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Preface 

Despite the care taken in their design, installation, and operation, 
machine and structural components fail. Their failure is such a com­
mon occurrence that failure analysis remains an extremely important 
subject. In general, the main justification for performing a failure 
analysis lies in the application of the knowledge gained about the fail­
ure for the minimization of future problems, and also in the prominent 
role such analysis usually plays in litigation subsequent to failures. 

A treatise on failure analysis can be approached by first covering 
the general aspects of the failure of materials, then examining the 
failure of specific classes of materials, such as metallic, polymeric, ce­
ramic, or electronic. However, the majority of machine and structural 
components are made of metallic materials, and thus we have chosen 
to limit this book to the failure analysis of metals. Also, since most 
failures involve the breakage of components, the 'main thrust of the 
book is the analysis of fracture failures. 

There are many books and special tracts which treat failure analy­
sis of materials, and metallic materials specifically. Most of these 
cover the results of research related to failures, but these are intro­
ductory books. However, we felt that there was no proper balance be­
tween introductory material and examples of fracture-surface appear­
ances. The introductory books were weak on fractographs, and 
handbooks, such as the Metals Handbooks, were designed for those al­
ready having a rather detailed understanding of metallurgical failure 
analysis. Thus, in our book we have placed emphasis on the appear­
ance of fracture surfaces, and therefore have included copious 
fractographs to illustrate the points made in the text. The scope, how­
ever, is limited to an introductory range so as not to get bogged down 
in too much detail. The introductory nature of the book is designed for 
metallurgists and materials scientists and engineers who are novices 
in the subject, . as well as for those working in this field who desire a 
refresher. In addition, it will be useful to engineers and scientists who 
encounter the subject as a peripheral, but important, aspect of their 
work. It is, furthermore, a useful reference book-for example, as a 
quick source of definitions and examples of fractographic terms. Also, 
the book will be helpful in design courses for senior undergraduate 
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and graduate students in materials engineering and mechanical engi­
neering. 

In Chapter 1, following an introduction to the methodology of fail­
ure analysis, we present a brief treatment of the common tools used as 
an aid in understanding how the experimental information is ob­
tained, and the advantages, disadvantages, and limitations of them. 
Included in this chapter is a treatment of sample preparation. In 
Chapter 2, the relation of the external loading of components to the 
macroscopic fracture-surface orientation is treated. This is followed, in 
Chapter 3, by a treatment of the microscopic fracture mechanisms and 
the common microfractographic features associated with known load­
ing conditions. Chapter 4 covers the macroscopic fracture-surface ap­
pearances associated with known loading conditions. Both the macro­
and the microfractographic aspects of fracture are illustrated by ex­
amples. Finally, several case studies are described in detail with ref­
erence to information and fractographs in the preceding chapters to 
illustrate the use of the introductory concepts. 

In the text, we have usually given values of quantities in both U.S. 
customary and SI units. Commonly used units, such as centimeters, 
inches, angstroms, and micrometers have been retained. Data in fig­
ures are given in the units of the source from which they were taken. 
However, we have supplied convenient conversion tables in the appen­
dixes. 

Understanding the physical metallurgy of metallic materials can be 
central to a successful metallurgical failure analysis. However, the 
physical metallurgy involved is too complicated to be reviewed in this 
book, which is only an introduction to metallurgical failure analysis. 
There exist many books and articles which can be consulted for infor­
mation about the metallurgy of specific metals and alloys. 

Finally, a word about definitions: A glossary of terms follows Ap­
pendix ~'. Terms not included there can be found by consulting the in­
dex. The common terms used in metallurgical failure analysis are de­
fined and described in the text. 
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The general conclusion is this-Frost does 
not make either iron (cast or wrought) or 
steel brittle, and accidents arise from neglect 
to submit wheels, axles, and all other parts 
of the rolling stock to a practical and 
sufficient test before using them. 

JAMES PRESCO'M' JOULE 

Philosophical Magazine, 1871 

1.1 Objectives 

Chapter 

1 
Introduction 

The analysis of failures of metallic components is an extremely impor­
tant aspect of engineering. Establishing the causes of failures pro­
vides information for improvements in design, operating procedures, 
and the use of components. Also, determining the cause of a failure 
can play a pivotal role in establishing liability in litigation. Failure 
analysis is often difficult and frustrating, but understanding how to 
approach an analysis and how to interpret observations provides a ba­
sis for assuring meaningful results. 

