J&dly aglils 151.0
:|q.n g (.(jquLLD «\uwnidno

WWW. lran mavad com




© 2005 ASM International. All Rights Reserved.
ASM Handbook, Volume 13B, Corrosion: Materials (#06508G)

ASM Handbook®

Volume 13B
Corrosion: Materials

Prepared under the direction of the
ASM International Handbook Committee

Stephen D. Cramer and Bernard S. Covino, Jr., Volume Editors

Charles Moosbrugger, Project Editor
Bonnie R. Sanders, Manager of Production
Madrid Tramble, Senior Production Coordinator
Gayle J. Anton, Editorial Assistant
Jill Kinson, Production Editor
Pattie Pace, Production Coordinator
Kathryn Muldoon, Production Assistant
Scott D. Henry, Senior Product Manager

Editorial Assistance
Elizabeth Marquard
Heather Lampman
Marc Schaefer
Beverly Musgrove
Cindy Karcher
Kathy Dragolich

ASN\

INTERNATIONAL

&

The Materials
Information Society

Materials Park, Ohio 44073-0002
www.asminternational.org

www.iran—-mavad.com

6Jgllio g Slgo wNigo @2 30

www.asminternational.org



© 2005 ASM International. All Rights Reserved. www.asminternational.org
ASM Handbook, Volume 13B, Corrosion: Materials (#06508G)

Copyright © 2005
by
ASM International ™
All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording, or otherwise, without the written permission of the copyright owner.

First printing, November 2005

This book is a collective effort involving hundreds of technical specialists. It brings together a wealth of information from
worldwide sources to help scientists, engineers, and technicians solve current and long-range problems.

Great care is taken in the compilation and production of this Volume, but it should be made clear that NO WARRANTIES,
EXPRESS OR IMPLIED, INCLUDING, WITHOUT LIMITATION, WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE, ARE GIVEN IN CONNECTION WITH THIS PUBLICATION. Although this information is believed to be
accurate by ASM, ASM cannot guarantee that favorable results will be obtained from the use of this publication alone. This publication is
intended for use by persons having technical skill, at their sole discretion and risk. Since the conditions of product or material use are outside
of ASM’s control, ASM assumes no liability or obligation in connection with any use of this information. No claim of any kind, whether as
to products or information in this publication, and whether or not based on negligence, shall be greater in amount than the purchase price of
this product or publication in respect of which damages are claimed. THE REMEDY HEREBY PROVIDED SHALL BE THE
EXCLUSIVE AND SOLE REMEDY OF BUYER, AND IN NO EVENT SHALL EITHER PARTY BE LIABLE FOR SPECIAL,
INDIRECT OR CONSEQUENTIAL DAMAGES WHETHER OR NOT CAUSED BY OR RESULTING FROM THE NEGLIGENCE OF
SUCH PARTY. As with any material, evaluation of the material under end-use conditions prior to specification is essential. Therefore,
specific testing under actual conditions is recommended.

Nothing contained in this book shall be construed as a grant of any right of manufacture, sale, use, or reproduction, in
connection with any method, process, apparatus, product, composition, or system, whether or not covered by letters patent, copyright, or
trademark, and nothing contained in this book shall be construed as a defense against any alleged infringement of letters patent, copyright,
or trademark, or as a defense against liability for such infringement.

Comments, criticisms, and suggestions are invited, and should be forwarded to ASM International.
Library of Congress Cataloging-in-Publication Data
ASM International
ASM Handbook
Includes bibliographical references and indexes
Contents: v.1. Properties and selection—irons, steels, and high-performance alloys—v.2. Properties and selection—nonferrous alloys and
special-purpose materials—[etc.]—v.21. Composites
1. Metals—Handbooks, manuals, etc. 2. Metal-work—Handbooks, manuals, etc. I. ASM International. Handbook Committee.
I1. Metals Handbook.
TA459.M43 1990 620.1'6 90-115
SAN: 204-7586
ISBN: 0-87170-707-1
ASM International®
Materials Park, OH 44073-0002
www.asminternational.org

Printed in the United States of America

Multiple copy reprints of individual articles are available from Technical Department, ASM International.

www.iran—-mavad.com

6Jgllio g Slgo wNigo @2 30



© 2005 ASM International. All Rights Reserved. www.asminternational.org
ASM Handbook, Volume 13B, Corrosion: Materials (#06508G)

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 of materials 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 1987 Metals 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 Systeme 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 x 10%)
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.

iv

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/cm® rather than
kg/m® 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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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 economy was 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—S5 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 edition Metals 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

v

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 Ferrous Metals,” 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 of Metals 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

Global Cost of Corrosion

Corrosion of Copper and Copper Alloys

Corrosion of Specialty Products

Corrosion of Carbon and Alloy Steels, Corrosion of Low Melting
Metals and Alloys

Rajan Bhaskaran
Arthur Cohen
Bernard Covino, Jr.
Stephen Cramer

Paul Crook Corrosion of Cobalt and Cobalt-Base Alloys, Corrosion of
Nickel-Base Alloys
Peter Elliott Gallery of Corrosion Damage

John F. Grubb

Gil Kaufman
Barbara Shaw
David C. Silverman
Richard Sutherlin
Gregory Zhang

Corrosion of Stainless Steels

Corrosion of Aluminum and Aluminum Alloys
Corrosion of Magnesium and Magnesium-Base Alloys
Environmental Performance of Non-Metallic Materials
Corrosion of Reactive and Refractory Metals and Alloys
Corrosion of Zinc and Zinc Alloys

Vi
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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 lron 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
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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:

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

e 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

e 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
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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.



ASM Handbook, Volume 13B: Corrosion: Materials
S.D. Cramer, B.S. Covino, Jr., editors, p5-10
DOI: 10.1361/asmhba0003805

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

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 (MgCl,) in seawater is a prime factor for
water film formation because of its deliquescent
nature. The relative humidity (RH) in equili-
brium with solid MgCl, 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 RH>80%
and the temperature, 7, > 0 °C (32 °F).

Corrosion Film Formation and Break-
down. The corrosion of iron in the atmosphere
proceeds by the formation of hydrated oxides.
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The formation of oxyhydroxides is the principal
anodic process of rusting:

Fe + 2H,0 — FeOOH + 3H™ + 3¢ (anodic)

The group of ferric oxyhydroxides includes
a-FeOOH (goethite), -FeOOH (akaganeite),
and y-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. 3-FeOOH occurs only in chlor-
ide-laden marine and coastal environments
(Ref 4-6). Additionally, amorphous ferric pro-
ducts Fe(OH); and y-Fe,O3 are observed.

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

O, +2H;0 +4e~ — 40H™

The ferric oxyhydroxides are stable in dry
atmospheres. They are, however, readily reduced
to a mixed ferric/ferrous state, most notably to
ferrous ion (Fe? ") and magnetite (Fe;0,4), by an
electrochemical reaction in which ferric hydro-
xides act as an oxidant and the anodic reaction is
oxidation of iron to Fe;O,. 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 SO,, NO,, and
H™ (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 (SO,) 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 SO, ambient concentrations
have decreased 54% from 1983 to 2002 and 39%
over the more recent 10 year period of 1993 to
2002, while SO, emissions decreased 33 and
31%, respectively. Nitrogen compounds, in the
form of NO,, also tend to accelerate atmospheric
attack. Statistics by the EPA showed slower
improvement of NO, compared with SO,. The
average pollutant concentration level in 2002 in
the United States is 0.01 ppm for SO, and
0.02 ppm for NO,. In actual atmospheric corro-
sion data analysis, NO, attracts less attention
because NO, influences corrosion less. In coun-
tries where coal is the major power source, SO,
in the atmosphere is still the key factor affecting
atmospheric corrosion, although the highest cor-
rosion is segregated in industrial areas (Ref 11).

Table 1 ISO corrosivity categories from
first year exposure data

Corrosion rate

Corrosivity category g/m*yr mm/yr mils/yr
Cl 0-10 0-1.3 0-51.2
Cc2 10-200 1.3-25 51.2-985
C3 200400 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, %

NO, —21 —11
SO, —54 -39
Change in emissions, %

NO, —15 —-12
SO, —33 =31

Negative numbers indicate improvement. Source: Ref 11

Atmospheric salinity distinctly accelerates
atmospheric corrosion of steels. The deposited
saline particle enhances surface electrolyte for-
mation, owing to the deliquescence of MgCl,. 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, SO, 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 SO, and salinity
are each divided into four classes of PO to P3 and
SO to S3, respectively (Table 4). The corrosivity
category, ranging from C1 to C5, is assessed by
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2 8
g 1000 1100 §
S L 2
g 500 ls0 ¢
5 3
o L
200 120
100 . L N
10 20 50 100200 5001000
Chloride deposition rate, mg/m2 - d
Fig. 1 Influence of chloride deposition rate on the

corrosion rate of steel. Test data from three
sources. Source: Ref 12
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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 3 ISO wetness classification

Time of wetness
Wetness class h/yr %
Tl <10 <0.1
T2 10-250 0.1-3
T3 250-2600 3-30
T4 2600-5200 30-60
T5 > 5200 >60

Source: Ref 14

Table 4 ISO sulfur dioxide and chloride
classification

Deposition rate, Concentration,
Class mg/m*-d mg/m*
Sulfur dioxide(a)
PO <10 <12
P1 10-35 1240
P2 36-80 41-90
P3 81-200 91-250
Chloride(b)
SO <3
S1 3-60
S2 61-300
S3 >300

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




permeation through rust. Weathering steels
appear most effective in an industrial atmosphere
rich in SO, 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):
AW = Kt" (Eq 1)
where AW is the loss in mass or thickness of
metal due to corrosion, expressed in milligrams
or millimeters, and ¢ 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/, 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
n<l, exist in mild atmospheres. Compared
with carbon steels, weathering steels show very
low n-values—normally, a value less than 1/,.
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 1 and 2 year data have

Table 5 ISO corrosivity category estimation by environmental factors
T1 T2 T3 T4 TS
Chloride
classification(b) S0-S1 S2 S3 S0-Ss1 82 S3 S0-S1 S2 S3 S0-S1 S2 S3  S0-S1 S2 S3
PO, P1 Cl Cl Cl-C2 Cl C2 C3-C4 (C2-C3 C3-C4 C4 C3 C4C5 C3-C4C5C5
P2 Cl1 C1 Cl-C2 Cl1-C2 C2-C3 C3-C4 (C3-C4 C3-C4 C4-C5 C4 C4C5 C4-C5C5C5
P3 Cl-C2 C1-C2 C2 C2 C3 C4 C4 C4-C5 C5 C5 C5C5 G5 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 SO, classifications
S0-S3.
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F|g 3 Corrosion of steels exposed to an industrial atmosphere. Curve 1, unalloyed; curve 2, copper alloyed; curve 3,

weathering steel. Source: Ref 15
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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 pA/cm? 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 uS/cm
(Ref 24). In freshwaters, the corrosion rate

Relative corrosion rate

4 Effect of pH and temperature on the corrosion
rate of carbon steel in soft water. Source: Ref 21

Fig.
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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
(Ca®") and bicarbonate (HCO; ™) ions, calcium
carbonate (CaCOs3) 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
CaCO; deposition is expressed as a function
of Ca2+, HCO;™ concentrations, pH, ionic
strength, and temperature. In freshwater of nor-
mal pH range, bicarbonate ion is predominant
among carbonates. Increases dissolved Ca*"
and HCO; ', which favors CaCOs; deposition
(scaling tendency). An increase in pH accelerates
the dissociation of bicarbonate to carbonate
(CO527), resulting in the enhancement of the
activity of CO5>~. The solubility of CaCOs is
decreased with increasing temperature, indi-
cating that CaCOj; 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.

100 T T T T T 550
90 - - 495
440
385
330
275

220

Corrosion rate, mdd
Corrosion rate, mils/yr

165

110

-1 55

60 65 70 75 80 85
pH

Fig_ 5 Corrosion rate (mdd, milligrams per square

decimeter per day) as a function of pH in hard
water containing high bicarbonate ion. Pitting tendency
is increased at pH values higher than 7.5. Source: Ref 22
and 23

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 1b) of seawater. Salinity is the cor-
responding total amount of salts dissolved in
seawater and is expressed as:

Salinity = 1.80655 x 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.

Flow velocity, ft/s
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Fig. 6 Corrosion rate of carbon steel as a function of
flow velocity in freshwater. Curve 1, distilled

water with 10 ppm chloride; duration, 14 d. Curve 2,
Tokyo city water; duration, 67 d. Source: Ref 24
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High electric conductance of seawater favors
the use of CP. Calcareous films grow on ca-
thodically polarized surface, because seawater
is slightly oversaturated with CaCO;. On the
cathode surface, pH is increased, favoring the
deposition of CaCOs5. While the initial cathodic
current required for steel in stagnant seawater is
150 mA/m? (14 mA/ft%), it can drop to 30 mA/
m? (3 mA/ft?), 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 Q-cm. The low resistivity favors the abil-
ity of macrocell current to flow between portions



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 = ar™ (Eq 2)

where W is either the average mass loss or
maximum pit depth, ¢ 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 (S04> )ion to
sulfide (S27), 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
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the electrode potential of the reinforcing steel (E)
is measured in volts referenced to the copper/
copper sulfate electrode (Vcsg):

o If E> —0.2 Vcsg, there is a 90% probability
of no steel corrosion.

o If —0.2 Vesg>E> —0.35 Vs, corrosion
activity is uncertain.

o If E<—0.35 Vcgg, 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, Q:cm

<700
700-1000
1000-1200
1200-1500
1500-2000
>2000

pH

0-2
2-4
4-6.5
6.5-7.5
7.5-8.5
>8.5

—_

[N SV NN}

WO OO WWm

Redox potential, mV

> 100
50-100
0-50
<0

Sulfides

Positive 35
Trace 2
Negative 0

v A wo
w

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 (CO,) promote attack.
Deaeration is useful in stopping the oxygen
attack, but CO, 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 CO, gas at elevated temperature.
Liberated CO, 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 (H,S),
carbon dioxide (CO,), 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-
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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 (NHj),
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
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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-

Table 1
low-alloy steels

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

Effect of composition on 15.5 year atmospheric corrosion of high-strength

Average reduction in thickness

Selected alloying elements, % Industrial(a) Semirural(b) Moderate marine(c)
Cu Ni Cr Si P um mils um mils um mils
0.01 731 28.8 312 12.3 1320 52
0.04 224 8.8 201 7.9 363 143
0.24 155 6.1 163 6.4 284 11.2
0.008 1 155 6.1 132 52 244 9.6
0.2 1 S 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 35 114 4.5
0.012 0.22 373 14.7 257 10.1 546 21.5
0.22 0.20 o 152 6.0 155 6.1 251 9.9
0.02 0.06 198 7.8 175 6.9 358 14.1
0.21 .. o 0.06 124 4.9 130 5.1 231 9.1
0.01 1 0.62 0.26 0.08 86 34 89 35 130 5.1
0.2 1 0.61 0.17 0.1 58 23 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

Table 2 Corrosion of structural steels in various environments

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

400 16

Structural carbon steel

—1
/

W
o
o

—T

Structural copper steel L

Average loss in thickness, pm
N
o
o

Average loss in thickness, mils

100 4
HSLA steel
0 0
0 5 10 15 20
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Fig. 1 Atmospheric corrosion versus time in a semi-
industrial or industrial environment. HSLA,
high-strength low-alloy. Source: Ref 1

Average reduction in thickness

Structural carbon

Structural copper

steel steel UNS K11510(a) UNS K11430(b) UNS K11630(c) UNS K11576(d)
Time,
Type of atmosphere years um mils wm mils wm mils uwm mils um mils um mils
Industrial (Newark, NJ) 35 84 33 66 2.6 33 1.3 46 1.8 36 1.4 56 2.2
7.5 104 4.1 81 32 38 1.5 53 2.1 43 1.7
15.5 135 53 102 4.0 46 1.8 53 2.1
Semiindustrial (Monroeville, PA) 1.5 56 22 43 1.7 28 1.1 36 1.4 30 1.2 41 1.6
35 94 3.7 64 2.5 30 1.2 53 2.1 36 1.4 61 24
7.5 130 5.1 81 32 36 1.4 61 2.4 43 1.7
15.5 185 73 119 4.7 46 1.8 46 1.8
Semiindustrial (South Bend, PA) 1.5 46 1.8 36 14 25 1.0 33 1.3 25 1.0 38 1.5
35 74 2.9 56 2.2 33 1.3 48 1.9 38 1.5 61 24
7.5 117 4.6 81 32 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 ... . L. .
35 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, 0.5 23 0.9 20 0.8 15 0.6 20 0.8 18 0.7 25 1.0
250 m or 800 ft. from ocean) 1.5 58 23 48 1.9 28 1.1 43 1.7 30 1.2 43 1.7
35 124 49 84 33 46 1.8 64 2.5 48 1.9 56 2.2
7.5 142 5.6 114 4.5 64 25 94 3.7 74 29 L. L.
Severe marine (Kure Beach. NC, 25 m 0.5 183 7.2 109 4.3 56 2.2 97 3.8 28 1.1 18 0.7
or 80 ft. from ocean) 2.0 914 36.0 483 19.0 84 33 310 12.2 .. .. 53 2.1
35 1448 57.0 965 38.0 . . 729 28.7 99 39 99 39
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 AS514 (type B) and A517 (grade B). (d) ASTM A514 (type F) and A517 (grade F). (e) Specimen corroded completely away. Source: Ref 1
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“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-
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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.

