with pS2
values of

0.0016, 0.11, and 1.6 Pa (Ref 91). The results
from this study indicate parabolic kinetics at all
pS2

values for sulfidation of the alloys. After
some uncertainties at the early stages of sulfi-
dation, prolonged exposure (168 h at 900 �C, or
1650 �F) indicates that the greatest resistance to
sulfidation occurs at the highest pS2

(Fig. 14, 15).
In the initial stages of exposure, the high

affinity of oxygen for titanium and aluminum
leads to development of an outer layer of TiO2,
beneath which an Al2O3 layer forms. Sulfur
diffuses through the TiO2 and Al2O3 layers and
reaches the substrate/scale interface, where the
pO2

is low enough to promote the formation of
TiS2 and Al2S3 (and NbS2 in the case of Ti-48Al-
2Nb-2Mn). Clearly, the presence of high pS2

in

the bulk environment provides a higher driving
force for sulfur migration that then supports a
higher sulfur flux and favors the formation of
sulfides of alloy constituents. Accordingly, a
mixed layer of sulfides and oxides develops in
the high-pS2

atmosphere, thicker than in the low-
pS2

environment, thereby providing higher
resistance to sulfidation.

In summary, the superior sulfidation resis-
tance of Ti-54Al and Ti-48Al-2Nb-2Mn can be
ascribed to several aspects of the scaling pro-
cesses. First, the development of an inner layer of
sulfides (TiS2, Al2S3, NbS2) provides an effec-
tive barrier to cation transport. The presence of
refractory metal sulfide, NbS2, is known to cause

significant improvement in the sulfidation resis-
tance of the intermetallic alloy (Ref 92). Fur-
thermore, sulfidation resistance of Ti-54Al stems
from the formation of a TiAl3 layer at the scale/
substrate interface by the diffusion of titanium
after the development of TiO2 and TiS2. Tita-
nium released from the dissociation of TiS2 is
likely to promote a thick TiAl3 layer, thus
imparting further resistance to sulfidation.

The oxidation/sulfidation behavior of another
intermetallic alloy, Ti-56.6Al-1.4Mn-2Mo, with
duplex and lamellar microstructure has been
investigated by the authors (Ref 93) in H2/H2S/
H2O (pS2

=0:1 Pa; pO2
=10712 Pa) at 750 �C

(1380 �F) and (pS2
=0:1 Pa; pO2

=10714 Pa)
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Fig. 13 Schematic illustration of the mechanism controlling oxidation of Ti-46.7Al-1.9W-0.5Si in air between 750
and 950 �C (1380 and 1740 �F). (a) Islands of TiO2 form. (b) Al2O3 layer and titanium-rich zone form, and

TiO2 grows. (c) TiN layer develops in titanium-rich zone, and aluminum-rich zone forms. (d) TiN layer oxidizes and shifts
inward, and TiO2 and Al2O3 layers and TiAl2 zone grow. Source: Ref 87
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at 900 �C (1650 �F). The results of weight-
gain/time data show parabolic kinetics
(kp=10�12 g2/cm�4/s) at 750 �C (1380 �F) and
cubic kinetics at 900 �C (1650 �F) and the
absence of significant effect on the corrosion
behavior of increased exposure temperature,
with scaling pattern development resembling
that of the Ti-Al-Nb-Mn alloy, that is, with
an outermost TiO2/inner Al2O3 layer and base-
element sulfides forming between the oxide
layers and the substrate.

The enhanced corrosion resistance observed at
900 �C (1650 �F) compared to that at 750 �C
(1380 �F) follows from the differences in the
defect structures. Both oxygen vacancies and
interstitial titanium ions are important point
defects (Ref 8), with interstitial titanium ions
predominating at low pO2

, and high temperature,
whereas oxygen vacancies predominate at high
pO2

and low temperature. At low pO2
, many

interstitial titanium ions are expected in TiO2,
and hence, an increase in pO2

would result in a
decreased number of interstitial ions. Reducing
the interstitial titanium ions would decrease the
transport of titanium through TiO2. The tem-
perature change between 750 and 900 �C (1380
and 1650 �F) may not significantly alter the
diffusion of titanium and oxygen ions in these
alloys. The increased oxygen pressure will
increase the oxygen vacancies in TiO2 and
thereby increase the inward diffusion of oxygen
and promote Al2O3, imparting a slow corrosion
rate for both materials.

Further work by the authors (Ref 94) on the
oxidation and sulfidation behavior of Ti-46.7Al-
1.9W-0.5Si alloy in an H2/H2S/H2O atmosphere
yielding high sulfur (pS2

~ 1:2 · 1071 Pa) and
low oxygen (pO2

~ 1:2 · 10715 Pa) potentials at
850 �C (1560 �F) shows protective kinetics with
a parabolic rate constant of 6 · 10�11 g2/cm4/s.
Morphological analysis reveals the development
of a multilayered scale consisting of a top rutile
(TiO2) layer, a continuous layer of a-Al2O3

beneath the rutile layer, and a TiS layer con-
taining scattered pure tungsten particles. It is
suggested that fast outward diffusion of titanium
within the substrate results in the formation of a
zone of high concentration of aluminum (TiAl3
and TiAl2) between the scale and substrate, as
illustrated in Fig. 16.

Work by the same group (Ref 95) has been
successful in increasing the sulfidation resistance
of TiAl by the deposition of high-aluminum-
concentration titanium aluminide (e.g., TiAl3).
The oxidation/sulfidation kinetics data of
uncoated and TiAl3-coated Ti-46.7Al-1.9W-
0.5Si in a H2/H2S/H2O atmosphere at 850 �C
(1560 �F) show increased high-temperature
corrosion resistance of the Ti-46.7Al-1.9W-
0.5Si alloy by the TiAl3 coating. Both coated and
uncoated samples underwent oxidation/sulfida-
tion following a parabolic rate law with parabolic
rate constants of 2.38 · 10�13 g2/cm4/s and
7.36 · 10�11 g2/cm4/s, respectively. It is indi-
cated that the deposition of the TiAl3 coating
increases the corrosion resistance of Ti-46.7Al-
1.9W-0.5Si by more than 2 orders of magnitude.

Hot corrosion behavior of TiAl-base mate-
rials is discussed by considering the response of
three titanium-aluminum intermetallics—Ti-
48Al, Ti-48Al-2Cr, and Ti-52Al—to exposure to
80 wt% Na2SO4þ 20 wt% NaCl-containing
environments at 800 �C (1470 �F). Hot corro-
sion and scale spallation took place during the
200 h tests. Ti-52Al showed the best corrosion
resistance among the three alloys. It is believed
that the high aluminum content and single c-TiAl
phase played a role, forming an aluminum-rich
oxide scale with relatively good protective
ability. Ti-48Al-2Cr also showed better corro-
sion resistance than Ti-48Al. The latter suffered
a high corrosion rate and severe scale spallation.
Three different exposure methods were used
to study hot corrosion in salt-containing envi-

ronments. These represent different service
conditions. Among these methods, suspending
the specimens in salt vapor appeared to be
the most reliable method for kinetic studies.
The influential factors are relatively easy to
control. When using the salt-deposition method,
the spallation of the salt film at the early stage
needs to be considered. The immersion method
showed the severest hot corrosion. Crucible
materials and corrosion products dissolve into
the molten salts, further complicating the reac-
tions (Ref 96).

Hot corrosion tests (Ref 97) on Ti3Al,
Ti-44Al, Ti-48Al, Ti-52Al, Ti-48Al-2Cr, and
Ti3Al-11Nb (at.%) intermetallics were con-
ducted in a salt mixture of 80 wt% Na2SO4þ 20
wt% NaCl with a melting point of approximately
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Fig. 16 SEM micrograph for exposed Ti-46.7Al-1.9W-0.5Si in H2/H2S/H2O atmosphere at 850 �C (1560 �F) for
240 h. Source: Ref 94
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700 �C (1290 �F). The specimens were
suspended in the salt vapor at 800 �C (1470 �F).
It was found that the hot corrosion resistance
generally increased with increasing aluminum
content. Ti-48Al-2Cr showed the best corrosion
resistance due to its relatively high aluminum
content and chromium addition. Ti3Al-11Nb
unexpectedly showed poor corrosion resistance.
It is suggested that the niobium addition may
accelerate the formation of sulfide at the inter-
face, playing a detrimental role in the corrosion
process.

The effect of reactively sputtered Al2O3 and
enamel coatings on oxidation and hot corrosion
behaviors of TiAl was investigated at 900 �C
(1650 �F). Isothermal oxidation testing indicated
that both coatings were very effective in
reducing the oxidation rate of c-TiAl. Cyclic
oxidation testing indicated that reactive-sput-
tered Al2O3 coating had little effect in improving
the cyclic oxidation resistance of TiAl due to the
spallation of Al2O3 coating. However, enamel
coating exhibited an excellent positive effect on
cyclic oxidation of TiAl. The enamel coating
was very adherent to the substrate, and neither
cracks nor spallation appeared in the coatings
during cyclic oxidation. Furthermore, the hot
corrosion behavior of TiAl with enamel coating
was evaluated in (Na,K)2SO4 melts at 900 �C
(1650 �F). The results showed that the enamel
coating was very stable in (Na,K)2SO4 melts and
was very effective in protecting TiAl from hot
corrosion attack (Ref 98).

The hot corrosion behavior of Ti-50Al, Ti-
48Al-2Cr-2Nb, and Ti-50Al-10Cr alloys was
investigated in (Na,K)2SO4 and Na2SO4þNaCl
melts (Ref 99). TiAl intermetallics showed much
better hot corrosion resistance in (Na,K)2SO4 at
900 �C (1650 �F) than the nickel-base super-
alloy K38G. Two types of corrosion products
formed on Ti-50Al: Some areas were covered
with a continuous Al2O3 scale, whereas other
areas formed a mixed Al2O3þTiO2 scale; TiS
existed at the scale/alloy interface. A mixed
Al2O3þTiO2 scale developed on Ti-48Al-
2Cr-2Nb, and no sulfide was found beneath
the scale. An adherent Al2O3 scale, however,
formed on Ti-50Al-10Cr, which provided
excellent hot corrosion resistance. All three
alloys suffered severe hot corrosion in Na2SO4þ
NaCl melts at 850 �C (1560 �F). A mixed
Al2O3þTiO2 scale was generated on all three
alloys, and many voids and pits existed in the
scale/alloy interface.

Silicides

Silicides form an important class of structural
intermetallics, so their high-temperature corro-
sion response is of interest. High-temperature
capabilities of silicides are much higher than
those of aluminides, allowing working tem-
peratures greater than 1400 �C (2550 �F). Such
operating temperatures are needed for improving
the thermal efficiency and reliability of energy-
conversion systems and advanced engine sys-

tems (Ref 100). The use of currently available
alloys, such as nickel-base single-crystal super-
alloys, is limited to temperatures of ~1100 �C
(2010 �F). Superalloys derive their intrinsic
strength by reinforcement with c0-Ni3Al pre-
cipitates, but these tend to coarsen and ultimately
dissolve as the temperature increases beyond
1100 �C (2010 �F). Aluminide alloys based on
NiAl, which are currently under development,
have the potential for use up to 1200 �C
(2190 �F). The melting temperature (Tm) of a
material for structural applications at 1400 �C
(2550 �F) needs to be 42000 �C (3630 �F), so
that, at most, 0.75 Tm is reached during service,
and appreciable high-temperature strength is
maintained. Of the available potential systems,
refractory silicides, such as MoSi2 and NbSi2, are
widely recognized as potential structural and
coating materials because of their high melting
points, good mechanical strength, high thermal
and electrical conductivities, and promising
oxidation resistance at elevated temperature due
to the formation of a self-passivating, glassy
silica (SiO2) layer. However, the use of silicides
for high-temperature applications poses prob-
lems. The problems associated with the oxida-
tion of silicides are well known, and so far, there
have been limited studies on the sulfidation of
silicides.

Oxidation. Molybdenum silicides (MoSi2
and Mo5Si3) possess excellent oxidation resis-
tance at 41000 �C (1830 �F). However, it was
observed (Ref 101–103) that MoSi2 showed
accelerated oxidation behavior, resulting in so-
called “pesting” in the temperature range
between 400 and 650 �C (750 and 1200 �F),
whereby the MoSi2 disintegrates to powder. The
pest degradation is associated with dissociative
oxidation to form SiO2 and MoO3. The MoO3

vapor pressure begins to increase within the pest
degradation temperature regime such that much
of the MoO3 formed tends to sublime with time
as temperatures increase. The poor oxidation
resistance of molybdenum is generally assumed
to be due to the instability of its related oxide
phase (MoO3). However, niobium appears to be
less critically limited in this respect. Nb2O5 is
nonvolatile below 1370 �C (2500 �F) (Ref 104);
therefore, the latter would be expected to, and
indeed does, perform relatively well under oxi-
dizing conditions.

A great deal of research has been conducted
worldwide to achieve protective oxidation of
molybdenum silicides by the addition of a third
element, such as aluminum, boron, germanium,
tungsten, tantalum, titanium, zirconium, or
yttrium (Ref 105–108). All of these elements
form oxides that are more stable than SiO2, and it
is thought that the effect of their scavenging for
oxygen may accelerate the scaling process of
SiO2 and thereby prevent or minimize molyb-
denum oxide formation. The addition of these
elements, aluminum in particular, reportedly
reduces pesting by the formation of an amor-
phous Mo-Si-Al-O phase in the initial cracks and
voids (Ref 107). However, the growth rates for
the oxides of any of these third element additions

(at low concentration) are fairly low and com-
parable to that of MoO3 and may not fully
minimize pesting attack for molybdenum sili-
cides at low temperature. The protectivity of
NbSi2 in oxidizing environments may be com-
promised by the simultaneous formation of SiO2

and Nb2O5 due to the high solubility of oxygen in
NbSi2 and the close affinities of silicon and
niobium for oxygen.

Sulfidation. A comprehensive review of the
sulfidation behavior of intermetallics (Ref 100)
found the Mo5Si3-type intermetallics in a
1.5 vol% H2S/H2 gas mixture and compared the
sulfidation resistance with relevant oxidation
performance in air. Figure 17 shows the ther-
mogravimetric test data obtained at several
temperatures for oxidation and sulfidation of a
boron-containing Mo5Si3. The data imply a
protective scaling of the alloy at 500 �C (930 �F)
under oxidizing conditions, not because of SiO2

formation, but because the volatilization rate of
molybdenum oxide is negligible. At tempera-
tures of 800 and 1200 �C (1470 and 2190 �F),
the curves demonstrate a sharp drop in specimen
weight for ~2 h, after which a plateau is reached
and the weight changes little during 50 h of
additional exposure, indicating a protective
scale. The morphology of the scale after oxida-
tion at 800 �C (1470 �F) has been observed to
consist of a light-colored MoO2 phase and a dark
gray silicon-rich oxide; the scale after oxidation
at 1200 �C (2190 �F) consists predominantly of
silicon-rich oxide and almost pure molybdenum
particles. The surface layer shows significant
cracking and peeling and appears to remain
highly plastic, as indicated by curling rather
than spalling of the oxide layer. Such degrada-
tion of the oxide layer can expose interior
molybdenum silicide to additional oxidation,
and the sequential processes of oxidation and
peeling can continue without offering oxidation
protection for the alloy over long periods of
exposure. The thermogravimetric test data
obtained during sulfidation of the material reveal
an approximately one order of magnitude smaller
decline in specimen weight than in the data
obtained during oxidation. It is not clear as to the
cause for the initial drop in weight, except that
the possible presence of residual moisture in the
gas mixture can lead, in the early stages of
exposure, to the formation of volatile oxides such
as MoO3 and/or SiO (especially in the reducing
condition used in the experiments) before the
development of sulfide reaction products.
Figure 18 provides scanning electron micro-
graphs of surfaces of boron-containing Mo5Si3
alloy after sulfidation at 500, 800 and 1100 �C
(930, 1470, and 2010 �F) in a 1.5 vol% H2S/H2

gas mixture. After exposure at 500 �C (930 �F),
the specimen surface shows isolated regions of
molybdenum sulfide but no gross oxidation.
After 800 �C (1470 �F) exposure, the specimen
exhibits a greater coverage of the surface with
molybdenum sulfide, whereas after exposure at
1100 �C (2010 �F), it shows almost complete
coverage by molybdenum sulfide. These pre-
liminary results indicate that the intermetallic
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material based on molybdenum silicide can
develop protective sulfide scales during service
in reducing environments at elevated tempera-
tures.

Recently, the sulfidation behavior of CrSi2,
WSi2, NbSi2, Nb5Si3, MoSi2, and Mo5Si3 for up
to 240 h in a H2/H2S/H2O environment that
yields an oxygen potential of 1.2 · 10�15 Pa and
a sulfur potential of ~6.8 · 10�1 Pa at 850 �C
(1560 �F) was investigated (Ref 109). The sul-
fidation kinetics of all silicides (Fig. 19) show
that all performed extremely well in this
aggressive atmosphere. CrSi2 shows the least
sulfidation resistance, which is consistent with
poor sulfidation resistance of chromium (Ref
11). On the other hand, the silicon content in
silicides also plays an important role to resist
sulfidation attack; the high silicon concentration
significantly increases the sulfidation resistance.
For example, the sulfidation rates of MoSi2 and
NbSi2 are 1 order of magnitude slower than
Mo5Si3 and Nb5Si3, respectively, as shown in
Table 6.

A protective SiO2 scale observed on all
exposed silicides is responsible for the preven-
tion of further severe environmental attack, as
presented in Fig. 20. However, Cr2S3 and NbS2

were also formed on the exposed CrSi2 and
Nb5Si3, indicated by XRD and electron dis-
persive x-ray data. It is interesting to note that
only nodular Cr3S3 is formed on exposed CrSi2,
and a continuous layer of Cr2S3 failed to form
even after 240 h exposure. Cross-sectional
scanning electron microscopy observation
showed that the Cr2S3 nodules virtually
destroyed the underlying SiO2. In contrast, a
continuous and uniform NbS2 layer developed.
The SiO2 layer still existed and effectively pro-
tected the substrate.

Hot Corrosion. Only very limited research
on hot corrosion of silicides has been conducted.
In the mid-1950s, it was shown that silicon-
containing high-alloy steels had the best resis-
tance against V2O5 melts at 925 �C (1700 �F);
silicon and chromium appear to be the most
promising combination of elements for the best
hot corrosion resistance of heat-resistant alloys
(Ref 110). It also is reported (Ref 111–113) that
silicon-containing overlay coatings on nickel-
and iron-base alloys show improved resistance
against high-temperature oxidation and hot cor-
rosion in the temperature range of 700 to
1000 �C (1290 to 1830 �F). Siliconized turbine
blades coated by chemical vapor deposition

processes as well as plasma spray tested (Ref
114–116) at 710 �C (1310 �F) for 30,000 h in a
burner gas containing 0.4% S, 15 ppm sodium,
and 5 ppm vanadium, reveal the least attack.
These materials have been demonstrated to be
extremely resistant against hot corrosion and
show promise of higher lifetimes for turbine
blades.

Silicon-containing coatings with a matrix
consisting of the saturated c solid-solution
Ni6Cr2Si2 and that also contain intermetallics of
complex tantalum silicides as precipitates show
great promise as protective layers for nickel-base
alloys, with improved oxidation and hot corro-
sion resistance from the hot corrosion tests at
1000 �C (1830 �F) for up to 4000 h in burner gas
with intermediate dipping in Na2SO4 and V2O5

melts. From silicon diffusion data, lifetimes
greater than 10,000 h at 1000 �C (1830 �F) can
be realized (Ref 117).

However, it is reported that there is evidence
that silica or silicon-rich scales may be attacked
under basic fluxing conditions. MoSi2 has been
shown to be very resistant to attack by NaCl
and V2O5 but does dissolve in Na2CO3 and
Na2SO4 (Ref 118). Burner rig test specimens
made of hot-pressed MoSi2, heated for 4 min
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Fig. 18 SEM micrographs of surface of boron-containing Mo5Si3 after sulfidation in 1.5 vol% H2/H2S gas mixture at (a) 500 �C (930 �F), (b) 800 �C (1470 �F), and (c) 1100 �C
(2010 �F). Source: Ref 100
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intervals to 1000 to 1200 �C (1830 to 2190 �F)
and then sprayed with 1 to 10% salt solutions
of NaCl, Na2CO3, and Na2SO4, remain relatively
unaffected after 20 h. The addition of acidic
species, such as HCl, to the burner rig gas has
been shown to significantly reduce dissolution in
alkaline salts.

Other Intermetallics

The following intermetallics show interesting
response to oxidation and may be useful as
coating materials.

Noble-Metal-Containing Intermetallics:
Platinum-Aluminum, Iridium-Aluminum,
and Ruthenium-Aluminum Systems. Platinum-
aluminum intermetallics favor the exclusive
formation of Al2O3 and show stoichiometry-
dependent oxidation kinetics and scale mor-
phology; the overall growth rate is extremely
small at 1450 �C (2640 �F) (Ref 119, 120).
Pt2Al, Pt5Al3, and PtAl2 all display ridged oxide
morphology.

Iridium-aluminum intermetallics require ~55%
Al to form a protective Al2O3 scale at 1300 to
1800 �C (2370 to 3270 �F) (Ref 121, 122).

Ruthenium-aluminum intermetallics and their
alloys containing chromium and ytttrium
develop a protective Al2O3 scale at 1250 �C
(2280 �F); high oxide vapor pressures are a
limiting factor (Ref 123, 124). CrAl and Cr2Al
form a protective Al2O3 layer at 1000 to 1200 �C
(1830 to 2190 �F) (Ref 125), with yttrium addi-
tion improving the scale adhesion. Aluminum-
deficient Cr2Al develops a chromium-rich scale,
allowing N2 ingress and leading to the formation
of a nonprotective nitride-containing subscale.

Beryllide intermetallics with low densities
and melting temperatures owe their good high-
temperature oxidation resistance to the forma-
tion of a stable compact BeO scale (Ref 126,
127). In water-vapor-containing atmosphere, the
protectiveness is lost due to the formation of
volatile Be(OH). The lack of ductility and tox-
icity of BeO are additional problems.

Aqueous Corrosion

High-temperature structural applications are
the main driving forces for the development of
intermetallic compounds, and corrosion research
has focused on degradation in the high-
temperature gases of these environments. How-
ever, low-temperature aqueous corrosion of
intermetallic compounds is of interest for four
reasons. First, high-temperature materials will
not always be at high-temperatures. Damage
caused by low-temperature corrosion during
fabrication or shutdown could result in cata-
strophic failures in service. This includes expo-
sure to maintenance fluids or fire-extinguishing
compounds as well as water or humid air and
can be of particular concern for compounds
susceptible to hydrogen-induced cracking in
humid air. Second, there may be low- or inter-
mediate-temperature applications where inter-
metallic compounds have superior properties
to the alloys currently used. In many cases,
intermetallic compounds will have lower
densities and higher strengths than competing
alloys and may have better resistance to fatigue,
wear, corrosion, or a combination of these.
Third, there are many fabrication processes, heat
treatments, and joining methods that result in the
formation of intermetallic compounds. Because
heterogeneous nucleation is preferred, these
phases tend to nucleate and grow at critical
locations, such as grain boundaries and inter-
phase bondings, and may limit performance if
they have poor corrosion resistance. Fourth,
because intermetallic compounds are frequently
very hard or brittle at ambient temperatures,
understanding corrosion could enable the crea-
tion of inexpensive electrochemical fabrica-
tion methods. Electropolishing, acid saw cutting,
and electrochemical machining are examples
of fabrication processes that use corrosion
reactions to produce finished parts or surface
finishes.

Aqueous corrosion of intermetallic com-
pounds is influenced by the same factors that
determine the corrosion performance of normal

metallic alloys. In addition, there is a vast num-
ber of intermetallic compounds and environ-
ments that may cause corrosion of these
compounds, most of which have not been stu-
died. However, aqueous corrosion research has
been conducted on a number of intermetallic
compounds for low-temperature structural
applications, but most of this research has been
conducted on nickel, iron, and titanium alumi-
nides. More detailed reviews of this research can
be found in the literature (Ref 128–132). Some
research has been conducted on other inter-
metallic phases that form during heat treatment
or joining of metals, but this section does not
attempt to cover this literature (Ref 133, 134).
Here, the fundamental factors that make the
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Table 6 Parabolic rate constants (kp) for
sulfidation of silicides at 850 �C (1560 �F)

Material kp, g2/cm4/s

CrSi2 1.1 · 10�12

WSi2 2.7 · 10�14

NbSi2 8.7 · 10�14

Nb5Si3 5.1 · 10�13

MoSi2 2.4 · 10�14

Mo5Si3 1.0 · 10�13
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aqueous corrosion of an intermetallic phase dif-
ferent from that of a homogeneous alloy or of the
constituents in pure elemental form are empha-
sized.

Basic Considerations

When a homogeneous solid solution of two or
more species order on a lattice to form an inter-
metallic compound, three factors are altered that
may influence the corrosion rates and stress-
corrosion cracking behavior of the resulting
phase:

� Chemical activity (thermodynamics)
� Physical arrangement of atoms (ordering-

influenced kinetics)
� Deformation (slip character, stress-corrosion

cracking, and hydrogen embrittlement)

Thermodynamic Considerations. When two
or more elements are mixed to form a solid
solution, the chemical activity of the species in
this solution differs from that of the same species
in pure elemental form. The literature on
metallurgical thermodynamics has measured
these activities and developed methods for esti-
mating them and calculating phase diagrams.
Currently, commercial software packages are
available for making these calculations. If the
energy of dissimilar interatomic bonds is lower,
on average, than similar bonds, then the solid
solution will tend to lower its energy by
becoming ordered, with specific species on spe-
cific lattice sites (typically, when the elements
have significantly different electronegativities).
Of course, this ordering reaction also alters
the chemical activity of the various species

in the intermetallic phase. Taking these ther-
modynamic changes into consideration and
remembering that when etching metallurgical
structures, the intermetallic phases become
observable due to a difference in the dissolution
rates, it is not uncommon for investigators to
assume that intermetallic compounds will have
significantly better corrosion properties than
similar alloys. While this may be true in some
cases, it should be kept in mind that most cor-
rosion-resistant engineering alloys rely on pas-
sivity for resistance to corrosion and not nobility.
That is, they usually have a large overpotential
(excess free energy) driving corrosion and rely
on the formation of a thin, continuous, and pro-
tective film of corrosion products to protect the
underlying microstructure from corrosion. In
fact, a large overpotential can be beneficial
because it may speed the reformation and sealing
of the passive film when it becomes ruptured by
chemical or mechanical means. Fortunately,
while the energy of ordering is sufficient to drive
the ordering reaction at heat treating tempera-
tures, the change in the chemical potentials of
the species during ordering is usually small
compared to the free-energy changes that drive
corrosion reactions. During ordering, thermo-
dynamic changes occur and alter the chemical
potentials of the species, but the magnitude of
these changes is usually insufficient to produce
fundamentally different corrosion behavior
(such as the transition from active to noble or
passive).

While this may seem disappointing, it is
actually a very important deduction in terms of
making first-order approximations of the corro-
sion behavior of intermetallic compounds in

aqueous environments. First-order approxima-
tions of corrosion behavior are usually done
through the use of electrochemical equilibrium
diagrams of the type first proposed and made
popular by Pourbaix and co-workers (Ref 135).
These diagrams are essentially plots that identify
the lowest energy phase that can form between
an element and water as a function of electrode
potential and pH. See the article “Potential ver-
sus pH (Pourbaix) Diagrams” in ASM Handbook,
Volume 13A, 2003. Because the electrode
potential is determined by the free energy for the
chemical reactions between the elemental spe-
cies and water, one should calculate a new dia-
gram for each element in the intermetallic phase
that takes into account chemical potential chang-
es and the possibility of forming corrosion
product phases that incorporate two or more of
the species in the intermetallic phase (for
example, NiAl2O4 for NiAl or Ni3Al). Figure 21
provides examples of electrochemical equili-
brium diagrams calculated for copper and tin that
show the changes in the equilibrium boundaries
for the various intermetallic phases that can form
in the copper-tin system (Ref 136). By examin-
ing these diagrams, it can be seen that the mag-
nitude of the changes in the equilibrium
boundary for the various phases is of the order of
10 to 100 mV, which could be a small percentage
of the corrosion driving force. Therefore, while
calculation of diagrams is preferred, first-order
approximations of behavior for monolithic
structural applications can be made from the
electrochemical equilibrium diagrams of the
pure elemental species, which are readily avail-
able in published atlases (Ref 135). On the other
hand, identifying phase-etching behavior in a
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microstructure containing different intermetallic
phases or the phase that corrodes first in a weld or
solder joint contaminated with flux residue may
benefit greatly from calculations of this type (Ref
133, 134). Figure 22 shows the equilibrium dia-
grams for nickel and aluminum; the shift in the
equilibrium lines to correct for the chemical
potentials of nickel and aluminum in nickel
aluminide are added as dashed lines (Ref 137).
By examining these diagrams, it can be seen that
the equilibrium line for nickel has shifted so little
that the change is not resolvable as a separate line
from the pure nickel line. On the other hand, the
aluminum equilibrium line has shifted dramati-
cally toward more noble potentials, but it is still
significantly active compared to either the
hydrogen or oxygen reduction reactions, so that
both will still occur spontaneously and cause
corrosion or passivity. Because corrosion reac-
tions are usually mass transport rate limited at
these large overpotentials (driving forces), these
changes in the driving force probably produce no
significant changes in corrosion behavior under
service conditions. However, the kinetics of
dissolution or passivation could be influenced by
the imposition of particular species as nearest
neighbors in the ordered structure.

Ordering-Influenced Kinetics. While the
influence of ordering on thermodynamics is well
known and can be calculated, the influence of
ordering on the kinetics of dissolution and pas-
sivation is less well understood. In the case of a
binary solid-solution alloy with a completely
random distribution of the two different species
on the lattice sites, one may assume that the more
active species will tend to be selectively removed

from the surface, leaving a surface enriched with
the more noble species. In some cases, the sur-
face layer becomes porous, which enables the
removal of the active species to much greater
depths into the alloy, leaving behind a dealloyed
layer that is a mechanically weak spongelike
network of pores. Dealloying corrosion, as this is
known, is covered in the article “Effects of
Metallurgical Variables on Dealloying Corro-
sion” in ASM Handbook, Volume 13A, 2003.
However, dealloying typically arises above a
specific concentration known as the parting limit
and occurs most commonly in alloys of two or
more species with significantly different elec-
tronegativities (gold-copper, copper-zinc) (Ref
138, 139). Based on the assumption that the
parting limit is the atomic concentration where
random distribution allows for the formation of a
continuous percolation path of the active species
through the solid, it is estimated that parting
should occur at concentrations above approxi-
mately 18 mol fraction, which corresponds with
the experimental results (Ref 140). Intermetallic
compounds frequently exceed these concentra-
tion and electronegativity difference require-
ments without exhibiting dealloying (decom-
position and dealloying), although dealloying
does appear to occur in some cases, such as the
copper-bearing grain-boundary precipitates in
Al-Li-Cu alloys (Ref 141, 142). Because order-
ing does not usually alter thermodynamic con-
ditions enough to modify corrosion behavior, as
discussed previously, then this observation
indicates that atomic arrangement influences
the kinetics of dissolution and lends support
to the percolation analysis of Ref 120. Of course,

this would mean that the type and stoichio-
metry of the intermetallic structure will also
be important and that the copper deposits found
outside pits and cracks in Al-Li-Cu alloys may
be pieces of the dealloyed intermetallic phase
broken off by the hydrogen gas bubbles gener-
ated in the cathodically active copper-rich sponge
and not dissolved and reprecipitated copper.

The L12 structure of A3B-type intermetallic
compounds frequently forms in binary face-
centered cubic solid solutions (such as Ni3Al
and Ni3Fe). In this structure, the B-type atoms
are surrounded with only A-type nearest neigh-
bors. As a result, these systems are excellent
candidates for investigating the ability of order-
ing to induce stoichiometric limitations on dis-
solution rates. If the A-type atoms are the more
noble in the structure, as is the case in the com-
pounds identified previously, then the dissolu-
tion rate of the more active species is limited to
the rate it becomes exposed by dissolution of the
more noble species. Electrochemical measure-
ments were conducted on Ni3Al in a wide range
of solutions without observing any evidence of
dealloying (Ref 143). Figure 23 is an example
of the current measured as this compound is
dissolved anodically with closed-loop control of
potential as the potential is increased in sulfuric
acid (Ref 137, 143, 144). At this pH, this com-
pound corrodes actively at open circuit but pas-
sivates when anodically polarized. Included in
this figure is the current measured on pure nickel.
By examining this figure, it can be seen that
ordering in Ni3Al appears to block aluminum
dissolution until nickel dissolution starts, at
which point the current created by dissolution
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increases slightly more rapidly on the inter-
metallic until the onset of passivity, after which
lower currents are observed on the aluminide.
Clearly, aluminum dissolution, which could
cause hydrogen evolution, absorption, and
embrittlement, is limited to the stoichiometric
ratio and determined by the rate of nickel dis-
solution (Ref 144).

Another way to examine this issue is to sud-
denly expose the bare and reactive surface of an
intermetallic compound to a solution while
measuring the potential with a reference elec-
trode that has a potential fixed on the hydrogen
electrode scale and therefore allows for direct
measurement of the thermodynamic driving
forces. When a bare surface is exposed rapidly to
a solution in this manner, anodic reactions start
immediately, while the mass transport required
by cathodic reactions delays their initiation for a
few milliseconds. Theoretically, this will result
in the potential of the sample becoming more
negative until the potential for equilibrium with
the chemical potential of the species dissolving
from the intermetallic compound is reached (Ref
145–148). When an experiment of this type was
performed on Ni3Al, the potential did not go
below that predicted for nickel in Fig. 23, as
shown in Fig. 24 (Ref 144). This does not indi-

cate that aluminum is not dissolving, only that at
potentials near the equilibrium potential for
nickel dissolution, where there is still a large
overpotential driving aluminum dissolution and
the net nickel dissolution rate is approaching 0,
the charge created by aluminum dissolution is
not enough to overwhelm the nickel oxidation-
and-reduction-exchange current density.

Deformation, Slip Character, Stress-
Corrosion Cracking, and Hydrogen Embrit-
tlement. When a random solid solution
becomes ordered, it creates a specific arrange-
ment of atomic nearest neighbors that lowers the
energy of the solid. When a dislocation passes
through this solid, it breaks this arrangement and
creates a higher-energy region on the slip plane
behind it, where the nearest neighbors of the
atoms are not of the preferred type, until a second
dislocation passes and returns the region to the
original configuration. This antiphase region
between the two dislocations is analogous to a
stacking fault, where, instead of a dislocation
decomposing into two partial dislocations con-
nected by a stacking fault, there is now a super-
dislocation that is two dislocations connected by
an antiphase domain boundary. As in the case of
stacking faults, the formation of antiphase
domain boundaries limits cross slip and pro-
motes less homogeneous planar slip. Limiting
cross slip reduces the ability of the solid to
accommodate slip at grain boundaries where the
slip planes of the adjacent grains are not aligned

and promotes the formation of dislocation
pileups and cracks (Ref 149). The limited duc-
tility of many intermetallic phases has been
attributed to this phenomenon, and the beneficial
influence of boron on the ductility of many
intermetallic compounds has been attributed to
the influence of this addition on order and slip in
the grain-boundary region as well as to a bene-
ficial influence on grain-boundary cohesive for-
ces (Ref 150, 151). Of course, hydrogen and
stress-corrosion cracking are both known to
promote intergranular fracture. As a result, the
influence of hydrogen produced by cathodic
charging on the ductility of Ni3Al (þ200 ppm
boron) was studied (Ref 152), and it was found
that cathodic hydrogen lowered the ductility of
this material dramatically and changed the frac-
ture mode from ductile transgranular to inter-
granular. Similarly, the influence of potential and
pH on the ductility of Ni3Al (þ200 ppm boron)
was studied (Ref 153, 154), with the conclusion
that in any solution or pH, intergranular fracture
and low ductility resulted whenever the potential
of the sample became low enough to produce
hydrogen, as shown in Fig. 25. Because most
intermetallic compounds have at least one com-
ponent that has a chemical potential that is active
with respect to the potential required to sponta-
neously produce hydrogen by decomposition of
water, investigators have found that most inter-
metallic compounds can be embrittled by expo-
sure to humid air. This has created questions50
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about whether the low ductility usually observed
in room-temperature laboratory experiments on
these types of materials is an inherent property,

an environmental effect, or a combination of
both (Ref 154, 155–157).

Practical Understanding

The objective of corrosion research is to con-
vert scientific understanding into practical alloy
selection and design guidelines. The under-
standing of aqueous corrosion of intermetallic
compounds is not to the point where one can do
this unequivocally, and thorough testing to
evaluate performance should be conducted for
any application. This testing should include out-
of-service conditions as well as in-service con-
ditions. References 158, and 159 have recom-
mended the use of corrosion-mode diagrams to
guide alloy selection for corrosive applications
in a manner similar to the deformation mechan-
ism maps of Ref 160 to 162. These diagrams are
essentially electrochemical equilibrium dia-
grams where the modes of corrosion failure

observed are plotted instead of the calculated
equilibrium phase. An example of one of these
diagrams is shown in Fig. 26 for Ni3Al (Ref 163).
By examining this figure, it can be seen that this
intermetallic compound is passive over most of
the range of potentials and pH that water is
thermodynamically stable. It is interesting to
note that while the chemical potential of alumi-
num in this solid is sufficient to cause hydrogen
evolution, no evidence of hydrogen embrittle-
ment was observed in any solution until the
potential of the bulk sample reached that
required for hydrogen evolution. Also interesting
is the ability of Ni3Al to exhibit passivity at a
much lower pH than that predicted by the equi-
librium diagram of Fig. 23, but nickel also shows
passivity at anomalously low pH (Ref 145).
Table 7 shows the corrosion rates determined for
nickel aluminide alloys in a variety of different
solutions, and Table 8 lists similar data for iron
aluminide as determined by Ref 164 and 165.
The corrosion rates in this table reflect the

Table 7 Average corrosion penetration rates for nickel aluminide alloys in various aqueous solutions
Calculated from continuous 200 h exposure mass-loss data

Penetration, mm/d (mils/d)

Concentration Exposure at 25 �C (75 �F) Exposure at 95 �C (205 �F)

Aqueous solution mol/L Mass% IC-50(a) IC-218(b) IC-221(c) IC-50(a) IC-218(b) IC-221(c)

Sulfuric acid 1 9 0.14 (0.006) 0.14 (0.006) 0.20 (0.008) 434 (1.3)(d) 21 (0.8) 460 (2.4)(d)
18 96 0.49 (0.02) 0.42 (0.02) 0.42 (0.02) 4.7 (0.19) 1.3 (0.05) 1.4 (0.06)

Hydrochloric acid 1 4 0.35 (0.01) 0.20 (0.008) 0.20 (0.008) 35 (1.4) 437 (1.5)(d) 77 (3.0)
12 37 8.4 (0.03) 13 (0.51) 26 (1.02) 435 (1.4)(d) 435 (1.4)(d) 93 (3.7)(d)

Nitric acid 1 6 30 (1.2) 4111 (4.4)(e) 37 (1.5) 436 (1.4)(d) 437 (1.5)(d) 21 (0.83)
8 40 4850 (33.5)(f) 0.07 (0.003) 0.20 (0.008) 433 (1.3)(d) 3.1 (0.12) 3.9 (0.15)

16 70 4.4 (0.17) 0.07 (0.003) 0.20 (0.008) 436 (1.4)(d) 4.1 (0.16) 14 (0.55)
Hydrofluoric acid 1 2 0.20 (0.008) 0.20 (0.008) 0.20 (0.008) 437 (1.5)(d) 434 (1.3)(d) 28 (1.1)
Phosphoric acid 1 10 0.14 (0.006) 0.14 (0.006) 0.14 (0.006) 433 (1.3)(d) 436 (1.4)(d) 52 (2.0)
Oxalic acid 1 10 0.07 (0.003) 0.07 (0.003) 0.07 (0.003) (g) 0.20 (0.008) 0.28 (0.011)
Acetic acid 1 6 0.20 (0.008) 0.014 (0.0006) 0 (0) 0.28 (0.01) 0.28 (0.011) 0.28 (0.011)
Sodium chloride 0.6 3.5 0.014 (0.0006) 0.014 (0.0006) 0.007 (0.0003) 0.014 (0.0006) (g) (g)
Sodium hydroxide 10 30 0.028 (0.001) 0.014 (0.0006) 0.014 (0.0006) (g) (g) (g)
Ammonium

hydroxide
10 18 0.42 (0.02) 0.020 (0.0008) 0.014 (0.0006) (g) (g) (g)

Ferric chloride 0.2 20 4410 (16.1)(h) 4320 (12.6)(i) 62 (2.5) 436 (1.4)(d) 434 (1.3)(d) 479 (3.1)(d)

Alloy compositions in mass fraction: (a) IC-50, 11.3% Al, 0.6% Zr, 0.02% B, bal Ni. (b) IC-218, 8.5% Al, 7.8% Cr, 0.8% Zr, 0.02% B, bal Ni. (c) IC-221, 8.5% Al, 7.8% Cr, 1.7% Zr, 0.02% B, bal Ni. (d) Total dissolution in5200 h.
(e) Total dissolution in565 h. (f) Total dissolution in58 h. (g) Very small mass gain. (h) Total dissolution in517 h. (i) Total dissolution in524 h. Source: Ref 164, 165

1.0

0.5

Pitting

Corrosion

0 2 4 6 8

pH

10 12 14

Passivity and
low corrosion rates W

at
er

 s
ta

bl
e

Stress-corrosion cracking
(hydrogen embrittlement)

Pitting may occur
if halide ions are present

(line based on [Cl–] ≈0.1 mol/L)

0

–0.5P
ot

en
tia

l v
s.

 h
yd

ro
ge

n 
el

ec
tr

od
e,

 V

[H2] = 1 atm

[O2] = 1 atm

Fig. 26 Corrosion-mode diagram for nickel aluminide
(Ni3Al) in aqueous solutions, as estimated

from electrochemical experiments

Table 8 Cavitating water-jet erosion test for
nickel and iron aluminide compared to other
materials

Material

Erosion
rate,
mg/h

Relative
erosion
rate(a)

Nickel aluminide (IC-50, cold worked) 1.4 0.04
Nickel aluminide (IC-221) 2.5 0.08
Nickel aluminide (IC-218) 2.9 0.09
Nickel aluminide (IC-50) 4.1 0.1
Nickel aluminide (IC-50, plasma weld

overlay)
7.0 0.2

Stellite 21 (stick) 7.3 0.2
Iron aluminide 11.6 0.4
Nitronic 60 bar stock 12.8 0.4
Aluminum oxide ceramic plate 18.4 0.6
308 stainless steel overlay (stick) 31.6 1.0
Carbon steel (cold-rolled bar) 32.3 1.0
304 stainless steel plate 33.2 1.1
Aluminum bronze 84.4 2.7

Water-jet pressure, 41 MPa (6000 psi). (a) Erosion rate/rate for 308
stainless steel. Source: Ref 164, 165

Table 9 Average corrosion penetration rates for iron aluminide (Fe3Al) alloys in aqueous
solutions at room temperature

Solution mol/L

Concentration, penetration, mm/d (mils/d)

FA-84(a) FA- 129(b) FAL-Mo(c) 304L(d)

HCl 1 430 (17) 52 (2.5) 14 (0.55) 9.7 (0.38)
H2SO4 0.5 400 (15.7) 72 (2.8) 120 (4.7) 0.014 (0.0006)
HNO3 1 160 (6.3) 3.5 (0.14) 1.4 (0.06) 0.007 (0.0003)
NaOH 1 0.042 (0.002) 0.021 (0.0008) 0.056 (0.002) 0.007 (0.0003)
Na2S2O3 1 7.8 (0.31) 9.9 (0.39) 2.6 (0.10) 0.004 (0.0002)
Na2S4O6 1 21 (0.83) 6.5 (0.26) 6.5 (0.26) 0.020 (0.0008)
Acetic acid 1 0.20 (0.008) 0.014 (0.0006) 0 (0) 0.28 (0.011)
NaCl 0.6 0.19 (0.008)(e) 0.13 (0.005)(e) 0.11 (0.004) 50.007 (0.0003)
Seawater

(synthetic)
. . . 0.07 (0.003)(e) 0.07 (0.003)(e) 0.06 (0.002) 50.007 (0.0003)

Alloy compositions in mass fraction: (a) FA-84, 28% Al, 2% Cr, 0.05% B, bal Fe. (b) FA-129, 28% Al, 5% Cr, 0.5% Nb, 0.2% C, bal Fe. (c) FAL-Mo,
28% Al, 5% Cr, 1% Mo, 0.08% Zr, 0.04% B, bal Fe. (d) 304L, 18–22% Cr, 8–12% Ni, 2% Mo (max), 0.03% S (max), 1% Si (max), 0.045% P (max),
0.03% C (max), bal Fe. (e) Localized corrosion initiated within 24 h
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behavior indicated by the corrosion-mode dia-
gram for Fig. 25. Perhaps the most interesting
low-temperature applications for intermetallic
compounds require resistance to wear and cor-
rosion combined. These applications require a
combination of strength and corrosion resis-
tance, and as shown in Table 9, intermetallic
compounds have this combination and can
exhibit many times better resistance to these
combined failure mechanisms than existing
alloys.

This article was not written to provide a cat-
alog of the corrosion response of the numerous
varieties of intermetallics. Instead, the emphasis
is placed on generic principles governing the
corrosion phenomena of intermetallics and then
focusing on the corrosion response of selected
structural intermetallics. Some of the informa-
tion presented here originated from the authors’
own research in this area. Lack of space has
forced the authors to be selective in choosing
the topics. Consequently, such areas as inter-
diffusion modeling in closed and open corrosion
systems and modeling of scale spallation have
been excluded.
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Corrosion of Cemented Carbides

CEMENTED CARBIDES consist of hard
refractory metal compounds that have a lower-
melting-temperature ductile metal binder or
cement. Internationally, the term hardmetal
is used in preference to the term cemented
carbides, which is used almost exclusively in the
United States. Figure 1 shows microstructures of
both the basic tungsten carbide-cobalt (WC-Co)
materials and materials containing titanium car-
bide (TiC) and tantalum carbide (TaC). Table 1
indicates the physical properties of the com-
monly available refractory metal or hardmetal
carbides used to make cemented carbides. Only
two—WC and TiC—are used as true base com-
pound materials that comprise over 50% of the
composition. Tungsten carbide base materials
are by far the most predominant and have been
in widespread use for more than 70 years. They
were originally used as early as 1916 (Ref 3–5).
During this time, it was found that WC could be
combined with cobalt to make a high-hardness,
wear-resistant, strong material. This material
was initially used in dies for drawing tungsten
filament wires instead of expensive diamond
dies.

The first key to the successful development
of cemented carbides was that these refractory
metal compounds, particularly WC, are best
produced as powders. In fact, the only logical
way to produce tungsten is the hydrogen
reduction of WO3 or ammonium paratungstate
powder into tungsten metal powder. The
carburization of tungsten to WC also results in a
fine powder. The second key was the discovery
of the eutectic system WC-Co (Fig. 2). Liquid-
phase sintering is possible well below the melt-
ing point of the WC and even below the melting
point of cobalt.

Cemented WC is produced by mixing from
3 wt% or less up to as much as 30 wt% of cobalt
metal powder with a balance of WC powder.
The mixed powders are ball milled, generally
in volatile solvents, for times ranging from a
few hours to as long as 7 days. Alternatively,
the powders are milled in an attritor for 1 to 10 h.

A suitable transient binder is added to the
powder, which is then pelletized and pressed to
form the shape. Finally, the part is sintered at
temperatures between 1300 and 1600 �C (2370
and 2910 �F), most often in vacuum. Because a
liquid phase is formed during sintering, virtually
100% density is achieved. More information on
the production of cemented carbides is available
in the article “Powder Metallurgy Cermets and

Fig. 1 Microstructures of WC-Co (a, c, and e) and WC-TaC-TiC-Co (b, d, and f) cemented carbides. In a, c, and e, the
white areas are cobalt binder phase. In b, d, and f, the darker, more rounded grains are the WxTayTizC cubic

solid-solution c phase. (a) and (b) Fine grain structures. (c) and (d) Medium grain structures. (e) and (f) Coarse grain
structures. Original magnification all 1500 · . Source: Ref 1, 2
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Cemented Carbides” in Powder Metal Technol-
ogies and Applications, Volume 7, ASM Hand-
book, 1998.

Effect of Composition on Properties

The two most common variables in cemented
carbides are the cobalt or binder content and
the grain size. As shown in Fig. 3, increased grain
size decreases hardness, and increased cobalt
content also decreases hardness (Ref 6).
Increased contents of cobalt or other binders,
however, are necessary to increase strength.
As shown in Fig. 4, transverse rupture strength
increases with increased cobalt content, to a
maximum at approximately 15 to 18% Co
(Ref 6). Very high impact strength requires very
high cobalt contents (up to 25 or 30 wt%) and
coarse-grain carbide. In corrosion applications,
however, the binder content ranges from vir-
tually nil (there are some so-called “binderless”
compositions that actually contain 1 to 2%
binder) up to approximately 10%, with excep-
tions running up to 15% binder.

Cemented carbides are not selected for cor-
rosion applications per se. They are extremely
important in corrosion conditions in which high
hardness, wear resistance, or abrasion resistance
is required. When this is the case and the
selection of a cemented carbide is logical, the
corrosion-resistant properties are examined.
For ordinary corrosion resistance, many metals
and ceramics are better choices, but when wear
resistance is also a requirement, the cemented
carbide is needed.

Binder Composition and Content. The
corrosion resistance of cemented carbides is
based on the two very different components.
The cobalt binder has very poor corrosion and
oxidation resistance, and the WC has excellent
corrosion resistance and good oxidation resis-
tance. Alternate binders, such as nickel, have
better corrosion resistance than cobalt and are
used in spite of their lower hardness and strength.
Nickel is a superior binder for cemented TiC
and therefore is used in all cemented TiC
materials regardless of the need for hardness
and strength. In some applications, cemented
TiC shows superior corrosion resistance, and in
other applications, cemented WC is better.

The addition of nickel to the usual cobalt
binder used for WC, or the substitution of it

entirely for cobalt, always improves corrosion re-
sistance. There is, however, a sacrifice in strength,
hardness, and wear resistance. A chromium
addition also enhances corrosion resistance.

The most important variable in the corrosion
of cemented carbides is the binder content.
Because the binder corrodes more than the
carbide, the smaller the amount of binder the
better. On the other hand, decreasing the binder
decreases the strength.

Carbides. Additions of TaC and TiC to the
WC-Co materials are common for the composi-
tions used for machining steel. These additives
give the carbide crater resistance. Cratering on
the top of a metal-cutting insert is the result of a
physicochemical reaction. The addition of TaC
and/or TiC will slow this reaction; indeed, it has
been found that TaC also enhances the outright
chemical corrosion resistance of these materials.

Other additives, such as chromium carbide
(Cr2C3), molybdenum carbide (Mo2C), niobium
carbide (NbC), and vanadium carbide (VC), are
often added in small quantities as grain growth
inhibitors. Little has been published about their
effect on corrosion, but chromium has been
shown to be a beneficial binder additive to
WC-Ni binder compositions (Ref 7). Vanadium
carbide and Mo2C will probably have a weak-
ening effect on the strength of a WC-base
hardmetal.

For TiC-base hardmetals, Mo2C is invariably
added to the composition, but there are no known
studies of the effect of molybdenum on corrosion
resistance. The molybdenum has always been
added to enhance the liquid-phase sintering
of the TiC-base compositions. In general, these

compositions have been made for their hardness
and strength characteristics, with corrosion
resistance being a secondary consideration. Most
recent TiC-base compositions have titanium
nitride (TiN) added, and this has been shown to
improve the corrosion resistance (Ref 8).

Perhaps it is not surprising that compositions
developed primarily for machining should show
improved corrosion resistance. In machining,
there is heat with resultant oxidation and often
corrosion-like mechanisms. Thus, some of the
improved machining compositions also show
better corrosion behavior. On the other hand,
optimal corrosion resistance is obtained by
tailoring the composition and amount of the
binder phase. This can result in lower-strength
materials with limited usefulness in machining
applications.

Because carbon is the basis of cemented
carbides, its variation within a given composition
is very important to properties and corrosion
resistance. Figure 5 shows the range of carbon
content allowable in the simple WC-Co com-
positions as cobalt content is varied (Ref 9–11).
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Table 1 Physical properties of carbides used
in the manufacture of cemented carbides

Carbide

Micro-
hardness,
kg/mm2

Melting point
Density,

g/cm3�C �F

TiC 3200 3200 5790 4.94
VC 2950 2830 5125 5.71
HfC 2700 3890 7030 12.76
ZrC 2560 3530 6385 6.56
NbC 2400 3500 6330 7.80
Cr2C3 2280 1895 3440 6.66
WC 2080 2600 4710 15.67
Mo2C 1950 2675 4850 9.18
TaC 1790 3780 6835 14.50
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Corrosion-resistant compositions have three
problems:

� The lower the cobalt or binder content, the
better the resistance to corrosion, but this

limits the safe zone, in which neither carbon
porosity nor g phase (hard, brittle M6C or
M12C intermetallics) exists.

� The lower the carbon content, the better
the corrosion resistance, but falling into the
g-phase zone results in embrittlement of
the material.

� The addition of alternate binders, such as
nickel, decreases the safe zone.

In making corrosion-resistant cemented
carbides, manufacturers must be aware of these
problems and limitations. Information on
the metallography and microstructures of these
materials is available in the article “Cemented
Carbides: Metallographic Techniques and
Microstructures” in Metallography and Micro-
structures, Volume 9, ASM Handbook, 2004.

Applications of Cemented Carbides

The major applications of cemented carbides
involve environments that are inherently corro-
sive. For example, the major use of cemented
carbides is for metal-cutting (machining)

applications. In these applications, extreme heat
is generated and the tool temperature rises
whether or not coolants are used, and in those
cases in which coolants are used, the corrosive
attack of the coolant is a factor in the perfor-
mance of the cutting tool. In general, however,
very little heed is paid to this factor; cemented
carbides are more often chosen for their wear
resistance in such applications as mining and oil
well drilling. There is a corrosive environment in
mining (Ref 12) and oil well drilling; the natural
waters and other fluids involved are often
very corrosive. Other well-known examples in
which cemented carbide perform in a corrosive
environment include balls for ballpoint pens
and dental drills. In both of these examples, the
corrosion resistance of the most frequently used
WC-6Co composition was serendipitous. The
material was selected for its wear resistance.
It just happens to have good corrosion resistance
in the saline and ink solutions. The dulling of
cemented carbide saw tips used for sawing
green or unseasoned wood is a corrosive as well
as a wear phenomenon (see the section “Saw
Tips and Corrosion” in this article).

Table 2 C-grade classification of cemented
carbides

C-grade Application category

Machining of cast iron, nonferrous, and
nonmetallic materials

C-1 Roughing
C-2 General-purpose machining
C-3 Finishing
C-4 Precision finishing

Machining of carbon and alloy steels

C-5 Roughing
C-6 General-purpose machining
C-7 Finishing
C-8 Precision finishing

Nonmachining applications

C-9 Wear surface, no shock
C-10 Wear surface, light shock
C-11 Wear surface, heavy shock
C-12 Impact, light
C-13 Impact, medium
C-14 Impact, heavy

Table 3 Some physical properties of corrosion-resistant cemented carbide grades
Properties of a carbon steel, a tool steel, and a cast cobalt alloy are included for comparison.

Special
attributes

Proprietary
designation

Nominal composition, wt%
Hardness,

HRA
Density,

g/cm3

Transverse
rupture strength Abrasion

resistance
factor(a)

Coefficient
of thermal
expansion,
mm/m � K

Thermal conductivity

WC Co TaC TiC Ni Cr Mo2C MPa ksi W/m � k cal/cm � s � �C

Abrasion-resistant, wear, and structural grades

Maximum GU-2(b) 96.5 3 0.5 . . . . . . . . . . . . 93.3 15.30 1655 240 1.8 4.9 125.5 0.30
abrasion PWX(b) 94.0 5.5 0.5 . . . . . . . . . . . . 92.5 15.05 2137 310 2.1 5.2 108.8 0.26
resistance A(b) 94.0 6.0 . . . . . . . . . . . . . . . 91.8 15.00 2206 320 3.4 5.5 104.6 0.25

B(b) 91.0 9.0 . . . . . . . . . . . . . . . 90.8 14.70 2758 400 6.8 5.5 96.2 0.23
BB(b) 87.0 13.0 . . . . . . . . . . . . . . . 89.5 14.28 3103 450 17 6.2 87.9 0.21

Toughness GU-1(b) 81.5 18.0 0.5 . . . . . . . . . . . . 88.4 13.84 3448 500 32 6.8 83.7 0.20
Gall 474(b) 79.0 12 9 . . . . . . . . . . . . 89.6 14.29 2241 325 16.5 5.8 87.9 0.21

resistance GG(b) 60.0 12 28 . . . . . . . . . . . . 89.0 14.09 2069 300 18 7.1 83.7 0.20
Oxidation Titan 80(b) . . . . . . . . . 74 12.5 . . . 13.5 93.0 5.63 1379 200 22 7.8 16.7 0.04

resistance Titan 60(b) . . . . . . . . . 70.5 17.5 1.0 11.0 91.7 5.71 1724 250 28 8.4 16.7 0.04
Titan 50(b) . . . . . . . . . 66.5 22.5 1.0 10.0 . . . . . . . . . . . . . . . . . . . . . . . .

Special K602(c) 88.2 1.8 10.0 . . . . . . . . . . . . 94.3 15.6 759 110 . . . 4.9 . . . . . .
corrosion K701(c) 85.8 10.1 . . . . . . . . . 4.1 . . . 92.0 14.0 1138 165 . . . 6.5 62.8 0.15(d)
resistance K703(c) 93.3 5.8 . . . . . . . . . 0.9 . . . 91.5 14.7 1931 280 . . . 4.5 . . . . . .

K714(c) 88.4 6.1 4.5 1.0 . . . . . . . . . 92.5 13.1 1827 265 1.8(d) 4.0 . . . . . .
K801(c) 93.7 . . . 0.3 . . . 6.0 . . . . . . 90.0 14.8 2103 305 17(d) 5.6 96.2 0.23(d)
K803(c) 89.0 . . . . . . 1.0 10.0 . . . . . . 91.0 14.4 2000 290 . . . 5.6 . . . . . .

Grades for heading and forming dies

Impact HD-15(b) 85.0 15 . . . . . . . . . . . . . . . 87.4 14.10 3172 460 30 6.5 83.7 0.20
resistance HD-20(b) 80.0 20 . . . . . . . . . . . . . . . 85.3 13.60 3103 450 45 6.8 83.7 0.20

HD-25(b) 75.0 25 . . . . . . . . . . . . . . . 83.5 13.15 2965 430 65 7.5 83.7 0.20
Gall HD-20T(b) 75.0 20 5 . . . . . . . . . . . . 85.3 13.55 2896 420 46 7.1 83.7 0.20

resistance HD-25T(b) 70.0 25 5 . . . . . . . . . . . . 83.5 13.15 2827 410 67 7.8 83.7 0.20

Mining grades

Strength 575(b) 94.0 6 . . . . . . . . . . . . . . . 90.8 15.00 2413 350 8.1 4.9 104.6 0.25
and impact 569(b) 90.0 10 . . . . . . . . . . . . . . . 88.6 14.51 2930 425 13 5.8 104.6 0.25
resistance 783(b) 89.0 11 . . . . . . . . . . . . . . . 88.1 14.41 3103 450 19 5.8 104.6 0.25

502(b) 88.0 12 . . . . . . . . . . . . . . . 87.6 14.31 2965 430 21 6.2 104.6 0.25

Noncarbide metals

Carbon steel . . . . . . . . . . . . . . . . . . . . . . . . To 79 7.8 To 1379 200 4140 14.8 50.2 0.12
(tensile strength)

T1 tool steel . . . . . . . . . . . . . . . . . . . . . . . . To 87 8.7 3448 500 70 12.6 . . . . . .
Cast Co-Cr-W

alloy
. . . . . . . . . . . . . . . . . . . . . . . . To 83 8.6 2069 300 110 13–16 . . . . . .

(a) Determined in accordance with ASTM B 657 (Ref 2). The lower the number, the better the resistance to abrasion. (b) Adamas designation (former). (c) Kennametal designation (now Hertel Kennametal). (d) Values estimated from
available data. Source: Ref 14, 15
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Examples of the use of cemented carbide
in true corrosion applications include the
following:

� Ballpoint pen balls
� Dental drills and burrs
� Surgical and orthodontic tweezers, pliers,

and clamps
� Valve seats
� Valve balls and valve stems
� Valve and shaft seals (seal rings)
� Spray nozzles
� Pulverizing hammers
� Compressor plungers
� Bearings
� Cage mills
� Ball mill linings and balls
� Internal parts in industrial meters

The article “Powder Metallurgy Cermets and
Cemented Carbides” in Powder Metal Technol-
ogies and Applications, Volume 7, ASM Hand-
book, 1998, contains more information on
applications for cemented carbides.

Selection of Cemented Carbides
for Corrosion Applications

The selection of cemented carbides is a
difficult problem for the user, because there is
no universally accepted classification system on
the part of the producers. The most commonly
used systems are given here. Attempts have been
made to standardize with regard to metal-cutting
applications. The International Organization for
Standardization (ISO) standard 513 addresses
application of carbides for machining by chip
removal (Ref 13). It is widely used in Europe
and most other parts of the industrial world.
The ISO standard does not include hardmetal
used for wear, percussion tools, mining, or wire-
drawing dies. In the United States, an applica-
tion-oriented C-grade system is used (Table 2).
Carbide manufactures provide reference to both
systems.

The reason for the multiple designations of
the same composition is that one designation
may be for cutting tools, another for wear parts or
dies, and another for mining. Composition may
vary among manufacturers. For example, if one
producer establishes a WC-25Co composition,
another producer will make and market a grade
with 24% Co, and another a product with 26%
Co. Despite these differences, Table 3 lists
the properties of various representative grades by
nominal composition for corrosion applications.
Reference 16 contains more complete data on
any grade, and manufacturers can be consulted
for more information.

In addition to small differences in cobalt
content from one manufacturer to another,
there are small differences in minor additives
and in grain size. For example, with the 6% Co
grades, there are two basic grain size classes—
fine and coarse—but these two are not precisely

the same from one manufacturer to another.
Some have a slightly finer or coarser size
within the defined category of fine and coarse
(Ref 17). Another factor is the intentional addi-
tion of minor elements such as tantalum,
titanium, vanadium, chromium, and molybde-
num as grain growth inhibitors or the inadvertent
introduction of minor amounts of these and
other elements in the raw materials or through
recycling. These elements affect hardness
and strength and cannot be discounted in the
selection of a cemented carbide for corrosion
applications.

Other processing variables also affect prop-
erties and performance. Among the important
results of processing variables is the amount of
porosity in the final cemented carbide product.
In some cases, the porosity is negligible, and
theoretical density is achieved. In other cases,
porosity is present. This can be rated in accor-
dance with ISO 4505 (Ref 18) or ASTM B 276
(Ref 19), both of which are based on the same
standard micrographs. The ultimate in freedom
from porosity is achieved by hot isostatic press-
ing. This operation, when carried out properly
at approximately 138 MPa (20 ksi) and at tem-
peratures of 1200 to 1400 �C (2190 to 2550 �F),
has no detrimental or beneficial effect on the
cemented carbide except for the removal of
the last vestiges of porosity.

Corrosion in Aqueous Media

The corrosion of cemented carbides is based
on the solubility of the key ingredients used in
the various compositions. Although some alloy-
ing occurs, the solubility of the WC or TiC
in cobalt or nickel is very limited. The main
alloying in the WC-Co compositions is primarily
based on the addition of TiC, TaC, and
NbC, which form cubic-phase solid solutions
with WC.

Table 4 shows the relative solubilities of the
chief constituents of cemented carbides in var-
ious media. Tungsten carbide is insoluble in most
acids as well as in basic and salt solutions. It is
soluble only in very strong mixtures of nitric acid
plus hydrochloric acid (HNO3+HCl) and HNO3

plus hydrofluoric acid (HF). Cobalt and nickel
show the same significant solubility in all acids.
Even so, the nickel binder compositions show
somewhat less attack in some acid solutions than
the cobalt binder alloys. From this elementary
information, it is obvious that the lower the
binder content, the less the corrosion.

Corrosion of cemented carbides, therefore, is
generally based on the surface depletion of the
binder phase such that at the surface region only
a carbide skeleton remains; because the appli-
cations are invariably for wear or abrasion,
this skeleton is rapidly worn away. At low

Table 4 Relative solubilities in acids and bases of the basic constituents of cemented carbides

Constituent

Medium and solubility(a)

Dilute
HNO3 HCl H2SO4

20HNO3-60HCl-
20H2O

25HNO3-25HF-
50H2O

Alkali
solutions

Salt
solutions

Cobalt V Sl Sl V V I I
Nickel V Sl Sl V V I I
WC I I I S S I I
TaC I I Sl?(b) S S I I
TiC S I I S S I I

(a) Solubility: V, very soluble; Sl, slightly soluble; I, insoluble; S, soluble (b) Data from Ref 20 and 21 are contradictory. Source: Ref 20, 21

Table 5 Corrosion resistance of cemented
carbides in various media at room
temperature

Medium

Corrosion resistance(a)

WC-Co
cemented
carbides

TiC-Ni
cemented
carbides

Acid salts in water E E
Neutral salts in water V E
Alkalis

KOH in water F-G F-P
NaOH in water V E
NH3 in water F E

Weak acids G G-E
Distilled water E E
Seawater V E
Organic solvents, including

acetone, alcohols,
gasoline, benzene,
carbon tetrachloride,
and ethylene glycol

E E

(a) Corrosion resistance: E, excellent; V, very good; F, fair; G, good;
P, poor
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Fig. 6 Corrosion rate of various cemented carbide
grades as a function of pH. Source: Ref 22
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Table 6 Corrosion resistance of cemented carbides in various media
Data for two austenitic stainless steels are included for comparison.

Medium
Chemical

designation
Concentration,

%

Temperature,

pH

Type of cemented carbide/corrosion resistance(a) Stainless steels(b)

�C (�F) WC-Co TiC-NiMo WC-Ni WC-CoCr WC-TaC-Co Type 302 Type 316

Acetic acid, unaerated CH3COOH 4 Room . . . C B B B A . . . . . .
Acetic acid (glacial),

unaerated
CH3COOH 99.8 Room . . . C C B A A . . . . . .

Acetone (CH3)2CO . . . Room . . . A A A A A A A
Alcohols . . . . . . Room . . . A A A A A . . . . . .
Ammonia, anhydrous NH3 . . . . . . . . . B B B B A . . . . . .
Argon gas Ar . . . . . . . . . A A A A A . . . . . .
Benzene, liquid C6H6 . . . Room . . . A A A A A . . . . . .
Carbon tetrachloride CCl4 Pure Room . . . A A A A A . . . . . .
Chlorine gas, dry Cl . . . Room . . . C C C C B . . . . . .
Chlorine gas, wet Cl �H2O . . . Room . . . D C C D B . . . . . .
Citric acid C3H4(OH)(COOH)3 5 Room 1.7 C A A . . . . . . A A
Citric acid C3H4(OH)(COOH)3 5 60 (140) 1.7 D A B . . . . . . A A
Copper sulfate solution CuSO4 0.01 Room 6 C A A . . . . . . A-C A-C
Copper sulfate solution CuSO4 0.01 70 (160) 6 D A A . . . . . . A-C A-C
Digester liquor, black . . . . . . 66 (150) . . . B B B B A . . . . . .
Esters . . . . . . Room . . . A A A A A . . . . . .
Ethanol C2H5OH 96 Room . . . A A A . . . . . . A A
Ethylene glycol C2H6O2 . . . Room . . . A A A A A . . . . . .
Ferrous sulfide FeS Slurry in

water
Room . . . C C C C A . . . . . .

Fluorine, liquid F . . . �188 (�305) . . . . . . B . . . . . . . . . . . . . . .
50% formaldehyde,

50% alcohol
. . . . . . Room . . . C Uncoupled B

Coupled C(c)
C C A . . . . . .

Formic acid HCOOH 5 Room . . . C A C . . . . . . A A
Formic acid HCOOH 5 60 (140) 1.8 D A . . . . . . . . . B A
Freon gas C2Cl3F3/CH2Cl3 . . . Room . . . A A A A A . . . . . .
Gasoline . . . . . . Room . . . A A A A A . . . . . .
Helium, liquid He . . . �269 (�450) . . . A A A A A . . . . . .
Hydrochloric acid HCl 0.5 Room 1 D C C . . . . . . C A
Hydrochloric acid HCl 0.5 60 (140) 1 D C C . . . . . . D A
Hydrochloric acid HCl 10 Room . . . D D D . . . . . . D C
Hydrochloric acid HCl 37 Room . . . D D D D A . . . . . .
Hydrochloric acid HCl 37 100 (212) . . . D D D D B . . . . . .
Hydrofluoric acid,

anhydrous
HF . . . Room . . . B B B B A . . . . . .

Hydrofluoric acid HF 1–60 Room . . . D D D D D . . . . . .
Hydrogen, liquid H . . . 253 (488) . . . A A A A A . . . . . .
Kerosene . . . . . . Room . . . A A A A A . . . . . .
Magnesium bisulfite

digester liquor
MgHSO3 . . . Room . . . B B B B A . . . . . .

Methane, liquid CH4 . . . 162 (342) . . . A A A A A . . . . . .
Methanol, anhydrous CH3OH . . . Room . . . A A A A A . . . . . .
Methanol, 20% water CH3OH/H2O . . . Room . . . A A A A A . . . . . .
Nitric acid HNO3 0.5 Room 1.1 D C A . . . . . . A A
Nitric acid HNO3 5 Room . . . D D D D B . . . . . .
Nitric acid HNO3 . . . 100 (212) . . . D D D D B . . . . . .
Nitric acid HNO3 10 Room . . . D B C . . . . . . A A
Nitrogen, liquid N . . . 196 (385) . . . A A A A A . . . . . .
Oil, crude (sand, saltwater,

high in sulfur)
. . . . . . Room . . . C C C C A . . . . . .

Oxalic acid (COOH)2 � 2H2O 5 Room 1 A-B A A . . . . . . A A
Oxalic acid (COOH)2 � 2H2O 5 60 (140) 1 B-C A . . . . . . . . . B A
Oxygen, liquid O . . . 183 (361) . . . A A A A A . . . . . .
Perchloric acid HClO4 0.5 Room 1.3 C-D A C . . . . . . D . . .
Perchloric acid HClO4 0.5 60 (140) 1.3 D A D . . . D D
Phosphoric acid H3PO4 5 Room 1.2 D B C . . . . . . A A
Phosphoric acid H3PO4 85 Room . . . D C C D A . . . . . .
Crude phthalic acid

and anhydride
C6H4-1.2(COOH)2/

C6H4-1.2(CO)2O
. . . 250–280

(480–535)
. . . C C B C A . . . . . .

Sodium carbonate Na2CO3 5 Room 12 A A A . . . . . . A A
Sodium carbonate Na2CO3 5 60 (140) 12 A A A . . . . . . A A
Sodium chloride NaCl 3 Room 7 A-B A A . . . . . . A A
Sodium chloride NaCl 3 60 (140) 7 A-B A A . . . . . . A A
Sodium cyanide NaCN 10 Room . . . D D D D A . . . . . .
Sodium hydrogen sulfate NaHSO4 5 Room 1.2 C-D A A-B . . . . . . D A
Sodium hydrogen sulfate NaHSO4 5 60 (140) 1.2 D C C-D . . . . . . D A
Sodium hydroxide NaOH 5 Room 14 A A A . . . . . . A A
Sodium hydroxide NaOH 5 60 (140) 14 B A A . . . . . . A A
Sodium hydroxide NaOH 40 Room 16 A A A . . . . . . A A
Sodium hydroxide NaOH 40 60 (140) 16 A A A . . . . . . A A
Steam, superheated H2O . . . 600 (1110) . . . A A A A A . . . . . .

(continued)

(a) A, highly resistant, negligible attack; B, resistant, light attack; C, poor resistance, medium attack; D, not resistant, not suitable. This table should be used only as a guide. Many factors, such as temperature variations, changes in
chemical environment, purity of solutions, and stress or loading conditions, may invalidate these recommendations. Tests under operating conditions should be made (b) Results were obtained under laboratory conditions in pure
solutions and are classified with reference to corrosion resistance only (c) Coupled to brass. Source: Ref 22, 23
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Table 6 (continued)

Medium
Chemical

designation
Concentration,

%

Temperature,

pH

Type of cemented carbide/corrosion resistance(a) Stainless steels(b)

�C (�F) WC-Co TiC-NiMo WC-Ni WC-CoCr WC-TaC-Co Type 302 Type 316

Sulfuric acid H2SO4 0.5 Room 1.2 C-D A B-C . . . . . . C A
Sulfuric acid H2SO4 0.5 60 (140) 1.2 D D D . . . . . . D A
Sulfuric acid H2SO4 5 Room . . . C B C C A . . . . . .
Sulfuric acid H2SO4 5 100 (212) . . . D C C D A . . . . . .
Sulfuric acid H2SO4 10 Room 0 D D B . . . . . . D A
Sulfuric acid H2SO4 10 60 (140) 0 D D . . . . . . . . . D D
Sulfur, liquid S 100 130 (265) . . . A A . . . . . . . . . . . . A
Water, boiler feed H2O . . . 66 (150) . . . B C A A A . . . . . .
Water, fresh,

distilled, purified
H2O . . . Room . . . A A A A A . . . . . .

Water, tap H2O . . . Room . . . B A B B A . . . . . .
Water, sea . . . . . . Room . . . B B B . . . A . . . . . .

(a) A, highly resistant, negligible attack; B, resistant, light attack; C, poor resistance, medium attack; D, not resistant, not suitable. This table should be used only as a guide. Many factors, such as temperature variations, changes in
chemical environment, purity of solutions, and stress or loading conditions, may invalidate these recommendations. Tests under operating conditions should be made (b) Results were obtained under laboratory conditions in pure
solutions and are classified with reference to corrosion resistance only (c) Coupled to brass. Source: Ref 22, 23

Table 7 Corrosion of WC-Co cemented carbides in mineral acids
Corrosion rates for type 304 stainless steel are shown for comparison.