The objective ~f this book is to introduce the important aspects as­
sociated with the failure analysis of metallic components. Emphasis is 
placed on the analysis of broken components, where observations of 
the fracture surface playa key role. Thus a treatment of both macro­
scopic and microscopic observations of fracture surfaces is given. Since 
loading conditions are ofteil an important aspect of the possible causes 
of failures, a simplified treatment of the mechanics involved is pre­
sented. It is to be noted that some information about prior loading con­
ditions can often be gleaned from a careful observation of the general 
macroscopic orientation of the fracture surface. Also included is a sec­
tion which reviews the common experimental methods used in metal­
lurgical failure analysis. Finally, some case studies of metallurgical 
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failure analyses are introduced, and the approaches taken are related 
to the information presented in preceding chapters. 

1.2 Approach to Metallurgical 
Failure Analysis 

Metallurgical failure analysis deals with the determination of the 
causes of the failure of metallic parts or components. In the broad, and 
correct, sense, failure can be defined as the inability of a component to 
function properly, and this definition does not imply fracture. Failure 
analysis can be defined as the examination of a failed component and 
of the failure situation in order to determine the causes of the failure. 
The purpose of a failure analysis is to derme the mechanism and causes 
of the failure and usually to recommend a solution to the problem. 

The causes of failures can be broken down into the following 
categories: 

1. Misuse: The component is placed under conditions for which it 
was not designed. This is a common cause of failure, and its estab­
lishment sometimes relies on determining that the assembly of the 
component and the design were correct, leaving misuse as a sus­
pected cause. 

2. Assembly errors and improper maintenance:' Assembly errors in­
volve such factors as leaving off a bolt or using incorrect lubricant. 
Maintenance of equipment ranges from painting surfaces to clean­
ing and lubrication, and its neglect may lead to failure. It is also 
pointed out that a failure may be caused by some other part of 
the system not functioning properly, thereby placing the compo­
nent which failed under conditions for which it was not designed. 
Thus failure of a component may point to a problem elsewhere in 
the system. 

3. Design errors: This is a very common cause of failure. In this cat­
egory the following items are considered to be specified by the de­
sign process: 
a. Size and shape of the part. This is usually determined by stress 

analysis or geometric constraints. 
b. Material. This refers to the chemical composition and the treat­

ment (for example, heat treatment) necessary to achieve the re­
quired properties. 

c. Properties. This is related to stress analysis, but other proper­
ties such as corrosion resistance must also be considered. 

It is interesting to examine some information about the causes of 
failures and compare it to the preceding list. 

TABLE 1.1 Frequency of Causes of Failure In Some Engineering 
Industry Investigations 

Origin 

Improper material selection 
Fabrication defects 
Faulty heat treatments 
Mechanical design fault 
Unforeseen operating conditions 
Inadequate environment control 
Improper or lack of inspection and quality control 
Material mixup 

SOURCE: Adapted from Davies.' 

% 

38 
15 
15 
11 
8 
6 
5 
2 
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1. Improper material selection: Table 1.1 shows that improper mate­
rial selection is a common problem. 

2. Improper maintenance: The data in Table 1.2 show that im­
proper maintenance is the main problem in failed aircraft compo-

nents. 
3. Faulty design considerations: Causes of failures due to faulty de­

sign considerations or misa~plication of material include the fol-
lowing (adapted from Dolan ): .., 
a. Ductile failure (excess deformation, elastiC or plastic; tdanng or 

shear fracture) 
b. Brittle fracture (from flaw or stress raiser of critical size) 
c. Fatigue failur~ (load cycling, strain cycling, thermal cycling, 

corrosion fatigue, rolling contact fatigue, fretting fatigue) 
d. High-temperature failure (creep, oxidation, local melting, 

warping) . 
e. Static delayed fractures (hydrogen embrittlement, ('.8.ustic 

embrittlement, environmentally stimulated slow growth of 
flaws) 

f. Excessively severe stress raisers inherent in the design 

TABLE 1.2 Frequency of Causes of Failure of 
Aircraft Components (Laboratory Data) 

Origin 

Improper maintenance 
Fabrication defects 
Design deficiencies 
Abnormal service damage 
Defective material 
Undetermined cause 

BOURCE: Adapted from Davies.1 

% 

44 
17 
16 
10 
7 
6 
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g. Inadequate stress analysis, or impossibility of a rational stress 
calculation in a complex part 

h. Mistake in designing on the basis of static tensile properties, in­
stead of the significant material properties that measure the re­
sistance of the material to each possible failure mode 