Table 3 Corrosion losses for high-strength low-alloy (HSLA) steels and carbon steel exposed

to various atmospheres in chemical plants

Average reduction in thickness

A242 type 1 AS588 grade A

Exposure Carbon steel HSLA steel HSLA steel

period,

Type of plant Atmospheric constituents months wm mils um mils wm mils
Elastomers Chlorine and sulfur 6 33 1.3 20 0.8 23 0.9
compounds 16 81 32 46 1.8 46 1.8
24 122 4.8 51 2.0 48 1.9
Chlor-alkali Moisture, lime, and 6 69 2.7 30 1.2 33 1.3
soda ash 12 119 4.7 43 1.7 46 1.8
24 211 8.3 53 2.1 48 1.9
Chlor-alkali Moisture, chlorides, 6 104 4.1 61 2.4 69 2.7
and lime 12 244 9.6 81 32 929 39
24 478 18.8 145 5.7 188 7.4
Sulfur Chlorides, sulfur, and 6 394 15.5 188 74 239 9.4
sulfur compounds 12 660 26.0 277 10.9 470 18.5
24 1100 433 518 20.4 823 324
Petrochemical Chlorides, hydrogen 6 51 2.0 23 0.9 30 1.2
sulfide, and sulfur 12 76 3.0 30 1.2 41 1.6
dioxide 24 86 34 30 1.2 48 1.9
Sulfuric acid Sulfuric acid fumes 6 84 33 46 1.8 48 1.9
12 114 4.5 53 2.1 56 22
24 226 8.9 76 3.0 84 33
Chlorinated Chlorine compounds 6 137 5.4 46 1.8 46 1.8
hydrocarbons 12 272 10.7 56 2.2 56 22
24 1120 44.1 104 4.1 117 4.6
Petrochemical Ammonia and 6 38 1.5 25 1.0 28 1.1
ammonium acetate 12 58 23 33 13 48 1.9
fumes 24 86 34 43 1.7 74 29
Detergent Alkalis and organic 6 20 0.8 15 0.6 15 0.6
compounds 12 33 13 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 32 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 6 312 12.3 147 5.8 180 7.1
acid fumes 12 640 252 345 13.6 396 15.6
24 1265 49.8 640 252 803 31.6

Source: Ref 2
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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 H,S levels ranging from 28 to 46%
concentration, temperatures to 200 °C (390 °F),
along with pressures to 140 MPa (20 ksi). Also,
H>S is often found in combination with chloride-
containing brines and CO,, 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 H,S can still result in the embrittle-
ment of high-strength steels. The SSC phenom-
enon (Fig. 2) depends on H,S 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

Sulfide stress corrosion cracking in a low-alloy
steel. Original magnification 100 x

Fig. 2
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measuring a critical stress, S., 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
Ac; temperature for molybdenum-niobium
modified 4130 steels containing two levels of
silicon (Ac; is the temperature at which mar-
tensite begins to transform to austenite) (Ref 5).
Water quenching from above the Ac; 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).

Yield strength, ksi

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 CO, source wells, that is, those
having large quantities of CO,-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 CO, and water are present. The
presence of chlorides, H,S, and elevated tem-
perature adds to the aggressiveness of the
environment.

Figure 9 illustrates the complexities of corro-
sion in CO, environments (Ref 7). In Fig. 9(a),
the effects of increasing CO, 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 CO,
concentration, but the higher-alloy materials
show little or no dependence on CO, level. As
chromium content increases, corrosion resis-
tance improves at a given CO, 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 CO, level (Fig. 9c¢).
Anincrease 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 H,S is present
in CO,-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 CO,-brine-H,S 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 (CH,4). Because CH, 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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200 f T T s 60 100 140
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Flg' 3 Effect of temperature on sulfide stress cracking (SSC) of high-strength
steels identified by American Petroleum Institute and proprietary designations. F|g 4 Effect of H,S concentration on sulfide stress cracking (SSC) of high-strength

N, normalized; N & T, normalized and tempered; Q & T, quenched and tempered.

Source: Ref 3

steels identified by American Petroleum Institute and proprietary designations.

See Fig. 3 for definitions. Source: Ref 3
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Fig. 5 Effect of yield strength on the critical stress, S, and sulfide fracture toughness, Kissc, of molybdenum-niobium
modified 4135 steel cooled from the austenitizing temperature at different rates to produce a wide range of
martensite contents and then tempered. W.Q. (O.D.), externally water quenched. (a) Bent-beam test. (b) Double-cantilever

beam test (without salt). See Table 4 for steel compositions. Source: Ref 5

Table 4 Chemical compositions of the molybdenum-niobium modified 4130/4135 test
steels discussed in Fig. 5 to 7

Composition, wt%

Steel code 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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Fig. 6 Effect of temperature of a 1 h temper on the

critical stress, S., and sulfide fracture tough-
ness, Kissc, of molybdenum-niobium modified 4130 steels.
(a) Bent-beam test. (b) Double-cantilever beam test. See
Table 4 for steel compositions. Source: Ref 5

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 o0il 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
H,S is present in oil and gas. This type of
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Fig. 7 Effect of tempering temperature on sulfide fracture toughness, Kissc, of molybdenum-niobium modified 4130
steels A-14 and A-15. See Table 4 for steel compositions. Source: Ref 5
embrittlement, known as hydrogen-induced 3
. . 10
cracking (HIC), results from the accumulation 3
. L (25.4 xX10°)
of hydrogen at internal surfaces within the
steel.' Interfaces at nonmetallic inclugions a'nd = 100 | o, 4130 L —0
at microstructure constituents that differ sig- s (2540)
nificantly from the surrounding matrix are pos- g YT |
sible locations for accumulation. Martensite s 10 ]
islands in a ferrite-pearlite matrix would be 2 (254)
typical. Microcracks that form at these inter- i 8Cr-1.5 B:I
faces grow in a stepwise fashion toward the ® 119 $“:I:"r-1Mo
surface of the pipe, with the result being failure s (25.4) O\\L\
(Fig. 13). g 410
Very few failures due to HIC have been ‘8 0.1 | N,
reported. However, they can be catastrophic, (2.54) K-SOO//A
and considerable investigative work has been 0.01
done to understand the nature of the problem (0.254)

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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F|g 8 Effects of molybdenum and manganese content

on the sulfide stress cracking resistance of Mn-
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400 mm (16 in.) section thickness; closed symbols are
250 mm (10 in.). Source: Ref 6
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Effect of partial pressure of CO, on the corrosion rates of various alloy steels. (a) 0% chlorides at 65 °C (150 °F).
(b) 0% chlorides at 175 °C (350 °F). (c) 15.2% chlorides at 65 °C (150 °F). (d) 15.2% chlorides at 175 °C



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

Table 5 Corrosion rate data for alloys
exposed to seawater solutions at 175 °C
(350 °F) with and without H,S

Corrosion rates

1.93% CI-, 1.92% CI-,
690 kPa (100 psig) 690 kPa (100 psig)
CO3, no H,S CO,, 0.1% H,S
Material wm/yr mils/yr wm/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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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

2200 T T T
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F|g 10 Delayed-failure characteristics of unnotched specimens of SAE 4340 steel during cathodic charging
with hydrogen under standardized conditions. Electrolyte: 4% H,SO, in water. Poison: 5 drops/liter of
cathodic poison composed of 2 g phosphorus dissolved in 40 mL CS,. Current density: 1.2 mA/cm? (8 mA/in.? ).

Source: Ref 8
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alkali sulfates. These alkali sulfates, along with
sulfur trioxide (SO;), 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

Average maximum pit depth after 13-year exposure

Inorganic oxidizing

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

Inorganic reducing
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| Compositions, for steel numbers 1
Element 1 2 3 4 5 6 7 8 9 10
Chromium 0.049 0.02 0.02 1.02 2.01 5.02 4.67 5.76
Nickel 0.034 0.15 0.14 0.52 1.96 0.22 0.07 0.09 0.09 0.17
Copper 0.052 0.45 0.54 0.95 1.01 0.428 0.004 0.008 0.004 0.004
Molybdenum 0.07 0.13 0.57 0.51 0.43

Fig 12(Q) Effect of composition on corrosion of low-alloy ferrous materials in various disturbed (backfilled) soils. Environmental data are given in Fig. 12(b).
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Average maximum pit depth after 13-year exposure
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Flg. 12(b) Effect of composition on corrosion of low-alloy ferrous materials in various disturbed (backfilled) soils. Compositions are given in Fig. 12(a).
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500 um

F|g 13 Hydrogen-induced cracking in a linepipe
steel. Original magnification 30 x

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,
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F|g 14 Effectof alloying on corrosion rate of T-9 (UNS
$50400; 8.0-10.0Cr, 0.90-1.10Mo), T-22

(UNS K21590; 1.9-2.6Cr, 0.87-1.13Mo), and type 321

(UNS S32100; 17-19Cr, 9-12Ni) steels. Source: Ref 9

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
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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
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F|g 15 Weight loss versus temperature data for corrosion probes made of alloy steels (T-1, T-11, T-22) and type 321

stainless steel. Source: Ref 10

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 Fe;O,4 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:

o 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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F|g 16 Corrosion profile of steel piling after 5 years
of exposure in seawater at Kure Beach, NC.
Source: Ref 11

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

Factor in
seawater

Chloride ion

Effect on iron and steel

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

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.

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

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.

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.

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

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

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.

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

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.

Electrical
conductivity

Oxygen

Velocity

Temperature

Biofouling

Stress

Pollution

Silt and
suspended
sediment

Film formation

Source: Ref 11




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

e 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

o Submerged zome: The portion of the
structure from approximately 0.3 to 1 m
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(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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F|g 17 Effect of alloying additions on the corrosion of steel in a marine atmosphere at Kure Beach, NC (90-month exposure). (a) Effect of copper (100x 150 mm, or 4x6 in.,

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

specimen). (b) Effect of nickel (100x 150 mm, or 4x6 in., specimen). (c) Effect of chromium (75 x 150 mm, or 3 X6 in., specimen). Source: Ref 14

Composition, %

Approximate total Weight loss(a),
Group Description C Mn Si S P Ni Cu Cr Mo alloy content, % mg/dm?*
1 High-purity iron plus 0.020 0.020 0.003 0.03 0.006 0.05 0.020 o .
copper 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
11 Low-phosphorus steel 0.040 0.39 0.005 0.02 0.007 0.004 1.03 0.06 1.5 17.3
plus copper
1T High-phosphorus steel 0.09 0.43 0.005 0.03 0.058 0.24 0.36 0.06 1.2 16.9
plus copper 0.095 0.41 0.007 0.05 0.104 0.002 0.51 0.02 1.0 16.5
v High-manganese and 0.17 0.67 0.23 0.03 0.012 0.05 0.29 0.14 1.4 16.6
-silicon steels plus
copper
\Y% Copper steel plus 0.072 0.27 0.83 0.02 0.140 0.03 0.46 1.19 2.9 6.3
chromium and
silicon
VI Copper steel plus 0.17 0.89 0.05 0.03 0.075 0.16 0.47 0.28 1.9 11.8
molybdenum
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 0.016 323 0.07 3.9 9.2
0.17 0.58 0.26 0.01 0.007 4.98 0.09 . 59 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 0.13 0.45 0.23 0.03 0.017 1.18 0.04 0.65 0.01 2.6 10.5
chromium
IX Nickel steel plus 0.16 0.53 0.25 0.01 0.013 1.84 0.03 0.09 0.24 3.0 9.8
molybdenum
X Nickel steel plus 0.10 0.59 0.49 0.01 0.013 1.02 0.09 1.01 0.21 34 6.5
chromium and 0.08 0.57 0.33 0.01 0.015 1.34 0.19 0.74 0.25 34 7.6
molybdenum
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 32 10.0
XII Nickel-copper steel 0.11 0.65 0.13 0.02 0.086 0.29 0.57 0.66 24 10.5
plus chromium 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 . 24 9.1
XII Nickel-copper steel 0.03 0.16 0.01 0.03 0.009 0.29 0.53 ... 0.08 1.1 18.2
plus molybdenum 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/dm?/15.5 years = 0.32 mil/yr. Source: Ref 13
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Fig_ 18 Comparative corrosion performance of constructional steels exposed to moderate marine atmosphere at Kure

Beach, NC. Source: Ref 19

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
SO, 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 um (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
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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 um/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



differ considerably because of solution compo-
sition, solute concentration, agitation, aeration,
temperature, and purity of the metals, as well as
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corrosion product formation and biological
growth, each of which can result in a different

galvanic

series.
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T Composition, % 1
Steel C Mn P S Si Cu Ni Cr
A(a) 0.09 0.24 0.15 0.024 0.80 0.43 0.05 1.1
M(a) 0.06 0.48 0.11 0.030 0.54 0.41 0.51 1.0
F(a) 0.05 0.36 0.05 0.016 0.008 1.1 2.0 0.01
N(a) 0.11 0.55 0.08 0.026 0.06 0.55 0.28 0.31
O(a) 0.16 1.4 0.013 0.021 0.18 0.30 0.50 0.03
P(a) 0.23 1.5 0.018 0.021 0.19 0.29 0.04 0.08
J(b) 0.19 0.52 0.008 0.039 0.01 0.29 0.05 0.05
L(b) 0.16 0.42 0.013 0.021 0.01 0.02 0.02 0.01

(a) High-strength low-alloy steels. (b) Structural carbon and structural copper steels

Flg 19 Effect of exposure time on corrosion of steels in marine atmosphere at Kure Beach, NC. Source: Ref 17

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

Table8 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 wm mils um mils um mils um mils um mils wm mils wm 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 35 1219 48 102 4 229 9 229 9 178 7 152 6 559 22
14 4.5 25 1 25 1 51 2 25 1 51 2 25 1 51 2
1.7 55 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

23 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
29 9.5 1321 52 965 38 1041 41 1245 49 1245 49 1092 43 813 32
32 10.5 1346 53 1219 48 1016 40 1245 49 1067 42 1041 41 813 32
35 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
44 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
53 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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Flg. 20 Comparison of corrosion results for two steels in marine environments. Source: Ref 18

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

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

Corrosion rate

Composition, % 8 years 16 years

Steel Type (o} Mn P S Si Cr Ni Cu Mo um/yr mils/yr um/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 S
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 35
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 53 122 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 55 127 5.0

Source: Ref 20
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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

Penetration
Mean tide(a) 4.25 m (14 ft) below surface(a)
1 2 3 2 3
Steel Type nwm mils um mils um mils Ratio(b) um mils um mils nwm mils Ratio(b)
A Low carbon 589 232 1016 40 1651 65 1.7 648 255 1676 66 2184 86 2.6
D Copper bearing 615 242 1143 45 1600 63 1.9 704 27.7 1600 63 2743 108 23
E Nickel (2%) 582 229 991 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 32 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
1 Low alloy (Cu-Ni) 1008 39.7 1778 70 3404 134 1.8 671 264 2083 82 3861 152 32
J Low alloy (Cu-Cr-Si) 536 21.1 1194 47 1372 54 22 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 22
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
Weight loss (mg/mz/d) for area ratio(a) of
1:1 8:1 1:8

Specimen 1 Couple specimen 2 1 2 1 2 1 2
Carbon steel Carbon steel 55 S o . o .
Carbon steel ASTM A242(b) 8.2 2 6.7 2.7 17 32
Carbon steel Type 410 stainless steel 13 0.03 7.0 47 0.04
ASTM A242(b) ASTM A242(b) 45 . . . . .
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

A4

A242 H-pile
low-alloy steel
(cathode)
Weld -
L~

Mud line

Pitting occurs where current
leaves the anode to enter the
electrolyte

steel pipe brace
(anode)

A242 H-pile

Flg. 271 Example of a carbon steel/alloy steel galvanic couple. Source: Ref 21
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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% H,O
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 12 High-strength alloy steels used for ship and submarine structural applications

Composition, %

Steel C Mn S P Si Ni Mo Cu Other (max)
HY-80 0.12-0.18 0.10-0.40 0.020(max) 0.020(max) 0.15-0.35 2.00-3.25 1.0-1.80  0.20-0.60 0.25 0.02Ti, 0.03V, 0.025Al,
0.025Sb, 0.030Sn
HY-100 0.12-0.18 0.10-0.40 0.020(max) 0.020(max) 0.15-0.35 2.25-3.50 1.0-1.80  0.20-0.60 0.25 0.02Ti, 0.03V, 0.025Al,
0.025Sb, 0.030Sn
HY-130 0.12(max) 0.60-0.90 0.015(max) 0.010(max) 0.15-0.35 4.75-5.25 0.4-0.7 0.30-0.65 0.25 0.02Ti, 0.05-0.10V
HY-180 0.12-0.15 0.30(max) 0.30(max) 0.010(max) o 10.0 2.0 1.0 o
ASTM A 710 0.035 0.44 0.015 0.010 0.28 0.89 0.68 0.21 1.16 0.045NB
grade A(a)
(a) Typical value. Data supplied by David Taylor. A Naval Ship Research and Development Center
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Fig 22 Corrosion results for ASTM A710 and other steels exposed to (a) low-velocity (0.5 m/s, or 1.6 ft/s) seawater and (b) quiet (still) seawater. Source: Ref 22
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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 S Si Cu Ni Cr Mo A\ Other
A242 Type 1 0.15 100 0.15  0.05 . 0.20(a) - o o
A 588 B 020 075-135 004 005 015050 020-040  0.50 0.40-0.70 0.01-0.10
A 709 50w 023 135 004 005 015050 020-040 0.0 0.40-0.70 . 0.01-0.10 o
A 709 HPS 50W and 011  LI10-135 0020 0006 030-050 025040 0.25-040 045-0.70  0.02-0.08  0.04-0.08  0.010-0.040 AL 0.015N
HPS 70W(b)
A 709 HPS 100W(b) 008 095-1.50 0015 0006 0.15-035 090-120 0.65-090 040-0.65 0.40-0.65 0.04-0.08  0.01-0.03 Nb; 0.020-

See the relevant specification for complete details. Single values are maximum unless noted. (a) Minimum. (b) HPS, high-performance steel

0.050 Al; 0.015 N
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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 = K¢", where W is the
mass loss (or thickness reduction) of metal due to
corrosion, ¢ 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:

e 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.

e 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

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

different atmospheres

Composition, wt%

Thickness reduction

Kure Beach, NC, 250 m

Kearny, NJ (industrial) (800 ft) lot (moderate marine)

Specimen Cu Ni Cr Si P wm mils um 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 S 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 2.6 929 39
13 0.21 o 1.2 0.62 0.11 48 1.9 84 33
14 0.2 1 0.16 0.11 84 33 145 5.7
15 0.18 1 1.3 0.09 48 1.9 97 3.8
16 0.22 1 13 0.46 .. 48 1.9 94 3.7
17 0.21 1 1.2 0.48 0.06 48 1.9 84 33
18 0.21 1 1.2 0.18 0.10 48 1.9 97 3.8

Source: Ref 9
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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

7..._
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F|g. 1 Histogram of calculated corrosion indexes

of weathering steel heats from the early
21st century
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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 Fe;0,4
Hematite a-Fe,O3
Maghemite v-Fe,03
Goethite a-FeO(OH)
Lepidocrocite v-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 pum (0.4 to 0.8 mil) thick. The mill
scale is predominantly wustite (FeO) and mag-
netite (Fe;0,4) with some quantity of hematite
(0-Fe,03). 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 [y-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 Fe*"
and/or Fe’™ jons become available to pre-
cipitate on drying as a stable oxide or hydroxide
corrosion product. Lepidocrocite [y-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 cm?® - 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
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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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F|g 2 Surface removal due to corrosion of ASTM

A 588 grade B weathering steel at two inland
sites and two sites close to the seashore. Salt deposits on the
weathering steel at the seaside locations caused sig-
nificantly higher corrosion rates.