Cobalt content, wt%

Weight loss mg/mm2

37% HCl 5% HCl, 10% H2SO4

Room temperature
100 �C (212 �F) 100 �C (212 �F)

Room
temperature

5% H2SO4

100 �C (212 �F)
10% HNO3

Room temperature
5% HNO3

100 �C (212 �F)

10 h 100 h 10 h 20 h 200 h 20 h 20 h 20 h

5.5 0.001 0.015 0.05 0.01 0.020 0.10 0.02 0.02
6 0.003 0.02 0.01 0.02 0.030 0.20 0.10 0.15
9 0.005 0.03 0.2 0.08 0.033 0.25 0.20 Destroyed
13 0.01 0.05 0.04 0.12 0.036 0.35 Destroyed Destroyed
15 0.015 0.13 1.8 0.15 0.040 0.40 Destroyed Destroyed
Type 304

stainless steel
1.2 Destroyed Destroyed 1.2 0.18 Destroyed None None

Source: Ref 24

Table 8 Properties of corrosion-resistant cemented carbide grades as a function of grade number
See Fig 7 to 14 for the corrosion resistance of 12 of these grades in various media.

Proprietary
designation

Grade
number(a)

Composition
symbol(a)

Composition, wt%

Others

Hardness
Density,

g/cm3

Transverse
rupture strength

WC Ni Co Cr HV (30 gf load) Converted to HRA MPa ksi

H03T(b) 1 WC-3Co 96.7 . . . 3 . . . 0.3TaC 1850 92.9 15.3 1400 203
H10T(b) 2 WC-6Co 94.5 . . . 5.5 . . . (c) 1730 92.4 15.0 1900 276
H30T(b) 3 WC-9Co 90.4 . . . 9 . . . 0.2TiC, 0.4TaC 1450 90.7 14.6 2000 290
H40T(b) . . . . . . 88 . . . 12 . . . (c) 1340 89.7 14.3 2600 377
K701(d) 4 WC-10Co-4Cr 85.8 . . . 10.1 4.1 . . . 1645 92.0 14.0 1140 165
WC6Ni(b) 5 WC-6Ni 94 6 . . . . . . . . . 1400 90.2 15.0 1500 218
WC9Ni(b) 6 WC-9Ni 91 9 . . . . . . . . . 1150 87.6 14.6 1800 261
TCR10(b) 7 WC-6NiCr 94 5.7 . . . 0.3 . . . 1520 91.2 14.8 2000 290
TCR30(b) 8 WC-9NiCr 91 8.5 . . . 0.5 . . . 1420 90.4 14.4 2500 363
H032(e) . . . WC-10TaC-3NiCoCr 87 1.5 1 0.5 10TaC 2000 93.3 15.3 1300 189
H031(e) 13 WC-20TaC-3NiCoCr 77 1.5 1 0.5 20TaC 1940 93.1 14.9 1430 207
V492(e) 9 WC-40TaC-3NiCoCr 57 1.5 1 0.5 40TaC 2000 93.3 14.9 1400 203
H035(e) 10 WC-40NbC-3NiCoCr 57 1.5 1 0.5 40NbC 1870 92.9 11.1 1280 186
V455(e) 11 WC-40TaC-9NiCoCr 50 4 4 1 41TaC 1450 90.7 14.2 1850 268
V473(e) 12 WC-40NbC-9NiCoCr 50 4 4 1 41NbC 1400 90.2 14.5 1750 254
TWF18(b) . . . . . . . . . 18 . . . . . . 66TiC, 16Mo2C 1470 90.8 6.0 1270 184

(a) Used to refer to grades in Fig. 7 to 14. (b) Metallwerk Plansee grade designation. (c) Depending on the reference used these grades are sometimes shown with small additions of TaC and TiC (d) Kennametal designation
(e) Metallwerk Plansee experimental designation. Source: Ref 7 and 27
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binder-phase contents, the rate of attack is
diminished, and in conditions in which the cor-
rosion is not too severe, the reduced binder
content will be beneficial. In more severe cor-
rosion, however, the use of a cobalt binder is
prohibited, and the WC-Co grade is simply not
resistant enough. In these cases, certain corro-
sion-resistant grades should be used. The most
common of these are WC with nickel alloy bin-
ders and TiC-Ni-Mo2C-base cemented carbide.
Figure 6 shows the corrosion rate as a function of
pH for these different types of cemented carbides
tested in buffered solutions. These tests included
a final surface wear treatment by tumbling in
order to obtain a true value of the depth of the
corroded surface.

As can be seen in Fig. 6, straight WC-Co
grades are resistant down to pH 7. This is also
valid for WC-Co grades containing cubic car-
bides such as TiC, TaC, and NbC. The highest
corrosion resistance is obtained for certain
alloyed TiC-Ni grades, which are resistant down
to approximately pH 1, but compared to the
straight WC-Co grades, they are less tough and
have lower thermal conductivity. They also have
the disadvantages of being difficult to grind and
braze; therefore, they are used only in specific
applications.

In many corrosion-wear situations, the proper
choice is specially alloyed WC-Ni grades, which
are resistant down to pH 2 to 3. Even in certain
solutions with pH values less than 2, they have
proved to be resistant to corrosion. Because WC
is the hard principal constituent and because
nickel and cobalt are similar metals in many
respects, their mechanical and thermal properties
are comparable to those of the straight WC-Co
grades.

The pH value is one of the most important
parameters when determining the corrosivity of a
medium, but other factors such as temperature
and electrical conductivity also have a great
influence. The latter is dependent on the ion
concentration, that is, the amount of dissolved
salts in the solution. Thus, one cannot define the
corrosivity of a certain medium in a simple way,
and accordingly, no general rules that are valid
in all situations can be given. However, Table 5
gives general guidelines for the corrosion resis-
tance of WC-Co and TiC-Ni cemented carbides
in various room-temperature media. Table 6
gives compatibility data for several types of
cemented carbides in aqueous media at various
temperatures, and Table 7 lists weight loss as a
function of cobalt content for cemented carbides
in mineral acids.

In general, it can be stated that the corrosion
of cemented WC is fair to good in a limited way
in all acids except HNO3. The corrosion resis-
tance of cemented TiC is excellent in phosphoric
acid (H3PO4), boric acid, and picric acid and
is somewhat better than cemented WC in HCl
or sulfuric acid (H2SO4). Cemented TiC is poor
in HNO3. As expected, increasing the cobalt
content to increase strength significantly
decreases the corrosion resistance (Table 7). The
same situation exists in virtually all corrosive
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Fig. 7 Corrosion resistance of cemented carbides in 22% HCl at room temperature. See Table 8 for properties of
these grades, and Fig. 8 to 14 for corrosion resistance in other media. Source: Ref 7, 27
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See Table 8 for properties of these grades. Source: Ref 7, 27
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environments, and because the same effect is
seen for abrasion resistance, it is recommended
that the minimum cobalt content be used for
all wear and corrosion applications. This means
that for a given application, the hardest grade
that will give adequate strength, impact resis-
tance, and resistance to chipping should be
chosen.

Special Corrosion-Resistant Grades. To
obtain corrosion resistance above and beyond
that available with the regular WC-Co and TiC-
Ni grades, the special corrosion-resistant grades
are used. These always result in a sacrifice in
strength, hardness, and/or abrasion resistance,
as shown in Table 3. On the other hand, the
corrosion-resistant grades do offer significant
benefits in corrosion resistance in many media
(Table 6). These grades include the WC+Ni
binder, the WC+Co-Cr binder, and the so-
called binderless WC, which generally contains
approximately 10% TaC and between 1 and 2%
Co. In addition, there are other special grades,
such as the 0.1 to 1.0% Pt addition patented as
an improvement toward ink corrosion resistance
in ballpoint pen balls (Ref 25).

Sintered cemented carbide compositions
based on more than 50% Cr2C3 for corrosion
resistance are also mentioned in patents (Ref 26)
and the literature (Ref 3–5). These are generally
not commercially viable and are brittle ma-
terials; therefore, they cannot compete with
the ceramic materials, such as silicon carbide,
silicon nitride, aluminum oxide, boron nitride,
and the whisker-reinforced ceramics, which
have superb corrosion resistance. Where impact
and chipping are not problems, these ceramic
materials are a better choice than the cemented
carbides. The cemented carbides have the ad-
vantage, however, in strength, impact resistance,
thermal conductivity, and often greater ease of
manufacture.

The best work from the 1980s showing the
performance of the special corrosion-resistant
compositions compared to the standard compo-
sitions and even some experimental composi-
tions is that done at Metallwerk Plansee (Ref 7,
27). Table 8 lists the properties of these grades;
for convenience, the proprietary designations are
given, and the grades are also noted by compo-
sition, such as WC-10Co-4Cr. Grades are also
listed by a grade number that can be used when
referring to Fig. 7 to 14.

Figure 7 shows the corrosion of the 12 dif-
ferent compositions listed in Table 8 in 22%
HCl at room temperature. Grades 1 to 3
(WC-3Co, WC-6Co, and WC-9Co, respectively)
illustrate the increase in corrosion rate that
results from increasing cobalt binder content.
The nickel binders (grades 5 and 6; WC-6Ni and
WC-9Ni, respectively) are an improvement, but
again, the increase in binder content increases
the corrosion rate. Of the more exotic com-
positions, grades 4 (WC-10Co-4Cr) and 7
(WC-6NiCr) are viable choices for limited use
in HCl at room temperature. The best of the ex-
perimental compositions is grade 9 (WC-40TaC-
3NiCoCr); it has greater strength and higher
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hardness. If additional strength is needed above
grade 9, grade 11 (WC-40TaC-9NiCoCr) is a
good choice with the increased binder content,
but as is generally the case, this results in a loss
of corrosion resistance.

Figure 8 shows the same type of information
for 38% HNO3 at room temperature. In general,
corrosion is lower, but again, the higher-cobalt
WC-Co compositions (grades 2 and 3) are not
suitable, nor is the WC-9Ni composition (grade
6). Grade 5 (WC-6Ni) is marginal in HNO3, but
grades 1 and 4 are still better. On the other hand,
the commercially available grades 7 and 8 (WC-
6NiCr and WC-9NiCr, respectively) show very
limited corrosion attack that is virtually equal
to that of three of the four experimental grades;
the commercial alloys in this case have better
strength.

The basic cemented carbides are attacked
most severely by H2SO4 (Fig. 9). Some of the

WC-Ni or WC-NiCr commercial compositions
can tolerate limited use. However, the experi-
mental grade 9 (WC-40TaC-3NiCoCr) provides
exceptional corrosion resistance.

Figure 10 shows that many compositions are
available for use in acetic acid with little corro-
sion. Attack in H3PO4 is relatively rapid only
on the WC-Co compositions (Fig. 11).

Figures 12 and 13 show the suitability of all
of the compositions listed in Table 8 in sodium
hydroxide (NaOH) and sodium chloride (NaCl),
respectively. In NaCl, there is significant benefit
in choosing a nickel binder cemented carbide
(for example, grade 5, WC-6Ni) if the loss in
strength can be tolerated.

Figure 14 shows the resistance to erosion-
corrosion of different cemented carbide compo-
sitions in a slurry of artificial seawater and sand.
It follows the pattern of benefit for the use of
nickel binders in saline applications. The best

of the WC-Co compositions is obviously the
one with the lowest binder content (grade 1,
WC-3Co). It shows a rate, however, more than
10 times greater than the experimental grade
9 (WC-40TaC-3NiCoCr), and both have the
same transverse rupture strength and equivalent
hardness. For a commercial composition, the
grade 8 (WC-9NiCr) cemented carbide shows
excellent performance, with one-half the rate of
attack of the low-cobalt composition (grade 1,
WC-3Co) and much higher transverse rupture
strength.

Some of the same data are shown in Fig. 15
and 16 to compare the relative corrosion of the
different compositions in various media. These
tests were performed at room temperature, and
solution concentrations are the same as those in
Fig. 7 to 14. In Fig. 16, the cemented carbides
are also compared to an Fe-20Cr-32Ni alloy; the
superiority of the experimental WC-40TaC-
3NiCoCr cemented carbide is evident. As with
corrosion test data, care must be taken not to
extrapolate these to different solution con-
centrations and temperatures. It would be logical
to assume, for example, that the WC-40TaC-
3NiCoCr alloy would always outperform WC-
3Co in these media at different concentrations
and temperatures, but the validity of this
assumption must be verified through further
testing.

Corrosion in Warm Acids and Bases. The
corrosion rate of various cemented carbide
compositions in warm (50 �C, or 120 �F) acids
is shown in Table 9. The straight WC-Co com-
positions show rapid attack in dilute H2SO4

and HNO3, and little attack in those concen-
trated acids. Although the corrosion rate is
lower in HCl, it is obvious that these composi-
tions are not suitable for use in warm or hot
acid solutions. The TiC-6.5Ni-5Mo composition
is quite good in H2SO4, moderately good in
HCl, and very poor in HNO3. Several of the
binderless compositions and the TaC-base
cemented carbide show very acceptable cor-
rosion resistance in these warm acids. These
results are to be expected, because the cobalt
and nickel binders are completely soluble in
these acids.

The corrosion rates of various cemented
carbides in basic solutions at 50 �C (120 �F) are
quite a different matter, as shown in Table 10.
Although corrosion does proceed, it is slow
enough to demonstrate the utility of even the
WC-Co compositions in such applications as
seal rings in these basic solutions.

Galvanic Corrosion. The resistance to
galvanic corrosion of various cemented carbides
coupled to type 316 stainless steel has been
investigated (Ref 29). Immersion testing of
uncoupled specimens was also performed for
comparison. Compositions of the materials
tested are given in Table 11.

The apparatus used for the galvanic-corrosion
testing is shown in Fig. 17. Figure 18 shows the
corrosion rates of the materials in the immer-
sion test. The binderless WC-3TiC-2TaC alloy
performed the best, followed by the TiC-base
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cermet, the WC-Ni-CrMo alloy, the sintered
cobalt-base alloy, and the WC-6Co alloy. The
logarithm of weight loss plotted against the
logarithm of time yielded the linear weight loss
curves in this test. Based on this, it was postu-
lated that the movement of electrons between
cemented carbide and stainless steel is the
rate-determining factor in galvanic corrosion.
Table 12 compares the corrosion rates of the
materials in the immersion and galvanic tests.
For most of the alloys tested, the rate of galvanic
corrosion is greater than the corrosion rate in
the simple immersion test. It is thought that
the larger the potential difference between the
cemented carbide and the stainless steel, the
greater the difference between the corrosion
rates obtained in the immersion test and in the
galvanic-corrosion test.

Figure 19 shows cross sections of specimen
rings after the galvanic corrosion test. Corrosion
proceeded inward from the surface that
contacted the seawater in the WC-6Co alloy
(Fig. 19a). The investigators postulated that the
electrode potential is large and that electrons
would move smoothly between the cemented
carbide and the contacting stainless steel;
therefore, attack proceeded according to the
galvanic-corrosion mechanism. In the case of
the binderless WC-3TiC-2TaC alloy (Fig. 19b),
corrosion is very slight even after 1 year. The
TiC-base cermet (Fig. 19c) shows corrosion only
on the inner side surface (the side contacting
the Teflon, (DuPont PTFE fluoropolymer); see
Fig. 17. In the sintered cobalt-base alloy and
the WC-Ni-CrMo alloy (Fig. 19c and d), corro-
sion proceeded from the corner that contacted

both the seawater and the stainless steel. It was
postulated that the electrode potential and the
distance of electron movement were smaller than
those for the WC-6Co alloy. Based on the results
of these tests, either the binderless alloy or the
TiC-base alloy should be acceptable for this
type of application.

Crevice Corrosion. The same investigators
also reported on the crevice-corrosion resistance
of cemented carbides in seawater with specimens
of type 316 stainless steel, Teflon and silicon
carbide adjacent to the cemented carbide speci-
mens (Ref 29). Of the five compositions tested,
only the WC-6Co specimen showed any sig-
nificant attack after 1 year. The attack was
moderate and progressed the least against the
silicon carbide and the most against the stainless
steel (Ref 29).

Oxidation Resistance of Cemented
Carbides

The ordinary WC-Co cemented carbides are
reasonably resistant to oxidation in air up to
approximately 650 to 700 �C (1200 to 1290 �F).
The constituent affected the fastest is WC, which
will oxidize to WO3. In oxygen, the temperature
limit is lower, and rapid deterioration will occur
at approximately 500 �C (930 �F). Even in air,
however, the practical temperature limit for
WC-Co compositions for any length of time is
500 to 600 �C (930 to 1110 �F). Nonetheless,
these compositions do stand up, for example,
in cutting tools in which localized higher tem-
peratures at the cutting tip will be encountered.
The addition of both or either TiC or TaC to the
WC-Co compositions increases the oxidation
resistance somewhat and is undoubtedly also
related to the improvement found for these
additions for machining steel. In applications in
which oxidation resistance combined with wear
resistance is required, as in hot glass forming
and shearing tools, the addition of TiC and/or
TaC to the basic WC-Co is of little benefit. The
TiC-Mo2C-Ni compositions have clearly super-
ior oxidation resistance and can be used at
temperatures up to 900 �C (1650 �F), at which
point they start to oxidize fairly rapidly. At the
lower temperature, the TiC-base compositions
form a tight adherent oxide film that tends to

Table 9 Corrosion rates of cemented carbides immersed in various acids at 50 �C (120 �F)
for 72 h

Composition

Corrosion rate, mg/cm2/d

HCl, % H2SO4, % HNO3, %

5 10 37 10 50 98 5 10 50

WC-6Co 2.29 2.43 0.79 8.72 2.82 0.72 13.50 1.45 0.16
WC-9Co 2.55 1.96 1.92 12.70 5.05 0.72 25.60 6.48 0.18
WC-8Ni-2Mo-3Cr 0.07 0.01 +0.01 5.01 0.76 0.01 5.71 1.23 0.11
WC-5TaC +0.02 nil 0.05 +1.03 0.23 0.02 +0.02 0.03 0.15
WC-2TaC-3TiC 0.06 nil +0.02 +1.02 0.33 0.06 0.35 0.08 0.12
WC-47NbC-15TiC-9Ni-

4Mo
1.06 0.98 0.14 5.31 0.51 0.52 8.07 1.35 0.24

TaC-4Co-3Ni-1Cr 0.09 0.02 0.22 2.03 0.41 0.51 0.09 0.05 0.01
TaC-23TiC-3Co-

2Ni-1Cr
0.26 0.59 1.03 1.98 0.48 0.43 8.04 5.12 6.35

TiC-6.5Ni-5Mo 0.59 1.73 4.91 0.17 0.35 0.39 35.20 19.80 68.2

Source: Ref 28

Table 10 Corrosion rates of cemented carbides immersed in NaOH, KOH, and NaOCl at
50 �C (120 �F) for 72 h

Composition

Corrosion rate, mg/cm2/d

NaOH, % KOH, %

NaOCl5 10 5 10

WC-6Co +0.75 +0.85 0.39 0.30 1.44
WC-9Co +0.83 +0.88 0.24 0.28 2.35
WC-8Ni-2Mo-3Cr +0.09 +0.11 0.08 0.09 1.12
WC-5TaC +0.89 +0.92 0.18 0.18 +0.15
WC-2TaC-3TiC +0.87 +0.90 0.20 0.20 +0.13
TaC-4Co-3Ni-1Cr +0.71 +0.68 0.11 0.14 0.05

Source: Ref 28

Table 11 Compositions and properties of galvanic corrosion test specimens

Specimen Composition, wt%
Hardness,

HRA

Transverse
rupture strength

MPa ksi

WC-6Co WC-6Co 91.0 2400 348
WC-3TiC-2TaC alloy WC-3TiC-2TaC 92.9 1200 174
TiC-base cermet TiC-10Tin-2 5Mo2C-15Ni 91.5 1500 218
Sintered cobalt-base alloy Co-Cr-W-C 85.5 1400 203
WC-NiCrMo alloy WC-3TiC-1.5 (Cr3C2Mo2C)-15Ni 89.0 2100 305

Source: Ref 29

Table 12 Corrosion rates of uncoupled
immersion and galvanic corrosion test
specimens

Specimen

Corrosion rate, g/m2/d

Immersion
test

Galvanic
test

WC-6Co alloy 4.2 16.67
WC-3TiC-2TaC alloy 0.6 0.03
TiC-base cermet 0.2 0.58
Sintered cobalt-base alloy 0.3 4.77
WC-NiCrMo alloy 0.2 1.71

Source: Ref 29
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resist rapid attack. This behavior difference is
analogous to the behavior difference between
cobalt and nickel alone, but WC is also more
readily oxidized than TiC.

Saw Tips and Corrosion

Cemented carbides are in widespread use in
slitter saws, which are used to saw all types
of metals, composites, lumber, and many other
materials. Small saw blades are sometimes
manufactured from a single piece of carbide;
larger blades, which may run up to 2 m (6 ft) in
diameter, more commonly use cemented carbide
tips brazed onto the steel saw body. The heavy-
duty chain saws used in the lumber industry

also have carbide teeth. Selection of cemented
carbides for these applications is invariably
based on the need for excellent wear resistance
and toughness. Basic WC-Co compositions are
almost always used.

The rapid dulling of saws in such applications,
however, is attributable to corrosive as well as
abrasive conditions. For example, one investi-
gation studied the corrosion of WC cutting tools
used to cut western red cedar (Ref 30). Tests
were performed to determine the relative rates
of attack of WC and cobalt in substances
extracted from western red cedar, which has a
higher content of such substances than other
commercial lumber species. Because the WC
was not attacked, it was concluded that the cobalt
binder content should be reduced to minimize

attack. Alternatively, the cobalt binder could be
replaced with another binder material, such as
nickel; however, such a substitution would result
in a serious loss of strength. Thus, the solution to
this particular problem is not a simple one, and
western red cedar is still being sawed primarily
with WC-Co cemented carbide compositions.

It was also suggested that the carbide be
coated with TiC, TiN, or Al2O3 (or a combina-
tion of these). To date, these coatings are not
used in such applications because of the need
for resharpening and because of the difficulties
of brazing a coated tip.

Coating of Cemented Carbides

This widely used process has been primarily
applied to metal-cutting tools. Certain special
applications can be cited, such as the coating
of cemented WC watch cases with TiN to form
a hard, corrosion-resistant gold-colored watch
case (bezel). Clearly, the potential exists to use
these thin (2 to 10 mm, or 0.08 to 0.4 mil) coat-
ings on wear- and corrosion-resistant parts. The
limitation is that the coating must be very thin to
avoid spalling or chipping.

Coating is most commonly done by chemical
vapor deposition (CVD), and this process gives
a wide range of possible coating materials.
In addition to the common TiN, TiC, Al2O3,

Air supply

Seawater

AISI
type 316

Specimen

Teflon

Bolt

Fig. 17 Schematic of experimental apparatus used to study galvanic corrosion of cemented carbides in seawater.
Source: Ref 29
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perfectly feasible coating materials include
hafnium carbide (HfC), hafnium nitride (HfN),
zirconium carbide (ZrC), zirconium nitride
(ZrN), TaC, and NbC. The state of the art in-
cludes all combinations of TiC, TiN, Al2O3, and
titanium carbonitride (TiCN), with limited com-
mercial use of HfN and TaC as coating materials.
Chemical vapor deposition is generally per-
formed at 900 to 1100 �C (1650 to 2010 �F).
Titanium nitride is coated at lower temperatures,
down to perhaps 700 �C (1290 �F), in less used
commercial apparatus.

Physical vapor deposition (PVD) has the ad-
vantage of being done at lower temperatures,
down to perhaps 500 �C (930 �F), but it is a line-
of-sight process that generally requires rotation
of the parts being coated. Deposition rates for
PVD are much lower than those of CVD, and
PVD equipment is more expensive. Physical
vapor deposited coatings have also been limited
commercially to TiN, usually at thicknesses
of 3 mm (0.12 mil) or less. More information on
the corrosion and wear resistance of coatings
applied by these methods is available in the
article “CVD and PVD Coatings,” in Volume
13A, ASM Handbook, 2003.

Although there are few applications in which
cemented carbides are used solely for corrosion

resistance, it is essential to recognize the avail-
ability of the coated carbides. Coatings of TiN,
TiC, or Al2O3 can impart important corrosion
and oxidation resistance to cemented carbides.

Special Surface Treatments

Considerable work has been done to enhance
the surface properties of cemented carbides
(Ref 31–33), but it generally has been derived
from surface modification processes developed
for other metals. These surface treatments
include boriding, nitriding, and ion implantation.
Most of the treatments have been used to
enhance resistance to wear, abrasion, or erosion.
The benefits, if any, of such treatments in
increasing resistance to oxidation and corrosion
are not yet well documented. Nevertheless,
these processes may have potential in special
applications.
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Corrosion of Metal-Matrix Composites
L.H. Hihara, The University of Hawaii at Manoa

METAL-MATRIX COMPOSITES (MMCS)
are metals that are reinforced with fibers,
monofilaments (MF), or particles (P) that usually
are stiff, strong, and lightweight. The fibers and
particles can be metal (such as tungsten), non-
metal (such as carbon or boron), or ceramic (such
as silicon carbide or alumina). The purpose for
reinforcing metals with fibers or particles is to
create composites that have properties more
useful than that of the individual constituents.
For example, fibers and particles are used in
MMCs to increase stiffness (Ref 1), strength
(Ref 1), and thermal conductivity (Ref 2) and
to reduce weight (Ref 1), thermal expansion
(Ref 3), friction (Ref 4), and wear (Ref 5). The
selection of the matrix metal and reinforcement
constituent is usually based on how well the
combination interacts to achieve desired prop-
erties. Interaction of the MMC with the envir-
onment is normally a secondary consideration,
and therefore, it is not uncommon for MMCs to
have lower resistance to corrosion than their
monolithic-matrix alloys.

The earliest literature on the corrosion of
MMCs, which appeared in the late 1960s, was pri-
marily on boron MF/aluminum (BMF/Al) MMCs.
In the early 1970s, corrosion literature on graphite
fiber/aluminum (Gr/Al) MMCs appeared; in the
late 1970s, alumina fiber/aluminum (Al2O3/Al)
and magnesium MMCs were discussed. Silicon
carbide/aluminum (SiC/Al) MMCs literature
emerged in the early 1980s, and then a wider
variety of MMCs, such as lead, depleted
uranium, and stainless steel, was addressed.

This article discusses the background of
MMCs; general parameters affecting MMC
corrosion; corrosion characteristics of alumi-
num, magnesium, titanium, copper, stainless
steel, lead, depleted uranium, and zinc MMCs;
and corrosion control of MMCs. In this docu-
ment, the reinforcement content in MMCs is
given in volume percent unless stated otherwise.
Symbols used in this article, some of which are
unique to composites, are listed in Table 1.

Background

Development of continuous-reinforced and
discontinuous-reinforced MMCs began approxi-
mately in the 1960s. Examples include BMF/Al

MMCs (Ref 6), tungsten monofilament/copper
(WMF/Cu) MMCs (Ref 7), and BMF/titanium
MMCs (Ref 8). Aluminum MMCs were rein-
forced with Al2O3 (Ref 9–12) and SiC whiskers
(Ref 13). In the 1970s, graphite fiber/aluminum
MMCs were developed and aluminum MMCs
were reinforced with SiC particles (Ref 3).
Today, aluminum MMCs are the most widely
available.

Continuous-reinforced MMCs are metals
reinforced with fibers or monofilaments that
generally have enhanced properties in compar-
ison to discontinuous-reinforced MMCs. Dis-
advantages of continuous-reinforced MMCs are
anisotropic properties and significantly higher
material and fabrication costs. The reinforce-
ment diameter generally varies from 10 mm
fibers to 150 mm monofilaments (Fig. 1).

Discontinuous-reinforced MMCs are
metals reinforced with particulates, which
generally result in relatively modest property
enhancements in comparison to continuous-
reinforced MMCs. Advantages of discontinuous-
reinforced MMCs include isotropic properties
and lower material and fabrication costs. Rein-
forcement volume percents range from
approximately 15 to 25% for structural MMCs
(Fig. 2a) and greater than 30% for electronic-
grade MMCs (Fig. 2b) used in electronic
packaging. The particle-size distribution can
be relatively uniform in structural MMCs but
highly varied in electronic-grade MMCs to
increase the reinforcement volume fraction. The
high reinforcement loading in electronic-grade
MMCs is necessary to reduce the coefficient
of thermal expansion to levels closer to that of
electronic materials such as silicon and gallium
arsenide.

Parameters Affecting
MMC Corrosion

The presence of the reinforcement fibers and
particles and the processing associated with
MMC fabrication can cause accelerated corro-
sion of the metal matrix as compared to corrosion
of the unreinforced matrix alloys. Accelerated
corrosion may originate from electrochemical
and chemical interaction between MMC con-
stituents, microstructural effects, and from

problems related to processing. Interphases and
reinforcements may undergo chemical degrada-
tion that cannot be assessed using electro-
chemical methods. The unique microstructure of
MMCs can influence corrosion by inducing
segregation, dislocation generation, and micro-
crevice formation. Processing may leave residual
contaminants in MMC microstructures, resulting

Table 1 Nomenclature and units

Symbol Meaning

BMF Boron monofilament
BMF

E BMF electrode with monofilament ends
exposed

BMF
S BMF electrode with monofilament

circumferential surface exposed
BORSIC Silicon carbide-coated boron fiber
CVD Chemical vapor deposition
DU Depleted uranium
Eappl Applied potential
Epit Pitting potential
g Gaseous state
Gr Graphite
GrE Graphite electrode with fiber ends exposed
HP Hot pressed
i Current density
icorr Corrosion current density
igalv Galvanic current density
l Liquid state
MMC Metal-matrix composite
MPT Mixed-potential theory
PVD Physical vapor deposition
s Solid state
SCE Standard calomel electrode
s Standard deviation
SiCMF Silicon carbide monofilament
SiCMF

E SiCMF electrode with monofilament ends
exposed

SiCMF
S SiCMF electrode with monofilament

circumferential surface exposed
SiCp Silicon carbide particles
SiCw Silicon carbide whiskers
SiP Silicon particles
Subscript “p” Particles (e.g., SiCp)
Subscript “w” Whiskers (e.g., SiCw)
Superscript “E” Electrode with fiber or monofilament ends

exposed (e.g., SiCMF
E)

Superscript “S” Electrode with fiber or monofilament
circumferential surface exposed
(e.g., SiCMF

S)
t Thickness
vol% Volume percent
VSCE Volts versus a standard calomel electrode
WMF Tungsten monofilament
wt% Weight percent
XC Cathodic area fraction
r Resistivity
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in unexpected forms of corrosion. The primary
sources of MMC corrosion that are discussed
include:

� Galvanic corrosion between MMC con-
stituents

� Chemical degradation of interphases and
reinforcements

� Microstructure-influenced corrosion
� Processing-induced corrosion

Galvanic Interaction between
MMC Constituents

Galvanic corrosion between the matrix,
reinforcements, and interphases is a primary

concern. The degree of galvanic corrosion
depends on the matrix alloy; the environment;
the reinforcement electrochemistry, resistivity,
and area fraction; and interphases.

Matrix-Metal Effects. Galvanic corrosion in
MMCs reinforced with conductive noble rein-
forcements is a concern in environments in
which the matrix metal corrodes actively. For
example, 6061-T6 Al would have galvanic-cor-
rosion rates approximately 3 orders of magnitude
higher than that of Ti-15V-3Cr-3Sn-3Al
(Ti-15-3) if reinforced with an equal area frac-
tion of graphite fibers and exposed to aerated
3.15 wt% NaCl (Fig. 3). The passivation of
Ti-15-3 prevents its galvanic-corrosion rate from
exceeding the passive current density (Fig. 3).
For a galvanic couple with equal matrix and
reinforcement area fractions, the intersection
of the anodic polarization curve of the matrix
metal and the cathodic polarization curve of
the reinforcement indicates the magnitude of the
galvanic-corrosion current density (i).

Environmental Effects. The electrolyte may
also have significant effects on galvanic-corro-
sion rates. Chlorides and dissolved oxygen in the
electrolyte are usually significant. In alloys that
exhibit some degree of passivity, galvanic-cor-
rosion rates could normally be kept in check if
cathodic reinforcements cannot polarize the
matrix alloys to their pitting potentials. This is
demonstrated for aluminum in aerated chloride-
free 0.5 M Na2SO4 (Fig. 4) and deaerated
3.15 wt% NaCl (Fig. 5). The passivation of
aluminum (Fig. 4) prevents the galvanic current
from exceeding the passive aluminum current
density. In Fig. 5, hydrogen evolution on cathod-
ic reinforcements is not sufficient to polarize
aluminum to its pitting potential. In aerated
chloride-containing environments, the galvanic-
corrosion rate of aluminum MMCs increases
dramatically, as shown with polarization dia-
grams (Fig. 6).

Reinforcement Effects. The reinforcement
electrochemistry, resistivity, and area fraction
can have significant effects on MMC corrosion.

Fig. 1 Diameter of continuous-reinforcement range from 10 mm (a) microstructure of alumina fiber/aluminum metal-
matrix composite (MMC) to 150 mm (b) SiCMF/Ti-15-3 MMC

Fig. 2 Range in amount of reinforcement. (a) SiCP/6061-T6 Al metal-matrix composite (MMC) with 15 vol% rein-
forcement. (b) SiP/Al MMC with 43 vol% reinforcement
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Reinforcement Electrochemistry. In cases
where galvanic corrosion is under cathodic
control, the type of reinforcement may
significantly affect the rate of galvanic corrosion.
For example, in aluminum MMCs, the galvanic-
corrosion rates between 6061-T6 Al and various
reinforcements would rank from highest to
lowest in aerated 3.15 wt% NaCl as follows
(Fig. 6): P100 Gr4carbon-cored SiCMF

E4
tungsten-cored BMF

E4HP SiC4HP TiB24Si.
(P100 Gr is graphite fiber with 6.89 · 105 MPa,
or 100 · 106 psi, elastic modulus. Superscripts
“S” and “E” denote the surface and ends of
the monofilaments, respectively. HP is hot
pressed.) It should also be noted that ceramic
reinforcements may vary in purity and structure,
and some reinforcements are in themselves
composites. For example, SiC monofilaments
have carbon-rich outer layers and carbon
cores, and their polarization diagrams have
a stronger resemblance to P100 GrE than HP
SiC. The orientation of the reinforcements may
also affect electrochemical behavior. The SiC
monofilaments have carbon cores, and boron
monofilaments have tungsten cores. The polar-
ization behavior of the circumferential surface of
the monofilaments is different compared to the
behavior of the ends of the monofilaments that
expose the carbon and tungsten cores (Fig. 6).
Compare cathodic curves for SiCMF

S versus
SiCMF

E, and BMF
S versus BMF

E (Fig. 6).
The composition of the reinforcement is

important to the extent that it affects the
kinetics of hydrogen evolution and oxygen
reduction.

Reinforcement Resistivity. Many reinforce-
ment materials are either semiconductors (SiC
and silicon) or insulators (Al2O3 and mica). For
reinforcements with very high resistivities, large
ohmic losses through the reinforcement may
limit galvanic corrosion significantly (Fig. 7).
The cathodic curves were generated using
the Tafel equation for P100 graphite fiber
with the fiber ends exposed (GrE) (Ref 17)
to aerated 3.15 wt% NaCl at 30 �C (86 �F) and

incorporating a term for ohmic loss, irt, through
the electrode (Ref 21).

Eappl  ðVSCEÞ ¼ �0:67

� 0:081 · log  iþ irt (Eq  1)

The ohmic loss term irt corresponds to a planar
electrode having a thickness t, a resistivity r, and
a one-dimensional current flow through the
thickness.

The effect of ohmic losses through the particle
can be demonstrated by plotting Eq 1 for various
values of resistivity, r, for a fixed particle size
(Fig. 7). In Eq 1, the thickness, t, of the material
was taken to be equal to 5 mm, which is on the
order for that of reinforcement particles used in
MMCs. The polarization diagrams in Fig. 7
demonstrate that at very high resistivities, the
galvanic-current density becomes insignificant.
Figure 7 is based on a fixed particle size, but note
that the critical resistivity to limit the galvanic-
corrosion rate below a particular level is also
dependent on the size of the reinforcement.
Hence, if ohmic losses are to limit galvanic
corrosion, the resistivity of the reinforcement has
to be increased as the particle size decreases. For
example, at a current density of 10�4 A/cm2, an
ohmic drop of 10 mV would result from either a
10 mm particle having a resistivity of 105 V � cm
or from a 1 mm particle having a resistivity of
106 V � cm. If the reinforcements that are used
in MMCs are not of high purity, resistivities may
drop significantly, allowing galvanic corrosion
to ensue. For example, SiC/Al MMCs are fab-
ricated from both high-purity green SiC and
lower-purity black SiC, depending on the
application. The resistivity of SiC may vary by
approximately 18 orders of magnitude, depend-
ing on its purity (Ref 22). Boron monofilaments
are many times more conductive than pure
boron, due to tungsten and tungsten borides in
the core (Ref 23). In fact, many reinforcement
materials have resistivities that are not high
enough to stifle galvanic corrosion. The resis-
tivities of some reinforcement materials are
shown in Table 2 (Ref 21).

The aforementioned treatment for the ohmic
losses through reinforcement particles should
only be considered as an approximation, because
one-dimensional current flow was assumed. In
the actual case, the ohmic drop through the edges
of the particle could be much less than through
the thickness.

Reinforcement Area Fraction. The galvanic-
corrosion rate increases with the area fraction of
the reinforcement. This is demonstrated using
the polarization diagrams of 1100 Al and P100
GrE (Ref 16) in Fig. 8 (Ref 21). The cathodic
curve for P100 GrE shifts to higher currents as its
area fraction is increased, causing the galvanic
current with 1100 Al to increase. Because the
galvanic couple with aluminum is under cathodic
control and aluminum does not polarize sig-
nificantly in the pitting regime, the catchment
area principle (Ref 27) can be used to determine
igalv as a function of the area fraction of the
cathodic reinforcement (Ref 16):

igalv ¼ iC � ðXC=1�XCÞ (Eq  2)

The parameter igalv is the dissolution current
density of the matrix (i.e., igalv/anode area); iC is
the current density of the cathode area; XC is
the area fraction of the cathode; and 1�XC is the
area fraction of the anode. The value of iC can be
set equal to the current density of the cathodic
constituents in the pitting regime of aluminum.
Ultrapure aluminum, 1100 Al, and 6061-T6 Al
should have similar galvanic-corrosion behavior,
because their anodic polarization diagrams are
similar in the pitting regime. Values of iC were
read from Fig. 6. By plotting Eq 2, a graph
(Fig. 9) was generated from which igalv of
ultrapure aluminum, 1100 Al, or 6061-T6 Al can
be obtained as a function of the area fraction of
P100 GrE, SiCMF

E, BMF
E, HP SiC, HP TiB2, and

silicon for exposure to aerated 3.15 wt% NaCl
at 30 �C (86 �F). Figure 9 shows that to sustain
a galvanic-corrosion rate equal to the normal
corrosion rate of 6061-T6 Al, it would take less
than 0.05 area fraction of P100 GrE or SiCMF

E,
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between 0.2 and 0.3 area fraction of BMF
E and

HP SiC, approximately 0.5 area fraction of TiB2,
and more than 0.9 area fraction of silicon. It
should be noted for those reinforcements that iC
was read in the diffusion-limited regime for
oxygen reduction; galvanic-corrosion rates
could increase with additional convection.

Interphase Effects. The prior discussion has
focused on predicting galvanic-corrosion rates
based on the electrochemical behavior of virgin
reinforcement constituents. It should be empha-
sized, however, that the study of the actual MMC
is essential to fully characterize the galvanic-
corrosion behavior. During MMC fabrication,
reactions between the reinforcement and matrix
or precipitation of compounds may lead to
the formation of an interphase or intermetallics at
the reinforcement-matrix interface. If the inter-
phase or intermetallic is a better cathode than
the reinforcement, then galvanic corrosion could
be more severe than that predicted based on
the virgin constituents. Studies have shown that
there are many different types of interphase
compounds and intermetallics, but few studies
have focused on their effect on galvanic
corrosion in MMCs. In one case (Ref 28), an
interphase in a BMF/Al MMC was responsible
for galvanic corrosion. Galvanic currents
could not be measured between virgin boron

monofilaments and 2024 Al or 6061 Al in
3.5 wt% NaCl solutions but were measurable
between the aluminum alloys and BMF

S that were
extracted from the matrix. The extracted boron
monofilaments were enveloped by a 4 mm thick
layer of aluminum boride. Galvanic currents
measured between the aluminum alloys and
aluminum boride were similar to those between
the alloys and the extracted boron monofila-
ments. When the layer of aluminum boride
was removed from the extracted boron mono-
filaments, the galvanic current ceased, indi-
cating that the aluminum boride interphase is
necessary for galvanic corrosion. In addition,
BMF/Al MMCs were noble to the matrix alloy
and active to the extracted boron monofilaments
and aluminum boride, which coincides with the
mixed-potential theory. The corrosion rate of
BMF/Al MMCs also increased with the content of
boron monofilaments, connoting that corrosion
rates increase as aluminum-boride cathodic sites
increase.

Chemical Degradation of Interphases
and Reinforcements

Degradation of MMCs may also occur by
chemical reactions that cannot be directly

assessed by electrochemical analysis. Reinfor-
cement phases and interphases may undergo
chemical degradation that cannot be predicted,
for example, with the aid of anodic polarization
diagrams. A very important chemical degrada-
tion problem in aluminum MMCs is the hydro-
lysis of the Al4C3 interphase. Aluminum carbide
degradation may affect both graphite-fiber- and
SiC-reinforced MMCs. Reinforcement phases
may also experience other forms of degradation.
It has been reported that mica particles in mica/
aluminum MMCs undergo exfoliation.

Aluminum Carbide Hydrolysis. Aluminum
carbide may form by the reaction of aluminum
and carbon (Ref 29):

4AlðlÞ þ 3CðsÞ ¼ Al4C3ðsÞ (Eq  3)

and by the reaction of aluminum and SiC
(Ref 30):

4AlðlÞþ3SiCðsÞ ¼ Al4C3ðsÞþ3SiðsÞ (Eq  4)

The formation of Al4C3 is substantial in Gr/Al
MMCs during processing if temperatures are
significantly higher than the liquidus tempera-
ture. At lower temperatures, Al4C3 formation can
be controlled (Ref 31). Formation of Al4C3 was
also reported in a Gr/Mg (1 wt% Al) MMC
produced by squeeze casting. The Al4C3 forma-
tion resulted from heat treatments at 500 �C
(932 �F) (Ref 32). Aluminum carbide also forms
at SiC-Al interfaces if the silicon activity in
liquid aluminum is low (Ref 30). On exposure to
moisture, Al4C3 hydrolyzes, liberating methane
gas by the reaction:

Al4C3ðsÞ þ 12H2OðlÞ
¼ 4AlðOHÞ3ðsÞ þ 3CH4ðgÞ (Eq  5)

The rate of Al4C3 hydrolysis is approximately
1% per hour for hot-pressed Al4C3 (78% of
theoretical density, and porous) exposed to pure
water at 30 �C (86 �F) (Fig. 10) (Ref 17).
Methane evolution has also been detected from
Gr/Al MMCs containing Al4C3 (Ref 33, 34). The
hydrolysis of Al4C3 in Gr/Al MMCs leaves fis-
sures at fiber-matrix interfaces (Ref 34). The
hydrolysis of Al4C3, therefore, could result in
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6061-T6 Al (Ref 16) is also shown. Scan rate, 0.1 mV/s

Table 2 Resistivities of selected materials

Material Resistivity, V � cm

Temperature

Notes Ref�C �F

Alumina 41014 30 86 99.7 wt% Al2O3 24
Dense alumina 1010 30 86 96 wt% Al2O3þMgOþ SiO2 24
Mica 1013–1017 . . . . . . Muscovite (KAl3Si3O10(OH)2) 25
SiC 10�5–1013 . . . . . . Depending on purity 22
Boron 6.7 · 105 25 77 Pure 26
Silicon 10�2–105 . . . . . . Depending on purity 24
P100 Gr fiber 2.5 · 10�4 . . . . . . Thornel 1
P55S Gr fiber 7.5 · 10�4 . . . . . . Thornel 1
SiCMF

E 4 · 10�2 25 77 (a)(b) 21
SiCMF

S 2 · 10�2 25 77 (b)(c) . . .
BMF

E 2 · 10�1 25 77 (a)(d) . . .
BMF

S 5 · 10�1 25 77 (c)(d) . . .

(a) E: Electrical contact was made with the end of the monofilament, exposing the core. (b) SiC has a carbon core. (c) S: Electrical contact was made with
only the circumferential surface of the monofilament, excluding the core. (d) Boron has a tungsten core.
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rapid penetration into the MMC microstructures
through fiber-matrix interfaces. There is a pos-
sibility that these fissures may also lead to other
secondary corrosion problems, such as pitting
and crevice corrosion.

Mica Degradation. Mica/aluminum MMCs
have been developed for potential use in appli-
cations where good antifriction, seizure resis-
tance, and high damping capacity are required
(Ref 35). Muscovite (KAl3Si3O10(OH)2) mica
particles that are less than approximately 70 mm
in size are used in mica MMCs (Ref 36). During
exposure to nondeaerated 3.5 wt% NaCl solu-
tions, the mica particles appeared to have
absorbed moisture, swelled, and then exfoliated
(Ref 37).

Microstructure-Influenced Corrosion

Corrosion in MMCs may be influenced by
microstructural features due to the presence of
the reinforcements. Intermetallic phases may
form around reinforcements by solute rejection
during solidification (Ref 38). Differences in the
coefficient of thermal expansion between rein-
forcements and matrices can lead to the genera-
tion of dislocations (Ref 39) during heating and
cooling of MMCs. High dislocation density may
possibly lead to higher corrosion in some metals
(Ref 40). The reinforcement particles left in
relief resulting from matrix corrosion may
form fissures, leading to crevice-type corrosion
(Ref 41, 42).

Intermetallics may have potentials and cor-
rosion resistances different than the matrix.
Table 3 shows potentials of intermetallics and
some aluminum alloys (Ref 43). Noble and inert
intermetallics may induce galvanic corrosion of
the matrix, as discussed previously, and are not
addressed here. Active intermetallics and those
with high corrosion rates may corrode and leave
fissures or crevices on dissolution. The Al8Mg5

and Mg2Si intermetallics have been reported
to provide corrosion paths along fiber-matrix
interfaces in Al2O3/Al MMCs (Ref 44). Pits in

Al2O3/Al MMCs exposed to NaCl solutions
containing H2O2 have been attributed to corro-
sion of MgAl3, which is rapidly attacked at low
potentials (Ref 45). In mica/aluminum MMCs,
a dendritic phase that was probably Mg2Al3
or Al8Mg5 and spheroidized CuMgAl2 was
preferentially attacked in nondeaerated 3.5 wt%
NaCl (Ref 46).

Dislocation Density. The high strengths of
particulate MMCs in comparison to their
monolithic alloys are generated by high dis-
location densities caused by a mismatch in the
coefficient of thermal expansion between rein-
forcement and matrix (Ref 39). Higher disloca-
tion densities may increase corrosion rates in
some metals, but the primary driving force may
not be caused by an increase in strain energy. The
increase in free energy due to cold working of
steel is too small to account for higher corrosion
rates (Ref 40). Instead, higher corrosion rates
observed for steel are probably caused by the
segregation of solute atoms to imperfection sites
that lower the hydrogen overvoltage (Ref 40). In
aluminum, heavy cold working of monolithic
aluminum can change intergranular attack to
general corrosion in industrial boiler applica-
tions (Ref 47). Based on the previous observa-
tions, high dislocation densities may affect the
corrosion of MMCs (Ref 21). It has been sug-
gested that corrosion near the SiC-Al interface in
SiC/Al MMCs could be caused by high dis-
location density due to a mismatch of the coef-
ficient of thermal expansion between SiC and
aluminum (Ref 48, 49).

Reinforcement-Induced Microcrevice Cor-
rosion. The physical presence of the reinforce-
ments may also have secondary effects on MMC
corrosion. During immersion, aluminum MMCs
will undergo significant corrosion in the open-
circuit condition even in chloride-free electro-
lytes that passivate the MMCs during anodic
polarization. The formation of localized cor-
roded regions in aluminum MMCs (for example,
Fig. 11 and 12a) usually appears after several
days of immersion (Ref 41, 42). The reinforce-
ments, which are inert in comparison to the

matrix, are left in relief as the matrix corrodes
leaving behind a network of fissures (Fig. 11,
12a) that becomes either acidified (Ref 42)
or alkalinized (Fig. 12b) (Ref 50), preventing
matrix passivation. The localized anodic and
cathodic regions are many times larger than the
individual reinforcement particle size.

Processing-Induced Corrosion

Corrosion problems that do not directly arise
from the reinforcement, the matrix alloy, or their
interaction are usually induced by processing.
Examples are corrosion of diffusion bonds and
corrosion due to microstructural chlorides. The
BMF/Al and Gr/Al MMCs have been fabricated
using techniques where aluminum foils, fila-
ments, and precursor wires are consolidated by
diffusion bonding. If the diffusion bonds are of
low integrity or contaminated, severe corrosion
damage may result.

Low-Integrity Diffusion Bonds. Open-cir-
cuit potentials of BMF/Al MMCs were active to
that of their monolithic-matrix alloys in aerated
NaCl solutions (Ref 51, 52). That was not
expected, because open-circuit potentials of
boron monofilaments were noble to that of the
monolithic-matrix alloy. Based on the mixed-
potential theory, it was expected that the MMCs
would equilibrate to potentials between that of
the noble boron monofilaments and the mono-
lithic-matrix alloy. To investigate the origin of
this discrepancy, the open-circuit potentials of
hot-pressed stacks of aluminum foil processed in
the same way as the MMC (but without the boron
monofilaments) (Ref 52) were measured. The
open-circuit potentials of the hot-pressed alu-
minum stacks were active to that of the MMCs
and the monolithic aluminum (Ref 52). The only
difference between the hot-pressed stacks of
aluminum foil and the monolithic aluminum was
crevices in the diffusion bonds between adjacent
foils. The crevices, which are sources of addi-
tional anodic sites, polarized the stacks to active
potentials.
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Microstructural Contaminants. Some types
of Gr/Al MMC samples processed by the TiB2

vapor deposit method (Ref 53) have been
susceptible to severe corrosion (Ref 54, 55) due
to microstructural chlorides (Ref 56) that were
inadvertently introduced by TiCl4 and BCl3 gases
during processing. The corrosion of these com-
posites can be relatively unpredictable and cause
catastrophic failures in environments where
corrosion is not generally expected. Seemingly
identical composites, but from different lots,
stored inair-conditioned laboratoryair forover10
years show dramatic difference in corrosion
behavior (Fig. 13a, b). The presence of micro-
structural chlorides inducescorrosion in theGr/Al
MMCs even in chloride-free environments (Ref
55). An anodic polarization diagram was con-
structed using the mixed-potential theory (MPT)
and the polarization diagrams of 6061-T6 Al and
P100 Gr exposed to 0.5 M Na2SO4 (Ref 55)
(Fig. 14). The MPT-generated diagram (Fig. 14)
shows that a 6061-T6 Al matrix should passivate
during the anodic scan. The anodic polarization
diagram of an actual Gr/6061-T6 Al MMC
processed by the TiB2 vapor deposit method,
however, showed that pitting is induced
by microstructural chlorides at a potential of
approximately �0.6 VSCE. The polarization
diagram of a Gr/1100 Al MMC processed by
pressure infiltration,whichdoesnotusechlorides,

resembles that of the MPT-generated diagram
(Ref 34) (Fig. 14). Other types of MMCs,
such as particulate silicon/aluminum MMCs
(Fig. 15) and SiCMF/Ti-15-3 (Fig. 16), that do not
exhibit processing-induced corrosion problems
also show polarization behavior, as predicted
by the MPT.

Corrosion of MMC Systems

The corrosion behavior of specific aluminum,
magnesium, titanium, copper, stainless steel,
lead, depleted uranium, and zinc MMCs systems
is discussed.

Aluminum MMCs

Aluminum is a reactive metal with a high
driving force to revert back to its oxide, but
it generally has good resistance to aqueous
corrosion in near-neutral solutions, due to the
formation of a passive film (Ref 57). In acidic
and basic solutions, the passive film is not
thermodynamically stable, and thus, corrosion
rates are high (Ref 57). Aluminum pits in
halide-containing solutions, and the pitting
potential (Epit) is linearly dependent on the
logarithm of the halogen anion concentration
(Ref 58). However, in order for aluminum to pit
in the open-circuit condition, it must be polarized
to potentials noble to Epit by a cathodic reaction.
Proton and oxygen reduction are two possible
cathodic reactions, but in neutral chloride-con-
taining solutions, oxygen reduction is necessary
to initiate pitting. Pits do not nucleate on alu-
minum in the open-circuit condition if solutions
are deaerated (Ref 59). In aerated solutions,
ultrapure aluminum (99.99 wt%), which is a
poor catalyst for oxygen reduction, does not pit
in the open-circuit condition. The slow oxygen-
reduction kinetics on ultrapure aluminum are
believed to be caused by the high resistivity of
aluminum oxide which restricts electron migra-
tion through the passive film (Ref 27, 60). In
aluminum alloys, however, noble precipitates
and conducting reinforcements can polarize

the alloy to Epit in aerated solutions. Corrosion
studies have been conducted on aluminum
MMCs reinforced with boron monofilaments,
graphite fiber, SiC, Al2O3, and mica. Corrosion
of diffusion bonds, stress corrosion, and cor-
rosion fatigue are also discussed.

Boron/aluminum MMCs have been used as
tubular struts in the midfuselage structure of the
space shuttle, which resulted in a 44% weight
savings over the aluminum alloys planned in the
original design (Ref 61).

Boron monofilaments consist of polycrystal-
line boron with a core of tungsten and tungsten
borides, which form during processing (Ref 23).
The BMF/Al MMCs are usually fabricated by
diffusion bonding boron monofilaments between
aluminum foils (Ref 62). Aluminum borides
(i.e., AlB12 and AlB2) have been found at BMF-
matrix interfaces (Ref 63).

Although pure boron is an insulator, the con-
ductivity of boron monofilaments is many orders
of magnitude greater than that of pure boron,
due to tungsten and tungsten borides in the core
(Ref 23) (Table 2). Hence, boron monofilaments
conduct cathodic currents, but the magnitude is
dependent on the exposed region of the mono-
filaments. The ends of the boron monofilaments,
which expose the tungsten core, support higher
cathodic currents compared to the circumfer-
ential surface in aerated 3.15 wt% NaCl solu-
tions (Fig. 6). Interphase formation on boron
monofilaments may also increase corrosion
rates. The corrosion rate of BMF/Al MMCs
increases when the boron-monofilament con-
tent is increased (Ref 28), suggesting that cor-
rosion rates increase as boron-monofilament
cathodic sites increase. Preferential sites of
attack have also been documented as diffusion-
bonded BMF-foil and foil-foil interface regions
(Ref 28, 51, 52).

Graphite/aluminum MMCs with continuous
fiber graphite are known to have high specific
tensile strength and stiffness in the direction of
the fiber axis, but limitations of shear, com-
pression, and transverse strengths generally
precluded their use in structural applications
(Ref 3). The high thermal conductivity, negative

Fig. 11 Scanning electron microscope micrograph of
localized corrosion on silicon/aluminum

metal-matrix composite (MMC) after exposure to aerated
0.5 M Na2SO4 at 30 �C (86 �F) for 120 h in the open-cir-
cuit condition (Ref 41). Notice the formation of micro-
crevices by silicon particles in relief. This silicon/aluminum
MMC passivates in 0.5 M Na2SO4 during anodic polar-
ization.

Fig. 12 Reinforcement-induced microcrevice corrosion. (a) In situ light micrograph of silicon/aluminum metal-matrix
composite immersed in aerated 0.5 M Na2SO4 at 30 �C (86 �F) in the open-circuit condition. Region of

localized corrosion at center (arrow). (b) The pH profile over that same region. Notice alkalinization over the corroded
region. Source: Ref 50

Table 3 Solution potentials of second-phase
constituents and aluminum alloys

Material Potential(a), VSCE

Silicon �0.26
Al3Ni �0.52
Al3Fe �0.56
Al2Cu �0.73
Al6Mn �0.85
Al8Mg5 �1.24
1100 Al �0.83
6061-T6 Al �0.83

(a) Potential measured in solution consisting of 58.5 g NaCl and 9 mL of
30 wt% H2O2 per liter of solution at 25 �C (77 �F). Source: Ref 43
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coefficient of thermal expansion, and high stiff-
ness of graphite, however, have made ultralow
expansion Gr/Al MMCs ideal for thermally
stable space structures. The Gr/Al MMCs have
been used as antenna booms for the Hubble
telescope (Ref 3). Particulate Gr/Al MMCs have
also been developed for potential use in tribo-
logical applications due to good resistance to
wear and seizure (Ref 64–65).

Graphite has a relatively small domain of
thermodynamic stability in potential-pH space,
but under normal conditions of temperature and
pressure, it is relatively stable in water (Ref 66).
Graphite is also an electrical conductor and
efficient cathode in aerated solutions (Fig. 6),
promoting galvanic corrosion in Gr/Al MMCs.
In aerated solutions, the main driving force for
galvanic corrosion is oxygen rather than proton
reduction (Ref 67).

Another cause of degradation in Gr/Al MMCs
is the presence of the Al4C3 interphase, which
can form by the reaction of aluminum and carbon
(Ref 29, 31) during processing and readily

decomposes in water (Fig. 10) (Ref 17) to pro-
duce CH4 and aluminum hydroxide (Al(OH)3)
(Ref 33).

Microstructural chloride contaminants have
also been associated with accelerated corrosion
(Ref 55) in some Gr/Al MMCs fabricated by the
TiB2 vapor deposit method (Ref 53) (compare
Fig. 13a and b). The presence of the micro-
structural chlorides induces pitting in the
MMC, as determined by polarization diagrams
(Fig. 14), and appears to be significantly more
deleterious than the large galvanic driving force
inherent to the graphite-aluminum couple. Also
see the section “Microstructural Contaminants”
in this article.

Silicon carbide/aluminum MMCs are rein-
forced with SiC particles (P) (Fig. 2a), whiskers
(W), fibers, or monofilament. In 1988, an alu-
minum tube in the catamaran Stars and Stripes
‘88 was replaced by a lighter SiCP/Al MMC tube
having a 30.5 cm (12 in.) outer diameter (Ref 3).
The SiCP/Al MMCs have also been used in drive
shafts, brake rotors, and brake drums in auto-

mobiles; fan exit guide vanes, ventral fins,
actuator end glands (Fig. 17), and fuel access
covers in aircraft; and a variety of bicycle
components and golf clubs (Ref 68). The SiCP/Al
MMCs with reinforcement content exceeding
30 vol% are also used as electronic-packaging
materials (Ref 69). Lightweight mirrors for
telescopes have also been fabricated from SiCP/
Al MMC foam (Ref 70).

The electrical resistivity of SiC depends on
its purity. It ranges from approximately 10�5 to
1013 V � cm (Ref 22). Thus, in the unpure state,
the resistivity of SiC can be rather low. Some
SiCMF also have carbon cores and carbon-rich
surfaces with resistivities on the order of 10�2

V � cm (Ref 21) (Table 2). Consequently, in
aqueous solutions, SiC can serve as an inert
electrode for proton and oxygen reduction.
Depending on the type of SiC, galvanic corrosion
with aluminum is possible.

The degree of galvanic corrosion is strongly
dependent on the type of SiC reinforcement.
Figure 6 shows the anodic polarization diagrams
of ultrapure aluminum, pure aluminum, and
6061-T6 Al, with the cathodic polarization dia-
grams of 6061-T6 Al, HP SiC, and SiC mono-
filament (with either carbon cores or carbon-rich
surface exposed) in aerated 3.15 wt% NaCl. The
galvanic current density between aluminum and
the SiC reinforcements (of equal surface area) is
estimated by the intersection of the anodic alu-
minum and cathodic SiC polarization diagrams
(Fig. 6). Figure 6 shows that the galvanic current
density of 6061-T6 Al coupled to HP SiC of
equal surface area is approximately twice the
normal corrosion current density (icorr) of 6061-
T6 Al. When 6061-T6 aluminum is coupled to
SiC monofilament (of equal surface area), igalv is
approximately 25 times greater than icorr of
6061-T6 Al. The influence of the carbon core and
carbon-rich surface of the SiC monofilament is
clearly seen in Fig. 6 where the polarization
diagram of the SiC monofilament has a stronger
resemblance to that of pitch-based graphite than
that of HP SiC (Ref 21). Galvanic current
between Nicalon SiC fibers and an aluminum
alloy was also measured in an aerated NaCl

Fig. 13 Behavioral difference in seemingly similar composites from different lots. (a) Gr/6061-T6 Al metal-matrix
composite (MMC), fabricated by the TiB2 vapor deposit method, disintegrating in laboratory air after more

than 10 years exposure. (b) Gr/Al MMC, processed by the same method, with over 10 years exposure in laboratory air but
with no visual signs of degradation
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solution (Ref 71), but the galvanic current was
only 15% of that between carbon fiber and the
aluminum alloy.

Experimental results have generally indicated
that the corrosion rate of particulate and whisker
SiC/Al MMCs is higher than the monolithic-
matrix alloy (Ref 72–74), and increases with SiC
content (Ref 75) in aerated chloride-containing
environments. Weight-loss data of SiCP/6092-
T6 Al MMCs showed an increase in the corro-
sion rate as the SiC content increased from 5, 10,
20, and 40 to 50 vol% for various 90 day
humidity chamber tests (Ref 76). At the 50 vol%
SiC content level, the corrosion rate for a MMC
with high-purity, high-resistivity green SiC was
noticeably lower than that of the MMC with low-
resistivity black SiC (Ref 76). The black SiC is
likely to support more cathodic currents, leading
to higher corrosion rates in comparison to green
SiC. The resistivity of the SiC may be the cause
for conflicting results in the literature. For
example, no obvious evidence of galvanic cor-
rosion was found in SiC/6061 Al MMCs with 17
to 27 vol% SiC particles (Ref 77).

The presence of SiC particles does not have a
significant effect on aluminum passive current
densities (Ref 78, 79) and pitting potentials (Ref
71, 77, 78, 80–85), indicating that the presence of
SiC particles does not degrade the pitting resis-
tance of passive films on aluminum, as gaged by
pitting potentials. The polarization diagrams
(Fig. 18) show very little variation in pitting
potentials for SiCP/6092 Al MMCs ranging in
SiC content from 5 to 50 vol% (Ref 76). Pit
morphology, however, is indirectly affected by
the presence of SiC particles. Pits on SiCW/Al
MMCs were notably more numerous and much
smaller in size (Ref 86) compared to pits on
wrought and powder-compacted monolithic
alloys during anodic polarization in 0.1 N NaCl.
The pits nucleated at intermetallic particles
(not SiC), which are smaller and more numerous
in the MMCs than in the monolithic-matrix
alloys (Ref 86). Apparently, SiC whiskers
(Ref 86) and particles (Ref 77) enhance the
precipitation of the intermetallic phases. Pit-
ting has also been observed at dendrite cores

(Ref 87) and near eutectic silicon (Ref 84, 88)
and intermetallic particles (Ref 88) in various
SiC/Al MMCs.

Due to the influence of the microstructure, the
corrosion behavior of particulate SiC/Al MMCs
is also sensitive to processing. Processing con-
ditions and the presence of SiC particles can
affect void content (Ref 89), dislocation density
(Ref 90), and the precipitation of active phases
(Ref 91) in aluminum matrices. Certain solution
heat treatments and high extrusion ratios
improved corrosion resistance of a 20 vol%
SiCP/7091 Al MMC (Ref 89). Extrusion
improved the corrosion resistance of cast MMCs
by reducing the amount of pores and agglomer-
ates of SiC particles (Ref 92). Corrosion resis-
tance was also improved by a finer, more
homogenous distribution of secondary phases at
the T4 temper in comparison to the O and F
tempers (Ref 93). It has been suggested that
corrosion near the SiC-Al interface could be
caused by high dislocation density due to a
mismatch of the coefficient of thermal expansion
between SiC and aluminum (Ref 21, 48, 49),
segregation of alloying elements to the SiC-Al
interface (Ref 94), or the formation of Al4C3,
which hydrolyzes in water. Aluminum carbide
has been identified as a source of corrosion for
MMCs reinforced with particles (Ref 95) and
SiC Nicalon fibers (Ref 71).

The formation of microcervices caused by
reinforcement particles left in relief as the matrix
corrodes (Fig. 11) also exacerbates corrosion by
localized acidification and alkalinization of the
solution in SiCP/6092-T6 Al MMCs (Ref 42).
The aluminum matrix loses its ability to passi-
vate when the solution becomes either acidic or
alkaline.

Alumina/Aluminum MMCs. Particles and
both short and continuous Al2O3 fibers have been
used to reinforce aluminum alloys. Character-
istic properties of Al2O3/Al MMCs are low
weight, high-temperature tensile and fatigue
strengths, low thermal conductivity and expan-
sion, and superior wear resistance. In the auto-
motive industry, short-fiber Al2O3/Al MMCs
have been used to replace cast iron compo-

nents such as pistons (Ref 96, 97), engine blocks
(Ref 96), cylinder heads (Ref 96), and brake
calipers and rotors (Ref 96). Continuous-fiber
Al2O3/Al MMCs, having high strength, high
damping capacity, and low thermal expansion,
are used for automotive push rods, brake
calipers, and load-carrying wires in aluminum
conductor cables (Ref 98) (Fig. 19).

The resistivity of Al2O3 (99.7 wt% pure)
is greater than approximately 1014 V � cm
(Ref 24), and therefore, galvanic corrosion
between Al2O3 fibers and aluminum is unlikely.
The Al2O3/pure Al MMCs have excellent cor-
rosion resistance due to a lack of galvanic action
with the Al2O3 fibers and a minimal amount of
cathodic sites, such as those from conducting
interphases and intermetallic precipitates. Only
slight corrosion damage was observed on Al2O3/
pure Al MMCs exposed to marine atmosphere
0.5 miles from the coastline for an 11 month
period (Fig. 20a, b).

The Al2O3 reinforcements usually do not have
significant effects on pitting potentials (Ref 71,
80, 82–84, 99) in chloride solutions. The anodic
polarization diagrams of various 6092-T6 Al
MMCs, including that of an Al2O3/6092-T6 Al
MMC, are very similar (Fig. 18) for a 3.15 wt%
NaCl solution (Ref 76). Passive current densities
below the pitting potential have been reported to
increase with Al2O3 content (Ref 99), although
this may be related to processing. Passive current
densities for a particulate Al2O3/6092-T6 Al
MMC are consistent with other MMCs in sodium
sulfate solutions (Ref 76) and in chloride solu-
tions under the pitting potential (Fig. 18).
Microbial corrosion was also reported to be more
significant on particulate MMCs in comparison
to the monolithic alloy, indicating that the Al2O3/
Al-matrix interface or Al2O3 particles may have
aided biofilm formation (Ref 100).

Formation of interphases incorporating alu-
minum, oxygen, and alloying elements has
been observed in some Al2O3/Al MMCs. Thin
layers of Li2O � 5Al2O3 (Ref 72) and MgAl2O4

(Ref 45) have been found to envelop continuous
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Fig. 16 Anodic polarization diagrams of SiCMF
E, Ti-15-3, an actual SiCMF/Ti-15-3 metal-matrix composite (MMC), and

that generated with the mixed-potential theory (MPT) exposed to deaerated 3.15 wt% NaCl at 30 �C (86 �F).
Scan rate, 0.1 mV/s. Source: Ref 14

Fig. 17 Hydraulic actuator end gland for aircraft. The
component is a machined extrusion of SiCp

(15 vol%)/2009Al-T4 metal-matrix composite. Photo
courtesy of DWA Aluminum Composites
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Al2O3 fibers in various types of Al2O3/Al MMCs.
The presence of these interphases, however, was
not suspected of inducing corrosion.

Preferential corrosion near fibers (Ref 45, 101,
102) and particles (Ref 84, 102, 103) is some-
times noticed in chloride-containing solutions.
The presence of intermetallics and segregation of
alloying elements may contribute to localized
corrosion near reinforcements. In a 2 wt% Mg
aluminum alloy MMC, iron and high levels of
magnesium (10 wt%) were detected near fibers
(Ref 45). It was suspected that the presence of
magnesium originated from Mg2Al3. Pitting near
fibers was attributed to corrosion of Mg2Al3,
which is rapidly attacked at low potentials (Ref
45). The Al8Mg5 and Mg2Si intermetallics have
been also reported to induce corrosion in Al2O3/
Al MMCs (Ref 44).

Mica/aluminum MMCs have been devel-
oped for potential use in applications where good
antifriction, seizure resistance, and high damp-
ing capacity are required (Ref 35).

Muscovite (KAl3Si3O10(OH)2) mica particles
that are less than approximately 70 mm in size
are used in mica MMCs (Ref 36). Galvanic
corrosion between aluminum and muscovite
should not be a problem, because muscovite is
an insulator with resistivities that range from
approximately 1013 to 1017 V � cm (Ref 25).
Muscovite is insoluble in cold water (Ref 104);
however, it has been reported that muscovite
particles have a tendency to absorb moisture and
then swell (Ref 37).

Mica particles were cast in various aluminum
alloys (Ref 37, 46). In 3.5 wt% NaCl solutions,
the presence of mica particles depressed pitting
potentials by approximately 20 to 30 mV in
comparison to the monolithic-matrix alloys.
Corrosion behavior was also affected by the
precipitation of secondary phases. In some cases,
precipitates were preferentially attacked. Pits
around and away from mica particles, interfacial
corrosion of the mica-matrix interface, and
exfoliation of mica particles were also observed.

Stress-corrosion cracking in aluminum
MMCs with continuous and discontinuous
reinforcement has been studied.

Continuous-Reinforced MMCs. Stress-corro-
sion cracking studies for the immersed state have
been conducted on aluminum MMCs reinforced
with unidirectional graphite fibers (Ref 105),
boron monofilaments (Ref 51), and Nextel 440
(Al2O3, SiO2, B2O3) fibers (Ref 106). Stresses
were applied either parallel or perpendicular to
the fiber axis of unnotched specimens. The Gr/
6061 Al MMCs were stressed parallel to the fiber
axis in natural seawater. At high stresses, failure
was stress dependent and occurred in less than
100 h. At lower stresses, failure was primarily
caused by extensive corrosion and therefore was
relatively independent of stress levels. The BMF/
2024 Al MMCs stressed parallel to the fiber axis
at 80% fracture strength in a NaCl solution did
not fail in 1000 h but failed after 500 h when
H2O2 was added to the NaCl solution. Extensive
intergranular matrix corrosion and broken fila-
ments at random sites were observed. The
monolithic-matrix alloy failed within 10 h under
similar conditions. For BMF/2024 Al MMCs
stressed perpendicular to the fiber axis at 90%
yield strength in the NaCl and NaCl with H2O2

solutions, failure occurred by intergranular
matrix corrosion and separation at diffusion-
bonded fiber-matrix interfaces. Failure times
decreased with increasing boron-monofilament
content. For the Nextel fiber 6061 Al MMCs,
specimens were exposed to a pH 2 NaCl solution
in the stressed and unstressed states (Ref 106).
To assess damage, the composite strength was
measured before and after exposure. The pre-
vailing mode of failure was attributed to exten-
sive corrosion along the fiber-matrix interface
and not to stress-corrosion cracking.

Two types of aluminum MMCs reinforced
with SiC-coated boron monofilament (BOR-
SICMF) (Ref 107) were exposed to synthetic
seasalt spray at 95 �C (203 �F) and nearly 100%
relative humidity, then stressed to 689 MPa
(100 ksi) along the fiber axis by three-point
bending. The BORSICMF/6061 Al MMCs
showed general corrosion attack without pre-
ference to tensile regions, whereas BORSICMF/
2024 Al MMCs showed approximately a 2-to-1
depth-of-attack ratio comparing the tensile to the

compressive surfaces, which may have been
related to specimen orientation. Unlike the 6061
Al MMCs, the corrosion resistance of the 2024
Al MMC was sensitive to heat treatment.

Discontinuous-Reinforced MMCs. Stress-cor-
rosion cracking studies for alternate exposure
and immersion in NaCl solutions have been
conducted on aluminum MMCs reinforced with
Al2O3 particles (Ref 108), and SiC particles (Ref
108–110) and whiskers (Ref 108). The Al2O3/
2014 MMC was susceptible to stress-corrosion
cracking while subjected to three-point beam
bending and alternate exposure and continuous
immersions in a NaCl solution (Ref 108). Under
the same conditions, however, the 6061 Al
MMCs reinforced with SiCp and SiCw were not
susceptible to stress-corrosion cracking (Ref
108). Similarly, SiCp/2024 MMCs were not
prone to stress-corrosion cracking under constant
strain at 75% of ultimate tensile strength while
exposed to an aerated NaCl solution (Ref 109).
Slow strain-rate tension testing of SiCp/2024
MMCs indicated that the MMC lost up to 10%
of failure strength compared to exposure in air
(Ref 110).

Corrosion fatigue has been studied in alu-
minum MMCs reinforced with graphite fibers
(Ref 105), SiC whiskers (Ref 111–114), and SiC
particles (Ref 112, 115). Processing conditions
and type of reinforcement affect corrosion-
fatigue behavior. Unnotched Gr/6061 Al MMCs
were exposed to natural seawater and stressed
parallel to the fiber axis. The MMCs were pro-
cessed with either silica (SiO2)-coated or TiB2-
coated graphite fibers. For a given stress ampli-
tude, the TiB2-type MMC had the longest cor-
rosion-fatigue life, followed by the SiO2 type
and the monolithic-matrix alloy. At low stress
amplitudes corresponding to longer exposure
times, the SiO2-type MMC suffered premature
failure due to extensive corrosion. In SiC/Al
MMCs, fatigue crack rates of compact-tension
specimens are usually higher in NaCl solutions
as compared to air (Ref 111) or argon (Ref 115).
Loading frequency affects corrosion-fatigue
crack rates (Ref 115), but no consistent trends
were observed. Fatigue (Ref 111) and corrosion-
fatigue (Ref 115) crack rates are influenced by
loading and extrusion or rolling direction. The

–0.5

–0.6

–0.7

–0.8

–0.9

–1

–1.2

–1.1

E
, V

 v
s.