4. Faulty processing: Causes of failures due to faulty processing in­
clude the following (adapted from Dolan2): 

a. Flaws due to faulty composition (inclusions, embrittling impu­
rities, wrong material) 

b.DefectB originating in ingot making and casting (segregation, 
unsoundness, porosity, pipes, nonmetallic inclusions) 

c. Defects due to working (laps, seams, shatter cracks, hot-short 
splits, delamination, excess local plastic deformation) 

d. Irregularities and mistakes due to machining, grinding, or 
stamping (gouges, bums, tearing, Ims, cracks, embrittlement) 

e. Defects due to welding (porosity, undercuts, cracks, residual 
stress, lack of penetration, underbead cracking, heat-affected 
zone) 

f. Abnormalities due to heat treating (overheating, burning, 
quench cracking, grain growth, excessive retained austenite, 
decarburization, precipitation) 

g. Flaws due to case hardening (intergranular carbides, soft core, 
wrong heat cycles) 

h. Careless assembly (such as mismatch of mating parts, entrained 
dirt or abrasive, residual streaa, gouges or injwy to parts) 

i. Parting-line failures in forging due to poor transverse proper­
ties 

5. Deterioration in service: Causes of failures due to deterioration dur­
ing service conditions include the following (adapted from Dolan2

): 

a. Overload or unforeseen loading conditions 
b. Wear (erosion, galling, seizing, gouging, cavitation) 
c. Corrosion (including chemical attack, stress corrosion, corro­

sion fatigue, dezincification, graphitization of cast iron, con­
tamination by atmosphere) 

d. Inadequate or misdirected maintenance or improper repair 
(such as welding, grinding, punching holes, cold straightening) 

e. Disintegration due to chemical attack or attack by liquid met­
als or platings at elevated temperatures 

f. Radiation damage (sometimes must decontaminate for exami­
nation, which may destroy vital evidence of cause of failure); 
varies with time, temperature, environment, and dosage 

g. Accidental conditions (such as abnormal operating tempera­
tures, severe vibration, sonic vibrations, impact or unforeseen 
collisions, ablation, thermal shock) 
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Most metallurgical failures · involve fracture of the component, and 
thus most failure analyses involve examination of the mechanical 
loading situation. In this book, the term mode of fracture will be used 
to reflect the type of loading involved, such as tensile overload, fa­
tigue, or creep, and is covered in Chapter 4. The term fracture mech­
anism will be used to define the type of microscopic process whereby 
the material fractured. This refers to processes such as cleavage or 
void coalesence, which are covered in detail in Chapter 3. The fre­
quencies of the various types of fracture modes which have been iden­
tified are illustrated by the data in Tables 1.3 and 1.4. 

The steps involved in conducting a failure analysis and their se­
quence depend upon the failure. One sequence to do this includes the 
following eight . steps: 

1. Description of the failure situation: Here the history of the failure 
should be documented. Any information pertaining to the failure, such 
as the design of the component (including the material and properties), 
and how the component was beingused, is important to obtain. Especial­
ly useful are photographs of the part and of associated components. 

2. Visual examination: Here the general appearance of the part 
should be documented. Care should be exercised in handling the 
part so as not to damage any of the fracture surfaces or other im­
portant features. 

3. Mechanical design analysis (stress analysis): When the part clearly 
involved mechanical design as a major design component, a stress 
analysis should be carried out. This will help to establish whether the 
part was of sufficient size and of proper shape, and what mechanical 
properties were required. In some cases this analysis may establish 
the cause of failure. For example, if the load on a part can be deter­
mined and estimates of the mechanical properties made, then it may 

. he possible to establish that the part is too small for this load. 

TABLE 1.3 Frequency of Causes of Failure In Some Engineering 
Industry Investigations 

Cause % 

Corrosion 29 
. Fatigue 25 

Brittle fracture 16 
Overload 11 
High-temperature corrosion 7 
Stress corrosion/corrosion fatigue/hydrogen embrittlement 6 
Creep 3 
Wear, abrasion, and erosion 3 

SOURCE: Adapted from Davies. I 
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TABLE 1.4 Frequency of Causes of Failure of 
Aircraft Components 

Fatigue 
Overload 
Stress corrosion 
Excessive wear 

CaUSB 

Corrosion 
High-temperature oxidation 
Stress rupture 

!IOURC&: Adapted !'rom Davie •. I 

% 

61 
IS 
8 
7 
3 
2 

4. Chemical design analysis: This step refers to an' examination of 
the suitability of the material from the standpoint of corrosion re­
sistance. 

