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Foreword

Volume 12 of the 9th Edition of Metals Handbook is the culmination of 43 years of commitment on the part of
ASM to the science of fracture studies. It was at the 26th Annual Convention of the Society in October of 1944
that the term "fractography” was first introduced by Carl A. Zapffe, the foremost advocate and practitioner of
early microfractography. Since then, the usefulness and importance of this tool have gained wide recognition.

This Handbook encompasses every significant element of the discipline of fractography. Such depth and scope
of coverage is achieved through a collection of definitive articles on all aspects of fractographic technique and
interpretation. In addition, an Atlas of Fractographs containing 1343 illustrations is included. The product of
several years of careful planning and preparation, the Atlas supplements the general articles and provides
Handbook readers with an extensive compilation of fractographs that are useful when trying to recognize and
interpret fracture phenomena of industrial alloys and engineered materials.

The successful completion of this project is a tribute to the collective talents and hard work of the authors,
reviewers, contributors of fractographs, and editorial staff. Special thanks are also due to the ASM Handbook
Committee, whose members are responsible for the overall planning of each volume in the Handbook series. To
all these men and women, we express our sincere gratitude.
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Raymond F. Decker
President,
ASM International

Edward L. Langer
Managing Director,
ASM International

Preface

The subject of fractography was first addressed in a Metals Handbook volume in 1974. Volume 9 of the 8th
Edition, Fractography and Atlas of Fractographs, provided systematic and comprehensive treatment of what
was at that time a relatively new body of knowledge derived from examination and interpretation of features
observed on the fracture surfaces of metals. The 8th Edition volume also documented the resurgence of
engineering and scientific interest in fracture studies, which was due largely to the development and widespread
use of the transmission electron microscope and the scanning electron microscope during the 1960s and early
"70s.

During the past 10 to 15 years, the science of fractography has continued to mature. With improve methods for
specimen preparation, advances in photographic techniques and equipment, the continued refinement and
increasing utility of the scanning electron microscope, and the introduction of quantitative fractography, a
wealth of new information regarding the basic mechanisms of fracture and the response of materials to various
environments has been introduced. This new volume presents in-depth coverage of the latest developments in
fracture studies.

Like its 8th Edition predecessor, this Handbook is divided into two major sections. The first consists of nine
articles that present over 600 photographic illustrations of fracture surfaces and related microstructural features.
The introductory article provides an overview of the history of fractography and discusses the devel opment and
application of the electron microscope for fracture evaluation. The next article, "Modes of Fracture," describes
the basic fracture modes as well as some of the mechanisms involved in the fracture process, discusses how the
environment affects material behavior and fracture appearance, and lists material defects where fracture can
initiate. Of particular interest in this article is the section "Effect of Environment on Fatigue Fracture,” which
reviews the effects of gaseous environments, liquid environments, vacuum, temperature, and loading on
fracture morphology.

The following two articles contribute primarily to an understanding of proper techniques associated with
fracture analysis. Care, handling, and cleaning of fractures, procedures for sectioning a fracture and opening
secondary cracks, and the effect of nondestructive inspection on subsequent evaluation are reviewed in
"Preparation and Preservation of Fracture Specimens.” "Photography of Fractured Parts and Fracture Surfaces”
provides extensive coverage of proper photographic techniques for examination of fracture surfaces by light
microscopy, with the emphasis on photomacrography.

The value of fractography as a diagnostic tool in failure analyses involving fractures can be appreciated when
reading "Visual Examination and Light Microscopy.” Information on the application and limitations of the light
microscope for fracture studies is presented. A unique feature of this article is the numerous comparisons of
fractographs obtained by light microscopy with those obtained by scanning electron microscopy.

The next article describes the design and operation of the scanning electron microscope and reviews the
application of the instrument to fractography. The large depth of field, the wide range of magnifications
available, the simple nondestructive specimen preparation, and the three-dimensional appearance of SEM
fractographs all contribute to the role of the scanning electron microscope as the principal tool for fracture
studies.
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Although the transmission electron microscope is used far less today for fracture work, it remains a valuable
tool for specific applications involving fractures. These applications are discussed in the article "Transmission
Electron Microscopy,” aong with the various techniques for replicating and shadowing a fracture surface. A
point-by-point comparison of TEM and SEM fractographsis also included.

Quantitative geometrical methods to characterize the nonplanar surfaces encountered in fractures are reviewed
in the articles "Quantitative Fractography” and "Fractal Analysis of Fracture Surfaces." Experimental
techniques (such as stereoscopic imaging and photogrammetric methods), analytical procedures, and
applications of quantitative fractography are examined.

An Atlas of Fractographs constitutes the second half of the Handbook. The 270-page Atlas, which incorporates
31 different alloy and engineered material categories, contains 1343 illustrations, of which 1088 are SEM,
TEM, or light microscope fractographs. The remainder are photographs, macrographs, micrographs, elemental
dot patterns produced by scanning Auger electron spectroscopy or energy-dispersive x-ray analysis, and line
drawings that serve primarily to augment the information in the fractographs. The introduction to the Atlas
describes its organization and presentation. The introduction also includes three tables that delineate the
distribution of the 1343 figures with respect to type of illustration, cause of fracture, and material category.

Secondany sleclion image BatiicaTes ol dleton imaga

Fig. 1 Comparison of light microscope (top row) and scanning electron microscope (bottom row) fractographs
showing the intergranular fracture appearance of an experimental nickel-base precipitation-hardenable alloy
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rising-load test specimen that was tested in pure water at 95 °C (200 °F). All shown at 50x. Courtesy of G.F.
Vander Voort and J.W. Bowman, Carpenter Technology Corporations. Additional comparisons of fractographs
obtained by light microscopy and scanning electron microscopy can be found in the article "Visual Examination
and Light Microscopy" in this Volume.
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History of Fractography

Introduction

Fractography is the term coined by Carl A. Zapffe in 1944 following his discovery of a means for overcoming the
difficulty of bringing the lens of a microscope sufficiently near the jagged surface of a fracture to disclose its details
within individual grains (Ref 1). The purpose of fractography is to analyze the fracture features and to attempt to relate
the topography of the fracture surface to the causes and/or basic mechanisms of fracture (Ref 2).

Etymologically, the word fractography is similar in origin to the word metallography; fracto stems from the Latin fractus,
meaning fracture, and graphy derives from the Greek term grapho, meaning descriptive treatment. Alternate terms used to
describe the study of fracture surfaces include fractology, which was proposed in 1951 (Ref 3). further diversification
brought such terms as macrofractography and microfractography for distinguishing the visual and low magnification (<
25x) from the microscopic, and optical fractography and electron fractography for distinguishing between studies
conducted using the light (optical) microscope and electron microscope.

This article will review the historical development of fractography, from the early studies of fracture appearance dating
back to the sixteenth century to the current state-of-the-art work in electron fractography and quantitative fractography.
Additional information can be obtained from the cited references and from subsequent articlesin this VVolume.
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History of Fractography

Fracture Studies Before the Twentieth Century

Valuable information has long been known to exist in the fracture surfaces of metas, and through the years various
approaches have been implemented to obtain and interpret this information (Ref 4). According to metallurgical historian
Cyril Stanley Smith, fracture surfaces have been analyzed to some degree since the beginning of the Bronze Age (Ref 5).
Early metalsmiths and artisans most likely observed specific fracture characteristics of metal tools and weapons and
related them to variables in smelting or melting procedures.

Sixteenth to Eighteenth Centuries. The first specific written description of the use of fracture appearance to gage
the quality of a metallurgical process was by Vannocio Biringuccio in De La Pirotechnia, published in 1540 (Ref 6). He
described the use of fracture appearance as a means of quality assurance for both ferrous and nonferrous (tin and copper-
tin bronzes) alloys.

Another early authority was Lazarus Ercker, who discussed fracture tests in a 1574 publication (Ref 7). The quality of
copper, for example, was determined by examining the fracture surface of an ingot that had been notched and then broken
by a transverse blow. Brass was similarly tested. A gray fracture surface was found to be associated with subsequent
cracking during working; this gray surface was the result of the use of a special variety of calamine, which caused lead
contamination of the ingot. Brittle fractures of silver were traced to lead and tin contamination.

In 1627, Louis Savot described in greater detail the use of the fracture test as a method of quality control of copper-tin-
bismuth cast bells (Ref 8). He recorded observations of grain size in fracture control samples as a guide for composition
adjustments to resist impact fracture when the bells were struck. In the same year, Mathurin Jousse described a method of
selecting high-quality grades of iron and steel, based on the appearance of fracture samples (Ref 9).

One of the most significant early contributions to the study of metal fractures was by de Réaumur (Ref 10), who
published a book in 1722 that contained engravings illustrating both the macroscopic and microscopic appearance of
fracture surfaces of iron and steel (although the microscope was invented circa 1600, at the time of de Réaumur it was
necessary to sketch what one saw and then transfer the sketch to metal, wood, or stone by engraving). In this classical
work, de Réaumur listed and illustrated seven classes of fracture appearance in iron and steel. These are described below
and shownin Fig. 1:

Type fracture: Large, irregularly arranged, mirrorlike facets, indicating inferior metal (Fig. 1aand b)
Type Il fracture: More regular distribution and smaller facets, indicating a slightly improved metal (Fig.
Ictoe)

Type Il fracture: Interposed areas of fibrous metal between facets (Fig. 1f to h).