 S
C

E

–7 –6 –5 –4 –3

Log i, A/cm2

Black SiC(5%)/6092-T6 AI
Black SiC(10%)/6092-T6 AI
Black SiC(20%)/6092-T6 AI
Black SiC(40%)/6092-T6 AI
Black SiC(50%)/6092-T6 AI
Green SiC(50%)/6092-T6 AI
B4C(20%)/6092-T6 AI

AI2O3(20%)/6092-T6 AI
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50%. The MMCs were exposed to 3.15 wt% NaCl at 30 �C (86 �F); scan rate, 1 mV/s. Source: Ref 76

Fig. 19 Aluminum conductor composite-reinforced
cable specimen. Note the seven inner

Al2O3/Al metal-matrix composite (MMC) core wires
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nucleation of a crack was also observed at the
bottom of a corrosion pit (Ref 114). The shape
of the reinforcement constituent may also have
significant effects on stress-corrosion and cor-
rosion fatigue, based on modeling that considers
crack-tip strain rate (Ref 113). The model pre-
dicts that crack rates are reduced by increasing
the reinforcement constituent 1-to-d ratio,
implying that MMCs reinforced with whiskers
are more resistant to stress-corrosion and corro-
sion fatigue than those reinforced with particles.
This is in agreement with results on SiCW/6061
Al MMCs that were found to have longer cor-
rosion-fatigue lives than SiCP/6061 Al MMCs in
salt-ladened moist air (Ref 112).

Magnesium MMCs

Very light composites can be fabricated from
magnesium, which is one of the lightest struc-
tural metals (density, 1.7 g/cm3). Magnesium,
however, is also the most active structural metal
in the electromotive series (Ref 40), and has a
very high tendency to corrode, making it parti-
cularly susceptible to galvanic corrosion when in
contact with noble reinforcement constituents.
Dissolved oxygen in solution does not sig-
nificantly affect the corrosion of magnesium
(Ref 40). Corrosion rates are highly dependent
on metallic purity (Ref 40). Noble impurity
elements that have low hydrogen overvoltages
(e.g., iron, nickel, cobalt, and copper) (Ref 47)
serve as efficient cathodic sites, which accelerate
the corrosion rate of magnesium. In seawater,
ultrapure magnesium corrodes at the rate of
0.25 mm/yr (0.01 in./yr), but commercial mag-
nesium corrodes at approximately 100 to 500
times faster due to impurities (Ref 40). Because
the corrosion rate of magnesium is highly
dependent on the presence of cathodic sites, the
incorporation of noble fibers and particles into
magnesium MMCs can result in severe galvanic
corrosion. Corrosion studies have been con-
ducted on magnesium MMCs reinforced with
BMF, graphite fibers, SiCMF, and Al2O3 fibers.
The stress-corrosion cracking behavior of an
Al2O3/Mg MMC has also been investigated.

Boron/Magnesium MMCs. The general pro-
perties of boron monofilaments discussed in the
section “Boron/Aluminum MMCs” in this article
also apply here. Pure boron is an insulator,
and, accordingly, galvanic currents were
unmeasurable between pure boron and magne-
sium in NaCl solutions (Ref 116, 117). Galvanic
currents, however, were measurable between
virgin tungsten-core boron monofilaments, with
cores either shielded or exposed, coupled to pure
magnesium (Ref 117) and an alloy (Ref 116).
Galvanic currents were higher when tungsten
cores were exposed (Ref 116, 117), because pure
tungsten is an effective cathode (Ref 116). The
measurable galvanic currents between magne-
sium and virgin boron monofilaments with
tungsten cores shielded indicated that the outer
layer of the monofilaments consisted of tungsten
boride and not of pure boron (Ref 117). In
addition, boron monofilaments extracted from
the matrix supported cathodic current densities
that were approximately five times that of virgin
boron monofilaments (Ref 116). Corrosion rates
of actual BMF/Mg alloy (MA2–1) MMCs in
0.005 and 0.5 N NaCl solutions were 12.5 and
81.7 g/m2/day, respectively, which were
approximately six times the values of the
monolithic-matrix alloy in respective environ-
ments.

Graphite/Magnesium MMCs. The general
properties of graphite fibers found in graphite/
aluminum MMCs also apply here. Figure 21
shows the cathodic polarization diagrams of
pitch-based graphite (cross section exposed) in
deaerated and aerated 3.15 wt% NaCl, with the
anodic polarization diagrams of pure magnesium
and ZE41A magnesium in deaerated and oxy-
genated 3.15 wt% NaCl. It should be noted that
solution oxygenation does not have significant
effects on anodic polarization curves of pure
magnesium and ZE41A. Galvanic-corrosion
rates with graphite fiber will increase in aerated
solutions. In addition, galvanic corrosion of
magnesium is cathodically controlled (Fig. 21),
and therefore, galvanic-corrosion rates should
increase with increasing area fraction of cathodic
reinforcement material. Galvanic-corrosion

current densities increased from approximately
0.3 · 10�3 to 0.6 · 10�3 A/cm2 (based on
magnesium area) as the graphite-to-magnesium
area ratio was increased from 0.25 to 0.44 (Ref
120). The galvanic couples consisted of AZ31B
magnesium alloy and pitch-based graphite fiber
with fiber ends and circumferential fiber surface
exposed to an aerated, borated-boric acid solu-
tion of 8.4 pH containing 1000 ppm NaCl.
Actual MMCs immersed in air-exposed 0.001 N
NaCl suffered severe degradation within five
days (Ref 120). Comparisons between a Gr
(40 vol%)/AZ91C Mg MMC and monolithic
AZ91C Mg showed that the MMC open-circuit
potential was approximately 0.3 V more noble
and the corrosion rate 40 times greater than
that of the monolithic alloy in a deaerated
50 ppm chloride solution (Ref 121). Even in
relatively dry conditions, such as that in air-
conditioned environments, a Gr/AZ91C/AZ31B
Mg MMC disintegrated over a 15 year period
(Fig. 22).

Silicon Carbide/Magnesium MMCs. The
general properties of SiC given for SiC/Al
MMCs also apply here. Galvanic corrosion
between magnesium and SiC depends to a large
degree on the type of SiC reinforcement and on
the presence of dissolved oxygen in solution.
Figure 21 shows anodic polarization diagrams of
pure magnesium and ZE41A magnesium, with
cathodic polarization diagrams of hot-pressed
SiC and SiC monofilament, with carbon-rich
circumferential surface exposed, in deaerated
and aerated 3.15 wt% NaCl solutions. Galvanic-
corrosion rates (as determined by the mixed-
potential theory) are greater in aerated solutions
due to oxygen reduction (Ref 19, 122). Galvanic-
corrosion rates are lower for couples with hot-
pressed SiC as opposed to the SiCMF. Studies
conducted on particulate ZC71 magnesium alloy
reinforced with 12 vol% SiC particles ranging in
size up to approximately 20 mm did not show
preferential attack between SiC particles and the
matrix in salt spray tests (Ref 123). Instead,
macroscopic anodic and cathodic regions
developed. Corrosion spread over the MMC
surface much more rapidly than on the mono-
lithic alloy, but the local corrosion rates were
approximately only three times greater on the
MMC. The authors (Ref 123) speculated that the
higher corrosion rates on the MMCs could have
been caused by iron contamination of the mag-
nesium matrix during processing in a steel cru-
cible. Studies on a model MMC consisting of
high-purity magnesium and well-separated SiC
particles exposed to 3.5 wt% NaCl also did not
show evidence of galvanic corrosion between the
particles and matrix (Ref 124).

Alumina/Magnesium MMCs. The general
properties of Al2O3 given for Al2O3/Al MMCs
also apply here. Galvanic corrosion should not
be expected between magnesium and Al2O3,
because Al2O3 is an insulator. The corrosion
rates of a continuous-fiber Al2O3/AZ91C MMC
(Ref 125) were approximately 100 times greater
than that of the matrix alloy in 3.5 wt% NaCl at
25 �C (77 �F), but similar to that of the matrix

Fig. 20 Scanning electron microscope micrographs of an Al2O3/Al metal-matrix composite wire exposed to marine
atmosphere 0.5 miles from the coastline for an 11 month period. Corrosion damage was minimal, and the

region indicated with an arrow in (a) represents the worst damage. (b) Enlargement of area indicated by the arrow in (a)
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alloy in distilled water at 20 �C (68 �F). The
tremendously higher corrosion rates of the
composites in the chloride solution appear to
be caused by the presence of the Al2O3 fibers.
Although galvanic corrosion is not expected
between magnesium and Al2O3, it could be
possible with conducting interphases or pre-
cipitates, which potentially could form due to the
presence of the Al2O3 fibers. The open-circuit
potential of a continuous-fiber Al2O3/AZ91C
MMC was more noble than that of the matrix
alloy in 50 ppm Cl� solutions (Ref 126), indi-
cating that noble precipitates or interphases
could have been present.

Stress-corrosion tests (Ref 127) of continuous-
fiber Al2O3/ZE41A Mg MMC in a NaCl-potas-
sium chromate (K2CrO4) solution showed that
notched and unnotched specimens stressed par-
allel to the fiber axis and exposed for approxi-
mately 100 to 1000 h in the NaCl-K2CrO4

solution retained approximately 90% of the
strength in air. The matrix alloy and the MMC
with the stress direction aligned perpendicular to
the fiber axis retained only approximately 40
to 60% of the strength in air.

Titanium MMCs

Titanium MMCs are being developed for
aerospace, commercial, and biomedical appli-
cations. Titanium MMCs reinforced with SiC
monofilament (Fig. 1b) have utility in high-
temperature applications requiring strong,
lightweight materials (titanium density,
4.5 g/cm3). Structural SiCMF/Ti MMCs have
been used in prototype drive shafts, turbine-
engine discs, compressor discs, and hollow fan
blades and were also candidate materials for the
skin of the National Aerospace Plane (Ref 128).
Discontinuous-reinforced titanium MMCs are
candidate materials for gears, bearings, and
shafts (Ref 129). Porous, particulate titanium
MMCs have potential use as surgical implant
materials, owing to the compatibility of titanium
and bone growth (Ref 130). Porous titanium is a

good surgical implant material, because bone
growth is enhanced by the relatively low elastic
modulus of titanium, and bone ingrowth is
allowed by the porous structure. Porous titanium,
however, has poor tribological properties, and
therefore, MMCs that incorporate graphite to
reduce friction and titanium carbide to improve
wear resistance are of interest (Ref 130).

Graphite/titanium MMCs were processed
and heat treated to fabricate a titanium carbide
(TiC)/graphite/porous titanium MMC (Ref 130).
Polarization tests were conducted in 0.9 wt%
NaCl and lactated Ringer’s solution for in vitro
use. The anodic polarization current densities of
the MMCs were significantly higher than that of
pure monolithic titanium, which passivated. The
authors attributed the higher corrosion rates of
the TiC/graphite/Ti MMC to its porosity, which
may have prevented complete passivation of the
titanium matrix. Another possibility for the
higher current densities could be the oxidation of
graphite particles (see the following section).

Silicon Carbide/Titanium MMCs. Corro-
sion studies on titanium alloy Ti-15V-3Cr-3Sn-
3Al (Ti-15-3) (Ref 14) and titanium aluminide
a2-Ti3Al (14 wt% Al, 21 wt% Nb, balance tita-
nium) (Ref 131) reinforced with SiC monofila-
ment have been conducted. The corrosion
behavior of SiCMF/Ti-15-3 MMC was investi-
gated in 3.15 wt% NaCl. There was excellent
agreement in the polarization diagrams of the
actual MMC and that of a model using the
polarization diagrams of the individual con-
stituents and the mixed-potential theory
(Fig. 16). The matrix passivated, and the carbon
cores and carbon-rich outer surface of the SiC
monofilaments oxidized. During anodic polar-
ization, graphite fibers oxidize to CO2 (Ref 55).
Zero-resistance ammeter studies showed that
galvanic currents between the Ti-15-3 matrix
and SiC monofilaments were negligible. Based
on the polarization diagrams, the galvanic cur-
rent density cannot exceed that of the passive
current density of Ti-15-3. The corrosion
behavior of the SiCMF a2-Ti3Al (Ref 131) was
somewhat similar to that of the SiCMF/Ti-15-3

MMC (Ref 14), with the exception that the a2-
Ti3Al matrix is less resistant to pitting. During
anodic polarization, the SiCMF a2-Ti3Al pitted at
approximately 1 VSCE in 0.5 N NaCl, which was
approximately 0.5 V less than that of the
monolithic-matrix alloy. Some matrix pitting
and crevice corrosion around the SiC monofila-
ments was also observed after anodic polariza-
tion. The galvanic current density of the SiCMF

a2-Ti3Al MMC was negligible and limited to the
passive current density of the a2-Ti3Al matrix
(Ref 131).

Titanium Carbide/Titanium MMCs. Parti-
culate titanium carbide/pure titanium (TiC/Ti)
MMCs were fabricated by cold isostatic pressing
followed by sintering (Ref 132). No interphase
products were identified in the MMC after pro-
cessing. Composites reinforced with 2.5, 5, 10,
and 20 vol% TiC were anodically polarized in
deaerated 2 wt% HCl in the temperature range of
50 to 90 �C (120 to 190 �F). The passive current
density for pure titanium was approximately
10�5 A/cm2 throughout the temperature range.
Generally, dissolution currents for the TiC/Ti
MMCs increased with increasing temperature
and TiC content and, at worst-case scenario,
were approximately 20 times higher than that of
pure titanium. Microscopy revealed that the
titanium matrix was virtually uncorroded,
whereas the TiC particles underwent some
degradation.

Titanium Diboride/Titanium MMCs. Par-
ticulate titanium diboride/pure titanium (TiB2/
Ti) MMCs were fabricated by cold isostatic
pressing followed by sintering (Ref 132). The
TiB interphase products were identified in the
MMC after processing. Composites reinforced
with 2.5, 5, 10, and 20 vol% TiB2 were anodi-
cally polarized in deaerated 2 wt% HCl in the
temperature range of 50 to 90 �C (120 to
190 �F). Dissolution currents for the TiB2/Ti
MMCs increased with increasing temperature
and TiB2 content. In the worst case, the dis-
solution current density of the MMC was
approximately 2 orders of magnitude higher than
that of pure titanium. As in the case of the TiC/Ti
MMCs, the titanium matrix was virtually
uncorroded; however, the TiB2 particles and TiB
interphase were corroded significantly.

Fig. 22 Gr/AZ91C/AZ31B Mg metal-matrix compo-
site disintegrating in laboratory air after 15

years exposure
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Fig. 21 Anodic polarization diagrams of pure magnesium and ZE41A Mg (Ref 118) in deaerated and oxygenated
3.15 wt% NaCl at 30 �C (86 �F), 0.1 mV/s scan rate, are plotted with a collection of cathodic polarization

diagrams of P100 graphite (Ref 16), hot-pressed SiC (Ref 16) and SiCMF (Ref 119), circumferential surface exposed, in
deaerated and aerated 3.15 wt% NaCl at 30 �C (86 �F), 0.1 mV/s scan rate
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Copper MMCs

Copper MMCs have been investigated for use
in marine, electronic, and thermal applications.
Copper is relatively heavy, with a density of
8.96 g/cm3. Reinforcements are typically chosen
to impart strength and stiffness, reduce weight,
enhance thermal and electrical properties,
improve machinability, and enhance wear resis-
tance. Initial studies (Ref 133) were conducted
on a wide variety of experimental copper and
copper alloy MMCs reinforced with graphite,
SiC, TiC, silicon nitride, boron carbide, and
Al2O3 for marine applications. The MMCs gen-
erally showed corrosion behavior that was
similar to that of the monolithic alloys, although
corrosion rates were higher for some of the
MMCs. More recent studies have focused on
copper MMCs for electronic, thermal, and tri-
bological applications.

Graphite/copper MMCs have been rein-
forced with graphite particles and fibers. The
particulate MMCs have been developed for
sliding electrical contact materials (Ref 134),
and improved machinability for lead-free copper
alloys (Ref 135). Fiber-reinforced MMCs have
been developed for applications requiring
reduced weight and high thermal conductivity
(Ref 136). Highly graphitized fibers have very
high thermal conductivity, exceeding that of
silver (Ref 3).

The corrosion behavior was studied for pure
copper MMCs reinforced with 1.2 to 40 vol%
graphite particles and 50 vol% of graphite fibers
in deaerated and aerated 3.5 wt% NaCl solutions
(Ref 137). The corrosion potential of the parti-
culate-reinforced MMCs became more noble
with increasing graphite content in both the
deaerated and aerated solutions, as would be
expected by increasing the content of the noble
graphite particles. The corrosion potential of
the graphite fiber (50 vol%)/Cu MMC was
approximately as noble as the MMC with
40 vol% graphite particles in the aerated solution
but was significantly more active than the parti-
culate composite in the deaerated solution. This
finding could be expected, because oxygen-
reduction kinetics is normally diffusion-limited
in aerated solutions, but hydrogen evolution
kinetics depend on the substrate and could be
different on the graphite fibers when compared to
the graphite particles in deaerated solutions. The
corrosion potentials of UNS C90300 copper
alloy (with 1 wt% Ti additive to increase gra-
phite wettability) MMCs reinforced with 1 to
10 vol% graphite particles also increased with
increasing graphite content in an aqueous solu-
tion containing ferric chloride, copper sulfate,
and hydrochloric acid (Ref 135).

Silicon Carbide/Copper MMCs. The cor-
rosion behavior of pure copper MMCs reinforced
with 0, 5, 10, and 20 vol% SiC particles was
examined in a 5 wt% NaCl solution (Ref 138).
Porosity in the materials ranged from 2.2 to 3.5%
and generally increased with increasing SiC
content. Corrosion potentials became more
active, and corrosion current densities increased

with increasing SiC content. Decreasing corro-
sion potentials would not be expected with
increasing SiC content if SiC served as efficient
cathodes. The corrosion morphology indicated
that there was significant corrosion at SiC-cop-
per interfaces. Voids caused by porosity and by
SiC-copper interfaces both increased with
increasing SiC content. Hence, the decrease in
corrosion potential with increasing SiC content
is likely to have been caused by an increase in
anodic currents from voids and SiC-copper
interfaces.

Alumina/Copper MMCs. The corrosion
behavior of copper MMCs reinforced with
2.7 vol% Al2O3 was examined in deaerated and
aerated 3.5 wt% NaCl (Ref 139). The corrosion
potentials of the MMC were slightly more active
(i.e., 0.01 to 0.02 V) than monolithic pure cop-
per. The corrosion rates of the MMCs were
comparable to monolithic copper. A galvanic
effect with Al2O3 is not expected, due to its
insulative nature.

Stainless Steel MMCs

Sintered particulate composites consisting of
ferritic 434L stainless steel and Al2O3 particles
have been developed for potential application in
chemical-processing plants, turbine blades, and
heat exchanger tubes (Ref 140–142). Austenitic
316L stainless steels reinforced with Al2O3 and
Y2O3 have also been investigated for enhanced
strength and wear resistance (Ref 143).

Alumina/Stainless Steel MMCs. The corro-
sion behavior of sintered Al2O3/434L MMCs
and sintered 434L alloy without Al2O3 particles
was examined (Ref 140–142). The volume per-
cent of Al2O3 particles in these materials ranged
from 0 to 8%. The effect of small amounts of
titanium and niobium alloying elements on cor-
rosion resistance was also investigated. Galvanic
corrosion between 434L stainless steel and
Al2O3 should not occur, because the latter is an
insulator. In 1 N H2SO4 (Ref 140–142), there
was no strong correlation between Al2O3 content
and corrosion behavior. One of the few gen-
eralities that could be made was that passive-
current densities were within an order of mag-
nitude of 1 mA/cm2 for almost all materials. In
the 5 wt% NaCl solutions, icorr of the MMCs was
less than 10 mA/cm2 (Ref 141). On polarization,
all materials displayed active corrosion behavior
in the NaCl solutions.

Particulate 316L stainless steel MMCs (Ref
143), fabricated using powder metallurgy, were
reinforced with 3, 4, and 5 wt% Al2O3 and
additions of 2 wt% chromium diboride (CrB2) or
1 wt% boron nitride (BN) for sintering aids. The
density of the MMCs ranged from 86 to 96%
of the theoretical value. Unreinforced 316L
specimens were also fabricated using powder
metallurgy without sintering aids, resulting in
85% of theoretical density. Less porosity was
present in the reinforced MMCs as compared to
the unreinforced pure 316L specimen. The test
samples were immersed in 10 wt% sulfuric acid

(H2SO4) at room temperature for 24 h, 1 wt%
hydrochloric acid (HCl) at room temperature for
24 h, and boiling 10 wt% nitric acid (HNO3) for
8 h. The pure, unreinforced 316L specimens
passivated in the 10 wt% H2SO4 solution,
whereas the corrosion rate of the MMC generally
increased with increasing Al2O3 content to a
maximum value of approximately 4 mm/yr
(0.16 in./yr). The MMCs performed better than
the unreinforced 316L specimen in the 1 wt%
HCl solution but worse than the unreinforced
specimen in the boiling nitric acid solution.
There was no strong correlation between Al2O3

content in the MMCs and the corrosion rates in
the 1 wt% HCl and boiling 10 wt% HNO3

solutions.
Yttria/Stainless Steel MMCs. Yttria (Y2O3)

is an insulator and galvanic effects are not
expected. The 316L stainless steel specimens
discussed previously (Ref 143) were also rein-
forced with 3, 4, and 5 wt% Y2O3 and additions
of 2 wt% chromium diboride (CrB2) or 1 wt%
boron nitride (BN) for sintering aids. In all
solutions (i.e., sulfuric, hydrochloric, and nitric
acid solutions), the Y2O3-reinforced MMCs
exhibited reduced corrosion resistance as com-
pared to the Al2O3-reinforced MMCs. The Y2O3

MMCs were sintered to 88 to 96% of theoretical
density, and the Al2O3 MMCs were sintered to
86 to 92% of theoretical density. The Y2O3

particles also showed better bonding to the
matrix, probably forming a complex YCrO3

oxide, as compared to the Al2O3 particles. It is
possible that the formation of the reaction layer
around the Y2O3 particles may have depleted
chromium from the matrix, resulting in reduced
corrosion resistance, as compared to the Al2O3-
reinforced MMCs.

Lead MMCs

Lead is a relatively heavy metal with a density
of 11.4 g/cm3. Lead MMCs, therefore, are nor-
mally developed for applications where a com-
bination of its structural, physical, and chemical
properties is important. The corrosion behavior
of pure lead MMCs in simulated lead-acid bat-
tery environments has been studied to assess the
feasibility of using these composites as positive
electrode grids in place of conventional lead-
base alloy grid materials. Lead can be alloyed
with elements such as arsenic, antimony, or
calcium to increase strength and stiffness. These
elements, however, reduce corrosion resistance.
Monolithic pure lead has very good corrosion
resistance in lead-acid battery environments
(which consists of sulfuric acid solutions) but is
heavy and lacks sufficient mechanical strength.
Pure lead, therefore, has been reinforced with
strong, lightweight fibers in hopes of achieving
the goals of increasing strength, reducing weight,
and retaining the corrosion resistance of pure
lead (Ref 144–146). For other applications, dis-
continuous-reinforced lead-antimony alloy
MMCs were also studied in sodium chloride
solutions (Ref 147).
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To simulate corrosion in lead-acid battery
environments, lead MMCs reinforced with
Al2O3, carbon, SiC, and glass-quartz fibers of
various volume percents (Ref 144–146) have
been anodically polarized at 1.226 V (versus
mercury/mercurous sulfate reference electrode)
in sulfuric acid solutions (of 1.285 specific
gravity) at 50, 60, and/or 70 �C (120, 140, and/or
160 �F). At 1.226 V, lead and water are oxidized
to lead dioxide (PbO2) and molecular oxygen
(O2), respectively (Ref 148, 149). Approxi-
mately one-third of the total anodic current is
consumed in the oxidation of lead under these
conditions (Ref 146). Poor bonding between
Al2O3 fibers and the matrix allowed the elec-
trolyte to diffuse into fiber-matrix interfaces,
leading to accelerated corrosion (Ref 144) and
swelling of the composite due to corrosion-pro-
duct buildup (Ref 146). The graphite fibers were
also subjected to oxidation (Ref 145).

Lead (80 wt%)-antimony (20 wt%) alloy
MMCs reinforced with 1 to 5 wt% zircon
(ZrSiO4) particles (Ref 147) were exposed to a 1
N NaCl solution. Zircon should not induce gal-
vanic corrosion. Weight loss measurements,
made over a 72 h period, showed that the cor-
rosion rate of the MMCs increased with
increasing zircon content.

Depleted Uranium MMCs

Tungsten fiber/depleted uranium (W/DU)
MMCs are the antithesis of the lightweight
MMCs and were developed to create high-
density materials. Uranium has a density of
18.9 g/cm3.

Depleted uranium corrodes galvanically when
coupled to tungsten fibers in air-exposed
3.5 wt% NaCl solutions at room temperature
(Ref 150). The open-circuit potential of tungsten
fiber (�0.25 VSCE) is noble to that of the DU
alloy (�0.80 VSCE). The open-circuit potentials
of the W/DU MMC and galvanic couples con-
sisting of tungsten fiber and DU alloy of equal
areas are �0.78 and �0.77 VSCE, respectively,
and fall between those of tungsten fibers and the
DU alloy. The galvanic-corrosion current den-
sity measured between equal areas of tungsten
fibers and the DU alloy was equal to approxi-
mately 4 · 10�5 A/cm2. In a 30 day exposure
test in the NaCl solution, the W/DU MMC lost
43.56 mg/cm2, which was approximately 1.3
times that of the DU alloy.

Zinc MMCs

Zinc MMCs have been developed (Ref 151)
for potential use as bearing materials. Zinc has a
density of 7.14 g/cm3. Zinc alloy ZA-27 MMCs
were cast with 1, 3, and 5 wt% graphite particles
ranging in sizes from 100 to 150 mm. Zinc alloys
are known to have excellent wear and bearing
characteristics (Ref 152). The zinc MMCs were
resistant to corrosion in SAE 40-grade lubricant
that had been in service for 6 months in an

internal combustion engine. In 1 N HCl, the
corrosion rates of the MMCs decreased with
time.

Corrosion Protection of MMCs

Corrosion of metals can be prevented with the
use of protective coatings and inhibitors. The
type of coating (impervious, inhibitive, or cath-
odically protective) will depend on the type of
exposure anticipated (Ref 153). A proven coat-
ing system for an alloy may not be suitable for a
MMC of that alloy however. Poor adhesion and
wettability between the coating and reinforce-
ment or differences in the electrochemical
properties of the alloy and MMC may render a
proven system ineffective for the MMC. Other
coating techniques, such as anodization, could
also be ineffective or even deleterious to the
MMC. Anodization, which is frequently used for
aluminum alloys, could destroy a Gr/Al MMC by
oxidizing the graphite fibers to CO2 (Ref 17).
Inhibitors are normally used in closed systems.
Inhibitors intended for monolithic alloys should
be used with MMCs only after ample examina-
tion.

Graphite/aluminum MMCs have been
coated with some success. The coatings have
been primarily applied to the monolithic surface
foils that encase the diffusion-bonded packs of
precursor Gr/Al MMC wires. The corrosion
resistance of the composites usually mimics that
of the monolithic alloys until the surface foils are
penetrated, exposing the subcutaneous Gr/Al
MMC precursor wires. Corrosion occurs at an
accelerated rate once the precursor wires are
exposed. A few studies have been conducted on
applying protection to the exposed graphite/
aluminum structure.

Organic Coatings. Polyurethane, chlorinated
rubber, and epoxy provided protection for alu-
minum surface foils on Gr/Al MMCs exposed to
marine environments (Ref 154). Epoxy (Ref
155), and epoxy/polyamide (Ref 155, 156)
coatings also showed promise in a NaCl solution,
based on electrochemical impedance spectro-
scopy studies.

Inorganic Coatings. Diamond-like coatings
have been deposited directly on the graphite
fiber/aluminum-matrix structures in Gr/Al
MMCs but provided only short-term corrosion
protection in NaCl solutions (Ref 157).

Coatings from chemical vapor deposition
(CVD) and physical vapor deposition (PVD) did
not provide protection to aluminum surface foils
on Gr/Al MMCs due to coating defects, which
were initiation sites for corrosion (Ref 154).
Corrosion initiated at coating flaws in compo-
sites coated with CVD nickel, CVD chromium
carbide, PVD nickel plus chromium, and PVD
titanium exposed to marine environments. When
coatings were free of defects, however, such as
in composites electroplated with nickel, protec-
tion was very good (Ref 154). It should be
noticed, however, that metal coatings more noble
than aluminum (e.g., the nickel coating used

previously) could result in accelerated corrosion
by intensified galvanic corrosion of aluminum
exposed at coating breaches due to large sur-
rounding cathodic regions. Accordingly, it was
reported that electroless nickel coatings that
contained breaches accelerated corrosion of Gr/
Al MMCs exposed to marine environments (Ref
158, 159).

Graphite/aluminum MMCs have also been
protected with cladding and electrodeposited
coatings. Titanium and nickel claddings were
susceptible to delamination from the Gr/Al
MMC substrates along exposed edges in marine
environments (Ref 154). Electrodeposited
aluminum/manganese on electroless nickel-
coated aluminum surface foils provided good
corrosion protection of Gr/Al MMC plates if
the composite edges were sealed with epoxy so
that the Gr/Al microstructure was not exposed
(Ref 158).

Anodization. Sulfuric acid anodization of
surface aluminum foils followed by sealing in
sodium dichromate provided good protection for
Gr/Al MMC plates in marine environments when
the plate edges were sealed with epoxy to prevent
exposure of the Gr/Al microstructure (Ref 158).
The anodized coatings, however, can thin with
exposure time (Ref 159).

Chemical Conversion Coatings. Chromate/
phosphate conversion coatings on surface alu-
minum foils provided good protection for Gr/Al
MMC plates in marine environments when the
plate edges were sealed with epoxy so that
the Gr/Al microstructure was not exposed (Ref
158). Chemical passivation by cerium chloride
(CeCl3) was also explored to increase the pitting
resistance of aluminum oxide films (Ref 160).
It is believed that the coatings suppress the
oxygen reduction reaction on the metal surface
(Ref 161). The cerium chloride passivation
treatment delayed the initiation of pitting on
surface foils of Gr/Al MMCs exposed to NaCl
solutions.

Inhibitors. Zinc ions were studied as a means
to inhibit the oxygen reduction reaction on gra-
phite. Galvanic-corrosion current densities of
P100 graphite fiber/6061-T6 Al galvanic couples
were reduced by 10 to 100 times using 10 ppm
of Znþ2 as a cathodic inhibitor in aerated
3.15 wt% NaCl solution at 30 �C (86 �F). The
galvanic current densities were reduced to levels
in deaerated conditions (Ref 162).

Silicon Carbide/Aluminum MMCs. Various
types of coatings have been used on SiC/Al
MMCs for corrosion protection. Coatings are
applied directly to the SiC/aluminum structure,
because these MMCs are not usually fabricated
with surface foils.

Organic Coatings. Epoxy coatings provided
protection to SiCw/6061-T6 Al MMCs in marine
environments (Ref 158) and also showed pro-
mise in NaCl solutions, based on electrochemical
impedance spectroscopy studies (Ref 155).

Inorganic Coatings. Alumina plasma-sprayed
coatings and 1100 Al flame-sprayed coatings
on SiCw/6061-T6 Al MMCs provided corrosion
protection in marine environments (Ref 158).
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Anodization. The formation of hardcoats on
SiC/Al MMCs by anodization in sulfuric acid
solutions improved pitting resistance in deaer-
ated NaCl solutions, as gaged by Epit values (Ref
163, 164). Hardcoats increased Epit for SiCw

MMCs with 2024 Al and 6061 Al matrices and
for SiCp MMCs with pure aluminum matrices
(Ref 164). The hardcoat has been found to cover
both matrix and SiC whiskers, but SiC content in
the hardcoat is much less than that in the metal
substrate, and it is unclear whether the SiC
whiskers are oxidized or undercut (Ref 163).
Scanning electron microscope analyses showed
that relatively few surface whiskers are left
undamaged during sulfuric acid anodization of
SiCw/Al MMCs, indicating that some whiskers
are oxidized (Ref 165). Silicon carbide whiskers
protruding from the matrix also cause non-
uniformities in the anodized layer (Ref 158).
Films formed on the SiCp/pure aluminum MMCs
are also much less uniform in comparision to the
continuous films formed on monolithic alumi-
num (Ref 164).

Thin, compact barrier coatings formed by
anodization in ammonium tartrate solutions did
not significantly affect pitting potentials for
SiCw/6061 Al MMCs (Ref 163).

Limited success has been achieved with ano-
dization for long-term corrosion protection. The
SiCw/Al MMCs that were either sulfuric acid
anodized or chromic acid anodized and then
exposed to marine environments pitted after 30
days exposure (Ref 158). The SiC/Al MMCs that
were sulfuric acid anodized were susceptible to
crevice corrosion (Ref 156) and pitting (Ref 166)
in NaCl solutions, whereas their monolithic-
matrix alloys were not susceptible for similar or
longer time periods.

Chemical Conversion Coatings. Cerium-base
conversion coatings have been investigated for
use on various SiC/Al MMCs (Ref 160, 167).
Corrosion rates of SiCp (20 vol%)/6013 Al
MMCs were lower in NaCl solutions that con-
tained CeCl3 as an additive as opposed to CeCl3-
free solutions (Ref 167). The SiC/Al MMCs that
were chemically passivated in CeCl3 (Ref 160)
were susceptible to crevice corrosion in NaCl
solutions, whereas their monolithic-matrix
alloys were immune.

Al2O3/Al MMCs Chemical Conversion
Coatings. Cerium-base conversion coatings
have been investigated for use on Al2O3/6061 Al
MMCs. The effectiveness of the coatings was
dependent on CeCl3 concentrations (Ref 168)
and surface pretreatments (Ref 169). Best results
were obtained when specimens were alkaline
etched, boiled in water, and then treated with
CeCl3.

Other Concerns

There are many additional concerns regarding
the corrosion of MMCs in comparison to their
monolithic-matrix alloys. Certain MMC systems
have inherent corrosion problems. Graphite/
aluminum MMCs, for example, are subjected to

high galvanic-corrosion rates in addition to being
highly susceptible to Al4C3 formation. In con-
trast, galvanic corrosion between titanium and
SiC is negligible in SiCMF/Ti MMCs. Prudence
should be used, however, when making gen-
eralities about corrosion behavior for a specific
MMC group, such as SiC/Al, because MMC
corrosion behavior may vary significantly due to
the quality of the reinforcement and matrix alloy;
the manufacturing technique, such as powder
metallurgy or casting; postthermomechanical
processing; and other factors. Hence, it will be
difficult to obtain a corrosion database of corro-
borating and consistent corrosion behavior for a
specific MMC group until standards are devel-
oped for the manufacture and processing of
MMCs.
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Introduction to Environmental
Performance of Nonmetallic Materials
David C. Silverman, Argentum Solutions, Inc.

WHEN PEOPLE THINK OF CORROSION,
they sometimes attribute such degradation to
only metals and alloys. However, metals and
alloys are not the only materials that deteriorate
in an environment. A significant number of
containment, protective, structural, and mech-
anical applications are fulfilled by alternative
nonmetallic materials. Those who work to
combat materials degradation fully appreciate
both the extensive use of these alternative
materials and the fact that they, too, can degrade
with time, sometimes with catastrophic effect.
No general classification exists as to what con-
stitutes a nonmetallic material. Such materials
include elastomers, plastics, resins, glass, wood,
organic coatings, concrete, refractories, and
ceramics. Indeed, sometimes the demarcation
between nonmetals and metals is not distinct,
because some nonmetals may duplicate proper-
ties found in metals. Sometimes, the interaction
of nonmetallic materials with environments,
both how the properties of the nonmetallic
material are affected and how they affect the
environment, are less clearly understood than
those of metals. This Section has been developed
to aid in filling some of these gaps in knowledge.
The materials discussed are thermosetting resins,
elastomers, rubber linings, protective coatings,
ceramics, refractories, and concrete. While not
all materials could be covered, the goal is to
present information and further references for
some of the more commonly used nonmetallic
materials. In addition to reading these articles,
individuals interested in obtaining a first-pass
indication of chemical resistance of a wide array
of nonmetallic materials can refer to the general
resistance tables provided in the Selected
References section of this introduction. How-
ever, caution is warranted when using such
tabulations, because some of the tabulated
information may be incorrect, or the variables in
the actual environment may not match the
tabulated conditions. Specific testing for chemi-
cal and mechanical compatibility is usually
warranted before any nonmetallic material is
placed into a specific service.

Thermosetting Resins and
Resin-Matrix Composites

Glass-fiber-reinforced plastics are a composite
material containing both resin-rich and com-
bined resin-glass layers. No single resin can
effectively handle every environment. Several
families of resins exist, and within each family
are subsets determined by moieties attached to
the resin polymer backbone. Chemical resistance
of the resin itself tends to be determined by a
combination of the backbone polymer and the
unique moieties added to the backbone. Such
properties of the final fabricated component as
chemical resistance, abrasion resistance, ability
to retard fire, and structural integrity of the fin-
ished component are uniquely determined by the
chemistry of the resin, fillers added, additional
veils and topcoats, and the overall fabrication
procedure. Thus, more than a cursory knowledge
of these thermosetting resins is required in order
to properly specify both the resin and fabrica-
tion requirements for a given application. The
article “Environmental Performance of Thermo-
setting Plastics and Resin-Matrix Composites”
provides an overview of the various resin back-
bones, moieties, fillers, and veils available and
how environmental resistance is affected by
them.

Elastomers

Elastomers are a group of macromolecular
materials that (at room temperature) return
rapidly to their initial dimensions and shapes
after substantial deformation by weak stresses
and the subsequent release of such stresses. Most
of the more commonly used elastomers are
thermoset resins. That is, they have cross lin-
kages that impart “memory” so they return to
their original dimensions. A number of chemis-
tries exist, including natural and synthetic rub-
bers, fluoroelastomers, polyurethane rubbers,
and silicon- and oxygen-bearing rubbers. Within

each family are subsets, each with different
chemical and mechanical properties. These
elastomers are created in a process known as
compounding in which other ingredients are
homogeneously mixed with the raw elastomers
to impart specific properties. The quantity and
quality of each additive significantly impacts the
part performance, because the chemical envir-
onment to which the part is exposed can extract
the additives differently. Identical elastomers
within the same generic family name may per-
form vastly different in the same service because
of differences in compounding. The article
“Environmental Performance of Elastomers”
describes the chemistry of elastomers, the
additives introduced in compounding, and the
resulting effect on chemical and mechanical
compatibility. In addition, the article provides an
overview of the test procedures most useful in
determining both chemical and mechanical
compatibility with service requirements.

Rubber Linings

Natural and synthetic rubber can be applied as
sheet materials to provide a cost-effective way of
protecting (usually) steel from chemical attack.
Chemical resistance is determined by a complex
combination of the type of rubber used and the
curing done after installation. If curing (vulca-
nization) is performed, the degree of curing
depends on the rubber used and the end use.
Understanding the effect of both rubber chem-
istry and postinstallation cure on chemical
compatibility and structural integrity is impor-
tant when specifying the appropriate lining.
The article “Environmental Performance of
Rubber Linings” provides an overview of their
compatibility with frequently encountered
environments. It describes the commonly
used polymers, their strengths and weaknesses
with respect to type of service, and the specific
linings that seem to perform well in specific
industries.
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Protective Coatings

Application of coatings remains one of the
most common and effective methods of protect-
ing materials from environmental degradation.
The coating must remain intact to provide such
protection. Coating integrity tends to be influ-
enced by a combination of factors, including:

� Chemical compatibility between the coating
and the environment in contact with it

� Permeation of the environment into and
through the coating to the substrate, followed
by reaction with the coating, substrate, or both

� Adhesion of the coating, which often depends
on the quality of the surface preparation prior
to application of the coating

� Thickness of the coating or multiple coatings,
especially to minimize pinholes or thinned
areas

Indeed, in practice, poor surface preparation
and insufficient thickness account for a sig-
nificant number of coating failures. The article
“Degradation of Protective Coatings” con-
centrates on environmental factors that influence
coating integrity, such as:

� Indoor and outdoor heating and cooling, with
subsequent formation of condensation

� Ultraviolet and other radiation from the sun
� Heating effects on bond stability within the

coating
� Permeation by water and other organic or

inorganic chemicals and their effect on both
the coating and coating-substrate interface

� Internal and external mechanical stresses
imparted during curing and by the subsequent
application

� Mildew and marine fouling and their effect on
coating integrity

Ceramics and Refractories

Although sometimes grouped together
because of some similarities in the compounds
that comprise these classes, ceramic materials
and refractories differ in applications. Ceramics
are used as structural substitutes for alloys in
high-temperature environments, such as heat
exchangers in the process industries and gas
turbines in the aerospace and power-generation
industries. Some typical ceramics are zirconia,
thoria, silicon nitride, boron nitride, and silicon
carbide. Refractories are used as lining materials
for heat and mass containment in high-tem-
perature processing equipment such as furnaces
and kilns. Some typical examples are silica,
alumina, chromium oxide, calcium oxide, silicon
nitride, and silicon carbide. Minimizing corro-
sion of refractories and ceramics requires proper
materials selection in terms of chemical, thermal,
and mechanical compatibility; proper installa-
tion and fabrication; and proper control of the
process in which the material is functioning.
Acid-base reactions play a significant role in the
degradation of refractory materials. Some of the
factors influencing corrosion resistance are por-
osity, texture, presence of additives to decrease
oxidation of, for example, carbon, and presence
of a chemically vapor-deposited layer. The arti-
cle “Performance of Ceramics in Severe Envir-
onments” provides an overview of corrosion
types and causes. Consideration is given to the
effects of various types of oxidation reactions,
water vapor interaction, impurities in the ceram-
ic, and molten salts. The article “Performance
of Refractories in Severe Environments” pro-
vides an overview of the theory behind corrosion
of refractories, appropriate tests to evaluate
propensity for attack, and the specific applica-
tions in such diverse areas as steel, glass, alu-
minum, and chemical-resistant applications.

Concrete

Concrete has two components: aggregates
(usually sand, gravel, or crushed rock) and
paste (cement plus water) to hold the aggregate
together. The quality of any concrete depends
on the quality of the paste and aggregate and
the bond between the two. Concrete can degrade
by a number of chemical and physical mechan-
isms. Chemical mechanisms include reaction
between the aggregate and alkali, reaction
between lime and calcium aluminate in the paste
and sulfates in alkaline soil, reaction with soluble
salts in seawater, and reaction with atmospheric
carbon dioxide. Physical mechanisms include
hydraulic pressure caused by freeze/thaw cycles,
osmotic pressure caused by differences in purity
between water in the pores and pure water,
thermal shock, and supercooling because of
deicing salts. The article “Environmental Per-
formance of Concrete” discusses the properties
of concrete, their desirable properties, the causes
of concrete degradation, and how these degra-
dation issues can be addressed with old and new
technology.
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Performance of Ceramics in
Severe Environments
Nathan S. Jacobson, Dennis S. Fox, James L. Smialek, Elizabeth J. Opila, and Christopher Dellacorte, NASA Glenn Research Center
Kang N. Lee, Cleveland State University/NASA Glenn Research Center

CERAMICS are generally stable to higher
temperatures than most metals and alloys. Thus,
the development of high-temperature structural
ceramics has been an area of active research for
many years. While the dream of a ceramic heat
engine still faces many challenges, niche mar-
kets are developing for these materials at high
temperatures. In these applications, ceramics are
exposed not only to high temperatures but also to
aggressive gases and deposits. This article
reviews the response of ceramic materials to
these environments in terms of corrosion
mechanisms, the relative importance of a parti-
cular corrodent, and, where available, corrosion
rates. The focus is on structural ceramics and
composites, which are differentiated from
refractories by generally higher densities and
higher load-bearing capabilities as well as by
their application as a structural component in a
larger system.

Most of the corrosion information available
for ceramics concerns silicon carbide (SiC) and
silicon nitride (Si3N4) monolithic ceramics.
These materials form a stable film of silica
(SiO2) in an oxidizing environment. This article
discusses the oxidation of these materials, the
effects of other corrodents such as water vapor
and salt deposit, and the oxidation and corrosion
of other ceramics—precurser-derived ceramics,
ceramic-matrix composites, ceramics that form
oxide scales other than silica, and oxide cera-
mics. Many of the corrosion issues can be miti-
gated with refractory oxide coatings, and the
current status of this active area of research is
given.

Ultimately, the concern of corrosion is loss of
load-bearing capability. The effects of corrosive
environments on the strength of ceramics, both
monolithic and composite, are considered, as is
the high-temperature wear of ceramics, another
important form of degradation at high tempera-
tures.

The durability of ceramics is studied with a
variety of techniques. Isothermal oxidation stu-
dies in air can be carried out in a simple box
furnace. Formation of a protective surface oxide

results in a weight gain, with oxidation kinetics
determined by weight gain as a function of time.
Alternatively, these kinetics can be derived from
oxide thicknesses measured as a function of time
via optical (Ref 1) and electron-optical techni-
ques. Tube furnaces allow the use of controlled
exposure environments. Thermogravimetic
analysis (TGA) permits weight change to be
continuously monitored (Ref 2). Thermal
cycling can be introduced to more accurately
model a real application. High-velocity, hydro-
carbon-fueled burner rigs subject potential
engine materials to an environment that closely
approximates actual operating conditions. After
these exposures, samples are typically analyzed
with a variety of techniques, including optical
microscopy, x-ray diffraction, and scanning
electron microscopy, to determine composition
and morphology of the corrosion products.

High-Temperature Oxidation and
Corrosion of Silica-Forming
Ceramics

High-temperature oxidation is examined
under constant temperature and cyclic condi-
tions. The effects of water vapor, impurities, and
molten salts are discussed.

Isothermal Oxidation. This section reviews
the kinetics of SiO2 formation on silicon, SiC,
and Si3N4 in oxygen:

Si(s)+O2(g)=SiO2(s) (Eq 1)

SiC(s)+3/2O2(g)=SiO2(s)+CO(g) (Eq 2)

Si3N4(s)+3O2(g)=3SiO2(s)+2N2(g) (Eq 3)

Figure 1 illustrates the formation of a protec-
tive oxide scale. The amount of oxide formed can
be described in three ways: the net weight change
of the sample, the thickness of the oxide formed,
and the surface recession of the starting material.
Conversion of these quantities is given in
Table 1, assuming the loss of carbon or nitrogen
from SiC and Si3N4, respectively. Figure 2

illustrates typical parabolic TGA results for
high-purity SiC and Si3N4 at 1300 �C (2370 �F)
in pure oxygen. The raw data for this plot were
taken as weight gain, while the plot is in the form
of scale thickness to provide a comparison
between the two materials. The parabolic oxi-
dation rate constant (kp) is given for each mate-
rial.

A good deal can be learned from the oxidation
of pure silicon to form surface SiO2. This process
has been extensively studied by the semi-
conductor industry (Ref 4) and is relatively well
understood. The oxidation of silicon is briefly
summarized to provide a basis for the discussion
of SiC and Si3N4 oxidation.

Silicon oxidation is described by the reaction
given in Eq 1. Kinetic data can be accurately
described with the linear-parabolic model of
Deal and Grove (Ref 4):

x2+Ax=B(t+t) (Eq 4)

Surface
recession

Before oxidation
SiC, Si3N4

After oxidation
SiC, Si3N4

SiO2

Oxide
thickness

Fig. 1 Schematic of oxidation of a monolithic ceramic
illustrating scale growth and substrate recession

Table 1 Conversion of scale thickness to
weight gain and to recession for silicon, SiC,
and Si3N4

Material(a)

Scale
thickness,

mm
Weight gain,

mg/cm2
Recession,

mm

Si-SiO2 (am) 1 0.1173 0.4406
Si-SiO2 (cr) 1 0.1237 0.4647
SiC-SiO2 (am) 1 0.0733 0.4564
SiC-SiO2 (cr) 1 0.0773 0.4813
Si3N4-SiO2 (am) 1 0.0489 0.4974
Si3N4-SiO2 (cr) 1 0.0516 0.5245

(a) am, amorphous; cr, cristobalite
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where x is the thickness of the oxide, t is the
exposure time, t is a shift in time to correct for
the initial oxide layer, and A and B are constants
related to the linear and parabolic rate constants.
At short times, Eq 4 reduces to:

x ffi B

A
(t+t) (Eq 5)

Thus, the quantity B/A is the linear rate constant,
which is also designated as kL. It is generally
agreed that in the early stages of oxidation, the
rate-controlling step is the chemical reaction
given in Eq 1. The linear rate constant can be fit
to a standard Arrhenius expression:

B

A
= B

A

� �

0
exp

QL

RT

� �

(Eq 6)

where (B/A)0 is the pre-exponential factor, QL is
the activation energy for the linear rate constant,
R is the gas constant, and T is the absolute tem-
perature. Table 2 lists a fit for some measured
silicon linear rate constants. At longer times, Eq
4 simplifies to:

x2ffiBt (Eq 7)

where the quantity B is the parabolic rate con-
stant, which is also designated as kp. In this case,

the rate-controlling step is diffusion through the
oxide scale. Similarly, the parabolic rate constant
can be expressed with an Arrhenius rate
expression:

B=B0 exp
QP

RT

� �

(Eq 8)

where B0 is the pre-exponential factor, and QP is
the activation energy for the parabolic rate con-
stant. These are given in Table 2.

Silica exists in crystalline as well as amor-
phous forms. Consider first the amorphous form
that grows on silicon in pure oxygen at tem-
peratures less than 1200 �C (2200 �F). The net-
work of silicon and oxygen atoms is sufficiently
open so that there are channels for diatomic
oxygen to permeate the silica. Based on this
concept, Deal and Grove (Ref 4) derived the
following expression for the parabolic rate con-
stant:

B=
2DeffC

*

N1

(Eq 9)

where Deff is the effective diffusion coefficient
for permeation, C* is the equilibrium con-
centration of oxidant in the oxide, and N1 is the
number of oxidant molecules incorporated into a
unit volume of the oxide layer. Using the per-

meation rates of diatomic oxygen through
amorphous silica, measured by Norton (Ref 6),
Deal and Grove were able to derive the oxidation
rates of silicon. These calculated rates show good
agreement with measured parabolic rates.

Figure 3 is a standard Arrhenius plot of silicon
oxidation compared to the oxidation rates for
alloys that form other common protective oxi-
des—alumina (Al2O3) (Ref 7) and chromia
(Cr2O3) (Ref 8). This illustrates the unique
properties of the silica scale. Note that the rates
of silica formation are very low. More impor-
tantly, the activation energy for silica growth is
low, because permeation of oxygen through the
silica network does not involve bond breaking, as
a lattice diffusion process would. Thus, the data
indicate that SiO2 is one of the best protective
oxides in a pure oxygen environment.

Oxidation of SiC also follows linear-parabolic
kinetics. The linear rate constant has been mea-
sured by only a few investigators and is listed in
Arrhenius form in Table 2. Linear regimes are
observable only at temperatures less than
approximately 1200 �C (2200 �F). Oxidation
occurs via the following reactions:

SiC(s)+3/2O2(g)=SiO2(s)+CO(g) (Eq 10a)

SiC(s)+2O2(g)=SiO2(s)+CO2(g) (Eq 10b)

Motzfeld (Ref 9) was the first to point out that
the oxidation rates of SiC should be 1.5 to 2 times
slower than the oxidation rates of silicon, due to
the additional oxygen needed to oxidize the
carbon, as shown in Eq 10(a) and (b), respec-
tively. This has been verified experimentally
(Ref 1, 9). Further, as indicated in Table 2, the
activation energy for the parabolic rate constants
of silicon and SiC are similar, suggesting a per-
meation mechanism for diffusion control
through the SiO2 scale.

One important observation with SiC is the
oxidation rate dependence on crystallographic
orientation (Ref 1). The reasons for this are
controversial. Harris (Ref 10) suggested this
occurs only during the linear oxidation period
and is due to different chemical reaction rates.
Costello and Tressler (Ref 11) and Zheng et al.
(Ref 12) observed this during the parabolic
regime. Ramberg et al. (Ref 1) saw evidence of a
silicon oxycarbide subscale, which may influ-
ence the diffusion rate, although its existence has
not been clearly established.

At short times and at temperatures below
~1200 �C (2200 �F), the thermally grown SiO2

film is amorphous. A number of factors lead to
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Fig. 2 Oxidation kinetics for chemical vapor deposited (CVD) SiC and CVD Si3N4 at 1300 �C (2370 �F) in oxygen.
These data were taken with thermogravimetric analysis technique and converted to oxide thicknesses.

kp designates the parabolic rate constant. Source: Ref 3

Table 2 Linear and parabolic oxidation rate constants for silicon, SiC, and Si3N4 in dry oxygen

Compound Linear oxidation rate (B/A)(a), mm/h Temperature, K Reference Parabolic oxidation rate (B)(a), mm2/h Temperature, K Reference

Silicon 8.713 · 106 exp (�195,800/RT) 973–1473 4 1296.05 exp(�124,000/RT) 1073–1473 4
Single-crystal SiC—fast 1.09 · 105 exp (�159,000/RT) 1073–1373 1 864 exp(�99,300/RT) 1073–1373 1
Single-crystal SiC—slow . . . . . . . . . 8.94 · 107 exp(�292,000/RT) 1073–1373 1
CVD polycrystalline SiC(b) . . . . . . . . . 285 exp(�117,800/RT) 1473–1773 3
CVD polycrystalline Si3N4(b) . . . . . . . . . 5.363 · 109 exp(�363,900/RT) 1473–1773 3
SN282 Si3N4 . . . . . . . . . 2.16 · 105 exp(�204,600/RT) 1473–1673 16
AS 800 Si3N4 . . . . . . . . . 3560 exp(�131,900/RT) 1473–1673 16

(a) The gas constant R=8.314 J/mol . K. T is the temperature in K. The given temperature is the applicable range. (b) CVD, chemical vapor deposited
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crystallization of SiO2, including longer expo-
sure times, higher exposure temperatures, and
impurities. A key question becomes the effect of
crystallinity on oxidation rates. Ogbuji (Ref 13)
has performed oxidation experiments of SiC at
1300 �C (2370 �F) with an in situ, long-term
anneal to transform the scale from amorphous to
crystalline. Oxidation rates decrease by a factor
of ~30· upon crystallization. Further, even
though crystalline scale occupies a portion of the
total scale, new amorphous scale is continually
growing. Thus, crystallization decreases oxida-
tion rates but only by a small amount. This
contrasts with Al2O3 scales where crystallization
from the h phase to the a phase leads to a two
order of magnitude decrease in oxidation rates
(Ref 14).

The discussion thus far has been based on test
results of coupons and plates of silicon and SiC.
Generally, the oxidation rates of powders scale
accordingly with surface area (Ref 15). How-
ever, nanoparticles of silicon (20 to 500 nm)
have been shown to oxidize more slowly than
expected (Ref 5). The observed rates do not fit
the classical models (Ref 4), and the reasons for
the slower oxidation rates remain an interesting
question.

Table 2 also lists oxidation rates for chemical
vapor deposited (CVD) and additive-containing
Si3N4 (Ref 3, 16). It is instructive to first examine
high-purity Si3N4 and compare its rate to that of
silicon and SiC. The oxidation rate of Si3N4 is
slower than that of SiC (Fig. 2) and has a dif-
ferent activation energy than that of silicon and
SiC. This suggests that a different oxidation
process occurs, although the exact mechanism
has been an area of some controversy. High-
purity Si3N4 forms an intermediate silicon oxy-
nitride layer of composition Si2N2O. The role of
this intermediate is still unclear. Some investi-
gators (Ref 17) believe it acts as a diffusion
barrier, leading to the slower reaction rates; other
investigators (Ref 18) believe it contributes to
mixed diffusion/chemical reaction control of the
oxidation process. Ogbuji and Jayne (Ref 19)

show evidence that the silicon oxynitride, written
as SiN2�xO2+x, is actually a graded composi-
tion from Si3N4 to SiO2. They propose that oxi-
dation occurs in this material as a progressive
oxygen-for-nitrogen substitution.

Most commercial forms of Si3N4 contain
additives, typically refractory oxides, to promote
densification. It has been shown that the effects
of these impurities dominate oxidation (Ref 20–
22). In these cases, movement of the additive
cation (e.g., Mg2+ or Y3+) outward into the
growing oxide film is the rate-controlling step for
oxidation. Typically, these materials oxidize
faster than high-purity Si3N4, as shown in
Table 2. Many commercial forms of SiC also
contain additives. In general, boron and carbon
additives in SiC lead to materials with oxidation
rates comparable to those of high-purity SiC
(Ref 11); however, refractory oxide additives
lead to materials with more rapid oxidation rates
(Ref 23).

Cyclic Oxidation. The discussion thus far
has dealt with isothermal oxidation. However,
many applications involve thermal cycling. This
leads to stress from the thermal expansion mis-
match between the substrate and the growing
oxide scale. Figure 4 is a plot of the thermal
expansion of crystalline SiO2 (cristobalite), SiC,
Si3N4, and amorphous SiO2 (Ref 24). As noted,
for most practical applications, the scale will
contain at least some amount of crystalline SiO2.
Assuming a stress-free scale at temperature, the
larger thermal expansion of the crystalline SiO2

means that on cooling, the scale on a SiC or
Si3N4 substrate will be in tension. This leads to
cracks on cooling, but these cracks heal in the
next temperature increase. This behavior is in
contrast to superalloys where the oxide is in
compression on cooling, leading to oxide buck-
ling and spallation. Thus, cyclic oxidation
behavior of SiC and Si3N4 tends to be good, as
illustrated in Fig. 5 (Ref 25, 26).

Corrosion of Silica-Forming Ceramics by
Water Vapor. Many high-temperature envir-
onments contain water vapor. In general, com-

bustion of hydrocarbon fuels in air leads to an
environment with ~10% water vapor (Ref 24). At
1 bar total pressure, this is ~0.1 bar water vapor,
and it scales accordingly to higher total pres-
sures. The effects of water vapor on silica-
forming ceramics must be understood to use
these materials in such environments.

The fundamental studies of pure silicon are
again helpful to understand the effect of water
vapor on SiC and Si3N4 oxidation. Deal and
Grove (Ref 4) have shown that silicon oxidizes
more rapidly in water vapor. The diffusivity of
water vapor in silica is less than the diffusivity of
oxygen in silica; however, the solubility of water
vapor in silica is considerably higher than that of
oxygen. According to Eq 9, this leads to a net
increase in oxidation rate. A similar effect is
observed for SiC oxidation (Ref 27).

A second important effect of water vapor is
that it can transport impurities from the envir-
onment to the sample (Ref 27). As is discussed
subsequently, the oxidation of silica-forming
ceramics is quite susceptible to secondary ele-
ments. Thus, the study of water vapor effects
requires a clean furnace, for example, a silica
furnace tube and preheating of any alumina parts
to remove sodium impurities.

Perhaps the most important effect of water
vapor at high temperatures is the formation of
volatile species from the thermally grown SiO2

scale (Ref 28, 29):

SiO2(s)+H2O(g)=SiO(OH)2(g) (Eq 11)

SiO2(s)+2H2O(g)=Si(OH)4(g) (Eq 12)

Thus, as the scale grows, it is also volatilized
by the water vapor in the gas stream. This leads to
paralinear kinetics where the scale grows
according to a parabolic rate law, and the scale
volatilizes according to a linear rate. The para-
bolic rate constant, kp, has been discussed in an
earlier section. In a flowing gas, volatilization is
limited by the boundary layer. The rate of scale
removal is linear with time according to the
following expression for laminar flow over a flat
plate (Ref 30):

kL=0:664 (Re)0:5(Sc)0:33 Drv

L
(Eq 13)

Cristobalite

Amorphous silica

0
–0.2

0.0

0.2

0.4

T
he

rm
al

 e
xp

an
si

on
, �

 /

0.6

0.8

1.0

1.2

1.4

1.6

400 800

Temperature, K

1200 1600 2000

�-SiC

�-Si3N4

Fig. 4 Coefficient of thermal expansion for cristobalite
and amorphous SiO2, SiC, and Si3N4. Adapted

from Ref 24

Cr2O3 on Cr PO2
 = 0.10 atm

Al2O3 on
Ni-25AI PO2

 = 0.10 atm

SiO2 on Si PO2
 = 1 atm

10,000/T, K–1

103

102

10

k p
, �

m
2 /

h

1

10–1

10–2

10–3

5 6 7 8 9

Fig. 3 Arrhenius plot showing comparison of silica growth rate on silicon (Ref 4) to those of growth rate of Cr2O3 on
chromium (Ref 8) and Al2O3 on nickel-aluminum (Ref 7)

Performance of Ceramics in Severe Environments / 567

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



where kL is the linear rate constant, Re is the
Reynolds number, Sc is the Schmidt number, D
is the interdiffusion coefficient of the volatile
specie [primarily Si(OH)4(g)] in the boundary
layer, rv is the density of the volatile specie in the
boundary layer, and L is a characteristic dimen-
sion of the specimen.

Combined parabolic growth kinetics and lin-
ear volatilization kinetics lead to:

dx

dt
=

kp

x
7kL (Eq 14)

where x is the scale thickness, and t is time.
Figure 6 illustrates this behavior via TGA mea-
surements in a 50% O2/50% H2O environment
(Ref 26) at 1200 �C (2200 �F). The SiO2 speci-

men shows a linear weight loss. Both the SiC and
Si3N4 initially show a weight gain, followed by a
weight loss at a rate similar to that of the SiO2

specimen. Note the initial weight gain of SiC is
greater than that of Si3N4 due to the faster oxi-
dation rate of SiC. It is important to note that over
long times, both substrates will exhibit greater
recession as a result of this oxidation/volatiliza-
tion process, relative to parabolic oxidation
alone.

The previous description of scale volatility
can be extended to a hydrocarbon fuel burner
(Ref 31–33). Figure 7 illustrates some kinetic
results for SiC under these conditions. These
weight losses are primarily due to the volatility
of the SiO2 film according to Eq 12. From Eq 13,

the key dependences on velocity, temperature,
and pressure can be extracted:

kL /
v0:5

P0:5
total

PSi(OH)4 / v0:5P1:5
total (Eq 15)

where v is the gas velocity, Ptotal is the total
pressure, and PSi(OH)4 is the partial pressure of
Si(OH)4(g). According to Eq 12, PSi(OH)4 is
proportional to the square of water vapor pres-
sure, which is proportional to the total pressure
for hydrocarbon fuel burners. This fact leads to
the simplified expression on the right side of Eq
15. The linear rate constant would be expected to
have an exponential dependency on temperature
as the vapor pressure, PSi(OH)4 , varies exponen-
tially with temperature.

SiC kP = 2.7 × 10–3 mg2/cm4 h

kL = 5.3 × 10–3 mg/cm2 h

kP = 9.5 × 10–4 mg2/cm4 h
kL = 5.2 × 10–3 mg/cm2 h

kL = 2.2 × 10–3 mg/cm2 h
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The normalized Arrhenius representation of
kL in Fig. 8 (Ref 31) was obtained from multiple
linear regression over a range of pressure, gas
velocity, and temperature test conditions, yield-
ing an empirical weight-loss equation in a form
similar to Eq 15:

kL=2:06 exp
7108 kJ=mol

RT

� �

P1:5
totalv

0:5

(Eq 16)

where kL is in mg/cm2 . h, R is the gas constant
8.314 J/mol . K, T is temperature in degrees K, P
is pressure in atmospheres, and v is velocity in
meters per second.

Equivalent relationships were measured for
recession of SiC in micrometers per hour,
represented by multiplying Eq 16 by 2.9.
Recession rates for three types of SiC composites
were found to be equivalent to CVD SiC or
sintered SiC (Ref 34). The volatility rates
determined for CVD and sintered Si3N4 were
both found to be 1.8 times those of SiC, with no
apparent effect of additives or the oxynitride
interface layer (Ref 35).

Equation 16 must be modified to include
slightly different water vapor contents in actual
turbine engines (changes in fuel-to-air ratio and/
or water injection). By normalizing to the cal-
culated equilibrium water content in the burner
rig (0.10 to 0.12 atm), Eq 16 can be rewritten in
general form as:

kL=177 exp
7108 kJ=mol

RT

� �

P2
H2Ov0:5

P0:5
total

(Eq 17)

Active Oxidation. In addition to condensed-
phase SiO2, silicon-base ceramics also form
a stable volatile suboxide, SiO(g). In a flow-
ing gas stream at low oxygen partial pressures,
formation of SiO(g)—known as active
oxidation—can be a rapid mode of degradation
(Ref 36, 37):

Si(s)+1/2O2(g)=SiO(g) (Eq 18)

SiC(s)+O2(g)=SiO(g)+CO(g) (Eq 19)

Si3N4(s)+3/2O2(g)=3SiO(g)+2N2(g) (Eq 20)

It is essential to delineate the conditions
when SiO2 formation (passive oxidation) no
longer occurs and a transition to SiO(g) forma-
tion (active oxidation) occurs. There are many
studies of these transitions in the literature.

It is again useful to begin with an under-
standing of the active/passive transition for sili-
con, as discussed by Wagner (Ref 36). An
important point is the difference between the
active-to-passive and passive-to-active transi-
tions, with the former generally several orders of
magnitude of pressure greater than the latter. As
oxidant pressure is gradually raised, silicon first
oxidizes to SiO(g) and eventually undergoes an
active-to-passive transition when SiO2(s) forms.
Wagner derives this based on the condition that
there be sufficient oxygen to form the SiO(g)

required by the equilibrium between silicon and
SiO2:

1/2Si(s)+1/2SiO2(s)=SiO(g) (Eq 21)

Wagner assumes that the flux of oxygen
approaching the bare silicon surface is boundary-
layer limited and develops expressions for the
partial pressure of oxygen for active-to-passive
transition, Pt

O2
, based on this.

On the other hand, the passive-to-active tran-
sition occurs as pressure is gradually decreased
to the point where SiO2(s) decomposes:

SiO2(s)=SiO(g)+1/2O2(g) (Eq 22)

Thus, a transition oxygen pressure can be cal-
culated from the aforementioned equation.

This general approach has been extended to
SiC and Si3N4 by a number of investigators
(Ref 26, 37–45). Conditions for scale/substrate
equilibrium analogous to Eq 21 can be written as:

SiC(s)+2SiO2(s)=3SiO(g)+CO(g) (Eq 23)

Si3N4(s)+3SiO2(s)=6SiO(g)+2N2(g)

(Eq 24)

Figure 9 illustrates the transitions for SiC with
the two boundaries indicated (defined by Eq 22
and 23 given previously) listed and experimental
data presented from selected studies wherein
active oxidation occurs. There is a good deal of
research in this interesting phenomenon, and
many theories exist on the details of the transi-
tions. However, the important issue is that at low
oxidant pressures, SiC and Si3N4 are not stable

and can rapidly degrade due to volatile SiO(g)
formation.

Related to active oxidation is the actual reac-
tion of the SiO2 scale and SiC or Si3N4 substrate
at very high temperatures, according to Eq 23
and 24 (Ref 46). This is near the melting point of
the SiO2 scale (1996 K), which is well above the
useful application temperature of these ceramics.
These reactions lead to extensive gas generation
and scale bubbling and could lift the oxide scale.

Effects of Low-Level Impurities. In various
applications, low levels of metallic impurities
are very common. These can induce crystal-
lization of amorphous silica. In addition, alkali
cations necessarily provide additional oxygen
anions and act as network modifiers, creating
nonbridging oxygen anions that open up the
structure of the silica network. This translates to
higher oxygen permeation rates. Small amounts
of sodium cations will increase oxidation rates
by an order of magnitude (Ref 47–49).

Recent studies (Ref 50, 51) indicate that
optimized levels of implanted aluminum can
counter this effect of sodium by bridging the
oxygen anions. This leads to lower oxidation
rates and more uniform SiO2 scale morpholo-
gies. In addition, aluminum implanted ions can
decrease the oxidation rates of additive-con-
taining Si3N4 (Ref 51). As discussed previously,
outward diffusion of the additive cations, such as
Mg2+, is rate controlling. It appears that alumi-
num retards this outward diffusion at tempera-
tures of 1000 �C (1830 �F) or less. However, at
higher temperatures, the effect is limited due to
the appearance of liquidlike phases.
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Molten Salt Corrosion. In many practical
situations, such as heat engines and heat
exchangers, condensed phase deposits will form.
The most important type of deposit is sodium
sulfate (Na2SO4), which forms from the combi-
nation of sodium impurities in the air or fuel with
sulfur impurities in the fuel (Ref 52):

 2NaCl(g)+SO2(g)+0:5O2(g)

 +H2O(g)=Na2SO4(l)+2HCl(g)
(Eq 25)

This type of deposit-induced corrosion is
termed hot corrosion, and there is a large amount
of literature on the hot corrosion of metals
(Ref 53, 54). In addition to Na2SO4-induced
hot corrosion, other deposits, such as calcium
sulfate, sodium vanadate, and oxide slags, can
induce corrosion (Ref 26). The focus here is on
Na2SO4-induced corrosion; however, the basic
principles discussed carry through to other sys-
tems.

Hot corrosion attack occurs in two steps: (1)
deposition and (2) corrosive attack. Generally,
Na2SO4 is most corrosive above its melting
point, 1157 K (1623 �F), but below the dew-
point. The dewpoint is related to sulfur and
sodium contents together with the total pressure.
Dewpoints can be calculated using a free-energy
minimization code (Ref 55) and are shown in
Fig. 10 (Ref 24, 56). In general, the range of
Na2SO4 attack is narrow, typically only 100 K
(180 �F), with higher pressures increasing the
dewpoint and temperature range, but it can be
quite severe when it does occur.

A laboratory simulation of deposition and
corrosive attack is challenging, and various
methods have been used. Important issues
include continuous deposition as well as tem-
perature, pressure, and velocity effects. The
closest simulation to a heat engine is a fuel bur-
ner seeded with salt to form Na2SO4 (Ref 57).
However, such tests are expensive, and it is dif-
ficult to control all parameters. The most com-
mon laboratory test is airbrushing an aqueous
Na2SO4 solution on the sample and allowing the
water to evaporate and leave a thin film of
Na2SO4. The sample is exposed in a furnace,
ideally with a set pressure of SO3 (or SO2/O2)
to establish a fixed activity of Na2O (Ref 58).
Such a test is easily conducted and allows
accurate control of parameters, but a one-time
deposition of Na2SO4 may not be an adequate

simulation of an actual heat engine situation.
Other laboratory tests involve a two-zone fur-
nace, where a container of salt is heated in one
zone and the sample is placed in a downstream
zone (Ref 59). Such tests are more complex but
create a more realistic continuous deposition
situation.

Hot corrosion is generally described both by a
sulfidation and/or an oxide fluxing mechanism
(Ref 54). Condensed-phase silicon sulfide is not
a thermodynamically stable compound, so the
sulfidation mechanism is not applicable to sili-
con-base ceramics. However, the process is
described very well by an oxide fluxing
mechanism. The reactive component of Na2SO4

is Na2O, formed by:

Na2SO4(l)=Na2O(s)+SO3(g) (Eq 26)

Consider the acid/base properties of oxides
(Ref 60). A low thermodynamic activity of Na2O
[a(Na2O)], set by a high partial pressure of SO3

[P(SO3)], is termed an acidic molten salt. A high
thermodynamic activity of Na2O, set by a low
P(SO3), is termed a basic molten salt. Given a
P(SO3), the thermodynamic activity of Na2O fol-
lows from the free energy for Eq 26 (Ref 61).

DG=526,5007118T=7RT ln Kp

=7RT ln a(Na2O)P(SO3)

(Eq 27)

where Kp is the equilibrium constant.
SiO2 is a strongly acidic oxide (Ref 60), and it

reacts readily with basic Na2O:

2SiO2(s)+Na2O(s)=Na2O � 2(SiO2)(l)

(Eq 28)

Figure 11 is a calculated phase diagram for the
Na2O-SiO2 system and indicates the various
sodium silicates formed at a particular tempera-
ture and activity of Na2O, using the free-energy
minimization code and databases described in
Ref 61. Consider the bold line between the most
silica-rich sodium silicates and silica. This
boundary provides a convenient method to pre-
dict dissolution of silica. If the P(SO3) over the

Na2SO4 deposit leads to a(Na2O) greater than that
given by the boundary in the figure, then dis-
solution will occur. This method has been used in
a model situation in a burner to predict the
behavior of quartz and fuels with different sulfur
levels. The higher-sulfur fuel (diesel) led to a low
a(Na2O) and hence limited attack, whereas, the
lower-sulfur fuel (such as jet A) led to a higher
a(Na2O) and hence dissolution (Ref 56). While the
use of higher-sulfur fuels is not a practical way to
control corrosion, it does confirm and illustrate
the mechanism described by Eq 26 and 28.

The concept of acid/base reactions with oxides
is central to understanding hot corrosion of
ceramics. It has been shown that free carbon will
drive sodium sulfate more basic, by creating a
larger concentration and therefore larger activity
of Na2O (Ref 56). This is important because
many ceramics contain carbon. In general, SiC
tends to corrode more readily than Si3N4 in
Na2SO4, primarily because the carbon drives the
Na2SO4 more basic.

Equation 28 indicates the conversion of a
solid, protective SiO2 film to a liquid sodium
silicate. Transport rates of oxygen through the
liquid sodium silicate are much faster than
transport of oxygen through solid SiO2, so the
underlying SiC or Si3N4 oxidizes readily, creat-
ing more SiO2 for dissolution. Hot corrosion is
best described by coupling of Eq 2 or 3 with Eq
28. With a one-time deposition of a basic Na2O-
containing deposit, it has been shown that these
reactions continue until the liquidus boundary of
Na2O . x(SiO2)(l)/SiO2(s) is reached (Ref 62).
After the corrosion products are enriched in SiO2

to reach this boundary (Fig. 11), the reaction
slows. The resultant Na2O . x(SiO2)/SiO2/SiC
structure is shown in Fig. 12. However, in a
continuous deposition situation, there is no limit
on the coupled oxidation/dissolution reactions.
This leads to very thick scales and substantial
consumption of the ceramic. Figure 13 is a
macro-view of two coupons of SiC—one oxi-
dized in a burner with no added salt and one
oxidized with 2 ppm sodium. Note the very thick
sodium silicate layer on the second coupon.
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As Figure 13 suggests, the kinetics of this
process are rapid due to the presence of a liquid
film. The thick film suggests rates of consump-
tion several orders of magnitude greater than
pure oxidation. Sun et al. (Ref 59) have per-
formed controlled experiments on the corrosion
of Si3N4, using NaNO3 as a source of Na2O.
They found linear reaction rates, indicating that
diffusion is so rapid that the interface oxidation
reaction controls the rate.

Other deposits result in similar behavior. The
major issue is that basic salt or slag deposits
dissolve SiO2 and lead to consumption of SiC
and Si3N4. This has been observed with basic
oxide slags from coal (Ref 63). In these low-
oxygen situations, localized metal silicides also
form from reaction of the silicon component with
iron and nickel.