5. Fractography: Examination of the fracture surface with the un­
aided eye, with optical microscopes, and with electron microscopes 
should be carried out in order to establish the mechanism of frac­
ture. 

6. Metallographic examination: This requires sectioning and 
metallographic preparation. It may require agreement between all 
parties involved before sectioning. This step will help to establish 
such facts as whether the part had the correct heat treatment. 

7. Properties: The properties pertinent to the design should be deter­
mined. This is not always possible because the test to determine a 
property may destroy the part. In terms of mechanical properties, 
hardness is especially important. Hardness will frequently corre­
late with many other mechanical properties (such as yield 
strength). It is a simple test to perform, and it usually will not dam­
age the part. 

S. Failure simulation: A very useful approach is to take an identical 
(supposedly) part and subject it to the exact condition under which ·. 
it is designed to operate. This may be too expensive to carry out and 
is not done frequently. 

An alternative procedure for metallurgical failure analysis as 
adapted from Ryder et al. 3 follows these steps: 

1. Collection of background data and selection of samples 

2. Preliminary examination of the failed part (visual examination 
and record keeping) 

3. Nondestructive testing 

4. Mechanical testing (including hardness and toughness testing) 

Introduction 7 

5. Selection, identification, preservation, and/or cleaning of all spec­
imens 

6. Macroscopic examination and analysis (fracture surfaces, second-
ary cracks, and other surface phenomena) 

7. Microscopic examination and analysis 

8. Selection and preparation of metallographic sections 

9. Examination and analysis of metallographic sections 

10. Determination of failure mechanism 
11 . Chemical analyses (bulk, local, surface corrosion products, depos-

its or coatings, and microprobe analysis) 

12. Analysis of fracture mechanics 

13. Testing under simulated service conditions (special tests) 

14. Analysis of all the evidence, formulation of conclusions, and writ­
ing the report (including recommendations) 

The importance of obtaining background information cannot be I 
overemphasized. Also, prior to the physical destruction of any broken 
components and the assembly of which they are a part, it is important I . \ 
to document, usually in pictures, their external features. In cases that 
may involve litigation it is recommended that all parties involved l 
agree on any testing in which physical destruction may occur. Deter- I 

mination of the mechanical properties frequently plays a prominent 
role in failure analysis, and these properties can often be estimated 
from hardness measurements. This procedure is essentially 
nondestructive. Thus consideration of hardness measurements usu-
ally occurs as an early step. 

A critical step is examination of the fracture surface. This usually is 
best made by sectioning the broken component for ease of handling. 
However, it is possible to reproduce the fracture surface topology by 
preparing a replica and making the observations on the replica. This 
can be very useful, and perhaps necessary, since it is nondestructive. 
Another critical step is usually microstructural analysis, which gives 
information about the processing and properties of the material. How­
ever, this nearly always requires sectioning. 

A very useful step is failure simulation. Here a part identical to the 
one that broke is subjected to an opE!ration that simulates what oc­
curred during service. However, such a simulation may be too difficult 
or expensive to conduct. 

Another feature of failure analysis is interaction with people. It is 
important to be able to obtain information from those involved in the 
failure, and to be able to interpret their statements correctly. 

The type of background information that may be required for a fail· 

!" •. ~ 
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FIgure 1,1 Disciplines and subjects involved in metallurgi­
cal failure analysis. 

ure analysis is depicted in Fig. 1.1. The results of an analysis usually 
culminate in a report, which contains the fmdings and recommenda­
tions. Thus careful writing is very important. 

1.3 Tools of MetallurgIcal Failure AnalysIs 

Characterization of the microstructure and of the fracture surface to­
pology plays a prominent role in metallurgical failure analysis. The 
most common tools for this are the eye and the optical microscope, the 
scanning electron microscope, and the transmission electron micro­
scope. Their utilization is reviewed in this section. Less commonly 
used techniques are covered in the volume in the 9th edition of the 
Metals Handbook on materials characterization." 