Type IV fracture: Fibrous metal, with very few reflecting facets (Fig. 1j)

TypeV fracture: Framelike area surrounding an entirely fibrous center (Fig. 1k and m)

Type VI fracture: An unusual type, with afew small facets in a fibrous background (Fig. 1n, p, and q)

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



% IS 'E T '? S
- Taacs S ’ntmmm"‘ i
I

Type VI fracture: Characterized by a r)
& ORI RE R LA,
by q_.t- P Ty
L] b y e g - 1 " S
| LT , | Il WW“ H |
| I | | I ‘
i i i -Il = ,‘:".a?": ‘ “
i e Illlﬂl
| il (i (d)
It i | i'! [ ::
I Ll
v i“ I Ii: |:i li.:
1 i il
H' [
| | (h) [c]

i
| *n‘n

Il

‘ JI} JI

\I

nll“ ‘ : ﬂ I{ - ‘m q Hl W !

|
||
||‘| Tl
"\\ “\)\ N W| re V f
|

l M
W il o

(
it 1
s i I
|I It iI I
m | . ll'I i
Il 1l ' | |.
A AT F ; i r I
‘ | i il
(it b QU U
| | "I|| Ui | : | I |.| _' I
(k) (n) (r) JUD A
mur (Ref 10) depicting seven categories of fracture appearance in iron and
i like facets. (b) Same as (a), but as viewed with a hand lens. (c) Type Il
, but as viewed with a hand lens. (e)
uced facet size compared with (c). (f)

' ||m mul
iy E'. ' U '
,} m | lh ‘[

www.iran—mavad.com



facets in (f). (h) Detail of fibrous metal in (f). (j) Type IV fracture; fibrous with very few reflecting facets. (k)
Type V fracture; framelike area surrounding an entirely fibrous center. (m) Same as (k), but as viewed with a
hand lens; a type VI fracture would look like this, except for finer grain size. (n) Type VI fracture; an unusual
type, with tiny facets in a fibrous background. (p) Detail of fibrous area in (n). (q) Detail of a small facets in
(n). (r) Type VII fracture; woody appearance.

A second plate from de Réaumur's book (Fig. 2) concerns the use of fracture surfaces in appraising the completeness of
conversion of iron to steel by the then current process of cementation (carburization). In his meticulous reproduction of
detail, he included phenomena still bothersome to metallurgists today, such as blistering, burning (overheating) brittle
fracture, and woody fracture. Descriptions of the fractures characteristics of the various stages of conversion are given
with Fig. 2. In summary, they are:

Woody fractures characteristics of iron (Fig. 2ato c)
Fractures characteristics of partly converted metal (Fig. 2d, f, and j)
Fractures characteristics of steel (Fig. 2e and g)

Figure 2(h) shows a fracture that is typical of an iron that will convert easily to steel Fig. 2(j), afracture typical of aniron
that will not convert to steel.
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Fig. 2 Sketches from R.A.F. de Réaumur (Ref 10) defining fracture aspects that give evidence of the degree of
conversion of iron to steel by the cementation process. (a) Woody fracture, but without the distinctly clustered
appearance of the fracture in Fig. 1(r). (b) Woody fracture combined with minutely granular areas. (c) Fracture
exhibiting a combination of brittle facets, woody texture, and minutely granular areas. These fractures are
typical of iron. (d) Fracture in iron bar partly converted to steel, the outer minutely granular zone giving way to
an inner framework of brittle facets, which in turn surround the woody center. (e) Fracture in steel produced
from iron by cementation, showing a mass of small facets throughout the fracture, those in the center being
somewhat larger. (f) Fracture in iron bar converted to steel only from a-a to b-b and remaining as iron from a-a
to c-c because of overheating in the furnace. (g) Fracture in steel; the lusterless, rough facets resulted from
holding the specimen too long in the furnace. (h) Fracture in a type of iron that always produces very small
facets when converted to steel. (j) A type Il fracture in iron (see Fig. 1), indicating that the iron will fail to
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convert to steel in the center and will also produce an inferior fracture frame. (k) Fracture in forged steel
showing folding at left end, which could later cause cracking during heat treatment. In (d), (f), and (g), small
blisters are indicated by the letter g, large blisters by the letter G, and porosity by the letter O.

A third plate from de Réaumur (Fig. 3) displays his fracture studies at high magnifications and his fracture test. The
minute platelets shown in Fig. 3(f), which may have been pearlite or cementite in some form, were recorded afull century
and a half before the founding of metallography.

4]

{fh

(d)

Fig. 3 Sketches from R.A.F. de Réaumur (Ref 10) showing notched-bar fracture test specimen, enlarged view
of grains, and details of fracture in cast iron. (a) A notched-bar fracture test, which allows two identical steel
bars to be broken with a single blow. (b) Grain ". . . prodigiously magnified [i.e., of the order of 50x] showing
the voids V and molecules M. . ." (probably crystallites) of which the grain is composed. (c) One of the
individual molecules of (b) showing the units of which it is composed. (d) Fracture in gray iron, strongly
resembling one in steel, except that the surface is brownish and the grains are coarser. (e) Detail of (d) at high
magnification showing the fracture to comprise”. . . an infinity of branches. . ." Here de Réaumur's
maghnification clearly exceeded 100x, although some of the enlargement may have been contributed to drawing
what he saw. (f) Detail of an individual branch (dendrite) showing structure of minute platelets (possibly or
cementite) placed one on another
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Encouraged by his studies of the changes of fracture surfaces accompanying the conversion of iron into steel, de Réaumur
published in 1724 studies of cast metal fractures, including plates illustrating fractured antimony and lead ingots (Ref 11).
The results of these studies are reviewed by Smith in Ref 5.

Information on the nature of fracture of copper-zinc alloys was published in 1725 by Geoffroy (Ref 12). In his studies,
Geoffroy investigated the influence of the copper-to-zinc ratio on the appearance of the fracture surface and on grain size.

Somewhat later (1750), Gellert described the fracture characteristics of metals and semimetals (Ref 13), mentioning the
use of a fracture test for distinguishing among steel, wrought iron, and cast iron. The test was also used to appraise the
effects of carburization and heat treatment. Further, Gellert discussed causes of embrittlement of metals as disclosed by
inspection of fracture surfaces.

The German physicist and chemist Karl Franz Achard, in carrying out his studies on the properties of aloys, also realized
the importance of the appearance of fracture (Ref 14). Archard noted the appearance of the broken surfaces of nearly all
of the 896 alloys he tested (Ref 5). This number represented virtually every possible combination of all metals known at
that time.

Nineteenth Century. With the development of metallography as a metalurgical tool, interest in the further
development of fracture studies waned. An important exception to this was Mallet (Ref 15), who published a paper in
1856 that related fracture details in cannon barrels to the mode of solidification, referring to planes of weakness resulting
from sharp angles in the contours of the barrels. This may have been the first example of failure analysis and the first
recognition of the deleterious effects of stress concentration in design. At the same time, the U.S. Army Ordnance Corps
implemented fracture eval uation with mechanical testing for the study of ruptured cannon barrels (Ref 16).

In 1858, Tuner published a list categorizing fracture characteristics, citing such conditions as hot shortness, overheating,
and various types of tears (Ref 17). In 1862, Kirkaldy correlated the change in fracture appearance from fibrous to
crystalline with specimen configuration, heat treatment, and strain rate (Ref 18). He reported that crystalline fractures
were at 90° to the tensile axis, whereas fibrous fractures were irregular and at angles other than 90°.

The doctoral dissertation of E.F. Dlrre in 1868 contains an excellent description of the many different textures and details
to be seen in the fracture of cast irons aswell as a summary of the literature of the time (Ref 19). Dlrre advocated the use
of low magnification to study the fracture of castings, but considered the high-magnification microscope impractical for
this purpose (Ref 5).

Two papers on stedl, published by the Russian metallurgist D.K. Tschernoff, contributed significantly to fracture studies.
The first, published in 1868, discussed fracture grain size in relation to heat treatment and carbon content (Ref 20). In a
later paper, Tschernoff described the fracture of large-grain steel and, for the first time in history, accurately illustrated the
true shape of metal grain (Ref 21).

John Percy, a prolific author on metallurgical subjects, described by 1875 six general types of fracture patterns (Ref 22):

Crystalline, with facets as in zinc, antimony, bismuth, and spiegeleisen
Granular, with smaller facets, asin pig iron

Fibrous, ageneral criterion of quality

Slky, afiner variety of fibrous, such asin copper

Columnar, typical of high-temperature fracture

Vitreous, or glasslike

Adolf Martens (for whom martensite is named) undertook studies of metal structure by examining newly fractured
surfaces and polished-and-etched sections, both under the microscope. He published his first findings in Germany in 1878
(Ref 23, 24). His illustrations were hand engravings that reproduced meticulous pencil drawings in some figures and
photomicrographs in others.

A plate from alater article (1887) by Martens is shown in part in Fig. 4. This plate consists of fractographs produced by
photography and then printed by a photogravure process. The fractures shown in Fig. 4 illustrate features that Martens

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



termed Bruchlinien (fracture lines), which today would be called radial marks. The description of this fracture form by
Martens predates reports by other investigators who are usually credited for first treatment of this fracture feature.

(db

Fig. 4 Steel fractures recorded by A. Martens (Ref 25, p 237, Plate X). Martens called attention to the radial
fracture marks in these fractographs, terming them Bruchlinien (fracture lines). (a) Ingot steel; tensile
strength, 765 MPa (111 ksi). (b) through (e) Tool steels from Bohler Bros. of Vienna and others: (b) extra
hard; (c) very hard, special; (d) moderately hard; (e) ductile. (f) Chisel steel with fracture lines. (a)through (e)
Actual size. (f) 6x

In the field of macrofractography, Martens observed the fracture surfaces obtained in tension, torsion, bending, and
fatigue. In describing the topography of these surfaces, he differentiated between coarse radial shear elements and fine
radial marks. He recognized that sharper radial marks occured in fine-grain material and that all radial marks diverge from
the fracture origin; that is, they point backward to the origin. More detailed information on the contributions of Martens to
metallurgy can be found in Ref 5.

Another important paper on fracture was written by Johann Augustus Brinell (the inventor of the Brinell hardness test) in
1885 (Ref 26). Brindll discussed the influence of heat treating and the resulting change in the state of carbon on the
appearance of steel fractures. Henry Marion Howe critically analyzed and subsequently praised Bringll's findings, stating
that the latter's work represented "the most important fracture studies ever made” (Ref 27).