Oxidation of Precursor-Derived
Ceramics, Composites, and Non-
Silica-Forming Ceramics

Silicon carbonitrides are a new class of
amorphous ceramic materials derived from
polymer precursors. With the addition of boron,
glass transition temperatures are as high as
1800 �C (3300 �F) (Ref 64). Initial oxidation
kinetic studies of these materials by weight-

change methods alone suggested extremely low
oxidation rates (Ref 65). However, it is important
to recognize that weight gains alone do not
indicate oxidation behavior, because concurrent
volatilization of boron, carbon, and nitrogen
constituents would reduce the measured weight
gains (Ref 66, 67). Also, in their present state,
these materials are porous, so the effects of
internal oxidation must be understood (Ref 64).
Finally, inhomogenieties lead to nonuniform
oxidation behavior. Nontheless, there are meth-
odical studies (Ref 66) of these materials that
separate the various contributions to observed
weight losses. These indicate that the oxidation
rates are comparable to those of high-purity SiC
and Si3N4. As processing of these materials
improves, more systematic studies of this inter-
esting class of materials should be possible.

Oxidation of Silica-Forming Composi-
tes. The monolithic ceramics discussed thus far
are generally low-toughness materials; that is,
they show limited resistance to failure from a
pre-existing crack. A variety of composite
materials based on silica-forming ceramics have
been developed with the goal of increasing
toughness (Ref 68, 69). These include various
types of fiber or particulate reinforcements,
although the largest increase in toughness is
attained with continuous fiber reinforcements.
The matrix may be SiC or Si3N4; the fibers are
typically high-strength SiC or carbon. The fibers

deflect matrix cracks, which increases tough-
ness. However, the fibers must not bond with the
matrix. Carbon fibers do not bond with a SiC
matrix, while SiC fibers are typically coated with
either graphitic carbon or boron nitride (BN) to
prevent bonding. Thus, the system contains both
slowly oxidizing phases (SiC, Si3N4) and rapidly
oxidizing phases (carbon or BN). Understanding
the oxidation behavior of these complex systems
is essential to their application.

Consider first the situation of carbon-fiber-
reinforced SiC. Several investigators (Ref 70,
71) have shown that at low temperatures
(5800 �C, or 1500 �F), oxidation is controlled
by the chemical reaction rate of oxygen with
carbon. At intermediate temperatures (800 to
1100 �C, or 1500 to 2000 �F), diffusion through
cracks becomes rate controlling. At the highest
temperatures (41100 �C, or 2000 �F), the matrix
is sealed due to SiO2 formation. Reaction control
leads to more uniform attack of the carbon fibers
throughout the material, whereas diffusion con-
trol leads to localized attack of the carbon fibers
near the composite surface.

Fig. 12 Polished cross section showing microstructure for sintered SiC (boron, carbon additives) plus one-time
deposition of Na2CO3 as a source of Na2O after 48 h at 1000 �C (1830 �F) in 0.1% CO2/O2. The elemental

maps indicate a layered Na2O . x(SiO2)/SiO2/SiC structure. Source: Ref 24

Fig. 13 Optical micrographs of sintered SiC (boron,
carbon additives) after exposure in a jet fuel

burner rig at 1273 K. (a) 46 h with no sodium. (b) 13.5 h
with a sodium-chloride-seeded flame. Source: Ref 24

1400 °C
1200 °C

400 °C

1000 °C

600 °C 800 °C

1007550250

1400 °C

0 1.0
0.5

–1.6

–1.2

W
ei

gh
t c

ha
ng

e,
 %

–0.8

–0.4

0

4

8

12

Exposure time, h

1200 °C

Fig. 14 Thermogravimetric oxidation curves for a
SiC fiber/Si3N4 matrix composite in flowing

oxygen. Note the weight losses at the lower temperatures
and protective behavior at the higher temperatures.
Source: Ref 72

Performance of Ceramics in Severe Environments / 571

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Figure 14 illustrates weight-loss curves for a
composite of carbon-coated SiC fibers in a Si3N4

matrix (Ref 72). Note that at 1400 and 1200 �C,
(2600 and 2200 �F), oxidative attack of the car-
bon coating is rapid, yet the composite rapidly
seals due to SiO2 formation. At 1000 �C
(1830 �F), oxidative attack is less rapid, and at
600 and 800 �C (1100 and 1500 �F), the com-
posite does not appear to seal. Filipuzzi et al.
have modeled oxidation of carbon-coated SiC
fibers in a SiC matrix (Ref 73, 74). They devel-
oped an analytical model for diffusion of oxygen
into the pore between the matrix and fiber, cre-
ated as the carbon-fiber coating oxidizes. They
included the growth of silica on the matrix and
fiber, which eventually seals the pore. Their
analysis indicates that thinner fiber coatings give
better performance.

In theory, BN fiber coatings should be an
improvement over carbon coatings, because the
oxidation product of BN is not volatile:

2BN(s)+1:5O2(g)=B2O3(l)+N2(g)

(Eq 29)

However, the problem here is the liquid B2O3

product. The B2O3(l) can further react with SiO2

to form low-melting silicates, or it can react with
water vapor to form highly stable volatile boron
hydroxides (Ref 75). This is illustrated in Fig. 15,
which shows liquid borosilicate products formed
in dry oxygen, and the absence of BN coating due
to oxidation/volatilization in humid air.

The high toughness of these ceramic-matrix
composites (CMCs) makes them one of the
most promising high-temperature materials.
However, understanding and mitigating their
oxidation properties remains a critical issue.

Oxidation and Corrosion of Non-Silica-
Forming Nitrides, Carbides, and Borides. In
dry oxygen, aluminum nitride (AlN) oxidizes at
rates comparable to nickel-aluminum alloys (Ref
76). However, even small amounts of water
vapor lead to rapid oxidation due to the forma-
tion of 20 to 100 nm micropores in the alumina
scale. This issue has limited the application of
AlN ceramics.

As noted, BN is a potential fiber coating in
CMCs. It has been shown that the oxidation rates
are quite dependent on such factors as porosity,
oxygen content, and crystallinity of the starting
material (Ref 77). The BN oxidizes to B2O3,
which is not a desirable protective oxide, due to
its low melting point and high reactivity with
water vapor.

Transition-metal carbides, nitrides, and bor-
ides have a number of important properties,
including high melting points, hardness, wear
resistance, and high-temperature strength.
However, these form oxides with high-oxygen
diffusivities and short circuit oxygen paths such
as cracks and pores. The range of recession rates
is given in Fig. 16 (Ref 78). More details can be
found in a recent review and the references
contained therein (Ref 26).

Corrosion of Oxide Ceramics

In general, oxides are the most stable cera-
mics. Useful oxide ceramics include silica, alu-
mina (Al2O3), mullite (3Al2O3

. 2SiO2), various
stabilized zirconia (ZrO2) compositions, and
composites with either oxide or nonoxide rein-
forcements in an oxide matrix. Luthra and Park
(Ref 79) have shown that SiC-reinforced Al2O3

oxidizes rapidly at temperatures of 1375 to
1575 �C (2505 to 2865 �F) to form a complex
reaction-product mixture.

The interaction of common oxides with water
vapor has been reviewed (Ref 80) with volatiliza-
tion rates in the following order: SiO24
Al2O34ZrO2. The following thermodynamic
data (Ref 29, 81, 82) can be used to estimate the
vapor pressure of the primary volatile specie:

SiO2(s)+2H2O(g)=Si(OH)4(g)

DG=7RT ln Kp=56,700+66:2T
(Eq 30a)

0:5Al2O3(s)+1:5H2O(g)=Al(OH)3(g)

DG=7RT ln Kp=210,60077:7T

(Eq 30b)

ZrO2(s)+H2O(g)=ZrO(OH)2(g)

DG=7RT ln Kp=434,100787:6T
(Eq 30c)

where DG is the free-energy change, R is the gas
constant, T is the absolute temperature, and Kp is
the equilibrium constant.

The effect of deposits on oxide ceramics has
been reviewed by Pettit et al. (Ref 83). In gen-
eral, the effects are less than those from deposit-
induced corrosion on metals or silica-forming
ceramics. Deposits of Na2SO4 lead to grain-
boundary attack of Al2O3. Stabilized zirconias
are used as coatings for both metals and cera-
mics. An important issue here is the possible
attack of the stabilizing oxide by vanadate
deposits (Ref 84).

Environmental Barrier Coatings

Environmental barrier coatings (EBCs) pro-
tect silica-forming ceramics and composites
from attack by corrosive species in combustion
environments (Ref 85). The key requirements for
a successful EBC (Ref 86) include environ-
mental stability, especially in water vapor;

(a)

(b)

Fig. 15 Micrographs illustrating two types of behavior
observed for oxidation of a SiC fiber/BN

coating/SiC matrix composite. (a) Borosilicate glass for-
mation after 100 h in oxygen at 816 �C (1500 �F). (b)
Volatilization of BN due to reaction with water after oxi-
dation at 500 �C (930 �F) in humid air. Source: Ref 75
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coefficient of thermal expansion (CTE) that
matches the substrate; chemical compatibility
with the substrate; phase stability; and low
thermal conductivity. Table 3 lists the CTE of
SiC, Si3N4, and current EBC materials (Ref 87).
A low thermal conductivity is needed to mini-
mize coating thickness. Table 4 lists the thermal
conductivity of current EBC materials in their
hot-pressed forms. No material has yet been
identified that satisfies all the requirements. As a
result, current EBCs have multi-layers in which
each layer has a specific role.

Processing. Currently, plasma spraying is the
most successful and most widely used process to
apply EBCs (Ref 86–88). The process is rela-
tively cost-effective and can readily deposit both
metals and ceramics with a wide range of com-
positions. Plasma-sprayed coatings typically
exhibit excellent strain tolerance due to layered
microstructures and high porosity. One limita-
tion is the difficulty in applying coatings on
complex structures and on small inner surfaces
due to the line-of-sight nature of this process.
Electron beam physical vapor deposition has
been used with great success for processing
thermal barrier coatings (TBCs) for metallic
components in various heat engines, signifying
its potential for EBC processing. Other coating
processes being explored include chemical vapor
deposition (CVD) (Ref 89, 90), sol-gel, and
slurry coating (Ref 91). The non-line-of-sight
nature of these processes allows the application
of EBCs on complex-shaped components.

Performance of the EBCs by material type is
given in the following sections.

Mullite and Mullite Plus Barium-Strontium-
Aluminosilicate (BSAS). Mullite has a good
CTE match and chemical compatibility with SiC
and Si3N4 ceramics (Ref 85–88) and therefore
constitutes a key component in most current
EBCs. Conventional plasma-sprayed mullite
coatings contain a significant amount of meta-
stable, amorphous phase due to the rapid cooling
of molten mullite during solidification on a cold
substrate (Ref 88). A subsequent exposure of the
mullite coating to a temperature above ~1000 �C
(1830 �F) causes crystallization of the amor-
phous phase. Shrinkage accompanies the crys-
tallization, leading to cracking and delamination
of the mullite coating. A modified plasma spray
process enables the deposition of crystalline
mullite coating, which dramatically improves
its crack resistance and adherence (Ref 88).
A plasma-sprayed mullite coating on SiC
showed improved resistance to Na2SO4-induced
corrosion as compared to uncoated SiC (Ref 92).
A CVD mullite showed similar results (Ref 93).
Further improvement in the crack resistance of
plasma-sprayed mullite coatings is achieved by
adding a second-phase BSAS (Ref 86, 94). The
improved crack resistance of the mullite plus
BSAS composite coating is attributed to the
reduced coating tensile stress from the low-
modulus BSAS phase (Ref 95). Introduction of a
silicon bond coat further enhances the durability
of the mullite coating by improving its adherence
(Ref 86, 94). The relatively high silica activity of
mullite (0.3 to 0.4) causes the selective volatili-
zation of silica and the partial recession of mul-
lite in high-velocity combustion environments
(Ref 96).

Mullite/Yttria-Stabilized Zirconia (YSZ). A
water-vapor-resistant overlay coating is applied
over the mullite coating, where the overlay
coating provides water vapor stability while the
mullite coating provides the adherence. YSZ is
a logical candidate for a topcoat because it has
been successfully used as a TBC for metallic
components in gas turbine engines, indicating its
water vapor stability. Figure 17 compares the
weight change of SiC, plasma-sprayed mullite-
coated SiC, and plasma-sprayed mullite/YSZ-
coated SiC in a high-pressure burner rig
(1230 �C, or 2250 �F; 6 atm; gas velocity 24 m/
s, or 79 ft/s) (Ref 96). Note the absence of weight

loss in the mullite/YSZ-coated SiC, indicating
the water vapor stability of YSZ in a high-velo-
city combustion environment. However, there
are critical disadvantages of YSZ, including a
high CTE and sintering. The stress due to the
CTE mismatch and sintering causes severe
cracking, which provides an easy path for water
vapor penetration, resulting in rapid oxidation
and premature coating delamination (Ref 95).

Mullite/BSAS and Mullite Plus BSAS/BSAS.
The BSAS has a low silica activity, a low
CTE, and a low modulus (~100 GPa, or 14.5 ·
106 psi)—key attributes for a successful EBC.
The low silica activity leads to stability in water
vapor, while the low CTE and low modulus lead
to a low EBC stress. These EBCs exhibit dra-
matically improved durability compared to the
mullite/YSZ environmental barrier coating.
Figure 18 shows a cross section of plasma-
sprayed silicon/mullite plus 20 wt% BSAS/
BSAS on a SiC/SiC composite after 1000 h at
1316 �C (2401 �F) (1 h cycles) in 90% H2O-bal
O2 furnace testing (Ref 87). The EBC maintained
excellent adherence and crack resistance. Pock-
ets of glass developed within the BSAS topcoat.
These EBCs were applied on SiC/SiC composite
combustor liners for Solar Turbine Centaur 50S
gas turbine engines under the Department of
Energy Ceramic Stationary Gas Turbines Pro-
gram (Ref 97, 98). One engine used by Texaco in
Bakersfield, CA, successfully completed a
14,000 h field test (~1250 �C, or 2280 �F,
maximum combustor liner temperature).

However, BSAS still tends to volatilize at high
velocities and high temperatures. The EBC on
Solar Turbine engines suffered significant BSAS
recession in some areas after the 14,000 h test
(Ref 98). Another key issue is the chemical
reaction between BSAS and the silica thermally
grown on the silicon bond coat. The BSAS-silica
reaction produces a low-melting (~1300 �C, or
2370 �F) glass, causing EBC degradation and
premature failure at temperatures above
~1300 �C (2370 �F) (Ref 94). Therefore, it is
desirable to avoid the BSAS second phase in the
mullite layer for long-term exposures at high
temperatures (41300 to 1350 �C, or 2370 to
2460 �F).

Mullite/RE2SiO5 and Mullite Plus BSAS/Rare
Earth Monosilicate (RE2SiO5). Some rare earth
(RE) silicates are excellent EBC topcoat mate-
rials due to their low CTE, phase stability, and
low silica activity. Volatility data (Ref 87, 99)
indicate that rare earth monosilicates (RE2SiO5)
are significantly less volatile than BSAS in water
vapor, by at least an order of magnitude, while
the volatility of rare earth disilicates (RE2Si2O7)
is similar to that of BSAS. Figure 19 shows a
cross section of plasma-sprayed silicon/mullite/
Yb2SiO5 on a SiC/SiC composite (1000 h) at
1380 �C (2515 �F) (1 h cycles) in 90% H2O-bal
O2. The EBC maintained crack resistance and
superb adherence to this substrate, as well as to
Si3N4.

BSAS. As indicated earlier, BSAS is reactive
with the silica thermally grown on SiC or Si3N4,
forming a low-melting eutectic (melting point

Table 3 Coefficient of thermal expansion
(CTE) of silicon-base ceramics and
environmental barrier coating materials

Material CTE, 10�6/�C

SiC 4.5–5.5
Si3N4 3–4
Si 3.5–4.5
Mullite(a) 5–6
BSAS(b) 4–5
Y2SiO5 5–6
Sc2SiO5 5–6
Er2SiO5 5–7
Yb2SiO5 3.5–4.5

(a) 3Al2O3-2SiO2. (b) BSAS, barium-strontium-aluminosilicate. (1-x)
BaO-xSrO-Al2O3-2SiO2, for 0 j ·j1

Table 4 Thermal conductivity of hot-
pressed environmental barrier coating
materials
At 200 to 1400 �C (400 to 2600 �F), determined by a
high-heat-flux laser rig

Material Thermal conductivity, W/m . K

YSZ(a) 2.2–2.9
Mullite 2.2–2.8
BSAS(b) 2.5–3.0
Mullite+BSAS 2.0–2.3
Y2SiO5 1.6–1.9
Sc2SiO5 2.3–3.5
Yb2SiO5 1.3–1.4
Er2SiO5 1.4–1.5

(a) Yttria-stabilized zirconia, 0.045(Y2O3).0.955(ZrO2). (b) BSAS,
barium-strontium-aluminosilicate
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Fig. 17 Weight loss for coated and uncoated SiC in
pressurized burner rig at 6 atm and 1230 �C

(2250 �F). Weight losses are due to formation of volatile
hydroxides. YSZ, yttria-stabilized zirconia. Source: Ref 96
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~1300 �C, or 2370 �F). This chemical reaction
causes the buildup of a thick reaction zone and
pore formation at the BSAS/substrate interface,
which renders a single layer of this material
unsuitable for an EBC.

RE2SiO5, RE2Si2O7, and Ta2O5. Plasma-
sprayed RE2SiO5 (Ref 87) and Ta2O5-base EBC
(Ref 100) show good adherence on silicon-base
ceramics under thermal cycling in air. However,
these coatings do not maintain the adherence
in water vapor environments. Consequently,
the substrate suffers rapid oxidation, forming a
thick and sometimes porous scale. The CVD
Ta2O5 is unstable in an environment containing
Na2SO4, rapidly reacting to form NaTaO3, which
subsequently interacts destructively with the

underlying Si3N4 substrate to form a molten
phase (Ref 101).

Water Vapor Resistance of Candidate EBC
Materials. As noted, one of the key issues in
development of suitable oxide EBCs is water
vapor resistance. As discussed in an earlier
section, the necessary thermodynamic data are
only available for a few oxides. However,
screening-type studies have been done for a
range of systems using high-water-content fur-
naces or pressurized burner rig tests. These are
summarized in Table 5. This table indicates the
superior performance of hafnia and zirconia
compounds, followed by rare earth hafnates or
zirconates, and then rare earth monosilicates.
Rare earth disilicates are near the midrange of the

spectrum, as are barium aluminosilicate, alu-
mina, aluminum titanate, and aluminum silicate.
Finally silica, chromia, and boria are among the
common oxides most rapidly attacked by water
vapor and are provided as a lower reference
point. It should also be noted that this table is a
summary of data from several sources using
different techniques and represents the current
state of understanding. Nonetheless it provides
some general guidelines in the development of
EBCs.

It is generally agreed that silicon-base cera-
mics and composites will require some type of
EBC for engine/combustion-environment appli-
cations. The development of such coatings is still
an active area of research.

Effects of Oxidation and Corrosion
on Mechanical Properties

Current silicon nitrides have room-tempera-
ture flexural strengths of 600 to 800 MPa (90 to
120 ksi) (Ref 110, 111), with sintered a-SiC at
~400 MPa (60 ksi) (Ref 112). Because these
ceramics are inherently brittle, strength is a
function of surface morphology. After 4500 h at
1200 �C (2192 �F), sintered a-SiC exhibits a
strength increase due to flaw healing, while
alumina-containing SiC experiences a 50%
strength loss due to pitting and oxide penetration
along the grain boundaries (Ref 113). Oxidized
Si3N4 has exhibited short-term strength increases
due to blunting of crack tips, although at longer
exposure times strength decreases due to

Fig. 18 Cross section of a silicon/mullite plus barium-strontium-aluminosilicate (BSAS)/BSAS coating on a SiC fiber/
SiC matrix composite after furnace exposure in 90% H2O/O2 for 1000 h at 1316 �C (2401 �F) (1 h cycles).

Source: Ref 87

Fig. 19 Cross section of a silicon/mullite/Yb2SiO5 coating on a SiC fiber/SiC matrix composite after furnace exposure
in 90% H2O/O2 for 1000 h at 1380 �C (2516 �F) (1 h cycles), showing good adherence, crack resistance, and

environmental stability

Table 5 Approximate order of water vapor
resistance for environmental barrier coating
candidate oxides

Oxide Reference

Most water vapor resistant

HfO2 102
ZrO2 [YSZ] 96, 102–105
2(Lu2O3) . 3(ZrO2) 106
2(Y2O3) . 3(ZrO2) 106
3(Yb2O3) . 5(Al2O3) 103
3(Y2O3) . 5(Al2O3) (yttrium-

aluminum-garnet)
103, 104

Lu2O3
. SiO2 87, 105

Yb2O3
. SiO2 87, 105

Y2O3
. SiO2 87, 105

Al2O3
. TiO2 102

2(Lu2O3) . 3(HfO2) 102
Lu2O3

. 2(SiO2) 102, 105, 106, 107
Y2O3

. 2(SiO2) 103, 106, 108
Yb2O3

. 2(SiO2) 87, 102, 103, 107
Ba(Sr)O . Al2O3

. 2(SiO2)
(barium-strontium-
aluminosilicate)

87, 94

SrO . Al2O3
. 2(SiO2)

(strontium-
aluminosilicate)

87, 94

Al2O3 33, 102, 103, 105, 107–109
3(Al2O3) . 2(SiO2) (mullite) 96, 97, 102–105, 107
TiO2 102
CaO . 2(Yb2O3) . 3(SiO2) 102, 107
x(CeO2) . (ZrO2) 108
SiO2 28, 29, 31, 33, 108
Cr2O3 80

Least water vapor resistant
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oxidation pit formation (Ref 114). High-
temperature oxidative environments can also
adversely affect crack growth and enhance creep
(Ref 115). Sintering additives play a major role in
oxidation rate and mechanical properties. An
addition of 12.5 wt% Lu2O3 to Si3N4 significantly
improves its high-temperature (i1400 �C, or
2552 �F) strength due to formation of a high-
temperature grain-boundary phase that exten-
sively crystallizes during processing (Ref 116).

As discussed earlier, both active oxidation to
SiO(g) and water vapor reactions to form
Si(OH)4(g) lead to material consumption. After
20 h at 1400 �C (2552 �F) and a P(O2)=
1.5 · 10�5 MPa,a-SiC exhibits a 50% reduction
in strength due to pit formation from active
oxidation (Ref 45). In a high velocity combustion
rig, the surface oxide is continually swept away
by its reaction with water vapor. For Si3N4 after
100 h at 1400 �C (2550 �F), exposure with 5 bar
total pressure in a natural gas burner (and cor-
responding water vapor content) results in
strength reductions of 20 to 70% (Ref 111).

Corrosion of SiC by molten salts, either by
thin films (Ref 117) or continuous deposition
(Ref 118), results in surface pit formation and
resultant strength loss. Pits occur where gas
bubbles form at the substrate/liquid silicate
interface, continually exposing the substrate to
corrosion. Burner rig hot corrosion of a yttrium-
containing Si3N4 results in modification of near-
surface grain boundaries and subsequent strength
loss (Ref 119).

Due to the complex nature of CMCs, differing
modes of attack occur as a function of tempera-
ture. As discussed, the major issue with con-
tinuous fiber-reinforced CMCs is the easily
oxidizable second phase (e.g., carbon or BN). If
the second phase is exposed to oxygen and/or
water vapor due to a crack or discontinuous outer
protective oxide, degradation will occur. Stress-
rupture life of a crack-free, as-produced SiC/SiC
composite with BN fiber interphase at 815 �C
(1499 �F) in air under 140 MPa (20 ksi) tensile
load is 50 h. Stress-rupture life of the precracked
material under the same conditions was less than
5 h (Ref 120). For a carbon-fiber-reinforced SiC
matrix, attack of the fiber has an adverse effect
on stress-rupture behavior (Ref 121). The effect
of environment on mechanical properties of
CMCs is a critical area of research.

High-Temperature Wear of
Advanced Ceramics

The brittle nature of most monolithic ceramics
has largely precluded their use in applications
where high tensile stresses occur. One such
example is in dry sliding contact, where high-

friction forces can result in significant tensile
stresses, even under modest loads, leading to
fracture and subsequent wear (Ref 122). The
development in recent decades of advanced
ceramics with engineered microstructures has
resulted in markedly improved strength and
toughness properties (Ref 123). Certain cera-
mics, such as silicon nitride, achieve excellent
toughness by tailoring the grain size and com-
position of grain-boundary phases (Ref 124).
Others, such as alumina, are strengthened by the
addition of secondary phases based on zirconia
and silicon carbide whiskers intended to enhance
favorable residual compressive stresses and to
deflect and halt crack propagation (Ref 125). The
engineering promise of advanced ceramics has
been further enhanced by improved finishing
technologies capable of generating precise and
complex part geometries with significantly
reduced flaw sizes. The emergence of these new
ceramics in the early 1980s enabled considera-
tion of several demanding high-temperature
applications.

Two such applications involved heat engine
components: ceramic gas turbines and adiabatic
diesels (Ref 126, 127). Tribological, or friction
and wear, properties are important character-
istics for these and other applications involving
sliding contact at high temperatures under dry,
nonlubricated conditions. Unfortunately, exten-
sive and reliable data regarding the high-tem-
perature tribological properties of advanced
ceramics have not been available, due to a lack of

Table 6 Friction and wear summary for pin-on-disk sliding of ceramics

Pin material Disk material

Test temperature
Friction

coefficient

Average wear
coefficient,
mm3/N . m Observed wear mode Reference�C �F

Al2O3 Al2O3 25 75 0.84 10�7 Microfracture 129
Al2O3 Al2O3 1000 1830 0.50 10�7 Microfracture 129
SiC SiC 25 75 0.75 10�7 . . . . . .
SiC SiC 1000 1830 0.77 10�5 Oxide-layer removal 129
Si3N4 Si3N4 25 75 0.60 10�5 Microfracture 128
Si3N4 Si3N4 1000 1830 0.70 10�2 Oxide-layer removal 128
Al2O3-SiCw(a) Al2O3-SiCw(a) 25 75 0.74 10�7 Microfracture 132
Al2O3-SiCw(a) Al2O3-SiCw(a) 1200 2190 0.58 10�6 Microfracture oxidation 132
ZrO2 ZrO2 25 75 0.68 10�4 Microfracture 133
ZrO2 ZrO2 800 1470 0.65 10�4 Microfracture 133

(a) Al2O3-SiCw is alumina with 25 vol% silicon carbide whiskers added.

Fig. 21 Ceramic wear debris formed from oxide layer
removal on Al2O3-SiCw disk specimen fol-

lowing 1200 �C (2192 �F) sliding in air. Source: Ref 134

Fig. 20 Transmission electron microscopy micro-
graphs of (a) cracks and (b) faceted wear debris

following room-temperature sliding of an Al2O3-SiCw

whisker-reinforced ceramic composite. Source: Ref 134

Performance of Ceramics in Severe Environments / 575

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



suitable test capabilities and lack of character-
ization of these newer ceramics and composites.

Initially, many in the research community
hypothesized that advanced ceramics may exhi-
bit favorable high-temperature friction and wear
properties because of their high hot hardness and
achievable low surface roughness character-
istics. This concept was loosely based on the
premise that friction and wear, for self-mated
steel for instance, was due to local surface
asperity interactions in which contact points of
surfaces resulted in local hot spots, adhesive
welding, and material oxidation. Therefore, it
was considered that the hard, smooth, and che-
mically nonreactive ceramics would not suffer
from such wear mechanisms.

More recent tribological studies of many
classes of nitride, carbide, oxide, and composite
ceramics, however, have revealed that, in gen-
eral, ceramics exhibit high friction and wear in
nonlubricated, high-temperature sliding con-
tacts (Ref 128–133). Table 6 summarizes mea-
sured friction and wear factor coefficients for a
variety of ceramics from self mated ceramic pin-
on-disk tests at temperatures from 25 up to
1200 �C (75 up to 2192 �F). Typical tests are
1 hr for a total sliding distance of 9.7 km
(6.0 mi). Observed steady-state friction coeffi-
cients range from approximately 0.5 to 1.0 or
above. Often during initial sliding, especially at
room temperatures, lower values are observed.
Typically, these are attributed to surface con-
tamination and adsorbed layers being quickly
removed by the sliding process, leading to the
higher steady-state friction values. Wear factor
coefficients, defined as the wear volume (cubic
meters) per distance slid (meters) per load
(newtons), are also very high but, as is typical for
wear data, are more scattered and range from
approximately 10�7 to 10�2 mm3/N . m. By
comparison, oil-lubricated steel sliding results in
friction coefficients of 0.1 or less and wear fac-
tors less than 10�9 mm3/N . m.

Microscopic analyses of worn ceramic sur-
faces reveal two major modes of wear: brittle
fracture and tribo-oxidative wear. High friction
coefficients during sliding generate high tensile
stresses in the wake of the contact area (Ref 134).
If sufficiently large flaws exist, cracks form,
grow, and ultimately lead to faceted wear debris
formation. Figure 20 shows such features. Brittle
wear predominates at lower temperatures for all
ceramics, and at high temperatures, brittle
behavior is a common feature for oxide materials
such as alumina. Nitride- and carbide-containing
ceramics, however, when sliding at high-tem-
perature in air form complex and often glassy
oxide surface layers that are removed by the
sliding counterface, revealing fresh, nonoxidized
surfaces. These then oxidize, resulting in an
oxidative-type wear process. The wear debris
from these tests is often characterized by
smeared oxide layers and sometimes even rolled-
up layered debris. Figure 21 shows an example of
such oxide layer wear debris. In both cases,
brittle fracture or oxide layer removal, wear rates
are high.

Notwithstanding their poor self-lubricating
properties, ceramics possess useful thermal,
physical, and chemical properties enabling their
use in high-temperature applications, provided
their shortcomings are accommodated. For
instance, using silicon nitride at lower tempera-
tures in the presence of oil has enabled long-life
diesel engine components, such as fuel injectors
and valve train components. The generally high
stiffness and low density of ceramic materials
also reduce dynamic forces in high-speed com-
ponents such as bearing balls. Hybrid ceramic
bearings using silicon nitride rolling elements
and steel races are capable of significantly higher
speeds than comparable all-steel bearings under
oil-lubricated conditions. Further, if contact
loads can be sufficiently reduced, friction coef-
ficients of 0.5 or higher can be tolerated in order
to take advantage of the excellent chemical
inertness and dimensional stability of ceramics.
Finally, efforts are underway to add self-lubri-
cating materials such as graphite and boron
nitride to ceramics to mitigate high friction and
wear without adversely affecting strength and
other properties. As these research efforts
progress, advanced ceramics will find ever-
increasing applications in engineering and
technology.
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Environmental Performance of Concrete
William C. Panarese, Portland Cement Association

PORTLAND CEMENT CONCRETE has
low environmental impact, versatility, dura-
bility, and economy, which make it the most
abundant construction material in the world. In
the United States more than 300 million m3

(400 million yd3) of ready-mixed concrete
is used each year in airports, roads, bridges,
stadiums, low- and high-rise buildings, dams,
homes, and numerous other structures.

Concrete is a mixture of two main compo-
nents: aggregate and paste. The paste binds the
aggregates (usually sand and gravel or crushed
stone) into a rocklike mass as the paste hardens
through the chemical reaction of the cement and
water.

The paste is composed of water and entrapped
air or purposely entrained air, and sometimes
chemical admixtures. The paste constitutes
about 25 to 40% of the total volume of concrete.
Figure 1 shows the range of component volume.

Because aggregates make up about 60 to 75%
of the total volume of concrete, their selection is

important. Aggregates should consist of particles
with adequate strength and resistance to envir-
onmental conditions and should not contain
materials that will cause deterioration of the
concrete. A continuous gradation of aggregate
particle sizes is desirable for efficient use of
the paste. The quality of any concrete depends
on the quality of the paste and aggregate and the
bond between the two. In properly made
concrete, each particle of aggregate is coated
completely with paste, and all of the spaces
between aggregate particles are filled completely
with paste.

Durability of concrete is based on its ability
to resist weathering action, chemical attack,
and abrasion while maintaining its desired
engineering properties. The ingredients, pro-
portioning of those ingredients, interactions
between the ingredients, placing and curing
practices, and the severity of the environment
determine the durability and useful life of the
concrete.

Types and Causes of
Concrete Degradation

The exceptional durability of portland cement
concrete is a major reason for its wide use.
Material limitations, poor design and construc-
tion practices, and severe exposure conditions
can cause concrete to deteriorate, resulting in
aesthetic, functional, or structural problems.
Following are potential causes of concrete
deterioration and the factors that influence them.

Corrosion of reinforcing steel and other
embedded metals is the leading cause of
deterioration in concrete. When steel corrodes,
the resulting rust (iron oxide) occupies a greater
volume than the steel does. This expansion cre-
ates tensile stresses in the concrete that can
eventually cause cracking, delamination, and
spalling (Fig. 2). Corrosion of embedded metals
in concrete can be reduced greatly by placing
crack-free concrete with low permeability and
sufficient concrete cover over the metal. Low-
permeability concrete can be attained by
decreasing the water to cementitious materials
ratio of the concrete and by the use of pozzolans
and slag admixtures (Ref 1). These admixtures
reduce the corrosion rate even after it initiates.
Minimum concrete cover requirements for dif-
ferent exposure conditions are set by building
codes (Ref 2). Additional measures to mitigate
corrosion of steel reinforcement in concrete
include coating of reinforcement with epoxy
resin and the use of sealers and membranes on
the concrete surface.

Alkalinity. The alkaline environment of con-
crete—a pH of 12 to 13—protects the steel. At
this high pH level, a thin oxide layer forms on the

Air-
entrained
concrete

Non-air-
entrained
concrete

Cement
15%

Water
18%

Fine aggregate
28%

Coarse aggregate
31%

Air
8%

7% 14% 4% 24% 51%

15% 21% 3% 30% 31%

7% 16% 1% 25% 51%

Mix 1

Mix 2

Mix 3

Mix 4

Fig. 1 Range in proportions of materials used in concrete (by absolute volume). Mixes 1 and 3 represent rich mixes with
small-size aggregates. Mixes 2 and 4 represent lean mixes with large-size aggregates.

Steel Corrosion
by-products
(rust)

Fig. 2 The expansion of corroding steel creates tensile
stresses in the concrete, which can cause

cracking, delamination, and spalling.
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steel surface, preventing further reaction. Steel
corrosion is not an issue in the majority of con-
crete structures. However, corrosion can occur
when the passivity layer is destroyed; this
destruction occurs when the alkalinity of the
concrete is reduced or when the chloride con-
centration in concrete is increased to a certain
level.

Chlorides. Exposure of reinforced concrete to
chloride ions is the primary cause of premature
corrosion of steel reinforcement. The intrusion of
chloride ions—present in deicing salts, seawater,
and some admixtures—into reinforced concrete
can cause steel corrosion if oxygen and moisture
are also available to sustain the reaction. Chlor-
ides dissolved in water can permeate through
sound concrete or reach the steel through cracks.
Table 1 shows the maximum permissible water-
soluble chloride-ion content for prestressed and
reinforced concretes in various exposure condi-
tions (Ref 2).

Carbonation occurs when carbon dioxide
from the air penetrates the concrete and reacts
with hydroxides, such as calcium hydroxide, to
form carbonates (Ref 3). In the reaction with
calcium hydroxide, calcium carbonate is formed.
This reaction reduces the pH of the pore solution
in the concrete to as low as 8.5, a level at which
the passive film on the steel is not stable.

Carbonation is generally a slow process. In
high-quality concrete, it has been estimated that
carbonation will proceed at a rate up to 1.0 mm
(0.04 in.) per year. The amount of carbonation is
increased significantly in concrete with a high
water-to-cement ratio, low cement content, short
curing period, low strength, and a highly
permeable or porous paste.

Carbonation of concrete lowers the amount of
chloride ions needed to promote corrosion. In
new concrete with a pH of 12 to 13, about 7000 to
8000 ppm of chlorides are required to start cor-
rosion of embedded steel. If, however, the pH is
lowered to a range of 10 to 11, the chloride
threshold for corrosion is significantly lower—at
or below 100 ppm (Ref 4). Like chloride ions,
however, carbonation destroys the passive film
on the reinforcement but does not influence the
rate of corrosion.

Galvanic corrosion can occur when two
metals are in contact within concrete because
each metal has a unique electrochemical

potential. This situation can occur in balconies
where embedded aluminum railings are in con-
tact with the reinforcing steel (Ref 5). Following
is a list of metals in order of their electrochemical
activity in concrete:

Active or anodic

Zinc
Aluminum
Steel
Iron
Nickel (active)
Tin
Lead
Brass
Copper
Bronze
Stainless steel (passive)
Gold

Noble or cathodic

When two metals are in contact in an active
electrolyte, the more active metal corrodes.

Freeze-Thaw Deterioration. When water
freezes, it expands about 9%. As the water in
moist concrete freezes, it produces pressure in
the capillaries and pores of the concrete. If the
pressure exceeds the tensile strength of the con-
crete, the cavity will dilate and rupture. The
accumulative effect of successive freeze-thaw
cycles and disruption of paste and aggregate can
eventually cause expansion and cracking, scal-
ing, and crumbling of the concrete (Fig. 3).

Air Entrainment. The severity of freeze-thaw
exposure varies with climate. The resistance of
concrete to freezing and thawing in a moist
condition is improved significantly by the use of
intentionally entrained air (Ref 6). The tiny
entrained air voids act as empty chambers in the
paste for the migrating water to enter, thus
relieving the pressure in the capillaries and pores
and preventing damage to the concrete. Concrete
with a low permeability (that is, a low water-
cement ratio and high compressive strength) is
better able to resist freeze-thaw cycles. Recom-
mended concrete air-content requirements,
water-cement ratios, and compressive strengths
for various exposure conditions are given in
Ref 2 and 7.

Deicing chemicals used for snow and ice
removal, such as sodium chloride, can aggra-
vate freeze-thaw deterioration. In addition,

because salt absorbs moisture, it keeps the con-
crete more saturated, increasing the potential for
freeze-thaw deterioration. However, properly
designed and placed air-entrained concrete can
withstand deicers for many years. Deicers con-
taining ammonium nitrate and ammonium sul-
fate should be prohibited because they rapidly
attack and disintegrate concrete.

Freezing Temperatures. Concrete gains very
little strength at low temperatures (Ref 8), so
freshly placed concrete must be protected against
freezing until the degree of saturation of the
concrete has been reduced sufficiently by cement
hydration. The time at which this reduction is
accomplished corresponds roughly to the time
required for the concrete to attain a com-
pressive strength of 3.5 MPa (0.5 ksi) (Ref 9).
Concrete that is to be exposed to deicers should
attain a strength of 28 MPa (4 ksi) prior to
repeated cycles of freezing and thawing (Ref 10).

Chemical Attack. Concrete performs well
when exposed to various atmospheric condi-
tions, water, soil, and many chemicals. However,
chemical environments that degrade even high-
quality concrete are given in Table 2. Concrete is
rarely attacked by solid, dry chemicals. To pro-
duce significant attack, aggressive chemicals
must be in solution and have a certain minimum
concentration (Ref 11).

Acids. In general, portland cement concrete
does not have good resistance to acids. In fact, no
hydraulic cement concrete, regardless of its
composition, will hold up for long if exposed to a
solution with a pH of 3.0 or lower. However,
some weak acids can be tolerated, particularly if
the exposure is occasional. Acid rain, which
often has a pH of 4 to 4.5, can etch concrete
slightly, usually without affecting the perfor-
mance of the exposed surface.

Acids react with the calcium hydroxide of the
hydrated portland cement. In most cases, the
chemical reaction forms water-soluble calcium
compounds, which are then leached away by
aqueous solutions (Ref 12). To minimize or
prevent deterioration from acid attack, surface
protective treatments are available (Ref 11, 12).
Properly cured concretes with reduced perme-
ability experience a slightly lower rate of attack
from acids.

Salts and alkalis also can be a problem. The
chlorides and nitrates of ammonium, magne-
sium, aluminum, and iron cause concrete dete-
rioration, those of ammonium producing the
most damage. Most ammonium salts are
destructive because, in the alkaline environment
of concrete, they release ammonia gas and
hydrogen ions. These are replaced by dissolving
calcium hydroxide from the concrete. The result
is a leaching action, much like acid attack. Strong
alkalis (over 20%) also can cause concrete
degradation (Ref 13).

Sulfates can attack concrete by reacting
with hydrated compounds in the hardened
cement. Naturally occurring sulfates of sodium,
potassium, calcium, or magnesium are some-
times found in soil or dissolved in groundwater.
These reactions can induce sufficient pressure to

Table 1 Maximum chloride ion (Cl )
content of concrete

Type of member

Maximum water-soluble
chloride ion (Cl�) content in

concrete, % by mass of
cement

Prestressed concrete 0.06
Reinforced concrete exposed to

chloride in service
0.15

Reinforced concrete that will be
dry or protected from
moisture in service

1.00

Other reinforced concrete
construction

0.30

Source: Ref 2 Fig. 3 Freeze-thaw cycles can cause scaling of con-
crete surfaces as shown on this pavement.
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disrupt the cement paste, resulting in loss of
cohesion and strength.

Environmental conditions have a great influ-
ence on sulfate attack. Seawater also contains
sulfates, but seawater is not as severe an expo-
sure as sulfates in groundwater (Ref 14, 15). Arid
areas have a particular problem. Sulfate attack is
greater in concrete exposed to wet/dry cycling.
When water evaporates from concrete, sulfates
can accumulate at the surface, increasing the
sulfate’s concentration and its potential for
causing damage.

Resistance to sulfates is best achieved by
using a low water-to-cement ratio and cement
with a limited amount of tricalcium aluminates
(Ref 16). ASTM C 150 type II cement contains
less than 8% C3A and type V contains less than
5% (Ref 17). ASTM C 1157 type MS cement
(moderate sulfate resistant) and type HS cement
(high sulfate resistant) can also be used (Ref 18),
as well as moderate sulfate-resistant cements
meeting ASTM C 595 (Ref 19).

Studies have shown that some pozzolans and
ground-granulated blast-furnace slags increase
the life expectancy of concrete exposed to sul-
fates (Ref 20, 21). Good results have been
obtained with fly ash meeting the requirements
of ASTM C 618 Class F (Ref 1). Slags should
conform to ASTM C 989 (Ref 22). However,
some pozzolans, especially some Class C fly
ashes, decrease sulfate resistance. Therefore,
pozzolans chosen to improve sulfate resistance
should be tested to confirm their behavior.
Reference 23 provides the requirements for
concrete exposed to sulfates.

Alkali-Aggregate Reaction (AAR). In most
concrete, aggregates are chemically inert. How-
ever, some aggregates react with the alkali
hydroxides in concrete, causing expansion and
cracking over a period of many years. This AAR
has two forms: alkali-silica reaction (ASR) and
alkali-carbonate reaction (ACR).

Alkali-silica reaction is of more concern
because aggregates containing reactive silica
materials are more common. In ASR, aggregates
containing certain forms of silica will react with
alkali hydroxide in concrete to form a gel that
swells as it draws water from the surrounding
cement paste or the environment. In absorbing
water, these gels can swell and induce enough
expansive pressure to damage concrete.

Typical indicators of ASR are random map
cracking and, in advanced cases, closed joints
and attendant spalled concrete (Fig. 4). Cracking
due to ASR usually appears in areas with a fre-
quent supply of moisture, such as close to the
waterline in piers, near the ground behind
retaining walls, near joints and free edges in
pavements, or in piers or columns subject to
wicking action.

Alkali-silica reaction can be controlled using
certain mineral admixtures (Ref 24). Silica fume,
fly ash, and ground-granulated blast-furnace slag
have reduced ASR significantly. Class F fly
ashes have reduced reactivity expansion up to
70%, or more, in some cases. In addition, lithium
compounds have been shown to effectively
reduce ASR (Ref 25). Although potentially
reactive aggregates exist throughout North

America, ASR distress in concrete is not that
common because of the measures taken to con-
trol it. It is also important to note that not all ASR
gel reactions produce destructive swelling.

Alkali-carbonate reactions are observed with
certain dolomitic rocks. Dedolomitization, the
breaking down of dolomite, is normally asso-
ciated with expansion. This reaction and sub-
sequent crystallization of brucite may cause
considerable expansion. The deterioration
caused by ACR is similar to that caused by ASR;
however, ACR is relatively rare because aggre-
gates susceptible to this phenomenon are less
common and are usually unsuitable for use in
concrete for other reasons.

Abrasion, Erosion, and Cavitation. Abra-
sion damage occurs when the surface of concrete
is unable to resist wear caused by rubbing and
friction. As the outer paste of a concrete surface
wears, the fine and coarse aggregate are exposed;
abrasion coupled with impact will cause addi-
tional degradation that is related to the aggre-
gate-to-paste bond strength and hardness of the
aggregate. The two most damaging forms of
abrasion occur on vehicular traffic surfaces and
in hydraulic structures, such as dams, spillways,
and tunnels.

Abrasion of floors, pavements, and other
traffic surfaces are the result of production
operations or vehicular traffic. Many industrial
floors are subjected to abrasion by steel or other
hard-wheeled traffic, which can cause significant
rutting and joint damage. Tire chains and studded
snow tires can cause considerable rutting on
concrete pavements. Compressive strength is the
most important factor controlling the abrasion
resistance of concrete, and hard aggregate is
more wear resistant than soft aggregate. In
addition, a hard-steel-troweled surface resists
abrasion better than a surface that has not been
troweled resists. Figure 5 shows results of abra-
sion tests on concretes of different compressive

Table 2 Chemicals that deteriorate
concrete

Promote rapid deterioration of concrete

Aluminum chloride
Calcium bisulfite
Hydrochloric acid (all concentrations)(a)
Hydrofluoric acid (all concentrations)
Nitric acid (all concentrations)
Sulfuric acid, 10%–80%(a)
Sulfurous acid

Promote moderate deterioration of concrete

Aluminum sulfate(a)
Ammonium bisulfate
Ammonium nitrate
Ammonium sulfate(a)
Ammonium sulfide
Ammonium sulfite
Ammonium superphosphate
Ammonium thiosulfate
Castor oil
Cocoa bean oil(a)
Cocoa butter(a)
Coconut oil(a)
Cottonseed oil(a)
Fish liquor(b)
Mustard oil(a)
Perchloric acid, 10%
Potassium dichromate
Potassium hydroxide (420%)
Rapeseed oil(a)
Slaughterhouse waste(c)
Sodium bisulfate
Sodium bisulfite
Sodium hydroxide (420%)
Sulfite liquor
Sulfuric acid, 80% oleum(a)
Tanning liquor (if acid)
Zinc refining solutions(d)

(a) Sometimes used in food processing or as food or beverage ingredient.
Ask for advisory opinion of Food and Drug Administration regarding
coatings for use with food ingredients. (b) Contains carbonic acid, fish
oils, hydrogen sulfide, methylamine, brine, and other active materials.
(c) May contain various mixtures of blood, fats and oils, bile and other
digestive juices, partially digested vegetable matter, urine, and manure,
with varying amounts of water. (d) Usually contains zinc sulfate in sul-
furic acid. Sulfuric acid concentration may be low (about 6% in “low
current density” process) or higher (about 22 to 28% in “high current
density” process)

Fig. 4 Typical indicators of alkali-silica reactivity are
map cracking and, in advanced cases, closed

joints and attendant spalled concrete.
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Fig. 5 Effect of compressive strength and aggregate
type on the abrasion resistance of concrete.

High-strength concrete made with a hard aggregate is
highly resistant to abrasion (Ref 26, 27).
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strengths and aggregate types (Ref 26, 27). The
service life of warehouse floors subjected to
hard-wheeled traffic abrasion is increased
greatly by the use of special hard or tough
aggregates used in toppings or dry-shakes
(Ref 28).

Erosion damage in hydraulic structures is
caused by the abrasive effects of water-borne silt,
sand, gravel, rocks, ice, and other debris
impinging on the concrete surface. Although
high-quality concrete can resist high-water
velocities for many years with little or no
damage, the concrete may not withstand the
abrasive action of debris grinding or repeatedly
impacting on its surface.

In such cases, abrasion erosion ranging from
a few millimeters (inches) to several meters
(feet) has resulted, depending on flow con-
ditions. Dam spillway aprons, stilling basins,
sluiceways, drainage conduits or culverts, and
tunnel linings are particularly susceptible to
abrasion erosion. As is the case with traffic wear,
erosion damage in hydraulic structures can be
reduced by using strong concrete with hard
aggregates.

Cavitation is damage caused by the formation
and collapse of vapor bubbles in liquid. In
hydraulic structures, bubbles form where the
local pressure drops, causing the water to
vaporize at the prevailing fluid temperature. The
vapor cavities collapse, causing very high
instantaneous pressures that impact on concrete
surfaces, causing pitting, noise, and vibration.

Once cavitation damage has altered water flow
substantially, other degradation mechanisms
come into play. Fatigue due to vibration, rushing
water striking irregular surfaces, and mechanical
failure due to vibrating reinforcing steel can
cause significant concrete damage. Although
proper materials selection can increase the
resistance of concrete to cavitation, the solution
is to design hydraulic structures with flow pat-
terns that reduce or eliminate cavitation.

Fire and Heat. Concrete performs excep-
tionally well at the temperatures encountered in
most applications. Nonetheless, when exposed to
fire or unusually high temperatures, concrete can
lose strength and stiffness. The effect of high
temperatures on the compressive strength, flex-
ural strength, and modulus of elasticity of cured
concrete has been determined by various inves-
tigators (Ref 29). Modulus of elasticity is the
most sensitive to elevated temperature, followed
by flexural strength and compressive strength.
Many factors influence the performance of con-
crete at elevated temperatures. Numerous studies
(Ref 30–34) have found these general trends:

� Concrete that undergoes thermal cycling suf-
fers greater loss of strength than concrete that
is held at a constant temperature, although
much of the strength loss occurs in the first
few cycles.

� Concrete that is under design load while
heated loses less strength than unloaded con-
crete loses. The reason: imposed compressive
stresses inhibit development of cracks that

would be free to develop in unrestrained
concrete.

� Concrete that is allowed to cool before testing
loses more compressive strength than con-
crete that is tested hot.

� Concrete containing limestone and calcareous
aggregates performs better at high tempera-
tures than concrete containing siliceous
aggregates.

� Strength loss is not proportional to compres-
sive strength of concrete.

� Concrete with a higher aggregate-cement
ratio suffers less reduction in compressive
strength; however, the opposite is true for
modulus of elasticity.

� If residual water in the concrete is not allowed
to evaporate, compressive strength is greatly
reduced. If heated too quickly, concrete can
spall as the moisture tries to escape.

Restraint to Volume Changes. Concrete
changes slightly in volume because of fluctua-
tions in moisture content and temperature of the
concrete. Restraint to volume changes, espe-
cially contraction, can cause cracking if the
tensile stresses that develop exceed the tensile
strength of the concrete.

Plastic shrinkage cracking can occur when
water evaporates from the surface of freshly
placed concrete faster than it is replaced by water
bleeding to the surface. Because of the restraint
provided by the concrete below the drying sur-
face layer, tensile stresses develop in the weak,
stiffening plastic concrete, resulting in shallow
cracks of varying length and depth. Plastic
shrinkage cracking can be curtailed by taking
measures to prevent rapid water loss from the
concrete surface; such measures include, for
example, using fog nozzles, plastic sheeting,
windbreaks, sunshades, or placing concrete at
night when it is cooler with no sun.

Drying shrinkage cracking occurs because
almost all concrete is mixed with more water
than is needed to hydrate the cement. Much of
the excess water evaporates, causing the concrete
to shrink. Restraint to this shrinkage, provided by
the subgrade, reinforcement, or other parts of the
structure, causes tensile stresses to develop that
may exceed the tensile strength of the hardened
concrete. Restraint to drying shrinkage is the
most common cause of concrete cracking
(Fig. 6). Since drying shrinkage cracking is
almost inevitable, control joints are placed in
concrete to predetermine their location and to
conceal any cracks. Drying shrinkage can be
limited by minimizing the water content of
concrete and maximizing the coarse aggregate
content.

Thermal cracking might occur because con-
crete expands when heated and contracts when
cooled. An average value for the coefficient of
thermal expansion of concrete is 10 · 10�6/�C
(5.5 · 10�6/�F). This amounts to a length change
of about 5 mm in 10 m (2/3 in. in 100 ft) of
concrete when concrete is subjected to a rise or
fall of 50 �C (90 �F). Thermal expansion and
contraction of concrete varies with factors such

as aggregate type, cement content, water-cement
ratio, temperature range, concrete age, and
relative humidity. Of these factors, aggregate
type has the greatest influence (Ref 35). To
minimize the effects of temperature variations,
designers should allow for thermal movement by
providing proper expansion or isolation joints
and correct detailing.

Overload and Impact. Properly designed
and constructed concrete members are usually
strong enough to support the loads for which they
are intended. Nevertheless, overloading can
occur for a variety of reasons: a change in use of a
structure without proper structural upgrade;
unintentional overloading; and other unusual
circumstances, such as earthquakes beyond
specified design (a classic example of over-
loading of concrete structures).

Overload damage can occur during con-
struction when concrete has not yet reached
design strength. Early removal of formwork or
the storage of heavy materials or operation of
equipment on and around the structure can result
in the overloading of certain concrete elements.
A common error occurs when precast concrete
members are not properly supported during
transport and erection. Errors in post-tensioned
construction, such as improperly timed or
sequenced strand release, can also cause over-
load cracking.

Impact damage is another form of overload.
A common form of impact damage occurs at slab
edges of joints in industrial floors (Ref 28). Even
in properly designed reinforced concrete, load-
induced tensile stresses can occur. This point is
readily acknowledged and accepted in concrete
design. Current design procedures use reinfor-
cing steel to not only carry tensile loads but to
obtain both an adequate distribution of cracks
and a reasonable limit on crack width.

Loss of support beneath concrete structures
usually is caused by settlement or the washing
out of soils and subbase support materials. This
loss can cause a variety of problems in concrete
structures, from cracking and performance pro-
blems to structural failure. Loss of support can
also occur during seismic events. During con-
struction, inadequate formwork support or pre-
mature removal of forms cause loss of support.

Fig. 6 Restraint to drying shrinkage is the most com-
mon cause of concrete cracking.
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Curling is a common problem related to loss
of support in floor slabs (Ref 28). Curling is the
rise of the edges and corners of a slab due to
differences in the moisture content or tempera-
ture between the top and bottom of a slab. The
top dries out or cools and contracts more than the
wetter, warmer bottom. Curling results in a loss
of contact between the slab and its subbase and
can lead to cracking, slab deflection, joint dete-
rioration, and problems with vehicular traffic.

Surface defects can occur on the surfaces of
formed concrete (for example, walls and col-
umns) or finished concrete (for example, floors
and pavements). Many of these defects are
avoidable by using proper materials and con-
struction practices, while others are difficult to
eliminate.

Air voids in formed surfaces, also known as
bug holes, are small cavities that form in the
vertical surface during placing and consolidation
of formed concrete (Fig. 7). They can be up to
25 mm (1 in.) wide but are usually no more than
15 mm (9/16 in.) wide. These defects are more
likely to occur when sticky or stiff concrete
mixes of low workability are used. Such mixes
may have an excessive amount of fine aggregate,
entrapped air, or both. Improper use of vibrators
and form-release agents also may contribute to
the bug hole problem.

Honeycomb in formed surfaces occurs when
mortar fails to fill all the spaces between coarse
aggregate particles in concrete. Congested rein-
forcement, segregation, and insufficient fine
aggregate content can contribute to the problem.
Higher concrete slumps and proper vibration will
assist in preventing honeycomb by increasing the
flowability of the concrete.

Cold joints in formed surfaces are dis-
continuities in concrete members resulting from
an excessive delay between placements of two
successive lifts of concrete. In other words,
visible lines in the surface indicate the presence
of a joint where one layer of concrete had har-
dened before subsequent concrete was placed.
Aside from their appearance, cold joints can be a
concern if they allow moisture penetration or if
the loss of tensile strength of the concrete across
the joint is deemed detrimental to the perfor-
mance of the structure.

Delamination in finished surfaces (slabs)
occurs when air and bleed water become trapped
under a prematurely finished (densified) mortar
surface. The trapped air and bleed water separate
the uppermost 3 to 6 mm (1/8 to 1/4 in.) layer of
mortar from the underlying concrete. Delami-
nation is very difficult to detect during finishing
and becomes apparent after the concrete surface
has dried and the delaminated area crushes out
under traffic.

Blisters are a smaller and more noticeable
form of delamination; they form at the con-
crete surface due to trapped air and bleed water.
The primary cause of delamination: finishing the
slab surface before bleeding is complete.

Dusting of finished slab surfaces is the
development of a fine, powdery material that
easily rubs off the surface of hardened concrete.
It is the result of a thin, weak surface layer, called
laitance, which is composed of water, cement,
and fine particles. The finishing operations of
floating and troweling with bleed water on the
surface are the usual causes of dusting. Other
causes include using a too-wet mix, spreading
dry cement over the surface to accelerate fin-
ishing, and allowing rapid drying of the surface.

Popouts in finished surfaces are fragments of
aggregates that break out of the surface of con-
crete, leaving a hole usually 6 to 50 mm (1/4 to
2 in.) in diameter (Fig. 8). The cause of a popout
usually is a piece of porous rock having a high
rate of absorption and relatively low specific
gravity. As the offending aggregate absorbs
moisture or freezes under moist conditions, it
swells, creating internal pressures sufficient to
rupture the concrete surface. Pyrite, hard-burned
dolomite, coal, shale, soft fine-grained lime-
stone, or chert commonly cause popouts.

Subsidence cracks in finished surfaces may
develop over embedded items, such as reinfor-
cing steel, as the concrete settles or subsides
(Fig. 9). Subsidence cracking results from
insufficient consolidation (vibration), high
slumps (overly wet concrete), or a lack of ade-
quate concrete cover over embedded items.

Crazing in finished surfaces is a maplike
pattern of fine cracks that do not penetrate much
below the surface and are usually of cosmetic
concern only. They are barely visible, except
when the concrete is drying after the surface has
been wet. Preventing excessive evaporation
during placement and proper curing can prevent
crazing. Reference 36 provides additional
information about surface defects in slabs.

Addressing Durability with the
Prescriptive Approach

Durability of concrete can be addressed by
two approaches. The first is known as the pre-
scriptive approach, where designers specify
materials, proportions, and construction methods
based on fundamental principles and practices
that exhibit satisfactory performance. The sec-
ond is called the performance approach, where
designers identify functional requirements such
as strength, durability, and volume changes
and rely on concrete producers and contractors
to develop concrete mixtures to meet those
requirements. The prescriptive approach is based
on what one might call “old technologies”
because these requirements have been known for
many years. Following are some prescriptive
principles and practices that improve resistance
to degradation (Ref 11):

� Water-cement ratio (w/c), or the water-
cementitious materials ratio (where applic-
able), should not exceed 0.45 by weight (0.40
for corrosion protection of embedded metal in
reinforced concrete). For severe conditions,
w/c often range from 0.25 to 0.35.

� Cement content should be at least 335 kg/m3

(564 lb/yd3) of cementitious material for
concrete exposed to corrosive environments.

� Cement type should be suited to the exposure.
There are eight types of portland cement
specified by ASTM (Ref 17), and there are
other blended, modified, and special purpose
cements (Ref 18, 19, 37–43). Some, such as
sulfate-resistant cement, are formulated to
prevent specific attack (Ref 11). Sulfate-
resistant cements, like other portland or

Fig. 7 Surface air voids, called bug holes, are small
cavities of entrapped air bubbles in the surface

of formed concrete.
Fig. 8 Some aggregates absorb water and, upon

freezing, expand to produce a popout.
Fig. 9 Subsidence cracks can develop over reinforcing

steel as the concrete settles or subsides.
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blended hydraulic cements, are not resistant to
most acids or other highly corrosive sub-
stances.

� Aggregates that are not prone to freeze-thaw
deterioration, chemical attack, or AAR should
be used. References 11 and 24 offer guidance
on susceptibility to AAR.

� Mixing water should not contain impurities
that can impair basic concrete properties
or reduce resistance to chemical attack
(Ref 44, 45). Water that is safe to drink is safe
for use in concrete.

� Air entrainment in the proper amount—
dependent on exposure conditions and max-
imum aggregate size—should be used (Ref 2).
Air entrainment makes concrete resistant to
deicers and scaling due to freezing and
thawing; it also improves sulfate resistance,
watertightness, and workability.

� Mixing must be thorough and should continue
until the concrete is uniform in appearance
with all materials evenly distributed. Mixtures
containing silica fume may require a longer
mixing period to thoroughly distribute the
admixture.

� Workability requires the avoidance of mixes
that are so harsh and stiff that honeycombing
may occur and mixes so fluid that excess bleed
water rises to the surface. Slump (a measure of
the consistency of freshly mixed concrete)
should generally be 50 to 125 mm (2 to 5 in.).
If necessary, water reducers and super-
plasticizers can be used to make mixes more
workable (higher slump).

� Finishing of slabs should not begin until all
bleed water has left the surface. Supplemen-
tary cementitious materials, such as fly ash,
slag, silica fume, or blended cements, may
affect the bleeding characteristics of concrete.
For instance, silica fume mixtures bleed very
little and slag mixtures may bleed longer due
to the retarding effect slag has on setting time.
Placing concrete at the proper temperature
helps control finishing operations.

� Jointing, the proper use of isolation, contrac-
tion, and construction joints, helps control
cracking. Contraction joints in slabs on
ground should be spaced about 30 times the
slab thickness. In some cases, joints must
be sealed with a sealant capable of enduring
the environment. Water stops, if used, must be
placed properly. Special construction meth-
ods, such as the use of heavily reinforced slabs
or post-tensioned slabs, are helpful in redu-
cing the number of joints in areas where joints
are undesirable.

� When curing, either additional moisture
should be supplied to the concrete during the
early hardening period or the concrete should
be covered with a water-retaining material.
Curing compounds may be used but not on
surfaces that are to receive protective surface
treatments. Concrete should be kept moist and
above 10 �C (50 �F) for the first week or until
the desired strength is achieved. Longer cur-
ing periods increase concrete’s resistance to
corrosive substances.

� Chemical admixtures, such as water reducers
(Ref 46) and superplasticizers (Ref 47), can
be used to reduce the water-cement
ratio, resulting in reduced permeability and
less absorption of corrosive materials into
concrete. Polymer admixtures, such as styr-
ene-butadiene latex, greatly reduce the per-
meability of concrete to many corrosive
substances. Admixtures containing chloride
should not be used for reinforced or pre-
stressed concrete, although corrosion inhibi-
tors are available to reduce chloride-induced
steel corrosion. Shrinkage-reducing admix-
tures can reduce the formation of shrinkage
cracks through which aggressive materials
penetrate concrete.

� Supplementary cementitious materials, such
as fly ash and metakaolin (Ref 1), slag
(Ref 22), and silica fume (Ref 48), reduce
permeability and by-produce additional
cementitious compounds that increase
strength. Dosages for these materials by
weight of cementitious material range from
15 to 40% for fly ash, 35 to 50% for slag, and
50% for silica fume.

Addressing Durability with the
Performance Approach

During the last several decades, advances in
concrete technology have widened the appli-
cation and use of this material. New devel-
opments in admixture technology include
high-performance concrete (HPC) (Ref 49–51),
self-consolidating concrete (SCC) (Ref 52),
high-strength concrete (HSC) (Ref 53–57), fiber-
reinforced concrete (FRC) (Ref 58–61), and
numerous special types of concrete (Ref 7). In
order to ensure adequate durability, perform-
ance-based specifications are used. Designers
specify the functional requirements such as
strength, density, permeability, and volume
stability depending on project requirements. A
brief discussion of these innovative technologies
follows.

High-performance concrete exceeds the
properties and constructability of normal con-
crete. Special ingredients, mixing, placing, and
curing practices may be needed to produce and
handle HPC. Extensive performance tests
usually are required to demonstrate compliance
with specific project needs.

High-performance concrete characteristics are
developed for particular applications and envi-
ronments, such as in tunnels, bridges, roads,
streets, and tall structures (Fig. 10). Properties
that may be required include:

� High strength
� High early strength
� High modulus of elasticity
� High abrasion resistance
� High durability and long life in severe envir-

onments
� Low permeability and diffusion

� Self consolidation
� Resistance to chemical attack
� High resistance to frost and deicer scaling

damage
� Toughness and impact resistance
� Volume stability

Typically, HPC concretes have a low w/c
(0.20–0.45). Plasticizers are used to make these
concretes fluid and workable. High-performance
concrete usually has a higher strength than nor-
mal concrete; however, strength is not always the
primary required property. A normal strength
concrete with very high durability and very low
permeability is considered to have high-perfor-
mance properties. It has been demonstrated that
40 MPa (6 ksi) HPC for bridges could be eco-
nomically made while meeting durability factors
for air-void system and resistance to chloride
penetration (Ref 62).

Table 3 lists materials often used in high-
performance concrete and why they are selected.
High-performance concrete specifications ide-
ally should be performance oriented. Unfortu-
nately, many specifications are a combination of
performance requirements, such as permeability
or strength limits, and prescriptive requirements,
such as air-content limits or dosage of supple-
mentary cementitious material (Ref 63).

Self-Consolidating Concrete. The con-
struction industry has always longed for a high-
performance concrete that can flow into tight
spaces without requiring vibration. The need for
this technology has grown over the years as

Fig. 10 The Two Union Square building in Seattle,
WA, used concrete with a design compressive

strength of 131 MPa (19 ksi) in its steel tube and concrete
composite columns.
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designers specify more heavily reinforced con-
crete members and ever more complex form-
work. Until recently, the industry used
superplasticizing admixtures in conventional
mixes in an attempt to duplicate the advantages
of a true self-consolidating concrete. This
allowed the use of 200 mm (8 in.) slump con-
crete, or more, but some vibration was still
required for adequate consolidation. While high
doses of superplasticizer create a very fluid
concrete that flows readily, the mixes often
segregate because the mortar is too thin to sup-
port the weight of the coarse aggregate. The key
to creating SCC is to produce a very flowable
mortar that still has a viscosity high enough to
support the coarse aggregate. Today, new
advances in admixtures and mix proportioning
are making SCC a reality. Developed in Japan
during the 1980s, this technology is now gaining
considerable attention in Europe and North
America (Ref 52).

High-Strength Concrete. The definition of
HSC has changed over the years as strengths
have increased. Most HSC applications are
designed for compressive strengths of 70 MPa
(10 ksi) or greater. To get these strengths, strin-
gent application of the best practices is required.
Compliance with strict guidelines and com-
mendations for preconstruction laboratory and
field-testing is essential (Ref 64).

Traditionally, the specified strength of con-
crete has been based on 28 day test results.
However, in high-rise buildings, where HSC is
commonly used, the process of construction is
such that the structural elements in lower floors
are not fully loaded for periods of a year or more.
For this reason, compressive strengths based on
56 or 91 day test results are commonly specified;
this achieves significant economy in material
costs. The time dependence of compressive
strength is seen in Fig. 11. When later-age
strengths are specified, supplementary cementi-
tious materials usually are incorporated into the
concrete. This produces additional benefits in the
form of reduced heat generation during cement
hydration.

With the use of low-slump or no-slump mix-
tures, high-compressive-strength concrete has
been produced routinely under careful control in
precast and prestressed concrete plants for dec-
ades (Ref 65). These stiff mixes are placed in
rugged forms and consolidated by prolonged
vibration or shock methods. However, typical
cast-in-place concrete uses more fragile forms
that do not permit the same compaction proce-
dures; hence, more workable concretes with
superplasticizers usually are necessary to
achieve the required compaction and to avoid
segregation and honeycomb.

Fiber-Reinforced Concrete. Fibers have
been used in construction materials for centuries.
The last three decades have seen a growing
interest in the use of fibers in ready-mixed con-
crete, precast concrete, shotcrete, plaster, and
stucco. Steel, plastic, glass, and natural material
(such as wood cellulose) fibers are available
in a variety of shapes, sizes, and thicknesses.
They may be round in cross section or flat,
crimped, and deformed with typical lengths of
6 to 150 mm (0.25–6 in.) and with thicknesses
ranging from 0.005 to 0.75 mm (0.0002 to
0.03 in.).

Fibers are added to concrete during mixing.
Like any composite, factors that control the
performance of FRC are the physical properties
of the fibers and matrix and the strength of the
bond between fibers and matrix. Although the
basic principles are the same, there are several
characteristic differences between conventional
reinforcement and fiber systems:

� Fibers are generally distributed throughout
the entire cross section of a member, whereas
reinforcing bars or wires are placed only
where required.

� Most fibers are relatively short and closely
spaced as compared with reinforcing bars or
wires.

� It is generally not possible with achieve the
same ratio of area of reinforcement to area of
concrete using fibers as compared with a
network of reinforcing bars or wires, without

reducing workability and affecting fiber dis-
persion.

Fibers are typically added to concrete in low-
volume dosages (often less than 1%) and have
been shown to be effective in reducing plastic
shrinkage cracking. Fibers do not significantly
alter the free shrinkage of concrete; however, at
high-enough dosages they can increase the
resistance to cracking and decrease crack widths
(Ref 66).

Special types of concrete are those with
unusual properties or those produced by unusual
techniques. Table 4 lists many special types of
concrete made with portland cement and some
made with binders. In many cases, the name
describes the use, property, or condition of the
concrete. Brand names are not given here, but
some of these special concretes are identified by
brand name. Some of these special concretes
were discussed previously; following are brief
descriptions of others.

Structural lightweight concrete is similar to
normal weight concrete except that it has a lower
density. It may be made with all lightweight
aggregates or with a combination of lightweight
and normal-weight aggregates. Most of the
structural lightweight concrete used today is of
the sanded variety made with coarse lightweight
aggregate and natural sand. ASTM C 567 (Ref
68) provides a test for density. This concrete is
used to reduce the dead load weight of floors in
high-rise buildings.

Insulating lightweight concrete has an oven
dry density of 800 kg/m3 (50 lb/ft3) or less. It is
made with cementitious materials, water, air, and
with or without aggregate and chemical admix-
tures. The oven dry density ranges from 240 to
800 kg/m3 (15–50 lb/ft3) with a 28 day com-
pressive strength between 0.7 and 7 MPa (0.1
and 1 ksi). Cast-in-place insulating concrete is
used primarily for thermal and sound insulation,
roof decks, fill for slabs cast on grade, leveling
courses for floors or roofs, firewalls, and under-
ground thermal conduit linings.

Table 3 Materials used in high-performance concrete

Material Primary contribution/desired property

Portland cement Cementing material/durability
Blended cement Cementing material/durability; high strength
Fly ash Cementing material/durability; high strength
Slag Cementing material/durability; high strength
Silica fume Cementing material/durability; high strength
Calcined clay Cementing material/durability; high strength
Metakaolin Cementing material/durability; high strength
Calcined shale Cementing material/durability; high strength
Superplasticizers Flowability
High-range water reducers Reduce water to cement ratio
Hydration control admixtures Control setting
Retarders Control setting
Accelerators Accelerate setting
Corrosion inhibitors Control steel corrosion
Water reducers Reduce cement and water content
Shrinkage reducers Reduce shrinkage
Alkali-silica reaction (ASR) inhibitors Control ASR
Polymer/latex modifiers Durability
Optimally graded aggregate Effective use of binder/strength and durability
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Fig. 11 Concrete strength increases with age as long as
moisture and a favorable temperature are

present for hydration of the cement. The effect of moisture
during cure is evident.
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Moderate-strength lightweight concrete has a
density of 800 to 1900 kg/m3 (50–120 lb/ft3)
oven dry and compressive strength of approxi-
mately 7 to 15 MPa (1–2.2 ksi). It is made with
cementitious materials, water, air, and with or
without aggregates and chemical admixtures. At
lower densities, it is used as fill for thermal and
sound insulation of floors, walls, and roofs and is
referred to as fill concrete. At higher densities, it
is used in cast-in place walls, floors and roofs,
and for precast wall and floor panels. More
information can be found in committee reports of
the American Concrete Institute (Ref 69–71).

Autoclaved cellular concrete (ACC) is a
special type of lightweight building material
also known as autoclaved aerated concrete. It
is manufactured from a mortar consisting of
pulverized siliceous material (sand, slag, or fly
ash), cement, and water; to this material a gas-
forming agent, such as aluminum powder, is
added. The chemical reaction of aluminum and
alkaline water forms hydrogen gas, which
expands the mortar; 0.5 to 1.5 mm (0.02–
0.06 in.) diameter macropores form. After cast-
ing this mixture into forms, the material is
pressure steam cured (autoclaved) for a period of
6 to 12 h at 190 �C (374 �F) and 1.2 MPa
(0.17 ksi). After autoclaving, the hardened

mortar matrix consists of calcium silicate
hydrates.

This porous mineral building material has
densities from 300 to 1000 kg/m3 (19–63 lb/ft3)
and compressive strength 2.510 MPa (0.300–
0.500 ksi). Due to the high macropore content—
up to 80 vol%—ACC has a thermal conductivity
of only 0.15 to 0.20 W/(m . K) (1–1.4 Btu . in./
[h . ft2 . �F]). Autoclaved cellular concrete is
manufactured into blocks, wall panels, roof
and floor slabs, and lintels for construction
of residential and commercial buildings (Ref
70–73).

High-density (heavyweight) concrete has
density to 6400 kg/m3 (400 lb/ft3). Heavyweight
concrete is used for radiation shielding, coun-
terweights, and other applications where high
density is important. Where space requirements
are not important, normal-weight concrete is
more economical, but where space is limited,
heavyweight concrete shields against x-rays,
gamma rays, and neutron radiation more effi-
ciently. High-density aggregates such as barite,
ferrophosphorus, goethite, hematite, ilmenite,
limonite, magnetite, steel punchings, or shot are
used (Ref 74, 75).

Mass concrete is defined (Ref 67) as: “any
large volume of cast-in-place concrete with
dimensions large enough to require that mea-
sures be taken to cope with the generation of heat
and attendant volume change to minimize
cracking.” Mass concrete includes not only low-
cement-content concrete used in dams and other
massive structures but also moderate- to high-
cement-content concrete in large structural
members of bridges and buildings. Mass con-
crete placements require special considerations
to reduce heat of hydration and the resulting
temperature rise to avoid damaging the concrete.
Excessive temperatures and temperature differ-
ences throughout a concrete placement can result
in thermal cracking (Ref 76).

Precast and Prestressed Concrete. Precast
concrete is cast in forms in a controlled envir-
onment and allowed to achieve a specified
strength prior to placement on location. Pre-
stressed concrete is concrete in which compres-
sive stresses are induced by high-strength steel
tendons or bars in a concrete element. These
stresses will balance the tensile stresses that will
occur in the element during service.