1.3.1 Optical microscopy 

In an optical microscope (OM) utilized in fractography (and in 
metallography), a light source passes through an objective lens which, 
if at the proper distance from the surface, will form an image of the 
surface. To further magnify this image, this light passes through an­
other lens (the eyepiece) and is then focused on the retina of the eye. 
The general scheme for an inverted-stage metallurgical microscope is 
shown in Fig. 1.2. The light from the source passes through a con­
denser lens to collimate the beam. There is also an adjustable aper-

Introauctlon 1/ 

Plastic specimen mount 

Iris-type 
aperture 

d iaphragm '" 

Back focal 
point of 

objective --___ 

Plane glass 
reflector . -+ ,I 

Light -+ +--+-++1-+-+-------,('/ source --. 
-+ 

"""""I4--Front surface 
mirror 

Final ~'l-r,c~ 
virtual 
image 

Figure 1.2 Schematic diagram of the optical system typical of that of an inverted-stage 
metallurgical microscope. 

ture to control the intensity and to limit off-axis rays. A fIlter can be 
placed in the beam to create a monochromatic beam. The light im­
pinges upon a plane glass reflector, is reflected up through the objec­
tive lens to the specimen surface, and is then reflected back, forming 
an image. These rays pass through the plane glass reflector onto a 
front surface mirror, to the eyepiece lens, and then to the eye. 

The angle of refraction depends on the wavelength of the light. Thus 
two rays of different wavelengths, coming in the same direction from 
the same point on an object, will refract differently when striking the 
surface of the lens. This leads to a focusing error called chromatic ab­
erration. To avoid it, a fIlter can be placed in the beam to generate a 
monochromatic beam. 

Another lens error is spherical aberration. If a lens were ideal, two 
rays emitted at different angles from an object, upon passing through 
the lens, should image at the same point. However, the correct angle 
of refraction Will be attained only for the correct surface geometry. 
Most . lenses are ground to an approximately spherical surface, and 
this is not the correct geometry. Thus the two rays starting from the 
same point will not focus at the same point. This error can be mini-
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mized by placing an adjustable aperture near the objective lens to 
limit off-axis rays. The smaller the aperture, the less off-axis rays 
there are to contribute to the image, andthe sharper the image. How­
ever, as the aperture becomes smaller, the light intensity decreases; 
hence there is a lower limit on the aperture size. More importantly, 
those rays from the object which strike the edge of the aperture dif­
fract and generate a wavefront. This front, at the image plane, inter­
acts with the waves which pass through the aperture opening without 
striking the edge, and this creates an interference. 

If the aperture is sufficiently wide, the lack of sharpness of the im­
age caused by the off-axis rays will mask the lack of sharpness from 
this diffraction effect (see Fig. 1.3). But upon decreasing the aperture 
size, the diffraction effect becomes more important. Thus there is an 
optimum aperture size to use. . 

This limitation imposed by the diffraction effect is quite important, 
since it essentially determines how fine the detail can be on a surface 
and yet still be discerned. That is, if on the surface there are two point 
protrusions too close together, they will image as one large spot in­
stead of two distinct spots. The minimum separation distance between 
two points that can be allowed and yet obtain separate images is re­
ferred to as the resolving power of the microscope. The ability to re- . 
solve fine detail is referred to as resolution, and the resolving power is 
a measure of resolution. Note that the resolving power is a distance, 
and to see (or resolve) fine detail, the resolving power should be small. 
The resolving power (RP) depends on some optical parameters, and 
the mathematical relation can be stated as 

RP a 0.6A 
2NA 

(1.1) 

where A is the wavelength of the light being used. NA is the numeri­
cal aperture, which is given by 

NA = 'TJ sin J.l. (1.2) 

where 'TJ is the index of refraction of the medium between the object 
and the objective lens and J.l. is the light-gathering angle (Fig. 1.4). 

Note that there are three methods of improving resolution (reducing 
resolving power). One is to use light with a smaller wavelength. This 
is limited by the need to use visible light and by the fact that most 
lenses are corrected for chromatic aberration at a single wavelength. 
Another method is to increase the index of refraction of the medium 
between the object and the objective lens. This medium is normally 
air, with an index of essentially 1.0. An oil-immersion lens, with an oil 
having an index of refraction of up to 1.4, can be used. This will 

}

Ylmage of po int B 

S----- Image of point A 

t:ss: ~}.....---- Image of pOint B 
} __ Image of pOint A 

r:::-~-"""";~::&;;-411!'===~====.=9--""'---- Image of point B =:1----- Image of point A 