Classic cup-and-cone tensile fracture was described by B. Kirsh before 1889 (Ref 28). He postulated a concept of crack
propagation in tensile specimens that is retained today. He theorized that the crack origin was at the tensile axis in the
necked region, that the origin grew concentrically in a transverse direction to produce the "bottom of the cup,” and that
the sides of the cone were formed by a maximum shear stress at final separation.
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However, because of an overriding interest in metallography, many noted authorities in metallurgy, such as French
scientist and metallographer Floris Osmond, dismissed microfractography as leading "to nothing either correct or useful.”
Microfractography thus became a forgotten art until well into the twentieth century, with nothing of the earlier techniques
and findings being taught or acknowledged in the universities.
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History of Fractography

Development of Microfractography

Most of the microscopical studies of metalsin the early 1900s were limited to examinations of polished specimens. In the
1930s, a number of investigators recognized that the properties of steels could be correlated with the macroscopic
coarseness or fineness of the fracture surface. For example, Arpi developed a set of standard fracture tests (the
Jernkontoret fracture tests) that was believed to cover the entire grain size range (Ref 29, 30). Similarly, Shepherd
developed a set of standards for evaluating grain size in hardened tool and die steels (Ref 31, 32, 33). His method remains
inlimited use.

However, it was not until the work of Zapffe and his co-workers (Ref 1, 3, 34 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50) in the decade 1940 to 1950 that significant, detailed studies of the microscopic el ements of fractures
were brought to the attention of the scientific community. Zapffe's work on application of the light microscope to
fractography was regarded by many as definite (Ref 51).

Although bothered by the relatively small depth of focus of the light microscope, Zapffe and his co-workers were able to
orient the facets of a fracture relative to the axis of the microscope so that examinations could be made at relatively high
magnifications. (Zapffe routinely took fractographs with magnifications as high as 1500 to 2000x.) Most of Zapffe's work
was done on brittle fractures in ingot iron and steels (notably welded ship plate, Ref 48), bismuth (Ref 35), zinc (Ref 37),
antimony (Ref 42), molybdenum (Ref 44), and tungsten (Ref 45), from which he described in considerable detail the
appearance and crystallography of cleavage facets. Figures 5(a) and 5(b) are examples of Zapffe's early work.

Fig. 5 Cleavage fractures in room-temperature impact specimens examined by C.A. Zapffe. (a) Cast
polycrystalline antimony (99.83Sb-0.04S-0.035As-0.035Pb-0.015Fe-0.01Cu) (b) Vacuum-arc-cast high oxygen
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molybdenum

In the case of cleavage, Zapffe made a detailed study of the relationship among crystallographic orientation, structure, and
the characteristics of the fracture surface, particularly in iron-silicon (Ref 43) and iron-chromium alloys (Ref 38, 43, and
49). Zapffe and Clogg a so described the modifications to the appearance of the fracture surface when a second phase is
present (Ref 1). In the case of tungsten, Zapffe and Landgraf observed, depending on the composition, pure cleavage
fracture or a mixed fracture mode consisting of cleavage and intergranular fracture (Ref 45). They succeeded in
photographing the intergranular zones at high magnification, the features of which are analogous to those observed in
electron fractography (Ref 51).

Metallic cleavage has subsequently been the subject of alarge number of optical fractography studies. Two papers were
of particular importance. One was by Tipper and Sullivan (Ref 52) on the relationship between cleavage and mechanical
twinning in iron-silicon aloys. The other was by Klier (Ref 53), who in 1951 used x-ray diffraction in addition to the light
microscope in his work on cleavage in ferrite. In a written discussion following Klier's paper, Zapffe wrote, "Dr. Klier's
photographs are splendid from both a photographic and a technical standpoint. He has in addition brought the important
tool of X-ray diffraction to bear upon the problem, also the electron microscope.”

According to Henry and Plateau (Ref 51), Zapffe and his colleagues were aso the first to observe striations on fatigue
fracture surfaces (Ref 50). In describing the striations, observed in an aluminum alloy 75S-T6 (equivalent to present-day
7075). Zapffe wrote, "This fine lamellar structure seems clearly to be a fatigue phenomenon, suggesting a stage of minute
structural ordering advanced beyond the grosser platy structure, and apparently favored by an increasing number of stress
cycles. The lamellae are approximately parallel to the platy markings; and both sets of markings lie approximately in the
bending plane perpendicular to the stress motion, as one would expect for a structural rearrangement due to this type of
flexion." Figure 6 shows one of the fractographs included in Zapffe and Worden's 1951 paper "Fractographic
Registrations of Fatigue" (Ref 50).

Fig. 6 Fatigue striations observed by Zapffe (Ref 50) in an aluminum alloy specimen tested in completely
reversed bending, at a maximum stress of 172 MPa (25 ksi) at room temperature, to failure at 336x 10° cycles

Although the above-mentioned studies with the light microscope were of tremendous value, it must be pointed out that
they were mainly limited to cases in which the fractures consisted of relatively large flat facets, ideal subjects for optical
fractography. Consequently, detailed studies of ductile fracture morphologies were not made possible until the advent of
electron fractography. For additional information on the applications and limitations of the light microscope for fracture
studies, seethe article "Visual Examination and Light Microscopy" in this Volume.
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History of Fractography

Electron Fractography

The development of both the transmission electron microscope and scanning electron microscope and their widespread
use beginning in the 1960s provided vast amounts of new information regarding the micromechanisms of fracture
processes and made fractography an indispensable tool in failure analysis. Among the advances in fracture studies using
electron fractography are (Ref 4):

The micromechanism of ductile fracture, that is, the initiation, growth, and coalescence of microvoids,
has been confirmed, and correlations between void (dimple) size/shape and stress state and material
cleanliness have been devel oped

New models to explain the mechanisms of fatigue fracture have evolved, and correlations between
fatigue striations, load cycles, striation spacing, and loading conditions have been developed.
Conclusive experimental evidence regarding initiation mechanisms of fatigue fracture has also been
acquired from electron fractogaphy studies

In brittle fracture explanations have been offered for the cleavage patterns that occur on fracture
surfaces, and the form of the patterns has been successfully used to determine fracture direction and
initiation points

Historically, as will be described below, the transmission and scanning electron microscopes were both demonstrated in
an experimental form in Germany between 1930 and 1940. However, the transmission electron microscope received
priority in development. As a result, electron fractography studies were first carried out using the transmission electron
microscope.

The Transmission Electron Microscope

Historical Development. The origins of the transmission electron microscope can be traced back to developmentsin
electron optics during the 1920s and 1930s (Ref 54, 55, 56, 57, 58). In 1926, after 15 years of intermittent work on the
trgectory of electrons in magnetic fields, Busch published a paper in which he demonstrated that magnetic or electric
fields possessing axial symmetry act as lenses for electrons or other charged particles (Ref 58).

In 1932, Ruska developed the magnetic lens and published the first account of a magnetic electron microscope (Ref 59).
In the same year, Briiche and Johannson produced images of an emitting (heated) oxide cathode with an electron
microscope system (Ref 56, 57). In 1934, Ruska described an improved instrument built specifically for achieving high
resolution (Ref 60). There is some debate as to who developed the first electron microscope with a resolving power
greater than that obtainable with the light microscope. Cosslett (Ref 57) credited Ruska (Ref 61), while Hillier (Ref 55)
stated that Driest and Mlller (Ref 61) adapted Ruskas 1934 microscope and were the first to achieve resolutions
exceeding those of the conventional microscope.

The first practical instrument for general |aboratory use was described by von Borries and Ruska in 1938 (Ref 62). In its
early form, this instrument was capable of resolutions of 10 nm (Ref 55, 56). Meanwhile, Prebus and Hillier, working
independently in Toronto, developed a magnetic electron microscope of equal capability (Ref 63). Within 5 years,
commercia instruments were being produced by a number of manufacturers, and by 1950, transmission electron
microscopes with resolutions if 2to 1 nm were widely available.

Application to Fractography. Transmission electron microscopes were first used to study fractures of metalsin the
1950s and this method of fracture examination remained the most extensively used until the late 1960s. Although the
limitations of the light microscope, such asits limited depth of field and magnification range, were eliminated by the use
of the transmission electron microscope, several hew problems were created (Ref 2). The most significant of these were
(2) the problems introduced by the necessity of preparing a replica (primarily the time and effort required to make good
replicas and the possibilities of misinterpretation because of the introduction of artifacts into the images as a result of the
replications process) and (2) the difficulties of interpretation (because the images produced were considerably different in
appearance from those obtained optically).
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With the commercial development of and subsequent improvements in the scanning electron microscope in the mid-
1960s, the role of the transmission electron microscope and replicas changed dramatically. Today, direct replication is
used in fractography for afew special problems, such as examining the surface of alarge component without cutting it or
examining fine sriations produced by fatigue crack propagation. Nonetheless, from a historical viewpoint, fracture
studies of replicated surfaces using the transmission electron microscope represent an important contribution to modern
fractography.

It should be noted, however, that the transmission electron microscope remains a vital tool in the field of analytical
electron microscopy and enables the simultaneous examination of microstructural features through high-resolution
imaging and the acquisition of chemical and crystallographic information from submicron regions of the specimen. The
principles, instrumentation, and applications of the analytical transmission electron microscope are extensively reviewed
in Ref 64.

Specimens for transmission electron microscopy must be reasonably transparent to electrons, must have
sufficient local variations in thickness, density, or both to provide adequate contrast in the image, and must be small
enough to fit within the specimen-holder chamber of the transmission electron microscope. Transparency to electrons is
provided by plastic or carbon replicas of the fracture surface. Fractures are usually too rough to permit electrolytic
thinning.

The development of carbon replica techniques opened the way to significant progress in microfractography. As early as
1953, Robert et al. proposed the preparation of thin carbon films by the evaporation of graphite onto a glass plate coated
with glycerine (Ref 51, 65). In 1954, Bradley prepared replicas by the volatization of carbon under vacuum onto first-
stage plastic replicas (Ref 51, 66). Two years later, it was the method of direct evaporation of carbon onto the specimen
developed by Smith and Nutting that, when adapted to the study of fractures, gave the best results (Ref 51, 67). A brief
review of commonly used replicating techniques follows.