Prestressing is accomplished in two ways: for
pretensioning, usually done in a plant, the ten-
dons are placed and tensioned before the con-
crete is placed; for posttensioning, usually done
at the job site, tendons or bars are positioned
before the concrete is placed and tensioned after
the concrete has cured, hardened, and reached a
specified strength.

Precast and prestressed concrete offers
advantages for all types of structures (Ref 77).
Precast elements are economical and of high
quality; they have greater permanence than
other building materials. Colored and textured
precast panels often are used as the skin of a
building and can also serve as structural elements
(Ref 78).

Sustainability

Sustainable development is a topic of growing
importance. Also known as “green building,”
sustainable construction makes it possible to use
our natural resources efficiently while still
acknowledging the desire for growth. Sustain-
ability balances current and future needs. Since
the population will continue to increase, sus-
tainability will help balance the economic,
social, and environmental impact of actions we
take to create the built environment.

A few facts highlight dramatically the need to
modify the way we design and construct build-
ings. Research has shown that buildings in the
United States use 40% of the nation’s material
resources and 39% of its annual energy con-
sumption. Even more telling is the fact that U.S.
buildings use almost three times the energy of its
European counterparts in similar climates (Ref
79); there is a definite imbalance.

Green building programs are becoming pop-
ular; the U.S. government is adopting them, and
an increasing number of states are offering tax
benefits for them. The U.S. government defines
green buildings as those that:

� Demonstrate the efficient use of energy,
water, and materials

� Limit impact on the outdoor environment
� Provide a healthier indoor environment

Concrete buildings offer a number of advan-
tages: They are durable and have the longest
lifespan of any traditional construction material;
they are energy efficient in manufacture and use;
are made of locally available raw materials; they
do not rust, rot, or burn, and require less energy
and resources over time to repair or replace. For
more information about the sustainable benefits
of concrete, see Ref 80–83.
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Degradation of Protective Coatings
Kenneth B. Tator, KTA-Tator, Inc.

PAINTS AND PROTECTIVE COATINGS
are by far the most common means of protecting
materials from deterioration. Besides protection,
coatings add color, beautify, provide light
reflectivity, camouflage, reflect heat, absorb
heat, and provide other functions. The generic
types, functions, characteristics, and processes of
corrosion-protective coatings are described in
the articles “Introduction to Coatings and Lin-
ings,” “Organic Coatings and Linings,” and
“Paint Systems” in ASM Handbook, Volume
13A, 2003.

To function, the protective coating must
remain intact and adherent on the surface to
which it has been applied. Failure occurs when
the coating no longer fulfills the intended pur-
pose. Ultimately, all coatings will fail, but
sometimes premature failure, that is, unexpected
excessive coating deterioration over a relatively
short period of time, occurs. The most common
reasons for premature failure are poor surface
preparation of the substrate prior to application
of the coating, or insufficient thickness of the
applied coating. In the author’s opinion, these
two factors likely account for over 75% of all
coating failures. Other less common but still
prevalent causes are misspecification or misuse
of the coating system (use in an environment for
which it was not intended or formulated).
Finally, although often alleged, misinformation
or batching errors during the manufacture of a
coating do occur.

It is important to recognize that the over-
whelming vast majority of all protective coatings
perform admirably. Premature coating failure is
extremely rare. It is estimated that less than 1/100

of 1% of coatings fail prematurely.
In the United States in 1997, 5.56 billion liters

(1.47 billion U.S. gallons) of coatings were used
(Ref 1). Most of the total yearly amount is suc-
cessfully specified and applied to a properly
prepared surface and to the appropriate thick-
ness. These coatings perform as intended but,
over time, deteriorate and lose their protective or
aesthetic function as a result of aging combined
with exposure to aggressive environments.

This article focuses on coating degradation
resulting from the environmental interaction
with the coating, rather than degradation result-
ing from human actions such as improper spec-
ification, deficient surface preparation, poor

application, insufficient film thickness, insuffi-
cient drying or curing, and other abnormalities
during application.

The environmental influences that may result
in deterioration are:

� Energy (solar radiation, heat and temperature
variation, nuclear radiation)

� Permeation (moisture, solvent retention,
chemical, and oxygen)

� Stress (drying and curing—internal stress;
vibration—external stress; impact and abra-
sion)

� Biological influences (microbiological and
macrobiological, such as mildew and marine
fouling)

These environmental influences may act in
combination, with unpredictable aggressive
results.

Before discussing the effects of an aggressive
environment on coating, it is useful to understand
what a coating is at the atomic level. Various
atoms combine to form molecules. To form a
coating, molecules of the constituents must form
a resin that, after application, will result in a
durable protective layer on a surface. The resin
may convert from a liquid to a hardened film by
the evaporation of solvents or water without
changing chemically, or a chemical reaction may
occur. The paint is usually filled with pigments to
give it strength, opacity, and color.

Deterioration of a properly applied protective
coating begins at the atomic level, and degrada-
tion processes continually affect the molecules
that constitute the resin and pigment in the
coating. In time, as the coating is exposed to the
environment, it can become stressed such that it
loses physical and mechanical properties,
resulting in discoloration, cracking, peeling, loss
of adhesion, and loss of function or suitability. If
a coating protects 15 to 20 years or more, the
cumulative effect of these stresses is called old
age. Statistically, most atoms are stable in this

time period. Individual atoms do not change with
time, except by nuclear decay or nuclear fission
or fusion reactions. Therefore, polymers, resins,
and formulated protective coatings should not
age either, unless they are affected by their
environment in such a way that the polymers
break into smaller parts, a process called chain
scission. When this happens, the resins com-
prising the coating lose their environmental
resistance, and the coating system, in time, fails
to function as intended. It is the environmental
influences on the molecules, resins, and pig-
ments of the coating system that are discussed
herein.

Molecular Composition of a Polymer

In a dried film, coatings are composed pri-
marily of resins and pigments. The pigments, for
the most part, strengthen the film, provide opa-
city and color, and, in some cases, provide pro-
tection by anodic means or corrosion inhibition.
The film-forming organic or inorganic resin that
holds the pigment particles together and provides
adhesion to the substrate contributes the greatest
effect to the environmental resistance of a coat-
ing system.

When describing most protective coatings,
terms such as epoxy, polyurethane, alkyd, and
silicate are used. These are generic descriptions
of the resin or binder. The principal resins used in
protective coatings are described in the articles
“Organic Coatings and Linings” and “Zinc-Rich
Coatings,” in ASM Handbook, Volume 13A,
2003. The chemical structural formulas for many
of the resins are provided in these articles. For
example, the structural formula for a bis-A epoxy
is shown in Fig. 1.

The structural formula depicts each atom of
carbon, hydrogen, and oxygen in the molecule.
The lines between each of the atoms indicate
the chemical bonds between the atoms. These
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Fig. 1 Bis-A epoxy resin structure
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electronic bonds hold the atoms together to form
a molecule. The number of lines (or bonds)
extending from each atom reflect the valence
of that particular atom. Hydrogen, for example,
always has only one line (or bond) extending to
another atom, whereas carbon usually has four
lines or bonds. The valence of hydrogen is one
and that of carbon is four. In some cases, carbons
form a ring structure, where the electrons that
form the bond are shared loosely between a
carbon atom and its carbon neighbors. Such an
arrangement is depicted in Fig. 1 as a benzene
ring structure. The valencies of some of the more
common atoms used in protective coatings are
presented in Table 1. Positive valence numbers
were used to describe the combining capacity of
elements in the 19th century, before atomic
structure and the electronic basis for chemical
bonding were known.

Atomic Structure. For elementary sub-
stances, the smallest particle is called an atom.
Atoms consist of a nucleus of positively charged
protons and neutral neutrons surrounded by one
or more shells of small, negatively charged
electrons. The nature of the element depends
on the number of protons, which is the atomic
number. Isotopes of an element have the same
number of protons but differ in neutrons.
The number of electrons in the outer shell of a
neutral atom determines its valence. The number
of protons and neutrons in the nucleus deter-
mines its atomic weight (for all practical
purposes, the mass weight of an electron is
negligible). Atoms with eight electrons in the

outer shell (or, in some cases, two electrons in the
outer shell) are most stable and unreactive. In
metallic elements, such as sodium, aluminum,
zinc, and iron, valence electrons are donated for
bonding. In other elements, such as oxygen and
chlorine, electrons are accepted. The electrons
in some atoms, such as carbon, nitrogen, and
silicon, may be donated or accepted, depending
on the nature of the bonding that takes place.

Chemical bonding generally consists of the
transfer of electrons from a donor to an acceptor
atom (ionic bonding), a sharing of electrons
between two atoms (covalent bonding), or a
continuum between transfer and sharing (coor-
dinate covalent bonding). Ionic bonding occurs
between metals, metal oxides, and salts of
metals. Covalent bonding consists of a sharing of
electrons in order to establish stability in two or
more atoms. Covalent bonding is most common
with nonmetallic elements, in particular with the
carbon atom. Most bonding that exists within a
coating film consists of covalent bonding
between atoms comprising the molecular poly-
mer of that film. All the bonds depicted in Fig. 1
are covalent bonds.

Polymers. A molecule consists of two or more
atoms held together by chemical bonds. The
properties of the molecule or the specific group
of bonded atoms determine how it is classified.
For the most part, metals are ionically bonded
and have properties that differentiate them from
the nonmetals. Nonmetals are principally cova-
lently bonded and can be generally categorized
as organic or inorganic materials. Inorganic
nonmetallic materials do not contain the carbon
atom, while organic materials do.

Coating resins are almost exclusively organic
materials. There are some exceptions, notably
silicones and silicates, that form the binders for
very high-temperature-resistant coatings and
inorganic zinc-rich coatings, respectively.

The molecular structure of most coatings
consists of high-molecular-weight materials
with a number of repeating units, called “mers,”
thus the terms polymer (many “mers” of different
types forming a resin) or monomer (many “mer”
units of the same type forming a resin). Polymers
can be a relatively simple straight chain material
of either low molecular weight (a relatively small
number of atoms) or very high molecular weight
(a great number of atoms). They can also be
branched in a fashion similar to branches stem-
ming outward from the trunk of a tree.

A polymer solution may consist of billions of
polymer segments of constituent materials, all
with different molecular weights, sizes, and
shapes. At elevated temperatures (above the
melting point), the polymer melt is a liquid, and
while the attractive bonding forces within the
molecule are sufficient to hold the molecule
together, the bonding forces are insufficient to
hold different molecules to each other. However,
as the solution cools and the liquid solidifies, heat
energy is lost such that molecular vibrations slow
down, and the attractive force between portions
of different molecules becomes sufficient to hold
adjacent molecules together in a loose sym-

metry, resulting in a solid. These intermolecular
attractive forces are principally a variety of polar
attractive or dispersion forces within the family
called van der Waals forces. Although these
forces are not nearly as strong as the ionic or
covalent bonding forces between atoms of a
molecule, they are sufficiently strong to hold
molecules together at temperatures below the
melting point. The van der Waals forces of
attraction between adjacent molecules can hold
an amorphic (shapeless) polymer mass together
in order to form a solid. If the polymer mass is of
such a size and constituency that these forces can
pull it into a close and symmetrical alignment,
areas of crystallinity may develop within a
polymeric structure.

Molecular orientation of most paints and
coatings, when dried, consists of closely sym-
metrical, crystalline-oriented molecular struc-
tures within a larger, randomly oriented,
amorphous molecular mass. If molecules have a
simple and regularly ordered structure, they may
naturally fit and pack together well, and that
closely aligned structure gives rise to molecular
crystallinity. Crystallinity of a coating molecule
is generally undesirable, because the oriented
crystalline structure leads to close, dense pack-
ing, and high impermeability resulting in an in-
ability to be dissolved by solvents. Additionally,
the close, dense packing leads to brittleness and a
lack of flexibility or toughness in most polymers.
However, some specific coatings, such as
polyethylene and fluoropolymers (Teflon, E.I.
Dupont de Nemours & Co., Inc.), are highly
crystalline but also tough and flexible and make
good inert coatings. Their method of application
is usually by heating and extruding or by
specially treating the substrate, not by the brush,
roller, or spray techniques most often used for
less crystalline coating materials.

Amorphous molecular orientations are less
ordered, often random, and have greater tough-
ness, impact resistance, and flexibility. Cross
linking is often induced into amorphous materi-
als in order to increase the molecular weight,
provide rigidity of the molecular structure, and
increase resistance to permeating moisture and
chemicals. Cross-linked molecules change dur-
ing film formation and are called thermoset
materials (they “set” with heat). They do not
soften and melt on reapplication of heat; rather,
the thermoset structure will retain its rigidity and
shape until decomposition occurs at an elevated
temperature. Thermoplastic materials (uncross
linked) do not change during film formation
and will soften with increasing temperature until
the material melts and forms a liquid. The
melting point of a thermoplastic material is
generally very close, within a few degrees, of the
initial softening point of the material. Thermo-
plastic coatings include asphalts, coal tars, and
some acrylic materials. Most high-performance,
chemically resistant coatings are cross-linked
thermosets, including epoxies, polyurethanes,
and alkyds.

For a cross-linked thermoset, additional
exposure to increasing temperature changes the

Table 1 Atomic valencies

Element Symbol Valency Names of valency state

Hydrogen H 1 . . .
Potassium K 1 . . .
Sodium Na 1 . . .
Silver Ag 1 . . .
Chlorine Cl 1 . . .
Bromine Br 1 . . .
Iodine I 1 . . .
Magnesium Mg 2 . . .
Calcium Ca 2 . . .
Barium Ba 2 . . .
Zinc Zn 2 . . .
Boron B 3 . . .
Aluminum Al 3 . . .
Carbon C 4 . . .
Silicon Si 4 . . .
Copper Cu 1 or 2 Copper (I) or cuprous

Copper (II) or cupric
Mercury Hg 1 or 2 Mercury (I) or mercurous

Mercury (II) or mercuric
Gold Au 1 or 3 Gold (I) or aurous

Gold (III) or auric
Oxygen O 2 . . .
Iron Fe 2 or 3 Iron (II) or ferrous

Iron (III) or ferric
Cobalt Co 2 or 3 Cobalt (II) or cobaltous

Cobalt (III) or cobaltic
Lead Pb 2 or 4 Lead (II) or plumbus

Lead (IV) or plumbic
Nickel Ni 2 or 4 Nickel (II) or nickelous

Nickel (IV) or nickelic
Sulfur S 4 or 6 Sulfur (IV) or sulfurous

Sulfur (VI) or sulfuric
Nitrogen N 3 or 5 Nitrogen (III) or nitrous

Nitrogen (V) or nitric
Chromium Cr 2, 3, or 6 Chromous (2), chromic (3)
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material from a relatively hard, glossy molecular
structure to a softer, rubbery structure. The
temperature at which this transition occurs is also
a range but usually wider, generally 2 to 5 �C
(5 to 10 �F) or more, and the material does not
melt or liquefy. On application of additional
heat, no other significant change occurs until
darkening and discoloration or a charring
thermo-decomposition occurs. The temperature
at which the transition occurs from the glassy to
the rubbery stage is called the glass transition
temperature (Tg). All cross-linked coatings have
their greatest toughness and flexibility above Tg,
but they are also much more prone to permeation
by moisture, solvents, and chemicals. Accord-
ingly then, most coating materials are formulated
with a Tg that is sufficiently higher than tem-
peratures expected to be encountered during the
normal service life of the coating. Susceptibility
to permeation at temperatures above the Tg is
compensated for by formulation, pigmentation,
and increased cross linking.

The resin of an organic film, consisting of
megamolecules or polymers, has interspersed
within it discrete particles of pigment and other
additives that ultimately constitute the solid
portion of the film (that which remains after all
volatiles have been lost). It is this resin/pigment
combination that deposits onto, adheres to, and
takes the shape of the object to which it is applied
and provides the barrier or coating on steel,
concrete, wood, plastic, and other metal or non-
metal surfaces. It protects the underlying sub-
strate from the vagaries of the service
environment into which the object will be
placed.

Environmental Effects Resulting in
Coating Deterioration

Characterizing an outdoor environment is a
daunting task. The environment at one end of a
bridge may be different than that at another end
and different than the center span suspended over
water or high in the air. Similarly, an exterior
environment at the top of a building may be
different than that near the bottom of the build-
ing, relative to sunlight, wind intensity and
direction, and temperature. Ships hauling cargos
have different environments, not only within the
cargo tanks but above and below the waterline.

The International Organization for Standar-
dization (ISO) has defined principal environ-
ments for coatings. The environmental categories
and descriptions are presented in Table 2. In
addition, the standard discusses metal loss per
year for each category as well as time of wetness;
special conditions, such as corrosion inside build-
ings and corrosion in box girders; and various
stresses, such as chemical, mechanical, conden-
sation, temperature, and stress combinations.

The Society for Protective Coatings (SSPC)
(Ref 3) has also defined environmental zones for
coating systems, as presented in Table 3.

These environmental descriptions are some-
what similar, to the extent that they progress
from a relatively mild, noncorrosive environ-
ment to a relatively aggressive environment. The
more benign, mild environments are generally
warmer, dryer, and less polluted. The more
severe environments generally have more
moisture or are in immersion and have salts or
chemical constituents.

Moisture, salts, and chemicals are primary
influences of the corrosion process on most
materials. The degrading-influence categories
(energy related, permeation effects, mechanical
stress, and biological influences) are not all-
inclusive and are not mutually exclusive. In most
environments, a combination of environmental
influences is present to varying degrees, along
with perhaps other influences not mentioned. It is
the synergistic effect of the combinations of
these and other environmental influences that
degrades the coating or, for that matter, any
material, resulting in loss of suitability for its
intended purpose. Each of these environmental
categories is discussed.

Energy-Related Degradation

Energy acting on a coating can degrade a
material by breaking or interfering with the
chemical bonds holding the resin (or a molecule)
together and to a substrate. In virtually every
case, the influence of increased energy makes an
organic molecule more susceptible to degrada-
tion by other environmental influences.

Solar Energy. The sun is composed of 91.2%
hydrogen and 7.8% helium gas. The remaining
1% is comprised of oxygen, carbon, silicon, iron,
magnesium, neon, sulfur, and calcium. Each
element is important because its presence con-
tributes to the solar light spectrum received
on earth. The sun emits energy created by the
thermonuclear fusion of hydrogen into helium.
The sun’s core contains more helium (65%) than
hydrogen because of this conversion. It is esti-
mated that the remaining hydrogen should last
another 4 billion years. Variations in the sun’s
activity affect the wavelength of emitted radia-
tion. Changes in ultraviolet (UV) light radiation
are more pronounced than those of other ranges

Table 2 ISO Corrosivity categories and examples of typical environments

Corrosivity category Exterior environment Interior environment

Atmospheric categories

C1 very low . . . Heated buildings with clean atmospheres,
i.e., offices, shops, schools, hotels

C2 low Atmospheres with low levels of pollution.
Mostly rural areas

Unheated buildings where condensation
may occur, e.g., depots, sports halls

C3 medium Urban and industrial atmospheres, moderate
sulfur dioxide pollution. Coastal areas
with low salinity

Production rooms with high humidity and
some air pollution, e.g., food-processing
plants, laundries, breweries, dairies

C4 high Industrial areas and coastal areas with
moderate salinity

Chemical plants, swimming pools, coastal
ship- and boatyards

C5-I very high (industrial) Industrial areas with high humidity and
aggressive atmosphere

Buildings or areas with almost permanent
condensation and with high pollution

Categories for water and soil

Im 1 Freshwater River installations, hydro-electric plants

Im 2 Sea or brackish water Harbor areas with structures such as sluice
gates, locks, jetties; offshore structures

Im 3 Soil Buried tanks, steel piles, steel pipes

Source: Ref 2

Table 3 SSPC Environmental zones for coating systems

Zone Description and comment

0 Dry interiors where structural steel is embedded in concrete, encased in masonry, or protected by membrane or
noncorrosive contact type of fireproofing

1A Interior, normally dry (or temporary protection). Very mild (oil-based paints last 6 years or more)
1B Exteriors, normally dry (includes most areas where oil-based paints last 6 years or more)
2A Frequently wet with freshwater. Involves condensation, splash, spray, or frequent immersion (oil-based paints

last 5 years or less)
2B Frequently wet by saltwater. Involves condensation, spray, or frequent immersion (oil-based paints last 3 years

or less)
2C Freshwater immersion
2D Saltwater immersion
3A Chemical atmospheric exposure, acidic (pH 2.0 to 5.0)
3B Chemical atmospheric exposure, neutral (pH 5.0 to 10.0)
3C Chemical atmospheric exposure, alkaline (pH 10.0 to 12.0)
3D Chemical atmospheric exposure, presence of mild solvents, and intermittent contact with aliphatic

hydrocarbons and their derivatives (mineral spirits, lower alcohols, glycols, etc.)
3E Chemical atmospheric exposure, severe. Includes oxidizing chemicals, strong solvents, extreme pHs, or

combinations of these with high temperatures

Source: Ref 3
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of radiation. The distribution of emitted energy is
such that 9% is in the UV region, 45% is in the
visible range, and the remaining 46% is in the
infrared range (Ref 4). However, the energy
emitted by the sun is attenuated by the earth’s
atmosphere and variability within that atmo-
sphere (in particular, ozone absorption and
scattering of solar radiation by clouds, moisture,
and other small molecules). Figure 2 depicts
the solar spectrum as emitted and as absorbed
on the earth’s surface (Ref 4). Figure 3 shows
the electromagnetic spectrum of radiation types
(Ref 5).

Electromagnetic radiation with the shortest
wavelength (l) has the greatest energy. How-
ever, the shorter l is more readily absorbed and
has less penetrating effect than longer l. Radio
waves can be transmitted over long distances,
compared to television and radar with shorter l,
which allows transmission generally along a
line-of-sight. Gamma radiation and x-ray radia-
tion are not found in solar radiation but result

from bombardment of certain elements with
electrons or from radioactive decay. These
high-energy shortwave radiations are powerful
enough to ionize gases, readily cleave chemical
bonds, and induce potentially deadly chemical
changes in human and animal tissues.

Ultraviolet light (l, 10 to 400 nm), a naturally
occurring energy from the sun, has a shorter
wavelength than visible light (l, 400 to 780 nm)
and accordingly is more energetic. Ultraviolet
light has sufficient energy to disrupt and break
covalent bonds of organic molecules. The UV
light range is divided into three subcategories:
UV A (l, 320 to 400 nm), UV B (l, 280 to
320 nm), and UV C (l, 10 to 280 nm). It was
believed that the detrimental effects of UV
radiation on paints started at 295 nm and
extended to approximately 400 nm. However,
recent experience has shown that there is suffi-
cient radiation and penetration of UV light as low
as 280 nm to cause deterioration of paint.
Ultraviolet radiation below 280 nm is not con-
sidered detrimental, because it is generally
absorbed by moisture and other small molecules
in the atmosphere and therefore is of little con-
sequence. Moreover, it has little ability to
penetrate the surface of an organic material.
Frequencies of radiation most harmful to poly-
meric systems are those from the blue part of the
visible light spectrum and the near-UV light
spectrum. The longer wavelengths are not ener-
getic enough to harm molecules, and most of the
other potentially harmful high-frequency rays
are screened by the earth’s atmosphere.

Breaking of molecular bonds and formation of
free radicals by UV energy result in a shorting of
the molecular chain of atoms (or polymer) and,
accordingly, a reduction in molecular weight.
Glass allows visible light to pass without any
absorption but is opaque to the shorter wave-
lengths of UV light and reduces the transmission
of UV light of longer wavelengths. Accordingly,
materials exposed behind glass retain their color
and last longer than those exposed in an exterior
solar environment. However, fading and
embrittlement of plastics and other materials on
long-term interior exposure still occur in indoor

environments exposed to sunlight. The UV
energy that is transmitted through glass is still
sufficient to degrade and fade coatings over time.
It is generally accepted that radiation in the
visible range and higher is nondetrimental to
most paints, organic materials, and plant or ani-
mal tissues.

The effect of solar radiation and UV dete-
rioration on polymers varies with location and
altitude. Higher altitudes have higher levels of
UV light. Additionally, they may be drier, and,
accordingly, there will be less radiation absorp-
tion by moisture in the atmosphere. Similarly, an
arid environment has clearer skies, and UV
degradation may be more pronounced. Smog,
dust, and atmospheric pollution will both absorb
and scatter UV radiation, lessening its detri-
mental effect on the ground. However, while
combinations of moisture, smog, and chemical
contamination from industrial environments
may reduce UV damage, the synergistic effect of
these atmospheric materials on a polymer may be
much greater than that of UV radiation alone.
Ultraviolet radiation in combination with water
on a surface (which concentrates the radiation)
provides perhaps the greatest potential for UV-
polymeric degradation.

Radiant solar energy in the form of light
photons excites certain electrons in the mole-
cules of a resin. Depending on the wavelength
and frequency of the radiation, only certain
electrons are affected. Excess electron energy as
a result of UV photon excitation is dissipated
by fluorescence, phosphorescence, and, most
importantly, a cascading down of the electronic
energy into vibrational and rotational energy of a
molecular electrical bond. If sufficient energy is
absorbed by the bond, it may break. Molecular
groups with double bonds, such as carbon-to-
carbon, carbon nitrogen, and carbon oxygen,
absorb UV energy, and their electrons are lifted
into higher energy levels. When these electrons
decay to lower energy states, energy is released
in the form of vibrations, which may cause a
bond to break and create free radicals. Free
radicals result when a chemical bond is broken.
A covalent bond may break in either of two
ways: the atoms previously joined by the bond
share the electrons (homolytic dissociation), or
the more electronegative of the atoms retains
the electrons (heterolytic dissociation) (Ref 6).
These two types of dissociations are represented
by:

Homolytic dissociation A:B! A:þ:B
Heterolytic dissociation A:B! Aþ þ :B�

Heterolytic dissociation produces ions, which
are electrically charged atoms or molecules.
A negatively charged ion has more electrons
than protons, and a positively charged ion has
more protons than electrons. Such electrically
charged atoms or molecules are polar and can
dissociate from one another when placed in a
water solution. The high dielectric constant
or insulating property of pure water enables
the polar molecules to separate and exist
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separately in solution. Water itself is very weakly
dissociated and forms hydrogen and hydroxide
ions:

ðH2OÞ HOH! Hþ þ OH�

Homolytic dissociation likely occurs if the
two fragments are equally electronegative. This
produces neutral atoms or groups, each with an
unsatisfied valency or unpaired valency electron.
Such groups are known as free radicals. Most
free radicals are highly reactive and recombine
either with each other or other free radicals to
form chemical bonds.

If the free radicals are so reactive, why don’t
they all recombine? If, after separation, the free
radicals are held in a relatively confined area and
maintain close proximity to each other, recom-
bination is likely. If the molecular structure is
crystalline and has relatively tight, rigid chains in
close proximity, or if the free radical is in an
aromatic ring or in a very tightly and closely
cross-linked molecular structure, it will be dif-
ficult for the free radical ends of the molecule to
separate sufficiently after the break in the bond
occurs. Accordingly, the free radicals will
remain in close proximity and will likely
recombine.

However, if the molecular chains are some-
what flexible and the temperature is sufficiently
high that there is vibrational and rotational
movement of molecules of the polymer, the free
radicals on opposite ends of the broken bond may
become so separated that they will not recom-
bine. A radical may pick up a hydrogen from an
adjacent chain upon the breaking of that bond
and therefore transfer the radical to another
portion of the chain. If the free radicals are on a
flexible molecule that is moving around quite
rapidly, there is a high probability that the radical
will pick off a hydrogen of its own chain, five or
seven carbon atoms back along the chain. Then,
there will be a transfer of the radical to a position
away from the chain and a termination of activity
at the chain end. The newly formed free radical
may pick up another hydrogen somewhere else
or react with a monomer or react elsewhere to
continue growth. Free-radical reactions result in
chain scission (breaking of the molecular chain),
depolymerization (reducing a polymeric chain to
its monomer units), branching (a short growth at
a free-radical site), self cyclization (forming a
circular molecule by joining with another portion
of the backbone of a molecule), and the forma-
tion of double bonds.

All of these free-radical reactions, which
occur billions of times in material exposed to
UV, will shorten the molecular chains, reduce
their flexibility, and increase permeability of the
molecule and resin, thus degrading it. Certain
resins, such as an epoxy and particularly an
amine cross-linked epoxy, are very susceptible to
UV degradation. Exposure to even relatively low
amounts of sunlight is sufficient, in many cases,
to cause a chalking deterioration of the surface of
the resin or paint. This chalk is composed of
pigment particles and broken segments of the

colorless molecular resin that refract light to give
a white appearance.

Certain other resins, notably aliphatic poly-
esters, acrylics, and polyurethanes, are mostly
transparent to UV light and allow UV energy to
pass through them with no molecular absorption.
Accordingly, there is no deterioration to these
resins when exposed to UV light. Conversely,
resins containing chromophores, or materials
that absorb UV light at specific wavelengths, are
more susceptible to UV light deterioration.
Ketones and aldehydes (both containing the
C=O group) are particularly active light absor-
bers, breaking down to form peroxides, which
are strong oxidants and may cause further
molecular breakdown. These materials are
sometimes used as a polymerizing medium for
some resins and may become incorporated into
the resin by a chain transfer mechanism. Other
chromophores and their characteristic absorption
wavelengths are listed in Table 4.

Pigments in a paint, particularly inorganic
pigments, will absorb and dissipate UV light,
scatter it, or both, thereby lessening the dete-
riorating effect of the UV radiation. Platelike
pigments, such as leafing aluminum, are parti-
cularly good reflectors and are opaque to visible
and UV light. Zinc and zinc oxides are particu-
larly good UV absorbers, and the UV energy is
dissipated as heat within the coating with little, if
any, detrimental effect. Carbon black is also a
good UV absorber, also dissipating the UV
radiation as heat. Titanium dioxide is an excel-
lent white hiding pigment (and because of this is
widely used in most industrial and commercial
paints). However, it also is a good UV absorber
and, in combination with water on a surface and
in the presence of atmospheric oxygen, may
accelerate UV deterioration of a coating resin.
Both rutile TiO2 and particularly the lesser-used
anatase crystal lose an electron from a higher-
energy valency band. Both the transferred elec-
tron and the hole in the valency band from the
transfer are very active. The electron acts as a
reducing agent and will add itself to any suitable
group of atoms within a molecule. The electron
deficiency, or hole, is a strong oxidant and seeks
to take up other electrons. If the electron and hole
are deep within the pigment particle, recombi-
nation usually takes place, and no deteriorating
effect occurs. However, if the combination is at
the pigment surface or near the molecular sur-
face, oxygen may take up the electron, generat-
ing an oxygen free radical. The electron
deficiency may be similarly satisfied by removal
of an electron from a hydroxyl (�OH) group,
generating a hydroxyl radical. Both of these
radicals may attack other molecular groups in the
resin, particularly at the TiO2-resin interface,
causing deterioration.

Hindered amine light stabilizers (HALS) are a
variety of commercial and patented chemistries
with hindered amines in the molecular backbone
or as reaction products of phosphites, siloxanes,
and hydrobenzenephenones. HALS cannot
absorb UV radiation but instead function by their
ability to terminate any free radicals formed as a

result of UV light absorption. The use of HALS,
in combination with UV absorbers, provides
paint formulators a means to protect against UV
degradation.

Heat Energy. The addition of heat to a
material increases the vibrations of atoms within
molecules. This increase in energy is rather
uniform throughout the molecules, in contrast
with radiation. Both UV and nuclear radiation
affect only certain electrons in the atoms of the
molecule. Other electrons on other atoms remain
unaffected.

If the applied heat is of sufficient intensity, the
molecular vibrations increase to such a degree
that a bond may break. When that happens, free
radicals are formed, and they will react as pre-
viously described. Again, the end result is a
decrease of molecular weight of the chains
comprising the resin of the coating; a reduction
of the tensile strength, modulus of elasticity, and
toughness; and the potential introduction or
formation of reactive polar groups that may
cause changes in compatibility and electrical and
optical behavior of the polymer. Additionally,
introduction of light-absorbing groups (chro-
mophores) may cause discoloration and internal
cyclization of polymer chains, resulting in
hardening and a decrease in toughness. Free-
radical initiation may also cause cross linking
between hitherto independent macromolecules,
which, in excess, may reduce impact strength
and create brittleness. Energy in the form of UV
light may pass through some aliphatic resins
(acrylics, polyurethanes, polyesters) with little or
no effect or be absorbed in other molecular
combinations without breaking bonds. In the
latter case, vibrational and rotational movement
between atoms is increased, and the energy is
dissipated as heat, which is generally harmless
to the molecular structure. However, where
absorbed heat energy is high enough, bonds
may break, and free radicals may be formed.
In a rigid, dense, closely packed, immovable
solid resin or polymer, the free radicals may
recombine with little effect on the molecule.
However, in most cases, particularly in paints
and most plastics, the structure is not rigid
enough to allow immediate recombination of
free radicals, and a variety of unanticipated
secondary and tertiary reactions often occurs,
resulting in a shortening of the molecular weight

Table 4 Absorptive wavelengths of
chromophores

Chromophore Absorptive wavelength, nm

C=C 162
C�C 182, 220
C�N 167
C=O 295
N=O 665
Cl 173
O–H 166
Benzene ring (aromatic) 255
C–H 150

Source: Adapted from Ref 4
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of the resin molecule and other detrimental side
effects, all resulting in deterioration and loss of
properties.

Again, pigments within the paint or near the
paint exterior surface may reflect heat and
minimize damage to the resin. Color is a major
influence in heat absorption, and darker colors
will absorb more heat than lighter colors.

Permeation Effects

Permeation of a coating by moisture and
chemicals in a service environment is a major
factor in the deterioration of the coating. Coat-
ings are specifically formulated and tested to
resist certain environments in immersion or in
the atmosphere. Pigments and resins must be
carefully chosen for their resistance to a given set
of environmental conditions, and they must also
be compatible with each other. The following
permeating species and mechanisms are dis-
cussed subsequently: moisture, solvents, che-
micals, gases, and ions.

Moisture Permeation. The water molecule,
H2O, is a relatively small molecule in weight and
size compared to other molecules commonly
encountered in an environment. Water, in liquid
or vapor form, is present in most all exterior
environments, so coatings must be resistant to
the effects of water penetration.

Water is also polar; the shared electron pairs
in the covalent bond can be considered dis-
placed. As a result, its oxygen atom has a slight
negative charge and can attract hydrogen atoms
with a slight positive charge (or any other atoms
or groups of atoms with positive charges).
Because of this polarity, water has an affinity for
other polar groups within a resin molecule.
Moreover, its small size enables it to readily
permeate molecular interstices and microscopic
pores, holidays, cracks, and defects inherent in
almost any coating system. Water vapor can
move in and out of porous materials with ease, as
long as there is a driving force causing its
movement.

What driving forces cause water movement?
Simply placing a material in water will provide
sufficient pressure from the head (depth) of the
water, even though the immersion is relatively
shallow. Water molecules, because of their
relatively small size, can pack tightly and
therefore are quite dense compared to many
liquids and all gases. In immersion, there is
sufficient capillary attraction (the wicking of
water into a narrow pore opening, driven by
wetting and hydrogen bonding meniscus attrac-
tions) pulling the water into the pore. Addition-
ally, water head pressure may also aid water
migration into cracks, crevices, pinholes, and
microscopic fissures inherent in any coating
system. Water, in permeating a coating, may fill
any free space left by solvents and other mate-
rials that may have migrated from the coating
during application and curing. Due to the polarity
of the water molecule, water may be drawn
into the coating if there are any polar solvents,

polar groups, or polar materials retained in
the film. Thus, the presence of ester groups:

– C – O –

O

ether linkages:

C� O� C�

carboxyl groups:

– C – OH 

O

and other polar groups within a coating resin may
draw water into the paint. An electric potential
applied across the coating film, such as cathodic
protection or that resulting from a corrosion cell,
can induce or accelerate the permeation of water
into a coating. This phenomenon is called
electroendosmosis. Additionally, corrosion-
inhibiting pigments (chromates, borates,
molybdates), due to their water solubility, may
draw water through the coating film in an
osmotic process. These pigments require water
to partially dissolve the metal inhibitor, which
then can wet and passivate the underlying steel or
aluminum metal substrate.

Finally, rust deposits, dirts, salts, and other
contaminants remaining on a surface may pre-
vent bonding of the paint and establish osmotic
driving forces, further promoting water per-
meation. At areas where paint adhesion is rela-
tively poor, cross linking is less dense, or
agglomerations of pigments are not completely
wetted by the organic binder, water may collect
and pool, causing a swelling of the film and
additional water penetration. Water-soluble
salts, including sodium chloride, calcium chlor-
ide, and other chlorides (found in marine
environments and in deicing salts), and sulfates
(from acid rains) are notorious for causing
osmotic blistering of coatings in immersion
service and accelerated rates of corrosion in
atmospheric service if they are allowed to remain
on a substrate before painting or between coats of
paint.

Once water enters the paint film, the small
water molecules have the ability to penetrate
between and within molecular chains comprising
the organic resin and the interstices between the
resin and pigment, if the pigment is not com-
pletely wetted by the resin. As the water mole-
cule penetrates, it separates loose bonds holding
the resin particles together, such as polar bonds,
and becomes attracted to and swells the molecule
at sites of covalent bonds that are polar. This
swelling forces the bonds even further apart,
diminishing their tightness and close packing.
The volume of the coating increases due to the
water intrusion. Some films increase 20 to 50%
in volume when in contact with water. (Ref 7),
but most properly formulated and pigmented
resins used for immersion or exterior environ-
ments do not increase their weight more than 2 to
3% after lengthy water contact. The swelling
caused by the coating film may separate polar

bonds and other weak forces holding the
molecule together and to the substrate, such that
polar attractions, so necessary to coating film
adhesion/cohesion, no longer occur. Addition-
ally, the oxygen of the water molecule may be
attracted to and replace what otherwise would
have been a polar attraction between two long-
chain resin molecules, or between a resin
molecule and the substrate. When this happens,
the charge between the molecules is terminated,
and attraction to water molecules by each chain
end occurs instead. The dried coating film, when
wetted and saturated with water, becomes
plasticized and swollen. Wet adhesion of most
coatings is substantially less than dry adhesion.
When the film dries out, dry adhesion often
re-establishes but usually not to the same extent
as it was before moisture saturation.

The phenomenon of swelling by moisture
penetration into a coating film occurs with vir-
tually all coating materials except those that are
extremely tightly cross linked with a high cross-
link density (such as some phenolic epoxies or
phenolic coatings formulated for water resis-
tance) or other tightly cross-linked coating
materials (such as the fluoropolymers). These
materials are relatively impervious to water
permeation, penetration, and swelling due to
their dense molecular cross linking or the tight
polar bonding between molecular chains.

Heating increases molecular movement,
enabling more rapid water penetration. Con-
versely, cooling, particularly below the Tg,
reduces molecular movement and retards water
permeation.

Solvent Retention. Solvents are not found in
most environments, and the presence of a solvent
in a paint film occurs, for the most part, as a result
of solvent addition to the resin when manu-
facturing the paint. Solvents are added to reduce
resin viscosity, thinning it for application pur-
poses. Upon drying and curing, the solvent must
volatilize from the coating into the atmosphere in
a timely manner. If sufficient solvent volatiliza-
tion does not occur and solvent is retained in the
film, the coating may remain soft and plasticized,
because the relatively large solvent molecules
separate resin molecules from adjacent resin
molecules. Bonding that may otherwise occur
cannot be done, because the bonding moieties
(chemical groups) are not close enough for
attraction to occur. Moreover, many solvents are
somewhat polar, particularly the oxygenated
solvents (including the ketones, esters, and
alcohols). These solvents are generally used to
dissolve polar or somewhat polar resins, and
hydrogen bonding to other polar groups of the
resin retards or keeps the solvents from com-
pletely evaporating from the resin. Hydrogen
bonding is the attraction of the oxygen atom in a
molecule to nearby hydrogen atoms in other
molecules. Retained polar solvents may draw
water into the resin. This is particularly a prob-
lem with slowly evaporating alcoholic solvents,
such as the glycol ethers. Coatings used in
immersion service, particularly for the interior of
deionized water or freshwater storage tanks, will
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often blister due to retained solvents. This is
a problem on tank bottoms, because the tank
bottom is cooled by the earth (acting as a heat
sink), while the tank sidewalls are warmed by the
sun and air convection. The warmer tempera-
tures assist in volatilization of solvents, while the
cooler temperatures of the tank bottom result in a
slower evaporation of retained solvents in the
paint film. The entrapped solvents may draw
water into the coating at the bottom of the tank,
causing osmotic blistering. This may be a pro-
blem not only on tank bottoms but anywhere a
heat sink may occur, such as exterior steel sup-
ports, cradles, or bracing. Baking or heating of
tank interior coatings is often done to ensure
solvent evaporation from the paint film and to
elevate the temperature above the Tg to attain a
higher cross-linking density of the chemically
reacted coating resin.

Chemical Permeation. Coatings are widely
used to protect against chemical attack on a
variety of different substrates and in a variety of
different chemical environments. The wide-
spread use of coatings for such protection attests
not only to the diversity of coating formulations
but the inherent capability of resin and pigment
technologies, when combined, to form a coating
that resists chemical attack in diverse environ-
ments.

In the simplest sense, chemical attack may be
categorized as that by acids and bases. The
strength of an acid or base is a simple function of
the degree of dissociation of the chemical into
hydrogen ions, Hþ (acids), or hydroxyl ions
OH� (alkalis or bases). Acidic or alkaline
strength is measured on the logarithmic pH scale,
which is a scale with each number being ten
times greater than the preceding number. A pH of
3 is ten times more acidic than a pH of 4, for
example. A pH of 7 is exactly neutral, while 1 is
strongly acidic and 13 is strongly basic or alka-
line. However, water, salts, and solvents (all of
neutral pH) can dramatically affect and degrade a
coating. This type of neutral degradation is
described elsewhere in this article.

For all practical purposes, the medium in
which the acid or alkaline dissociation occurs is
water. Even very small amounts of water are
sufficient to dissolve and disassociate most che-
mical compounds into their acidic or basic con-
stituents. At the molecular level, when such
dissociation occurs and the acid or base comes in
contact with a coating material, chemical attack
can take place.

However, many chemicals are hygroscopic
and will attract and react with water. Examples
are most sulfur chemicals, including sulfuric
acid, sulfamic acid, and sodium sulfide; sodium
and potassium hydroxides; sodium carbonate;
zinc chloride; most salts, such as sodium,
potassium, and zinc chlorides; and many sol-
vents, in particular the alcohols and glycols.

Acid Attack. Inorganic mineral acids, such as
hydrochloric, sulfuric, and nitric acids, dis-
sociate completely in water. Organic acids, such
as carboxylic acids, formic acid, and butyric
acid, do not completely dissociate and, as a

consequence, are considered weaker acids.
However, even these acids can aggressively
attack most coating systems.

Acid gases, such as sulfur dioxide (SO2), sul-
fur trioxide (SO3), and nitrogen oxides (NOX),
react with moisture in the air in the form of pre-
cipitation or condensation to form sulfuric and
nitric acids. Even carbon dioxide (CO2), as a
normal constituent of the atmosphere, reacts with
moisture to form weak carbonic acid (H2CO3).

Chemical attack on a coating by condensation
is more aggressive than that by precipitation such
as acid rain. Moisture containing acidic con-
stituents that condenses on the surface usually
evaporates as the substrate warms during the day.
As the moisture evaporates, the acids within the
condensation droplet concentrate and more
aggressively attack the substrate on which the
condensation resides. Acid rain, on the other
hand, will be diluted by successive rainfall, and
the chemical contamination may be diluted or
even washed from the surface.

The chemicals thus deposited, however, attack
and cleave chemical bonds that are susceptible to
deterioration. Chemical groups specifically vul-
nerable to acidic attack and cleavage are ether,
urea, and urethane linkages, where cleavage
occurs by a reaction of the hydrogen ion.

Alkaline Attack. Strong alkalis, such as
sodium, potassium, and calcium hydroxides, will
attack susceptible chemical groups in coatings.
Perhaps the most widespread type of alkaline
attack is saponification, the alkaline attack of the
ester linkage of drying oils used in most oil-
based coatings and alkyds. The attack may occur
when oil-containing coatings or alkyd resins are
applied over concrete, which contains alkali
salts. When combined with water, these form
caustic hydroxide ions. In a similar fashion,
application of oil-based alkyds over zinc-rich
coatings can also result in saponification,
because zinc reacts with moisture to form alka-
line zinc hydroxides. The hydroxides (OH� )
cleave (break) the ester linkage in the drying oil
to form an organic acid and alcohol.

The bond breaking reduces molecular flex-
ibility, embrittles the film, and ultimately will

lead to resin deterioration and the formation of a
sticky, soft coating under damp conditions, or a
brittle powdery coating when dried. All coating
resins containing ester groups are susceptible to
such attack. However, some of those resins, such
as polyesters and vinyl esters, are much more
highly cross linked and formulated with epoxy
resins and other materials to sterically hinder the
ester group, protecting it from alkali attack.
An illustration of alkaline saponification is
shown in Fig. 4.

Figure 5 illustrates the vulnerability of various
organic linkages to hydrolysis (reaction with
water) and saponification (reaction with alkali)
(Ref 8).

Acids and alkalis not only cleave covalent
bonds of organic resins but may attack acid- or
alkaline-susceptible pigments in the paint. Zinc
pigments are attacked by both acids and
alkalis. Aluminum pigments are susceptible to
alkaline attack and have only slightly better
acid resistance. Carbonate-containing filler pig-
ments are aggressively attacked by acids. Many
color pigments are susceptible to attack by either
acids (cadmium red, molybdate orange, zinc
yellow, cadmium yellow, ultramarine blue) or
alkalis (iron blue, azo red and orange, chrome
yellow).

Where there are pinholes and permeability
through the coating, chemical species can pene-
trate, concentrate, and aggressively attack both
the pigment and binder. Pigment agglomerations
not completely wetted out by the coating resin
are susceptible to this, particularly if there are
pinholes and voids in the coating. However,
ionic permeation is much slower than moisture
permeation, and unless the pigment is exposed
on the surface (by chalking or surface resin
deterioration) or the chemical environment has
access through pinholes, voids, or other dis-
continuities in the paint film, chemical attack of
pigments is not usually a major problem.

Table 5 shows the sensitivity of some of the
more common pigment types to chemical attack
(Ref 8).

Oxygen permeation through a coating at the
cathode in a metallic corrosion cell is usually the

+ H – O – HR1 – C – O  – R2

(b)
Ester

linkage
Water Organic acid Alcohol

R1 – C – OH + R2 OH

OO

R1 – C – O – R2 + NaOH

Ester
linkage

(a)

Sodium
hydroxide

Organic acid Salt

Alcohol

R1 – C – O – Na  + R2 OH

R1 + C – OH   +  NaCl

HCl

O

+

O O

Fig. 4 Ester linkage where R1 and R2 are alkyl or aromatic groups. (a) Saponification and (b) hydrolysis of an ester linkage
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rate-determining factor in the corrosion reaction.
The common anodic and cathodic reactions of
metallic corrosion are:
Anodic reaction:

M! Mnþþ ne�

where M is metal, n is number (of valency
electrons), and e is electrons.
Cathodic reactions:
In near-neutral and alkaline environments:

1/2O2+H2O+2e7 ! 2OH7

In acidic environments (in the presence of
oxygen):

2O2 þ 4Hþ þ 8e� ! 4OH�

In highly acidic solution and/or with the absence
of oxygen:

2Hþ þ 2e� ! H2 ðgasÞ

Thus, permeation of molecular oxygen is
necessary for metallic corrosion in near-neutral
and alkaline environments and, in many in-
stances, determines the rate of corrosion. Cor-
rosion is an expansive process, and undercutting
corrosion beneath a well-applied coating system
often causes the coating to crack and spall from
the substrate, exposing the underlying surface to
the environment and further corrosion attack. A
means of corrosion protection in the oil industry
is to remove oxygen from well injection water. In
nuclear and chemical processing and other
industries, the vapor space in a tank or vessel is
made inert by adding nitrogen, carbon dioxide,
combustion gases, or other gases to displace
oxygen, thereby reducing or eliminating metallic
corrosion.

Oxygen species (nascent atomic elemental
oxygen, O; molecular oxygen, O2; ozone, O3) are
very influential in the degradation of organic
materials by UV light and solar radiation.
Molecular oxygen absorbs solar radiation in the
range of 176 to 210 nm. On absorption of UV
radiation, the molecular oxygen is transformed
into singlet oxygen, which dissociates, forming
two oxygen atoms. The oxygen atoms recombine
with molecular oxygen to form ozone. Ozone
absorbs UV between 200 and 320 nm and in
visible light (420 to 700 nm). In these UV
ranges, stratospheric ozone dissipates energy as
heat. This is beneficial, because high-energy UV,
which is detrimental to life on earth, is absorbed.
Ozone in the stratosphere does not influence the
formation of ozone near the earth’s surface,
where ozone is produced by industrial combus-
tion. Ozone is formed indirectly from nitrous
oxide, which absorbs UV, forming molecular
oxygen, which further reacts with more mole-
cular oxygen to form ozone. Ozone is a strong
oxidizer that reacts with most organic materials,
including coatings, to form free radicals and
ultimately cause photochemical embrittlement
degradation.

Table 5 Chemical sensitivity of selected organic and inorganic pigment families

Pigment type Examples

Sensitivity

Alkali Acid

Inorganic

Titanium dioxide . . . Excellent Excellent
Zinc oxide . . . Moderate to good Poor
Antimony oxide . . . Poor Poor
Red iron oxide Synthetic red oxide; Spanish, Indian, or

Persian Gulf red
Excellent Excellent

Cadmium red . . . Excellent Poor
Molybdate orange . . . Poor to fair Poor
Lead Minium, mineral orange Good Poor
Yellow iron oxide Ferrite yellow, sienna, ochre, umber Excellent Fair
Chrorme yellow . . . Poor to fair Fair
Zinc yellow Zinc potassium chromate Fair Poor
Cadmium yellow . . . Excellent Poor
Nickel titanate yellow . . . Excellent Excellent
Bismuth vanadate . . . Excellent Fair
Zinc ferrite . . . Excellent Good
Chrome green Brunswick green Poor Poor
Chromium green oxide . . . Excellent Excellent
Iron blue Prussian blue, Midori blue, Chinese blue,

mineral blue
Poor Very good

Ultramarine blue . . . Very good Poor
Carbon black . . . Excellent Excellent
Black iron oxide . . . Excellent Fair
Micaceous iron oxide . . . Excellent Excellent
Zinc dust . . . Poor Poor
Aluminum . . . Poor Poor
Stainless steel flake . . . Excellent Very good to

Excellent

Organic

Metallized azo reds Lithols, permanents, rubines Poor Poor
Nonmetallized azo reds Toluidines, paras, naphthols Very good Very good
Azo-based benzimidazolone

reds
. . . Very good Very good

Quinacridones . . . Excellent Excellent
Vat reds Dibromanthrone, anthraquinone, brominated

pyranthrone, perylenes
Excellent Excellent

Azo-based oranges Dinitroaniline, pyrazolone, tolyl Good Good
Naphthol orange Very good Very good

Azo-based benzimidazolone
oranges

. . . Very good Very good

Metallized azo oranges Clarion red Poor Moderate
Monoarylide yellows Hansa yellows Very good Very good
Diarylide yellows Benzidine yellows Very good Very good
Azo-based benzimidazolone

yellows
. . . Excellent Excellent

Heterocyclic yellows Isoindoline, quinophthalone, azomethine,
tetrachloroisoindolinone, triazinyl

Excellent Excellent

Phthalocyanine greens . . . Excellent Excellent
Phthalocyanine blues . . . Excellent Excellent
Carbazole violets . . . Very good Very good

Source: Ref 8

– C – C – O – C –

O O

Esters
Likely with oils, alkyds,
polyesters, acrylics, vinyl
acetate, epoxy esters

– C – OH + HO – C –

Likely with ureas, biurets,
allophanates, polyamides

Amides – C – C – N – C –

O H O

– C – C + OH + H2N – C –

Urethanes Likely with all
urethane systems

– C – O – C – N –

O H

– C – OH + H2N – C – + CO2–C 

Possible in certain epoxies, in 
melamine formaldehyde systems

Ethers – C – O – C – – C – OH + HO – C –

Likely with silicone and siloxane
systems

Silicones and
siloxanes

– Si – O – Si – – Si – OH + HO – Si –

Fig. 5 Hydrolysis reaction of various resins. Source: Ref 8
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In most cases, heat or radiation deterioration
does not act alone but in conjunction with oxy-
gen. Oxygen is a very reactive molecule, and if
a free radical forms in its presence, then the
oxygen can combine immediately with it to form
a different radical. This radical may then abstract
a hydrogen atom and form a hydroperoxide. A
hydroperoxide is unstable and will decompose
into two radicals. From the initial two radicals, a
total of six possible radicals may form. This
explains the danger of chain scission in the
presence of oxygen, leading to a chain reaction
(Ref 9).

The oxygen free radicals thus formed can
further react with molecules in a coating or
organic material in the same manner as described
previously, causing chain scission, depolymer-
ization, and fragmentation of the molecule,
reducing its flexibility and resistance to per-
meation.

Stress Influences

Internal coating stresses build up during dry-
ing, curing, and upon aging. Curing stresses are
caused by solvent evaporation (volume loss) and
polymerization.

Cross-linking shrinkage is considered by some
to be a primary cause of premature coating fail-
ure. Additionally, external stresses to a coating
system are applied by movement of the substrate
and by mechanical damage.

Coating Curing and Drying Internal Stres-
ses. Paints and coatings can be formulated to
provide specific functions. The fact that a paint
can be applied in liquid form gives it the ability to
wet, penetrate, seal, cover, and adhere to most
substrates, even those with complex shapes.
Moreover, application of the liquid by brush,
roller, or spray is fast, inexpensive, and relatively
convenient. However, the conversion of a paint
from liquid to solid provides some inherent stress
to the coating and, in extreme conditions or if
adhesion is not adequate, may cause failure to the
coating.

If a coating is not 100% solids, it contains a
volatile material such as water or solvents.
Drying of the coating and its conversion from a
liquid to a solid results in a volume decrease as
the water or solvent evaporates into the atmo-
sphere. Most coating materials will initially gel
within seconds to hours after application,
because most of the volatiles leave, and the paint
dries on the surface. The shrinkage that occurs
with the loss of volatile materials will provide
some initial stress to the coating and to the
coating adhesion. However, this stress is mini-
mal, because the paint has not sufficiently soli-
dified, is still deformable, and can internally
dissipate these initial stresses. However, as the
paint dries further, and particularly if chemical
cross linking occurs, further stresses are applied
to the drying coat. Sometimes, low-molecular-
weight plasticizers such as pthalates, phosphates,
adipates, and chlorinated biphenyls migrate to
the surface of the paint and volatilize or at least

collect at the surface. When this happens,
the molecular volume of the resin decreases.
This decrease in volume applies a tensile stress
to the cross section of the paint film and, in
extreme cases, may result in cracking, peeling,
or loss of adhesion. In a similar fashion, pro-
gressive cross linking, either by reaction with
oxygen from the air (autooxidation) or covalent
bonding between reactive moieties of part A and
part B components of a coating, provides a
further hardening, increasing brittleness, and
tensile stress to the coating. In many coatings,
these latent cross-linking reactions occur slowly
over time, often years, such that the coating
slowly hardens and embrittles with age. Where
the coating has been applied thickly, the stresses
will be greater than in areas where the coating
is thin. Variation in thickness will cause an
uneven distribution of stress on the coating,
further aggravating the potential for cracking or
peeling.

Highly cross-linked coatings, particularly
100% solid materials formulated with low-visc-
osity co-reactants, are particularly susceptible to
internal cross-linking stresses. Polyesters, vinyl
esters, and other thick-film highly cross-linked
coatings must be properly formulated and pig-
mented to satisfactorily reduce these internal
stresses. The low-molecular-weight epoxies,
including bisphenol-F and novolac epoxies, must
also be properly plasticized and pigmented to
dissipate internal curing stresses.

Until recently, the best means of assessing the
extent of internal stress/curing stress on a coating
would be to apply the coating system to a test
panel or a test patch in the area of intended ser-
vice, wait for curing and drying to occur, and
then evaluate the coating over time to see if stress
cracking, peeling, disbonding, or other evidence
of distress occurred. Recently, tests have been
developed (but not yet standardized) whereby a
coating material is applied to one side of a thin
foil strip that is held in position at one end and
allowed to deflect at the other. The amount of
deflection at the free end is indicative of the
internal shrinkage stress as the coating dries and
cures.

External Stress—Vibration, Flexibility,
Stress-Strain. External stresses on a coating
usually affect an applied coating to a greater
extent than internal stresses. One walking across
a bridge feels the movement, flexing, and
vibration caused by traffic. Changing water level
in a water storage tank flexes and bows the side
walls and tank bottom. Wind, snow loads,
ponding water, and other forces may deflect a
metal surface, stressing the coating applied to it.
Vehicles and machinery are subject to cyclical
stresses, resulting from vibration and flexing,
that can be detrimental and can degrade both the
metal substrate and any coating applied to that
substrate.

Solar heating by day and cooling by night
cause expansion and contraction of all materials.
Stress resulting from such thermal expansion
and contraction can be aggravated under winter
conditions in cold weather climates, where a

coating becomes somewhat embrittled due
to cold temperatures. Relatively rapid heating
and cooling during daily temperature fluctua-
tions is often more of a problem in the winter
than in the summer. Some accelerated tests done
by laboratories have used a freeze-thaw cycle to
provide additional stress on a coating to assess its
potential for a service environment, even in a
warm climate where no freezing is expected. If
the coating can survive the freeze-thaw cycling,
quite likely it will be able to resist any thermal
cycling that may be encountered in actual ser-
vice. The external stresses resulting from vibra-
tion, flexibility, and cyclical stress-strain from
thermal expansion and contraction are major
detriments to coating systems, particularly those
that may have high internal stresses, or for
coatings that have been applied to excessive
thicknesses.

Impact and Abrasion. While coating curing
and drying stresses as well as vibration flexing
and stress-strain are relatively slow transient
influences, impact and abrasion damage to a
coating is usually sudden, localized, and abrupt.
Mechanical damage, from dropped tools, stones,
or other types of mechanical damage, where the
coating surface is impacted either directly or
reversely (impacted from either the side the
coating is on or from the opposite side), may
cause the coating to crack and/or spall. Impact
damage is greatest when a coating has high
internal stress and is very brittle, or is at or below
its Tg.

Abrasion occurs as a result of scraping,
scuffing, or erosion due to contact with small
moving particulate matter, such as sand or
slurries. As a general rule, harder, more brittle
coats are more susceptible to abrasion damage
than are rubbery, softer coatings. However,
specific resistances are dependent on the for-
mulation of the coating, because many hard
coatings have abrasion-resistant pigments, such
as aluminum oxide, quartz, silica (sand), garnet,
and other hard materials, embedded in them
to resist abrasion and erosion wear. Rubbery,
elastomeric coatings have the ability to deform
under abrasion, up to a critical point, after
which they recover their original form. Energy
transmitted during the abrasion and/or impact
is absorbed by the elastomeric resin and dis-
sipated as heat within the flexible molecular
structure.

However, hard, brittle coatings and coatings in
cold temperatures or below or close to their Tg

may not have the flexibility to resist abrasion or
erosion wear. In these instances, the coating may
tear on the surface or be scraped or ablated away,
resulting in a thinning of the coating at the areas
of abrasion/erosion.

At areas where abrasion/erosion is expected,
natural or synthetic rubbers should be used.
Anti-abrasion pigments should be added to the
resin or cast and embedded into the top surface of
the coating to make it more abrasion resistant. In
some cases, a softer, more elastic thick-film
coating can also be used to resist scuffing and
abrasion.
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Biological Influences

Microorganisms are the earliest and most
numerous life forms on earth. They are ubiqui-
tous, occurring in virtually all natural environ-
ments, including those considered until recently
to be inhospitable to life: undersea volcanic
vents with high concentrations of sulfur, hot
springs, extremely acidic and alkaline chemical
environments, anaerobic (no oxygen) environ-
ments, and in locations devoid of sunlight.
Microorganisms and macroorganisms, such as
mildew and marine flora and fauna fouling, can
cause considerable damage to coatings and
dramatically affect the properties and functions
of coating systems, negating their purpose.

Microbiologically Influenced Corrosion.
Degradation of coatings can occur from elec-
trochemical and biological processes resulting
from the presence of microbes. Microbial adhe-
sion, establishment, and growth into colonies are
prerequisites for deterioration of organic mate-
rials by microbiologically influenced corrosion
(MIC). Much, but not all, microbial growth
occurs in a biofilm, which is a gel consisting
principally of polysaccharides that protects the
microbe and enables it to form an environment
that is conducive to its reproduction and colony
growth (Ref 10). The process by which a material
is decomposed or otherwise altered by a microbe
colony results in the formation of degradation
products of the polymer, which the microbe uses
as a source of energy, notably carbon. This may
result in the depolymerization of the organic
molecule, breaking it up into smaller units that
can be assimilated by the organism.

Most MIC attack on coatings results from
acids or enzymes produced by bacteria during
metabolism. A MIC attack almost always occurs
in immersion or a wet environment. Different
bacterial families produce different metabolic
products, usually acids of various strengths.
Coatings usually specified for immersion or
corrosion protection in wet or immersed envir-
onments are resistant to the acids and enzymes
produced by MIC. However, if resins or pig-
ments used in a coating subject to MIC are not
acid resistant, acid attack and deterioration may
occur. Deterioration of the coating usually
occurs as a result of bacterial access and attack at
cracks, pinholes, or voids through the coating,
allowing the bacteria and bacterial metabolic by-
products access to the underlying substrate. The
deterioration of the substrate at these local areas
of attack results in an undermining of the coating
and further cracking and bacterial access. Sub-
strate deterioration continues to occur, often in
an aggressive fashion. Microbes that may cause
damage to a coating may not be implicated in
deterioration of a substrate, and conversely,
often microbes that will aggressively attack a
substrate will not degrade a coating system
applied over that substrate.

Mildew. In warm, moist environments, and
particularly in the southeastern part of the United
States and in tropical countries, the presence of
molds and mildews on paint (and, for that matter,

many other materials) is of concern. Molds and
mildews are forms of fungi whose spores are
ubiquitous in the environment. The spores
require moisture and heat in order to germinate
and grow. Generally, 70% relative humidity with
temperatures of 5 to 50 �C (40 to 120 �F) are
necessary for mold and mildew growth. Slightly
acidic pHs (in the range from 4.5 to 6.5) are
preferable. Alkaline conditions above a pH of
approximately 8.5 are not conducive to most
fungal growth.

In order for fungal growth to occur, the spore
must remain in contact with the surface and have
moisture and a source of food. Accordingly, a
rough-textured surface that collects dirt and
holds moisture will provide a good surface for
fungal growth. Food sources for the spore can be
pollen, organic debris carried in the wind, con-
tamination from intermittent water, or the pain-
ted surface itself. Oil-based coatings, alkyds, and
polyamide cured epoxies are susceptible to fun-
gal attack due to the fatty acids in the oils or
cross-linking copolymer. Phthalate plasticizers
may also be a food source for fungi. Latex paint
systems, particularly those containing oil or
alkyd modifications for adhesion to chalky sur-
faces, are also very susceptible to mildew or
mold growth. The fungal spores can either feed
directly on the fatty acid constituents in the paint
or secrete enzymes that will break down portions
of the paint binder into components that then can
be used as food for the fungus.

When a mold or mildew grows on the
surface of a paint, the growth can collect more
dirt and dust from the atmosphere and hold
moisture, perpetuating its growth. As the fungus
feeds on the paint, the resinous binder is degra-
ded by scission of ester linkages, oxidation
of oil fatty acids, and accumulation of meta-
bolic acidic products. Not only is the paint
degraded, but it is covered with an unsightly
black growth.

Fungicides formulated into paint reduce or
eliminate mildew and mold growth. Basic zinc
oxide added to oil-based and latex paints in
amounts of 120 to 360 g/L (1 to 3 lb/gal), per-
haps in combination with some organic fungi-
cides, substantially reduces or eliminates fungal
growth.

Existing molds and mildews can be killed by a
dilute hypochlorite solution (bleach). Bleach
will kill the fungus turning it white. If dirt is
present, it will not be bleached and will remain a
dark color. After the fungus, is killed, it should be
removed from the paint surface by scraping and/
or scrubbing prior to painting. However, if heat,
moisture, and a food source are still present after
repainting, it is likely that spores may reattach
and grow. Mildews and mold are relatively easy
to kill by bleaching, but their spores can often
survive a bleach treatment and commence
growth if conditions are right.

Marine fouling consists of attachment of
plant or animal life to an immersed structure.
Virtually all underwater surfaces have some type
of marine attachment, including ships, piers, and
pilings.

Animal fouling species are most commonly
barnacles, mussels, and tubeworms. Fouling
vegetation are algae or seaweeds (ectocarpus,
enteromorpha, or laminaria). Both animal and
plant fouling require contact with the substrate
for 24 h or more in order to attach. Consequently,
if water is fast-moving, over approximately 10
knots (5 m/s, or 17 ft/s), or if the surface is
smooth with no fissures or crevices, marine
fouling is minimized or eliminated.

Marine foulants generally do not attack paint
and degrade it, but by virtue of their adhesion,
they roughen the surface to which they are
attached, providing considerable friction to the
smooth flow of water around the fouled object.
If that object is a ship, even minimal marine
fouling can reduce its speed and increase its fuel
consumption by 10% or more.

Antifouling coatings are used to kill or prevent
attachment of marine organisms. Tributyl tin
antifoulants were used successfully in the past,
but because they accumulate in species used for
food and are toxic to most marine life, they have
been banned from use on most U.S. flagships.
Currently, antifoulants based on copper oxides
are most commonly used, but these too are tox-
ins, and there is concern that ultimately these
may also be prohibited. Nonstick fluorinated
hydrocarbon resins, such as Teflon, and silicone-
based binders are being used with only limited
success at present. These materials function by
providing a surface to which the marine fouling
organism cannot tightly attach. When a ship is
underway, the friction from flowing water is
sufficient to wash growth from the nonstick
antifoulant paint surface. Even when marine
fouling does attach, it can be more readily
removed by scraping or hosing down with high-
pressure water washing.
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Environmental Performance of
Thermosetting Plastics and Resin
Matrix Composites
Terry W. Cowley, DuPont

MANY FACTORS contribute to the corro-
sion-resistant effectiveness of fiberglass-rein-
forced plastic (FRP) or glass-fiber-reinforced
plastic equipment made with thermosetting
resins. Simply put, FRP is more than just a plastic
and a reinforcing fiber. The thermosetting resin
type, the cure system, the degree of cure, the
reinforcement types, the design, and the fabri-
cator are all factors to consider. There are a
variety of resins available today to handle a
wide variety of chemical environments—from
organic solvents to 50% caustic solutions to 98%
sulfuric acid. However, no single thermosetting
resin will handle every environment. More than a
basic knowledge of FRP is required in specifying
resin and fabrication requirements. Two things
that a FRP user or potential user should
remember are:

� The best thermosetting resin is no better than
the fabrication process and the fabrication
standards used.

� Just because a FRP corrosion-resistant liner
looks bad does not mean it is not still doing
its job.

Fabrication of FRP Equipment

A simplified view of a laminate structure for
FRP equipment, such as a tank made with epoxy
vinyl-ester and polyester resins, is shown in
Fig. 1. The corrosion-resistant liner or corrosion
barrier is resin rich, with generally an initial 0.3
to 0.5 mm (10 to 20 mils) thick veil that contains
90 to 95 wt% resin. A veil is a thin surface mat,
often composed on glass or organic fibers,
intended for increased corrosion resistance due
to its higher resin content. The veil is followed by
approximately 2 to 2.5 mm (80 to 100 mils) of
chopped strand glass mat containing 70 to
80 wt% resin. The structural wall will have an
approximate resin content of 30 to 70 wt%,
depending on the method of fabrication: hand
lay-up, filament winding, or a combination of the

two. The resin provides corrosion resistance and
holds the shape of the fiberglass. The fiberglass
provides strength. Therefore, the most corrosion-
resistant portion of FRP equipment is in contact
with the corrosive environment. It is recom-
mended that the corrosion-resistant liner be
excluded from strength requirements for FRP
equipment. By doing this, a 75% loss of
corrosion-resistant liner thickness is an accept-
able loss before the tank needs to be replaced or
relined.

Fiber-reinforced equipment made with epoxy
thermosetting resins generally has no corrosion-
resistant liner, or a minimal corrosion-resistant
liner of one to two veils. Compression-molded
parts, such as pipe elbows, fabricated with epoxy
vinyl-ester resins do not generally have a corro-
sion-resistant liner and should not be used in
alkaline and strong acid environments. Some
smaller FRP equipment is made with an epoxy
vinyl-ester resin corrosion-resistant liner and an
epoxy resin structural wall. The glass types used
in the fabrication of FRP equipment are coated
with a sizing material that enables resins to
thoroughly wet out the individual glass fibers.
Mallinson’s book, Corrosion-Resistant Plastic
Composites in Chemical Plant Design, provides
a more detailed description of the various fabri-
cation techniques employed (see Selected
References).

Because caustic, sodium hypochlorite, and
hydrofluoric acid environments rapidly degrade
glass, it is recommended that two layers of
synthetic (nonglass) apertured veils, such as a
polyester veil, be used for these environments
(Ref 1–4). The polyester fibers of an apertured
veil are woven in such a manner that a pattern of
small squares is formed through the veil. Carbon
veil also provides excellent resistance to caustic
and hydrofluoric acid environments (Ref 5, 6).
Two layers of veils are recommended for
concentrated hydrochloric acid environments
(Ref 7, 8). It is also appropriate for the end
user to specify double the thickness of chopped
strand glass mat in the corrosion barrier for

many environments, such as caustic, sodium
hypochlorite, and concentrated hydrochloric
acid solutions (Ref 5, 8–10).

For improved corrosion resistance to all
environments, equipment internals should be
fabricated with only chopped strand glass mat
and specified veil(s). All cut edges exposed to the
chemical environment should be covered with
the same number and veil type as specified for
the corrosion barrier. In doing this, the cut edge
becomes similar to the corrosion barrier. All
polyester and epoxy vinyl-ester resin laminates
exposed to the air (secondary lay-ups) during
cure should have a final resin coat containing
paraffin to ensure complete resin cure. The final
resin coat containing paraffin should be highly
catalyzed in order to cure properly.

Types of chopped strand glass mat are manu-
factured that provide improved resistance to
strong acid environments, such as hydrochloric
acid. Chopped strand glass mat with improved
resistance to caustic environments is currently
being developed. The end user should strive to
specify glass mat that provides the improved
resistance required.

Structural specifications for FRP tanks are
provided by codes and standards of the American
Society of Mechanical Engineers. Information
on these documents, as well as papers describing
leak detection systems for FRP equipment, can
be found in the Selected References of this
article.

Resins and Their Resistance to
Various Environments

Corrosion-resistant thermosetting resins can
be categorized by families of resins and their
associated types, as indicated in Table 1.

The polyester, epoxy, and epoxy vinyl esters
are also available halogenated with bromine or
chlorine molecules to provide fire-retardant
properties. The brominated versions of epoxy
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vinyl-ester resins have been shown to provide
improved corrosion resistance to sodium hypo-
chlorite, chlorine dioxide, chlorine, and hydro-
gen peroxide environments (Ref 1, 10–12).

Polyester. The isophthalic and terephthalic
resins provide good corrosion resistance to
waste-water and weak acid environments but are
not recommended for alkaline environments.
However, the bisphenol-A fumarate polyester
resins were the first resins that provided good
corrosion resistance for a wide range and con-
centration of acids, caustics, and oxidizing
environments.

Epoxy resins provide good corrosion resis-
tance against acids, caustics, and solvent envir-
onments, although the corrosion resistance is
highly dependent on the type of hardener used.

One FRP pipe manufacturer uses an epoxy
novolac resin with a proprietary hardener to
make pipe that will handle 98% sulfuric acid
(Ref 13). The same epoxy novolac resin cured
with other types of hardeners would not perform
as well. Hardeners are discussed in the section
“Curing Thermosetting Resin Types” in this
article.

Epoxy vinyl-ester resins provide the best
overall corrosion resistance to the widest variety
of environments, caustics, acids, oxidizing
solutions, and solvents. The bisphenol-A and
brominated bisphenol-A epoxy vinyl-ester resins
provide the best resistance against caustic and
alkaline hypochlorite solutions, respectively.
The epoxy novolac vinyl-ester resins provide the
best resistance to strong acids, such as

sulfuric acid, and solvent environments (Ref 1,
5, 7–9, 14).

Furan and phenolic thermosetting resins are
known for their solvent resistance as compared
to the other resin families (Ref 5, 15, 16). These
resins have inherently good fire-retardant prop-
erties and produce low levels of smoke, meeting
the class 1 flame-spread requirement of ASTM E
84 (Ref 17) without the use of fire-retardant fil-
lers (Ref 15, 16, 18). Halogenated (brominated or
chlorinated) thermosetting resins can meet a
class 1 flame-spread rating in accordance with
ASTM E 84 when antimony trioxide or pent-
oxide at the level of 3 to 5% is added to the resin.
However, the smoke levels are high (Ref 5, 8, 9).
The addition of the antimony oxides to a non-
halogenated resin will not make the resin fire
retardant. Bromine or chlorine molecules must
be present for the antimony oxides to improve
resin fire retardancy. Some highly halogenated
resins have achieved a class 1 flame-spread rat-
ing in accordance with ASTM E 84 without the
addition of an antimony oxide (Ref 5, 19). It is
recommended that the antimony oxides be added
only to the structural portion of FRP equipment,
because the addition of a filler may reduce the
corrosion resistance of the resin laminate. It is a
good practice to use the highest-rated fire-
retardant resin without antimony oxide in the
corrosion barrier and to use a lower-rated fire-
retardant resin with antimony oxide for the
structural portion of FRP equipment. Please note
that the resins are organic materials, and the
fabricated products made with the resins will
burn under the right conditions (Ref 8).