Fig. 3

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

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

F|g 5 Typical hanger pin assembly with bronze
washer

-

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

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.

F|g 6 View of blast-cleaned assembly showing effects
of corrosion due to crevice attack and gal-
vanic activity
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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

F|g 7 Distortion caused by packout rust formation
because excessive spacing between bolts per-
mitted entry of moisture into joint
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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

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

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

Fig. 10 Formation of lamellar rust due to moisture
wicking upward from beneath concrete pad.
The buried portion must be painted.

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

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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F|g 12 Clad columns with less than 18-gage cover,
resulting in oil canning

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

Fig. 13 Protection offered by anodized aluminum
channel to retain and divert dew con-
densate drippage

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
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{

Fig. 14 Use of stiff rubberized sheeting beneath beam
to divert drainage beyond stone wall

structure can maintain a dry state, except for the
usual periods of rain and snow.
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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
S, 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 wm (120 pin.), and not resolvable under a
light microscope. A typical microstructure of a
galvanized coating produced from a high-
aluminum melt (Al >0.15%) 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
Coating, 1 side
Process Coating type Composition, % Weight, g/m> Thickness, pm Characteristics Typical applications
Electrolytic Zinc Pure Zn 20-100 3-14 Sacrificial coating, good corrosion Autobody panels, appliance housings
resistance
Zinc-iron 11-20 Fe 30-50 4-7 Good corrosion resistance, excellent spot Autobody panels
weldability and paintability
Zinc-nickel 9-13 Ni 20-50 3-7 Superior corrosion protection with thin Autobody panels
coatings
Hot-dip Zinc Zn(a) 42-550 6-78 Sacrificial coating, good corrosion Automotive, metal building, construction,
resistance and appliances
Zinc-iron (galvanneal) 7-14 Fe 30-90 4-13 Good corrosion resistance, excellent spot  Autobody panels, floor pans, wheel house
weldability and paintability liners, rails, and cross-members
Zinc-aluminum 4-7 Al 45-350 6-48 Superior corrosion resistance and Metal building roofing and siding, fence
paintability similar to zinc posts, appliances, and automotive
Aluminum-zinc Zinc-55Al1-1.6Si 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 Metal building, appliance and automotive
temperatures exhaust parts
Aluminum, type II 0.5Si-2.5Fe 100-150 30-48 Excellent resistance to atmospheric Metal building and construction
corrosion
Terne Pb-Sn 40-170 3-15 Barrier protection Automotive fuel tanks, radiator parts,

(a) Commercially pure

tubing
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Flg 1 Typical coating microstructure for prolonged immersion of carbon steel in prime western zinc at 450 °C
842
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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.

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

P
10 um

3 Typical microstructure of hot-dip galvanized

coatings produced from a high aluminum
(>0.15% Al) melt. Courtesy of Phil Fekula, Metal Steel
USA.

Fig.

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
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radiant-heat annealing furnace with a leaner
hydrogen-nitrogen reducing atmosphere (5-10%
H,); 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/m*/yr
(0.36 oz/ft*/yr), or by thickness loss, 15.4 um/yr
(0.61 mil/yr). In distilled water the losses are
986 g/m*/yr (3.22 oz/ft*/yr) or 138 um/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/m*/yr
(0.59 oz/ft*/yr) or 1 mil/yr (25.4 um/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 (0z/ft>) by the



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/m*/yr (0.04 oz/ft*/yr) in a rural atmosphere,
to 104 g/m*yr (0.34 oz/ft*/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/m? (0.55 oz/ft%). All test
panels were 100 by 150 mm (4 X6 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
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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= kt" (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 (R?
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. Ithasbeen 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 (<0.01% Pb), the
300
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Fig. 5 Predictive equations for galvanized steel, based

on 5 years of exposure

Table 2 Atmospheric-corrosion rates of zinc-coated wire

Average corrosion rate

Type of
Test site atmosphere g/m’/yr oz/ft/yr mil/yr wm/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 25
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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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 | 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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aqueous environments containing C1 = or SO3 ™~ ,
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
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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
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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 Il aluminized steel based on 5 year exposure data

Ten year corrosion loss

Hot-dip galvanized

Type I aluminized Type II aluminized

Test site g/m2 mils g/m2 mils wm g/m2 mils wm
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 41.0 252 0.33 8.4 10.5 0.13 33
Kure Beach, NC (240 m, 800 ft, 103.3 0.57 14.6 17.8 0.23 5.9 11.6 0.14 3.6

lot—marine)

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

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 um (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

Table 4 Durability of coated sheet steels

Years to first rust

Environment Zn Zn-4%Al Zn-7%Al 55%Al-Zn
Severe marine 4 9 9 15
24 m (80 ft)
Kure Beach, NC
Moderate marine 16 15 14 >30
240 m (800 ft)
Kure Beach, NC
Rural Saylorsburg, 14 14 14 >30
PA
Industrial 10 10 9 >30

Bethlehem, PA
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 NO, 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
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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.

o 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.

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

e FEdges: 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.



Table 1 Brief history of organic coating
systems for bridges in Japan
Year of
construction Name of bridge Coating system
Before All bridges Oil-type anticorrosion
1960 paint
1961 Wakato Ohashi Shop primer
Bridge Oil-type anticorrosive
paint (in fabrication)
Alkyd paint (on site)
1970 Sakai Suidou Ohashi ~ Zinc-rich primer
Bridge Chlorinated rubber
paint
1971 Kanmon Ohashi Zinc metal spray
Bridge Phenol MIO paint(a)
Chlorinated rubber
paint
1974 Minato Ohashi Bridge Oil-type anticorrosion
paint
Phenol MIO paint
Chlorinated rubber
1983 Innoshima Ohashi Zinc-rich paint
Bridge Epoxy paint
Polyurethane paint
1985 Ohnaruto Hashi Zinc-rich paint
Bridge 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

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 1960s. 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-
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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.
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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 BCDETFG 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 3170400 L
Silicone alkyd 2 3 2 2 2 1 2 216(420) H
Vinyl-alkyd 2 2 1 2 2 3 31703400 M
Straight epoxy 1 2 1 1 1 4 4 204(400) H
Epoxy-ester 2 2 1 2 1 4 4 204400 M
Organosol 2 1 1 1 1 2 31773350 L
Plastisol 311 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 2 1 1 1 1 1 1 232(450) H
fluoride
Solution vinyl 2 1 1 2 1 2 3 1503000 M

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.

www.iran—-mavad.com

5Ja9lo 9 Slgo (puwdigo @2 4o

ACKNOWLEDGMENT

This article has been adapted from the article
by James H. Bryson, Organic Coated Steels,
Corrosion, Vol 13, ASM Handbook, ASM
International, 1987, p. 528-530.

REFERENCES

1. N. Ishida, T. Fujii, and S. Emi, The 13th
Asian-Pacific Corrosion Control Conference,
Japan Society of Corrosion Engineering,
2003

2. J.E.O. Mayne, Research, Vol 6, 1952, p 278

3. K.A. Chandler and D.A. Bayliss, Corrosion
Protection of Steel Structures, Elsevier, 1985,
p 84

4. W. Funke, Ind. Eng. Chem., Prod. Res. Dev.,
Vol 17, 1978, p 50

5. C.C. Maitland and J.E.O. Mayne, Off. Digest,
Vol 34, 1962, p 972

6. H. Tanabe, T. Shinohara, and Y. Sato, Bosh-
oku Gijutsu (Corros. Eng.), Vol 29, 1980,
p 290-296

7. “Paints and Varnishes—Corrosion Protection
of Steel Structures by Protective Paint Sys-
tems,” ISO 12944, International Organization
for Standardization, 1998

8. M. Nagai, H. Matuno, H. Tanabe, and M.
Kano, Proceedings of the Symposium on
Advances in Corrosion Protection by Organic
Coatings, Corrosion and Protection Centre,
University of Manchester Institute of Science
and Technology, 1944

9. S. Munekata, Prog. Org. Coatings, Vol 16,
1988, p 113-134

SELECTED REFERENCES

e Y. Sato, Bousei Boushoku Tosou Gijutu
(Protective Coating Technology), Kougaku
Tosho, 1981

e D. Scantlebury, Proceedings of the Advances
in Corrosion Protection by Organic Coatings,
Corrosion and Protection Centre, University
of Manchester Institute of Science and Tech-
nology, 1993

e L. M. Smith, Generic Coating Types, SSPC:
The Society for Protective Coatings, 1996



ASM Handbook, Volume 13B: Corrosion: Materials
S.D. Cramer, B.S. Covino, Jr., editors, p43-50
DOI: 10.1361/asmhba0003810

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

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 (Fe;C, or cementite). It is very
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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

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

Type of cast iron Carbon form and shape

White cast iron
Malleable cast
iron
Gray cast iron
Ductile cast iron
Compacted
graphite
cast iron

Iron carbide compound
Irregularly shaped nodules of graphite

Graphite flakes

Spherical graphite nodules

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 (H,SO,4), and hydro-
chloric (HCI) 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 (HCI). 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
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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

Table 2 ASTM standards that include
unalloyed cast irons

Standard Materials/products covered

A 47 Ferritic malleable iron castings

A48 Gray iron castings

A74 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




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 (H,SO,)
and phosphoric (H3PO,4) acids at slightly ele-
vated temperatures, hydrochloric acid at room
temperature, and organic acids such as acetic
(CH5COOH), 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 (HNOsj). 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

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

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 H,SO,, HNO;, HCI, CH;COOH,
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 (H,SO3), 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
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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
(SbCl), 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 5 Relative fretting resistance of cast iron

Poor

Average

Good

Aluminum on cast iron
Magnesium on cast iron
Cast iron on chrome plate
Laminated plastic on cast iron
Bakelite on cast iron
Cast iron on tin plate
Cast iron on cast iron with coating
of shellac
surface

Source: Ref 3

Cast iron on cast iron

Copper on cast iron

Brass on cast iron

Zinc on cast iron

Cast iron on silver plate

Cast iron on copper plate

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

Cast iron on cast iron with
phosphate coating

Cast iron on cast iron with
coating of rubber cement

Cast iron on cast iron with
coating of tungsten sulfide

Cast iron on cast iron with rubber
gasket

Cast iron on cast iron with
Molykote lubricant

Cast iron on stainless with
Molykoke lubricant
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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
(NH4NO3y), 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):

e Sodium hydroxide (NaOH)

e Sodium hydroxide-sodium silicate (NaOH-
Na,Si0,)

Calcium nitrate (Ca(NO3),)
Ammonium nitrate (NH;NO3)
Sodium nitrate (NaNOs3)
Mercuric nitrate (Hg(NO3),)
Mixed acids (H,SO4-HNO3)
Hydrogen cyanide (HCN)
Seawater

Acidic hydrogen sulfide (H,S)
Molten sodium-lead alloys
Acid chloride

Oleum (fuming H,SOy)

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
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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 H,SO, applications. Use of
unalloyed and low-alloyed cast iron is limited to
low-velocity, low-temperature concentrated
(>70%) H,SO, service. Unalloyed cast iron is
rarely used in dilute or intermediate concentra-
tions, because corrosion rates are substantial. In
concentrated H,SO4 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% H,SOy,.

High-nickel austenitic cast irons exhibit
acceptable corrosion resistance in room-tem-
perature and slightly elevated-temperature
H,SO, service. As shown in Fig. 3, their per-
formance is adequate over the entire range of
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F|g 3 Corrosion of high-nickel austenitic cast iron in

H,SO, as a function of acid concentration and
temperature. Source: Ref 6



H,SO, 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 H,SO,. This material has good
corrosion resistance to the entire H,SO,4 con-
centration range at temperatures to boiling
(Fig. 4). Rapid attack occurs at concentrations
over 100% and in service containing free sulfur
trioxide (SOs). High-silicon cast irons are rela-
tively slow to passivate in H,SO, 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 HNOs. The use of unalloyed cast iron in
HNOg3 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 HNO; but cannot be economically justified for
this service.

High-chromium cast irons with chromium
contents over 20% give excellent resistance to
HNO;, 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 HNOs. 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 H,SO,, sulfates, and nitrates. Con-
tamination of HNO; 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 HCIl. Unalloyed cast iron
is unsuitable for any HCI 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
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metallic salts, result in rapid destructive attack of
unalloyed cast irons, even in very dilute HCI
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 HCI services.

High-silicon cast irons offer the best resis-
tance to HCI of any cast iron. When alloyed with
4 to 5% Cr, high-silicon cast iron is suitable for
all concentrations of HCI 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 (Fe’t) 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 HSOy, 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 H3POyservice, but the presence of
contaminants must be carefully evaluated before
selecting a material. Unalloyed cast iron finds
little use in H;PO,4, with the exception of con-
centrated acids. Even in concentrated acids, use
may be severely limited by the presence of
fluorides, chlorides, or H,SO,.

High-nickel cast irons find some application in
H3PO, at and slightly above room temperature.
These cast irons can be used over the entire
H;PO, 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 H3PO,4 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-
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excellent resistance at all concentrations and
temperatures for pure acid. The presence of
fluoride ions (F 7) in H3PO, 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 CH3;COOH, oleic acid, and stearic
acid. High-chromium cast irons are adequate for
CH3;COOH 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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hydroxide (NaOH), potassium hydroxide
(KOH), sodium silicate (Na,SiOs), 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 (SO,) 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 (CaCOs3)
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
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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 (FeCls), cupric chloride (CuCl,), 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 FeCl;, 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 CI, 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



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 H,SO; and H,SO,.
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.

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

Liquid metal melting

Resistance of gray cast iron(a)

Liquid metal point, °C 300 °C (570 °F) 600 °C (1110 °F)
Mercury —38.8 Unknown Unknown

Sodium, potassium, and mixtures —12.3t097.9 Limited Poor

Gallium 29.8 Unknown Unknown
Bismuth-lead-tin 97 Good Unknown

Bismuth-lead 125 Unknown Unknown

Tin 3219 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. <0.025 mm/yr (< 1.0 mil/yr); Limited, short-time use only, 0.025-0.25 mm/yr (1.0-10 mils/yr); Poor, no
structural possibilities, >0.25 mm/yr (> 10 mils/yr); Unknown, no data for these temperatures. Source: Ref 9
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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 (H,CrO4) 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:

e Concentration of solution components in
weight percent

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

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

Aluminum, chromium, nickel-
phosphorus, zinc, nitrogen, carbon

Flame spraying

Diffusion coating
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e Dissolved contaminants, even at parts per
million levels
e pH of solution

e Solution temperature, potential temper-
ature extremes, and rate of change of tem-
perature

e Degree of solution aeration

e Percent and type of solids suspended in the
solution

e Duty cycle, continuous or
operation or exposure

e Potential for upset conditions, for example,
temperature and concentration excursions

o Unusual conditions, such as high solution
velocity or vacuum

o Materials present in the system and the
potential for galvanic corrosion

intermittent

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:

e The principal corrosive agents and their con-
centrations

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

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

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

e Continuous or intermittent operation

e 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 (H,SOy).

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 (I/; 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
Composition(a), %
Cast steel Ni Cu Mn Cr v C Mo P S Si Other
Carbon, grade A 0.10 013 061 021 003 014 wace 0016 0026 041
Nickel-chromium- ~ 0.56  0.13 080 060 004 026 0.I5 0.44
molybdenum

INi-1.7Mn 108 008 170 008 004 027 002 0023 042

2% Ni 226 012 077 019 003 017 tace 0017 0021  0.65

Carbon, grade B 003 003 065 010 004 025 0011 0021 051

1% Cu 004 094 08 011 007 028 0.42
1.36Mn-0.09V 0.01 015 136 008 009 037 0.031 0038 034

1.42% Mn 0.01 013 142 016 004 037 0027 0022 038
1.5Mn-0.05Ti 0.01 0.1 148 004 003 033 0016 0025 040 0.05Ti

(a) All compositions contain balance of iron. Source: Ref 1
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Corrosion rate, mils/yr
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8 ™ |
1.36Mn-0.09V
1.42% Mn
1.48Mn-0.05Ti —T—'
0 0.025 0.05 0.075 0.1
Corrosion rate, mm/yr
F|g 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

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:

o 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.

o 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.

e 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.

e 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).

o Increasing the nickel and the chromium con-
tents of cast steel increases the corrosion
resistance in all three of the atmospheric
environments.