One-step replicas are the most accurate of the replicating techniques (Fig. 7a). The carbon film is directly evaporated
onto the fracture surface and released by dissolving the base metal. The shadowing angleis usually not critical, because of
the roughness of the surface (shadowing is discussed below). The continuity of the carbon film is ensured by the surface
diffusion of the evaporated carbon. Direct carbon replicas can be extracted electrolytically or chemically.
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Fig. 7 Schematic of the two types of replicas. (a) One-step replica. (b) Two-step replica

In two-step replicas, the details of the fracture surface are transferred to a plastic mold, which is easy and convenient
to dissolve in order to release the final carbon replica (Fig. 7b). The plastic mold can be obtained by applying successive
layers of avarnish or Formvar or by simply pressing a softened piece of cellulose acetate to the fracture surface.

Preparation of the two-step replicas includes metal shadowing to enhance the contrast. The shadowing angle should
coincide with the macroscopic direction of crack propagation to facilitate the orientation of the replica in the electron
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microscope. The shadowing angle and the direction of the carbon film is not critical. If it is available, rotary shadowing is
recommended. Two-step replicas are chemically extracted, normally using acetone.

Shadowing. To increased the contrast and to give the replica a three-dimensional effect, a process known as shadowing
is used. Shadowing is an operation by which a heavy metal is deposited at an oblique angle to the surface by evaporating
if from an incandescent filament or an arc in a vacuum chamber. The vaporized metal atoms travel in essentially straight,
paralel lines from the filament to strike the surface at an oblique angle. Upon contact, the metal condenses where it
strikes, and certain favorably oriented surface features will receive a thicker metal deposit than others.

In the direct carbon method, the fracture surface itself is shadowed. In the two-step plastic-carbon technique, the plastic
replicais usually shadowed before carbon deposition. Whether the direct carbon or the two-stage technique is used, it is
recommended that the replica or fracture surface be oriented, if possible, such that the shadow direction relates to the
macroscopic fracture direction.

Excellent reviews on replicating and shadowing techniques and methods for replica extraction are available in Ref 51, 54,
and 68. Additional information on the use of replicas can be found in the article "Transmission Electron Microscopy" in
this Volume.

Important Literature. Although a complete survey of the published work on the use of the transmission electron
microscope in fractography is beyond the scope of this article, the outstanding contributions of Crussard, Plateau, and
Henry (Ref 51, 69, 70, 71, 72), Beachem (Ref 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91), and
Pelloux (Ref 91, 92, 93, 94, 95) merit special mention. These sources provide hundreds of excellent fractographs of
ductile and brittle fracture modes that were obtained from replicas. In addition, an extensive bibliography on electron
fractography, which covers the late 1950s to mid-1960s, is available in Ref 68.

The Scanning Electron Microscope

Historical Development. The development of the scanning electron microscope can be traced back to the work of
Knoll in 1935 during his studies of secondary electron emission from surfaces (Ref 96, 97). In 1938, a scanning electron
microscope suitable for transparent specimens was built by von Ardenne (Ref 98, 99). In 1942, Zworykin, Hillier, and
Snyder gave an account of a scanning electron microscope that was more closely related to present-day instruments (Ref
100). This microscope was hindered by and later abandoned because of its unsatisfactory signal-to-noise ratio.

During the 1950s, developmental work progressed rapidly and concurrently in France and England. In the decade 1940 to
1950, a scanning electron microscope was constructed in France by Léauté and Brachet (Ref 96). The theory of the
scanning electron microscope was proposed by Brachet in 1946 (Ref 101), who predicted that a resolution of 10 nm
should be attainable if a noise-free electron detector could be used. Later, French workers under the direction of Bernard
and Davoine (Ref 102, 103) built improved instruments and studied mechanically strained metals by the secondary
electron method (Ref 104).

In 1948 at the Cambridge University Engineering Department in England, C.W. Oatley became interested in the scanning
electron microscope, and a series of Ph.D. projects was initiated that resulted in the most significant contributions to the
modern scanning electron microscope. An excellent review of the work conducted at Cambridge from 1948 to 1968 was
provided by W.C. Nixon (Ref 105), who co-supervised research on the scanning electron microscope with Oatley
beginning in 1959. With the advent of improved electron detectors devel oped by Everhart and Thornley in 1960 (Ref 106)
and the improved instruments made by Crewe in 1963, which utilized field-emission electron guns (Ref 107), the
scanning electron microscope had reached the point at which a commercial version seemed viable. The first commercial
scanning electron microscope (the Stereoscan) was announced by Steward and Snelling in 1965 (Ref 108).

Since the development of the Stereoscan, significant changes have taken place in these instruments, including
improvements in resolution, dependability, and ease of operation, as well as reductions in size. The cost of the instrument
in constant dollars has fallen dramatically, and today it is quite common to have a scanning electron microscope in a
laboratory where fracture studies and failure analyses are performed. The modern scanning electron microscope provides
two outstanding improvements over the light microscope: it extends the resolution limits so that picture magnification can
be increased from 1000 to 2000x (maximum useful magnification for the light microscope) up to 30,000 to 60,000x, and
it improves the depth-of-field resolution from 100 to 200 nm for the light microscope to 4 to 5 nm (Ref 109).
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Application to Fractography. The first paper to discuss the use of scanning electron microscope for the study of
fracture surfaces was published in 1959 by Tipper, Dagg, and Wells (Ref 110). Cleavage fractures in a-iron specimens
were shown. Two years later, Laird and Smith used the scanning el ectron microscope to show that fatigue striations occur
at the beginning of fracture in a high stress failure; this was not apparent when using optical fractography (Ref 111). Soon
afterward, McGrath et al. used the scanning el ectron microscope to study fracture surfaces of copper tested in fatigue and
24S-T auminum alloy (equivaent to present-day 2024) tested in fatigue and impact (Ref 112). The fractographs in this
report approached the quality of those published today.

However, because of the slow commercial development of the instrument and the popularity of the transmission electron
microscope and associated fracture replication techniques, the potential of the scanning electron microscope for fracture
studies was not realized until the early 1970s (Ref 2, 113, 114). Today, fractography is one of the most popular
applications of the scanning electron microscope. The large depth of focus, the possibility of changing magnification over
a wide range, very simple nondestructive specimen preparation with direct inspection, and the three-dimensional
appearance of scanning electron microscope fractographs make the instrument a vital and essential tool for fracture
research.

Additional information on the scanning electron microscope and its application to fractography can be found in the article
"Scanning Electron Microscopy" in this Volume. An extensive review of the principles, instrumentation, and applications
of the scanning electron microscope is available in Ref 109.

Important Literature. Over the past 15 years, hundreds of papers have been published featuring scanning electron
microscope fractographs. Of particular note are several Handbooks and Atlases, which illustrate the utility of the
instrument for fracture studies.

In August of 1974, the American Society for Metals published Volume 9, Fractography and Atlas of Fractographs, of the
8th Edition of Metals Handbook. This was the first extensive collection of scanning electron microscope fractographs
ever published.

From 15 October 1973 to 15 June 1975, engineers at McDonnell Douglas Astronautics Company prepared the SEM/TEM
Fractography Handbook, which was subsequently published in December of 1975 (Ref 115). Unique to this Volume
were the numerous comparisons of scanning electron fractographs with transmission electron fractographs obtained from
replicas.

From 1969 to 1972, funded research performed at || T Research Institute under the direction of Om Johari resulted in the
IITRI Fracture Handbook, published in January of 1979 (Ref 116). Hundreds of fractographs of ferrous materials,
aluminum-base alloys, nickel-base alloys, and titanium-base alloys were shown.

In 1981, Engel and Klingele published An Atlas of Metal Damage (Ref 117). This Atlas illustrates fracture surfaces as
well as surfaces damaged due to wear, chemical attack, melting of metals or glasses, or high-temperature gases.

Quantitative Fractography (Ref 118)

The availability of the scanning electron microscope opened up new avenues toward the understanding of fracture
surfaces in three dimensions and the subsequent interest in quantitative fractography. The goal of quantitative
fractography isto express the features and important characteristics of a fracture surface in terms of the true surface aress,
lengths, sizes, numbers, shapes, orientations, and locations, as well as distributions of these quantities. With an enhanced
capability for quantifying the various features of a fracture, engineers can perform better failure analyses, can better
determine the relationship of the fracture mode to the microstructure, and can develop new materials and evaluate their
response to mechanical, chemical, and thermal environments.

Detailed descriptions of the historical development of quantitative fractography and associated quantification techniques
can be found in the articles "Quantitative Fractography" and "Fractal Analysis of Fracture Surfaces' in this Volume.
Supplementary information can be found in the article " Scanning Electron Microscopy."
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Modes of Fracture

Victor Kerlins, McDonnell Douglas Astronautics Company Austin Phillips, Metallurgical Consultant

Introduction

METALS FAIL in many different ways and for different reasons. Determining the cause of failureis vital in preventing a
recurrence. One of the most important sources of information relating to the cause of failure is the fracture surface itself.
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A fracture surface is a detailed record of the failure history of the part. It contains evidence of loading history,
environmental effects, and material quality. The principal technique used to analyze this evidence is electron
fractography. Fundamental to the application of this technique is an understanding of how metals fracture and how the
environment affects the fracture process.

This article is divided into three magjor sections. The section "Fracture Modes" describes the basic fracture modes as well
as some of the mechanisms involved in the fracture process. The section "Effect of Environment" discusses how the
environment affects metal behavior and fracture appearance. The final section, "Discontinuities Leading to Fracture,”
discusses material flaws where fracture can initiate.
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Modes of Fracture

Victor Kerlins, McDonnell Douglas Astronautics Company Austin Phillips, Metallurgical Consultant

Fracture Modes

Fracture in engineering alloys can occur by a transgranular (through the grains) or an intergranular (along the grain
boundaries) fracture path. However, regardiess of the fracture path, there are essentially only four principal fracture
modes: dimple rupture, cleavage, fatigue, and decohesive rupture. Each of these modes has a characteristics fracture
surface appearance and a mechanism or mechanisms by which the fracture propagates.