Concentration of Chemicals. As a rule,
thermosetting resin laminates are degraded more
rapidly by more highly concentrated chemical
environments. This is certainly true of acid,
organic, and solvent environments. Figure 2
shows the degradation of an epoxy vinyl-ester
resin laminate in a neutralization tank. Con-
centrated sulfuric acid had leaked by the inlet
valve and, over time, severely damaged the
laminate. Notice that the degradation disappears
toward the bottom of the figure. This is due to the
sulfuric acid being diluted at the aqueous liquid
level. Methylene chloride has the same effect
on epoxy vinyl-ester resin laminates. When
methylene chloride is completely soluble in
aqueous solution (51.5 wt%), it has virtually no
detrimental effect on epoxy vinyl-ester resin
laminates. However, if methylene chloride

Table 1 Corrosion-resistant resins

Family Types

Polyester Isophthalic
Terephthalic
Bisphenol-A fumarate
Chlorendic anhydride

Epoxy Bisphenol-A
Epoxy novolac

Epoxy vinyl ester Bisphenol-A
Epoxy novolac

Furan No specific types
Phenolic No specific types

0.3 to 0.5 mm (10 to 20
mils) veil (90% resin)

Two plies of 450 g/m2 (1.5 oz/ft2)
chopped strand glass mat 
(75% resin)

Filament winding or
alternate layers of chopped
strand mat and woven roving
(30–70% resin)

Corrosion-
resistant
liner

Structural
wall

Fig. 1 Typical lay-up sequence for fiberglass-reinforced plastic
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becomes high enough in concentration to phase
out of solution, most epoxy vinyl-ester resins
will be destroyed in less than 24 h. An exception
to this is laminates made with epoxy novolac
vinyl-ester resins with low styrene content,
535 wt%. These laminates may last for several
months (Ref 14).

Concentrated hydrochloric acid is known to
form blisters in FRP corrosion barriers. For
concentrated hydrochloric acid solutions, it is
recommended that an epoxy novolac vinyl-ester
resin be used with two veils and at least four
layers of 450 g/m2 (1.5 oz/ft2) hydrochloric-
acid-resistant chopped strand glass mat (Ref 8).

Other exceptions to the general rule are alka-
line and inorganic salt solutions. Fifty percent
sodium hydroxide has no detrimental effect on a
thermosetting resin laminate but does become
more aggressive at concentrations between 5 and
20%. Saturated brine (sodium chloride) has vir-
tually no effect on thermosetting resin laminates
(Ref 2, 20).

Temperature. As the temperature of a che-
mical environment increases, so does its ability
to degrade a resin laminate. Resin manufacturers
provide maximum recommended temperatures
and concentrations for the resins in specific
environments.

Hot distilled and deionized water and steam
can cause blisters to form in corrosion-resistant
laminates because of osmosis. Water molecules
can permeate the resin laminate and form
microscopic pools that dissolve any soluble
material. This becomes a very concentrated
solution because of the small amount of water.
Osmosis is driven by concentration. The more
dilute solution pumps water to the more con-
centrated solution to equalize the concentrations
of the two solutions. As more water enters the
resin laminate, blisters are formed. Blisters can
be expected but are not necessarily a cause for
concern. They may grow to a certain size and not
become any larger (Ref 21–24). The author has
observed blisters in vent stacks several feet in
size but made no recommendation for repair.

Ultraviolet (UV) light from the sun slowly
degrades the resin on the outside surface of FRP
equipment, resulting in loose or exposed glass
fibers. This is called fiber bloom. This should not
be cause for concern, because only 0.3 to 0.5 mm

(10 to 20 mils) of the equipment is affected.
Although fiber bloom is not aesthetically pleas-
ing, there is no loss of strength in the equipment
(Ref 25). Generally, UV inhibitors are used in the
outer layer of resin to reduce the degradation, but
the inhibitors may be used up over time. It is
recommended that a pigmented resin gel coat or
coat of pigmented epoxy paint with UV inhibi-
tors be applied to the surface of finished FRP
equipment to provide the best resistance to UV
light degradation. If FRP equipment is not gel
coated or painted, it is recommended that an
apertured polyester veil be applied with the last
layer of resin to reduce glass fiber bloom.
Touching a surface that has fiber bloom can
result in cuts from the exposed glass fibers. Using
a polyester veil significantly reduces any
exposed glass fibers. Particulate erosion may
contribute to gel coat degradation as well.

Fillers. It is recommended that no fillers be
added to the corrosion barrier, because the filler
may be detrimental to the resin laminate corro-
sion-resistance properties. However, two envir-
onments may require the addition of filler to
improve the properties of the corrosion barrier:

� Process streams containing solids, where the
flow rate may cause abrasion of the laminate
(Ref 26, 27)

� Thermal shock

The first response to these two environments
should be to choose a resin with the highest
percent elongation that will still meet the corro-
sion-resistance requirements (Ref 26, 28). For
abrasion resistance, hard filler, such as silicon
carbide and alumina, may be added to the cor-
rosion barrier. Silicon carbide and alumina have
a Mohs hardness ranking of 9 (for comparison,
diamond is 10) (Ref 26, 27). Synthetic veils, such
as apertured polyester, have shown improved
abrasion resistance in parallel flows compared to
c-glass veil (Ref 4, 29, 30). Erosion can be a
problem at sharp turns in FRP pipe if a process
stream is flowing at excessive speeds. Abrasion-
resistant fillers may be added to the corrosion
barrier, or the corrosion barrier may be made
thicker (Ref 27).

The second environment that may require a
filler in the corrosion barrier is the occurrence of
rapid temperature changes. To reduce the effect
of severe thermal shock, thermally conductive
materials, such as graphite and silicon carbide,
may be added to the corrosion barrier. These
materials aid the resin laminate in resisting dif-
ferential thermal expansion damage by rapidly
transferring temperature changes throughout the
laminate layers (Ref 31, 32). The materials
are added in the range of 15 to 30 wt%, based
on the resin weight. Also, a thermosetting resin
with the highest elongation that will still meet
the corrosion-resistance requirements should be
used. Many times, a highly flexible resin without
thermally conductive fillers is all that is neces-
sary to resist thermal shock (Ref 32, 33).

Graphite, silicon carbide, and alumina are
resistant to most chemical environments and thus

can be added to corrosion barriers with little to no
concern about their effect on the corrosion-
resistance properties of corrosion barriers.
However, strong sodium hypochlorite bleaching
environments will degrade graphite powders.

Graphite may be added to the corrosion barrier
to make it electrically conductive (15 to 30 wt%,
based on the resin weight). A graphite or carbon
veil may be incorporated into the corrosion-
resistant barrier to enhance the conductivity of
the laminate. This may be desired when the
contents of the FRP equipment may cause a static
charge to build up on the equipment wall. The
conductive corrosion barrier can be attached to
ground to dissipate any static charge on the wall
(Ref 27, 34–36).

When fillers are added to a resin laminate, the
strength of the laminate is affected. This effect is
not significant until the filler content exceeds
10 wt% (Ref 27). However, the fillers are to be
added to the corrosion barrier only. If, as
recommended earlier, the corrosion barrier is not
used to contribute to the structural strength, then
a loss in physical properties should not be of
concern. It is recommended that secondary
bonds to the corrosion barrier be doubled in
length because of the change in secondary bond
strength.

Whenever a filler is added to a resin system, its
effect should be tested to ensure that it does not
impair the final resin cure.

Food Applications. Several types of thermo-
setting resins, when properly formulated and
cured, comply with the Food and Drug Admin-
istration (FDA) regulation 21 CFR 177.2420,
allowing their contact with food. Care must be
exercised when using the resins for FDA appli-
cations, and the end user should work closely
with the resin manufacturer and fabricator to
assure compliance (Ref 5, 8, 9).

Resin Recommendations. When seeking a
corrosion-resistant resin system for specific
applications, it is strongly recommended that the
end user consult corrosion resistance guides of
the various thermosetting resin manufacturers
and original equipment manufacturers. If the
chemical environment of concern cannot be
found, contact the resin manufacturer’s technical
service group for recommendations. Many
times, knowing how different environments
affect a resin system will enable the technical
representative to make a sound recommendation
on an unlisted environment. Also, the manu-
facturers of epoxy pipe can provide the end user
with the best recommendations for their pro-
ducts, because the products have undergone
corrosion testing at higher temperatures. Table 2
provides a partial list of North American ther-
mosetting resin manufacturers and the type of
resins manufactured.

Curing Thermosetting Resin Types

The great majority of FRP equipment made
with polyester and epoxy vinyl-ester resins is

Concentrated
sulfuric acid attack

Water level

Fig. 2 Concentrated sulfuric acid attack of fiberglass-
reinforced plastic tank. Dilution effect shown

toward bottom
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cured using methyl ethyl ketone peroxide (the
initiator), cobalt naphthenate (the promoter), and
in cool/cold weather, N,N-dimethylaniline or
N,N-dimethylacetoacetamide (the accelerator).
Other liquid peroxides are available that reduce
the reaction exothermic temperature as well as
reduce foaming. For sodium hypochlorite and
hydrogen peroxide applications, the epoxy vinyl-
ester resin should be cured with benzoyl per-
oxide and N,N-dimethylaniline or N,N-diethy-
laniline. This is because the cobalt decomposes
hypochlorite and hydrogen peroxide to produce a
by-product that is very aggressive to thermoset-
ting resin laminates and will shorten the service
life of the equipment (Ref 1, 3, 12).

Generally, the room-temperature cure of
polyester and epoxy vinyl-ester resin laminates
is more than sufficient to provide the required
corrosion resistance and physical properties for
most environments. However, for maximum
corrosion resistance and service life in caustic,
sodium hypochlorite, hydrogen peroxide, pure
water, and steam environments, the corrosion-
resistant barrier of the FRP equipment should be
postcured at elevated temperatures for specified
times. The required temperatures are those of the
corrosion-resistant laminate, and time should not
start until the laminate reaches the specified
temperature. Consult the resin manufacturer’s
recommendations for postcure temperatures and
times.

Because the total curing system for polyester
and epoxy vinyl-ester resins is, at the most,
3 wt% of the total resin composition, the corro-
sion resistance and physical properties of the
cured resin laminate are due to the resin prop-
erties. However, the choice of hardeners for
epoxy resins can have a dramatic effect on resin
laminate properties. Epoxy resins can be cured
with a wide variety of hardener types, such as
aliphatic, cycloaliphatic, and aromatic poly-
amines; anhydrides; polyamides; and catalytic
curing agents. The quantity of hardener used for
epoxy resins is much higher than the cure system
for polyester and epoxy vinyl-ester resins. The
hardener amount can be as high as 1 part resin to
1 part hardener. Because of the high amount of
hardener used and the variety of hardeners used
to cure epoxy resins, the hardener contributes
significantly to the final corrosion resistance and
physical properties of the cured epoxy resin. The
great majority of FRP equipment made with
epoxy resins requires a postcure in order to

provide the required corrosion resistance and
physical properties. These postcures often
require ramped temperatures to prevent damage
to the equipment during postcure. Consult the
resin manufacturer’s recommendations for
postcure temperatures and times. Because the
cure temperatures for epoxy resins can be sig-
nificantly higher than for polyester and epoxy
vinyl-ester resins, epoxy resin use is most often
restricted to smaller parts, such as pipe and
relatively small tanks.

Furan and phenolic resins are cured with
specific acid initiators. The acid initiators run
between 7 and 12%, based on the weight of the
resin. Furan and phenolic resin systems must be
post-cured to manufacturers’ recommendations
as well to achieve maximum corrosion resistance
and physical properties.

ACKNOWLEDGMENTS

The information in this article is based on the
experiences of the author and colleagues asso-
ciated with the industry, as well as on the refer-
ences cited. Thanks to Larry Craigie, Don
Kelley, and Juan Bustillos, all great teachers and
friends.

REFERENCES

1. T.W. Cowley and M.A. Robertson, “The
Effect of pH and Temperature on Fiberglass
Reinforced Composites in Sodium Hypo-
chlorite Solutions,” Paper 305, Corrosion
91, National Association of Corrosion
Engineers, March 1991

2. R.C. Allen, “Corrosion Mechanisms in
Attack of Resin and Resin-Glass Lami-
nates,” 33rd Annual Technical Conference,
The Society of the Plastics Industry, Inc.,
1978

3. “How to Keep Your FRP Tank from Turning
into Modern Art,” The Dow Chemical Co.,
Dec 1994

4. J. Norton, E. Delaby, and R. Moubarac,
“ECTFE Veil for Corrosion Resistant FRP
Equipment,” Paper 01394, Corrosion 2001,
National Association of Corrosion Engi-
neers, March 2001

5. Hetron and Aropol Resin Selection Guide,
2000 ed., Ashland Chemical Co.

6. “Thermoset Resins Technical Service,”
Ashland Chemical Co.

7. J.E. Niesse, Fiber Reinforced Plastic in
Hydrochloric Acid Service, NACE Niagara
Frontier Section, Sept 1980, revised Oct
1981

8 DERAKANE Epoxy Vinyl Ester Resins,
March 1999 ed., The Dow Chemical Com-
pany, p 10

9. Atlac and Dion Corrosion Resin Selection
and Design Guide, Reichhold Chemicals,
Inc.

10. L.M. Adkins, D.W. Daniel, and D.A. Rust,
“Factors Affecting the Fabrication of Cor-
rosion Barriers for RP Equipment in
Bleaching Environments,” 49th Annual
Conference, Composites Institute, The
Society of the Plastics Industry, Inc., Feb
1994

11. T. Bishop and T.W. Cowley, “Corrosion-
Resistant Fiberglass Reinforced Plastic
Composites for Chlorine Dioxide Environ-
ments—Third Report,” TAPPI Engineering
Conference, 1994

12. M.J. Thompson and T.W. Cowley, “Corro-
sion-Resistant Fiberglass Reinforced Plastic
Composites for Alkaline Peroxide Environ-
ments,” TAPPI Engineering Conference,
1995

13. “Z-CORE Piping Systems,” Bulletin
A2115, Smith-Fibercast, Little Rock, AR,
and Sand Springs, OK, 1 Nov 2001

14. T.W. Cowley, Evaluation of Fiber Rein-
forced Plastics for Solvent Resistance and
Containment, Managing Corrosion with
Plastics, National Association of Corrosion
Engineers, 1993

15. A. Mekjian, “The Application of Phenolic
Resins in FRP Composites,” Seventh Wes-
tern Technical Conference on Corrosion/
Construction, The Society of the Plastics
Industry, Inc., April 1992

16. “QuaCorr Resin/Catalyst Systems, Media
Guide,” Penn Specialty Chemicals, Inc.

17 “Test Method for Surface Burning Char-
acteristics of Building Materials,” E 84,
Annual Book of ASTM Standards 4.07,
ASTM International, 2004

18. A. Mekjian, “Phenolic RTM—A Boon to
Mass Transit,” 49th Annual Conference,
Composites Institute, The Society of the
Plastics Industry, Inc., Feb 1994

19. “Ignition Resistance Test Results of Lami-
nates Made with DERAKANE Resins or
DERAKANE Momentum Resins,” techni-
cal information, The Dow Chemical Com-
pany

20. R.F. Regester, Behavior of Fiber Reinforced
Plastic Materials in Chemical Service,
Corrosion, Vol 25 (No. 4), April 1969,
p 157–167

21. Osmosis in Resins and Laminates, Chapter
3, Developments in Reinforced Plastics,
Elsevier Applied Science Publisher, 1984

22. G. Bergman, Blistering in Process
Equipment of Glass-Fiber Reinforced
Plastics (FRP)—Damage Mechanisms and

Table 2 Resin manufacturers and resins produced

Product

Manufacturer Polyester Epoxy
Epoxy vinyl

ester Furan Phenolic

AOC, Collierville, TN X . . . X . . . . . .
Ashland Chemical, Dublin, OH X . . . X X . . .
Borden Chemical, Naperville, IL X . . . . . . . . . X
The Dow Chemical Co., Midland, MI . . . X . . . . . . . . .
Interplastic Corporation, St. Paul, MN X . . . X . . . . . .
Penn Specialty, Chemicals, Inc., Memphis, TN . . . . . . . . . X . . .
Reichhold Chemicals, Inc., Research Triangle

Park, NC
X . . . X . . . . . .

Environmental Performance of Thermosetting Plastics and Resin Matrix Composites / 603

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Influencing Factors Concluded from an
Instructive Case, Proc. Eighth Int. Sympo-
sium on Corrosion in the Pulp and Paper
Industry, Swedish Corrosion Institute,
Stockholm, Sweden, May 1995

23. G. Bergman and K. Petersson, “Investiga-
tion of Blistering and Delamination
Damage in a Flue Gas Scrubber Made of
Glass-Fiber Reinforced Ester Plastics
(FRP),” Swedish Corrosion Institute,
Stockholm, Sweden

24. T. Bishop and T.W. Cowley, “The Corro-
sion Resistance of Some Fiberglass Rein-
forced Plastic Laminates in Chlorine
Dioxide Solutions and the Part Played by
Water,” Eighth Symposium on Corrosion in
the Pulp and Paper Industry, May 1995
(Stockholm, Sweden)

25. DERAKANE News, Vol 2 (No. 3), The Dow
Chemical Co., Nov 1983, p 4

26. Fabricating Tips, The Dow Chemical Co.,
Oct 1994, p 37

27. J.H. Mallinson, Corrosion-Resistant Plastic
Composites in Chemical Plant Design,
Marcel Dekker, Inc., 1988, p 417–469

28. M.T. Belford, R. Llewellyn, D. Kumar, and
R. Moubarac, “Abrasion and Erosion
Resistance of Fiberglass Reinforced Vinyl
Ester Composites,” Niagara Frontier Section
FRP Symposium, (Buffalo, NY), NACE
International, 2002.

29. T.O. Bautista, “The Role of Synthetic Veil
in the Wear Factor of Corrosion Resistant
Laminates,” 35th Annual Technical Con-
ference, Reinforced Plastics/Composites
Institute, The Society of the Plastics Indus-
try, Inc., 1980

30. D.G. Chandler, G.T. Overholt, and T.F.
Anderson, “Synthetic Veil—Why and How
to Use It (in Corrosion Resistant Equip-
ment),” 39th Annual Technical Conference,
Reinforced Plastics/Composites Institute,
The Society of the Plastics Industry, Inc., Jan
1984

31. T.W. Cowley and D. Kelley, “Improve-
ments in Fiberglass Reinforced Plastic
Equipment for Power and Recovery Fur-
naces’ Emission Controls,” TAPPI Engi-
neering Conference, 1995

32. T.W. Cowley and D. Hatfield, “A Case
History of FRP Pipe as an Economical
Alternative to Carbon Steel Pipe,” Paper
04606, Corrosion 2004, NACE Interna-
tional, March 2004

33. P.A. Blackburn, G.W. Hackworth, R.
Mohan, D.A. Rust, and C.J. Spencer, “Fac-
tors Affecting Thermal Shock Cracking in
RP Corrosion Barriers,” 47th Annual Tech-
nical Conference, Composites Institute, The
Society of the Plastics Industry, Inc., Feb
1992

34. G.A. Van Beek, S.S. Pang, and R.H. Lea,
“Development of a New Electrically Con-
ductive Advanced Composite Pipe,”
ANTEC 1993, Society of Plastics Engineers

35. “Electrical Grounding of FRP Equipment,”
technical information, The Dow Chemical
Co., June 1998

36. “Conductive Lining Systems for FRP
Equipment,” technical information, The
Dow Chemical Co., Dec 1992

SELECTED REFERENCES

� T.F. Anderson, B. Riseborough, R. Moubarac,
and R.L. Vockel, “Dual Laminate Tanks with
Automated Early Warning of Pre-Leak
Detection Changes,” Paper 472, Corrosion 98,
National Association of Corrosion Engineers

� T.F. Anderson, B. Riseborough, J. Richter,
and R.L. Vockel, “Design, Fabrication and
Performance of a Pre-Leak Detection Obla-
tion Type FRP Tank with Multi-Conductive
Layer Zones,” Paper 469, Corrosion 98,
National Association of Corrosion Engineers

� G.L. Arthur, “A Guide to the Use of Epoxy,
Furan, Polyester and Vinyl Ester Equipment,”
TAPPI Engineering Conference, Sept 1989

� D.C. Bennett, T.F. Anderson, and S.F. Botten,
“Use of Acoustic Emission Inspection to
Assess the Condition of Damaged FRP Bleach
Towers,” TAPPI Engineering Conference,
Sept 1994

� G. Bergman, “Corrosion of Glass Fibre-
Reinforced Ester Plastics (GRP) Used in Pulp
Mill Applications—Effects and Damage
Mainly Related to the Influence of Water,”

Swedish Corrosion Institute, Stockholm,
Sweden, 1989
� G. Bergman, Corrosion of Plastic and Rubber

in Process Equipment—Experiences from the
Pulp and Paper Industry, TAPPI Press, 1995
� G. Bergman, “FRP Corrosion,” Project Report

66 230 : 6, Swedish Corrosion Institute
� T.W. Cowley, “A Recommended FRP

Inspection Procedure for the End-User,” Paper
349, Corrosion 1997, National Association of
Corrosion Engineers
� T.W. Cowley, Fibreglass Reinforced Plastic

Equipment Failure Analyses, Pulp Paper
Can., Vol 100 (No. 2), 1999
� Fiberglass Pipe Handbook, The Composites

Institute of the Society of the Plastics Industry,
Inc., 1989
� Fiber-Reinforced Plastic Pressure Vessels,

Section X, The American Society of
Mechanical Engineers
� “Guidelines for Inspecting Used FRP Equip-

ment,” TIP 0402-28, TAPPI, 1999
� J.G. Lee, “Leak and Pre-Leak Detection Sys-

tems for Dual Laminate Systems—A User’s
Perspective,” Paper 00542, Corrosion 2000,
National Association of Corrosion Engineers
� J.H. Mallinson, Corrosion-Resistant Plastic

Composites in Chemical Plant Design, Marcel
Dekker, Inc.
� “Manual for Parabeam 3-D Glass Fabrics in

Double Wall Tanks,” Parabeam Industries,
The Netherlands, www.parabeam3d.com,
accessed 2004
� Nonmetallic Piping and Piping Lined with

Nonmetals, Process Piping, ASME Code for
Pressure Piping, B31.3, The American
Society of Mechanical Engineers
� “Recommended Practice for Acoustic Emis-

sion Testing of Fiberglass Tanks/Vessels,”
Reinforced Plastics/Composites Institute, The
Society of the Plastics Industry, Inc.
� Repair, Alteration and Inspection of Fiber-

Reinforced Thermosetting Plastic Pressure
Equipment, Appendix 9, National Board
Inspection Code, The National Board of Boi-
ler and Pressure Vessel Inspectors
� RTP-1, Reinforced Thermoset Plastic Corro-

sion Resistant Equipment, The American
Society of Mechanical Engineers, 2000

604 / Environmental Performance of Nonmetallic Materials

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Environmental Performance of
Rubber Linings
Larry DeLashmit, Polycorp, Ltd.

NATURAL AND SYNTHETIC RUBBER
LININGS are used extensively in many
industries for their corrosion and/or abrasion
resistance. These industries include transporta-
tion, chemical processing, water treatment,
power, mineral processing, and mining.
The largest-volume use of rubber linings is
in phosphoric acid, hydrochloric acid, and ferric
or ferrous chloride manufacture, storage,
and transportation.

Unlike many corrosion-resistant linings, rub-
ber linings are applied as sheet materials. The
typical thickness is 5 to 6 mm (0.188 to 0.25 in.),
with greater thicknesses applied in services
requiring high abrasion resistance or higher
temperatures. Being elastomers, rubber linings
offer good resistance to thermal or mechanical
shock and can be formulated for excellent abra-
sion resistance.

The installation process is very labor-
intensive. The sheets are cut and applied by hand
to the substrate, and the air is eliminated between
the two surfaces with rollers and other specia-
lized tools. Sealing joints requires skill, and
careful inspection must follow the installation.
The linings are vulcanized or cured with steam
after the lining installation is complete. Any air
trapped under the lining will result in a blister
that will require repair before the equipment can
be put into service. Skilled applicators are
essential for a lining that will perform as
required.

This overview describes the commonly used
polymers, lists the advantages and disadvantages
of the polymer, and shows service conditions
where the lining is frequently used.

Commonly Used Polymers

The article “Rubber Coatings and Linings” in
ASM Handbook, Volume 13A, 2003, provides
physical properties and chemical structures of
these materials, as well as details on installation,
joints, and inspection.

Rubber is classified as being natural or
synthetic. The letter designations for poly-

mers in this article are consistent with ASTM D
1418.

Soft Natural Rubber (NR). Natural rubber is
made up of polyisoprene molecules. Rubbers
designated NR or isoprene rubber (IR) have
similar chemical resistance and physical prop-
erties. Natural rubber linings are usually vulca-
nized using sulfur. Soft rubber refers to linings
that are under 75 Shore A durometer hardness.
The hardness of soft rubber is adjusted by adding
carbon black or other fillers rather than high
cross-link density from high levels of sulfur.
Pure gum rubber refers to natural rubber linings
with little or no fillers and are typically 40 Shore
A durometer hardness.

Advantages of soft natural rubber are:

� Excellent abrasion resistance
� Good resistance to many acids and alkalis
� Remains flexible to very low temperatures
� Good resistance to mechanical and thermal

shock
� Lower in price than most other linings
� Easy to install and repair

Disadvantages of soft natural rubber are:

� Poor weathering resistance due to sunlight,
oxidation, and ozone resistance. (Ingredients
can be added to improve these properties.)

� Poor resistance to strong oxidizing acids such
as nitric and chromic acid

� Poor resistance to temperatures above 65 �C
(150 �F). (Special compounding can raise the
upper limit.)

� No resistance to oils or other hydrocarbons
� Hardens with age and temperature in aqueous

hydrochloric service

Common uses of soft natural rubber are:

� Hydrochloric acid processing, storage, and
transportation equipment. (Pure gum rubber
is used for concentrations above 25% HCl.)
A minimum of 60 Shore A durometer hard-
ness is preferred for lower concentrations
because it has lower water absorption.

� Hydrofluoric acid (HF) storage and transpor-
tation for concentrations less than 50% HF

� High-abrasion areas in mining, mineral, and
aggregate processing, such as slurry pipes and
tanks, screen decks, chutes, and hoppers

� Seawater piping systems

Semihard natural rubber linings are typi-
cally 75 to 95 Shore A durometer hardness. The
hardness is accomplished with a combination of
higher levels of sulfur for a higher cross-link
density and filler loading. The higher cross-link
density gives higher temperature resistance and
lower permeation rates. In general, these linings
are not used for acid service because the method
of failure is a continued hardening of the lining,
ultimately resulting in cracking. The soft natural
rubber linings will give longer service life in acid
service.

Advantages of semihard natural rubber are:

� Good chemical resistance
� Good heat resistance up to 100 �C (212 �F)
� Low water absorption
� Low permeation rate
� Moderate cost
� Easy to install and repair
� Fair resistance to thermal and mechanical

shock

Disadvantages of semihard natural rubber
are:

� Poor abrasion resistance
� No oil resistance
� Poor low-temperature properties
� Preference is to autoclave or pressure cure

Common uses of semihard natural rubber are:

� Processes requiring elevated temperatures
� Water treatment tanks
� Metal plating tanks for cadmium, copper,

nickel, and zinc. It is not suitable for chrome
plating tanks.

� Steel mill pickle tanks. These are normally
brick lined over the rubber lining.

� Wet chlorine service. Requires the addition of
graphite to the compound

Hard natural rubber is also known as
ebonite. The hardness is generally measured on
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the Shore D scale and can be harder than 70
Shore D. The hardness is accomplished primarily
with very high levels of sulfur (30 to 40 wt%) to
get the maximum cross-link density during vul-
canization. These are very specialized linings
and should be specified only after consulting
with the lining manufacturer and the applicator.
Hard rubber linings offer resistance to a range of
chemicals up to 93 �C (200 �F) and high
dielectric strength, but they can fail catastro-
phically from flexing in the substrate; mechan-
ical shock, such as a sharp blow to the outside of
a tank or pipe; or sudden changes in temperature.
For these reasons, semihard rubber linings
should be the first consideration.

Advantages of hard natural rubber are:

� Excellent chemical resistance
� Good resistance to elevated temperatures

up to 121 �C (250 �F)
� Low permeation rate
� Low water absorption
� Good resistance to wet chlorine with the

addition of graphite to the compound

Disadvantages of hard natural rubber are:

� Poor resistance to thermal and mechanical
shock

� Extremely brittle, so it requires very heavy
and stiff substrates to prevent cracking from
flexing in the substrate, such as pressure-rated
vessels

� Poor low-temperature properties
� Poor abrasion resistance
� Preference is to autoclave or pressure cure

Common uses of hard natural rubber are:

� Wet and dry chlorine service
� High-temperature service

Neoprene or polychloroprene (CR). Neo-
prene is usually vulcanized using magnesium,
zinc, or lead oxides. It does not vulcanize with
sulfur. While many think of neoprene as oil
resistant, it is only moderately oil resistant and is
not suitable for continuous exposure to gasoline
or most other petroleum-based products.

Advantages of neoprene are:

� Excellent oxidation, ultraviolet (UV), and
ozone resistance

� Moderate oil resistance
� Fire resistant
� Good abrasion resistance
� Good low-temperature properties
� Good resistance to elevated temperatures up

to 100 �C (212 �F)

Disadvantages of neoprene are:

� Higher material cost
� Difficult to install. Hot work tables are

required to preshrink the lining.

Common uses of neoprene are:

� Seawater piping
� Tumbling barrels

� Services that contain small amounts of oil or
other hydrocarbons

� Caustic storage tanks

Chlorobutyl (CIIR) linings are supplied as
either unblended or a blend with natural rubber.
Sulfur is normally used for vulcanizing. The
properties of the unblended and blended linings
are roughly the same, but the uses are different.
Most, but not all, of these linings are manu-
factured with a tie gum backing to give a stronger
bond to the substrate. The tie gum is a soft natural
rubber. The most outstanding properties of
chlorobutyl are its low permeation rate, good
heat resistance, and resistance to a wide variety
of chemicals.

Advantages of chlorobutyl are:

� Excellent oxidation and ozone resistance
� Very low permeation rate
� Low water absorption
� Good resistance to elevated temperatures

up to 121 �C (250 �F). Special compound-
ing is required for maximum temperature
resistance.

� Good resistance to a wide variety of chemicals

Disadvantages of chlorobutyl are:

� No resistance to oils or hydrocarbons
� Costs more than natural rubber

Common uses of blended chlorobutyl are:

� Phosphoric acid production, storage, and
transportation

� Ferric chloride storage and transportation
� Flue gas desulfurization scrubber towers,

piping, and limestone slurry tanks
� Sulfuric acid storage up to 50% concentration
� Open-top storage tanks that require good

weather resistance
� Aqueous HCl less than 24% concentration

Unblended chlorobutyl is used for:

� Bleach (sodium hypochlorite) production,
storage, and transportation

� Hydrofluoric acid (above 50% concentration)
storage and transportation

� Aqueous sodium hydroxide

Three-ply linings are specialized linings that
usually consist of a soft natural rubber layer for
good adhesion; a center layer of semihard or hard

Table 1 Frequently used rubber linings in the chemical process industries

Application Lining

Hydrochloric acid
Transportation and storage of 25 to 37% concentration Pure gum natural rubber
Transportation and storage of lower concentrations, 525% 60 Shore A hardness natural rubber

Chlorobutyl blends
Storage of acid with trace amounts of organics Three-ply linings

Semihard linings
Chlorinated polyethylene-faced soft natural rubber

Spent hydrochloric acid Blended chlorobutyl
Phosphoric acid

Transportation and storage—all concentrations Blended chlorobutyl
Evaporators Blended chlorobutyl

Three-ply linings
Sodium hypochlorite (bleach) Unblended chlorobutyl
Ferric chloride Blended chlorobutyl
Hydrofluoric acid

Concentrations above 50% Unblended chlorobutyl
Concentrations below 50% Natural rubber

Blended chlorobutyl
Hydrofluosilicic acid Blended chlorobutyl
Sulfuric acid

Concentrations above 50% Rubber linings are not generally suitable.
Concentrations below 50% Blended chlorobutyl

Hypalon

Table 2 Frequently used rubber linings in other industries

Application Lining

Power industry
Scrubber towers Blended chlorobutyl
Limestone slurry tanks Blended chlorobutyl
Slurry piping Blended chlorobutyl

60 Shore A hardness natural rubber
Seawater cooling water piping Soft natural rubber

Neoprene
Metal finishing industry

Steel mill pickle lines Semihard natural rubber
Three-ply linings

Nickel plating Semihard natural rubber
Chrome plating Rubber linings are not suitable for the chromic and nitric acids

used in this service.
Water treatment industry

Anion, cation, and mixed-bed vessels Semihard natural rubber
Chlor-alkali industry

Chlorine cells Graphite-filled hard natural rubber
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natural rubber for better chemical and permea-
tion resistance; and a top layer that may be a
very soft natural rubber, an abrasion-resistant
natural rubber, or chlorobutyl. The top layer is
designed to tolerate the service conditions. The
upper temperature limit is determined by the top
layer.

Advantages of three-ply linings are:

� Moderate cost
� Ease of application
� Ease of repair
� Good resistance to permeation

Disadvantages of three-ply linings are:

� No oil resistance
� Only the top layer offers any abrasion

resistance
� Generally requires “closed skive” seams

Common uses of three-ply linings are:

� Tanks that require brick lining, such as acid
pickling tanks

� Phosphoric acid evaporators
� Hydrochloric acid storage tanks where the

solution contains traces of organics. Exces-
sive organics may cause blistering between
the hard center layer and the top layer. Max-
imum concentrations of organics should be
less than 50% of the saturation level required
to cause free phase formation.

The following linings should be used if
the more commonly used linings mentioned
previously are not suitable for the service
conditions.

Nitrile (NBR) linings are vulcanized using
sulfur. Many grades of nitrile are available.

Advantages of nitrile linings include:

� Good resistance to many hydrocarbons

Disadvantages of nitrile linings are:

� High cost
� Difficult to apply
� Difficult to repair
� Poor resistance to UV and ozone exposure

Common uses of nitrile linings include:

� Service where there is exposure to petroleum
products

Ethylene propylene with a diene monomer
(EPDM) is vulcanized using sulfur for tank
linings.

Advantages of EPDM linings are:

� Good resistance to elevated temperatures up
to 100 �C (212 �F)

� Good resistance to sunlight and ozone
� Good low-temperature resistance
� Good resistance to aqueous HCl and NaOH

Disadvantages of EPDM linings are:

� Higher cost
� Difficult to apply
� Difficult to repair
� No resistance to hydrocarbons. Aromatic

hydrocarbons cause swelling.
� High permeation rate in sulfuric acid

Common uses of EPDM include:

� Sodium hypochlorite

Chlorosulfonated polyethylene (CSM) or
trade name Hypalon (duPont). This polymer
is generally vulcanized using metal oxides for
tank linings.

Advantages of Hypalon linings are:

� Good resistance to sunlight and ozone
� Good resistance to elevated temperatures up

to 100 �C (212 �F)
� Good low-temperature resistance

� Good resistance to some hydrocarbons
� Flame resistant
� Resistant to a wide range of sulfuric acid

concentrations

Disadvantages of Hypalon linings are:

� Very high cost
� Difficult to apply
� Difficult to repair

Industrial Applications

Combinations of chemicals, or trace amounts
of some chemicals, considerably complicate the
proper selection of the lining. Always check with
the lining supplier for advice on the best lining
system for the proposed service conditions.
Table 1 indicates the use of specific linings in
the chemical process industry, based on pure
chemicals.

Rubber linings that are properly selected for
the service conditions and correctly installed are
a very cost-effective method of protecting
equipment from the effects of abrasion and/or
corrosion. Always consult with the lining man-
ufacturer or a qualified applicator to determine
the suitability of rubber linings for the specific
service conditions. Table 2 provides examples of
the use of rubber linings in other industries.
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Environmental Performance
of Elastomers
Jim Alexander, Consultant, Pradip Khaladkar, and Bert Moniz, DuPont Company
Bill Stahl and Tommy Taylor, DuPont Performance Elastomers

ELASTOMERS belong to a group of materi-
als known as polymers. Although they exhibit
many of the properties of polymers, elastomers
also have the property of resiliency. Polymers
may be classified as either thermoplastic or
thermoset. Once formed thermoplastics can be
reshaped. On the other hand, thermosets once
formed and cured (vulcanized) cannot be repro-
cessed or reshaped.

The prime focus of this article is the use of
elastomers as seals. Also see the article “Envir-
onmental Performance of Rubber Linings” in
this Volume.

Thermoplastic materials are long-chain poly-
mers that are not connected by cross links
(Fig. 1). Very few elastomers are the thermo-
plastic type. They acquire their properties and
strength from their molecular weight, chain
entanglements, and crystalline regions that form
when chain segments line up and crystallize.
These crystalline regions can deform and/or melt
under pressure and heat, causing creep or ex-
trusion of the materials under service conditions.
Elastomeric thermoplastic materials share this
structure.

Thermoset materials are long-chain polymers
that are connected to one another by cross links.
Most elastomers are the thermoset type. The Xs
in Fig. 2 designates the cross links. The cross
links impart a degree of memory, providing re-
silient recovery characteristics commonly refer-
red to as elasticity. The cross links are stable
under certain conditions of temperature and
pressure. Excessively high temperatures or pres-
sures can distort, rearrange, and destroy the cross

links, leading to a change in seal shape and loss
of sealing force.

Sealing is an important application for elas-
tomers, and both thermoset and thermoplastic
elastomers have characteristics that are advan-
tageous, as summarized in Table 1. Both classes
of materials can exhibit resistance to high tem-
perature and broad chemical compatibility.
Thermoset elastomers, however, can show resi-
liency at both high and low temperatures as well
as resistance to creep and retention of sealing
force during broad temperature and pressure
cycling. Thermoplastic polymers are generally
inferior in these characteristics. The mechanical
properties of thermoset elastomers decrease
rapidly as temperature increases.

Factors Governing the Performance
of Elastomers

There are several important technical con-
cepts that define the performance capabilities of
an elastomeric part: polymer architecture (mol-
ecular building blocks), compounding (the
ingredients within the polymer), and vulcaniza-
tion (cross linking) of the elastomer shape (e.g.,
sheet or O-ring). Consider these as the dimen-
sions that define a performance volume of the
part. In the case of elastomers, once the three
dimensions have been accurately defined, the
performance capabilities (and limitations) of the
elastomeric material used in the part have been
established. A fourth dimension (part design), in

combination with the above three, fully defines
the performance capabilities of an elastomer part
in actual service.

Architecture. Consider monomers as build-
ing blocks of long polymer chains. The blocks
that are selected, how any of each type of block
that is incorporated, and their sequence all
determine fundamental chemical and thermal
capabilities of the polymer.

Molecular weight and molecular weight dis-
tribution have a significant effect on both pro-
cessing and mechanical strength of the final
elastomer part. The selection and frequency of
atoms and groups attached to the polymer
backbone strongly influence chemical and ther-
mal resistance and low-temperature flexibility.

Cross linking (creating the “springy connec-
tions” between polymer chains) has a strong in-
fluence on the resiliency, a key elastomer
property. The stronger the cross links, the greater
the chemical and thermal stability of the elasto-
mer. Strong cross links are also important for
resistance to compression, deformation, and
extrusion.

Six monomer building blocks and special cure
monomers may be assembled to create an array

Fig. 1 Thermoplastic elastomers are long-chain poly-
mers that form from regions where polymer

chains line up and crystallize.

Fig. 2 Thermoset elastomers are long-chain poly-
mers connected by cross links represented by

circled Xs.

Table 1 Thermoset and thermoplastic
elastomer properties

Advantageous characteristic

Elastomers

Thermoset Thermoplastics

Resistance to
high temperature

Yes Yes

Broad chemical
compatibility

Yes Yes

Resiliency at
high temperatures

Yes No

Resiliency at
low temperatures

Yes No

Resistance to
extrusion/creep at high
temperatures and pressures

Yes No

Retention of sealing
force during temperature
and pressure cycling

Yes No

High modulus and
strength over broad
temperature range

No Yes
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of elastomer types used for parts (Table 2).
Several examples are discussed in the paragraphs
that follow.

Natural rubber (NR) is derived from the sap
of a number of plants in the form of latex. The
typical structure for natural rubber is 100% cis-
polyisoprene. This leads to unsaturation in the
polymer backbone. This unsaturation and the
absence of nonhydrocarbon moieties makes
NR very susceptible to attack from oils as well
as oxygen, ozone, and other strongly oxidizing
agents.

Nitrile rubber (NBR) is composed of two
monomers in random sequence, butadiene (BD)
and acrylonitrile (ACN). This backbone chain
has some unsaturation locations allowing ther-
mal and chemical attack so that elastomers of
the NBR type have limited chemical resistance.
The performance of NBRs is very dependant on
the ACN content of the polymer. For example,
as ACN levels increase, low-temperature flex-
ibility decreases and oil resistance increases.
Vulcanates of NBR rubber can be compounded
to offer very good resistance to extrusion,
explosive decompression, and abrasion. Chemi-
cal resistance of NBR compounds is considered
to be modest. Nitrile rubber seals are generally
used below 100 �C (212 �F) in chemical media
of low concentrations.

Ethylene propylene rubber (EPR) comprises
two monomers in random sequence: ethylene
and propylene. Ethylene propylene rubbers have
good resistance to water, steam, aqueous acids,
and bases at intermediate temperatures.

Ethylene propylene diene rubber (EPDM)
polymers have a backbone consisting of repeat-
ing methylene units (–CH2–). The copolymers of
ethylene and propylene are referred to as EPM or
sometimes EPR, ethylene propylene rubber. The
copolymers and terpolymers share the saturated
backbone of repeating methylene units. Since the
copolymers (EPM) are totally saturated, they can
only be cured (cross linked) using peroxides. The
EPDM terpolymer contains unsaturation in a
side chain by way of the third monomer. This
unsaturation makes it possible to sulfur cure
EPDM polymers, resulting in flexibility in

choice of cure chemistry/chemicals without
grossly impacting the stability of the original
copolymer. Almost all EPDM polymers use
either ethylidene norbornene (ENB) or dicyclo-
pentadiene (DCPD) as the third unconjugated
diene monomer.

Chloroprene rubber or neoprene (CR) results
from the polymerization of chloroprene
(2-chloro-1,3-butadiene). When chloroprene
undergoes 1,2 addition, the resulting polymer
has some allylic chlorine. The allylic chlorine is
labile and is considered to be the cure site, that
is, the point of cross linking or vulcanization.
Neoprene has a structure very similar to NR with
a chlorine (Cl) atom in place of a methyl (–CH3)
group. The presence of chlorine gives neoprene
greater resistance to oils and fuels compared with
natural rubber. However, similar to natural rub-
ber, neoprene has unsaturation in the polymer
backbone and is only modestly more resistant to
attack from strong oxidizing agents such as
oxygen and ozone.

Silicone rubber (VMQ) contains repeating
units of dimethylsiloxane, giving the polymer a
backbone of silicone-oxygen linkages (–Si–O–
Si–O–). This is in contrast to organic polymers
with largely carbon-carbon (–C–C–) linkages in
their backbones. The unique chemical structure
of silicone rubber affords good temperature sta-
bility, but limited chemical resistance and low
mechanical properties.

Fluorosilicone rubber (FQMV) has the same
backbone structure as silicone rubber. The two
differ in the chemical moieties attached to the
basic –Si–O–Si–O– backbone. The fluor-
osilicones have organofluorine atoms attached to
the backbone (see Fig. 3) that improve chemical
resistance, but significantly reduce the polymers
resistance to heat.

Fluoroelastomers (FKM, FFKM) owe their
excellent resistance to heat and oil to the high
ratio of fluorine to hydrogen, the strength of the
carbon-fluorine bond and the absence of unsa-
turation. The basic building blocks, in the case of
FKM dipolymers, are vinylidene fluoride (VF2)
and hexafluoropropylene (HFP). FKM terpoly-
mers make use of tetrafluoroethylene (TFE),
perfluoro (methyl vinyl) ether (PMVE), and
ethylene as the third monomer. For FFKM, the
base monomers are TFE and PMVE, thus leading
to a fully fluorinated polymer. The strongest
chemical bonds impart the highest performance
capabilities. The fluorine-carbon bond is the
strongest and most stable bond in organic
chemistry. Since strong chemical bonds impart
high-performance capabilities, maximizing the
fluorine content of the elastomer will maximize
resistance to harsh chemicals (see Table 3).

Compounding is the technology of homo-
geneously mixing other ingredients with raw
elastomer gum (polymer) in order to enhance
and tailor specific mechanical properties. These
may include compression set resistance, tensile
strength, modulus, hardness, weatherability,
U.S. Food and Drug Administration (FDA)
compliance, surface lubricity, colorability, and
abrasion resistance.

Compounders design their products by selec-
ting and adding different types of ingredients in
varying amounts. The selection, quantity, and
quality of each ingredient significantly impact
part performance, because the chemical envir-
onment to which the part is exposed can extract
them. Moreover, wholesale addition of com-
pounding agents can make the elastomer less
expensive while also compromising chemical
performance. This explains why the performance
of two “seemingly identical” elastomer seals
with the same generic family name may perform
totally differently in the same service. Com-
pounding agents include:

� Various types of elastomers, either of the
same class or other families, to create blends

� Fillers such as carbon blacks, or nonblack
fillers such as clays and titanium dioxide, to
add bulk at low cost

� Metal oxides to promote cure
� Curatives to promote vulcanization
� Extenders, to dilute or soften the elastomer
� Stabilizers to improve ultraviolet, heat, or

ozone resistance
� Colorants, for nonblack compounds only
� Process aids, to assist manufacturing of the

part

Cure (Vulcanization or Cross Linking).
In the process of cure (vulcanization or cross
linking), chemistry, heat, and time are harnessed
to initiate, complete, and stabilize the cross links
(“springs”) connecting the polymer chains and
providing the elasticity of the part.

During compounding, the elastomer gum
(polymer) and all the other ingredients (com-
pounding agents) are homogeneously mixed to
form a full compound. The full compound is
shaped (molded, extruded, etc.) and heated.

Table 2 Six monomer building blocks used
to create elastomers

Monomer

Identification(a)

FFKM ETP FKM TFE/P EPR

Tetra-
fluoroethylene

p p p p
. . .

Perfluoro methyl
vinyl ether

p p p
. . . . . .

Vinylidene
fluoride

. . . . . .
p

. . . . . .

Hexa-
fluropropylene

. . . . . .
p

. . . . . .

Propylene . . . . . . . . .
p p

Ethylene . . .
p

. . . . . .
p

Special cure
monomers

Yes No Yes/No No Yes/No

Sequence(b) R R R A R

See text for description of elastomers. (a) Per ASTM D 1418.
(b) R, random; A, alternating

Nitriles

Ethylene propylene
rubber

Fluorosilicones

H

H

H H H H3

H H

H

H H

H

H

FF
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H

H

H H H H

H H

H

H H

=

H H H
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Fig. 3 Elastomer architecture shown by structured
chemical formula. Structure has a strong influ-

ence on chemical resistance.
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Chemistry of curing begins, and some polymer
chains are connected by cross links creating the
desired elastomeric properties. Often, with high-
performance elastomers, the shaped item is
postcured (at longer times and higher tempera-
tures) to complete and stabilize the cross link
chemistry. This maximizes and equilibrates the
mechanical properties of the part (Fig. 4).

Factors Affecting Chemical
Resistance

The aggressiveness of the chemical environ-
ment, temperature, and minor constituents in the
environment and in the material itself will all
affect the chemical resistance of the elastomer.

The temperature capabilities of elasto-
meric products such as seals, parts, and linings
involve:

� The service environment
� Change in mechanical properties over the

range of service temperatures—not an aging
phenomenon, but rather the effect of tem-
perature on the elasticity of the elastomeric
components

� Stability of the architecture of the elastomer to
the service environment

� Total part design

Typical published information usually reports
only service temperature ranges in dry air,
often depicting upper and lower limits of per-
formance, with marginal regions indicated
at both extremes. In general, these data do not
address the aggressive effects of process
media. Such general information should only be
used for initial guidance concerning capability
(Fig. 5).

Sealing capabilities of elastomers are usually
dependent on a variety of factors encountered
during service:

� Swell and/or chemical attack can significantly
narrow the acceptable temperature range in
process media.

� High temperatures significantly reduce the
mechanical properties of elastomer seals
before any degradation occurs.

� High temperatures also cause degradation of
elastomer architecture and cross links.

� Dynamic stresses narrow the performance
range compared to static conditions because
most elastomers are not robust against
dynamic stresses.

Thus, when approaching published limits a
conservative approach to performance expecta-
tions is recommended.

Table 4 gives the effect of temperature on the
initial mechanical properties of a typical elasto-
meric sealing material, in this case an FKM type.
Hardness, elongation, and tensile strength de-
crease significantly between 23 �C (73 �F)
(ambient temperature) and 100 �C (212 �F). Not
all elastomers will respond similarly. Additional
temperature increases further reduce mechanical
properties. These reduced properties sig-
nificantly influence in-service sealing cap-
abilities (both static and dynamic).

Sealing or property retention at low tempera-
tures (0 to �60 �C, or 32 to �76 �F) presents a
different and challenging set of problems.
Thermal degradation and chemical attack by
aggressive media on the elastomer architecture
are greatly diminished. However, at low tem-
peratures, elastomers begin to act like plastics.
As the temperature falls and approaches the
glass-transition temperature of the elastomer, it
becomes hard, rigid, and glasslike. Tensile
strength, modulus, and hardness increase, elon-
gation to break decreases, and the seal no longer
functions as a resilient elastomer.

At low temperatures, dynamic sealing is more
difficult than static sealing. Temperature cycling
presents more sealing difficulties than in a con-
stant low-temperature environment. However,
sealing system design can compensate and
extend low-temperature sealing capabilities.

Chemical Environment. The compatibility
of elastomers with process media under service
conditions is a very important criterion in guid-
ing specifiers toward the optimum selection in an
application. The cause of incompatibility of an
elastomeric component in a chemical environ-
ment may be simple or complex, based on one
phenomenon or based on several simultaneously
recurring phenomena. The degree and con-

sequences of these phenomena are dictated by
the rules:

� Attack is related to polymer architecture,
compounding, and cure (cross linking).

� Attack may be solubility related (reversible)
or chemical related (irreversible).

� Attack may cause parts to become soft and
weak, or hard and brittle.

� Attack accelerates as temperature increases.
� Attack may be exacerbated by the presence of

small concentrations of certain species in the
chemical environment.

� Attack may be predicted by accelerated test-
ing techniques.

The following examples illustrate the perfor-
mance characteristics of selected elastomeric
materials after immersion in some aggressive
environments. They clearly show that specifiers
must be thorough in identifying the complete
process medium, including all major and minor
components, the normal service temperature
range, and expected temperature excursions.

Organic and inorganic solvents and chemicals
exhibit a solubility parameter, as does the

Table 3 Fluorine and hydrogen content of elastomers, related to properties

Elastomer family Fluorine, % Hydrogen, %

Heat stability, continuous
Resistance to

chemical attack�C �F

High-performance

FFKM 74 0 315 600 Optimum
FKM-F 70 1.1 200 392 Outstanding
FKM-B 68 1.5 200 392 Excellent
FKM-A 66 1.9 200 392 Very good
TFE/P 55 4.2 180 356 Good
FVMQ 550 . . . 200 392 Limited

Mid-performance

Hydrogenated nitrile 0 . . . 140 284 Limited
Nitrile 0 . . . 125 257 Limited
EPR 0 . . . 120 248 Limited
Neoprene 0 . . . 100 212 Limited

Uncured

(a)

(b)

(c)

Cure

Postcure

Dispersed curative agents

Cure sites

Fig. 4 Elastomers may be cured in one or two stages.
The stages proceed from top to bottom.

(a) Polymer chains are not connected. (b) Heat drives the
chemistry of cure. Many cross links are formed. Some
polymer chains are well connected. Elastomeric properties
are created. (c) Higher temperature and longer times.
Cross-link density is optimized. All polymer chains are
highly connected. Elastomeric properties are maximized.
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elastomeric seal. The seal absorbs an increasing
amount of the solvent as the solubility parameter
of the polymeric seal and the process solvent
approach one another. In doing so, the seal
volume increases, mechanical properties
decrease, and the seal softens and become weak.
This phenomenon is sometimes called “like likes
like.”

Swelling from Solvent Uptake. The resis-
tance of several fluoroelastomers in the common
polar solvent, methylene chloride at room tem-
perature illustrates important phenomena that are
typical for many elastomers. This type of de-
gradation is related to the similarity of the solu-
bility parameters of the elastomer and the
solvent. Volume increase occurs rapidly, achiev-
ing the equilibrium value and remaining constant
at the service temperature. There is no chemical
attack on the architecture of the fluoroelasto-
mers, just swelling. If the elastomers are dried
out to remove all solvent, their volume reverts
back to its original value. This can be repeated
again and again (Table 5). The higher the fluor-
ine content of the elastomer, the lower the
volume increase in the solvent. However, the
consequences of swelling include softening and
loss of mechanical strength. As temperature in-
creases, the elastomers equilibrate more quickly
and achieve a higher percent volume increase at
equilibrium.

Chemical Degradation. The effects of
aggressive chemicals on elastomer properties are
different from that of solvents. Aggressive che-
micals not only swell the elastomer seal, but also
chemically attack and degrade the architecture
and cross links. This causes progressively greater
property changes as time and temperature in-
crease and concentration of the aggressive
chemical increases.

For example, consider behavior in 95% sul-
furic acid at 100 �C (212 �F) (Fig. 6). Observe
the accelerating degradation of FKM-A
(66 wt% F) at 70 �C (158 �F) and above.
Contrast that with the continuing functional

performance of FKM-GF (70 wt% F) at 100 �C
(212 �F) and the exceptional resistance of FFKM
(~74 wt% F) at 100 �C (212 �F).

At higher temperatures the degradation
accelerates. As concentration increases, the rate
of degradation increases.

Hydrocarbon Environments. Table 6 sum-
marizes the performance of elastomers in a broad
range of hydrocarbon media. Hydrocarbon
elastomers (EPR, NBR, TFE/P) are unacceptable
because their architecture is similar to that of the
hydrocarbon media (the like likes like phenom-
enon), leading to high-volume swelling. How-
ever, some nitrile elastomers (NBR) give
acceptable performance in gasoline and diesel
fuel environments at ambient temperatures.
Standard FKM elastomers perform well up to
100 �C (212 �F) in all hydrocarbon media, but
may be affected by additives and/or oxygenates,
for which specialty grades are recommended.
Only FFKMs perform well in all hydrocarbons,
including those containing additives or oxyge-
nates to temperatures of 200 �C (392 �F) and
above.

Chemical Combinations and Impurities.
Low levels of additives (or impurities in a
medium) can have a strong influence on the
incompatibility of elastomers. One example is
automotive fuel additives, such as the oxygenate

methyl tertiary butyl-ether (MTBE). Depending
on the region and the season, MTBE may be
present in automobile fuels at levels up to
10 wt%. (In manufacture, storage, shipping, and
blending, concentrations of MTBE may range
from 100 to 10% or less).

Even at the 10 wt% level, manufacturers of
gasoline dispensing pumps, meters, and fuel line
components have found it necessary to exchange
seals based on nitrile elastomers with those of
either standard FKM seals (6 wt% F), or higher
fluorine containing FKM seals, in order to
achieve acceptable levels of seals compatibility
and low permeability (Fig. 7).

Effect of Fillers on Chemical Resis-
tance. Although color-coded parts, such as
O-rings are commercially available to differ-
entiate the elastomer families, color-coding
introduces potentially negative performance
issues for elastomers exposed to a range of che-
mical environments. Nonblack fillers used for
color-coded O-rings may be less thermally stable
than carbon blacks and may be reactive with
many process environments. These reactions can
drastically affect the chemical resistance of the
seal, retention of its mechanical properties, and
sealing reliability.

Carbon blacks impart maximum mechanical
reinforcement and are chemically inert to most
chemical environments. The Rubber Manu-
facturers Association (RMA) states, “Black is
the preferred color for O-ring materials other
than silicones and fluorosilicones” (OR-10,

Standard industrial nitrile

High-temperature nitrile

Low-temperature industrial nitrile

Neoprene

Nordel

Viton

Zalak

Kalrez

–100
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(315)
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Fluorosilicone

Silicone

Butyl

Hypalon

Extended temperature
range for short term only

Normal recommended
temperature range

Fig. 5 Typical temperature capability comparison for various elastomers that is valid for dry air. Consult manufacturers
for the duration of extended temperature range.

Table 4 Increasing temperature decreases
mechanical properties of an FKM type
elastomer

Property

Test temperature
Decrease
in value23 �C (73 �F) 100 �C (212 �F)

Hardness,
Shore A

75 65 10 points

Elongation
at break, %

180 100 80%

Tensile
strength,
MPa (psi)

0.44 (3000) 0.07 (500) 0.36 (2500)

Table 5 Swelling is not a sign of
chemical attack

Elastomer
compound base

Fluorine(a),
wt%

Volume increase at
23 �C (73 �F), %

FKM-A 66 25
FKM-GF 70 10
FFKM 74 51

(a) Approximate

FKM-A (Dipolymer)
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Fig. 6 Chemical resistance of elastomers in 95% sul-
furic acid measured by swell, showing influence

of temperature during 2 month exposure
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1983). However, for typical organic solvents,
filler content (carbon black or nonblack) may not
affect seal performance.

Since carbon black is the most effective filler
material to optimize mechanical and chemical
properties, most elastomeric parts are black,
creating a serious impediment to positive mate-
rials identification.

To avoid product mix-ups or misidentifica-
tion, the user must manage the supply chain by
using the specifications to indicate approved
suppliers, the specific elastomer, and the manu-
facturer’s code number. Approved suppliers
must verify that their products comply fully with
the purchase specification. When the parts arrive
at the user’s location, they must be stored prop-
erly in drawers that clearly and accurately iden-
tify the product.

Degradation in Storage. Recommended
storage conditions for elastomer parts are:

� Under ambient conditions, low humidity,
dark, and ozone and radiation-free environ-
ment

� Stored lying flat, without distortion of the
original shape

Note that preassembled O-rings, such as in a
mechanical seal, will take some compression set
during storage. It should be determined by test or
inspection whether the incurred compression set
is detrimental to the performance of the seal.

Performance Evaluation

Chemical resistance testing of elastomers may
be required because a new application is desired,
operating conditions have changed, or seals have
failed. Tests may consist of simple immersion or
a standardized method to evaluate a specific
property change.

Samples selected and used for testing should
be identical to those purchased and installed.
This is usually ensured by citing and ordering
products with the same manufacturer’s part
code used for testing. Samples from specified
manufacturers’ authorized parts distributors
are also acceptable. Otherwise, the test data may
not predict performance of a purchased part in
service.

The two categories of performance evaluation
are basic immersion testing and application
specific testing.

Immersion Testing

Immersion testing involves immersing the
sample for set periods and measuring change in
tensile properties, hardness, and dimensions.
This approach is better when there are time
constraints or where screening is needed.

Elastomer compound samples from different
families (FKM, EPR, NBR, etc.) should not be
mixed in the testing container. Product decom-
position or compounding ingredients from one
elastomer family may chemically attack samples
of a second family in the test vessel. The test
medium should duplicate that anticipated in the
actual operating environment, including trace
impurities such as organic solvents.

A minimum of three data points (in addition to
a control) should be obtained for any variable.
For example:

� Time: 3 days, 14 days, and 56 days
� Temperature: that anticipated in the process

or service life, including the possible excur-
sion range

� Pressure: that anticipated in the process or
service life, including possible excursions

� Concentration: that anticipated in the process
or environment, including possible excursion
limits

Adequate preliminary evaluations can be
made using Table 7. Observations are dependent
on the elastomer compound, process media, and
conditions. More than one of the phenomena
described may occur simultaneously. The prop-
erty changes (increase or decrease) typically
represent trends for the family of elastomers they
are a part of. Some descriptions of the table are:

� Process media absorption leads to increase in
volume. Due to the increase in cross section,
the tensile strength and modulus may be
somewhat reduced. Increase in elongation is
usually small. This explanation is strictly for
cases where there is only physical absorption
without chemical reaction.

� Extraction of elastomer ingredients (leaching)
implies removal of the fillers and other addi-
tives due to diffusion without chemical
degradation. The footprint here is exactly the
opposite of that where the fillers are chemi-
cally attacked.

� Attack on cross links will revert the structure
to nonelastomeric, causing reduction of

tensile strength and modulus. Other property
changes are slight.

� Attack on polymer backbone is often pre-
ceded by attack on cross links. The result is a
structure that is both nonelastomeric and
nonpolymeric. The most significant changes
are reduction in both tensile and elongation.
Other changes will be slight.

Interpretation of correctly run elastomer test-
ing data is not always an easy task. No test
accurately predicts service life. Various shapes
and applications require different combinations
of key performance features. For example, an
elastomeric compound used as an O-ring, dia-
phragm, or lining gives the same test results
under a given set of test conditions. Yet, those
testing data do not necessarily predict actual
performance capability or service life for any of
the three parts. Actual performance capability is
shape and application specific.

Figure 8 illustrates typical data developed by
the simple immersion test. The change in prop-
erties at different temperatures must also be
recognized (Fig. 9). Furthermore, as Fig. 10
demonstrates, short-term data can be misleading.

Application-Specific Testing

Application-specific testing is the optimum
approach to evaluating elastomers. Application-
specific testing is conducted as indicated by
using industry standard tests (Table 8). Standard
tests define the test requirements and the type of
data to be collected. They sometimes provide
pass/fail criteria. Testing for specific application
requires knowledge of the test protocol, use of
standardized apparatus, and proper interpretation
of the results. Critical elastomer applications are
dependent on application-specific testing.

Application-specific testing encompasses
chemical resistance, permeation, adhesion, ten-
sile, abrasion and compression, and hardness
change.

Chemical resistance is determined using the
following standards.

ISO 1817, determination of effects of liquids,
discusses the most basic and easy-to-perform
tests for chemical resistance. It contains infor-
mation related to total immersion and one-sided
exposure of a rubber specimen followed by

Table 6 Relative performance in hydrocarbon products

Hydrocarbon product FFKM Specialty FKM Standard FKM TFE/P NBR EPR

Aromatics E E E P F P
Aliphatics E E E G F P
Oils E E E G F P
Gasoline E E E P VG-G P
Diesel fuel E E E P VG-G P
Jet fuel E E E P F P
Lubricants E E E F F P
Additives E VG F F F P
Oxygenates E VG F P F F

Relative rating: E, excellent; VG, very good; G, good; F, fair; P, poor
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Fig. 7 Relative performance in fuel/oxygenate (MTBE)
blends, vol% increase after 1 week at 23 �C

(74 �F). MTBE additive, methyl tertiary butyl ether, is nor-
mally less than 10% in commercial fuels.
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measurements of change in volume, weight, and
tensile properties. It can be used for comparative
evaluation of various elastomer compounds by
using reference fluids or to determine the che-
mical resistance of a rubber in a chemical of
interest. It does not include acceptance criteria,
which is usually left to the user. Information
regarding specimen dimensions, time for testing,
and removal of excessive liquid before testing is
provided through reference to other ISO stan-
dards. The most important of these are:

� ISO 37 (determination of tensile properties of
rubber)

� ISO 48 (determination of hardness)
� ISO 471 (temperatures, humidity, and times

for conditioning and testing)
� ISO 4661 (preparation of samples and test-

pieces)

ASTM D 471, rubber properties—Effect of
liquids, is used for comparative evaluation of
rubber in reference liquids as well as for evalu-
ating the effect of the liquid of concern. It refers
to other ASTM standards. The most important of
these are:

� ASTM D 412 (determination of tensile prop-
erties)

� ASTM D 1415 (determination of hardness,
international)

� ASTM D 2240 (determination of hardness,
Durometer)

� ASTM D 3183 (preparation of testpieces
from products)

ASTM C 868, determination of effects due to
one-sided exposure (atlas cell), is used to deter-
mine the effect of one-sided exposure to liquids
on an elastomer lining. It simulates the condi-
tions of storage tank or process vessel where the
elastomer is used as a lining material bonded to
the substrate and includes the temperature dif-
ferential across it. A description and schematic of
the cell are included. Although not explicitly
stated, it includes the importance of simulating
the volume to surface area ratio. Exposure is
followed by a peel pull test to determine retained
adhesion and change in hardness, and pinholes
are examined after removing excess liquid and
drying.

Permeation is assessed by the following
standards.

ISO 1399, permeability of gases (constant
volume method), is principally used for mea-
suring permeability of gases. The apparatus uses
55 mm (2.17 in.) diam disks of various thick-
nesses. One side is exposed to pressurized gas;
the pressure on the other side is measured versus
time to give permeability parameters.

ISO 2782 permeability of gases (constant
pressure method), uses an apparatus at constant
pressure on one side while measuring the
increasing volume on the other side to give per-
meability parameters.

ISO 2528, vapor permeability, is most useful
in determining comparative vapor permeation
performance of different elastomer compounds.
The elastomer sheet is stretched and sealed
over a small dish containing a desiccant. The

assembly is placed in a cabinet with controlled
temperature and humidity conditions, and the
dish is weighed over time to give the permeation
(transmission) rate. The test is similar to ASME
E 86.

ISO 6179, permeability of liquids, is the most
popular method for determining the transmission
rate of liquids through polymers. The version
used in the United States is the Thwing cup
permeation test. It consists of a small cup (60 to
100 cm3, or 3.7 to 6.1 in.3) partially filled with
liquid. An elastomer specimen is stretched over
the open end of the cup and clamped securely.
The whole assembly is weighed and the cup is
inverted. The loss of weight measured over time
is used to calculate permeation (transmission)
rate.

Materials Technology Institute (MTI) Report
R 17, “Guide to Elastomer Testing for Chemical
Resistance Applications,” is a comprehensive
document issued on testing, measuring, and
interpreting the chemical resistance of elasto-
mers. It addresses various needs not filled by
the above standards. The guide has a section
on the theory of permeation, key parameter
measurements, test methods currently used,
selection methodology, and interpretation of
results. Figure 11 illustrates typical permeation
data.

Heat aging implies change in properties of
an elastomer at elevated temperatures.

Table 7 Evaluating elastomer performance from immersion testing

Property

Cause of property change

Process medium
absorption

Extraction of
elastomer

ingredients

Attack on
elastomer

fillers
Degradation of elastomer cross link

or polymer backbone

Hardness Decrease Increase Usually decreases Increase (hard/brittle) Decrease (soft/gummy)
Volume Increase Decrease Increase Increase Increase
Tensile strength

at break
Decrease Increase Decrease Decrease Decrease

Modulus Decrease Increase Decrease Increase Decrease
Elongation

at break
Increase Decrease Increase Decrease Increase or decrease
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Fig. 8 Property changes of three elastomers in ethylene oxide at 50 �C (122 �F), 672 h test per ASTM D 471 and D 412,
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ISO 188, heat aging for high-temperature
properties and extrapolation for low-temperature
properties, specifies procedures to be carried out
either in an air oven or in an oxygen air chamber.
Usually one property (such as elongation) is
tracked versus time and temperature. The main
use of such data is quality control and develop-
ment of new formulations.

ASTM D 572, deterioration by heat and oxy-
gen, and ASTM D 573, deterioration in an air
oven, address the same scope as ISO 188. The
ASTM standards separate the environments into
air and oxygen.

ASTM D 454, rubber deterioration by heat and
air pressure, is similar in approach to the tests
mentioned previously, but adds methods for
testing under pressure.

Adhesion to Substrate. ASTM D 429, rub-
ber property—adhesion to rigid substrate,
describes two approaches to adhesion testing.
Method A consists of preparing a sample of
rubber between two parallel plates and pulling
them apart in tensile shear to determine the force
required to separate the plates as well as the
method of separation, that is, adhesive or cohe-
sive failure. Method B consists of peeling a
rubber liner at a 90� angle from the metal sub-
strate to which it is bonded.

Method A is used to evaluate primers, com-
pare rubber compounds, and study the effect of
operating parameters such as temperatures and
chemical exposure on the bond. Method B is
used to evaluate a specific application such as
lining for tanks and piping.

ISO 813 (one plate) and ISO 814 (two plate)
combined are similar to ASTM D 429.

Tensile Tests, Percent Modulus, and Elon-
gation at Break. ISO 37, determination of ten-
sile stress strain properties, and ASTM D 412,
test methods for vulcanized rubber—tension,
are basic standards used for determining these
mechanical properties. Although there are some
differences, the object is the same, namely,
determination of tensile strength, yield strength,
and elongation at break.

Abrasion Resistance. There is no abrasion
resistance test that measures rate of wear when
exposed to slurry. Hence, in slurry abrasion
applications, abrader test data combined with
chemical resistance data is used to make engi-
neering decisions. These tests are useful by
themselves in developing new formulations of
rubber in abrasive service.

ISO 4649 and ASTM D 5963, address abra-
sion resistance by rotary drum device, and
include two methods (A and B) measuring

weight loss of a rubber test piece on a rotating
drum covered with an abrasive sheet. The sample
is stationary in test A and rotating in test B. In
both cases the weight loss is converted into
volume loss and reported as abrasion resistance
index.

ASTM D 2228, Pico abrader test, describes a
slight variation of the abrader. It includes a pair
of blunt tungsten carbide knives, which rub on a
rubber specimen on a rotating turntable. Weight
loss is reported as an abrasion resistance index.
This standard can be used in preference to ISO
4644 and ASTM D 5963 when slurries contain-
ing sharp particles are being simulated.

Resistance to Compression. There is no
standard test for determining the compression
properties of seals and gaskets while exposed to
liquid. The approach is to determine the com-
pression properties in air and combine those with
the chemical resistance data to make engineering
decisions.

ASTM D 395 and ISO 815 describe the
apparatus and establish the methods for calcu-
lating compression set. Compression set is the
residual deformation of a rubber specimen after
it has been compressed under a known deflection
or force. One test is carried out under constant
load, and the other carried out at constant
deflection. The constant deflection test is more
common and is illustrated in Fig. 12. After
the completion of the test, compression set

Table 8 Application-specific tests and standards for evaluating various properties of
elastomers

Property Standards

Applicability

Static seal
O-ring
gaskets

Dynamic seal
O-ring
gaskets Diaphragms Hoses

Linings
for vessels,
pipe, and

accessories
Expansion

joints
Lined
valves

Chemical resistance ISO 1817
ASTM D

471

X . . . . . . . . . . . . . . . . . .

ASTM C
868

. . . X X X X X X

Permeation ISO 1399
ISO 2782
ISO 2528
ISO 6179
MTI guide

X X X X X X X

Heat aging (upper use
temperature limit)(a)

ISO 188
ASTM D

454
ASTM D

572
ASTM D

573

X X X X X X X

Adhesion to substrate ISO 814
ISO 813
ASTM D

429(b)

. . . . . . . . . . . . X . . . X

Tensile properties ISO 37
ASTM D

412

X X X X . . . X X

Abrasion resistance ISO 4649
ASTM D

2228(c)
ASTM D

5963

. . . X X X X X X

Compression resistance ASTM D
395

ISO 815

X X X X . . . X X

Hardness ASTM D
2240

X X . . . . . . . . . . . . . . .

(a) Can be combined with chemical resistance. (b) Used in conjunction with ASTM C 86. (c) Pico abrader
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Fig. 11 Permeation rate of elastomers used for hand-
ling fuels. Fuel C at 23 �C (73 �F) tested.

Fig. 12 Compression set is tested by constant deflec-
tion by using fixture shown.
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is reported as percentage of the original deflec-
tion.

Compression set data can be misleading if
reported only on the basis of short test exposure
of 70 h, as Fig. 13 indicates.

Hardness. ASTM D 2240 and ISO 7619,
Durometer hardness is the most commonly used
method for measuring hardness of elastomers.
An indentor is used to measure the resistance to
surface penetration.

Failure Analysis

The three elements of failure analysis are:
failure modes and effects analysis (FMEA),
physical failure analysis, and root cause failure
analysis.

Failure modes and effects analysis are used to
diagnose the mechanism of failure through
experience developed from previous failures.
When analyzing a failed part such as an O-ring,
care must be taken to consider that the appear-
ance of the part at ambient temperature may not
reflect its appearance operating in service. Some
FMEA are established to consider all possible
failure modes, no matter how unlikely the mode
may be. The quality of FMEA depends on the
availability of sound historical data. If it cannot
provide a reliable answer, or the consequence of
the failure requires additional investigation,
physical failure analysis should be used.

Physical failure analysis provides a more
accurate explanation of the technical cause of a
particular failure or loss of performance. This
information is essential for understanding the
root cause of a problem. If possible, the part
should be examined in the condition it is in when
removed from the equipment. If chemical

decontamination is required, then the chemical
used must be specified when submitting the part
for analysis. Sometimes the use of a chemical
decontaminant can interfere with the analysis.
Accurate background information on the failure
and the failed part is required. This includes any
information concerning temperature excursion
beyond the limitations of the part and chemical
exposures outside of the norm, such as in
cleaning or flushing.

Root cause failure analysis builds on the
technical cause and looks deeper into the pro-
blem to ensure that the technical fix did not just
cure the symptoms. For example, in many seal-
ing failures, the elastomer supply chain is the
root cause of the problem because a materials
mix-up has occurred. A logic chart of a root
cause failure analysis, called a Why Tree
(Fig. 14), investigates a corrosion–related sys-
tem failure.

Elastomer Failure Modes

The following observations are specific to
O-rings, but they may be applied to other types of
elastomer parts.
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Fig. 13 Compression set determined by testing 672 h
at 204 �C (400 �F). ASTM D 395 70 h results

are circled.
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Swelling. This is often very obvious when the
O-ring is viewed and compared to a “control”
O-ring of the same size. This type of attack may
be solubility related, or it may be chemical
attack. If it is solubility related, then the O-ring
will return to normal size after it has been
removed from the fluid and has time to dry out.
This is because the O-ring absorbs the chemical
media, swells to a certain volume, and then does
not swell any more. If the event is a chemical
attack, then the O-ring will continue to swell
while it is exposed to the chemicals, and it will
not return to normal size after removal from the
media. Chemical attack also often results in the
O-ring surface becoming tacky or “gummy.”
Depending on gland dimensions, the O-ring may
extrude in either case. A decision must be made
regarding the amount of O-ring swell an appli-
cation can tolerate.

Hardening/Embrittlement. An O-ring can
become hard or embrittled for several reasons.
The first possibility is overexposure to high
temperatures. Exposing an elastomer to tem-
peratures above its rated service temperature will

eventually result in a hardened O-ring. When
flexed, the O-ring will typically show cracks on
the inside diameter or perhaps break. The O-ring
dimensions will not show much of a change. This
type of problem can also occur if a chemical
solvent extracts oils or plasticizers from the
O-ring, resulting in a decrease in part weight and
possibly a dimensional change.

Cracks or splits are the result of overstress-
ing the O-ring in localized areas. In the simplest
case, an O-ring can be overcompressed and the
O-ring will split. This problem can also result if
an O-ring is overstressed as the result of thermal
expansion. This ‘effective’ high compression is
the result of elevated temperatures. Similarly,
if the process chemical causes an O-ring to swell,
the combined compressive stress during opera-
tion can be great enough to cause splitting.
Another problem that can cause splitting is
explosive decompression. This problem arises
when an elastomer is sealing gases or liquids
under high pressure. An example is carbon
dioxide. During process operation, carbon di-
oxide equilibrates in the elastomer seal over

time. Since these systems often operate at high
pressures (14 MPa, or 2000 psi, For example),
the CO2 in the elastomer is at this condition. If
there is a sudden loss of system pressure, the gas
inside the O-ring expands rapidly and literally
blows the O-ring apart to escape. In less severe
cases, the O-ring may blister or have small splits.