Corrosion rate, mils/yr

0 1.0 2.0 3.0
Carbon, grade A I|Exposure
0.56Ni- O 1 year
0.6Cr-0.15Mo 3 years
1.08Ni-1.7Mn W 7 years
(0]
el .
© 2.26% Ni g
o
E Carbon, grade B §
2]
17 0.94% Cu g
©
(6]
1.36Mn-0.9V
1.42% Mn
1.48Mn-0.05Ti
0 0.025 0.05 0.075

Corrosion rate, mm/yr
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

Corrosion rate, mils/yr

0 1.0 2.0 3.0
[ 1 I
1.48Mn-0.05Ti @
Carbon, grade B 2
2.26% Ni Y
3 O Unmachined
g 1.48Mn-0.05Ti @ Machined
E Carbon, grade B 240-m site
[}
‘@ 2.26% Ni
O
1.48Mn-0.05Ti 1
Carbon, grade B Industrial
atmosphere
2.26% Ni
0 0.025 0.05 0.075

Corrosion rate mm/yr

F|g 4 Corrosion rates of machined and nonmachined

specimens of cast steels after 7 years in three
environments. The effect of surface finish on corrosion rates
is negligible. 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

0.08 3.2
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F|g 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

Composition, %

Average penetration rate

Type of steel 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 0.73 225 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

www.iran—-mavad.com

5Ja9lo 9 Slgo (puwdigo @2 4o



Table 3 Petroleum corrosion resistance of
cast steels

1000 h test in petroleum vapor under 780 N (175 Ib) of
pressure at 345 °C (650 °F)

‘Weight loss
Type of material 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

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 (I/, 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

Corrosion

Table 4 Corrosion of cast steels in waters

of Cast Carbon and Low-Alloy Steels / 53

Corrosion factor(a)

Exposure Fe-0.29C-0.69Mn- Fe-0.32C-0.66Mn- Fe-0.11C-0.41Mn-
Corrosive medium time, months 0.44Si 1.12Cr 3.58Cr
Tap water 2 100 85 58
6 100 73 61
Seawater 2 100 60 26
6 100 80 40
Alternate immersion 2 100 93 30
and drying 6 100 109 25
Hot water 1 100 100 64
0.05% H,SO, 2 100 71 68
6 100 89 102
0.50% H,SO4 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
Weight loss in 5 h
5% H,SO04 5% HCI 5% HNO;
Steel mg/v:m2 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 5.41 349 47.36 305.5

Source: Ref 1

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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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 X5CrNil8-10 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
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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 NO8xxx 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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Table 1 Compositions of standard grades of stainless steels

Composition(a); wt%
UNS designation Type C Mn P S Si Cr Ni Mo Others
Austenitic grades
$20100 201 0.15 5.5-7.5 0.060  0.030 1.00 16.0-18.0 3.5-55 0.25N
520200 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
$30200 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 e 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
$30323 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
S$31000 310 0.25 2.00 0.045 0.03 1.50 24.00-26.00 19.00-22.00
S31008 3108 0.08 2.00 0.045 0.030 1.50 24.0-26.0 19.0-22.0
$31400 314 0.25 2.00 0.045 0.030 1.50-3.00  23.0-26.0 19.0-22.0 e e
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
S$32100 321 0.08 2.00 0.045 0.030 0.75 17.0-19.0 9.0-12.0 o TC: 5(C + N) min
N08330 330 0.08 2.00 0.030  0.030 0.75-1.50 17.0-20.0 34.0-37.0 e
S34700 347 0.08 2.00 0.045 0.030 0.75 17.0-19.0 9.0-13.0 Nb: 10 x C min
S$34800 348 0.08 2.00 0.045 0.030 0.75 17.0-19.0 9.0-13.0 Nb: 10 x C min
S$38400 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 4108 0.08 1.00 0.040  0.030 1.00 11.5-13.5 0.60
$42900 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 el
S43020 430F 0.12 1.25 0.06 0.15 min 1.00 16.0-18.0 0.75 0.60 e
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: 5xC-0.80
S43035 439 0.030 1.00 0.040  0.030 1.00 17.0-19.0 0.50 el 4(C+N)+0.20 <Ti <1.10
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(C+N)+0.20 <Ti +Nb<0.80
44600 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 S o 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 ..
544002 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 o 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
566286 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

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
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not indicate its disqualification from consider-
ation.

Families of Stainless Steels

There are five major families of stainless
steels, as defined by crystallographic structure.
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Table 2 Compositions of some proprietary and nonstandard stainless steels

Composition(a), wt%

UNS
desi; C name 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 e 0.2-0.45N
S30345 303Al1 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 0.60-1.00A1
303BV(b) 0.11 1.75 0.03 0.14 0.35 17.75 9.00 0.50 0.75A1
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 e 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: (8xC) — 1.00
1S777 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 xC) — 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 x(C + 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 (Ti + Cb):
0.08 + 8(C + 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 3.04.0 0.040N, Nb + Ti: 6(C + N)
S44735 AL-29-4C 0.030 1.00 0.040 0.030 1.00 28.0-30.0 1.00 3.64.2 0.045N, Nb + Ti: 6(C + N)
S44800 AL-29-4-2 0.010 0.30 0.025 0.020 0.20 28.0-30.0 2.00-2.50 3.54.2 0.15Cu, 0.020N, C + 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
S$32001 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
S$32003 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
$32101 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
S$32205 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
S$32550 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 3.04.0 0.50-1.00Cu, 0.50-1.00W, 0.20—
0.30N
S$32950 7Mo-Plus 0.030 2.00 0.035 0.010 0.60 26.0-29.0 35-52 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 e 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, 0.0IN
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 xC 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 0.01IN, 1.50-1.80Ti

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

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
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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



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 (<0.03% 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,
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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,
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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 (HNOj; + 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 (MgCl,)
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 (0) 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 = Cr+3.3- Mo
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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 =Cr+3.3-Mo + 16- N, to
PREN =Cr+3.3-Mo+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 (0), chi (), 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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F|g 1 Time-temperature-sensitization curves for type 304 stainless steel in a mixture of CuSO,4 and H,SO, 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.

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
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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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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 (HCI) 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 HNOj 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 HNOj3 or of HNOj 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 HNOj;
bath. This assumption is mistaken. The grease
will react with the HNO;5 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% HNO;. A sodium dichromate
(Na,Cr,07-2H,0) addition or an increased con-
centration of HNOj; 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
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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:

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

e Water rinse

e Immerse the part for 30 min in 20 vol% HNO;
plus 22 g/L. (3 oz/gal) Na,Cr,O-2H,0 at 50 to
60 °C (120 to 140 °F)

e Water rinse

e Immerse for 30 min in 5 wt% NaOH at 70 to
80 °C (160 to 180 °F)

e 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 (CuSO,4-5H,O)/sulfuric acid
(H,S0,) 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

20 vol% HNOj3 at 50-60 °C
(120-140 °F) for 30 min

Austenitic 300-series grades
Grades with >17% Cr
(except 440 series)

Straight chromium grades
(12-14% Cr)

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

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

Na,Cr,07-2H,0 at
50-60 °C (120-140 °F)
for 30 min;

or

50 vol% HNO ; at 50-60 °C
(120140 °F) for 30 min

Precipitation-hardening grades

Source: Ref 7
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10 wt% citric acid passivated 30 min as below

Percent nitric acid passivated 30 min at 50 °C/
60 °C (120 °F/140 °F)

Stainless family Example stainless steels % Cr °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% + Na,Cr,0, 1

Custom 450 17.5

Custom 455

Custom 465

15Cr-5Ni
Ferritic Type 430 >16 65 150 1 20% + Na,Cr,0, 1
Ferritic Type 409Cb <12 80-90 180-200 2 20% + Na,Cr,04

Use care: low Cr

Martensitic Type 410 <15 50-55 120-130 2 20% + Na,Cr,0, 1

Type 420

TrimRite
Austenitic-FM Type 303 17-19 65 150 ... 2 20% + Na,Cr,04 2
Ferritic-FM Types 430F and 430FR >16 NA(d) NA NA NA 20% + Na,Cr,07 2
Ferritic-FM Chrome Core 18-FM >16 40 100 . 2 NA NA
Ferritic-FM Type 409Cb-FM <13 45 110 5 2 20% + Na,Cr,04 2

Use care: low Cr

Martensitic-FM Type 416 <13 45 110 5 2 Preferred vs. citric 2

Note: pH, precipitation hardenable. FM, free machining.

20% + NayCr,0;

(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) Na2Cr20; 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

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
solution

Concentrated
Concentrated solution
solution
Dilute
solution
(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

(b)

F|g 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.

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

— ™ Hotgas
Condensate formation

Steel shell
_~Cool area
Insulation IT H
Steel support
777, /7 14
(a)
Hot gas
Steel shell
Insulation T H
Insulated steel support
/77 /777777777
(b)
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.
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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

f
Hot vapor 5
/
y
1—— ’
] ——
Hot liquid ™ ’
— ¢
9 H
| —
L LLLLLLL
(@ (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.



62 / Corrosion of Ferrous Metals

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.

Flat tubesheet

Crowned tubesheet

(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.

LJLEL
L=y

F|g 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).

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 (H,SO,).

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-

Initial condition
of grouting

Condition of grouting
after a few weeks of use

Metal tank

Concrete foundation

(@)

Metal
tank

Concrete
base

(b)
F|g 8 Design for preventing external corrosion
from spills and overflows. (a) Poor design.
(b) Good designs
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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.

— ST S

SSSSSSSSAYANN Wy
— N
(a) (b)

F|g 9 Designs for preventing excessive turbulence. (a)
Poor designs (both top and bottom). (b) Good
designs (both top and bottom)



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
MgCl, 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
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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 (CaCl,) 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 (HCI).

Table 5 Atmospheric corrosion of austenitic stainless steels at two industrial sites

New York City (industrial)

Niagara Falls (industrial-chemical)

Exposure Exposure
Type(a) time, years Sp surface eval time, years Specimen surface evaluation
302 5 Free from rust stains <23 Rust stains
302 26 Free from rust stains ... ...
304 26 Free from rust stains <1 Rust stains
304 . . 6 Covered with rust spots and pitted
347 26 Free from rust stains ... ..
316 23 Free from rust stains <23 Slight stains
316 Slight rust spots, slightly pitted
317 <23 Slight stains
317 6 Slight stains
310 <1 Rust stains
310 6 Rust spots; pitted

(a) Solution-annealed sheet, 1.6 mm (!/j6 in.) thick

www.iran—-mavad.com

5Ja9lo 9 Slgo (puwdigo @2 4o



64 / Corrosion of Ferrous Metals

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 (R,) is 0.5 um (20 pin.) 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

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

Average corrosion rate Average depth of pits
AISI type mm/yr mils/yr mm mils Appearance(a)
301 <25%x107° <0.001 0.04 1.6 Light rust and rust stain on 20% of surface
302 <25%x107° <0.001 0.03 1.2 Spotted with rust stain on 10% of surface
304 <25x107° <0.001 0.028 1.1 Spotted with slight rust stain on 15% of surface
321 <25x107° <0.001 0.067 2.6 Spotted with slight rust stain on 15% of surface
347 <25%x107° <0.001 0.086 34 Spotted with moderate rust stain on 20% of surface
316 <25%x107° <0.001 0.025 1.0 Extremely slight rust stain on 15% of surface
317 <25%x107° <0.001 0.028 1.1 Extremely slight rust stain on 20% of surface
308 <25x107° <0.001 0.04 1.6 Spotted by rust stain on 25% of surface
309 <25%x107° <0.001 0.028 1.1 Spotted by slight rust stain on 25% of surface
310 <25%x107° <0.001 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

Hardness, Specimen Time to failure of each

Alloy Final heat treatment HRC orientation 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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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 (MnO,4 ) 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



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, MnO, deposits can form,
which will promote pitting failures. Soluble
Mn(II) can be oxidized to MnO, 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
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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 (PREN > 35).

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 (<0.33 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
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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



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 H,SOy4
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 (H™)
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 (HNO;) in spite of the low pH
of the acid, because HNOj 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 HCI because
a passive film is not easily created or maintained
in this environment. Even in strong HNOs;,
stainless steels can be rapidly attacked if they
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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 HNO; 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 HNO; 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)

Composition, (wt%) Maximum depth (D) of

attack

UNS Number of sides CCI(a)
Rank Alloy designation Cr Ni Mo Mn Cu Other (S) attacked mm in. (SxD) PREN(b)
1 Hastelloy C-276 N10276 15.5 54.7 155 05 0.1 3.8W 0 0.00 0.00 0.00 66.7
Inconel 625 N06625 22.3 61.0 85 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 22 40 ... .. 0 0.00 0.00 0.00 42.7
AL 29-4C S44735 28.8 0.8 38 02 S 0.6 Ti 0 0.00 0.00 0.00 413
Monit .. 253 4.1 38 04 0.4 o 0 0.00 0.00 0.00 37.8
2 Sea-Cure S44660 25.6 2.1 29 02 0.5 Ti 1 0.05 0.002 0.05 35.2
3 Ferralium 255 $32550 26.2 5.6 32 08 0.19N 2 0.08 0.003 0.16 36.8
4 Hastelloy G-3 NO06985 22.8 43.7 70 038 3.5Co 1 0.21 0.008 0.21 459
5 Haynes 20 Mod . 21.6 25.5 50 09 0.5 Co 2 0.46 0.018 0.92 38.1
6 26-1S 544626 25.0 0.2 1.0 02 . 1.1 Ti 4 0.30 0.012 1.2 28.3
7 20Mo-6 N08026 239 334 56 04 33 .. 3 0.53 0.020 1.6 424
8 E-Brite 544627 259 0.1 1.0 ... .. 0.1 Nb 4 0.46 0.018 1.8 29.2
9 AL-4X R 20.2 244 4.4 1.4 1.5 . 4 0.50 0.019 2.0 347
10 AL-6X NO08366 204 24.6 6.4 14 S S 4 0.62 0.024 2.5 41.5
11 254SMO S31254 20.0 17.9 6.1 0.5 0.8 02N 5 0.51 0.020 2.6 46.1
12 Hastelloy G NO06007 222 46.8 5.8 1.5 1.9 3.5Co 4 0.87 0.034 35 413
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 25 80 . 035N 6 0.64 0.025 3.8 38.8
15 254SFER .. 294 222 2.1 1.7 0.1 0.I15N 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 27 38 . 042N 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 23 48 S 026 N 6 1.10 0.043 6.6 36.5
20 JS 700 NO08700 20.7 252 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 24 1.6 0.3 .. 6 1.93 0.076 12 254
22 20 Cb-3 N08020 19.4 332 22 04 32 0.51 Nb 5 3.10 0.122 16 26.7
23 IS 777 NO08777 20.8 25.6 4.5 1.4 22 0.24 Nb 6 2.90 0.114 17 35.7
24 44 LN S31200 25.0 59 1.5 1.8 0.1 02N 6 335 0.132 20 36.0
Perforated
34 LN e 16.8 13.8 4.2 1.6 0.14 N 6 1.04 0.041 6.2 349
AISI 444 S44400 18.9 0.1 20 04 . 0.4 Nb 6 1.21 0.048 7.3 25.5
Type 329 $32900 27.0 4.2 14 03 0.1 S 6 1.29 0.051 7.7 31.6
Attack outside crevice areas
AISI 439 S43035 17.7 0.3 o 0.3 . 0.4 Ti 6 0.72 0.028 43 17.7
AISI317L + S31725 18.3 15.8 4.2 1.5 0.2 0.16 Co 6 1.09 0.043 6.5 322
AISI 317L S31703 18.9 12.2 3.6 1.7 . 0.06 N 6 1.92 0.076 12 32.6
Incoloy 825 NO08825 22.0 44.0 27 04 1.7 0.7 Ti 6 242 0.095 15 30.9

(a) CClI, crevice corrosion index. (b) PREN, pitting resistance equivalent with nitrogen. Source: Ref 18
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as type 430, have limited use in H,SOy, 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%
H,SO,4 (Ref 28), but corrode rapidly when acid
concentration is increased.

The conventional austenitic grades exhibit
good resistance in very dilute or highly concen-
trated H,SO, 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% H,SO, is
shown in Fig. 15. Aeration or the addition of
other oxidizing species can significantly reduce
the attack of stainless steels in H,SO,. This
occurs because the more oxidizing environment
is better able to maintain the chromium-rich
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Improved resistance to H,SO, 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 H,SOy4 service.
See Ref 29 for more information.

Phosphoric  Acid. Conventional straight-
chromium stainless steels have very limited
general corrosion resistance in phosphoric acid
(H5PO,) 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 H3PO, environments include impurities
derived from the phosphate rock, such as chlor-
ides, fluorides, and H,SO,. 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 H3PO,. 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 HCI service, except perhaps
for very dilute solutions at room temperature.
Stainless steels can be susceptible to accelerated
general corrosion, SCC, and pitting in HCI
environments. See Ref 30 for more information.

Sulfurous Acid. Although sulfurous acid
(H,S03) is a reducing agent, several stainless
steels have provided satisfactory service in
H,SO; 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 (SO,) and H,SO3 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



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

Table 9 Corrosion of duplex stainless steels in natural seawater

Test temperature Alloy(a)
Exposure

°C °F time, months Specimen type 255 2507 $32760 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 of/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) o0, no corrosion; p, pitting corrosion; cc, crevice corrosion. Source: Ref 25

Table 10 Corrosion of duplex stainless steels in chlorinated seawater

Test temperature Exposure Alloy(a)
time,

[CL,], ppm °C °F months Specimen type 255 2507 $32760 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 o cc . cc
2 55 130 3 Welded . p

(b) 55 130 3 Crevice ... cc

(b) 55 130 3 Welded .

1.5 30 85 3 Crevice o/o
1.5 40 105 3 Crevice of/p
1.5 70 160 3 Crevice o/p
3.0 30 85 3 Crevice cc/lp
3.0 40 105 3 Crevice cc/p
3.0 70 160 3 Crevice cclo

(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
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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

Table 11 Results of testing in parallel
50 mm (2 in.) pipe loops in chlorinated
seawater, 30 °C (85 °F), 85 days

Number attacked of 12

Chlorination, ppm

0.5 1.5
Alloy Flanges Welds Flanges Welds
2205 7 0 6 0
255 3 6 2 7
2507 0 1 4 1
S$32760 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 (Na,S) 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.

1000
410 4:y 431 304
A / — 434
500 1
315
200 316
/

/
/

/ /_317

20

/
/
4

Log weight loss, g/m2/d

10

<

oO )\l\)

10 20 30 40 50 60
Concentration of HySOy, %

F|g 15 Corrosion rates of various stainless steels in
underaerated H,SO, at 20 °C (68 °F). Source:
Ref 27

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.