In this section, the fracture surface characteristics and some of the mechanisms associated with the fracture modes will be
presented and illustrated. Most of the mechanisms proposed to explain the various fracture modes are often based on
dislocation interactions, involving complex slip and crystallographic relationships. The discussion of mechanisms in this
section will not include detailed dislocation models or complex mathematical treatment, but will present the mechanisms
in more general terms in order to impart a practical understanding as well as an ability to identify the basic fracture modes
correctly.

Dimple Rupture

When overload is the principal cause of fracture, most common structural aloys fail by a process known as microvoid
coalescence. The microvoids nucleate at regions of localized strain discontinuity, such as that associated with second-
phase particles, inclusions, grain boundaries, and dislocation pile-ups. As the strain in the materia increases, the
microvoids grow, coaesce, and eventually form a continuous fracture surface (Fig. 1). This type of fracture exhibits
numerous cuplike depressions that are the direct result of the microvoid coa escence. The cuplike depressions are referred
to as dimples, and the fracture mode is known as dimple rupture.
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Fig. 1 Influence of direction of maximum stress (Cmax) On the shapes of dimples formed by microvoid
coalescence. (a) In tension, equiaxed dimples are formed on both fracture surfaces. (b) In shear, elongated
dimples point in opposite directions on matching fracture surfaces. (c) In tensile tearing, elongated dimples
point toward fracture origin on matching fracture surfaces

The size of the dimple on a fracture surface is governed by the number and distribution of microvoids that are nucleated.
When the nucleation sites are few and widely spaced, the microvoids grow to alarge size before coalescing and the result
is a fracture surface that contains large dimples. Small dimples are formed when numerous nucleating sites are activated
and adjacent microvoids join (coalesce) before they have an opportunity to grow to alarger size. Extremely small dimples
are often found in oxide dispersion strengthened materials.

The distribution of the microvoids nucleation sites can significantly influence the fracture surface appearance. In some
aloys, the nonuniform distribution of nucleating particles and the nucleation and growth of isolated microvoids early in
the loading cycle produce a fracture surface that exhibits various dimple sizes (Fig. 2). When microvoids nucleate at the
grain boundaries .(Fig. 3), intergranular dimple rupture results.
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Fig. 2 Examples of the dimple rupture mode of fracture. (a) Large and small dimples on the fracture surface of
a martempered type 234 tool steel saw disk. The extremely small dimples at top left are nucieated by
numerous, closely spaced particles. (D.-W. Huang, Fuxin Mining Institute, and C.R. Brooks, University of
Tennessee). (b) Large and small sulfide inclusions in steel that serve as void-nucleating sites. (R.D. Buchheit,
Battelle Columbus Laboratories)

Fig. 3 Intergranular dimple rupture in a steel specimen resulting from microvoid coalescence at grain
boundaries.

Dimple shape is governed by the state of stress within the material as the microvoids form and coalesce. Fracture under
conditions of uniaxial tensile load (Fig. 1a) results in the formation of essentially equiaxed dimples bounded by alip or
rim (Fig. 3 and 4a). Depending on the microstructure and plasticity of the material, the dimples can exhibit a very deep,
conical shape (Fig. 4a) or can be quite shallow (Fig. 4b). The formation of shallow dimples may involve the joining of
microvoids by shear along slip bands (Ref 1).
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Fig. 4 Different types of dimples formed during microvoid coalescence. (a) Conical equiaxed dimples in a spring
steel specimen. (b) Shallow dimples in a maraging steel specimen

Fracture surfaces that result from tear (Mode ) or shear (Modes Il and I11) loading conditions (Fig. 5) exhibit elongated
dimples (Ref 2, 3). The characteristics of an elongated dimple are that it is, as the name implies, elongated (one axis of the
dimpleislonger than the other) and that one end of the dimpleis open; that is, the dimple is not completely surrounded by
arim. In the case of a tear fracture (Fig. 6a), the elongated dimples on both fracture faces are oriented in the same
direction; and the closed ends point to the fracture origin. This characteristic of the tear dimples can be used to establish
the fracture propagation direction (Ref 4) in thin sheet that ruptures by a full-slant fracture (by combined Modes | and I11),
which consists entirely of a shear lip and exhibits no macroscopic fracture direction indicators, such as chevron marks. A
shear fracture, however, exhibits elongated dimples that point in opposite directions on mating fracture faces (Fig. 6b).
Examples of typical elongated dimples are shownin Fig. 7.

o ——
Y

Mode | Mode I Maode I

Fig. 5 Fracture loading modes. Arrows show loading direction and relative motion of mating fracture surfaces.

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30



Fracture
direction

(a)

Principal
loading
direction

Mucleating
particle

Microvoid

Lip of
dimple

“\-..___‘_‘____

Fracture
direction
—_—

IaTAYG
R
NOANN
NN
NNANN
A AN
AANAIATA

Q

—“Open’ end

Top surface

Mucleating particle —_|

N AN
Xy
NANC

VAN NN

ATa¥ala's

7
o

NN AN

NANNA

Battom
surface

Owal

T

N

mﬁ
N

N
N

Top surface

/ dimple

qﬁ
qi

NN
AN
\OANA!
ﬁﬂﬁﬂq

Principal
loading
direction

\

[b)

Fig. 6 Formation of elongated dimples under tear and shear loading conditions. (a) Tear fracture. (b) Shear

fracture

JYY U
AVIUIVAV,
\e/

AT
v
(WA

J
JJJ
D VAVAV)
()
U

(WAL

[VAYAY)

www.iran—mavad.com

6Jugllio g Slgo wigo @2 30

Bottom
surface



Fig. 7 Elongated dimples formed on shear and torsion specimen fracture surfaces. (a) Shear fracture of a
commercially pure titanium screw. Macrofractograph shows spiral-textured surface of shear-of screw. Typical
deformation lines are fanning out on the thread. (b) Higher-magnification view of (a) shows uniformly
distributed elongated shear dimples. (O.E.M. Pohler, Institut Straumann AG). (c¢) Elongated dimples on the
surface of a fractured single-strand copper wire that failed in torsion. (d) Higher-magnification view of the
elongated dimples shown in (c). (R.D. Lujan, Sandia National Laboratories)

It should be noted that the illustrations representing equiaxed and elongated dimple formation and orientation were
deliberately kept simple in order to convey the basic concepts of the effect on dimple shape and orientation of loading or
plastic-flow directions in the immediate vicinity where the voids form, such as at the crack tip. In reality, matching
dimples on mating fracture faces are seldom of the same size or seldom show equivalent angular correspondence.
Because actual fractures rarely occur by pure tension or shear, the various combinations of loading Modes |, 11, and 111, as
well as the constant change in orientation of the local plane of fracture as the crack propagates, result in asymmetrical
straining of the mating fracture surfaces.

Figure 8 shows the effect of such asymmetry on dimple size. The surface (B) that is strained after fracture exhibits longer
dimples than its mating half (A). When fracture occurs by a combination of Modes | and 11, examination of the dimples
on mating fracture surfaces can reveal the loca fracture direction (Ref 5). As illustrated in Fig. 8, the fracture plane
containing the longer dimples faces the region from which the crack propagated, while the mating fracture plane
containing the shorter dimples faces away from the region. With the different combinations of Modes I, 11, and 11, there
could be as many as 14 variations of dimple shapes and orientation on mating fracture surfaces (Ref 5.)

T

Short
dimples

Lang
dimples

Ty

Fig. 8 Effect of asymmetry on dimple size
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Metals that undergo considerable plastic deformation and develop large dimples frequently contain deformation markings
on the dimple walls. These markings occur when dlip-planes at the surface of the dimples are favorably oriented to the
major stress direction. The continual straining of the free surfaces of the dimples as the microvoids enlarge produces slip-
plane displacement at the surface of the dimple (Ref 6), as shown in Fig. 9. When first formed, the dlip traces are sharp,
well defined, and form an interwoven pattern that is generally referred to as serpentine glide (Fig. 10). Asthe dlip process
proceeds, the initial sharp dip traces become smaooth, resulting in a surface structure that is sometimes referred to as
riples.

; /Wail of dimple

— Original dimple surface

\ New, slip-created surface

Preferably oriented
slip planes

Fig. 9 Slip step formation resulting in serpentine glide and ripples on a dimple wall

Fig. 10 Serpentine glide formation (arrow) in oxygen-free high-conductivity copper specimen

Oval-shaped dimples are occasionally observed on the walls of large elongated dimples. An oval dimpleisformed when a
smaller subsurface void intersect the wall of alarger void (dimple). The formation of oval dimplesis shown schematically
in Fig. 1(b) and 6(c).

Cleavage
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Cleavage is a low-energy fracture that propagates along well-defined low-index crystallographic planes known as
cleavage planes. Theoretically, a cleavage fracture should have perfectly matching faces and should be completely flat
and featureless. However, engineering aloys are polycrystalline and contain grain and subgrain boundaries, inclusions,
dislocations, and other imperfections that affect a propagating cleavage fracture so that true, featureless cleavage is
seldom observed. These imperfections and changes in crystal lattice orientation, such as possible mismatch of the low-
index planes across grain or subgrain boundaries, produce distinct cleavage fracture surface features, such as cleavage
steps, river patterns, feather markings, chevron (herringbone) patterns, and tongues (Ref 7).

As shown schematically in Fig. 11, cleavage fractures frequently initiate on many parallel cleavage planes. Asthe fracture
advances, however, the number of active planes decreases by ajoining process that forms progressively higher cleavage

steps. This network of cleavage steps is known as a river pattern. Because the branches of the river pattern join in the
direction of crack propagation, these markings can be used to establish the local fracture direction.