Extrusion can be the result of a number of
factors. It is easily identifiable as a feathering
or “pushing out” of the elastomer into the space
it is designed to seal. A small degree of extrusion
is typical in all sealing services and helps to
create a seal. However, any extrusion that is
readily apparent can cause a problem and will
result in premature seal failure. One cause of
extrusion is the elastomer overfilling the gland.
When this occurs, the elastomer will extrude.
This scenario may be caused by chemical swell
or thermal expansion. The other possibility is
extrusion due to a system pressure that is too high
when considering the modulus of the elastomer
and the gap (space) that needs to be sealed. This
second condition can often be solved by using
a higher modulus compound, reducing the

Table 9 Elastomer identification techniques

Technique Acronym Description Use Value

Fourier transform infrared
spectroscopy (most
commonly used)

FTIR The interaction of infrared light with a molecule
changes the vibration of the molecule.
These interactions are unique

Identification of the elastomer Identifies the elastomer per type;
FKM, FFKM, EPDM, etc.

X-ray fluorescence spectroscopy
(most commonly used)

XRF X-rays are bombarded on the sample, and
core shell electrons are ejected. The
excited atom emits fluorescent radiation.

To perform qualitative and quantitative
elemental analysis of the elastomer
and identify the specific compound

Identifies a specific compound

Electron spectroscopy for
chemical analysis

ESCA X-rays are focused in the surface of a material
and excite the surface atoms. Photoelectrons
with energies characteristic of elements
on the surface of the sample are ejected
and analyzed to obtain information on
the surface composition.

To analyze changes in the surface chemistry
of an elastomer following exposure
to reactants, plasmas, temperature,
and specialized chemical environments

Indicates which elements are on the
surface of an elastomer; to
determine if the surface makeup
has changed

Inductively coupled
plasma/mass spectroscopy

ICP-MS The sample is broken down into its ions in
an argon plasma, which are separated by
their masses, and measured in a mass
spectrometer.

To analyze changes in the surface chemistry
following exposure to reactants, plasma,
temperature, and specialized
chemical environments

Indicates the metals extracted from an
elastomer by a solvent, for example,
when exposed to ultrapure water

Scanning electron
microscopy

SEM Image formed by scattered or secondary
electrons from incident beam scanned
on specimen.

Evaluation of changes to the microstructure
and surface morphology of a sample

Yields a magnified picture of the
elastomer surface

Thermogravimetric
analysis, infrared

TGA-IR Volatile compounds formed by temperature
programmed pyrolysis are purged through
an infrared gas cell while infrared spectra
are collected in real time for a given time
and temperature.

To develop graphic profiles of off gases versus
time and temperature

Indicates temperature at which various
components of an elastomer start to
break down

Table 10 PDL composite rating system

Weighted
value

Weight
change(a)

Volume
change(a)

Hardness change
(units)

Mechanical property
retained(b) Visual observed change(c) BTT (min)

Permeation rate,
(mg/cm2.min)

10 0–0.25 0–2.5 0–2 4=97 No change j1=0 j0.9
9 40.25–0.5 42.5–5.0 42–4 94–597 . . . 41–2=241j2 . . .
8 40.5–0.75 45.0–10.0 44–6 90–594 . . . 42–5=342j5 40.9–9
7 40.75–1.0 410.0–20.0 46–9 85–590 Slightly discolored, slightly bleached 45–10=445j10 . . .
6 41.0–1.5 420.0–30.0 48–12 80–585 Discolored; yellows, slightly flexible 410–30=5410j30 49–90
5 41.5–2.0 430.0–40.0 412–15 75–580 Possible stress crack agent, flexible, possible

oxidizing agent, slightly crazed
430–120=6430j120 . . .

4 42.0–3.0 440.0–50.0 415–18 70–575 Distorted, warped, softened, slight swelling,
blistered, known stress crack agent

4120–240=74120j240 490–900

3 43.0–4.0 450.0–70.0 418–21 60–570 Cracking; crazing; brittle; plasticize, oxidizer;
softened; swelling; surface hardened

4240–480=94240j480 . . .

2 44.0–6.0 460.9–90.0 421–25 50–580 Severe distortion; oxidizer and plasticizer,
deteriorated

4480–960=94480–j960 4900–9000

1 46.0 490.0 425 40–550 Decomposed 4960=104960 . . .
. . . . . . . . . . . . 0 Solvent dissolved, disintegrated . . . 49000
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clearance gap by machining the mating parts, or
by employing antiextrusion rings.

Polymerization. This problem can occur
when a chemical is absorbed into the O-ring and
then polymerizes. An example of this is styrene
monomer. Styrene monomer is very reactive,
and hence, inhibitors must be continuously
added to the process stream, otherwise the styr-
ene will polymerize to form polystyrene.
Although the exact mechanism is not known for
elastomer attack, there is a reasonable hypoth-
esis. Styrene is absorbed into the surface of the
O-ring and polymerizes. As it does this, it
expands and breaks open new elastomer surface
for further styrene absorption, and further poly-
merization, and so on. The result is an O-ring that
has swollen in size and has a hard, friable surface
where it was in contact with the liquid. All
elastomers appear susceptible to this mode of
attack by polymerizing monomers.

Mechanical Damage. A part may be
damaged during installation if it has to go over a
sharp edge that cuts the part. Another common
cause of mechanical damage is a dynamic
application that causes abrasion of the elastomer
surface.

Elastomer Material Identification

As part of the failure analysis it may be
necessary to identify the type of elastomer.

Table 9 provides a summary of identification
techniques. Several techniques are used to
identify elastomers according to their families,
but none provide a complete and accurate
description of the constituents in the material.
The most cost-effective technique/techniques
should be used consistent with the value asso-
ciated with obtaining an accurate identification.

Infrared analysis may be used to determine the
elastomer type, that is, EPR, fluoroelastomer,
and so forth. This method usually cannot identify
the part manufacturer. If, however, a manu-
facturer produces a part that is fully integrated
from the polymer to the finished part, then the
manufacturer and product type part may be
identifiable.

After an elastomer type is identified, further
analysis is required to identify the specific
compound. Different ingredients used in the
manufacture of a compound can often be iden-
tified and that information then used to identify
the specific compound. However, this step is
difficult and may not be conclusive.

Quantifying Performance

The Plastic Design Library (PDL) has devel-
oped a composite interpretation or rating system
for elastomers. The percent change in a test
parameter is weighted to develop a number from

1 (worst) to 10 (best) for the elastomer under
specific exposure conditions. Most of the data
supplied to PDL is from suppliers so that the
rating is dependent on the quality and accuracy
of the information supplied. Factors used to
develop the PDL weighting system are:

� Weight change
� Volume change
� Hardness change
� Mechanical property retention
� Appearance change
� Breakthrough time (from initial chemical

contact to detection)
� Permeation rate

Table 10 gives the detailed numerical values that
determine the rating.
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Global Cost of Corrosion—
A Historical Review
R. Bhaskaran, N. Palaniswamy, and N.S. Rengaswamy, Central Electrochemical Research Institute
M. Jayachandran, H.H. The Rajah’s College

IN 1824, SIR HUMPHRY DAVY demon-
strated that coupling of zinc blocks controlled the
corrosion of copper sheathing of a ship hull
(Ref 1). This shows that even before the mech-
anism of corrosion was understood, attempts
were made to control the cost of corrosion. Con-
siderable efforts have been made since the early
1900s to assess the loss of money due to metallic
corrosion. This article analyzes the estimates of
the cost of corrosion, made in various countries at
various times. These are presented in chrono-
logical order by country. The data is extrapolated
to a 2004 base and then projected to the global
economy.

In the United States (USA) the awareness of
the cost of corrosion has been maintained at a
high level. Professor Uhlig; the National Bureau
of Standards (NBS), now the National Institute
of Standards and Technology (NIST); Battelle
Columbus Laboratories (BCL); and CC Tech-
nologies Laboratories (CC), along with NACE
International and the Federal Highway Admin-
istration (FHWA), have contributed to the cur-
rent knowledge on the cost of corrosion. In the
United Kingdom (U.K.), the Hoar Committee
has played a stellar role in estimating the cost of
corrosion. In Japan, three approaches (Uhlig
method, Hoar method, and NBS-BCL model)
have been used. In India, the Uhlig method was
followed in 1958, while the NBS-BCL model
was adopted in 1986.

Countries have attempted to relate the cost of
corrosion to their gross national product (GNP).
However, the present trend seems to lay impor-
tance on the gross domestic product (GDP). See
the article “Direct Cost of Corrosion in the
United States” in ASM Handbook, Volume 13A,
2003, for details on the USA studies.

United States of America

The first attempt to evaluate corrosion loss
was made in 1916 when the construction industry
examined corrosion of steel reinforcements
(Ref 2).

Professor Uhlig (Ref 3, 4) paved the way for
systematic analysis of the cost of corrosion in the
USA. He divided the cost of corrosion into direct
losses resulting from the use of special alloys and
replacement of corroded equipment, and indirect
losses due to shutdown, overdesign, loss of
product and efficiency, explosion, and con-
tamination. He showed that the annual direct loss
by corrosion, including cost of corrosion control,
was $5.5 billion United States dollars (USD), or
$35/person per year in the USA. He further
predicted that by embarking on a five year
research, development, and education program
on corrosion and corrosion control, an annual
savings of $922 million was possible.

The NACE Technical Committee report in
1959 (Ref 5) projected that nearly $150 million
USD was being spent annually to purchase cor-
rosion-resistant materials such as coatings, lin-
ings, and corrosion-resistant metals.

The NBS projected that corrosion losses in the
USA during 1966 would be $10 billion/year
(Ref 6). Reference 7 raised an interesting ques-
tion in 1974: Which cost more: corrosion, fire,
flooding, or earthquake? It showed that the pro-
jected cost of corrosion, over $15 billion USD/
year, was more than the combined sum of the
costs of fires and floods. In fact, corrosion costs
may also exceed the sum costs of earthquakes,
hurricanes, tornadoes, and landslides.

An investigation of the economic impact of
corrosion in the USA was carried out by the NBS
in 1978 (Ref 8). The assignment was placed
under contract to BCL. A significant feature of
the study was that the method employed, input-
output analysis, provided a methodological fra-
mework that permitted comprehensive treatment
of all elements of the costs of corrosion: pro-
duction costs, capital costs, and changes in useful
lives. Using the results obtained in the input-
output analysis as a basis, the total cost of cor-
rosion in the USA (1975) was estimated to be $70
billion USD, approximately 4.2% of the GNP. Of
this amount, approximately 15% was estimated
to be avoidable under the criteria developed in
the study. This meant that a significant fraction
of the total expended for corrosion control or for

replacement or repair of goods because of cor-
rosion, approximately $10 billion USD, could be
available for other uses through the economic
use of presently available technology.

Reference 9 showed that the indirect losses
due to corrosion failures may be put at $50 bil-
lion USD, or approximately 2 to 3% of the GNP.
It concluded that the total annual expenditure on
various corrosion control measures was a huge
sum, as high as $9.6 billion USD.

In 1982, an estimate of the cost of corrosion in
the USA for energy-related industries (electric
power generation, materials protection, person-
ally owned automobiles, and government
operations) was projected as $122 billion USD
(Ref 10). Of this, $16.9 billion (14%) could be
avoided by using the available corrosion pre-
vention and control methods. This was equiva-
lent to an energy savings of approximately 3.3
quads (one quad equals 1015 Btu, or approxi-
mately 1018 J), which would have been approxi-
mately 14% of the total energy produced in the
USA for that year.

According to Ref 11, the annual cost of cor-
rosion for the USA amounted to approximately
$176 billion in 1986 USD. Of this, a minimum
$26 billion USD (15%) was avoidable through
the use of existing technology.

In 1995, a panel of Battelle scientists updated
the data on corrosion cost in the USA by evalu-
ating two decades (1975 to 1995) of corrosion-
related changes in scientific knowledge and
industrial practices (Ref 12). Accordingly, the
total cost of corrosion pertaining to the whole
industrial sector was estimated at $296 billion
USD. Of this, $104 billion USD (35%) was
shown as avoidable cost.

During 1998, a need was felt to carry out a
systematic study to estimate the current impact
of metallic corrosion on the USA economy.
Subsequently, CC Technologies Laboratories
conducted this study from 1998 to 2001 in a
cooperative agreement with the FHWA and
NACE International (Ref 13 and summarized in
ASM Handbook, Volume 13A, 2003). In this
study, the total direct cost of corrosion was
determined by analyzing 26 industrial sectors in
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which corrosion was known to exist and then
extrapolating the results for a nationwide esti-
mate. The total direct cost due to the impact of
corrosion for the analyzed sectors was $138
billion USD/year (1.57% of the GDP). Because
not all economic sectors were examined, the sum
of the estimated costs for the analyzed sectors did
not represent the total cost of corrosion for the
entire USA economy. By estimating the per-
centage of USA GDP for the analyzed sectors
and by extrapolating the figures to the entire
USA economy, a total direct cost of corrosion
was estimated as $276 billion USD (3.14% of the
nation’s GDP). The indirect cost of corrosion
was conservatively estimated to be equal to the
direct cost, giving a total direct plus indirect cost
of $552 billion USD (6% of the GDP).

Attempts have been made to calculate the cost
of corrosion in individual industrial sectors from
time to time. For example, Table 1 tracks the cost
of corrosion for the pipeline industry.

The oil industry has received constant atten-
tion from 1952 onward, as seen in Table 2. A

modest estimate of the cost of corrosion in the
tanker industry was $18 million USD during
1952. The 1998 FHWA report has projected a
figure of $1.4 billion USD as the cost of corro-
sion in oil and gas exploration and production.

Table 3 indicates that automobile industry
corrosion costs escalated. The pulp and paper
industry has a similar degree of escalation
(Table 4). Table 5 indicates estimated savings as
well as the cost of corrosion in individual
industries.

For the USA, estimates by Uhlig for 1949
showed the direct cost of corrosion as $5.5 bil-
lion USD, whereas the 1998 to 2001 estimate
using the net present value method showed the
direct cost of corrosion as $276 billion USD (3%
of the GNP). This is a 50-fold increase in the
direct cost of corrosion over a 50 year period.

United Kingdom

As in the case of the USA, the U.K. con-
struction sector was very much concerned about
the huge losses occurring due to the corrosion of
metals in concrete. It was therefore not surprising
that the Institution of Civil Engineers formed a
committee in 1916 to investigate the impact of
the deterioration of structures exposed to sea
action. At the end of this investigation (Ref 45), it
was estimated that the annual world cost of steel
and iron wasted by rusting was of the order of
£600 million British pounds (GBP). The U.K.
was perhaps the pioneering country with regard
to assessing the economic loss due to corrosion.

It was estimated in 1936 (Ref 46) that if all the
wrought iron and steel produced in Great Britain
in that year were given two coats of paint,
approximately 32 million gallons would have
been required, and the cost of this protection,
including the necessary labor, would have been
on the order of £40 million GBP. In 1949, the
previous estimate was revised to no less than
£200 million GBP (Ref 47).

According to Ref 48, the annual cost of cor-
rosion in the U.K. was £200 million GBP during
1954. Of this, at least £5 million was spent
toward replacement of corroded buried pipe-
lines.

During 1956, Ref 49 calculated the cost of
corrosion for the U.K. by taking into account
costs of preventive measures and costs of actual
wastage or replacement and arrived at £600
million GBP.

According to a report published in 1967
(Ref 50) and subsequently cited in Ref 51,
corrosion control costs £195 million GBP/year.
The projection for the entire world was
approximately £15 billion GBP/year.

According to Ref 52, the previous estimate of
approximately £200 million GBP covered only
part of the time-related-cost of corrosion to the
British economy. A figure of £400 million GBP/
year was stated to represent the time costs more
fully in 1969. This represents 1.25% of the
British GNP. In other words, the cost of corro-
sion to the U.K. was the same as one-quarter of
the total expenditure on education, or one-fifth
of the expenditure on defense, or over one-half of
the cost of running the National Health Service.
The interesting observation made in Ref 52 was
that the indirect costs of corrosion far out-
weighed the direct costs, and this enormous loss
to the economy was surely sufficient reason to
make a detailed study of corrosion in all its
aspects—chemical, physical, metallurgical, and
economic. If the costs of corrosion and corrosion
control in the U.K. were reduced by only 5%, it
would lead to a savings of at least £20 million
GBP/year in addition to increasing human safety
and well being.

The Hoar committee on corrosion and pro-
tection calculated the annual cost of corrosion in

Table 1 Cost of corrosion in the pipeline
industry for the USA economy

Year Subject
Cost, million

USD/yr Reference

1945 Corrosion in underground
pipelines

50 14

1947 Pipeline replacement due to
corrosion

200 15

1947 Corrosion of water mains 40 16
1951 Corrosion cost in a large

pipeline system prior to
installation of sacrificial
magnesium anodes

1.5 17

1951 Underground corrosion in
American industries

1000 18

1966 Annual savings by
application of cathodic
protection in pipelines

1.1 19

1998 Corrosion in gas and liquid
transmission pipelines

7000 13

USD, United States dollars

Table 3 Cost of corrosion in the automobile
industry for the USA economy

Year Details
Cost, billion
dollars/year Reference

1960 Corrosion in automobile
exhaust systems

0.5 32

1978 Corrosion cost for
automobile owners

6–14 33

1991 Corrosion cost for motor
vehicle from deicing
salts

2.3 34

1998 Corrosion in motor
vehicles

23.4 13

Table 4 Cost of corrosion in the
paper industry

Year Details Cost Reference

1977 Paper mill
corrosion, USA

$8 per metric ton of
product (20% of
maintenance cost)

35

1977 Global corrosion to
the pulp and
paper industry

$500 million 36

1998 Corrosion in pulp
and paper
industrial sector
for USA

$6 billion 13

Table 2 Cost of corrosion in the oil industry for the USA economy

Year Subject Cost(a) Reference

1952 Corrosion in sour oil wells in West
Texas, New Mexico, and Kansas

Ranges between $270 and $2000/well
per year

20

1952 Corrosion in tanker industry $18 million 21
1952 Potential savings of Shell Oil Company through the use of

corrosion inhibitors
$110,000 22

1953 Condensate well corrosion $12 million 23
1953 Corrosion in petroleum processing $0.09/barrel of crude process(b) 24
1957 Repairs to the oil string casing in the petroleum industry $7.5 million 25
1958 Corrosion in sour oil wells $32 million 26
1958 Corrosion in refinery equipment $300 million 27
1959 Damage to refinery equipment through corrosion $400 million 28
1960 Corrosion in Cleveland Sohio refinery

crude units
$0.02/barrel(c) 29

1965 Use of inhibitor for crude oil processing $300 million 30
1975 Repair cost of corrosion damages at a

major refinery in Chicago
$500,000 9

1975 Loss of revenue at Chicago refinery $5 million 9
1998 Corrosion in oil and gas exploration and production $1.4 billion 13
2003 Oil spilled due to pipeline corrosion and mechanical

damage
$95 million(d) 31

(a) United States dollars. (b) Average cost of crude oil was $2.68/barrel. (c) Average cost of crude oil was $2.88/barrel. (d) 145,000,000 gal spilled;
$27.54 cost/barrel (42 gal)
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Britain as £1.365 billion GBP (3.5% of the GNP
of 1970). Of this, £310 million/year (23%) could
be saved by more effective use of existing
knowledge (Ref 53).

T.P. Hoar (Ref 54) subsequently revised the
figures in 1975 as follows. Total cost of corrosion
would be £2.5 billion, of which £500 million
(20%) could be considered as avoidable cost.
Approximately 25 years subsequent to this esti-
mate, a detailed cost of corrosion survey was
undertaken from 1998 to 2001 in five specific
industrial sectors by the Paint Research Asso-
ciation of the U.K. (Ref 55). A total cost of
corrosion was estimated as £4.645 billion GBP.
This estimate approximately doubles the 1975
cost. Approximately £672 million (14.46%)
could be saved by the application of better
technology.

Whereas in the USA, the estimation of the cost
of corrosion in individual sectors as well as the
whole economy was being updated at regular
intervals, in the U.K. no such attempts for indi-
vidual sectors appear to have been made. How-
ever, as indicated in Table 6, one-time attempts
had been made in certain industries, particularly
from 1950 to 1970.

Australia

In 1955, the authors of Ref 60 reported a
method of determining corrosion cost related to
piping (oil, steam, fire, and water pipelines) in a
bulk oil terminal and showed that the corrosion
cost can be approximately £760 (Australian
pounds, or AUP) per annum (10% of installed
cost). They further showed that of £760,
nearly £40 AUP is the indirect cost of corrosion.
Their estimate applied to one oil installation
only. However, as reported in Ref 61, Pro-
fessor Worner of the University of Melbourne,
Australia, carried out a detailed analysis on the
cost of corrosion to Australia in 1956 and showed
that the direct losses ranged from £100 to 120
million AUP ($240 million Australian dollars,
or AUD), or £10 to 13 AUP/year for every
Australian.

The author of Ref 62 discussed corrosion costs
and savings in Australia during the Twelfth
Annual Conference of the Australasian Corro-
sion Association in Melbourne in 1971. He

followed the British pattern with regard to the
cost of corrosion, and, considering the geo-
graphic location of Australia and per capita
electricity consumption, he determined a value
of $900 million AUD, or 2.67% of the GNP of
Australia. In other words, everyone in Australia
contributed $15 AUD/year unnecessarily toward
corrosion. With regard to savings, he adopted the
British pattern of 23% and showed that $200
million AUD/year were avoidable costs.

E.C. Potter (Ref 63) of Commonwealth Sci-
entific and Industrial Research Organization,
Sydney, again discussed the cost of corrosion in
Australia in 1973 by referring to Worner’s 1955
estimate. He converted the 1955 estimate to 1972
conditions by allowing for the change in the
value of money and for the increased amount of
metal subject to corrosion. The £120 million
AUP in 1955 was the monetary equivalent of
$385 million AUD in 1972. To account for the
increased amount of metal at risk, the latter fig-
ure was raised by a factor of 2.4, which repre-
sented the ratio of the per capita consumption of
electricity for 1972 and 1955. The result was
$925 million AUD/year. It was remarkable that
the total annual corrosion costs updated from
1955 were virtually the same as the 1970 esti-
mate of $900 million AUD.

In 1973, a detailed estimate on the cost of
corrosion in Australia was presented by Revie
and Uhlig (Ref 64) at the Fourteenth Annual
Conference of the Australasian Corrosion
Association. Uhlig’s method was followed. The
total cost of corrosion was $466.7 million AUD
($550 million USD on the 1973 basis). This
represented 1.5% of Australia’s GNP for 1973.

According to Ref 65, the avoidable cost of
metallic corrosion in Australia at mid-1974
values amounted to $250 million AUD. In 1983,
Cherry and Skerry (Ref 66) of Monash Uni-
versity applied the input-output model devel-
oped by NBS-BCL of the USA to the Australian
economy and showed that the potentially reco-
verable cost of corrosion to Australia could be of
the order of $2 billion AUD at 1982 prices.

In 1995, Cherry (Ref 67) updated the data and
showed that for only ten selected industrial sec-
tors in Australia, the potential savings due to
application of currently available corrosion
knowledge could be approximately $5.7 billion
AUD (at 1991 to 1992 values).

Japan

In Japan, a 1956 estimate was made of cor-
rosion losses to underground cables and pipe-
lines based on the number of failures per year
caused by chemical and electrolytic corrosion,
annual expenditure necessary for replacements
and repairs, and average repair expenditure per
failure (Ref 68). The annual loss was shown as
¥74 billion (Japanese yen, or JPY) ($0.2 million
USD).

A survey made from 1976 to 1977 by a com-
mittee on corrosion and protection, under the
chairmanship of Professor G. Okamoto, revealed
that the annual cost of corrosion to the nation
amounted to ¥2500 billion JPY ($9.2 billion
USD on a 1974 basis) (Ref 69).

According to Ref 70, the Japan Society of
Corrosion Engineering and the Japan Associa-
tion of Corrosion Control updated the cost of
corrosion in Japan. The direct cost of corrosion in
1997 was estimated by the Uhlig, Hoar, and
NBS/BCL methods. In accordance with Uhlig’s
method, the overall cost was ¥3900 billion JPY
(0.77% of the GNP of Japan), and Hoar’s method
resulted in a figure of ¥5200 billion JPY (1.0% of
the GNP of Japan). The corrosion cost, using the
input-output method (NBS-BCL analysis), was
found to be approximately ¥9700 billion JPY
(1.9% of the GNP).

Thus, depending on the method of analysis,
the cost of corrosion in Japan has a substantial
range. Following the Uhlig model in 1976 and
1997 showed an increase from ¥2500 billion to
3900 billion, a 1.5 times increase over a period of
20 years. The other methods would boost the
multiplier as much as 2.5 times, depending on the
analytical approach.

Canada

Data in Ref 71 showed the annual cost of
corrosion in Canada in 1953 to be $300 million
Canadian dollars (CAD). The analysis was made
on the Uhlig pattern.

Table 6 Cost of corrosion for individual
industrial sectors in the U.K. economy

Year Subject Cost Reference

Pipelines

1952 Corrosion in underground
pipelines

£130 million 56

Oil industry

1960 Direct and indirect cost of
corrosion in one major
oil company

£1.5 million 57

Automobile industry

1970 Corrosion cost to Britain’s
motorists

£250 million 58

1971 Potential savings by
application of more
suitable materials in
automobile industry

£55 million 59

Table 5 Cost of corrosion in various industrial sectors for the USA economy

Year Subject Cost Reference

1961 Potential savings by proper painting practices in a
chemical industry

26% of painting cost 37

1962 Savings by application of modern concepts of painting in
a nickel company

40% of painting cost 38

1963 Corrosion in boilers, direct repair and replacement $50–100 million/yr 39
1963 Savings by use of plastic materials in chemical process

industry
66% of similar metallic installations 40

1975 Corrosion in ammonia unit Removal of carbon dioxide by this unit cost
$550,000/yr

41

1976 Corrosion in aircraft industry $1.5–2 billion 42
1977 Corrosion in highway bridges $23 billion 43
1978 Corrosion in electric power industry $1.1 billion/yr 33
1993 Corrosion in industrial steam generator 4$10 billion/yr 44
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The author of Ref 72 reported that the annual
corrosion loss in Canada in 1966 was roughly 3%
of the GNP, or $1 billion CAD/year.

It is interesting to note that in Canada, the oil
industry and paper industry have received
greater attention with regard to corrosion
awareness than other industry sectors, as can be
seen from Table 7.

Germany

In Germany, the earliest reference to the loss
due to corrosion is in 1929 (Ref 77), which
reported that only two-thirds of the annual steel
and pig iron production was used to increase the
amount of metals available in industry, while
one-third covered the losses due to corrosion.
However, in 1953, it was estimated that 150
million deutsche marks (DM) per year were
being spent on rust prevention (Ref 78). German
railroads alone spent 72 million DM, the Ruhr
coal mines approximately 15 million DM, and
the major industries several million each. Of the
cost of repainting the German federal railways,
39% was spent on rust removal alone.

Behrens (Ref 79) of DECHEMA reported in
1975 that the corrosion damage incurred by the
German economy in one year (on a 1968 to 1969
basis) can be assessed at approximately 19,000
million DM ($6 billion USD, 1969 basis), of
which approximately 4300 million DM ($1.5
billion USD, 1969 basis) may be considered as
avoidable. Total costs were approximately 3% of
the West German GNP for 1969, and avoidable
costs were roughly 25% of the total costs.

Poland

The Department of Environment Protection of
the Ministry of the Chemical Industry and the

Corrosion Control Commission of Poland car-
ried out a corrosion survey and showed that the
total sum of direct and indirect losses, as well
as corrosion control costs, amounted to 1990
million zlotys (Zl) in 1971, and this increased to
2700 million Zl in 1975 (Ref 80).

During 1977, the economic losses due to
corrosion in Poland were approximately 46
billion Zl, and the costs of corrosion prevention
were approximately 17 billion Zl (Ref 81). It
was 2% of the value of permanent operation
materials.

South Africa

According to a report by the South African
Corrosion Council (Ref 82), £20 million GBP
was the annual recurring cost toward maintain-
ing structures in South Africa in 1961.

During 1985, corrosion costs in four sectors
of the South African economy (mining, power
generation, shipping, and transport) were of the
order of 1.2 billion rand (ZAR) per year, and by
projection, the total cost of corrosion to the
whole country was 4 billion ZAR (Ref 83).

Czechoslovakia

Kulis (Ref 84), of the then Czechoslovak
Socialist Republic (CSSR), considered the
financial effects of the deterioration of con-
struction materials by corrosion and concluded
that in Czechoslovakia, the direct corrosion
losses in 1975 amounted to 1.7% of the GNP.
Kulis, along with Knotkova (Ref 85), carried out
a special study on the cost of corrosion in Prague
during 1981, with special reference to protection
of steel structures exposed to the atmosphere by
the application of paints. The study showed that
the economic corrosion damage amounted to 488
million koruna. In 1993, two national compo-
nents, the Czech Republic and Slovakia, were
formed.

Belgium

It is well known that Marcel Pourbaix of
Brussels was a pioneering corrosion scientist
who introduced the concept of the potential-pH
diagram in 1945. During 1973, he estimated the
direct loss due to corrosion in Belgium as 16 to
25 billion francs/year (Ref 86). He has also given
some interesting information on the loss due
to corrosion. The quantity of iron destroyed
annually by corrosion had been estimated as 25
to 33% of the annual production.

Netherlands

At the Fourth International Congress on
Metallic Corrosion held at Amsterdam, Holland,
in 1969, the cost of corrosion in Netherlands

was projected as 1% of the national income
(Ref 87).

Sweden

In Sweden, painting expenditures to combat
corrosion were analyzed for the year 1964. These
costs were found to be 300 to 400 million krona
($58 to 77 million USD, 1964 basis), of which
between 25 and 35% were found to be avoidable
(Ref 88).

According to a report published in Materials
Protection during 1967, the annual cost of cor-
rosion in Sweden was approximately $200 mil-
lion USD, or $26 USD/person (Ref 89). This
estimate referred to corrosion of steel and other
metals only. Corrosion of nonmetallic materials,
such as wood and concrete, would cost equally as
much. The cost of automobile corrosion was
estimated as $74 million USD.

Finland

The cost of corrosion for Finland for the year
1965 (Ref 90) was estimated at 150 to 200 mil-
lion markka ($47 to 62 million USD, 1965 basis).

Union of Soviet Socialist
Republics (USSR)

Tomashov (Ref 91) of the USSR had esti-
mated that out of 65 to 70 million tons of steel
produced in the USSR during 1965, approxi-
mately 6 to 7 million tons would be lost in the
same year through corrosion. Assuming a world
production of steel of approximately 200 million
tons/year, he had projected 20 million tons as a
loss to the entire world.

In 1969, losses were stated to be 6 billion
rubles ($6.7 billion USD, 1969 basis), or
approximately 2% of the GNP for the entire
USSR (Ref 92).

In the USSR, the corrosion losses of steel and
pig iron during 1976 were estimated to be 30% of
the annual production (Ref 93). Since 1991, this
economy is divided among 15 independent
republics. The largest, Russia, has a GDP esti-
mated as approximately $1.3 trillion USD in
2004. The Ukraine is the second largest eco-
nomically, with a GDP estimated as equivalent to
$260 billion USD in 2004.

Kuwait

In 1987, by using the NBS-BCL model, Ref 94
estimated that the total cost of corrosion for the
Kuwait economy was 5.2% of the 1987 GDP ($1
billion USD, 1987 basis). The avoidable cost of
corrosion was also estimated as 18% of the total
cost ($180 million USD).

Table 7 Cost of corrosion for individual
industrial sectors in the Canadian economy

Year Subject Cost, CAD(a) Reference

Oil industry

1957 Cost of corrosion to
Canadian refineries

$18.5 million 73

1965 Corrosion in a typical
refinery

$1.5 million/yr 30

Pulp and paper industry

1968 Canadian pulp and paper
mills corrosion

12% of
maintenance
costs

74

1974 Estimate of global cost
of corrosion in pulp
and paper industry

$320 million 75

1976 Replacement of stainless
washer drums and
molds

$2 million 76

Repairs in black liquor
evaporators

$100,000 . . .

Replacement of
corroded sewer line

$400,000 . . .

Boiler repairs $1 million . . .

(a) Canadian dollars
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India

In India, Rajagopalan of the Central Electro-
chemical Research Institute (Ref 95) made a
pioneering effort in 1958 to estimate the cost of
corrosion control in India. He projected a figure
of 1540 million rupees for the year 1960 to 1961
($320 million USD, 1961 basis). He followed the
procedure adopted by Uhlig.

During 1986, Rajagopalan (Ref 96) calculated
the cost of corrosion in various sectors of the
Indian economy by following the model of the
NBS-BCL analysis. He showed that for 22
industrial sectors, the direct cost of corrosion
totaled 40,800 million rupees (2% of the GNP),
out of which 18,000 million rupees were avoid-
able expenses. After a gap of 15 years, the
authors of this article from the Central Electro-
chemical Research Institute, Karaikudi,
embarked on a venture to estimate the updated
cost of corrosion for India (Ref 97). They showed
that for the year 1996 to 1997, the annual cost of
corrosion was approximately 240,000 million
rupees (2% of the GNP).

For a developing country like India, it is sur-
prising to find that the direct cost of corrosion
had escalated from 1540 million rupees during
1960 to 40,800 million rupees during 1986,
which is a 26-fold increase over a period of 26
years, similar to the trend observed in the USA
study.

For other countries, the cost of corrosion lies
in the range of 1 to 3% of the GNP.

Basque Region

A detailed study of the cost of corrosion in the
Basque provinces of Spain, where 60% of the
economy is limited to iron and its derivatives,

was conducted (Ref 98). The direct cost of cor-
rosion was 75,000 million pesetas by 1988 ($750
million USD). This represented 3% of the total
gross Basque product. The cost related to the
public buildings and services was estimated at
approximately 25,000 million pesetas/year
(1988). Indirect costs not taken into account
in the responses from industries were estimated
at approximately 30,000 million pesetas/year.
Thus, the total cost of corrosion in the Basque
region was minimum of 130,000 million pesetas/
year.

Global Direct Cost of Corrosion

To estimate the direct cost of corrosion at a
global level, the available data on the direct cost
of corrosion for 17 individual countries were
used, as summarized in Table 8. In some cases,
data were based on the GDP rather than the GNP.
The base year differed for each country, and
therefore it was decided to extrapolate the
available data from the respective base year to a
common year, 2004. The following methodol-
ogy was adopted.

The exchange rate was used to convert the
individual country currency to a common cur-
rency, USD. The exchange rates were found
from the international financial statistics of
the International Monetary Fund and the finan-
cial statistics of the Federal Reserve Board
of the United States, where the exchange rates
were available for 80 countries from 1970
onward.

The cost of corrosion for each country was
divided by the respective exchange rate for the
particular year to find the value in USD. Data on
the inflation rate in the USA economy were used
to extrapolate the cost of corrosion from the base

year to the common year of 2004. The following
inflation factor (F) was used:

F ¼ ð1þ iÞn

where i is the effective inflation rate per year, and
n is the number of years between the common
year and the base year.

After multiplying the direct cost of corrosion
in USD for each country by the inflation factor
for the common year of 2004, global direct costs
of corrosion for the year 2004 for each country
were obtained.

Table 8 indicates that the total direct cost of
corrosion in 2004 for 17 countries is approxi-
mately $510 billion USD. The maximum con-
tribution (60%) of the total is from the USA. The
next largest contributions, in the range of 10%,
came from Japan, the USSR, and Germany. The
U.K., Australia, and Belgium were in the third
category, contributing in the range of just 1.5%.
There are approximately 230 countries for which
data on the GDP are available for the year 2002.
To extrapolate the global cost of corrosion from
the data in Table 8, the world GDP as projected
for the year 2002 was used, which is $49 trillion
USD. Using the USA inflation rate (1.60) for the
year 2002, the inflation factor (1.032256) for the
year 2004 was estimated, and similarly, the total
world GDP for the year 2004 was also estimated
as $50.6 trillion USD. This is close to a 2003
estimate that values the global GDP, or gross
world output (GWP), as $51.48 trillion USD
(Ref 99). The data on the direct cost of corrosion
projected in Table 8 were extrapolated to the
GWP as $990 billion USD; this is equivalent to
2% of the world GDP.

Figure 1 shows the pattern of percentage
contribution by each country to the global direct
cost of corrosion as projected for the year 2004.
The contribution from the USA is 31%. Japan,
the USSR, and Germany contribute in the range
of 5 to 6%. The U.K., Australia, and Belgium
contribute approximately 1% each. The rest of
the world, for which open information on the cost
of corrosion is not available, contributes 47%.
An international standard for calculating the cost
of corrosion would be useful for providing
comparative costs for individual countries.

Global Indirect Cost of Corrosion

Even though it has been stated that it is very
difficult to assess the indirect cost of corrosion, it

Table 8 Country-specific direct cost of corrosion for the year 2004

During the base year

Country Base year
Direct cost of corrosion

(C), billion

Exchange rate
(D) of

currency to 1
USD(a)

Direct cost of
corrosion

(C/D), billion
USD

Inflation factor
(F)(b)

Direct cost
(C/D)F, billion

USD

USA 1998 Dollars, 276 1.0000 276.0000 1.1006 303.76
Japan 1997 Yen, 6816.5(c) 129.95 52.4548 1.1252 59.02
USSR 1969 Rubles, 6 0.8955 6.7002 8.2103 55.01
Germany 1969 Deutsche marks, 19 3.1667 6.0000 8.2103 49.26
U.K. 1998 Pounds, 4.645 0.6010 7.7288 1.1006 8.51
Australia 1973 Australian dollars,

0.4667
0.8485 0.5500 13.3154 7.32

Belgium 1973 Francs, 20.5(d) 40.4190 0.5072 13.3154 6.75
India 1986 Rupees, 40.76 13.1220 3.1062 1.2176 3.78
Poland 1998 Zlotys, 11.237(e) 3.5040 3.2069 1.1006 3.53
Canada 1966 Canadian dollars, 1 1.077 0.9282 3.6421 3.38
South Africa 1985 Rand, 4 2.5580 1.5637 2.0312 3.18
Kuwait 1987 Dinars, 0.27 0.2700 1.0000 2.0894 2.09
Basque region 1988 Pesetas, 75 100.00 0.75 1.9977 1.5
Czechoslovakia 1998 Koruna, 31.816(f) 29.8600 1.0655 1.1006 1.17
Netherlands 1969 Guilders, 0.51441 3.6340 0.1416 8.2103 1.16
Sweden 1967 Kroner, 1 5.0000 0.2000 3.0284 0.61
Finland 1965 Markka, 0.175(g) 3.2110 0.0545 2.0995 0.11

Global direct cost of corrosion in 2004 510.14

Amounts are in billion USD. (a) USD, United States dollar. (b) F= (1þ i)n, see text. (c) Average of 3938 to 9695 billion yen. (d) Average of 16 to 25
billion francs. (e) 2.03% GDP of 1998. (f) 1.73% GDP of 1998. (g) Average of 150 to 200 million markka

Rest of the
world 47%

Other ten
countries 2%

Belgium 1%
Australia 1%

Japan 6%

Russia 6%

Germany 5%

U.K. 1%

USA 31%

Fig. 1 Pattern of contribution by each country to the
global direct cost of corrosion for the year 2004
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is possible to adopt a rational method and arrive
at a figure. Conventionally, there are five ele-
ments that contribute toward the indirect cost of
corrosion:

� Social cost, otherwise called user cost,
incurred due to loss of time and money during
the period of repair and rehabilitation

� Loss of product due to spillage or leakage
� Loss of efficiency due to accumulation of

corrosion product in the flow stream
� Production loss due to unexpected shutdown
� Cost related to overdesign

The aforementioned five elements are indivi-
dually related to five major sector categories, as
subsequently shown.

The major impact of social cost is felt under
the infrastructure sector. It may be in the range of
4.5 to 5.5% of the total productivity of this sector.
Loss of product normally occurs under the uti-
lities sector, and this may be approximately 2.0
to 3.0% of the total productivity. Loss of effi-

ciency in the range of 1.5 to 2.0% comes under
the transportation sector. Approximately 2.5 to
5.5% is lost under the production and manu-
facturing sector. The defense and nuclear sector
often experience overdesign, which may be
approximately 2.5 to 3.0% of their productivity.

Based on this information, the indirect cost of
corrosion for the analyzed portion of the USA
economy has been projected in Table 9. The
indirect cost of corrosion of $91 billion USD
represents 1.57% of the GDP. When the non-
analyzed portion of the USA economy is inclu-
ded, it is estimated that this figure doubles to
3.14% of the GDP, or $182 billion USD, 1998
basis.

Using the USA inflation rate (1.61) for the
year 1998, the extrapolated indirect cost of cor-
rosion for the USA for 2004 is $200 billion USD.
The extrapolated total GDP for the USA for 2004
is $10,730 billion USD. Similarly extrapolated,
the GWP for 2004 is $50,600 billion USD. The
corresponding global indirect cost of corrosion is
$940 billion USD.

Global Cost of Corrosion

Based on the GWP projected for the year
2004, the global direct cost of corrosion is $990
billion USD, and the global indirect cost of
corrosion is $940 billion USD; thus, the total
global cost of corrosion is $1930 billion USD, or
3.8% of the GWP.
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Gallery of Corrosion Damage
Peter Elliott, Corrosion & Materials Consultancy, Inc.

AS IS APPARENT from Volumes 13A and
13B of the ASM Handbooks, all materials will
corrode given certain circumstances, conditions,
and time. Although much is understood about the
mechanisms of corrosion and its control, a high
proportion of corrosion damage continues to
occur because of misunderstandings, a general
lack of awareness, or an absence of effective
communication channels; in brief, the “human
factor” prevails. Evidence to support this view-
point is borne out by descriptions of corrosion
damage provided in a variety of publications
(Ref 1–4).

Pictorial guides (Ref 5–10) to the forms of
corrosion are invaluable because they introduce
the less aware person to the real-world forms
of material degradation, they document specific
features of attack that alert operators and
inspectors about potential failures, they assist in
determining the cause of damage, and they help
direct fundamental research activity. Published
material is commonly augmented by useful case
histories (Ref 11–17).

This gallery of corrosion damage has been
selected to draw attention to common pitfalls or
situations that have caused premature corro-
sion—sometimes with expensive consequences.
A series of caveats are presented that first outline
the background and the type of damage sustained
and then provide short summaries of actions to
remedy or avoid the problems described. Many
of the failures that are here presented were easily
avoidable, given that the designer/operator/
maintenance engineer had sufficient knowledge
and a willingness to take positive action to ensure
the safe operation of the plant or equipment. The
examples used are not exhaustive; they are pre-
sented to highlight the necessity to fully examine
materials, conditions, and specific circumstances
that together can so easily reduce the anticipated
service life of a component or plant.

The examples in this article are categorized
according to the type of corrosion following the
general order that is adopted in Volume 13A of
ASM Handbook. Table 1 provides a categoriza-
tion of the forms of corrosion. As noted in the
article “Introduction to Forms of Corrosion” in
ASM Handbook, Volume 13A, 2003, p 189,
various schemes are used for categorizing
corrosion in broad and focused manners. Table 1

Table 1 Guide to related articles in ASM Handbook, Volume 13A, on forms and mechanisms
of corrosion

Form or mechanism

Related article in ASM Handbook, Volume 13A

Article title Page

Uniform corrosion

Aqueous: waters, chemicals Aqueous Corrosion 190
Atmospheric: dewpoint, soils Atmospheric Corrosion 196
Stray current Stray-Current Corrosion 214
Waterline Evaluating Uniform Corrosion 543

High-temperature corrosion

Molten salts; glasses Molten Salt Corrosion 216
Liquid metals Liquid Metal Corrosion 220

High-temperature gaseous corrosion High-Temperature Gaseous Corrosion 228

Oxidation High-Temperature Gaseous Corrosion
(section on High-Temperature Oxidation)

230

Sulfidation High-Temperature Gaseous Corrosion
(section on Sulfidation)

230

Carburization High-Temperature Gaseous Corrosion
(section on Carburization)

231

Localized corrosion

Pitting Pitting Corrosion 236
Crevice, underdeposit attack Crevice Corrosion 242
Filiform Filiform Corrosion 248

Metallurgically influenced corrosion

Dealloying Effects of Metallurgical Variables on
Dealloying Corrosion

287

Galvanic Galvanic Corrosion 210
Weldments Corrosion of Carbon Steel Weldments 294

Corrosion of Stainless Steel Weldments 301
Intergranular attack Effects of Metallurgical Variables on

the Corrosion of Stainless Steels
266

Effects of Metallurgical Variables on
the Corrosion of Aluminum Alloys

275

Effects of Metallurgical Variables on
the Corrosion of High-Nickel Alloys

279

End-grain attack Materials Selection for Corrosion Control 909
Exfoliation Evaluating Exfoliation Corrosion 572

Mechanically assisted degradation

Erosion Forms of Mechanically Assisted
Degradation (section on Erosion)

322

Fretting Forms of Mechanically Assisted Degradation
(section on Fretting Corrosion)

324

Cavitation; water drop impingement Forms of Mechanically Assisted Degradation
(section on Cavitation Erosion and Water Drop
Impingement)

326

Fatigue Forms of Mechanically Assisted Degradation
(section on Corrosion Fatigue)

328

Environmentally induced cracking

Stress-corrosion cracking Stress-Corrosion Cracking 346
Hydrogen damage Hydrogen Damage 367
Liquid metal embrittlement Liquid Metal Induced Embrittlement 381

Design related

Human errors and omissions Materials Selection for Corrosion Control 909
Designing to Minimize Corrosion 929
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also provides a reference to articles or sections of
articles in Volume 13A that detail the particular
corrosion form or mechanism. The topic cover-

age is not limited to these articles, but these serve
as a gateway. Supportive references for materials
in the gallery can be found in this Volume.

Table 2 is a guide listing the figures by material.
Unless otherwise stated, all of the photographs
were supplied by Peter Elliott, the author.

Table 2 Guide to materials addressed in the examples in this article

Material Corrosion form or mechanism Figure

Carbon and alloy steel

Steel Atmospheric 10
Aqueous 11
Localized pitting, microbiologically influenced 27, 28

Carbon steel Oxidation/overheating 1, 2
Atmospheric: dewpoint, soils 7, 8, 15
Fretting 58
Stray current 19

Carbon steel, lacquer coated Filiform 47, 48
High-strength low-alloy steel Apparent galvanic 70
Low-chrome alloy steel Oxidation 38
Galvanized steel Atmospheric 17

Waterline 26
Coated carbon steel Uniform corrosion 9

Uniform corrosion, saltwater 3
Uniform, crevice; underdeposit attack 4
Atmospheric: dewpoint, soils 16, 18, 22

Iron

Painted wrought iron Crevice 21
Painted cast iron Atmospheric 20
Gray cast iron Graphitic 49, 50

Stainless steel

Type 303/304 Pitting 31, 32
Type 304 Metallurgically influenced corrosion 12

Pitting 23, 24, 37
Stray current 25
End-grain attack, intergranular 55
Stress-corrosion cracking 62, 63, 66
Crevice, fretting, fatigue 46

Type 316 Uniform 5, 6
Type 316L Fatigue 60
Type 321 Oxidation 33
Type 321 Pitting 39, 40
Type 420 Uniform 14
Type 20-20 cast High-temperature sulfidation and carburization 36

Nonferrous alloys

Copper Intergranular attack 56, 57
Copper Stress-corrosion cracking 64, 65
Copper Localized pitting, formicary 41, 42
Copper Impingement 59
Copper with elastomeric insulation Stress-corrosion cracking 67
Nickel, N08330 Sulfidation 34, 35
Ni-Cr-Mo Crevice 43
Ni-Cu in glass mat Oxidation 29, 30
Ti-3Al-2.5V Hydrogen damage 68, 69

Plastics

Polycarbonate Stress-corrosion cracking 61

Dissimilar metals

Carbon steel and aluminum Atmospheric 13
Carbon steel and stainless steel Galvanic 44, 45
Carbon steel and stainless steel Galvanic: weldment intergranular attack 52
Carbon steel and copper Galvanic: weldment intergranular attack 53, 54
Aluminum and brass Galvanic 51

Fig. 1 Carbon steel pipe is heat traced to keep
concentrated sulfuric acid fluid in cold weather,

because concentrated sulfuric acid freezes at ~10 �C
(50 �F). During a routine shutdown period, acid remaining
in a horizontal pipe was diluted by condensation of the
moist atmosphere within the piping system, forming dilute
sulfuric acid, which is very corrosive to carbon steel. The
plant operators were unaware of the corrosion that had
occurred during the maintenance period. One of the
heat-tracer retainer clips was inadvertently placed in direct
contact with the steel pipe without insulation (Fig. 2).
Shortly after the system was back in service, acid leaked out
from the area that was locally corroded from the acid side
due to waterline attack during the downtime, compounded
by local overheating in service caused by metal-to-metal
contact between the heat-tracer pipe and the steel tube. An
end-on view of the pipe (not shown) showed a water-line
effect delineating the level of the diluted acid during
shutdown to be approximately one-fourth the height of the
pipe.
Control: The acid line should have been properly drained
by designing with a sloped pipe or by purging the system
with inert gas so that the acid would not dilute and become
highly corrosive. The heat-tracer pipe should have been
properly positioned, complete with insulation.
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Fig. 2 The area of the same carbon steel pipe system as
in Fig. 1 where the heater clips were placed in

direct contact with the pipe, without insulation. This
caused overheating because the pipe was in direct contact
with the steam heater. The combined effect of waterline
attack and elevated temperature is the cause of failure.

Fig. 3 The owner complained about the serious rusting
and perforation to the rear of his 4 by 4 vehicle

after approximately 2 years of use. Subsequent review
revealed that the vehicle was used to tow and launch a boat
directly into the ocean each weekend during the spring,
summer, and fall seasons. The user considered the vehicle
to be of rugged construction, and contact with water was to
be expected. The vehicle was not intended to be used in
this fashion—certainly not without thorough washing of
salt and sand after such use. The damage was the result of
general corrosion enhanced by chloride-containing
deposits, with abrasion of the vehicle coating by sand
particles.
Control: The underside and rear of the vehicle should have
been vigorously washed free of the salt and sand after each
use. Larger drain holes may have been added to improve
drainage after use and washing. The owner’s manual would
caution against such use and would recommend thorough
washing after use for preventive maintenance.

Fig. 4 An aerosol can burst unexpectedly when the
owner tried to clean off external rust that had

developed over several years’ storage inside a bathroom
cabinet. The cross section of the joint at the bottom of the
can revealed that the product side of the can was not a
factor. All the wastage was from the outside of the can. The
bottom thin coating had been locally eroded, leaving the
can bottom exposed to localized corrosion as moisture and
deposits accumulated with time. Attack was enhanced by
condensation and evaporation cycles in the bathroom
cabinet. The can base was completely penetrated at the
time the user attempted to clean away the rust from the can.
Control: The can should have been discarded based on its
obvious deteriorated condition.

OD

Fig. 6 This cross section of the wall of the pipe and
sleeve in Fig. 5 shows general thinning from the

outside of the sleeve that was attributed to local over-
heating. The adjacent areas were insulated by the air gap
between the steam tube and the sleeve. OD, outside
diameter

Fig. 7 Flue gases in many processes are passed through
filter bags that catch and retain the particulates.

This example is from a carbon black plant. Rapid corrosion
can occur when metal temperatures fall below the acid
dewpoint temperature, which, for sulfuric acid, occurs at
~120 �C (250 �F), dependent on SO2/SO3 ratios. Corrosion
rate can exceed 1 mm/yr (0.04 in./yr). The carbon steel
support on the left has uniformly corroded around the
vertical sides where the presence of run-off moisture has
sustained the corrosion processes. On the right, a new
support is shown for comparison.
Control: Avoiding the dewpoint temperature range,
sometimes by eliminating local drafts of cool air, will
resolve the problem. Coated steels or corrosion-resistant
alloys are recommended.

Weld Seam

Fig. 5 A steam-heated stainless steel pipe located
along the floor of the cargo hold of a ship was

found to be leaking at a connecting sleeve that had been
fitted several months earlier during a maintenance repair at
a foreign port. The steam pipe was used to keep the cargo,
phosphoric acid, above 12 �C (54 �F) and thus prevent it
from solidifying during transit. Subsequent investigation
showed that the sleeve was made of an improperly heat
treated type 304 stainless steel. Further, the sleeve con-
nection was not supposed to be welded.
Control: The repair was considered temporary; main-
tenance failed to note the change. A better choice of
material was needed for the replacement, such as type
316L stainless steel.
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Fig. 9 The pickle jar lid fell apart when the homeowner
discovered the jar at the back of her pantry.

Long-term storage of the opened jar without refrigeration
contributed to the general corrosion caused by acidic
vapors in the stagnant (closed-space) environment.
Control: The product should have been used in a reason-
able time, and once the jar was opened, it should have been
refrigerated and then disposed. The jar lid was not designed
for multiyear storage and should have been discarded.

Fig. 12 Rusted areas in a type 304 stainless steel
reaction vessel used for processing tomato

products were observed after approximately 4 months of
operation. The vessel had experienced prior repairs
following stress-corrosion cracking. The rusted areas were
sourced to carbon steel wire brushing used as part of the
pre- and postfabrication work on the vessel.
Control: Carbon steel tools and brushes must be avoided
with stainless steel equipment.

Fig. 8 Noisy and odorous exhaust fumes are precursors
to muffler corrosion, where the inside steel

components are uniformly wasted away over time until the
driver is alerted to the situation. Cold-end (dewpoint)
corrosion occurs whenever the metal temperature falls
below the sulfuric acid dewpoint of the exhaust gas.
Typically, the damage occurs in areas that are most prone
to condensation and evaporation cycles; insulation once
wet can serve to sustain attack.
Control: Automotive exhaust system designs continue to
improve as engine sizes and performances improve and
emissions are more rigorously controlled. More corrosion-
and heat-resistant steels are used to combat the changing
systems that include catalytic converters. Aluminized and
stainless steels find application in automotive exhaust
systems.

Fig. 10 The nail was removed from an outside door
frame. Selective crevice-type corrosion was

caused by differential aeration where an outer wooden
panel was fixed to an inner wooden support. There are
possible contributions from the different woods (a softer
outer wood nailed to a hardwood base); several woods are
acidic in nature. Moisture could have condensed in the
space between the wood layers. The nail was probably
galvanized when new.
Control: This was an old installation. Coating (painting)
will reduce attack.
Source: H.G. Cole, “Corrosion of Metals by Wood,” Guide
to Practice in Corrosion Control, (No. 2) Her Majesty’s
Stationery Office, Reprinted 1985

Fig. 13 The loss of the recording needle inside the
window of the closed instrument casing was at

first a mystery to the operators. Subsequent examination
revealed that the access way for the electrical wires was not
sealed to the elements. In-coming moisture and acid mists
corroded the aluminum alloy supports (exfoliation) and
allowed rust to form on steel pins and screws.
Control: The access ways for wires in electrical equipment
must be properly sealed according to electrical (and other)
codes. Lack of attention to details can cause significant
(unexpected) failure(s).

Fig. 11 Steel support columns were found with
significant general corrosion, with easy access

to plastic pens that were used as probes to illustrate the
problem in the photograph. Some of the steel columns were
encased in plaster board that had deteriorated over
approximately 20 to 25 years, allowing access of moist
vapors from a chemical laboratory. The damage was found
around the lowest parts of the columns, the result of gravity
runoff of condensing fluids. The failures were revealed from
a plant audit as part of a refurbishment exercise.
Control: The corroded sections of the columns were
replaced or reinforced. A shorter interval between inspec-
tions is warranted, given the severity of the steel corrosion
found during this audit. The new construction relied more
on coated steel, which was not encased in plaster board
and hidden from view.
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Fig. 14 Martensitic stainless steel pitchforks were
rusting before they left the storeroom; paint

was blistering, and the product was unappealing. The
cause was due to incorrect surface preparation
compounded by poor storage conditions. The forks were
hot forged and quenched to obtain the necessary
mechanical properties. Hot forging produces an oxide
scale that has to be removed mechanically or chemically, if
the stainless steel is to be corrosion resistant (i.e., be
passivated). The water in the quench-tempering bath was
found to be high in chloride, which was retained within the
oxidized layers produced by hot forging. Thus, paint was
applied over an oxidized and chloride-rich surface. Once
painted and briefly air dried, the garden tools were shrink-
wrapped in plastic and placed randomly (usually in front of
prior stock) into a storeroom. The plastic wraps created
“sweat-box,” conditions that worsened the corrosion attack
on the steel. The as-forged oxidized stainless steel would
not passivate, so corrosion was inevitable.
Control: The forged (oxidized) stainless steel should have
been cleaned mechanically or chemically, which would
allow the metal to passivate and produce a corrosion-
resistant oxide barrier film. The tines of the forks were
ground and polished and generally reflective; a lacquer
coating was disturbed by filaments of filiform attack.
The plastic enclosure, which was moist and contained
chlorides, experienced condensation and evaporation
cycles that accelerated the corrosion attack. The items were
not stored in date order, which contributed further to the
extent of failure.

Fig. 15 Short-term corrosion resulted in rusted staples
in pamphlets advocating corrosion control,

which were en route to a corrosion meeting. Poor pack-
aging and contact with water, exacerbated by plastic
wrapping, contributed to the damage. The cardboard boxes
created “sweat-box,” that is, high humidity, conditions,
notably in the aircraft cargo hold. Cardboard boxes absorb
moisture and may influence attack by releasing active
agents from fiberboard and adhesives such as sulfur and
chloride.
Control: Better packaging and carriage conditions. Design
is usually perfectly adequate.

Fig. 16 The upper area of an aboveground storage
tank displayed local rusting and loss of paint

coating, primarily because it could not be drained. The
tank was located directly under an apple tree, which
contributed to further impacts as fruit fell and was left
undisturbed on the coated steel surface. The variations
in fluid and debris during the seasons contributed to
corrosion processes that included underdeposit attack with
differential aeration effects.
Control: The design of the flat steel plate tank and its
location contributed to the problem. A tank with a sloped
top to allow water and fruit to run off, or a cylindrical
tank, which is more common, would improve corrosion
resistance.

Fig. 17 The obvious bleed of rust from a carbon steel
nut used in an otherwise galvanized steel

structure is the result of careless selection by a fitter. The
inspector or supervisor missed the error; the rust is not
apparent until time (weeks to months) allows the steel to
corrode.
Control: Use a galvanized fastener when the system
requires it. Improve awareness and inspection.
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Fig. 19 The electrical cable support became loose
following several years of service. The

maintenance engineer discovered gross thinning of the
carbon steel screw. Other supports were completely
detached. The shielded area around the fastener favored
crevice corrosion. Stray current from the electric cable
accelerated the failure.
Control: Insulated fasteners will preclude crevice and
stray-current corrosion.

Fig. 20 Several lamp posts along a seaside promenade
had rusted because of the severe environment;

the posts were immediately adjacent to the beach. The
failures were most pronounced around access doors where
the fasteners had totally corroded away, primarily from
crevice corrosion. Attempts to paint the posts had failed—
blistering was very pronounced (see photograph). The wire
straps were an attempt to keep the doors in place and
restrict access to the internal electrical connections.
Control: The lamp posts are old and should be replaced.
This is a further example of the aging infrastructure
where local city budgets allow temporary measures, not
replacements. Alternative materials are required for a
marine environment, including stainless steels or
nonmetallic materials.

Fig. 21 The guardrail segment was part of a long rail-
ing along an esplanade at a popular seaside

vacation town. A nearby section of the railing had totally
collapsed when a person leaned against it; unfortunately,
he died. The subsequent repairs included new guardrails
for the part that collapsed; other sections were painted with
several thick layers of paint that obscured the bolted con-
nections. A later independent inspection showed that sev-
eral of the bolted areas were without the through-structure
bolt. The thick layers of paint did not improve the inherent
weakness of the structure. This is an age-related failure,
because the railing was old and had deteriorated beyond its
service life due to atmospheric corrosion in a marine
environment. The preseason maintenance was more
focused on aesthetics than safety; many of the joints had
failed through accelerated crevice corrosion, but the onus
was to paint over the damage until a future time when
budgets became available to replace and/or repair the
guardrails.
Control: Improve inspection and maintenance schedules;
replace aging structures before they collapse. Assess the
risk involved with failure of the part.

Fig. 18 Rust stains on what should have been a clean
surgical chisel prompted an investigation as to

the cause. The history of use explains the condition. The
instrument was first discarded by a surgeon due to a lack of
cutting edge on the tool. Later, small blemishes on the
surface alerted the users to concerns about thorough
cleaning of a pitted surface that could trap debris and
become a site for bacterial activity. The scenario offered as
to the cause was that the cutting edge of the tool was dulled
from use and was sharpened by grinding. The grinding may
have been part of a routine maintenance for these tools.
The hard surface coating, probably chromium-plated steel,
was lost through overzealous and excessive grinding. The
rust patterns seen in the photograph arose from indoor
atmospheric corrosion of the exposed steel aggravated by
moisture retention following steam sterilization.
Control: Replace rather than reuse worn-out instruments,
with better care and attention to maintenance procedures.
Create more awareness about corrosion with personnel.

Fig. 22 Deterioration of the coated steel along the top
of a guardrail had advanced far beyond other

sections of the footbridge. The problem was caused by
impingement from raindrops falling from a lamp that was
positioned directly above the damaged area. Similar
damage was found under another lamp.
Control: If the sloping lamps had been positioned 5 to 8 cm
(2 to 3 in.) from their actual position, the problem would not
have occurred—the run-off water would have missed the
guardrail. The immediate solution was to reposition the
lamps and box in the top of the railings with wood. The
corrosion continued under the wooden covers, which
provided shielded areas that supported crevice corrosion
attack of the steel. Subsequently, in a few months, the paint
deteriorated to expose rusty nails. The bridge was rebuilt
approximately 2 years later, using galvanized steel
sections.
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Fig. 23 The carbon steel compartments (cells) in an
electrostatic precipitator at a cement works

were lined with type 304 stainless steel sheet to prolong
service expectations. After approximately one year. The
stainless steel lining was perforated by pitting as a result of
corrosion by condensed acid that occurred whenever the
flue gas cooled below the acid dewpoint temperature. On-
site temperature surveys revealed that the cell operated at
~120 �C (250 �F), (acid dewpoint) with cooling periods
where the metal reached the water dewpoint temperature,
(~45–50 �C or 110–120 �F); corrosion rates increased sig-
nificantly under such conditions. Pitting in the stainless
steel liner resulted from under-deposit attack exacerbated
by particulates and pollutants in the flue gas stream,
including sulfur and chlorine species.
Control: Eliminate cold-air draughts and maintain tem-
peratures above dewpoint, which for acid gases is typically
above ~125–130 �C (257–266 �F). Minimize down time
because, during this time, hygroscopic deposits can absorb
moisture from the air and set up off-load corrosion attack.
Source: Dewpoint Corrosion, D.R. Holmes, Ed., Ellis
Hornwood; D.R. Holmes, “Materials Corrosion Problems
and Research,” D.B. Meadowcroft & M.I. Manning, (eds)
“Corrosion Resistant Materials for Coal Conversion
Systems”, Applied Science Publishers, distributed by
Elsevier Science Publishing Co, (USA), p 3–23, 1983.

Fig. 24 The reverse side of the stainless steel lining
shown in Fig. 23 was rusty on the nonprocess

side adjacent to the carbon steel cell, (Fig. 24). The carbon
steel cell experienced significant dew point corrosion and
the inner surface of the stainless steel lining was rust
colored—not rusted—because of carryover from the rust-
ing carbon steel vessel.
Control: See Fig. 23

Fig. 25 An unexpected leak was discovered on a
chemical process line that had operated

without event for several years. The chemistries and
process conditions showed no historical variations or
upsets that could promote such attack in stainless steel.
Subsequent investigation revealed repairs to local guard-
rails on the plant, at which time the welders had grounded
their equipment to the plant, adjacent to the subject flange.
The pitting occurred because the spacer became anodic
through stray-current effects.
Control: More diligent attention to detail during
maintenance would have alerted the welders to the risk of
stray-current corrosion. The spacer would have continued
to be well suited for its intended purpose.

Fig. 26 Long-term contact with water (one side) and
wet soils (other side) resulted in through-wall

attack of the metal piling adjacent to a canal. Loss of
galvanized steel occurred over many years (possibly 20 to
25 years), with subsequent perforation along areas where
the claylike soil had contacted the piling (differential
aeration effects). Waterline attack was noted from the canal
side of the piling, with preferential corrosion caused by
short diffusion paths where the meniscus zone of the water
contacted the metal.
Control: Better coatings and/or cathodic protection are
advantageous. The subject piling was relatively old and
had served its useful period; replacement was timely and
due.

Fig. 27 Deep pitting attack was discovered on steel
bolts used to retain parts in a metal-shaping

(cutting) machine. The surfaces of the bolts were covered
with a black, oily substance, which, on analysis, was found
to contain sulfurous species. Other steel parts also failed by
pitting attack. Metallurgy revealed deep, rounded pits,
reminiscent of microbial corrosion attack, MIC. Sub-
sequent analysis confirmed that sulfate-reducing bacteria,
desulfovibrio, were present. Apparently, trials on new
cutting oils were in progress at the time of the incident. The
pH was measured in the range of 4 to 8; the normal pH for
the usual cutting oil was 9.
Control: Alternative oils free from the risk of MIC are
available, but choice is as much a trial-and-error approach
as definitive. Proven oils should be sought from suppliers
once they have confirmed the nature and effects of the
MIC. Oil and lubricating fluid suppliers should be con-
sulted for MIC-immune product. Higher pH values are
usually maintainable for resisting MIC; alternative metals
may be considered.
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Fig. 28 Photomicrograph of the knurled bolt of
Fig. 27. The attack in the central hexagonal

section is seen. Original magnification 25 ·
Control: See Fig. 27

Fig. 29 Heater mats used to stabilize twists in yarn
fibers in a textile plant were failing after

approximately 1 month. The temperature was measured as
190 �C (375 �F). The mats were composed of nickel-
copper corrugated heater elements stitched into fiberglass
and encapsulated in resin for rigidity. The charred
appearance of the failing mats and the loss of resin to reveal
fiberglass (white) are indicative of overheating. Separate
tests show that the loss of resin occurred at ~450 �C
(840 �F), at which temperature the nickel-copper alloy will
oxidize rapidly in air. Sulfur and carbon liberated from the
degrading resin will embrittle the nickel-copper alloy. The
cause of the failures was primarily incorrect temperature
control.
Control: This design was poor. Subsequently, the design
was modified to monitor the mat temperature more pre-
cisely. The nickel-copper alloy was exchanged for a more
heat-resistant nickel-chromium alloy.

T/W

Yarn fiber

Al block

Fig. 30 Schematic of original arrangement of compo-
nents described in Fig. 29. There was a large

temperature gradient between the thermocouple (T/W) in
the aluminum block and the interior of the mat beside the
yarn. The mat had exceeded 400 to 450 �C (750 to 840 �F),
more than double the 190 �C (375 �F) value monitored by
the T/W.

Fig. 31 Areas of localized pitting arose in type 304
stainless steel plate material following

approximately 18 months service in a food-processing
vessel. The damage location was uniquely related to a type
303 stainless steel plug that supported external controls
(Fig. 32). The intention was to insert the type 303 stainless
steel plug and secure it in place with an overlay of type 304
stainless steel, as indicated. In practice, the type 303
stainless steel weld overlay was lost through excess
grinding, which left the end of the type 303 stainless steel
plug exposed directly to the food-processing fluids and
seasonings. The vessel was also steam cleaned in place.
Type 303 stainless steel is not as resistant to corrosion as
type 304 stainless steel. The damage comprised a mixture
of end-grain attack associated with manganese sulfide
stringers and pitting attack of the less corrosion-resistant
stainless steel. Pits cannot be allowed, because they can
trap and retain food stuffs, which may result in bacteria
issues.
Control: Stop using type 303 stainless steel and revert to
more resistant type 304/316 stainless steels. Improve the
insert geometry and fabrication procedures.

303SS insert

304SS overlay

Fig. 32 Arrangement of type 303 stainless steel plugs
in the type 304 stainless steel plate shown in

Fig. 31. The original design of a type 303 plug with a type
304 stainless steel overlay is shown.

638 / Gallery of Corrosion Damage

www.iran-mavad.com 
مرجع مهندسی مواد و متالورژی



Fig. 34 A metal screen used to retain insulation to the
inlet box of a gas cooler system in an acid plant

disintegrated after a few months’ service. The heat-resistant
alloy UNS N08330 (Fe-35Ni-19Cr-1.2Si-0.05C) was
selected on the basis that the incoming gases (approxi-
mately 80% N, 11% O, 9.5% SO2/SO3) were to remain
oxidizing at all times, with temperatures at 850 to 900 �C
(1560 to 1650 �F). Upsets on the acid plant included poor
process controls, inadequate air cooling, incomplete
combustion, and unstable flames, with very many tem-
perature cycles due to interruptions in power supply. The
anticipated oxidizing gases became an alternating sulfi-
dation/oxidation environment, which resulted in gross
sulfidation attack with contributions from low-melting
phases, such as the Ni-Ni3S2 eutectic (melts at 645 �C, or
1195 �F).
Control: Comply with the design requirements that called
for oxidizing conditions at all times. Alternative heat- and
corrosion-resistant alloys are available if plant conditions
cannot be maintained as specified.

Corrosion form and
    mechanism

Material

Product form

High-temperature corrosion-
    sulfidation, carburization, 
    flame impingement
Cast stainless steel, 
    cast 20-20-type stainless steel
Furnace tube—carbon disulfide

Fig. 36 Enhanced metal thinning after approximately
1 to 2 years along one side of an alloy 20-20

(HK 30, UNS J94203) furnace tube was attributed to a
combination of local sulfidation attack and external flame
impingement. Carbon disulfide is formed by reacting
methane with sulfur at approximately 600 to 800 �C (1110
to 1470 �F), with attendant carbonaceous deposits.
Chromium-rich carbides were formed in the metal, which
effectively left adjacent areas denuded of chromium, where
nickel-rich sulfides could form. Sulfur attack was most
pronounced above ~635 �C (1175 �F), the melting
temperature for Ni-Ni3S2 eutectic. The thinned tube was
attributed to overheating caused by flame impingement by
one of the burner flames.
Control: Alternative alloys should be considered, including
the alloy 800 family and other high-temperature nickel
alloys. A better alignment of the flames would reduce
overheating effects. Replacement furnace tubes were less
prone to tube distortion.

Fig. 33 The crossfire tube provides the path for a spark
to ignite the gas in a gas turbine. The tube is

usually located away from direct heat. In this case, some
misalignment occurred, and the tube was exposed directly
to flame. It overheated and experienced rapid oxidation,
compounded by sulfurous gases in the system. The thick
oxide scales and the markedly thin tube section are
indicative of gross overheating. Further confirmation of
high-temperature oxidation was provided with a magnet;
magnetism detected in the thinner sections reflects a local
loss of chromium from the steel (in forming oxides), which
leaves areas that are magnetic.
Control: Examine the configuration of the component and
realign to avoid overheating.

Fig. 35 A micrograph of the screen in Fig. 34 shows a
zone of intergranular attack with a pre-

dominance of sulfides (gray areas) extending deep into
metal. Specimen unetched, original 250 · .
Control: See Fig. 34
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Fig. 39 A type 321 stainless steel bellows hose
jacketed with a type 304 stainless steel

braid leaked in 3 months, while other hoses lasted for
approximately 1 year. The flexible hose was used to transfer
sulfur-containing organic fluids from a tank car. The cause
of attack was extreme pitting originating from the inside of
the bellows. Analysis showed iron-rich brown products
with high chloride and sulfur content. The failures were
attributed to pitting corrosion with extreme undercutting,
probably resulting from changes in location of the hoses
during storage and use. Bleach, used to deodorize the
pungent smell of the sulfur compounds being transferred
(and presumably left) inside the hoses, contributed to
chloride-induced pitting. Remnants of the organic fluid/
bleach/water mixture remained stagnant in the valleys of
the hose bellows, which experienced condensation/
evaporation cycles with intermittent use. The enhanced
pitting was exacerbated by the continual supply of chloride
as further bleach was added in subsequent deliveries.
Control: Type 300 stainless steels are suitable for the sulfo-
organic fluids but not for active chloride ions introduced
during attempts to deodorize the product. Alternative
materials and/or measures to clean up the residual
compounds left on the inside of the hoses warrant
consideration.