Corrosion rate

AISI type 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

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 CO,
often increases corrosion at elevated tempera-
tures. Increased attack can also occur because of
sulfidation as a result of SO,, H,S, 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 NHj; at
high temperatures. Resistance to nitriding
depends on alloy composition as well as NH;

Table 13 Generally accepted maximum
service temperatures in air for stainless steels

Maximum service temperature

Intermittent service Continuous service

Type °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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concentration, temperature, and pressure. Stain-
less steels are readily attacked in pure NHj; 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



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 B¢ 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, H,S) 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, H,S 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 CO,
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
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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 H,S
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 CO,, NH3, and H,S,
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 NH; (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 SO, and other pollutants. Typi-
cally, fly ash is removed, and the gas travels
through an inlet gas duct, followed by the
quencher section. Next, SO, 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.
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Fig_ 16 Pitting of type 316L stainless steel in flue gas desulfurization scrubber environment. Solid lines indicate zones
of differing severity of corrosion; because the zones are not clearly defined, the lines cannot be precisely

drawn. Source: Ref 39
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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 Na,S 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
(Na,S0,) to recover sodium carbonate (Na,COs3)
and Na,S. After dissolution in water, this green
liquor is treated with calcium hydroxide
(Ca(OH),) to produce NaOH to replenish the
white liquor. Pulp bleaching involves treating
with various chemicals, including chlorine (Cl,),
chlorine dioxide (ClO,), sodium hypochlorite



Table 14 Pitting of stainless steel spool test specimens in a flue gas desulfurization system
The slurry contained 7000 ppm dissolved CI7; test duration was 6 months, with 39 days on bypass
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Maximum Maximum
temperature chloride Maximum pit depth, mm (mils), and pit density
ration,
Spool location(a) pH °C °F ppm 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) >1.24 >0.91 0.53 0.53 0.74 0.33 0.33 0.43 (c)
(>49) (>36) 21 21 (29) (13) (13) a7
Profuse Profuse Sparse Sparse Profuse Sparse  Profuse Sparse
Quencher sump 4.4 60 140 7000 >1.19 >0.91 0.28 0.1 <0.02 nil nil nil nil
(submerged; 1.8 m, or (>47) (>36) (11) “4) (<1)
6 ft, level) Sparse Sparse Single
Quencher sump 4.4 60 140 7000 >12 >09 <0.03 0.05 0.25 nil nil nil nil
(submerged; 3.4 m, or (>48) (>36) (<1) 2) (10)
11 ft, level) Profuse Sparse
Quencher spray header, 44 60 140 100 >1.19 0.58 0.61 0.46 0.66 0.33 0.61 0.25 0.15
above slurry (>47) (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) (€]
Sparse
Outlet duct 2-4(d) 55 130(d) 100(d) >1.19 >0.91 0.58 0.58 0.48 0.18 0.51 0.53 0.36
(>47) (>36) (23) (23) (19) 7 (20) 21 (14)
1.5(e) 170 335(e) 82,000(e) Profuse Profuse Profuse Profuse Profuse Single Profuse Profuse 1G etch

(a) Slurry contained 7000 ppm dissolved C1~ . Deposits in the quencher, inlet duct, absorber, and outlet ducting contained 3000—4000 ppm CI~ and 800-1900 ppm F~ . (b) Present as halide gases. (c) Not tested. (d) During
operation. (e) During bypass. Bypass condition gas stream contained SO,, SO3, HCI, HF, and condensate. Source: Ref 41

(NaClO), calcium hypochlorite (Ca(ClO),),
hydrogen peroxide (H,0O,), caustic soda
(NaOH), quicklime (Ca(OH),), ozone (O3), or
oxygen (O,).

The sulfite process uses a liquor in the digester
that is different from that used in the kraft pro-
cess. This liquor contains free SO, dissolved in
water, along with SO, 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 SO, 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 HCI, 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
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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
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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 R,
0.5 um (20 pin.) or less (Ref 45). The European
standard EN 10088 recommends a surface
roughness of R, 0.5 um (20 pin.) 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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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.

»n

F|g 18 Assembled crevice corrosion test specimen.
Source: Ref 47

©

F|g_ 19 Multiple-crevice cylinders for use in crevice
corrosion testing. Source: Ref 47

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
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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% FeCls (10%
FeCl5-6H,O) and acidified 6% FeCl; 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
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F|g 20 Schematics showing how electrochemical tests can indicate the susceptibility to pitting of a material in a given
environment. (a) Specimen has good resistance to pitting. (b) Specimen has poor resistance to pitting. In both

cases, attack occurs at the highest potentials. Source: Ref 47

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
A262-B  Fey(SO4)3-H,SO4 120 h UNS S30400, S30403, S31600, S31603, S31700,
$31703, S32100, S34700, 392500, 392600, J92800,
192900, 192999, J93000
A 262-C HNOj; (Huey test) 240 h(a) Same as A 262-B(b)
A262-E  Cu-CuSO4-16%H,SO, 24 h(c) UNS S20100, S20200, S30100, S30400, S30403,
$30409, S31600, S31603, S31609, S31700,
S31703, S32100, S34700
A 262-F Cu-CuS0,4-50%H,S0, 120 h UNS 192800, 192900
G 28-A Fe,(S04)3-H>S04 (similar to 24 or 120 h(d) UNS N10276, N06455, N06007, N06200, N06686,
A 262-B) N06985, N08020, N06600, N06625, N08800,
N08825, N06022, N06030, N06059, N08367
G 28-B H,SO,4 + HCI + FeCl; + CuCl, 24h UNS N10276, N06022, N06059, N06200, NO6686
A 763-W  Oxalic acid etch (similar to A Etch test UNS 544400, S44626, S44660, S43035, XM27
262-A)
A 763-X  Fey(SO4)3-H,SO, (similar to A 24,72, or 120 h(d) UNS S43000, S44600, S44700, S44800, XM27
262-B)
A763-Y  Cu-CuSO4-50%H,SO, (similar to 96 or 120 h(d) UNS 544600, S44626, S44660, S44735, S44700,
A 262-F) 544800, XM27
A 763-Z  Cu-CuSO4-16%H,SO, (same as 24h UNS S43000, S43400, S43600, S44400, S43035
A 262-E)

(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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Annealed material

Positive —m

Passive region

Sensitized material

| f

I Active region
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\\ Corrosion potential

Current density

-+—— Negative

21 Schematic showing the use of the electro-

chemical potentiostatic reactivation test to
evaluate sensitization. The specimen is first polarized up to
a passive potential at which the metal resists corrosion.
Potential is then swept back through the active region,
where corrosion may occur. Source: Ref 47

Fig.

Table 16 Stress-corrosion cracking
resistance of stainless steels

Stress-corrosion cracking test(a)

Boiling Boiling
Grade 42% MgCl, Wick test 25% NaCl
304 F(b) F F
316 F F F
317 F [P(c) or F](d) (PorF)
317LM F (PorF) (PorF)
Alloy 904L F (PorF) (PorF)
AL-6XN F P P
254SMO F P P
20Mo-6 F P P
409 P P P
439 P P P
444 P P P
E-Brite P P P
Sea-Cure F P P
Monit F P P
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

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 FeCl;
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.

Itis 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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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 X 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.

40
R*
£ 380 -D-gr—-L
2 cC |H k P
8 20 FG N U
IS A
S 10 w
<
(@]
0

0 10 20 30 40 50 60 70
Nickel content, %
Chromium and nickel contents in ACI standard

Fig. 1 ! \ (
grades of heat- and corrosion-resistant castings.
See text for details. Source: Ref 1

Composition and Microstructure

The principal alloying element in the high-
alloy family is wusually 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
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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 &-
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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Table 1 Compositions of Alloy Casting Institute (ACI) heat- and corrosion-resistant casting alloys
Composition (balance iron)(b), %
Wrought

ACI designation UNS No. alloy type(a) C Mn Si P S Cr Ni Other elements

CA-15 391150 410 0.15 1.00 150 0.04 0.04 11.5-14.0 1.00 0.5Mo(c)

CA-15M 191151 . 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  1.00 150 0.04 0.04 11.5-14.0 1.00 0.5Mo(c)

CA-6NM 391540 0.06 1.00 1.00 0.04 0.03 11.5-14.0 3545 0.4-1.0Mo

CA-6N 391650 . 0.06 0.50 1.00 0.02 0.02 10.5-12.0 6.0-8.0

CB-30 391803 431 030 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 45-5.5 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 45-5.5 0.15-0.35Nb, 0.05N,
2.5-3.2Cu

CC-50 392615 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 193423 - 030 150 2.00 0.04 0.04 26.0-30.0 8.0-11.0

CF-3 392500 304L 0.03 1.50 2.00 0.04 0.04 17.0-21.0 8.0-21.0

CF-8 392600 304 0.08 1.50 2.00 0.04 0.04 18.0-21.0 8.0-11.0 .

CF-20 192602 302 0.20 1.50 2.00 0.04 0.04 18.0-21.0 8.0-11.0 .

CF-3M 792800 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 792900 316 0.08 150 2.00 0.04 0.04 18.0-21.0 9.0-12.0 2.0-3.0Mo

CF-8C 192710 347 0.08 1.50 2.00 0.04 0.04 18.0-21.0 9.0-12.0 3x C min, 1.0 max Nb

CF-16F 192701 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 193001 o 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 193402 309 0.20 1.50 2.00 0.04 0.04 22.0-26.0 12.0-15.0

CK-20 94202 310 0.20 2.00 2.00 0.04 0.04 23.0-27.0 19.0-22.0 .

CN-TM N08007 o 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 NO06040 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-35 035 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 o 0.90-1.20Mo

HC 192605 446 0.50 1.00 2.00 0.04 0.04 26.0-30.0 4.00 0.5Mo(c)

HD 193005 327 0.50 150 2.00 0.04 0.04 26.0-30.0 4.0-7.0 0.5Mo(c)

HE 193403 o 0.20-0.50  2.00 2.00 0.04 0.04 26.0-30.0 8.0-11.0 0.5Mo(c)

HF 792603 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 193503 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 o 0.20-050  2.00 2.00 0.04 0.04 26.0-30.0 14.0-18.0 0.5Mo(c)

HK 394224 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 194604 0.20-0.60  2.00 2.00 0.04 0.04 28.0-32.0 18.0-22.0 0.5Mo(c)

HN 194213 0.20-0.50  2.00 2.00 0.04 0.04 19.0-23.0 23.0-27.0 0.5Mo(c)

HP 035-0.75  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  2.00 250 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 035-0.75  2.00 2.50 0.04 0.04 10.0-14.0 58.0-62.0 0.5Mo(c)

HX N06006 035-0.75  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

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 (o) 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
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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
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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

32 / increasingly important. Petroleum processing,
P coal conversion, utility and chemical applica-
28 / tions, and waste incineration have heightened the
\ Austenite need. for alloys resistant to sulﬁdatllon attac.k in
24 relatively weak oxidizing or reducing environ-
s ™ / ments. Fortunately, high chromium and silicon
1 5 \ contents increase resistance to sulfur-bearing
52 N / environments. On the other hand, nickel has been
S+ A found to be detrimental to the most aggressive
?{‘i 16 ™ A+M / gases. The problem is attributable to the forma-
[ % \ / // / tion of low-melting nickel-sulfur eutectics.
27 12 AN S A ] These produce highly destructive liquid phases
=z Martensite \ %( o at temperatures even below 815 °C (1500 °F).
EA V A 1 Once formed, the liquid may run onto adjacent
/‘/ A+M+F surfaces and rapidly corrode other metals. The
N \Q ) behavior of H-type grades in sulfidizing envir-
4 M+F S Ferrite onments is represented in Fig. 7.
L— Carburization. High alloys are often used
0 in nonoxidizing atmospheres in which carbon
0 4 8 12 16 20 24 28 32 36 40 . . . . .
. ) 5 A . s diffusion into metal surfaces is possible.
Chromium equivalent = % Cr + % Mo + 1.5(% Si) + 0.5(% Nb) Depending on chromium content, temperature,
Fig 2 Schaeffler diagram showing the amount of ferrite and austenite present in weldments as a function of chromium and carburizing potential, the surface may
and nickel equivalents. Source: Ref 1 become extremely rich in chromium carbides,
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(open symbols) as a function of test temperature. Source: Ref 4
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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
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Iron Nickel, %
(b)

Corrosion behavior of ACI H-type (heat-resistant) alloy castings in (a) air and in (b) oxidizing flue gases con-
taining 5 grains of sulfur per 2.8 m? (100 ft*) of gas. Source: Ref 2
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F|g 7 Corrosion behavior of ACI H-type alloys in 100 h tests at 980 °C (1800 °F) in reducing sulfur-bearing gases. (a)

Gas contained 5 grains of sulfur per 2.8 m?® (100 ft*) of gas. (b) Gas contained 300 grains of sulfur per 2.8 m*
(100 ft%) of gas. (c) Gas contained 100 grains of sulfur per 2.8 m* (100 ft*) of gas; test at constant temperature. (d) Same
sulfur content as gas in (c), but cooled to 150 °C (300 °F) each 12 h
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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 (HNOj)
(Fig. 8). Alloy CC-50 contains substantially
more chromium (26 to 30%) and offers
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F|g 8 Isocorrosion diagram for ACI CB-30 in HNO;.

Castings were annealed at 790 °C (1450 °F),
furnace cooled to 540 °C (1000 °F), and then air cooled to
room temperature.
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relatively high resistance to localized corrosion
and high resistance to many acids, including
dilute H,SO, and such oxidizing acids as HNOs.

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
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boiling HNOj;. Figure 9 shows isocorrosion
diagrams for CF-8 in HNOs;, phosphoric acid
(H5PO,), 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.
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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 H,SO;
and H,SO, 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 HNOj; and
H,SO0,, 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.
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HNOj3. The material was solution treated at
1120 °C (2050 °F) and water quenched.

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 = %X Cr + 3.3x %Mo + 16 x %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%
Crand 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 HQSO4 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 H,SO, service.
Figure 13 shows isocorrosion diagrams for CN-
7M in H,SO,4, HNO;, H;PO,4, 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.
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H,SO,. The material was solution annealed at
1120 °C (2050 °F) and water quenched.
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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 ¢ and 7, 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

Table 2 Duplex stainless steel corrosion
test results

A 923C(b) G 48(c)
Corrosion rate,
Grade(a) Heat mdd(d) CPT, °C CPT, °C
CD-4MCuN 1 0.00 35 35
2 0.00 40 40
3 345 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% FeCls, 24 h. (d) Corrosion rate calculated from
weight loss; mdd is mg/dmzlday. Maximum acceptable corrosion rate is
10 mdd; all specimens passed. (e) Centrifugally cast specimens




84 / Corrosion of Ferrous Metals

250
200 =400
o Boiling point curve \y "
g 150 4 H300 o
2 2
o / >1 mm/yr o
g 100 ! / g
€ . IS
kS _0_5.—\\. y 200 2
01|
50 e
-1 100
<0.1 mm/yr
0 |
0 20 40 60 80 100
H,S0O, concentration, %
(a)
250 /
200 / = 400
Boiling point curve —.|
Q w
150 o $——{300 ¢
=] / S
[ s
Q 9]
£100 5,:1"// . . 00 E
@ e ¢ o ¢ o . K3
50
— 100
0
0 20 40 60 80 100
NaOH concentration, %
(d)
Fig. 13

250 |
>5 mm/yr
200 \\ \ -{ 400
r5
© \\\ N -
- — ~ -
g 150 0.53 ~ =300 ¢
2 Mo T\, =
o} <0.1 mmlyr _T—t——_| I3
o ~ ™~ Q
£ 100 - ~ £
5 SN -200 &
= 0.1]0.5 =
- Boiling point curve QN
50 * o
~- 100
<0.1 mm/yr
0
0 20 40 60 80 100
HNO3 concentration, %
(b)
250
Boiling point curve
o h v
g 150 s x 300 ¢
=2 ° A 3
[ A <
aé 100 | qé‘)
oo — 200
i ©
50
- 100
0
0 20 40 60 80 100
H3PO 4 concentration, %
(e)

Tested at equilibrium pressure in a closed container. See Fig. 9 for legend.

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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2.5um

F|g 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 x . Source: Ref 7
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Intergranular corrosion test results for Alloy Casting Institute casting alloys
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Alloy(b)/ Test results(c)
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(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. (¢) P, pass; X, fail based on the following criteria: A 262A ditching < 10% = pass; A 262B, penetration rate <0.64 mm/yr (25 mils/yr) = pass; A
262C, penetration rate < 0.46 mm/yr (18 mils/yr) and not increasing = pass; EPR, peak current density < 100 tA/cm? (645 1A/in.?) = pass; JEPR, ratio < 1% = 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

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
(CI™ ) 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.

Table 4 Composition of alloys tested in Table 3

Composition, %

Ferrite

Material number(a) C Mn Si 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 9.53 221 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.

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 (FeCls)
test environment is a very severe, highly
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Table 5 Critical crevice temperatures
(CCTs) for several common cast and wrought
alloys

CCT
Alloy Structure °C °F Ref
Wrought AIST  Austenitic 2 35 15
type 317L
Cast CF-3M 90% austenite, 2 35 16
10% ferrite
Cast CN-TM Austenitic —1.1 30 16
Cast CF-8M 90% austenite, 2.5 28 17
10% ferrite
Wrought AISI  Austenitic 2.5 28 18
type 316L
Wrought AISI  Austenitic -3 27 15
type 316

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 FeCl; CCT is lower
than that normally found in aerated seawater
(Ref 19), which contains approximately 20,000
ppm CI™ 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

'S
o <
L A
! f" L k
Fig. 16 Ferrite pools blocking the propagation of
stress-corrosion cracks in a cast stainless steel

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-
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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 lxxx 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 um
(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
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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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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 filmis only 1 nm
(0.04 pin.) 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 pin.) 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 uin.) 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 AI>™ ions in the former and AlO,”
(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
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Fig. 1 Pourbaix diagram for aluminum with an

Al,O5-3H,0 film at 25 °C (75 °F). Potential
values are for the standard hydrogen electrode (SHE) scale.
Source: Ref 3
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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, E,, 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 E,—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, Ey,. With polished
specimens in many electrolytes, Ey, 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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F|g 2 Weight loss of alloy 3004-H14 exposed

1 week in distilled water and in solutions of
various pH values. Specimens were 1.6x13x75 mm
(0.06x0.5%3 in.). The pH values of solutions were
adjusted with HCl and NaOH. Test temperature was 60 °C
(140 °F).
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line, Fig. 3). At potentials more active (anodic)
than E;,, where the oxide layer can maintain its
integrity, anodic polarization occurs readily, and
corrosion is slow and uniform. Above Ej,, 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 (C17) is the most frequently encoun-
tered in service. The effect of chloride ion con-
centration on the pitting potential of aluminum
1199 (99.99+4%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).
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Fig_ 3 Anodic-polarization curve for aluminum alloy
1100. Specimens were immersed in neutral
deaerated NaCl solution free of cathodic reactant. Pitting
develops only at potentials more cathodic than the pitting
potential, £,. The intersection of the anodic curve for alu-
minum (solid line) with a curve for the applicable cathodic
reaction (one of the representative dashed lines) determines
the potential to which the aluminum is polarized, either by
cathodic reaction on the aluminum itself or on another
metal electrically connected to it. The potential to which
the aluminum is polarized by a specific cathode reaction
determines corrosion current density and corrosion rate

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
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F|g 5 Effects of principal alloying elements on the

electrolytic-solution potential of aluminum.
Potentials are for solution-treated and quenched high-
purity binary alloys in a solution of 53 g/L NaCl plus 3 g/L
H,O, at 25 °C (75 °F)
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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 NaCl+3 g/L
H,O, 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% H,O, 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



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.