Cleavage

planes Fracture
_—" direction

/ Grain or

Cleavage steps subgrain boundary

(a)
River paltern
Cleavage feathers- Fracture
Twist dITEI:IIl:Iﬂ

Cleavage
plane g/ﬁ
/} Grain or

Cleavage step subgraln boundary

(b}

Fig. 11 Schematic of cleavage fracture formation showing the effect of subgrain boundaries. (a) Tilt boundary.
(b) Twist boundary

A tilt boundary exists when principal cleavage planes form a small angle with respect to one another as aresult of a slight
rotation about a common axis parallel to the intersection (Fig. 114). In the case of atilt boundary, the cleavage fracture
path is virtually uninterrupted, and the cleavage planes and steps propagates across the boundary. However, when the
principal cleavage planes are rotated about an axis perpendicular to the boundary, a twist boundary results (Fig. 11b).
Because of the significant misalignment of cleavage planes at the boundary, the propagating fracture reinitiates at the
boundary as a series of paralel cleavage fracture connected by small (low) cleavage steps. As the fracture propagates
away from the boundary, the numerous cleavage planes join, resulting in fewer individual cleavage planes and higher
steps. Thus, when viewing a cleavage fracture that propagates across atwist boundary, the cleavage steps do not cross but
initiate new steps at the boundary (Fig. 11b) Most boundaries, rather than being simple tilt or twist, are a combination of
both types and are referred to as tilt-twist boundaries. Cleavage fracture exhibiting twist and tilt boundaries are shown in
Fig. 12(a) and 13, respectively.
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Fig. 12 Examples of cleavage fractures. (a) Twist boundary, cleavage steps, and river patterns in an Fe-0.01C-

0.24Mn-0.02Si alloy that was fractured by impact. (b) Tongues (arrows) on the surface of a 30% Cr steel weld
metal that fractured by cleavage

Fig. 13 Cleavage fracture in Armco iron showing a tilt boundary, cleavage steps, and river patterns. TEM p-c
replica

Feather markings are a fan-shaped array of very fine cleavage steps on alarge cleavage facet (Fig. 14a). The apex of the
fan points back to the fracture origin. Large cleavage steps are shown in Fig. 14(b).
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Fig. 14 Examples of cleavage fractures. (a) Feather pattern on a single grain of a chromium steel weld metal
that failed by cleavage. (b) Cleavage steps in a Cu-25 at.% Au alloy that failed by transgranular stress-
corrosion cracking. (B.D. Lichter, Vanderbilt University)

Tongues are occasionally observed on cleavage fracture (Fig. 12b). They are formed when a cleavage fracture deviates
from the cleavage plane and propagates a short distance along a twin orientation (Ref 8).

Wallner lines (Fig. 15) constitute a distinct cleavage pattern that is sometimes observed on fracture surfaces of brittle
nonmetallic materials or on brittle inclusions or intermetallic compounds. This structure consist of two sets of parallel
cleavage steps that often intersect to produce a crisscross pattern. Wallner lines result from the interaction of a
simultaneously propagating crack front and an elastic shock wave in the material (Ref 9).

Fig. 15 Wallner lines (arrow) on the surface of a fractured WC-Co specimen. TEM formvar replica. Etched with
5% HCI. (S.B. Luyckx, University of the Witwatersrand)

Fatigue

A fracture that is the result of repetitive or cyclic loading is known as a fatigue fracture. A fatigue fracture generally
occurs in three stages: it initiates during Stage |, propagates for most of its length during Stage |1, and proceeds to
catastrophic fracture during Stage I11.

Fatigue crack initiation and growth during Stage | occurs principally by slip-plane cracking due to repetitive reversals of
the active dip systems in the metal (Ref 10, 11, 12, 13, 14). Crack growth is strongly influenced by microstructure and
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mean stress (Ref 15), and as much as 90% of the fatigue life may be consumed in initiating a viable fatigue crack (Ref
16). The crack tends to follow crystallographic planes, but changes direction at discontinuities, such as grain boundaries.
At large plastic-strain amplitudes, fatigue cracks may initiate at grain boundaries (Ref 14). A typical State | fatigue
fracture is shown in Fig. 16. State | fatigue fracture surfaces are faceted, often resemble cleavage, and do not exhibit
fatigue striations. Stage | fatigue is normally observed on high-cycle low-stress fractures and is frequently absent in low-
cycle high-stress fatigue.

L] 0 g

Fig. 16 Stage | fatigue appearance. (a) Cleavagelike, crystallographically oriented State | fatigue fracture in a
cast Ni-14Cr-4.5Mo-1Ti-6Al-1.5Fe-2.0(Nb + Ta) alloy. (b) Stair-step fracture surface indicative of Stage I
fatigue fracture in a cast ASTM F75 cobalt-base alloy. SEM. (R. Abrams, Howmedica, Div. Pfizer Hospital
Products Group Inc.)

The largest portion of a fatigue fracture consists of Stage Il crack growth, which generally occurs by transgranular
fracture and is more influenced by the magnitude of the alternating stress than by the mean stress or microstructure (Ref
15, 17, 18). Fatigue fractures generated during Stage |l fatigue usualy exhibit crack-arrest marks known as fatigue
striations (Fig. 17, 18, 19, 20, 21, 22), which are a visual record of the position of the fatigue crack front during crack
propagation through the material.

Fig. 17 Uniformly distributed fatigue striations in an aluminum 2024-T3 alloy. (a) Tear ridge and inclusion
(outlined by rectangle). (b) Higher-magnification view of the region outlined by the rectangle in (a) showing the
continuity of the fracture path through and around the inclusion. Compare with Fig. 18.
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Fig. 18 Local variations in striation spacing in a Ni-0.04C-21Cr-0.6Mn-2.5Ti-0.7Al alloy that was tested under
rotating bending conditions. Compare with Fig. 17(b).

Fig. 20 Fatigue striations on adjoining walls on the fracture surface of a commercially pure titanium specimen.
(O.E.M. Pohler, Institut Straumann AG)
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Fig. 21 Fatigue striations on the fracture surface of a tantalum heat-exchanger tube. The rough surface
appearance is due to secondary cracking caused by high-cycle low-amplitude fatigue. (M.E. Blum, FMC
Corporation)

Fig. 22 High-magnification views of fatigue striations. (a) Striations (arrow) on the fracture surface of an
austenitic stainless steel. (C.R. Brooks and A. Choudhury, University of Tennessee). (b) Fatigue striations on
the facets of tantalum grains in the heat-affected zone of a weldment. (M.E. Blum, FMC Corporation)

There are basically two models that have been proposed to explain Stage | striation-forming fatigue propagation. One is
based on plastic blunting at the crack tip (Ref 11). This model cannot account for the absence of striations when ametal is
fatigue tested in vacuum and does not adequately predict the peak-to-peak and valley-to-valley matching of corresponding
features on mating halves of the fracture (Ref 8, 19, 20, 21, 22, 23).

The other model, which is based on dlip at the crack tip, accounts for conditions where slip may not occur precisely at the
crack tip due to the presence of lattice or microstructural imperfections (Ref 19, 20, 21). This model (Fig. 23) is more
successful in explaining the mechanism by which Stage Il fatigue cracks propagate. The concentration of stress at a
fatigue crack results in plastic deformation (slip) being confined to a small region at the tip of the crack while the
remainder of the material is subjected to elastic strain. As shown in Fig. 23(a), the crack opens on the rising-tension
portion of the load cycle by dip on alternating slip planes. As slip proceeds, the crack tip blunts, but is resharpened by
partia dlip reversal during the declining-load portion of the fatigue cycle. This results in a compressive stress at the crack
tip due to the relaxation of the residua elastic tensile stresses induced in the uncracked portion of the materia during the
rising load cycle (Fig. 23b). The closing crack does not reweld, because the new slip surfaces created during the crack-
opening displacement are instantly oxidized (Ref 24), which makes complete dip reversal unlikely.
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Fig. 23 Mechanism of fatigue crack propagation by alternate slip at the crack tip. Sketches are simplified to
clarify the basic concepts. (a) Crack opening and crack tip blunting by slip on alternate slip planes with
increasing tensile stress. (b) Crack closure and crack tip resharpening by partial slip reversal on alternate slip
planes with increasing compressive stress

The essential absence of striations on fatigue fracture surfaces of metals tested in vacuum tends to support the assumption
that oxidation reduces slip reversal during crack closure, which results in the formation of striations (Ref 19, 25, 26). The
lack of oxidation in hard vacuum promotes a more complete slip reversal (Ref 27), which results in a smooth and
relatively featureless fatigue fracture surface. Some fracture surfaces containing widely spaced fatigue striations exhibit
dlip traces on the leading edges of the striation and relatively smooth trailing edges, as predicted by the model (Fig. 23).
Not al fatigue striations, however, exhibit distinct dlip traces, as suggested by Fig. 23, which is a simplified
representation of the fatigue process.

As shown schematically in Fig. 24, the profile of the fatigue fracture can aso vary, depending on the material and state of
stress. Materias that exhibit fairly well-developed striations display a sawtooth-type profile (Fig. 24a) with valley-to-
valley or groove-to-groove matching (Ref 23, 28). Low compressive stresses at the crack tip favor the sawtooth profile;
however, high compressive stresses promote the groove-type fatigue profile, as shown in Fig. 24(c) (Ref 23, 28). Jagged,
poorly formed, distorted, and unevenly spaced striations (Fig. 24b), sometimes termed quasi-striations (Ref 23), show no
symmetrical matching profiles. Even distinct sawtooth and groove-type fatigue surfaces may not show symmetrical
matching. The local microscopic plane of a fatigue crack often deviates from the normal to the principal stress.
Consequently, one of the fracture surfaces will be deformed more by repetitive cyclic dlip than its matching counterpart
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(Ref 29) (for an analogy, see Fig. 9). Thus, one fracture surface may show well-developed striations, while its counterpart
exhibits shallow, poorly formed striations.