Fig. 40 Micrograph of a section through the valley of
the corrugated bellows in Fig. 39. Pitting

exacerbated by chloride bleach is evident. Specimen
unetched. Original magnification: 50 ·

Fig. 41 Formicary (ant-nest) corrosion describes a
microtunneling attack of copper (Fig. 42) that

typically initiates at minute pinholes on copper tube sur-
faces, as seen in this figure. The process occurs with the
simultaneous presence of air, moisture, and an organic acid
of the carboxylic group, for example, acetic and formic
acids. Formicary corrosion is considered to be a modified
localized corrosion pitting process involving a micro-
anode, where dissolved copper ions combine with car-
boxylic acids to form an unstable cuprous complex that is
oxidized to cupric formate, acetate, and cuprous oxide.
The process is rapid; total penetration can occur in weeks
or months.
Control: Thoroughly clean and dry surfaces are not prone to
formicary corrosion. Lubrication or other fluids with
520 ppm carboxylic content are generally considered
unlikely to cause attack on copper tubes. Certain coatings
are being explored to minimize or eliminate attack.
Laboratory testing, typically for times of up to 3 months,
using vapors derived from formic and acetic acids or from
candidate lubrication fluids is used to determine the
propensity for attack, using metallography to substantiate
the findings. Original magnification: 32 ·

Fig. 42 A cross section of a microtunnel in Fig. 41.
Unetched. Original magnification: 125 ·

Fig. 38 Pits were noticed in the bottom of a type 304
stainless steel three-way flange connector in a

food-processing plant when viewed from above. The hot,
acidic food (fruit products) passed through this location
several times for each production batch. The system was
sterilized in place after each processing operation. The
blackened area seen on the bottom in the photograph was a
stubborn deposit that had formed from the seasoned food
products. Pitting was apparent. The cause of the problem
was later found to be associated with the shape of the
component. The assembly could not be fully drained,
which left residual fluid and solids in the vessel that con-
tributed to underdeposit attack.
Control: There is a design deficiency, because as fabricated
and installed, the vessel cannot be fully drained.

and erosion

Fig. 37 Short-term and rapid overheating of a steel
boiler tube (reheater, superheater, or similar—

source unknown) resulted in a longitudinal “fish-mouth”
rupture. The tube had experienced elevated temperatures
(455 to 4730 �C, or 850 to 41350 �F) where the metal
strength is markedly reduced. Rapid heating is indicated by
the extensive tube bulging and the thinned edges of the
open fracture. Such tube failures are commonly the result of
boiler upset conditions, including partial or total tube
plugging, insufficient flow of coolant, or excessive fireside
conditions (flame impingement and erosion).
Control: Operating procedures and system design are
common causes of short-term overheating in boiler tubes.
Plant records can help identify the cause, such as new
burners with changed firing pattern, prior ineffective
cleaning of fouled tubes with scales and debris left in place,
recent acid clean treatment, or low water level at startup.
Careful monitoring of operation is recommended.
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Fig. 45 The small carbon steel machine screw (anode)
in the stainless steel stirrer (cathode) shown

in Fig. 44

Fig. 46 Braided sheathing is used to contain and
support convoluted hoses for many applica-

tions. Depending on the particular application, failure
modes include crevice corrosion, which can be expected if
deposits are able to remain around the wires; fretting
damage, if adjacent wires rub against each other during
service; and fatigue fractures, if the assembly experiences
alternating high stresses. The environment is a key issue in
determining the mode of failure. More than one form of
corrosion may be involved for the same application.
Control: Handling within design limits of minimum
bend radius and tensile load is important to avoid local
stress raisers that can influence stress-associated failures.
Materials choice should be dictated by the specific
environment and from application experience. Outer
nonmetallic containment jackets (elastomeric, plastics)
provide protection in corrosive applications and under-
ground.

Fig. 47 Occasional premature discoloration was
noted on polished and coated steel indoor

furniture, which worsened over several weeks with
threadlike features (filiform corrosion). The polished car-
bon steel sections were absent of visual blemishes prior to
coating with a clear lacquer. The polished steel was not
immediately coated; sections were left outdoors unpro-
tected over a weekend before any coating was applied.
Control: Filiform corrosion typically occurs under thin
(50 to 100 mm, or 2 to 4 mils, thick) films, such as clear
lacquers, and is enhanced by humidity above approxi-
mately 65% at approximately ambient temperatures.
Sweaty, oily finger contact further contributed to the pro-
blem, due to local chloride presence. The steel should be
coated as soon as possible after surface preparation, or the
surfaces should be kept dry and clean and/or protected
from the surrounding atmosphere until coating is possible.
Articles should be carefully handled with gloves.

Fig. 48 The filiform corrosion problems of Fig. 47 are
exacerbated by handling the unlacquered

parts without gloves. Fingerprints are obvious in this
photograph.

Fig. 43 Nickel alloys are generally considered
resistant to acids and strong corrodents.

Occasionally, the shielded area of an assembly (such as a
flange that was retained by the bolt shown here) is too low
in oxygen content to permit passivation of the metal.
Localized pitting attack resulted from crevice corrosion,
and the assembly leaked.
Control: Materials selection for the specific environment
has to account for areas where localized attack can
occur, such as crevices and underdeposits. Improve alloy
selection and/or modify the assembly.

Fig. 44 A stainless steel paddle stirrer was clamped to
a stainless steel spindle using a small carbon

steel screw (Fig. 45). The fitting worked loose due to
localized crevice corrosion exacerbated by galvanic
attack. The large cathodic area of the stirrer enhanced the
corrosion of the small carbon steel screw (anode).
Control: Select compatible materials; preferably, use the
same metals. Avoid large-cathode-to-small-anode areas.
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Fig. 51 The drain valve assembly for a fuel oil road
tanker was removed because it had seized.

Examination revealed a cast aluminum alloy body and
support with a brass spindle and lever retained in place by a
steel spring. Local galvanic corrosion associated with the
aluminum/copper coupling caused the failure. Other forms
of corrosion were apparent from the humid, oily mists that
developed within the valve, including pitting of the plated
brass spindle, general corrosion of a carbon steel screen
(not shown in the photograph), and rusting of the steel
spring.
Control: A redesign should eliminate incompatible metals.
Nonmetallic materials and coated components warrant
consideration.

Fig. 52 The fastener was discovered in a marine
estuary. The bolt displayed significant wastage

along the shaft and at the end. The attack at the midpoint is
considered to be a combination of crevice and abrasion
from whatever had been retained by the bolt—possibly a
mooring for a boat experiencing the combined effects of a
retaining rope, seawater, and sand. The pointed end of the
bolt was related to galvanic corrosion effects between the
bolt (anode) and the surrounding stainless steel nut
(cathode).
Control: The fastener was not designed for the particular
purpose, and the dissimilar metals (the bolt and nut) were of
no benefit.

Fig. 53 Human errors or miscalculations cause unex-
pected failures. Nails inadvertently punched

through a copper water pipe hidden by floorboards present
such an example, which is found more often than may be
expected (two separate examples are noted in Fig. 53 and
54). Water did not escape immediately, because the steel
nail effectively plugged the copper tube wall. With time,
corrosion processes caused corrosion of the steel nail
(small anode) in the copper pipe (large cathode) until the
corrosion products were sufficiently formed and were
ultimately breached by water under pressure. The corro-
sion processes were more advanced on the hot water pipe,
because temperature influences corrosion rate.
Control: More care (and awareness) by contractors to avoid
the metal-to-metal contact. Source: Courtesy of T.K. Ross

Fig. 54 Location of tubing under a floorboard in a
different location from Fig. 53. The corrosion

process occurred one time and was not discovered until the
ceiling of the lower floor collapsed from the weight of water
that had accumulated while the tube was leaking.

Fig. 49 Over 25 year old gray iron mains water pipe
can experience deterioration through selec-

tive corrosion, where the iron (anodic) portion of the metal
is selectively corroded to form rustlike products that are
supported by the unattacked graphite (cathodic) flakes,
forming a weakened porous product. The cast iron pipe
may appear to have the original dimensions, but darker
areas around the pipe can be cut away with a pocket knife.
These areas have been selectively corroded by graphitic
corrosion. Gray cast iron pipes that experience graphitic
corrosion commonly fail unexpectedly from external forces
such as impact from a back hoe or excavator, ground
movement, or internal forces such as pressure surges.
Control: Planned replacement presents an economic
challenge to many national and local authorities as part
of an infrastructure crisis relating to aging plants and
equipment. Other cast irons (ductile or nodular irons) are
not prone to gross selective corrosion.

Fig. 50 A micrograph of graphitic corrosion in the wall
of the cast iron pipe in Fig. 49. Original

magnification: 50 ·
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Fig. 57 The micrograph for a cross section through the
copper pipe in Fig. 56 with dichromate etch

shows the intergranular attack and includes an area with
total grain detachment. Original magnification: 125 ·

Fig. 58 Metal-to-metal contact was caused by an
improperly supported muffler pipe. The repe-

titive impacting of the metal surfaces under a sustained
load, with vehicular movement, had worn away the metal
until it was totally perforated. The carbon steel pipe failed
because of fretting corrosion, where the oxide coating is
constantly removed by the mechanical action.
Control: Proper installation and maintenance, as recom-
mended by the manufacturer, would avoid this failure.

Fig. 59 The copper tubes were located low in a
lithium bromide chiller unit. Water had filled

and overflowed the collector tray under the evaporator
coils. The falling droplets impinged directly onto the cop-
per tubes. The areas of perforation were in line of sight of
the falling stream of water.
Control: Redesign of the unit ensured proper collection
and flow of water away from the copper tubes above the
collector trays.

Fig. 60 A patient complained of pain following
implant surgery. The surgeon prescribed pain-

killers for arthritis, until an x-ray revealed a fractured
device. The implant failed by corrosion fatigue because the
patient neglected the advice of the doctors. Prosthetic
devices are not designed to support the same load as a
healthy bone immediately after surgery. Typically, the
device holds the ends of a broken bone in place until
healing occurs and the bone becomes one piece again.
Although not an issue in this failure, the screws were
magnetic, which signifies possible galvanic and/or crevice
corrosion under the screwheads where they contact the
bone plate.
Control: Better understanding by patients to heed advice.
Avoid direct body weight to minimize stresses on the
component. For long-term remediation and service, stain-
less steels are replaced by other more resistant materials,
such as titanium alloys (Ti-6Al-4V), cobalt-chromium
alloys, or tantalum.

Fig. 55 A general lack of attention to detail in a less
accessible part of a process plant allowed the

flange to corrode unnoticed until general wastage was
considerable. The damage is attributed to end-grain attack
caused by condensing acids from the plant.
Control: The flange material should be selected so as to
minimize grain-boundary attack. Alternative materials or
coatings should be considered. More diligent inspection is
warranted.

Fig. 56 A series of lateral cracks occurred within a
period of approximately 10 to 15 years’

service, resulting in an oil leakage from a 9.5 mm (3=8 in.)
diameter copper pipe that supplied No. 2 fuel oil from an
underground storage tank.
Control: Intergranular attack (Fig. 57) is not common in
copper alloys; only isolated cases are noted under very
specific conditions, which are usually not defined in the
reference texts. An oily (sulfurous) environment apparently
caused this attack. Lateral cracking is commonly associated
with poor handling with metal clamps, etc., that leave
residual tensile stresses in the metal.
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Fig. 62 Cracks developed in the vicinity of a new
flange that had been added to a process vessel

a few weeks earlier. The operator at first sent two cut-out
rings with the comment that the two were only 5 cm (2 in.)
apart, yet one was cracked and the other was not. Once the
relative position of the two samples was known, the reason
for the failure was clear. The cracked sample was cut from
the heat-affected zone associated with the new flange.
Residual stresses in this area were sufficiently high as to
promote stress-corrosion cracking (SCC). The vessel was
part of a food-processing line for tomato products, which
were of high chloride content. The failure was the result of
chloride-induced SCC.
Control: Better attention to welding with reduced tensile
stresses would avoid SCC. Materials that are less prone or
immune to SCC should be considered, including ferritic,
superferritic and austenitic-ferritic stainless steels and
nickel-base alloys.

Fig. 63 The strapped-on plate near the top of the
30 cm (12 in.) diameter pipe was intended to

be a short-term palliative measure to contain water/steam
that was escaping after a few months’ service. The type 304
pipe first supplied water and then air to an adjacent process
vessel via a perforated tube. The process fluid was agitated
by the air. The vessel and the associated piping were steam
cleaned daily. The subject pipe experienced repetitive
cycles of cold water/air/steam.

The cause of the leak was chloride-induced stress-
corrosion cracking (SCC) resulting from the prior exposure
of the new components to marine salts. The stainless steel
components had been stored directly adjacent to a marine
estuary. Residual tensile stresses were caused by careless
fabricators who welded the side pipes to the vessel and did
not relieve the stress. The problems were aggravated by the
cold water supply from a well with 43000 ppm chloride
content.

The combination of tensile stresses from fabrication with
the chloride environment in air, from outside unprotected
storage, and well water caused SCC.
Control: The new equipment should have been properly
stored away from the chloride-rich environment, and the
water supply should have been changed or suitably treated.
Design and fabrication codes should have been strictly
followed to avoid the stresses from welding. An alternative
alloy was probably merited, such as a higher-alloyed
stainless steel or nickel alloy. The temporary plate caused
further potential problems of crevice attack.

Fig. 61 Replacement windows manufactured with
polycarbonate were cracking, typically after

one summer season or less. The manufacturer had made no
changes to his product other than to order extruded instead
of as-cast polycarbonate panels for the window. Testing
showed that the extruded product was extremely sensitive
to the environment as compared with the previously used
as-cast product. Some chemicals, including alcohol,
cracked the extruded product immediately. When it was
held under stress, the former as-cast material resisted all
identical tests.
Control: The manufactured form of a plastic product is
important. In this case, retained stresses from extrusion left
the material of the same composition very prone to failure.
Environmental testing would resolve the expected service
performance. The extruded product required some stress-
relieving process for this application.
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Fig. 66 The perforated screen supported a carbon bed
through which solvent-laden gases pass. Sub-

sequently, the gas stream switched to steam that strips the
solvent from the carbon bed, which can then be used again.
The screen failed because of stress-corrosion cracking
(SCC) resulting from the simultaneous presence of chloride
(derived from steam that was produced from poorly treated
well water with high chloride content) and tensile stresses
(caused by residual stresses resulting from punching the
steel plate to form the screen, without subsequent stress
relief). The photograph contrasts new screening with the
cracked condition after a few months’ service. Note that
there can be a strong galvanic corrosion effect from the
activated carbon to metallic surfaces in contact with the
bed.
Control: The remedy adopted for this case included a
change to titanium and a water treatment program to
reduce the high chloride level from the steam. Alternative
materials include fiber-reinforced plastic construction,
nonmetallic linings, and more corrosion-resistant metals
such as titanium and Ni-Cr-Mo alloys such as UNS N10276
and N06625, if the cost can be justified.

Elastomeric
insulation

Fig. 67 Longitudinal cracks developed in insulated
copper piping used to convey refrigerant to

food cabinets in supermarkets. Some pipes leaked within
weeks of installation. The cause was attributed to certain
formulations of elastomeric insulation that yielded
ammonia solutions when the insulation was wet. The
copper was in a half-hard condition; additional tensile
stresses were sometimes found following incorrect hand-
ling during installation. Similar instances of SCC have been
reported in high-rise buildings where heating, ventilation,
and air conditioning systems are involved. In Germany, in
the 1980s to 1990s, more frequent cases of SCC were
reported. It was later realized that a corrosion inhibitor,
sodium nitrite, was recommended without knowledge that
the metal was copper. Subsequent Deutsche Industrie-
Normen standards for insulated copper pipe stipulate zero
nitrite and 50.2% ammonia content.
Control: Insulated copper piping should be properly
installed, avoiding direct contact with wet soils or moist
atmospheres that yield ammonia-containing vapors, for
example, liquid smokes. Unknown or new elastomeric
insulation materials should be evaluated for possible
ammonia, amine, or similar constituents that can con-
tribute to SCC in copper. Copper tube should be used in a
manner to avoid unwanted additional tensile stresses from
poor handling in fabrication and installation.

Fig. 64 Leaking copper pipes in a recently refurbished
bathroom were attributed to stress-corrosion

cracking (SCC) caused by tensile stresses arising from
improper handling and installation (wrench marks, gouges)
and ammonium salts (from leveling compounds in the
cement that encased the copper tubing). Longitudinal
cracks were revealed by reflection in a mirror.
Control: The fitters were responsible for the applied (ten-
sile) stresses during assembly/installation. The copper pipe
was placed in direct contact with wet cement, which is a
source of ammonia-leveling compounds. Separate chan-
nels to house the copper pipe can avoid the sustained
presence of water and contact with soluble compounds
that promote SCC.

Fig. 65 Intergranular cracking was observed in cross
sections of the pipe in Fig. 64.
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View of bolt from
inside the vessel

Fig. 70 A surface anomaly approximately 2 cm
(0.75 in.) across was discovered on the out-

side of a pressure vessel by an inspector who thought it may
have been caused by galvanic corrosion or some other form
of crevice corrosion. The discovery was made during final
inspection after the vessel had been pressure tested. It was
only after the inside surface was examined that the extent of
the lack of quality control was discovered. A large bolt had
fallen on to the hot-rolled sheet steel during plate produc-
tion. This should have been discovered during fabrication
of the vessel, and the pressure test was insufficient to detect
the flaw at this time. The bolt compromised the pressure
vessel integrity, and had it gone undetected it would have
been an ideal site for further crevice corrosion.
Control: Careful fabrication and diligent in-process
inspection for that which “cannot happen”!

Fig. 68 The flow-monitoring device displayed a
blistered surface after approximately 12 to 18

months service, which was determined to be hydrogen
blistering. The manufacturer was puzzled because
the process fluid was not expected to yield hydrogen.
Subsequent investigation revealed that the organic
compounds used at an overseas plant (unbeknown to the
manufacturers) contained over 300 ppm hydrogen. This
figure is near a weld area. Original magnification: 11·
Control: A hydrogen-free environment had been
envisioned. Process control and alternative materials were
later adopted. Hydrogen embrittlement of titanium can
occur from fabrication and metalfinishing processes; iron-
contaminated oxide is not good.

Fig. 69 Surface of flow monitor in Fig. 68 with
hydrogen blistering. Original magnifi-

cation: 16 ·
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Corrosion of Thermal Spray Coatings
at High Temperatures
Tapio Mäntylä, Tampere University of Technology
Mikko Uusitalo, Metso Powdermet Oy

HIGH-TEMPERATURE PROCESSES are an
essential and important part of modern industrial
activity. They are found in diverse industries and
include propulsion units (turbine and rocket),
energy production, coal conversion, automotive
and chemical industry, waste incineration, and
metal, glass, and ceramic processing. The con-
tinuous efforts to save energy by improving
efficiency while minimizing emissions place
heavy demands on materials, because obviously
these requirements mean higher operating tem-
peratures and often include exposure to more
aggressive environments. Thus, oxidation and
hot corrosion have become significant life-
limiting material degradation processes that
often limit the upper service temperatures and
thus have an associated impact on both process
efficiency and reliability.

Thermal spray overlay coatings had and still
have an essential role in the development of
some of these applications, especially gas tur-
bines, since the early 1970s. During this period,
thermal spraying as well as coating compositions
and structures have undergone huge improve-
ments and now offer tailor-designed coatings
with specific structures and composition by well-
controlled and repeatable spray processes. In
addition to those applications at the leading
edge of the development, there is now a wide
range of spray shops that have available a
variety of spray processes and produce different
high-temperature protective coatings for well-
established applications.

The successful application of thermal spray
coatings requires an understanding of the spe-
cific features of each spraying process, the
detailed requirements of the application, and the
foreseen degradation mechanisms. In the case of
environmental protection coatings (EPCs) for
high temperatures, several specific features of
thermal spray coatings should be considered. All
thermal spray coatings contain some open por-
osity, even coatings sprayed by high-velocity
techniques, such as high-velocity oxyfuel
(HVOF), and oxides at splat boundaries (Ref 1,
2). Oxidation during spraying can also be con-
trolled by modification of powder composition,

such as SiO2 addition in the case of Ni-20Cr
(Ref 3). Recent developments in modified tech-
niques, such as gas-shrouded HVOF, have de-
creased the oxidation during spraying and
improved the protective quality of the coatings
(Ref 4). However, such techniques are not yet
widely adopted in industrial use. Thermal
expansion compatibility between coating and
bond coat/substrate is essential in high-
temperature applications. The spraying itself
may result in compositional changes or create
metastable phase structures that may cause
problems in further high-temperature use.
Certain EPCs may require multilayer structures,
bond coat and top coat, complementary sealing
treatments (Ref 5) and heat treatments, or
remelting such as fusing or sintering (Ref 6, 7).

The oxidation and high-temperature corrosion
processes in thermal spray coatings have the
same basic mechanisms as these processes,
but due to the specific structural details of the
coatings, which result from the spraying pro-
cess, they have their own specific features,
which are discussed in detail in the following
examples.

Oxidation

In high-temperature oxidation, material reacts
with the surrounding gaseous environment
and forms reaction products that can be
solid scales, liquids, or volatile compounds.
Typically, protective scales are stable and dense
oxides, such as alumina (Al2O3), chromia
(Cr2O3), or silica (SiO2). In environments
containing other reactive gaseous elements, such
as sulfur, scales are also formed, but they are
less protective.

Scale (oxide film) will decrease the oxidation
rate if it has a combination of the following
favorable properties:

� Good adherence, to prevent flaking and spal-
ling

� High melting point
� Low vapor pressure, to resist evaporation

� Oxide film and metal have close to the same
coefficients of thermal expansion (CTE)

� Oxide film has high-temperature plasticity, to
accommodate differences in specific volumes
of oxide and parent metal and differences
in CTE

� Oxide film has low electrical conductivity and
low diffusion coefficients for metal ions and
oxygen

In oxidation-resistant coatings, the protective-
scale-forming elements are used as main alloy-
ing elements. The growth of the protective scale
in alloys depends on the capability for selective
oxidation of these elements. There is a minimum
concentration of these elements that must be
exceeded in order to obtain a continuous pro-
tective scale. For nickel-chromium alloys con-
taining more than approximately 10 at.% Cr, a
continuous protective chromia layer is formed. A
higher chromium level (~25 at.%) is required for
cobalt-base alloys, because chromium diffuses
more slowly in cobalt and so cannot form a
continuous chromia layer at lower concentra-
tions. Chromia scale (Cr2O3) can itself oxidize at
temperatures higher than approximately 850 �C
(1560 �F) to a volatile CrO3 compound. Because
of this, the use of aluminum additions for
oxidation resistance is preferred at this tem-
perature and above for key equipment compo-
nents such as those used in gas turbines (Ref 8).
However, for temperatures between 600 and
750 �C (1110 and 1380 �F), where acid fluxing
can occur, chromia-forming coatings are pre-
ferred (Ref 9).

A broad family of MCrAlX-base alloy coat-
ings has been developed for oxidation protection
of gas turbines. The early MCrAlY coatings were
alloys based on cobalt containing 20 to 40% Cr,
12 to 20% Al, and ~0.5% Y, a typical example
being Co-25Cr-14Al-0.5Y. The most recent
coatings are more complex, in which M is nickel,
cobalt, iron, or a combination of these, and X is
an oxygen-active element, such as yttrium, sili-
con, tantalum, or hafnium, or a precious metal,
such as platinum, palladium, ruthenium, or rhe-
nium. The composition of the MCrAl part of the
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system is selected to give a good balance be-
tween corrosion resistance and coating ductility,
while the active elements enhance oxide-scale
adhesion and decrease oxidation rates. Cur-
rently, there is a tendency to combine different
active elements to further improve the alloy
protective properties. The presence of chromium
in these alloys reduces the minimum level of
aluminum required to form a protective alumina
scale. The presence of as little as 5 to 10% Cr
reduces the amount of aluminum necessary from
40 at.% to approximately 10 at.%. Typically,
these coatings are applied by electron beam-
physical vapor deposition, argon-shrouded
plasma spraying, low-pressure or vacuum plas-
ma spraying, HVOF spraying, composite elec-
troplating, or catalytic electroless deposition
(Ref 9).

There is also increasing interest in using
HVOF-sprayed cemented carbide coatings, such
as WC-12Co, WC-17Co, WC-10Co-4Cr, WC-
20CrC-7Ni, Cr3C2-25NiCr, TiMo(C,N)-29Ni,
and TiMo(C,N)-29Co, at high temperatures in
oxidizing atmospheres. Typically, these coatings
start to oxidize at 350 �C (660 �F). Pronounced
oxidation starts at approximately 650 �C
(1200 �F). Above this temperature, oxide scale
growth differs significantly in different compo-
sitions. WC-20CrC-7Ni and Cr3C2-NiCr have the
highest oxidation resistance, with scale thick-
nesses less than 10 mm (0.4 mil) after oxidation
for 128 h at 800 and 900 �C (1470 and 1650 �F)
for the two materials, respectively (Ref 10).

Resistance against corrosion in oxidizing,
sulfidizing, and chloridizing environments can
be achieved only by formation of a stable, slow-
growing, dense oxide layer.

Hot Corrosion

Hot corrosion is a serious problem in power
generation equipment, gas turbines, internal
combustion engines, fluidized bed combustion,
industrial waste incinerators, and paper and pulp
industries. Hot corrosion is the accelerated oxi-
dation of a material at elevated temperature
induced by a fused (molten) or solid deposit. The
most common deposit in combustion processes is
Na2SO4. The sulfur present in coal or fuel oil
yields SO2 on combustion, which is further par-
tially oxidized to SO3. Sodium chloride, either as
an impurity in fuel or in the air, reacts with SO3

and water vapor at the combustion temperature
and yields Na2SO4, which deposits on the metal
surfaces either as a solid deposit or, at a suffi-
ciently high temperature (melting temperature
is 884 �C, or 1623 �F), as a fused deposit. Other
impurities in the fuel, such as vanadium, form
highly corrosive molten sulfate-vanadate
deposits; the lowest-melting eutectic in the
Na2SO4-V2O5 system is at approximately
500 �C (930 �F). Alkali metal chlorides, such
as NaCl and KCl, present in coal and biomass
as well as other low-melting metal chlorides,

such as ZnCl2 and PbCl2, that often exist in waste
incineration induce chloride corrosion.

Corrosion proceeds in two stages. In the
incubation period, a protective scale is formed,
whereas in the propagation stage, protection is
lost due to mechanical rupture of the scale or its
dissolution by the molten salt (fluxing). Hot
corrosion appears only at intermediate tempera-
tures determined by the melting point and the
dewpoint of the salt (Ref 11).

Two forms of hot corrosion are generally
recognized in sulfur-containing combustion
environments: type I (high temperature) and type
II (low temperature).

Type I high-temperature hot corrosion ty-
pically occurs between 800 and 950 �C (1470
and 1740 �F), having the maximum rate at
approximately 900 �C (1650 �F). In this form,
the sulfur from a sulfate deposit (generally
Na2SO4) is transported across a preformed
oxide into the metallic material with the forma-
tion of the most stable sulfides. Once stable
sulfide formers (e.g., chromium) are fully reacted
with the sulfur moving across the scale, then
base metal sulfides can form, with catastrophic
consequences, because they are molten at tem-
peratures at which type I hot corrosion is
observed. Thus, the formation of NiS2 (molten at
645 �C, or 1195 �F) and CoxSy (the lowest
liquidus at ~840 �C, or ~1545 �F) can cause
degradation levels, which are serious enough to
cause major component degradation. The most
suitable materials that can resist type I hot cor-
rosion are PtAl2-(Ni-Pt-Al) coatings and
MCrAlY coatings up to 25 wt% Cr and 6 wt%
Al (Ref 8, 12).

Type II low-temperature hot corrosion
typically occurs between 650 and 800 �C (1200
and 1470 �F), with a maximum rate at approxi-
mately 700 �C (1290 �F), and involves the for-
mation of base metal (nickel or cobalt) sulfates
that require a certain partial pressure of sulfur
trioxide for their stabilization. These sulfates
react with alkali metal sulfates to form low-
melting-point compounds, which prevent a pro-
tective oxide formation (Ref 8). Reaction with
the material leads to low-melting eutectics
(alkali sulfates), resulting in more extensive
damage and a more uniform attack, often exhi-
biting pitting.

Figure 1 illustrates various types of high-
temperature corrosion attack as a function of
temperature for chromia-forming and alumina-
forming alloys. The ideal protective scale would
minimize the solubility of fused salt, a property
determined by the combustion chemistry and
operational environment. In addition to tem-
perature, the degradation modes depend on the
nature of contaminants, gas composition, and
alloy composition. Alumina-forming materials
with low chromium content are very prone to
these types of attack. To improve the corrosion
resistance of alumina-forming alloys against
type I hot corrosion, 15 to 25% Cr is recom-
mended; for type II hot corrosion, approximately
25 to 40% Cr is recommended (Ref 11). The rates
of mixed oxidation and chlorination may be

greatly increased if molten chlorides are formed,
which may cause fluxing of oxide scales.

Corrosion-Resistant Coatings
in Boilers

Aggressive environments exist in boilers
burning biofuels, especially annual crops and the
green parts of the trees, which contain plenty of
potassium and chlorine. Besides biofuels, waste-
based fuels and high-chlorine coal cause accel-
erated corrosion due to chlorine. Chlorine may
cause corrosion of boiler components in the gas
phase, but the most devastating corrosion pro-
blems are associated with deposition of alkali
chlorides on heat-transfer surfaces. The moisture
content and the ash, sulfur, and chlorine content
of biofuels, coal, and municipal solid waste
(MSW) are given in Table 1 (Ref 13, 14). The
chlorine content of coals varies from less than
0.005 to almost 1 wt% (Ref 15). Chlorine in
coals is in the form of KCl and NaCl (Ref 16).
It has been observed that chlorine increases the
release of alkalis (Ref 17).

The composition of MSW-based fuels varies
based on the origin of the waste. The MSW
typically contains high percentages of chlorine
and moisture and has a low heating value. Most
of the chlorine present in MSW originates from
polyvinyl chloride, bleached paper (Ref 18), and
table salt (Ref 19).
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Fig. 1 Various types of high-temperature corrosion
attack as a function of temperature for (a) chro-

mia-forming alloys and (b) alumina-forming alloys. Cor-
rosion rates are given in arbitrary units (a.u).
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Each 0.1 wt% Cl in biofuels corresponds to
approximately 100 ppm (by volume) HCl in flue
gases (Ref 13), whereas 0.1 wt% Cl in coal
(Ref 17) or MSW (Ref 20) corresponds to
approximately 80 ppm HCl in flue gases. Higher
HCl content in burning biofuel is due to the
higher oxygen content of fuel and thus smaller
dilution (Ref 13).

The most severe corrosion in boilers usually
takes place in superheater sections where the
metal temperatures are highest. The composition
of flue gases determines the severity of the gas
attack and affects the composition of the deposits
that are formed. Recent corrosion tests (Ref 21,
22) with different coatings in oxidizing and
reducing chloride-containing atmospheres
showed that:

� The corrosion resistance of nickel-base high-
chromium coatings, such as Ni49Cr2Si and
Ni57CrMoSiB, was good, and they protected
the substrate steel in tests performed in gas
phase at 550 �C (1020 �F) in the presence of
500 ppm HCl, even in low partial pressures of
oxygen.

� In reducing atmospheres, 500 ppm HCl,
600 ppm H2S, 5% CO, 20% H2O, and argon
in balance at 550 �C (1020 �F), the corrosion
resistance increased with increasing chro-
mium content. The coatings having 57% Cr
did not suffer corrosion, but the HVOF coat-
ings were penetrated by the corrosive species.
The Ni-50Cr coating was covered by oxide
and sulfide scale but was not penetrated by
corrosive species. This clearly indicates the
role of the structure of thermal spray coatings,
such as porosity at splat boundaries and oxi-
des formed during spraying, on protective
properties.

� In some cases, the corrosive species attacked
the substrate through cracks and the inter-
connected porosity and diluted matrix near
oxides at splat boundaries. Even HVOF-
sprayed coatings can have some through-
coating porosity. Further optimization of
spray parameters and strict process control are
needed for maximum corrosion resistance.

� Laser remelting of HVOF coatings resulted in
fully dense coatings, and there was no corro-
sion attack in either the Ni49Cr2Si or
Ni57CrMoSiB composition.

Hot corrosion below a chloride and sulfate
salt mixture (melt proportion 50%) was found
to be extremely vigorous in oxidizing atmo-
sphere at 550 �C (1020 �F), even for high-
chromium-nickel coatings. The structural details
and the homogeneity of the composition, control
of splat-boundary oxides, and pore-free struc-
tures are essential for good corrosion resistance
in this environment. Further development is
needed in control or avoidance of splat-
boundary oxides and segregation of elements
during spraying. Even laser remelting for high-
chromium (57%) nickel coatings resulted in
dendritic structures in which the chromium-rich
dendrites were attacked by chlorine in oxidizing
conditions.

In reducing conditions, materials and coatings
with high chromium content were able to form a
protective layer consisting of chromium, sulfur,
and sodium. Corrosion resistance of this layer
increased with increasing chromium content.
The HVOF Ni-57Cr coating and laser-clad Ni-
53Cr coating as well as austenitic steel
(Fe27Cr31Ni3.5Mo) and diffusion-chromized
coating showed low material loss (Ref 23).

Waste Incinerators

It is generally accepted that the severity of
high-temperature corrosion in waste incineration
plants is due to gas-phase attack by flue
gas containing HCl/Cl 2

� and SO2/SO 3
�, and

liquid-phase attack by molten sulfates, chlorides,
and eutectic mixtures of both. This is most
pronounced at sites where the liquid can form
subsequent to condensation from the gas phase
(Ref 24). Table 2 indicates expected components
of solid particles in the gas and liquid
condensate.

Flame-sprayed, two-layered Al/80Ni-20Cr
coatings have a service life of three years
or longer in the water wall tubes of waste

incineration plants. Recently, HVOF-sprayed,
more dense NiCrSiB-alloy coatings have been
proposed for these applications (Ref 26). Nickel-
base high-chromium alloy coatings, 50Ni-50Cr,
have performed well over seven years in the
water walls of waste incineration plants (Ref 27).
Detonation gun coatings showed the best pro-
tective quality, the second best being the HVOF
coatings over plasma-sprayed coatings. These
50Ni-50Cr coatings showed better performance
than alloy 625 coatings. The HVOF-sprayed
50% Ni alloy 625/50% TiO2 coatings performed
well in secondary superheaters for 6400 h,
whereas coatings applied on final superheaters
had spalled off after 2000 h exposure (Ref 28).

Table 1 Typical contents of biofuels, coal,
and municipal solid waste (MSW) (from a
Japanese municipality)

Fuel

Content, %

Moisture Ash Sulfur(a) Chlorine(a)

Wood 10–40 1–10 0.03–0.15 0.01–0.04
Salix(b) 40–55 1–2 0.03 0.01
Straw 8–16 3–12 0.05–0.17 0.01–1.5
Bark 45–65 2–10 0.03–0.1 0–0.3
Coal 10 14 50.5 50.1
MSW 40–52 7.5–11.5 50.02 0.14–0.6

(a) Percent in dry solid. (b) Willow tree. Source: Adapted from Ref 13, 14

Table 2 Solid particles in flue gas and vapor
condensate deposits on 600 �C (1110 �F)
superheater tubes for typical boilers

Compounds

Components for fuel and flue gas
temperature combinations

MSW at
650 �C

(1200 �F)(a)

Coal at
1100 �C

(2010 �F)(b)

Black liquor
at 1000 �C
(1830 �F)

In solid particles

NaCl x . . . . . .
KCl x . . . . . .
Na2SO4 . . . . . . x
K2SO4 . . . . . . x
CaSO4 x x . . .
Na2CO3 . . . . . . x
CaCO3 x . . . . . .
ZnO x . . . . . .
Fe2O3 . . . x . . .

As vapor condensate deposits

NaCl x . . . x
KCl x . . . x
Na2SO4 . . . x x
K2SO4 . . . x . . .
Na2CO3 . . . . . . x
ZnO x . . . . . .

Considering pure solid only. (a) MSW, municipal solid waste. (b) High-
chlorine and -sulfur coal. Source: Ref 25
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Iron-base Fe-35Cr-5Si coatings have also
shown good resistance against high-temperature
corrosion resulting from HCl in the flue gas and
molten sulfate/chloride mixtures in the deposits
on the surface of the tubes. Both HVOF and
flame spraying are suitable for producing such
coatings. These techniques produce thicker
lamellas within the coating and less spraying-
produced oxides, so that there is more chromium
available for formation of protective oxide
scales as compared to plasma-sprayed coatings
(Ref 24).

Erosion-Corrosion in Boilers

Chlorine in fuels and particle erosion by bed
particles give rise to rapid material wastage by
erosion-corrosion in fluidized bed combustion
boilers.

The HVOF-sprayed coatings show good hot
erosion resistance as compared to low-alloy
steels when tested at 550 �C (1020 �F) in an
oxidizing atmosphere containing quartz sand
particles (Fig. 2.) Even a small amount of KCl
significantly accelerates the erosion-corrosion
rate at elevated temperatures. The nickel-base
HVOF coatings with high chromium content
show good resistance against erosion-corrosion
at elevated temperature in the presence of
chlorine. Carbide-containing HVOF coatings,
which show good erosion resistance, cannot
resist elevated temperatures and oxygen attack in
the presence of chlorine (Ref 29, 30). Erosion-
corrosion tests for arc-spray (air and nitrogen as
carrier gas), HVOF, and laser-clad coatings were
conducted in different biomass and coal power
plants. Processes including multibed combustion
at 420 �C (790 �F), circulating fluidized bed
at 550 �C (1020 �F), and pressurized fluidized
bed combustion at 400 �C (750 �F) gave the
following results:

� Nickel-base coatings (Ni25Cr8.8Mo1.9-
Fe1.9Nb1.0C0.7Si alone or with 15% TiC)
have good erosion-corrosion resistance in
both biomass- and coal-fired plants.

� Cobalt-base coatings (Stellite 6, Stellite
6þ15% TiC, Stellite 21þ15% TiC) have
good corrosion resistance in power plants
fired with coal but are subject to erosion-
corrosion in biomass-fired plants.

� Iron-base coatings (Fe12.4Cr0.6Ni0.4Mn0.
5Si0.36C) have good corrosion resistance in
power plants fired with coal but are subject to
corrosion in biomass-fired plants.

� Carbide-containing coatings (80Cr3C2

16Ni4Cr, 83WC17Co, 86WC10Co4Cr) are

subject to oxidation and a large degree of
delamination in all power plants.
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Corrosion Rate Conversion

Relationships among some of the units commonly used for corrosion rates
d is metal density in grams per cubic centimeter (g/cm3)

Factor for conversion to

Unit mdd g/m2/d mm/yr mm/yr mils/yr in./yr

Milligrams per square decimeter per day (mdd) 1 0.1 36.5/d 0.0365/d 1.437/d 0.00144/d
Grams per square meter per day (g/m2/d) 10 1 365/d 0.365/d 14.4/d 0.0144/d
Microns per year (mm/yr) 0.0274d 0.00274d 1 0.001 0.0394 0.0000394
Millimeters per year (mm/yr) 27.4d 2.74d 1000 1 39.4 0.0394
Mils per year (mils/yr) 0.696d 0.0696d 25.4 0.0254 1 0.001
Inches per year (in./yr) 696d 69.6d 25,400 25.4 1000 1

Adapted from G. Wranglén, An Introduction to Corrosion and Protection of Metals, Chapman and Hall, 1985, p 238
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Galvanic Series
of Metals and Alloys in Seawater

Volts versus saturated calomel reference electrode
(Active) (Noble)
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Ni-Cr-Mo alloy C 
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Alloy 20 stainless steel, cast and wrought

Stainless steel—types 316, 317

Stainless steel—types 302, 304, 321, 347 

Nickel-copper alloys 400, K-500
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Nickel 200

Silver-bronze alloys

Nickel-chromium alloy 600

Nickel-aluminum bronze

70-30 copper-nickel

80-20 copper-nickel

90-10 copper-nickel
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Low-alloy steel
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Stainless steel—type 430
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Fig. 1 Galvanic series for seawater. Dark boxes indicate active behavior of active-passive alloys. Applicable to flowing seawater 2.4–4.0 m/s (8–13 ft/s), 10–27 �C (50–80 �F)
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Carburization data . . . . . . . . . . . . . . . 174, 245, 246

Carburization resistance . . . . . . . . . . . . . . . . . . . 471
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Cast carbon and alloy steels . . . . . . . . . . . . . . . . . 52
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Cast irons

basic metallurgy of . . . . . . . . . . . . . . . . . . . . . . . 43
in chloride gases . . . . . . . . . . . . . . . . . . . . . . . . . 48
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effects of low-level impurities of . . . . . . . . . . . 569
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Chemical cleaning treatments . . . . . . . . . . . . . . 220
Chemical cleansing . . . . . . . . . . . . . . . . . . . . . . . 319
Chemical compositions . . . . . . . . . . . . . . . . . 15, 355
Chemical concentration . . . . . . . . . . . . . . . . . . . 601
Chemical conversion coatings . . . . . . 365, 538, 539
Chemical conversion coating treatments . . . . . 221
Chemical degradation . . . . . . . . . . . . . . . . . 529, 611
Chemical environments . . . . . . . . . . . . . . . . 330, 610
Chemical etching . . . . . . . . . . . . . . . . . . . . . . . . . 380
Chemical inhibition . . . . . . . . . . . . . . . . . . . . . . . . 13
Chemical permeation . . . . . . . . . . . . . . . . . . . . . 595
Chemical potential equation . . . . . . . . . . . . . . . . 403
Chemical processing . . . . . . . . . . . . . . . . . . . . . . 241
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Cobalt and cobalt alloys, general (continued)
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in nitric acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
in organic acids . . . . . . . . . . . . . . . . . . . . . . . . . 168
in phosphoric acid . . . . . . . . . . . . . . . . . . . . . . . 167
product forms of . . . . . . . . . . . . . . . . . . . . . . . . 166
in reagent-grade phosphoric acid . . . . . . . . . . . 168
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Cobalt and cobalt alloys, specific types
alloy 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
alloy 6 (R30006) . . . . . . . . . . . . . . . . . . . . . . . . 167
alloy 6 (W73006). . . . . . . . . . . . . . . . . . . . 164, 171
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alloy 706K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
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Co-25Cr-14Al-0.5Y (spray coating) . . . . . . . . . 430
F75 alloy (R30075) . . . . . . . . . . . . . . . . . . . . . . 165
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Stelite 21 (R30021) . . . . . . . . . . . . . . . . . . . . . . 165
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T-900 alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
Ultimet alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
Ultimet alloy (R31233) . . . . . . 165, 166, 167, 168,

169, 170, 173
Vitallium alloy . . . . . . . . . . . . . . . . . . . . . . . . . . 165

Cobalt content . . . . . . . . . . . . . . . . . . . . . . . . . . . 514
Cobalt spray coatings . . . . . . . . . . . . . . . . . . . . . 430
Cobalt superalloys . . . . . . . . . . . . . . . . . . . . . . . . 165
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Commercial titanium . . . . . . . . . . . . . . . . . 290–293
Commercial titanium alloys . . . . . . . . . . . . 252, 275
Compatibility guide . . . . . . . . . . . . . . . . . . . 673–674
Composites. See also metal-matrix compositions

(MMCs)
aluminum-beryllium composites . . . . . . . . . . . . 360
beryllium and aluminum-beryllium composites 365
ceramic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 574
ceramic-matrix composites (CMCs) . . . . . . . . . 572
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Compositions
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of galvanic test specimens . . . . . . . . . . . . . . . . . 522
of nickel alloys . . . . . . . . . . . . . . . . . . . . . 229, 243
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Compression set testing . . . . . . . . . . . . . . . . . . . . 614
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chemical attack of . . . . . . . . . . . . . . . . . . . . . . . 580

chemicals that deteriorate . . . . . . . . . . . . . . . . . 581
chloride ion content of. . . . . . . . . . . . . . . . . . . . 580
corrosion in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
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Concrete cracking . . . . . . . . . . . . . . . . . . . . . . . . 582
Concrete strength increases . . . . . . . . . . . . . . . . 584
Condensate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
Condensate corrosion . . . . . . . . . . . . . . . . . . . . . 139
Condon model . . . . . . . . . . . . . . . . . . . . . . . . . . . 378
Constructional steels . . . . . . . . . . . . . . . . . . . . . . . 22
Construction joints . . . . . . . . . . . . . . . . . . . . . . . 584
Consumables and hardfacing processes . . . . . . 171
Continuous casting . . . . . . . . . . . . . . . . . . . . . . . 553
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Copper-accelerated salt spray (CASS) tests . . . 184
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Copper and copper alloys, general.

See also brasses; bronzes
admiralty brass . . . . . . . . . . . . . . . . . . . . . 154, 182
as alloy in cast iron . . . . . . . . . . . . . . . . . . . . . . . 44
as alloy with nickel . . . . . . . . . . . . . . . . . . . . . . 228
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chronogravimetric curves . . . . . . . . . . . . . . . . . 140
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corrosion in soils . . . . . . . . . . . . . . . . . . . . . . . . 147
corrosion of . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
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nickel-tin bronze . . . . . . . . . . . . . . . . . . . . . . . . 182
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stress-corrosion cracking (SCC)
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Glycolic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Goethite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5, 30
Gold and gold alloys, general . . . . . . . . . . . . . . . 444

in acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 390
corrosion applications of . . . . . . . . . . . . . . . . . . 389
corrosion resistance of . . . . . . . . . . . . . . . . . . . . 389
fabrication of . . . . . . . . . . . . . . . . . . . . . . . . . . . 388
in gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 390
in halogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 390
mechanical properties of . . . . . . . . . . . . . . . . . . 388
in organic compounds . . . . . . . . . . . . . . . . . . . . 392
oxidation resistance of . . . . . . . . . . . . . . . . . . . . 389
in salts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391

Gold and gold alloys, specific type
Au-10Pt alloy. . . . . . . . . . . . . . . . . . . . . . . . . . . 390
Au-24Ag-6Pt alloy . . . . . . . . . . . . . . . . . . . . . . 387

Grain-boundary . . . . . . . . . . . . . . . . . . 228, 416, 420
Grain direction . . . . . . . . . . . . . . . . . . . . . . . . . . 110
Grain growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Grain size effect of . . . . . . . . . . . . . . . . . . . . . . . . 514
Grain structure . . . . . . . . . . . . . . . . . . . . . . . . . . 107
Graphite/aluminum MMCs . . . . . . . . . . . . . . . . 538
Graphite/copper MMCs . . . . . . . . . . . . . . . . . . . 537
Graphite corrosion . . . . . . . . . . . . . . . . . . . . . . . . 45
Graphite/magnesium MMCs . . . . . . . . . . . . . . . 535
Graphite morphology . . . . . . . . . . . . . . . . . . . . . . 46
Graphite/titanium MMCs . . . . . . . . . . . . . . . . . . 536
Graphitic corrosion . . . . . . . . . . . . . . . . . . . . . 45, 48
Gray cast irons . . . . . . . . . . . . . . . . . . . . . . . . . 45, 49
Gray tin transformation on pure tin . . . . . . . . . 177
Green building sustainable construction . . . . . . 587
Green death . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
Green rot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
Grignard reagents . . . . . . . . . . . . . . . . . . . . . . . . 317
Gross world output (GWP) . . . . . . . . . . . . . . . . 625
Guinier-Preston zones . . . . . . . . . . . . . . . . . . . . . 110
Gum rubber, pure . . . . . . . . . . . . . . . . . . . . . . . . 605

H

HAE treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Hafnium and hafnium alloys, general

in alkaline solutions . . . . . . . . . . . . . . . . . . . . . . 357
in alkalis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
an alloy element . . . . . . . . . . . . . . . . . . . . . . . . 358
aqueous corrosion testing of . . . . . . . . . . . . . . . 355
in boiling hydrochloric acid . . . . . . . . . . . . . . . 358
in boiling water with chlorine gas . . . . . . . . . . . 358
chemical composition of . . . . . . . . . . . . . . . . . . 355
chemical properties of . . . . . . . . . . . . . . . . . . . . 354
corrosion rates of, in boiling solutions . . . . . . . 356
corrosion rates of, in mixed acid solutions . . . . 356
crevice corrosion of . . . . . . . . . . . . . . . . . . . . . . 358
galvanic corrosion of . . . . . . . . . . . . . . . . . . . . . 358
in gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
hafnium-tantalum alloys . . . . . . . . . . . . . . . . . . 358
hafnium-zirconium alloys . . . . . . . . . . . . . . . . . 358
in high-temperature water . . . . . . . . . . . . . . . . . 356
in hydrochloric acid . . . . . . . . . . . . . . . . . . . . . . 356
in molten metals . . . . . . . . . . . . . . . . . . . . . . . . 357
in nitric acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356
in nuclear reactors . . . . . . . . . . . . . . . . . . . . . . . 358
in organics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
physical and mechanical properties of . . . . . . . 354
physical properties of . . . . . . . . . . . . . . . . . . . . 355
pitting corrosion of . . . . . . . . . . . . . . . . . . . . . . 358
separation from zirconium . . . . . . . . . . . . . . . . 354
in sulfuric acid . . . . . . . . . . . . . . . . . . . . . . . . . . 357
in water and steam . . . . . . . . . . . . . . . . . . . . . . . 356

Hafnium and hafnium alloys, specific types
grade R1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
grade R3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
Hf-1Ta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358

Hf-3Ta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
Hf-5Ta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
Hf-59.5Zr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358

Halide-containing processes . . . . . . . . . . . . . . . . 321
Halide ion concentration . . . . . . . . . . . . . . . . . . . 279
Halide ions . . . . . . . . . . . . . . . . . . . . . . . . . . . 96, 108
Halides . . . . . . . . . . . . . . . . . . . . . . . . . . . 62, 67, 313
Halide salts . . . . . . . . . . . . . . . . . . . . . . . . . . 102, 236
Hall-Héroult cell . . . . . . . . . . . . . . . . . . . . . 557, 558
Hall-Héroult process . . . . . . . . . . . . . . . . . . . . . . . 94
Halogenated organic chemicals . . . . . . . . . . . . . 121
Halogen-bearing environments . . . . . . . . . . . . . 175
Halogen corrosion data . . . . . . . . . . . . . . . . . . . . 248
Halogen gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
Halogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247, 346
Halogen salts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
Handling and storage corrosion . . . . . . . . . . . . . 364
Hard-anodizing . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Hard-anodizing treatments . . . . . . . . . . . . . . . . . 222
Hard chromium coatings . . . . . . . . . . . . . . . . . . 434
Hardening/embrittlement . . . . . . . . . . . . . . . . . . 616
Hardfacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
Hardmetal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513
Hard natural rubber . . . . . . . . . . . . . . . . . . . . . . 605
Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 615
Hazards . . . . . . . . . . . . . . . . . . . . . . . . . 154, 313, 377
Health considerations . . . . . . . . . . . . . . . . . . . . . 382
Heat aging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 613
Heat- and corrosion-resistant castings . . . . . 78, 79
Heat energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 593
Heat exchangers . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Heating and cooling rates . . . . . . . . . . . . . . . . . . 464
Heating and heat treating . . . . . . . . . . . . . . . . . . 249
Heat of hydration . . . . . . . . . . . . . . . . . . . . . 585, 586
Heat-resistant alloys . . . . . . 245, 246, 247, 248, 249
Heat-transfer effects . . . . . . . . . . . . . . . . . . . . . . 154
Heat treatment . . . . . . . . . . . . . . . . . 58, 59, 319, 321
Heavy-metal ions . . . . . . . . . . . . . . . . . . . . . . . . . 104
Height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Hematite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Hermoplastic coatings . . . . . . . . . . . . . . . . . . . . . . 49
Heterolytic dissociation . . . . . . . . . . . . . . . . . . . . 592
Hexafluoropropylene (HFP) . . . . . . . . . . . . . . . . 609
Hexagonal close-packed (alpha) structures . . . . 93
High-carbon Co-Cr-Mo alloys . . . . . . . . . . . . . . 166
High-carbon Co-Cr-W alloys . . . . . . . . . . . 164, 169
High-chromium cast iron . . . . . . . . . . . . . . . . . . . 47
High-chromium nickel . . . . . . . . . . . . . . . . . . . . 235
High-density (heavy weight) concrete . . . . . . . . 586
High-hafnium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354
High-nickel austenitic cast iron . . . . . . . . . . . . . . 46
High-nickel austenitic cast iron materials . . . . . . 45
High-performance concrete (HPC) . . . . . . . . . . 584
High-porosity refractories . . . . . . . . . . . . . . . . . 549
High-purity waters . . . . . . . . . . . . . . . . . . . . . . . 114
High-silicon cast iron . . . . . . . . . . . . . . . . . . . . 47, 48
High-silicon cast irons . . . . . . . . . . . . . . . . . . . . . . 44
High-strength alloy steels . . . . . . . . . . . . . . . . . . . 26
High-strength concrete (HSC) . . . . . . . . . . . . . . 585
High-strength low-alloy (HSLA) steels,

specific types
2.25Cr-1Mo steels . . . . . . . . . . . . . . . . . . . . . . . . 20
9Cr-JMo alloys . . . . . . . . . . . . . . . . . . . . . . . . . . 19
9Cr-JMo steels . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
A 242 type I . . . . . . . . . . . . . . . . . . . . . . . . . . 23, 28

High-temperature corrosion . . . . . . . . 363, 431, 490
High-temperature corrosion properties . . 172, 244
High-temperature embrittlement . . . . . . . . . . . . . 59
High-temperature gas oxidation . . . . . . . . . . . . 363
High-temperature oxidation . . . . . . . . . . . . . . . . 377
High-temperature oxidation and corrosion . . . 565
High-temperature steam . . . . . . . . . . . . . . . . . . . . 53
High-temperature steam exposure . . . . . . . . . . . 363
High-velocity oxyfuel (HVOF)

sprayed coatings . . . . . . . . . . 422, 427, 428, 430
Cr3C2-25NiCr . . . . . . . . . . . . . . . . . . . . . . . . . . 431
Cr3C2-NiCr . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
TiMo (C, N)-29Co . . . . . . . . . . . . . . . . . . . . . . . 431
TiMo (C, N)-29Ni . . . . . . . . . . . . . . . . . . . . . . . 431
WC-10Co-4Cr . . . . . . . . . . . . . . . . . . . . . . 431, 520
WC-12Co . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
WC-17Co . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
WC-20CrC-7Ni . . . . . . . . . . . . . . . . . . . . . . . . . 431
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High-volume clad metals . . . . . . . . . . . . . . . . . . . 442
Hindered amine light stabilizers (HALS) . . . . . 593
History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
Hoar method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 621
Homolytic dissociation . . . . . . . . . . . . . . . . . . . . 593
Honeycomb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583
Hot corrosion . . . . . . . . . . . . . . . . . . . . . . . . 431, 470

of ceramics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 570
of FeAl intermetallics . . . . . . . . . . . . . . . . . . . . 497
of nickel aluminides . . . . . . . . . . . . . . . . . . . . . 495
of silicides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503
of TiAl intermetallics . . . . . . . . . . . . . . . . . . . . 501

Hot-dip galvanized coatings . . . . . . . . . . . . . . . . . 36
Hot-dip galvanized steel and type I and type II

aluminized steel . . . . . . . . . . . . . . . . . . . . . . . 38
Hot dip galvanizing . . . . . . . . . . . . . . . . . . . . . . . 402
Hot erosion tests . . . . . . . . . . . . . . . . . . . . . . . . . . 432
Hot isostatic pressing (HIP) . . . . . . . . . . . . . . . . 469
Hot paper mill vapor . . . . . . . . . . . . . . . . . . . . . . 152
Hot particle/gas impact . . . . . . . . . . . . . . . . . . . . 551
Hot salt cracking . . . . . . . . . . . . . . . . . . . . . . . . . 276
Hot salt stress-corrosion cracking (SCC)

resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
HPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
HVOF-sprayed cemented carbide coatings . . . 431
Hydrated iron oxide (rust) . . . . . . . . . . . . . . . . . . . 3
Hydraulic actuator end gland . . . . . . . . . . . . . . 533
Hydrazine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10, 139
Hydride cracking . . . . . . . . . . . . . . . . . . . . . . . . . 308
Hydrided unalloyed titanium . . . . . . . . . . . . . . . 257
Hydrides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
Hydridic spallation . . . . . . . . . . . . . . . . . . . . . . . 378
Hydriding . . . . . . . . . . . . . . . . . . . . . . . . . . . 317, 378
Hydrobromic acid . . . . . . . . . . . . . . . . . . . . . . . . 235
Hydrocarbon elastomers . . . . . . . . . . . . . . . . . . . 611
Hydrocarbon environments . . . . . . . . . . . . . . . . 611
Hydrocarbon processing . . . . . . . . . . . . . . . . . . . . 14
Hydrocarbon products performance . . . . . . . . . 612
Hydrocarbons . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
Hydrochloric acid (HCl) . . . . . . . . . . . . . . . . 68, 327

copper and copper alloys, corrosion
rate in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

corrosion of hafnium in . . . . . . . . . . . . . . . . . . . 356
corrosion of high-silicon cast iron as a function

of concentration . . . . . . . . . . . . . . . . . . . . . . . . 47
corrosion of tantalum and tantalum

alloys in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
corrosion rates for alloy 6B in . . . . . . . . . . . . . . 167
nickel and nickel alloys . . . . . . . . . . . . . . . . . . . 231
niobium alloys in . . . . . . . . . . . . . . . . . . . . . . . . 328
tantalum and tantalum alloys in . . . . . . . . . . . . 349
use of, in cast irons . . . . . . . . . . . . . . . . . . . . . . . 47

Hydrocyanic acid (HCN) . . . . . . . . . . . . . . . . . . 146
Hydrofluoric acid (HF) . . . . 145, 230, 234, 313, 339
Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
Hydrogen absorption . . . . . . . . . . . . . . . . . . 273, 274
Hydrogen accumulation . . . . . . . . . . . . . . . . . . . . 16
Hydrogen-assisted cracking . . . . . . . . . . . . . . . . 258
Hydrogen attack . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Hydrogen bonding . . . . . . . . . . . . . . . . . . . . . . . . 594
Hydrogen content . . . . . . . . . . . . . . . . . . . . . . . . 610
Hydrogen damage . . . . . . . . . . . . . . . . . . . . . . . . 256
Hydrogen embrittlement . . . . . . . . . . . . . . . 351, 507

of copper and copper alloys . . . . . . . . . . . . . . . 150
of glassy alloys . . . . . . . . . . . . . . . . . . . . . 485–486
of tantalum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
of titanium alloys . . . . . . . . . . . . . . . . . . . . 257, 265
of uranium and uranium alloys . . . . . . . . . . . . . 379

Hydrogen evolution . . . . . . . . . . . . . . . . . . . . . . . 187
Hydrogen generation rate . . . . . . . . . . . . . . . . . . 377
Hydrogen-induced cracking (HIC) . . . . . . . . 16, 19
Hydrogen ion concentration . . . . . . . . . . . . . . . . . 67
Hydrogen overvoltages . . . . . . . . . . . . . . . . . . . . 535
Hydrogen peroxide . . . . . . . . . . . . . . . . . . . 316, 321
Hydrogen pickup . . . . . . . . . . . . . . . . . . . . . 301, 327
Hydrogen recombination poison . . . . . . . . . . . . 257
Hydrogen service . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Hydrogen sulfide . . . . . . . . . . . . . . . . . . . . . . 13, 150
Hydrogen testing . . . . . . . . . . . . . . . . . . . . . . . . . 257
Hydrogen uptake . . . . . . . . . . . . . . . . . . . . . . . . . 257
Hydrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529
Hydrolysis reaction . . . . . . . . . . . . . . . . . . . . . . . 596
Hydroxide solutions . . . . . . . . . . . . . . . . . . . . . . . 151

Hydroxyacetic acid (HAA) . . . . . . . . . . . . . . . . . 321
Hypalon. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 607

I

Ignition limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
Immersion

prolonged coating microstructure for . . . . . . . . . 36
test results for powder metal alloys . . . . . . . . . . 448
of tin-lead solders . . . . . . . . . . . . . . . . . . . . . . . 181

Immersion testing . . . . . . . . . . . . . . . . . . . . . . . . 254
of elastomers . . . . . . . . . . . . . . . . . . . . . . . . . . . 612
iron concentrations after . . . . . . . . . . . . . . . . . . 452

Immersion tin coating . . . . . . . . . . . . . . . . . . . . . 184
Impact and abrasion . . . . . . . . . . . . . . . . . . . . . . 597
Impact damage . . . . . . . . . . . . . . . . . . . . . . . . . . . 582
Impact toughness testing . . . . . . . . . . . . . . . . . . . 258
Impingement . . . . . . . . . . . . . . . . . . . . . . . . 128, 142
Implants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Impressed current . . . . . . . . . . . . . . . . . . . . . . . . 257
Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 581
Indirect cost of corrosion . . . . . . . . . . . . . . . . . . 626
Inductively coupled plasma (ICP) emission

spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 428
Industrial applications . . . . . . . . . . . . . . . . . . . . 320
Industrial atmospheres . . . . . . . . . . . . . . . . . 48, 674
Industrial sectors . . . . . . . . . . . . . . . . . . . . . 623, 624
Inert gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
Inflation factor . . . . . . . . . . . . . . . . . . . . . . . . . . . 625
Inhibited admiralty metals . . . . . . . . . 143, 145, 149
Inhibited alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
Inhibited aluminum brass . . . . . . . . . . . . . . . . . . 143
Inhibited yellow brasses . . . . . . . . . . . . . . . . . . . 129
Inhibition of corrosion . . . . . . . . . . . . . . . . 142, 267
Inhibitions . . . . . . . . . . . . . . . . . . . . . . . . . . . 264–265
Inhibitors . . . . . . . . . . . . . . . . . . . . . . . 222, 284, 538
Initial reaction rate . . . . . . . . . . . . . . . . . . . . . . . 378
Inorganic acids . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
Inorganic coatings . . . . . . . . . . . . . . . . . . . . . . . . 538
Inorganic surface treatments . . . . . . . . . . . . . . . 220
In situ diffused samples . . . . . . . . . . . . . . . . . . . . 446
Insulating lightweight concrete . . . . . . . . . . . . . 585
Intercrystalline corrosion. See

intergranular corrosion
Interfacial corrosion . . . . . . . . . . . . . . . . . . . . . . 420
Interference films . . . . . . . . . . . . . . . . . . . . . . . . . 370
Intergranular attack . . . . . . . . . . . . . . . 46, 419, 461
Intergranular corrosion

of 300 series stainless steels . . . . . . . . . . . . . . . 456
in aluminum and aluminum alloys,

general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
of austenitic and duplex alloys . . . . . . . . . . . . . . 83
of copper alloys . . . . . . . . . . . . . . . . . . . . . . . . . 129
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310L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

316 . . . . . . . . . . . 57, 63, 64, 66, 68, 69, 70, 71, 73,
74, 237, 249, 282, 317

316/316L s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
316L . . . . . . . . . . . . . . 68, 71, 72, 73, 231, 234, 449
316LSC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466
317 . . . . . . . . . . . . . . . . . . . . . 65, 68, 69, 70, 73, 74
317L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
317LMN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
321 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 249
329 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 322
335 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
347 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 249
353MA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248, 249
409 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 73, 449
410 . . . . . . . . . . . . . . . . . . . . . . . . 23, 64, 66, 71, 73
416 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
420 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69, 73
430 . . . . . . . . . . 57, 63, 64, 66, 68, 71, 73, 74, 249
430FR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
434 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 73
439 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
440C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69, 282
441 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
444 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 71, 73
446 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 249
A 610 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
A 611 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
615 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
616 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
A 763 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449
803 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
904L . . . . . . . . . . . . . . . . . . . 65, 68, 70, 72, 73, 282
2205 . . . . . . . . . . . . . . . . . . . . . . . . . . 57, 65, 71, 74
2507 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
AG-17HS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
AL-6XN . . . . . . . . . . . . . . . . . . . . 66, 70, 71, 72, 73
AL-29-4C. . . . . . . . . . . . . . . . . . . . . . . . . 65, 66, 72
CA-6NM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
CA-6NM-B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
CA-15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
CA-15M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
CA-40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
CB-7Cu-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
CB-7Cu-2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
CB-30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 81
CC-20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
CC-50. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 81
CD-3MN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
CD-3MWCuN . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
CD-4MCu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
CD-4MCuN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
CE-30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 83
CF-3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 82, 84
CF-3A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
CF-3M . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 84, 85
CF-8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 82
CF-8A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
CF-8C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
CF-8M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 83
CF-16F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
CF-20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
CG-8M . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 83, 85
CH-10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
CH-20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 83
CK-20 . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 79, 83
CN-7M . . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 83, 85
custom 450. . . . . . . . . . . . . . . . . . . . . . . . 64, 69, 71
custom 455. . . . . . . . . . . . . . . . . . . . . . . . 69, 73, 74
dataloy 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
DNM 110 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
ferralium 255 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
JS700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
NMS 100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
NMS 140 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
P 530 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
P 530 HS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
P 550 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
P 580 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
P 750 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
PH13-8Mo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
RM 118 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
S4460 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
SAF 2507 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
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Sea-Cure . . . . . . . . . . . . . . . . . . . . . . . . . 66, 70, 72
SMF 166 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
SMF 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Ultra 303L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467
Ultra 304 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467
Ultra 316 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467

Standards, see under ASTM, see under ISO,
see under NACE . . . . . . . . . . . . . . . . . . . . . . 423

Static tests . . . . . . . . . . . . . . . . . . . . . . . . . . . 155, 551
Stationary potentiodynamic polarization

curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
Steam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
Steam-water-side corrosion . . . . . . . . . . . . . . 19–20
Stearic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . 47, 147
Steel bolts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
Steel-clad aluminum transition material . . . . . . 445
Steel industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Steelmaking slags . . . . . . . . . . . . . . . . . . . . . . . . . 552
Steel reinforcement . . . . . . . . . . . . . . . . . . . . . . . 579
Steels, general. See also carbon steels; cast steels;

high-strength low-alloy (HSLA) steels; low
alloy steels; low-carbon steels; stainless steels;
weathering steels; wrought steels

coatings ability to prevent the rusting of . . . . . . 186
corrosion of . . . . . . . . . . . . . . . . . . . . . . . . . . . 7, 20
corrosion of, in marine atmosphere . . . . . . . . . . . 23
corrosion rates and corrosion ratio . . . . . . . . . . 409
corrosion rates of . . . . . . . . . . . . . . . . . . . . . . . . 404
corrosion rates of tin coated . . . . . . . . . . . . . . . 183
corrosivity by location of . . . . . . . . . . . . . . . . . 405
in low-velocity quiet seawater . . . . . . . . . . . . . . 26
open-circuit potentials of . . . . . . . . . . . . . . . . . . 219
reduction in thickness of, specimens . . . . . . . . . . 29
type 430FR stainless steel. See also stainless

steels, general
use of nylon washers to separate from

magnesium. . . . . . . . . . . . . . . . . . . . . . . . . . . 218
Steels, specific types

ASTM A 213 grade T-9 . . . . . . . . . . . . . . . . . . . 18
ASTM A 213 grade T-11 . . . . . . . . . . . . . . . . . . 19
ASTM A 588 grade B weathering steel . . . . . . . 30
low-carbon A-285 steel . . . . . . . . . . . . . . . . . . . 139
SAE 5140. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440

Steels, structural . . . . . . . . . . . . . . . . . . . . . . . 12, 24
Steel/zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405, 414
Step structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 458
Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381, 612
Strain rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
Strain-rate technique . . . . . . . . . . . . . . . . . . . . . . 156
Stratified corrosion . . . . . . . . . . . . . . . . . . . . . . . 110
Stray currents . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Strength and hydride growth . . . . . . . . . . . . . . . 378
Stress. See also stress-corrosion; stress-corrosion

cracking (SCC); sulfide-stress cracking (SSC)
caustic stress cracking . . . . . . . . . . . . . . . . . . . . 170
critical stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
critical surface shear stress . . . . . . . . . . . . . . . . 141
effect of, on stress-corrosion cracking (SCC) . . 106
grain structure effects of . . . . . . . . . . . . . . . . . . 107
hydrogen stress cracking . . . . . . . . . . . . . . . . . . . 86
internal stresses . . . . . . . . . . . . . . . . . . . . . . . . . 597
residual stresses . . . . . . . . . . . . . . . . . . . . . 103, 131
sources of . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
vs. strain rate . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
and stress gradients . . . . . . . . . . . . . . . . . . . . . . 308
vs. stress-intensity factor . . . . . . . . . . . . . . . . . . 107
tensile stresses . . . . . . . . . . . . . . . . . . . . . . . . . . 579
vs. time to failure . . . . . . . . . . . . . . . . . . . . 212, 213

Stress at fracture . . . . . . . . . . . . . . . . . . . . . . . . . 212
Stress-corrosion . . . . . . . . . . . . . . . . . . 103, 212, 214
Stress-corrosion cracking (SCC)

in ACI alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
and alloy composition . . . . . . . . . . . . . . . . . . . . 131
of aluminum alloys . . . . . . . . . . . . . . . . . . 105–106
of aluminum-beryllium . . . . . . . . . . . . . . . . . . . 363
in aluminum MMCs . . . . . . . . . . . . . . . . . . . . . 534
of beryllium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
of C-276 alloy . . . . . . . . . . . . . . . . . . . . . . . . . . 240
of cast irons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
of commercially pure titanium . . . . . . . . . . . . . 276
of commercial titanium alloys . . . . . . . . . . . . . . 275
conditions leading to . . . . . . . . . . . . . . . . . 131, 141
control measures for . . . . . . . . . . . . . . . . . . . . . 307

control of, by cathodic protection . . . . . . . . . . . 105
of copper alloys . . . . . . . . . . . . . 125, 130–131, 151
copper alloys susceptibility to . . . . . . . . . . . . . . 153
data representations for . . . . . . . . . . . . . . . . . . . 259
effect of stress-intensity factor on . . . . . . . 106–110
effect of stress on. . . . . . . . . . . . . . . . . . . . . . . . 106
effect of temperature on, susceptibility of

C-22 alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
effects of alloy and condition on . . . . . . . . . . . . 211
of glassy alloys . . . . . . . . . . . . . . . . . . . . . . . . . 485
in halogenated hydrocarbons . . . . . . . . . . . . . . . 276
and intergranular corrosion . . . . . . . . . . . . . . . . 105
of intermetallics . . . . . . . . . . . . . . . . . . . . . . . . . 507
of magnesium . . . . . . . . . . . . . . . . . . . . . . 211, 213
in a marine atmosphere . . . . . . . . . . . . . . . . . . . . 64
vs. pitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
vs. potential for titanium alloys . . . . . . . . . . . . . 280
and propagation mechanisms . . . . . . . . . . . . . . 106
protective systems for . . . . . . . . . . . . . . . . . . . . 119
resistance of casting alloys to . . . . . . . . . . . . . . 110
resistance to, at peak-aged tempers . . . . . . . . . . 108
specifications and tests of aluminum to . . . . . . 110
of stainless steels . . . . . . . . . . . . . . . . . . . . . . . . . 63
in steam turbine materials . . . . . . . . . . . . . . . . . . 20
susceptibility of Ti-6Al-4V alloy . . . . . . . . . . . 276
test methods for . . . . . . . . . . . . . . . . . . . . . 258–259
of titanium and titanium alloys . . . . . . . . . . . . . 258
in titanium and titanium alloys . . . . . . . . . 274–281
of uranium and uranium alloys . . . . . . . . . . . . . 379
of wrought copper alloys . . . . . . . . . . . . . . . . . . 153
of zirconium . . . . . . . . . . . . . . . . . . . . . . . 307, 320
of zirconium alloys . . . . . . . . . . . . . . . . . . . . . . 315

Stress-corrosion cracking (SCC)
behavior . . . . . . . . . . . . . . . . . . . . 212, 213, 278

Stress-corrosion cracking (SCC) prevention . . 276
Stress-corrosion cracking (SCC) ratings . . . . . . 105
Stress-corrosion cracking (SCC)

resistance . . . . . . . . . . . . . . . . . 98, 99, 102, 280
Stress-corrosion cracking (SCC) susceptibility 240
Stress-corrosion ratings . . . . . . . . . . . . . . . . . . . 108
Stress-corrosion testing . . . . . . . . . . . . . . . . . . . . 155
Stress influences . . . . . . . . . . . . . . . . . . . . . . . . . . 597
Stress-intensity factor . . . . . . . . . . . . . . . . . 106–110
Stress-number . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
Stress-relieved temper . . . . . . . . . . . . . . . . . . . . . 107
Stress relieving . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
Stress-strain behavior, of glassy alloys . . . . . . . 486
Stress/stress intensity . . . . . . . . . . . . . . . . . . . . . . 103
Structural (chemical) spalling. See also spalling 550
Structural ceramics . . . . . . . . . . . . . . . . . . . . . . . 565
Structural lightweight concrete . . . . . . . . . . . . . 585
Structural relaxation . . . . . . . . . . . . . . . . . . . . . . 477
Structural steels . . . . . . . . . . . . . . . . . . . . . . . . 12, 24
Styrene monomers . . . . . . . . . . . . . . . . . . . . . . . . 617
Submarine applications . . . . . . . . . . 23, 26, 300, 598
Submerged arc welding (SAW) . . . . . . . . . 172, 242
Submerged zone . . . . . . . . . . . . . . . . . . . . . . . . 21, 22
Subsidence cracks . . . . . . . . . . . . . . . . . . . . 582, 583
Subsoil zone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Substrate quality . . . . . . . . . . . . . . . . . . . . . . . . . 435
Substrate surface preparation . . . . . . . . . . . . . . 423
Sugar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Sulfate-reducing bacteria . . . . . . . . . . . . . . . . . . . . 9
Sulfate resistance pozzolans . . . . . . . . . . . . . . . . 581
Sulfate solutions . . . . . . . . . . . . . . . . . . . . . . . . . . 152
Sulfidation

of cobalt and cobalt alloys. . . . . . . . . . . . . . . . . 173
for heat-resistant alloys data . . . . . . . . . . . 247, 248
of intermetallics . . . . . . . . . . . . . . . . . . . . . . . . . 492
of iron aluminides . . . . . . . . . . . . . . . . . . . . . . . 496
of molybdenum silicides . . . . . . . . . . . . . . . . . . 502
of nickel alloys . . . . . . . . . . . . . . . . . . . . . 246, 249
of nickel aluminides . . . . . . . . . . . . . . . . . . . . . 494
parabolic rate constants for . . . . . . . . . . . . . . . . 504
of silicides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504
of stainless steels . . . . . . . . . . . . . . . . . . . . . . . . . 80
thermogravimetric test data for . . . . . . . . . . . . . 495
of titanium aluminum intermetallics . . . . . . . . . 500

Sulfidation data . . . . . . . . . . . . . . . . . . . . . . 173, 174
Sulfidation kinetics . . . . . . . . . . . . . . . . . . . 500, 501
Sulfidation parabolic rate constants . . . . . . . . . 493
Sulfidation resistance . . . . . . . . . . . . . . . . . . . . . . 471
Sulfide fracture toughness . . . . . . . . . . . . . . . 15, 16

Sulfides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492, 493
Sulfide scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246
Sulfide solutions . . . . . . . . . . . . . . . . . . . . . . . . . . 152
Sulfide stress corrosion cracking . . . . . . . . . . . . . 13
Sulfide stress cracking (SSC) . . . . . . 13, 14, 71, 170
Sulfide stress cracking resistance . . . . . . . . . . . . . 16
Sulfide structure toughness . . . . . . . . . . . . . . . . . . 15
Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . 149, 311, 342
Sulfur dioxide (SO2) pollution levels . . . . . . . . . 211
Sulfur dioxide (SO2) . . . . . . . . . . . . . . . . 6, 150, 152
Sulfur dioxide (SO2) classification . . . . . . . . . . . . . 6
Sulfuric acid

cast irons in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
copper and copper alloys, corrosion rate in . . . 144
corrosion of copper alloys in . . . . . . . . . . . . . . . 145
corrosion of hafnium in . . . . . . . . . . . . . . . . . . . 357
corrosion of tantalum and tantalum alloys in . . 337
corrosion rates of alloy 6B in . . . . . . . . . . . . . . 167
low-alloy steels in . . . . . . . . . . . . . . . . . . . . . . . . 24
niobium alloys in . . . . . . . . . . . . . . . . . . . . . . . . 331
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