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)
H,0, at 25 °C (77 °F), using a 0.1 N calomel electrode. Original data
from Alcoa Laboratories.

Table2 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 TS —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)
H,0, 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
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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

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 SorP —0.61
T6 SorP —0.62
T62 SorP —0.64
296.0 T4 SorP —0.62
308.0 F P —0.66
319.0 F S —0.72
F P —0.67
355.0 T4 SorP —0.69
T6 SorP —0.70
356.0 T6 SorP —0.73
443.0 F N —0.74
F P —0.73
514.0 F S -0.78
520.0 T4 SorP —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) H,O, 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 +0.01
Nickel —0.02
Chromium —0.31 to +0.21

(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)
H,0, 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
AlsFe —0.47
Al,Cu —0.64
AlgMn —0.76
AlgMgs —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)
H,0, at 25 °C (77 °F), using a 0.1 N calomel electrode. Original data
from Alcoa Laboratories
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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—AlgFe, AlsFe, and Al,,FesSi, (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 lxxx-series aluminum
alloys, and detrimental elements may reduce
the resistance of some types of alloys but have
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Table 6 Relative ratings of resistance to general corrosion and to stress-corrosion cracking
(SCC) of wrought aluminum alloys

Resistance to corrosion

Alloy Temper 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 (6] . .
T3, T4, T451 D(c) C
T6, T651, T6510, T6511 D C
2017 T4, T451 D(c) C
2018 T61 .
2024 (6] .
T4, T3, T351, T3510, T3511, T361 D(c) C
T6, T861, T81, T851, T8510, T8511 D
T72 . S
2025 T6 D C
2036 T4 C S
2117 T4 C A
2218 T61, T72 D C
2219 (6] 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 0, H32, H116 A(d) A(d)
H34, H36, H38, HI111 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 (0] 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 (@) A A
T6, T61 L. .
6061 (@) B A
T4, T451, T4510, T4511 B B
T6, T651, T652, T6510, T6511 B A
6063 All A A
6066 (@) 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.

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 7a Relative ratings of resistance to
general corrosion and to stress-corrosion
cracking (SCC) of aluminum sand casting
alloys

Resistance to corrosion

Alloy Temper 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 Te6, 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

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

Resistance to corrosion

Alloy Temper 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 TS 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 TS B B
707.0 TS B C
711.0 T5 B A
713.0 T5 B B
850.0 TS 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 e 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
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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 O,
and H" 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 & 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 & phase is central

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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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 Alg(Mn,Fe) or Al;,(Mn,Fe);Si
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 Sxxx series
(Al-Mg-Mn, Al-Mg-Cr, and Al-Mg-Mn-Cr) and
casting alloys of the Sxx.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 AlgMgs 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 AlgMgs 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 AlgMgs
precipitate within the grains, thus eliminating
such susceptibility.

In the 5xxx alloys that contain chromium, this
element is present as a submicroscopic pre-
cipitate, Al;;Mg,Cr. Manganese in these alloys
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is in the form of Alg(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 Mg,Si
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,
Mg, Si 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

Fig. 6

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 Mg,Si), corrosion by intergranular pene-
tration is slight in most commercial environ-
ments (Ref 25). If the alloy contains silicon
beyond that needed to form Mg,Si 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

—
30 mm

Section through cruciform weldment of alloy 5083-H131 plate cracked by mercury. Attack was initiated
by applying a few drops of mercury chloride (HgCl,) solution and zinc amalgam to the sectioned surface at

the circled area (right of center). Original magnification is 0.33 x
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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

20 um

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



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
Txxx 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 (H,SO,) 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
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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

(c) —
1um

Fig.

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 (Na,CrO4) solution and
cathodic to iron in an aqueous 1 M sodium sulfate
(Na,SQy,) 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,

L

!

(d) | |
1um

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.

Inalclad 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
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F|g 9 The relative resistance to stress-corrosion cracking of 7075-T6 plate is influenced by direction of stressing.
Samples are alternately immersed in 3.5% NaCl. Plate thickness, 6.4 to 76 mm (0.25 to 3 in.). Source: Ref 63
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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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Fig. 10 (a) Crack propagation rates in stress-corrosion

tests using precracked thick, double-canti-
lever beam specimens of high-strength 2xxx-series alumi-
num alloy plate, TL (SL) orientation. Specimens were wet
twice a day with an aqueous solution of 3.5% NaCl, 23 °C
(73 °F). (b) Crack propagation rates in stress-corrosion tests
using precracked specimens of 7xxx-series aluminum
alloys; 25 mm (1 in.) thick, double-cantilever beam,
short-transverse orientation of die forging, long-transverse
orientation of hand forgings and plate. Specimens were
subject to alternate immersion tests, 3.5% NaCl solution,
23 °C (73 °F). Source: Ref 66



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
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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
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—0.15 V but not beyond the value of —1.20 V,
as measured against a saturated copper sulfate
(Cu/CuSQ,) 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 HCO5, chloride
(C17), and calcium (Ca?™); 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 (Fe3 ") 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
(Fe*™) ions to metallic iron and produce a
metallic deposit on the surface of the aluminum.
The presence of (Fe*> ™) 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

(a)

F|g 14 Composite micrograph showing grain structure of alloy 7075-Té6. (a) Rolled rod, 25.4 mm (1 in.) diam.
Original 50 x . (b) Plate, 38 mm (1.5 in.) thick. Original 55 x . Both Keller’s etch. Source: Ref 63

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
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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 Sxxx-series
alloys, it is the anodic constituent Mg,Al;
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 Sxxx-
series alloys, a weight loss method has been
accepted by ASTM International (Ref S58).
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.



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

Corrosion of Aluminum and Aluminum Alloys / 105

(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 Sxxx alloys, it is the Mg, Al
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 Alloy and
temper(a) Test direction(b) Rolled plate  Rod and bar(c) Extruded shapes  Forgings temper(a) Test direction(b) Rolled plate  Rod and bar(c) Extruded shapes  Forgings
2011-T3, -T4 L (d) B (d) (d) 7149-T73 L (d) (d) A A
LT (d) D (d) (d) LT (d) (d) A A
ST (d) D (d) (d) ST (d) (d) B A
2011-T8 L (d) A (d) (d) 7050-T74 L A (d) A A
LT (d) A (d) (d) LT A (d) A A
ST (d) A (d) (d) ST B (d) B B
2014-T6 L A A A B 7050-T76 L A A A (d)
LT B(e) D B(e) B(e) LT A B A (d)
ST D D D D ST C B C (d)
2024-T3, -T4 L A A A (d) 7075-T6 L A A A A
LT B(e) D B(e) (d) LT B(e) D B(e) B(e)
ST D D D (d) ST D D D D
2024-T6 L (d) A (d) A 7075-T73 L A A A A
LT (d) B (d) A(e) LT A A A A
ST (d) B (d) D ST A A A A
2024-T8 L A A A A 7075-T74 L (d) (d) (d) A
LT A A A A LT () (d) (d) A
ST B A B C ST (d) (d) (d) B
2048-T851 L A (d) (d) (d) 7075-T76 L A (d) A (d)
LT A (d) (d) (d) LT A (d) A (d)
ST B (d) (d) (d) ST C (d) C (d)
2124-T851 L A (d) (d) (d) 7175-T736 L ) (d) (d) A
LT A (d) (d) (d) LT () (d) (d) A
ST B (d) (d) (d) ST (d) (d) (@) B
2219-T3, -T37 L A (d) A (d) 7475-T6 L A (d) (d) (d)
LT B (d) B (d) LT B(e) (d) (d) (d)
ST D (d) D (d) ST D (d) (d) (d)
2219-T6, -T8 L A A A A 7475-T73 L A (d) (d) (d)
LT A A A A LT A (d) (d) (d)
ST A A A A ST A (d) (d) (d)
6061-T6 L A A A A 7475-T76 L A (d) (d) (d)
LT A A A A LT A (d) (d) (d)
ST A A A A ST C (d) (d) (d)
7005-T53, -T63 L (d) (d) A A 7178-T6 L A (d) A (d)
LT (@ (@ Ale) Ale) LT B(e) (@ B(e) (@
ST (d) (d) D D ST D (d) D (d)
7039-T63, -T64 L A (d) A (d 7178-T76 L A (d) A (d)
LT A(e) (d) A(e) (d) LT A (d) A (d)
ST D (d) D (d) ST C (d) C (d)
7049-T73 L A (d) A A 7079-T6 L A (d) A A
LT A (d) A A LT B(e) (d) B(e) B(e)
ST A (d) B A ST D (d) D D
7049-T76 L (d) (d) A (d)
LT (d) (@) A (@
ST (d) (d) C (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
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Fig' 15 Microstructures of alloy 5083-O plate stret-
ched 1%. (a) As-stretched. (b) After heating
40 days at 120 °C (250 °F)

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

(b)

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, K7 (Ref 65).

(c)

F|g 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

F|g 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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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
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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)
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Fig. 19 Depth of corrosion and loss of tensile strength

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
temper. Seacoast exposure was at a severe location (Pt.
Judith, RI); industrial exposure was at New Kensington, PA.
Tensile strengths were computed using original cross-sec-
tional areas, and loss in strength is expressed as a percen-
tage of original tensile strength
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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.
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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, C1™ is the principal
component of environments used in laboratory

1 year

20 years

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
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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
B: High

No record of service problems; SCC not antici-
pated in general applications

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.
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.

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.

C: Inter-
mediate

D: Low

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



only slightly. The susceptibility of the underaged
microstructure has been attributed to the
precipitation of an intermetallic constituent,
Al,CuLi, 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 Sxxx 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
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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 Mg,Als, 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 Sxxx 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

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)

Corrosion rate Average depth of attack Maximum depth of attack
Change in tensile

Alloy and temper nm/yr pin./yr um mils um mils strength, %
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 29 0
State College, PA (rural)
1100-H14 76 3.0 36 14 89 35 -3
2017-T3 102 4.0 25 1.0 81 32 -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 . o 23 0.9 33 13
3003-H14 356 14.0 36 14 84 33 .
6051-T4 343 135 58 23 137 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 33 307 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 14 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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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
Mg, Si 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
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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 1), the metastable
transition form of 1 (MgZn,), 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-

Table 11

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

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

Maximum depth of
attack in 7 years

Corrosion rate(a)

Average depth of
attack in 7 years

Change in tensile

Alloy and temper nm/yr win./yr um mils wm mils strength in 7 years, %
Non-heat-treatable alloys

1100-H14 345 13.6 70 2.6 29 1.1 0
1135-H14 321 12.6 83 33 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 -39
3003-H14 295 11.6 86 34 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 13 —2.8
5005-H34 373 14.7 76 3.0 27 1.1 —-0.9
5050-H34 349 13.7 107 4.2 58 23 —0.5
5052-H34 362 14.3 62 24 43 1.7 —0.8
5154-H34 326 12.8 91 3.6 65 2.6 —-0.9
5454-0 348 13.7 95 3.7 41 1.6 —1.5
5454-H34 342 135 105 4.1 30 1.2 —-0.5
5456-0 381 15.0 104 4.1 37 1.5 —0.4
3357-H34 292 11.5 138 54 102 4.0 —0.4
5083-0 469 18.5 102 4.0 52 2.0 —1.8
5083-H34 375 14.8 88 35 56 22 —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 22 38 1.5 —0.4
6061-T6 422 16.6 98 39 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 39 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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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 Sxx.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



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 Sxxx alloys, such as 5456-H321
boat hull plates. Exfoliation problems with Sxxx
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
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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. 16¢) but at a sacri-
fice in strength compared to T76 tempers.

Among the standard tests for evaluating
resistance to exfoliation of 2xxx, Sxxx, 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 Sxxx 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 AlgMgs 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 Sxxx and 6xxx
series, than in the less resistant alloys, such as the
2xxx and Txxx 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 x 203 mm (4 x 8 in.) panels. Calculated from average tensile strength of several specimens (usually four)

Change in strength, %, during exposure of indicated length at

State College, PA New York, NY Kure Beach, NC
Alloy and temper 6 mo 1yr 3yr Syr 10 yr 6 mo 1yr 3yr Syr 10 yr 6 mo 1yr 3yr Syr 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 —. 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 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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Table 12b  Change in tensile strength for wrought aluminum alloys during various
atmospheric exposures (ASTM International program)
Exposed as 102 x 203 mm (4 x 8 in.) panels. Calculated from average tensile strength of several specimens (usually four)

Change in strength, %, during exposure of indicated length at

Point Reves, CA

Freeport, TX

Alloy and temper 6 mo 1yr 3yr S5yr 10 yr 6 mo 1yr 3yr Syr 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 —T(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

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 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)

Change in strength, %, during exposure of indicated length at

State College, PA New York, NY Kure Beach, NC

Alloy and temper 6 mo 1yr 3yr Syr 10 yr 6 mo 1yr 3yr Syr 10 yr 6 mo 1yr 3yr Syr 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 RN -2 -2 -5 —6 RN
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 —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 — —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-
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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.

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)

Change in strength, %, during exposure of indicated length at

Point Reyes, CA Freeport, TX
Alloy and temper 6 mo 1yr 3yr Syr 10 yr 6mo 1lyr 3yr Syr 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 S 1 —4 -7 —11 S
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 -1 —15(a) —14(a) —16(a) 0 -1 —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-TS -5 -9 —6 -9 1 —4 -3 -1 -8
713.0-TS -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

Depth of metal removed per

side(a), in pm/yr, during exposure of indicated length for specimens of

Aluminum(b) Copper(c) Lead(d) Zinc(e)
Type of
Location atmosphere 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 0.58 043 0.48 0.30 1.07 1.07
Key West, FL Seacoast 0.10 o 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 1.27 041 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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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
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Fig 22 Tensile-strength losses for (a) low-carbon steel and (b) representative non-heat-treatable aluminum alloys at
several atmospheric exposure sites. Strength losses of the aluminum alloys are less than one-tenth that of the

low-carbon steel

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
Txx.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
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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
Lxxx, 3xxx, Sxxx, 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.



Seawater. Service experience with lxxx,
3xxx, Sxxx, 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.
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Among the wrought alloys, those of the Sxxx
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
Sxxx-series alloys, thinning by uniform corrosion
is negligible, and the rate of corrosion based
on weight loss does not exceed approximately
5 um/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 um/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 um/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 x 305 x 305 mm (0.250 x 12 x 12 in.) and weighed approximately 1.6 kg (3.5 Ib).

Harbor Island, NC(a) Halifax, NS Esquimalt, BC(a)
Alloy and
Test series temper 1yr 2yr Syr 10 yr 1yr 2yr Syr 10 yr 1yr 2yr Syr 10 yr
Weight loss, g
1 1100-H14 4.4 54 10.3 11.1 1.9 3.5 53 12.7 0.0 2.4 1.3 23
3003-H14 4.1 6.4 9.3 11.2 0.0 33 4.6 7.5 0.0 0.0 3.0 22
5052-H34 45 6.5 9.0 14.9 2.8 33 . 14.2 1.7 0.0 0.0 0.6
6051-T4 3.7 4.9 9.9 12.3 0.0 0.7 35 8.0 1.9 7.8 19.0 14.6
6051-T6 44 5.7 10.3 13.1 2.1 55 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 23 28.2 62.0
6061-T6 55 7.7 14.0 21.5 43 73 12.7 22.8 6.7 7.1 11.1 443
7072.. 10.2 15.9 3.1
7075-T6 S .. 149.0 S L. . 242.6 .. . . 246.5
2 5083 2.5 37 .. 7.3 2.8 0.0 6.1 8.5 1.3 1.9 2.7 33
5083 4.7 34 5.7 8.1 2.6 32 5.2 7.5 15.3 16.3 36.3 31.1
5056 3.7 4.7 6.0 9.2 2.5 33 5.7 10.4 10.7 16.5 19.5 28.9
5056 45 52 16.7 4.0 4.1 55 11.1 7.0 6.0 11.0 114
6051-T4 39 4.2 12.1 9.1 3.6 3.1 55 9.2 9.1 18.8 15.3 51.0
6051-T6 4.1 4.5 7.7 10.6 53 4.1 8.4 18.6 17.2 23.3 30.6 335
6053-T6 4.1 45 6.6 9.7 3.0 33 5.6 14.8 15.7 25.1 19.3 25.8
6061-T4 7.6 13.4 29.4 51.6 9.8 11.2 332 48.5 12.3 26.8 48.7 48.0
6061-T6 55 6.5 15.4 342 10.0 9.4 19.1 54.1 73 7.0 213 18.6
Al-7 Mg 4.1 4.1 6.5 9.4 24 24 4.6 8.0 1.6 2.9 2.1 33
Low-carbon 219.0 294.0 471.3 979.8 208.0 292.6 761.1 1450.0 277.0 455.4 1012.4 2240.8
steel(b)
3 5154 2.8 52 6.0 2.4 2.6 3.8 1.4 2.1 2.6
5083 35 4.6 6.0 2.0 2.8 3.6 0.2 2.2 2.8
6053-T6 3.8 6.6 259 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 S 1.6 2.3 RN R 1.9 o
6061, alclad 4.3 39 5.7 8.4 33 6.5 20.8 15.8 343
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 1b). (c) Plate was perforated. (d) Could not determine because no original surface left. Source: Ref 2
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Sxxx 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, Sxxx, 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 Sxxx 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
Sxxx 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 m? (1.83 ft%) in area, and weighed approximately 1.2 kg (2.6 Ib).