// %

Fig. 24 Sawtooth and groove-type fatigue fracture profiles. Arrows show crack propagation direction. (a)
Distinct sawtooth profile (aluminum alloy). (b) Poorly formed sawtooth profile (steel). (c) Groove-type profile
(aluminum alloy). Source: Ref 23

e

(b} (c)

Under normal conditions, each striation is the result of one load cycle and marks the position of the fatigue crack front at
the time the striation was formed. However, when there is a sudden decrease in the applied load, the crack can
temporarily stop propagating, and no striations are formed. The crack resumes propagation only after a certain number of
cycles are applied at the lower stress (Ref 4, 23, 30). This phenomenon of crack arrest is believed to be due to the
presence of aresidual compressive-stress field within the crack tip plastic zone produced after the last high-stress fatigue
cycle (Ref 23, 30).

Fatigue crack propagation and therefore striation spacing can be affected by a number of variables, such as loading
conditions, strength of the material, microstructure, and the environment, for example, temperature and the presence of
corrosive or embrittling gases and fluids. Considering only the loading conditions--which would include the mean stress,
the alternating stress, and the cyclic frequency--the magnitude of the alternating stress (oma - omin) has the greatest effect
on striation spacing. Increasing the magnitude of the alternating stress produces an increase in the striation spacing (Fig.
25a). While rising, the mean stress can also increase the striation spacing; this increase is not as great as one for a
numerically equivalent increase in the alternating stress. Within reasonable limits, the cyclic frequency has the least effect
on striation spacing. In some cases, fatigue striation spacing can change significantly over a very short distance (Fig.
25b). Thisisduein part to changesin local stress conditions as the crack propagates on an inclined surface.

Fig. 25 Variations in fatigue striation spacing. (a) Spectrum-loaded fatigue fracture in a 7475-T7651 aluminum
alloy test coupon showing an increase in striation spacing due to higher alternating stress. (b) Local variation in
fatigue striation spacing in a spectrum-loaded 7050-T7651 aluminum alloy extrusion. (D. Brown, Douglas
Aircraft Company)
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For a Stage |l fatigue crack propagating under conditions of reasonably constant cyclic loading frequency and advancing
within the nominal range of 10° to 10*mm/cycle,” the crack growth rate, da/dN, can be expressed as a function of the
stress intensity factor K (Ref 15, 31, 32):

da _ m
o =CK) (Eq 1)

where a is the distance of fatigue crack advance, N is the number of cycles applied to advance the distance a, mand C are
constants, and AK = Ky - Kiin 1S the difference between the maximum and minimum stress intensity factor for each
fatigue load cycle. The stress intensity factor, K, describes the stress condition at a crack and is a function of the applied
stress and a crack shape factor, generally expressed as aratio of the crack depth to length.

When a fatigue striation is produced on each loading cycle, da/dN represents the striation spacing. Equation 1 does not
adequately describe Stage | or Stage Il fatigue crack growth rates; it tends to overestimate Stage | and often
underestimates Stage |11 growth rates (Ref 15).

Stage |1l is the terminal propagation phase of a fatigue crack in which the striation-forming mode is progressively
displaced by the static fracture modes, such as dimple rupture or cleavage. The rate of crack growth increases during
Stage 111 until the fatigue crack becomes unstable and the part fails. Because the crack propagation is increasingly
dominated by the static fracture modes, Stage |11 fatigue is sensitive to both microstructure and mean stress (Ref 17, 18).

Characteristics of Fractures With Fatigue Striations. During Stage Il fatigue, the crack often propagates on
multiple plateaus that are at different el evations with respect to one another (Fig. 26). A plateau that has a concave surface
curvature exhibits a convex contour on the mating fracture face (Ref 29). The plateaus are joined either by tear ridges or
walls that contain fatigue striations (Fig. 19 and 20a). Fatigue striations often bow out in the direction of crack
propagation and generally tend to align perpendicular to the principal (macroscopic) crack propagation direction.
However, variations in local stresses and microstructure can change the orientation of the plane of fracture and ater the
direction of striation alignment (Fig. 27).
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Fig. 26 Schematic illustrating fatigue striations on plateaus
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Fig. 27 Striations on two joining, independent fatigue crack fronts on a fracture surface of aluminum alloy
6061-T6. The two arrows indicate direction of local crack propagation. TEM p-c replica

Large second-phase particles and inclusions in a metal can change the local crack growth rate and resulting fatigue
striation spacing. When a fatigue crack approaches such a particle, it is briefly retarded if the particle remains intact or is
accelerated if the particle cleaves (Fig. 18). In both cases, however, the crack growth rate is changed only in the
immediate vicinity of the particle and therefore does not significantly affect the total crack growth rate. However, for low-
cycle (high-stress) fatigue, the relatively large plastic zone at the crack tip can cause cleavage and matrix separation at the
particles at a significant distance ahead of the advancing fatigue crack. The cleaved or matrix-separated particles, in
effect, behave as cracks or voids that promote a tear or shear fracture between themselves and the fatigue crack, thus
significantly advancing the crack front (Ref 33, 34). Relatively small, individual particles have no significant effect on
striation spacing (Fig. 17b).

The distinct, periodic markings sometimes observed on fatigue fracture surfaces are known as tire tracks, because they
often resemble the tracks left by the tread pattern of atire (Fig. 28). These rows of parallel markings are the result of a
particle or a protrusion on one fatigue fracture surface being successively impressed into the surface of the mating half of
the fracture during the closing portion of the fatigue cycle (Ref 23, 29, 34). Tire tracks are more common for the tension-
compression than the tension-tension type of fatigue loading (Ref 23). The direction of the tire tracks and the change in
spacing of the indentations within the track can indicate the type of displacement that occurred during the fracturing
process, such as lateral movement from shear or torsional loading. The presence of tire tracks on a fracture surface that
exhibits no fatigue striations may indicate that the fracture occurred by low-cycle (high-stress) fatigue (Ref 35).

Fig. 28 Tire tracks on the fatigue fracture surface of a quenched-and-tempered AISI 4140 steel. TEM replica.
(I. Le May, Metallurgical Consulting Services Ltd.)

Decohesive Rupture
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A fracture is referred to as decohesive rupture when it exhibits little or no bulk plastic deformation and does not occur by
dimple rupture, cleavage, or fatigue. This type of fracture is generally the result of a reactive environment or a unique
microstructure and is associated almost exclusively with rupture along grain boundaries. Grain boundaries contain the
lowest melting point constituents of an alloy system. They are also easy paths for diffusion and sites for the segregation of
such elements as hydrogen, sulfur, phosphorus, antimony, arsenic, and carbon; the halide ions, such as chlorides; as well
as the routes of penetration by the low melting point metals, such as gallium, mercury, cadmium and tin. The presence of
these constituents at the boundaries can significantly reduce the cohesive strength of the material at the boundaries and
promote decohesive rupture (Fig. 29).

ia) (b} le)

Fig. 29 Schematic illustrating decohesive rupture along grain boundaries. (a) Decohesion along grain
boundaries of equiaxed grains. (b) Decohesion through a weak grain-boundary phase. (c) Decohesion along
grain boundaries of elongated grains

Decohesive rupture is not the result of the unique fracture process, but can be caused by several different mechanisms.
The decohesive processes involving the weakening of the atomic bonds (Ref 36), the reduction in surface energy required
for localized deformation (Ref 37, 38, 39), molecular gas pressure (Ref 40), the rupture of protective films (Ref 41, 42),
and anodic dissolution at active sites (Ref 43) are associated with hydrogen embrittlement and stress-corrosion cracking
(SCC). Decohesive rupture resulting from creep fracture mechanismsis discussed at the end of this section.

The fracture of weak grain-boundary films (such as those resulting from grain-boundary penetration by low melting point
metals), the rupture of melted and resolidified grain-boundary constituents (as in overheated aluminum alloys), or the
separation of melted material in the boundaries (Ref 44) before it solidifies (as in the cracking at the heat-affected zones,
HAZs, of welds, a condition known as hot cracking) can produce a decohesive rupture. Figures 30, 31, and 32 show
examples of decohesive rupture. A decohesive rupture resulting from hydrogen embrittelement is shown in Fig. 30,
Figure 31 shows a decohesive rupture in a precipitation-hardenable stainless steel due to SCC. A fracture along a low-
strength grain-boundary film resulting from the diffusion of liquid mercury is shown in Fig. 32. More detailed
information on hydrogen embrittlement, SCC, and liquid-metal embrittlement can be found later in this article in the
section "Effect of Environment." When a decohesive rupture occurs along flattened, elongated grains that form nearly
uninterrupted planes through the material, asin severely extruded aloys and along the parting planes of some forgings, a
relatively smooth, featurel ess fracture results (Fig. 33).
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Fig. 30 Decohesive rupture in an AISI 8740 steel nut due to hydrogen embrittlement. Failure was due to
inadequate baking following cadmium plating; thus, hydrogen, which was picked up during the plating process,
was not released. (a) Macrograph of fracture surface. (b) Higher-magnification view of the boxed are in (a)
showing typical intergranular fracture. (W.L. Jensen, Lockheed Georgia Company)

Fig. 31 17-4 PH stainless steel main landing-gear deflection yoke that failed because of intergranular SCC. (a)
Macrograph of fracture surface. (b) Higher-magnification view of the boxed area in (a) showing area of
intergranular attack. (W.L. Jensen, Lockheed Georgia Company)

Fig. 32 Fracture surface of a Monel specimen that failed in liquid mercury. The fracture is predominantly
intergranular with some transgranular contribution. (C.E. Price, Oklahoma State University)
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Fig. 33 Stress-corrosion fracture that occured by decohesion along the parting plane of an aluminum alloy
forging

Creep rupture is a time-dependent failure that results when a metal is subjected to stress for extended periods at
elevated temperatures that are usually in the range of 40 to 70% of the absolute melting temperature of the metal. With
few exceptions (Ref 45, 46, 47, 48, 49), creep ruptures exhibit intergranular fracture surface. Transgranular creep
ruptures, which generaly result from high applied stresses (high strain rates), fail by a void-forming process similar to
that of microvoid coalescence in dimple rupture (Ref 45, 46, 47). Because transgranular creep ruptures show no
decohesive character, they will not be considered for further discussion. Intergranular creep rupture, which occur when
metal is subjected to low stresses (often well below the yield point) and to low strain rates, exhibit decohesive rupture and
will be discussed in more detail.

Creep can be divided into three general stages: primary, secondary, and tertiary creep. The fracture initiates during
primary creep, propagates during secondary or steady-state creep, and becomes unstable, resulting in failure, during
tertiary or terminal creep. From a practical standpoint of the service life of a structure, the initiation and steady-state
propagation of creep ruptures are of primary importance, and most efforts have been directed toward understanding the
fracture mechanismsinvolved in these two stages of creep.

As shown schematicaly in Fig. 34, intergranular creep ruptures occur by either of two fracture processes:. triple-point
cracking or grain-boundary cavitation (Ref 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63). The strain rate and
temperature determine which fracture process dominates. Relatively high strain rates and intermediate temperatures
promote the formation of wedge cracks (Fig. 34a). Grain-boundary dliding as a result of an applied tensile stress can
produce sufficient stress concentration at grain-boundary triple points to initiate and propagate wedge cracks (Ref 50, 51,
52, 55, 56, 58, 59, 60, 61). Cracks can also nucleate in the grain boundary at locations other than the triple point by the
interaction of primary and secondary dlip steps with a dliding grain boundary (Ref 61). Any environment that lowers
grain-boundary cohesion also promotes cracking (Ref 59). As dliding proceeds, grain-boundary cracks propagate and join
to form intergranular decohesive fracture (Fig. 35aand b).
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Fig. 34 Triple-point cracking (a) and cavitation (b) in intergranular creep rupture. Small arrows indicate grain-
boundary sliding.

Fig. 35 Examples of intergranular creep fractures. (a) Wedge cracking in Inconel 625. (b) Wedge cracking in
Incolay 800. (c¢) Intergranular creep fracture resulting from grain-boundary cavitation in PE-16. Source: Ref 59

At high temperatures and low strain rates, grain-boundary sliding favors cavity formation (Fig. 34b). The grain-boundary
cavities resulting from creep should not be confused with microvoids formed in dimple rupture. The two are
fundamentally different; the cavities are principally the result of a diffusion-controlled process, while microvoids are the
result of complex dlip. Even at low strain rates, a sliding grain boundary can nucleate cavities at irregularities, such as
second-phase inclusion particles (Ref 54, 57, 63, 64). The nucleation is believed to be a strain-controlled process (Ref 63,
64), while the growth of the cavities can be described by a diffusion growth model (Ref 65, 66, 67) and by a power-law
growth relationship (Ref 68, 69). Irrespective of the growth model, as deformation continues, the cavities join to form an
intergranular fracture. Even though the fracture resulting from cavitation creep exhibits less sharply defined intergranular
facets (Fig. 35c), it would be considered a decohesive rupture.
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Instead of propagating by a cracking or a cavity-forming process, a creep rupture could occur by a combination of both.
There may be no clear distinction between wedge cracks and cavities (Ref 70, 71, 72). The wedge cracks could be the
result of the linkage of cavities at triple points.

The various models proposed to describe the creep process are mathematically complex and were not discussed in detail .
Comprehensive reviews of the models are available in Ref 59, 63, 73, and 74.

Unique Fractures

Some fractures, such as quasi-cleavage and flutes, exhibit a unique appearance but cannot be readily placed within any of
the principal fracture modes. Because they can occur in common engineering alloys under certain failure conditions, these
fractures will be briefly discussed.

Quasi-cleavage fracture isalocalized, often isolated feature on a fracture surface that exhibits characteristics of both
cleavage and plastic deformation (Fig. 36 and 37). The term quasi-cleavage does not accurately describe the fracture,
because it implies that the fracture resembles, but is not, cleavage. The term was coined because, athough the central
facets of a quasi-cleavage fracture strongly resembled cleavage (Ref 75), their identity as cleavage planes was not
established until well after the term had gained widespread acceptance (Ref 76, 77, 78, 79, 80, 81, 82, 83). In stedls, the
cleavage facets of quasi-cleavage fracture occur on the {100}, {110}, and possibly the {112} planes. The term quasi-
cleavage can be used to describe the distinct fracture appearance if one is aware that quasi-cleavage does not represent a
separate fracture mode.

Fig. 36 Examples of quasi-cleavage. (a) Fracture surface of an austenitized Fe-0.3C-0.6Mn-5.0Mo specimen
exhibiting large quasi-cleavage facets, such as at A; elsewhere, the surface contains rather large dimples. (b)
Charpy impact fracture in on Fe-0.18C-3.85Mo steel. Many quasi-cleavage facets are visible. The rectangle
outlines a tear ridge.

Fig. 37 Small and poorly defined quasi-cleavage facets connected by shallow dimples on the surface of a type
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234 tool steel. (D.-E. Huang, Fuxin Mining Institute, and C.R. Brooks, University of Tennessee).

A quasi-cleavage fracture initiates at the central cleavage facets; as the crack radiates, the cleavage facets blend into areas
of dimple rupture, and the cleavage steps become tear ridges. Quasi-cleavage has been observed in stedls, including
guench-and-temper hardenable, precipitation-hardenable, and austenitic stainless steels; titanium alloys; nickel alloys; and
even auminum aloys. Conditions that impede plastic deformation promote quasi-cleavage fracture--for example, the
presence of atriaxial state of stress (as adjacent to the root of a notch), material embrittlement (as by hydrogen or stress
corrosion), or when a steel is subjected to high strain rates (such as impact loading) within the ductile-to-brittle transition
range.

Flutes. Fractography has acquired a number of colorful and descriptive terms, such as dimple rupture, serpentine glide,
ripples, tongues, tire tracks, and factory roof, which describes a ridge-to-valley fatigue fracture topography resulting from
Mode 1l antiplane shear loading (Ref 84). The term flutes should also be included in this collection. Flutes exhibit
elongated grooves or voids (Fig. 38 and 39) that connect widely spaced cleavage planes (Ref 85, 86, 87, 88, 89, 90). The
fracture process is known as fluting. The term flutes was apparently chosen because the fractures often resemble the long,
parallel grooves on architectural columns or the pleatsin drapes.

Lo 15 um
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Fig. 38 Example of fluting. (a) Flutes and cleavage resulting from a mechanical overload of a Ti-0.350 alloy.
(b) Flutes and cleavage resulting from SCC at B-annealed Ti-8Al-1Mo-1V alloy in methanol. (c) Flutes cleavage
Ti-8Al-1Mo-1V resulting from sustained-load cracking in vacuum. (d) Flutes occurring near the notch on the
fracture surface of mill-annealed Ti-8Al-1Mo-1V resulting from fatigue in saltwater. Source: Ref 89
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Fig. 39 Flutes and cleavage from SCC of B-annealed Ti-8Al-1Mo-1V in methanol. Source: Ref 89

Although flutes are not elongated dimples, they are the result of a plastic deformation process. Flutes are the ruptured
halves of tubular voids believed to be formed by a planar intersecting slip mechanism (Ref 85, 88, 89) and have matching
tear ridges on opposite fracture faces. The tear ridges join in the direction of fracture propagation, forming an
arrangement that resembles cleavage river patterns (Ref 89). Although fluting has been observed primarily in hexagonal
close-packed (hcp) metal systems, such as titanium and zirconium alloys, evidence of fluting has also been reported on a
hydrogen-embirittled type 316 austenitic stainless steel (Ref 90). Titanium alloys having a relatively high oxygen or
aluminum content (a-stabilizers) that are fractured at cryogenic temperatures or fail by SCC may exhibit fluting (Ref 89).

Tearing Topography Surface

A tentative fracture mode called tearing topography surface (TTS) has been identified and described (Ref 91). The TTS
fracture occurs in a variety of alloy systems, including steels, aluminum, titanium, and nicke alloys, and under a variety
of fracture conditions, such as overload, hydrogen embrittlement (Ref 92), and fatigue. Examples of TTS fractures are
shown in Fig. 40, 41, and 42.
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Fig. 40 Appearance of TTS fracture in bainitic HY-130 steel. (a) Areas of complex tearing (T) and dimple
rupture (DR). (b) Detail from upper left corner of (a) showing particle-nucleated dimples (DR) and regions of
TTS. SEM fractographs in (c) and (d) show additional examples of TTS fractures. Source: Ref 91, 93

Fig. 41 Appearance of TTS fracture. (a) An essentially 100% pearlitic eutectoid steel (similar to AISI 1080)
where fractures propagates across pearlite colonies. (b) Fractographs showing dimple rupture (DR) and TTS
fracture in a quenched-and-tempered (martensitic) HY-130 steel. Source: Ref 91, 93
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Fig. 42 Examples of TTS fracture in Ti-6Al-4V o-f alloys. (a) Solution treated and aged microstructure
consisting of about 10-um diam primary o particles in a matrix of about 70 vol% of fine Widmanstatten o and
B. The microstructural constituents are not evident on the fracture surface as verified by the plateau-etching
technique (Ref 91, 94). (b) Fractograph of a B-quenched Ti-6Al-4V alloy consisting of a fine Widmanstatten
martensitic microstructure. The tearing portions of the fracture surface exhibit TTS.

Although the precise nucleation and propagation mechanism for TTS fracture has not been identified, the fracture appears
to be the result of a microplastic tearing process that operates on a very small (submicron) scale (Ref 91). The TTS
fractures do not exhibit as much plastic deformation as dimple rupture, although they are often observed in combination
with dimples (Fig. 40 and 41). The fractures are generally characterized by relatively smooth, often flat, areas or facets
that usually contain thin tear ridges. Tearing topography surface fractures may be due to closely spaced microvoid
nucleation and limited growth before coalescence, resulting in extemely shallow dimples. However, this hypothesis does
not appear to be probable, because TTS is often observed along with well-developed dimples in aloys having relatively
uniform carbide dispersions, such as HY-130 steel, and because TTS is observed under varying stress states. A detailed
discussion of the TTS fracture mode is available in Ref 91.
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