Harbor Island, NC(a) Halifax, NS Esquimalt, BC(a)
Test series Alloy and temper 1yr 2yr Syr 10 yr 1yr 2yr 5yr 10 yr 1yr 2yr Syr 10 yr
Weight loss, g
1 6051-T4 29 0.0 8.0 8.2 7.8 1.5 4.5 6.3 2.8 0.0 L. L.
6051-T6 6.2 0.0 14.6 9.0 10.5 12.8 234 15.4 40.7 29.7 83.0
6061-T4 4.7 10.9 7.4 0.0 0.4 43 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 14.1 252 59.2
2 5056 32 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 18.0 354
6051-T6 49 11.1 5.7 9.4 19.9 23.0 78.9 23.0 30.2 413 122.8
6053-T6 33 4.9 6.9 10.6 2.6 3.0 4.5 8.9 4.5 43.5 353 99.9
3 5056 2.0 5.2 5.1 1.3 1.3 2.1 35 9.4 24
6063-T5 2.6 33 6.5 2.4 35 4.9 6.6 13.4 13.1
6053-T6 2.8 3.0 53 25.7 12.0 30.6 43.5 299 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 17 929 50
6051-T4 57 5 20 15 34 65 30 74 66 65 90 115
6051-T6 58 > 100 34 45 100 84 (b) 64 85 107 >200(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
Txxx-series alloys in moist low-resistivity soils,
measured by weight loss and pitting depth, is
several times greater than corrosion of the
more resistant lxxx-, 3xxx-, Sxxx-, 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 Q - 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.
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Table 17 Average weight loss (mg/m?) for aluminum alloys in seawater (from Tables 12

and 13)

Harbor Island, NC Halifax, NS Esquimalt, BC
Test series 1yr 2yr Syr 10 yr 1yr 2yr Syr 10 yr 1yr 2yr Syr 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 m? (2.08 ft®). (b) Extrusion surface area. 0.170 m? (1.83 ft?). Source: Ref 2
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Table 18 Summary of data from 10 year seawater exposures at Wrightsville Beach, NC

Corrosion rate based on Maximum depth of attack Average depth of attack
weight change in 10 years in 10 years Change in tensile
strength in
Alloy and temper Mg, % mm in. wm/yr mil/yr mm mil mm mil 10 years, %
Half-tide exposure
1199 . 1.27 0.050 0.91 0.036 0.99 0.039 0.07 0.003 0
5154-H38 35 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
5456-0 5.1 6.17 0.243 0.36 0.014 1.74 0.069 0.32 0.013 —04
5456-H321 5.1 6.17 0.243 1.29 0.051 1.83 0.072 0.34 0.013 —4.5
5083-0 45 6.35 0.250 0.91 0.036 0.97 0.038 0.31 0.012 0
5086-0 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 35 1.27 0.050 1.40 0.055 . . S S 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 L. S . L. 5.2
5456-0 5.1 6.17 0.243 295 0.116 333 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
5083-0 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 L. . S 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

Maximum depth of attack, mils

Plate Change in tensile

p e

Alloy and temper Type of joint period, years

Outside surface

strength due

Faying surface Rivet or weld to corrosion(a), %

Continuously immersed

6053-T6 Riveted(b) 6 1.4
6061-T6 Riveted(c) 1 1.4
6053-T6 Welded(d) 2 5.0
6061-T6 Welded(d) 1 5.0
6061-T4 None 3 2.1
6061-T6 None 3 1.4
2024-T4 alclad(e) None 5 4.2
3004-H14 alclad(f) None 5 1.4
520.0-T4(g) None 3 42
Not immersed (atmospheric exposure)

6053-T6 Riveted(d) 6 5.6
6061-T6 Riveted(e) 1 5.6
6053-T6 Welded(f) 2 33
6061-T6 Welded(f) 1 7.0
6061-T4 None 3 2.1
6061-T6 None 3 4.2
2024-T4 alclad(e) None 5 8.4
3003-H14 alclad(f) None 5 7.0
520.0-T4(g) None 3 1.4

3.0 8.4 0
2.8 2.8 0
42

9.8

2

1

0

-5

-4

56 11.7 ~1

2.1 8.5 0
9.8

9.8

1

1

0

-5

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 pum (11.7 mils). (f) Average thickness of cladding on each surface. 307 pum (12.1 mils). (g) Sand cast. Source: Ref 4

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/CuSQOy4
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
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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 wm (0.2 to 0.3 mil)
is normally specified for bright automotive trim
and 17 to 30 um (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/, year exposure, the pits
were of pin-point size and had penetrated less



than 50 um (2.0 mils). Specimens with coatings
at least 22 um (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 um/
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 um (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 um (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 um (0.7 to
1.2 mils) and that thicker coatings provide little
additional protection.

Original anodic coating thickness, mils
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Fig. 24 Number of corrosion pits in anodized alumi-

num 1100 as a function of coating thickness.
Source: Ref 124
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Fig. 25 Weathering data for anodically coated alu-
minum in an industrial atmosphere
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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

99
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F|g 26 Relative effectiveness of various protective

systems in preventing stress-corrosion crack-
ing of susceptible aluminum alloys. Combined data for
highly elastically strained specimens of alloys 2014-T651
and 7079-T651 exposed at Pt. Judith, RI; Comfort, TX; and
New Kensington, PA
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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

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: H,SO, anodic coatings 23 um (0.9 mil) thick, sealed in boiling
water on test panel 100X 150 mm (4 X 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
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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
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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,
Sxxx alloys, and casting alloys 444.0 and 514.0.
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F|g 27 Corrosion of aluminum 1100-H14 in various chemical solutions. Average penetration calculated from weight loss data in short-term tests. (a) Effect of concentration

of aqueous solutions of several aldehydes. Rates of attack indicate that aluminum should be satisfactory for handling all these solutions. (b) Effect of pH. The concentration
of all the solutions ranged from 0.00001 to 0.1 N, except acetic acid (0.00001 to 17.4 N), ammonium hydroxide (NH,OH) (0.00001 to 15 N), and sodium disilicate (Na,Si,Os) (0.00001
to 1 N). (c) Effect of concentration of HNOj solutions at room temperature. (d) Effect of concentration and temperature of acetic acid. (e) Effect of concentration of boiling aqueous
solutions of three alcohols. (f) Effect of temperature of phenol. Rapid reaction above 120 °C (250 °F) can be stopped by small additions of steam or water
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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 HNOj3 in
concentrations above 82 wt% and H,SO, 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
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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, Sxxx, 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
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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 NH; 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 Cu,S) 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:

e Architectural components requiring resis-
tance to atmospheric exposure, such as roof-
ing, hardware, building fronts, grillework,
handrails, lock bodies, doorknobs, and kick
plates

e Freshwater supply lines and plumbing fittings
requiring resistance to corrosion by various
types of waters and soils

e Freshwater and seawater marine applica-
tions—supply lines, shafting, valve stems,
and marine hardware

e 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

e Industrial and chemical plant process equip-
ment involving exposure to a wide variety of
organic and inorganic chemicals

e 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

e 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
atruly passive corrosion product film. In aqueous
environments at ambient temperatures, the cor-
rosion product predominantly responsible for
protection is cuprous oxide (Cu,O). This Cu,O
film is adherent and follows parabolic growth
kinetics. Cuprous oxide is a p-type semi-
conductor formed by the electrochemical pro-
cesses:

4Cu+2H,0 — 2Cu,0+4H" +4e~ (anode)
(Eq D)

and

0,+2H;0+4¢~ — 4(OH)™ (cathode)
(Eq 2)

with the net reaction: 4Cu + O, — 2Cu,0.

For the corrosion reaction to proceed, copper
ions and electrons must migrate through the
Cu,0 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
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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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Table 1 Classification of copper alloys

Generic name UNS numbers Composition

Wrought alloys

Coppers C10100-C15815 Most >99% Cu

High-copper alloys C16200-C19900 >96% 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- C55180-C55285 Cu-P-Ag
phosphorus brazing filler metal

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 >99% Cu

High-copper alloys C81400-C82800 >94% 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

1000 pm

Flg 1 Plug-type dezincification cross section in a yel-

low brass (C26000, cartridge brass) tube. Origi-
nal magnification 15x. Source: Used with permission of
ASTM International

1000 ym

F|g. 2 Layer-type dezincification cross section in yellow

brass (C26000, cartridge brass) threaded fastener.
Original magnification 15 x . Source: Used with permission
of ASTM International
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Flg 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 NH,ClI solution at 45 °C (113 °F).
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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 (Al,O5)
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,



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 cubic o structures and good
resistance to corrosion attack. As aluminum
content increases above 8%, a-f§ duplex struc-
tures appear. The [3 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 [ phase into a brittle
a + vy, eutectoid having either a lamellar or a
nodular structure. The 3 phase is less resistant to
corrosion than the o phase, and eutectoid struc-
tures are even more susceptible to attack.

Depending on specific environmental condi-
tions, P 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
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duplex alloys, such as C62400 and C95400,
produces a tempered f structure with reprecipi-
tated acicular o 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  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 (H3PO,), sulfuric (H,SO,), and HCI;
organic acids, such as acetic (CH;COOH) 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 (FeCls) and chromic acid
(H>CrOy4); 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
NHj; 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
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Fig. 4 Cast aluminum bronze (Cu-10AI-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 CuAINiFe.
Acid etched in ferric chloride. Original magnification
400 x. Courtesy of Frauke Hogue, Hogue Metallography

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, NHj;, 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,
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Table 2 Guide to corrosion of copper alloys

Form of attack Characteristics

Preventive measures

General thinning Uniform metal removal

Galvanic corrosion

Pitting
foreign objects or dirt
Impingement
Erosion-corrosion
Cavitation

Fretting

Intergranular corrosion
Dealloying

Corrosion fatigue

Several transgranular cracks

Stress-corrosion cracking
fairly rapid

Corrosion preferentially near a more cathodic metal

Localized pits, tubercles; water line pitting; crevice corrosion, pitting under

Erosion attack from turbulent flow plus dissolved gases, generally as lines of
pits in direction of fluid flow
Chafing or galling, often occurring during shipment

Corrosion along grain boundaries without visible signs of cracking

Preferential dissolution of zinc or nickel, resulting in a layer of sponge copper

Cracking, usually intergranular but sometimes transgranular, that is often

Select proper alloy for environmental conditions based on weight loss data.

Avoid electrically coupling dissimilar metals; maintain optimal ratio of anode

to cathode area; maintain optimal concentration of oxidizing constituent in
corroding medium.

Alloy selection; design to avoid crevices; keep metal clean.

Design for streamlined flow; keep velocity low; remove gases from liquid

phase; use erosion-resistant alloy.

Lubricate contacting surfaces; interleave sheets of paper between sheets of

metal; decrease load on bearing surfaces.

Select proper alloy for environmental conditions based on metallographic

examination of corrosion specimens.

Select proper alloy for environmental conditions based on metallographic

examination of corrosion specimens.
Select proper alloy based on fatigue tests in service environment; reduce mean
or alternating stress.

Select proper alloy based on stress-corrosion tests; reduce applied or residual

stress; remove mercury compounds or NH; from environment.

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.

www.iran—-mavad.com

5Ja9lo 9 Slgo (puwdigo @2 4o

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 pm (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



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.
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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:

e 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).

e The interface is under load.

e Both load and relative motion are sufficient to
produce deformation of the interface.

e 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:

e [ubricating with low-viscosity, high-tenacity
oils to reduce friction at the interface between
the two metals and to exclude oxygen from
the interface

e Separating the faying surfaces by interleaving
an insulating material

o 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

e 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
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alloys containing more than 15% Zn are
susceptible to a dealloying process called
dezincification. Selective removal of zinc leaves
arelatively 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 (CO,). 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 § phase, followed by the lower-zinc
o phase.

Tin tends to inhibit dealloying, especially in
cast alloys. Alloys C46400 (naval brass) and
C67500 (manganese bronze), which are o-f3
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-o
71Cu-28Zn-1Sn brass) inhibits dezincification.
Inhibitors are not entirely effective in preventing
dezincification of the a-f} brasses, because they
do not prevent dezincification of the [} 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 y phase and usually occurs as
plug-type dealloying. Nickel additions exceed-
ing 3.5% or heat treatment to produce an o. + 3
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
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Flg 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 x

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, K,
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

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 HNOs, 0.5 g AgHNO3, and
50 mL H,0. Original magnification approximately 100 x
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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:

e Selective removal of one component of an
alloy, with the resulting development of local
voids that provide a brittle crack path

e Brittle fracture of a corrosion product coating
at the base of a crack that continually reforms

e Attack along the interface of two discrete
phases

e Intergranular attack that does not spread lat-
erally

e 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),SO,4], ammonium
hydroxide (NH4OH), and copper sulfate
(CuSOy), 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-NH; system (Ref 2),
cupric (Cu2+) ammonium complex was con-
cluded to be necessary for the occurrence of SCC
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F|g. 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 HNOs, 0.5 g AgHNO;, and 50 mL H,O. Original
magnification approximately 200 x



under open-circuit conditions in oxygenated
NH; solutions. This complex becomes a com-
ponent in the predominant cathodic reaction:

Cu(NH;3)}* + e~ — Cu(NH;3); +2NH;
(Eq 3)

Equation 3 permits cracking by cyclic rupture
of a Cu,O 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 Cu®" ions, provided the
cuprous (Cu") complexes are available. It was
suggested that the role of the Cu™* 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 NH; to
be corrosive to copper alloys; other compounds,
such as CO,, are thought to accelerate SCC in
NH; atmospheres. Moisture films on metal sur-
faces will dissolve significant quantities of NH3,
even from atmospheres with low NHj; 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.
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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
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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



132 / Corrosion of Nonferrous Metals and Specialty Products

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 NHj or certain other agents where SCC has
been observed in high-zinc alloys (>20% 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
Cu,0. 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 ~ **; the latter group can be approximated
by d~t'"?, where r 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 NH; 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.
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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 um
(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 (H™) 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 um/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.

Silicon bronzes

Corrosive medium Corrosive medium

Acetate solvents

Acetic acid(a)

Acetone

Acetylene(b)
Alcohols(a)

Aldehydes
Alkylamines

Alumina

Aluminum chloride
Aluminum hydroxide
Aluminum sulfate and alum
Ammonia, dry
Ammonia, moist(c)
Ammonium chloride(c)

Carbon tetrachloride (dry)
Carbon tetrachloride (moist)
Castor oil

Chlorine, dry(f)

Chlorine, moist
Chloracetic acid
Chloroform, dry

Chromic acid

Citric acid(a)

Copper chloride

Copper nitrate

Copper sulfate

Corn oil(a)

Cottonseed oil(a)

TmTMTMYYYYmQmMQ T QT M mmm | Coppers
mmmmwvmmomomommgmmm Low-zinc brasses (<15% Zn)
Mmoo owumTmTmQ TMmYm Y Q | High-zine brasses (215% Zn)
mmMoTYTYmQMmTYmQ ™M UM M | Special brasses
mTTmuYYYmQmQMmQ MM UMMM | Phosphor bronzes
MmUY TmQmQm QMM MM o | Aluminum bronzes
mmmo o oY mQmQmQMMm ™ mmm | Silicon bronzes
mMTMQTMTTTmmm QM QoM mmm | Copper-nickels
mmmuYYTmQmQm QMo m Q o | Nickel silvers

Ammonium hydroxide(c) Creosote
Ammonium nitrate(c) Dowtherm “A”
Ammonium sulfate(c) Ethanol amine
Aniline and aniline dyes Ethers
Asphalt Ethyl acetate (esters)
Atmosphere: Ethylene glycol
Industrial(c) Ferric chloride
Marine Ferric sulfate
Rural Ferrous chloride

Ferrous sulfate
Formaldehyde (aldehydes)
Formic acid

Freon, dry

Freon, moist

Fuel oil, light

Fuel oil, heavy

Barium carbonate
Barium chloride

Barium hydroxide
Barium sulfate

Beer(a)

Beet-sugar syrup(a)
Benzene, benzine, benzol

Benzoic acid Furfural

Black liquor, sulfate process Gasoline
Bleaching powder (wet) Gelatin(a)

Borax Glucose(a)
Bordeaux mixture Glue

Boric acid Glycerin

Brines Hydrobromic acid
Bromine, dry Hydrocarbons

Bromine, moist

Butane(d)

Calcium bisulfate

Calcium chloride

Calcium hydroxide
Calcium hypochlorite
Cane-sugar syrup(a)
Carbolic acid (phenol)
Carbonated beverages(a)(e)
Carbon dioxide, dry
Carbon dioxide, moist(a)(e)

Hydrochloric acid (muriatic)
Hydrocyanic acid, dry
Hydrocyanic acid, moist
Hydrofluoric acid, anhydrous
Hydrofluoric acid, hydrated
Hydrofluosilicic acid
Hydrogen(d)

Hydrogen peroxide, up to 10%
Hydrogen peroxide over 10%
Hydrogen sulfide, dry
Hydrogen sulfide, moist

TOoTQmNQTQTVONTONTOOoOOOoOoOomoomQmQOQTYVONmmQmEmmm QT Im Y m ™ T I m Q M | Low-zine brasses (<15% Zn)
TmUTMmUUTTONTmTQQmNONmTQAQNONmuTQTUTTQOANQNAQOQQ YT YT UM U UM T ™ m | High-zine brasses (215% Zn)

TovQmQTmQUvOmTomToooOomooooommQmoaQevvmmmomomommQTmTmmemQT™mmQm | Coppers
TmTQmQOQTQTONTOoTOOOODoooDOon o QY VO OO QOoEmmEm Q™ Tm T Mm ™ ™ MM Q M | Special brasses
TovQOmQTQvODTOoTOoOOOOoDoooDoom QAT VN OmIOmQOmEmmm Q™ Tm T M Q™ T MMM | Phosphor bronzes
TmvQmQOTmQvTOmTOoToOoOoOooDooomoommQEumQQTTONOmmOQOnEmomm Q™ Tm ™M Q™ MM MM | Aluminum bronzes
TmYQmQTMAQTEOToTOoOmoOooHnOomon Qo QT TmmmQENoomm mTm Y im Q QMo m | Copper-nickels
TmTQmQTMAQTEOToOTOOmomOOoHmOoomQEOQ T TOmmQNH oo QTNTm Y m Q™ MH MMM | Nickel silvers

a-NesBa-EolesNa e NaRa-NesleslesiesNesNesNesNesleslesHesNesNesResEnlesHaNaNa-Ra-NeslesHesialesNesNesNesHaNeslesHesBa-NesNa ResHesllesNesNes)

mTONmTOmQENOQON QN QNN N QTN NN OO mQ m o m o
MO mOmNQA@NQOQON QN AN EN QTN NN mmmQ m o m
mEONmTmT QMU ONTONTOQN IO N QQm QT m W
TNOmQENQENQQETmN QMMM Q™ W m W m
TmmQOmNQENQOQONQNQONNEN QTN NN mOmQ m o m
DmmQEQENQQAEQNQNEEm QNN NN mmE QMWW o
DmmQEQENQQEQNANEImOT NN ONmE QMMM m
TmmQEmQENQQANQENNINENQQE TN T mm M Q m W im
mTmmQEmQENQQENQENNINENQT N NN mmmQ mmm

(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. (¢) 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 H,SO, and to corrosion by cold concentrated HSO,.
Intermediate concentrations of H,SO, are sometimes more corrosive to copper alloys than either concentrated or dilute acid. Concentrated HSO4 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% H,SO, 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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134 / Corrosion of Nonferrous Metals and Specialty Products

Table 3 (continued)

Corrosive medium

Corrosive medium

Silicon bronzes

Kerosine

Ketones

Lacquers

Lacquer thinners (solvents)
Lactic acid(a)

Lime

Lime sulfur

Linseed oil

Lithium compounds
Magnesium chloride
Magnesium hydroxide
Magnesium sulfate
Mercury or mercury salts
Milk(a)

Molasses

Natural gas(d)
Nickel chloride
Nickel sulfate

Nitric acid

Oleic acid

Oxalic acid(g)
Oxygen(h)

Palmitic acid
Paraffin

Phosphoric acid
Picric acid
Potassium carbonate
Potassium chloride
Potassium cyanide
Potassium dichromate (acid)
Potassium hydroxide
Potassium sulfate
Propane(d)

Rosin

Seawater

Sewage

Silver salts

Soap solution
Sodium bicarbonate
Sodium bisulfate
Sodium carbonate
Sodium chloride
Sodium chromate
Sodium cyanide

THQENANEDTENQANONmQTT QN T AN QNN QT T TMOmMm T MM QQ Q ™ W W W w w m | Coppers
ToQuQmmuUmQOoOomQTTQQATQA@NQANmQT T TION OO IO M QQQ UMMM M mm | Low-zine brasses (<15% Zn)
TmvQTQOnUTTOooODQTm T TmYTmTmeITmTYTvTmHQQQTOQOQTMYQTO T mmm M | High-zine brasses (215% Zn)
THTMO QN DU ON NN QYT TN Y TON QMmN T Q YT TN MM UMM T T QT M w0 m | Special brasses

Sodium dichromate (acid)
Sodium hydroxide
Sodium hypochlorite
Sodium nitrate
Sodium peroxide
Sodium phosphate
Sodium silicate
Sodium sulfate
Sodium sulfide
Sodium thiosulfate
Steam

Stearic acid

Sugar solutions

Sulfur, solid

Sulfur, molten

Sulfur chloride (dry)
Sulfur chloride (moist)
Sulfur dioxide (dry)
Sulfur dioxide (moist)
Sulfur trioxide (dry)
Sulfuric acid 80-95%(j)
Sulfuric acid 40-80%(j)
Sulfuric acid 40%(j)
Sulfurous acid

Tannic acid

Tartaric acid(a)
Toluene
Trichloracetic acid
Trichlorethylene (dry)
Trichlorethylene (moist)
Turpentine

Varnish

Vinegar(a)

Water, acidic mine
Water, potable

Water, condensate(c)
Wetting agents(k)
Whiskey(a)

White water

Zinc chloride

Zinc sulfate

THOENOENEDTHOENONEmQT TN T AN QONIN QT T IENEm UMM QQ QM W W W m | Phosphor bronzes
THON QNN NOOHQT T AN YT AN QNI QY T I NN Y EEQQQ T MMM M o H | Aluminum bronzes
THOENOENETEHAENONEmQT TN T AN QONN QT T NIEEEm T mMmQQ QT M W W | Silicon bronzes
TN OOOYN O OO OO TN mTQmQME QYT T MMM UMM QM QT W W M m | Copper-nickels
TONCOCN OO OO O T YN E Y QN QMmN QYT Tt Ut Q) QT I | Nickel silvers

moQmmmmTmOmmmQmAQmmmAQTQEmAAmUmUQmNEmmTYmmmTQQQ ™ | Coppers
moQumuomTmOnommQEuQNNUmOAQT QN QNI NVQNmNmTUYmEm T™Q Q Q™ | Low-zinc brasses (<15% Zn)
TTTQONIDNODQTUOONTOTOD QOmUYUmMTOUmTmYmQTTTTQQQ ™ T T™Y | High-zinc brasses (215% Zn)
momoomomTTooQENToOmEHQTO T TO QN TmTQOmE T TmEm ™™ Q Q T | Special brasses
momoomomQonOmommmQEmmEQOQOTQEHQOmTmITQmmm U Yvmmm ™ Q Q ' | Phosphor bronzes
mQUOmnmomomTmoooOnomoQONoOmomQQTQONQmUmvTQONmmw9Immm ™ Q Q Q ™ | Aluminum bronzes
DmoQmnmomomTmOooOnooDQENUQQTQEN QNN VQNEOTmYIDNOmmTQQQ
DONDDNOoONTOOONOO QE NN TQTUQENTNON UM Um M mm ™™ MW m QM Q Y | Copper-nickels
[esliaNesHesHesHesHesResNaNesHesHesHesRaNesNesNeslesNaResNaNesMesNesla-NesBa-NaNesHesNesleslesMesNesMes N Nes Moy Wesla- Al B T8 G EHITI

(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. (¢) 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 H,SO, and to corrosion by cold concentrated H,SOy4.
Intermediate concentrations of H,SO,4 are sometimes more corrosive to copper alloys than either concentrated or dilute acid. Concentrated H,SO,4 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% H,SO, 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.

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 [CuCl, 3
(Cu(OH),)] and copper oxide crystals. The
corrosion layer is not truly passivating, and
corrosion will continue, although at a reduced
rate.
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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
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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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Corrosive medium Q = = == = = = = == = 7
Acetate solvents B A A A A A B A A A B

Acetic acid

20%

50%

Glacial
Acetone
Acetylene(a)
Alcohols(b)
Aluminum chloride
Aluminum sulfate
Ammonia, moist gas
Ammonia, moisture-free
Ammonium chloride
Ammonium hydroxide
Ammonium nitrate
Ammonium sulfate
Aniline and aniline dyes
Asphalt
Barium chloride
Barium sulfide
Beer(b)
Beet-sugar syrup
Benzine
Benzol
Boric acid
Butane
Calcium bisulfite
Calcium chloride (acid)
Calcium chloride (alkaline)
Calcium hydroxide
Calcium hypochlorite
Cane-sugar syrups
Carbonated beverages(b)
Carbon dioxide, dry
Carbon dioxide, moist(b)
Carbon tetrachloride, dry
Carbon tetrachloride, moist
Chlorine, dry
Chlorine, moist
Chromic acid
Citric acid
Copper sulfate
Cottonseed oil(b)
Creosote
Ethers
Ethylene glycol
Ferric chloride, sulfate
Ferrous chloride, sulfate
Formaldehyde
Formic acid
Freon
Fuel oil
Furfural
Gasoline
Gelatin(b)
Glucose
Glue
Glycerin
Hydrochloric or muriatic acid
Hydrofluoric acid
Hydrofluosilicic acid
Hydrogen
Hydrogen peroxide

AP TR>TIE>>P>PPePePPPrO0QP 2P P>QQPTEPREPPIEIP>2P>222>22>OQ>P>T>000> 0> %> 0O > > > > | Aluminum bronze
AFPQTQAFPEEFP PP >OQFPE>TI>QQS>22>2>0Q>002Q22>22>2>22>02>2>00000>000%» Q> % W> > |Leaded nickel bronze
APFTIAPEEF>P> PP P>QQFP>EIE>2>QQ>2>2>2>2>2> 000222222 >Q>>0Q2>0002>02>0> Q% > > > > |Silicon bronze

APTEAPPZ>P2>22>2>2>2>>O00QP TP >OQPTPTI>>>OOQTFEZ22>22>2>A>2>QO0Q0>Q0TOQ> Q> > > >
APTETAFEZ>>> 222> 2>>QPr>T 2> Q0T >T>Q>OQ0QTFEF>2>22>2>Q>>O0Q0>0FQ>Q>>00
APTEAPP>>>>2>2>22rP QP PEPP>>ATPTPEP>PAFFTQAQATIZ>>>TEAFPP>ATOAQQ>AQATA>AQ> > W
APTETAFZ>>>>2>>2>>QP2pT>> P> QEPTI>QAPQA>PTOQATEIR>>>>TEA>>QOTOQQ>PAQOFTOQ>OQ>O0AQAN
APFEFQAFFZ>>>>2>2>2> Q0P B> >>QAT>TPFFPQAEBEQAAQATTI>>>>TFQAF>QATQAQAQ>ATQ>AQ>>ET
AFPOQO@FQAPPFEZZPP>2>>T>OQ>>0>0>00>T>0>P0>000TQ>>2>2>>000>000002>0002>02>000
QOFPQO@EQAPFEPZPP>2>>T>OQ>>0>0>00>T>0>0>00000>2>2>2>>000>000002>0002>02>000
QAFPQ@EQAFPPEZTEP>2>>T>00Q>2>Q>02>r00>T>0>r0>00000>E>>>000>00000>0002>02>000
QFPQ@EQAPPFEZEP>>>T>O0Q>2>0Q>0>00>T>0>r0>0000022>2>pT>mO>00000>0002>02>000
QAFPQ@FQAFPPFEZPP>>>T>OQP>>TI>T>OQ>PTI>OPOQ>O000Q0F>>2>2>>00>>000002>0002>02>000
AP AFAPE>>E>2>2>2>TO>QQF>E>>2>000> > > F>QAFQAQATAQAES>>>ETEQAQA>QA>QQQ>Q>Q> Q> >0W

(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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Table 4 (continued)
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= = =2 = ] g 2
g £ 2 3 £ 2 s &
H = 1 = ] R = S
] e 2 2 2 £ 2 = ]
5] = < = ] £ < S S
5 £ g 20 g E g = 2
Corrosive medium o} = = ==} = < = ) %)
Hydrogen sulfide, dry C C C C C B B C
Hydrogen sulfide, moist C C C C C B C C
Lacquers A A A A A A A A
Lacquer thinners A A A A A A A A
Lactic acid A A A A A A A C
Linseed oil A A A A A A A A
Liquors
Black liquor
Green liquor
‘White liquor

Magnesium chloride
Magnesium hydroxide
Magnesium sulfate
Mercury, mercury salts
Milk(b)

Molasses(b)

Natural gas

Nickel chloride
Nickel sulfate

Nitric acid

Oleic acid

Oxalic acid
Phosphoric acid
Picric acid

Potassium chloride
Potassium cyanide
Potassium hydroxide
Potassium sulfate
Propane gas

Seawater

Soap solutions
Sodium bicarbonate
Sodium bisulfate
Sodium carbonate
Sodium chloride
Sodium cyanide
Sodium hydroxide
Sodium hypochlorite
Sodium nitrate
Sodium peroxide
Sodium phosphate
Sodium sulfate, silicate
Sodium sulfide, thiosulfate
Stearic acid

Sulfur, solid

Sulfur chloride

Sulfur dioxide, dry
Sulfur dioxide, moist
Sulfur trioxide, dry
Sulfuric acid

>OrQQrQar>PmmOOOOOOQOQ>QQ>OQ0000000Q00QF>>00QTmOO0AQAQ > Q> > QA | Leaded yellow brass
>OrQQrQaQr>PmmOOOQQ>QQ>O000Q>>>000>>QTmO0O0O >QB>2>00

S>>0 P>PQPPEEOOQ>OQ>>>>>OQ>Q>2>2>QP>> 2> Q>PE>O0O0T
S>>0 QPPEEOOQP>P>APP>>>>OQ>QP>2>2>QP>> 2 >QrPE>0O0T
S>>0 QFEPEEIOOQZ>P>AP>P>P>P>OQP>PQP>PTITQARR>>R>>Q>PE>OO0T
FEWEOQFPQEPEIETOOQFZ>QAFE>>>OQ>QAFPTITOAFSE>>Q>ET>00T
PO OQFPAQAEFPEIETOAQQF>QAPTFF>OQ>QAPTITOAF>>>ABET>OOONT
P00 QPrPE>OO00>O00P>EF>OQQ>PQF>2>QPPPPP>QP>PT>OO0T
PE>OQFPQAF>PE>OAQNQ>PATAE>OONNQNAQ>FTANA>>>NATTEWE W

Water, acid mine
Water, condensate

>OQrrrrEPrr0O00 SOr>rQQrpQmrpmmOOQOTOO>OOQ>OQ000000000>F>00TOO0OQAN > O > > O O | Leaded semi-red brass
QPP EF>O00000 F>O>PQQ0>PQQPTTOOOOCQOFPOQ>OQ0O00O0O0QO0QQFF>0O0AOOOAQ > Q> > OO0 |Leaded high-strength yellow brass
>OQPPrrEF>OQ00 P>OrpQQPQQPEITOOOOQQQPQQPQQQ000O0O0O00QQR>>QQTOOOAO > Q> > QO | High-strength yellow brass
>OQPPPPEF>OQ00 >O>00>0Q0PTTOAANNANANAPAAQ>PONN00Q00Q00QAQF>R>>OQTANNANO > O3> > 00 |Leaded nickel brass

POAOWPEPPEPRP>ITE> PP PERPEI>QAPTIREPRRPRP>POQPQRPP>QPERR>>A>P>>>EIW

78% or less B B B B B C C B B
78% to 90% C C C C C C C C C
90% to 95% C C C C C C C C C
Fuming C C C C C C C C C
Tannic acid A A A A A A A A A
Tartaric acid B A A A A A A A A
Toluene B B A A A B B B A
Trichlorethylene, dry A A A A A A A A A
Trichlorethylene, moist A A A A A A A A A
Turpentine A A A A A A A A A
Varnish A A A A A A A A A
Vinegar A A B B B C C A B
C C C C C C C C C

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.
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Corrosive medium o] = = = = = = = ==} < = = 7 7
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

Corrosion rates at indicated locations(a)

Altoona, PA New York, NY Key West, FL La Jolla, CA State College, PA Phoenix, AZ
Alloy um/yr mils/yr um/yr mils/yr um/yr mils/yr um/yr mils/yr um/yr mils/yr um/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 . o 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.

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 CO, and oxygen and react with copper
to form a protective film. Therefore, the corro-
sion rate is low (5 to 25 um/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 um/yr (0.1 to 5 mils/yr) or
more, depending on oxygen and CO, contents.

Copper-Zinc Alloys. The corrosion resistance
of the brasses is good in unpolluted freshwater—
normally 2.5 to 25 um/yr (0.1 to 1.0 mil/yr).
Corrosion rates are somewhat higher in non-
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scaling water containing CO, 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 um/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 CO, 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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Flg 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

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 CuCl,-3(Cu(OH),); C, crystals of CuO or
Cu,O. Courtesy of F. King and C.D. Litke

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
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Flg 9 Corrosion of copper, iron, lead, and zinc in four different soils

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 CO,, oxygen,
or NHj; 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 (!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 um/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 CO,, oxygen, or both significantly
increase the rate of attack. For example, con-
densate with 4.6 ppm O, 14 ppm CO,, and a
pH of 5.5 at 68 °C (155 °F) caused an aver-
age penetration of 175 to 350 um/yr (6.9 to

Table 6 Short-term corrosion rates of copper alloys in saline groundwaters

Oxygen Temperature Corrosion rate
Type of concentration,
Alloy groundwater ng/g °C F wm/yr mils/yr Ref
C10100 Synthetic <0.1 150 300 15 0.6 (b)
55 g/L TDS(a) 6 150 300 340 13.4
Copper Brine A <0.1 250 480 70 2.8 8
306 g/L TDS 600 250 480 1200 47.2
Seawater <0.1 250 480 50 2
35 g/L TDS 1750 250 480 5000 197
Cu-10Ni (C70600) Brine A <0.1 250 480 140 55 8
600 250 480 400 15.7
Seawater <0.1 250 480 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 um/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
CO; 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 NHj; 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 O,) and deaerated (100 to
200 ppb O,) NHj solutions is illustrated in
Fig. 11 and 12. In these tests, NH; 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 NH; 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. Animportant use of copper alloys
is in handling seawater in ships and tidewater

Corrosion of Copper and Copper Alloys / 139

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 um/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 wm/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 wm/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 pm (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 um/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

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

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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Fig. 12 Corrosion rates of copper alloys and low-car-
bon A-285 steel in deaerated NH3 solutions.
Test duration: 1000 h. Source: Ref 10

Corrosion rate, pm/yr (mils/yr)

Field tests(a) Laboratory tests(b)
Alloy Plant A Plant B Plant C 0 ppm NH3 2 ppm NH3 20 ppm NH;
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 NHj solution, pH 7; 2 ppm NHj solution, pH 9.4; 20 ppm NH; solution, pH 10. Source: Ref 11
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F|g 13 Chronogravimetric curves for C70600 in quiet,
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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/
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Fig_ 16 Weight loss versus time curves for C70600,
C71640, and C72200 exposed in seawater at a
velocity of 9 m/s (30 ft/s). Source: Ref 18
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F|g 14 Chronogravimetric curves for C71500 in quiet,
flowing, and tidal seawater. Source: Ref 13

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
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F|g 15 Corrosion resistance of copper-nickel alloys as

a function of iron content. Shaded areas indi-
cate optimal iron contents for good balance between pit-
ting resistance and impingement resistance. Source: Ref 18

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.

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

Impingement attack at velocity

4.6 mi/s (15 ft/s)

6.8 m/s (22 ft/s) 9.8 m/s (32 ft/s)

Alloy 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

www.iran—-mavad.com

5Ja9lo 9 Slgo (puwdigo @2 4o



Table 9 Accepted maximum tubular design
velocities for some copper alloys for
condenser tubes in seawater

Maximum design velocity

Alloy 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

Effect of Oxygen, Depth, and Temperature.
The corrosion of copper and copper-base alloys
in clean seawater is cathodically controlled by
oxygen reduction, with HT 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 Cu™ ions to more
aggressive Cu®" jons. 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).

Table 10 Critical surface shear stress for
copper-base alloys in seawater

Critical shear stress

Alloy 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
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Final steady-state corrosion rates at both loca-
tions for C71500 ranged from 1 to 3 um/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

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)

Corrosion rate

Alloy wm/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 42
Titanium 2 0.08

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 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)

Galvanic effect(a)

Alloy 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 IT 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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F|g 17 Impingement attack versus chlorine levels for
three copper alloys with the effect of a ferrous
ion inhibitor. (a) C70600. (b) C71500. (c) C71640

long-term exposures to low concentrations of
sulfide (Ref 35).

Inhibition of Corrosion. Insome 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 (FeSO,) 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 (Fe”) treatment.
Intermittent injection of FeSO, 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
FeSO, could counteract sulfide-accelerated cor-
rosion of copper-nickel alloys (Fig. 18).

In the use of FeSO, 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
Fe®" jon 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
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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