(al 

decreasing aperture opening -. 
(hI 

Figure 1.3 (a) Schematic illustration of the effect of reduction 6f 
aperture size on image sharpness. However, at too small an ap­
erture opening, diffraction from the edges limits the resolution. 
(b) Pinhole photographs of incandescent filament, where image 
sharpness improves, then deteriorates. (From Ruechardt. 8

) 
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Flgur. 1.4 Schematic diagram 
dertning the angle 1.1. used in the 
definition of numerical aper­
ture. 

improve the resolving power by about 40 percent. Fluids with higher 
indices of refraction are not suitable; for one thing, the transmission of 
light is reduced to an unusable level. Another method is to increase the 
light-gathering angle. This is accomplished by the design of the lens. 
Note that this is limited, as the angle cannot exceed 90° (Fig. 1.4). 

Figure 1.5 illustrates vividly the meaning of resolution. The two 
photographs are at the same magnification. [This can be calculated by 
measuring the bar at the bottom of the pictures, dividing by 10 mi­
crometers (fJ.m), and multiplying by 10- (to convert micrometers to 
centimeters); see Appendix F.l However, different objective lenses 
were used to obtain 'the pictures. The lens with the numerical aper-

~ 10 Micrometers ----

(a) (b) 

FIgure 1.5 Photomicrograph of silver chromate crystals 
taken with objectives of different numerical apertures. 
Wavelength was 546 nm (green light). (a) NA .. 1.4. (b) 
NA • 0.1. (From Dyer.6

) 
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ture of 0.1 gave the picture in Fig. 1.5b, which appears to be the image 
of an oblong object. However, using an objective lens with a numerical 
aperture of 1.4 gives the picture in Fig. 1.5a. The same object now ap­
pear!;! to be three separate rhomboidal objects. Using Eq. (1.1), the re­
solving power for the picture on the right is 1.6 fJ.m, for that on the left 
it is 0.1 fJ.m. 

The example just described emphasizes that the most important 
characteristic of microscopy is resolution. Now, how does magnifica­
tion enter into the picture? The human eye has a resolution of about 
0.01 cm at a distance of 25 cm, which is the comfortable reading dis­
tance. At this distance, detail closer together than 0.01 cm on an ob­
ject cannot be resolved by the eye. (This is why OMs are designed so 
that the virtual image is at about 25 cm; see Fig. 1.2.) The eye can see 
finer detail than this only by magnification. For example, consider Ta­
ble 1.5, which lists the eyepieces and objective lenses for a typical met­
allurgical microscope. The resolving power was calculated from Eq. 
(1.1) using the wavelength of green light [5460 angstoms (A)]. If an 
object being observed has detail separated by 10,000 A (1 fJ.m), then 
using the 5 x objective will not resolve this detail, no matter what the 
magnification. However, using the 10 x objective should allow imag­
ing the detail, as the resolving power of this lens is 5460 A, that is, 
less than 10,000 A. If a 20x eyepiece is used with this lOx objective 
lens, the total magnification is 200 x, and the detail which is sepa­
rated by 10,000 A will appear to the eye to be separated by 
10,000 x 200 = 2,000,000 A, or 0.02 cm. This value is greater than 
the resolving power of the eye, and the detail will be resolved. 

Thus we see that microscope lens systems must be able to magnify 
the resolvable detail to about 0.01 cm for the eye to see it. In optical 

TABLE 1.5 Magnification and Resolving Power (Using a Wavelength of 5460 A) of a 
Set of Lenses Ty~lcal of That for a Metallurgical Microscope 

Eyepiece 

5x 
lOx 
l5x 
20x 
5x 

lOx 
l5x 
20x 
5x 

lOx 
l5x 
20x 

Objective 

5x (NA· = 0.10) 
5x 
5x 
5x 

10 x (NA = 0.30) 
lOx 
lOx 
lOx 

40 x (NA = 0.65) 
40x 
40x 
40x 

·NA-numerical aperture. 

Total magnification 

25x 
50x 
75x 

lOOx 
50x 

100x 
150x 
200x 
200x 
400x 
600x 
800x 

Resolving power, A 
16,380 

5460 

2520 
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microscopy, the wavelength is approximately fIXed (it must remain in 
the visible range), the numerical aperture is limited by the angle ~, 
which cannot be greater than 90° (see Fig. 1.4), and the index of re­
fraction is limited to about 1.4. Therefore there is an approximate 
limit on the resolving power, and there is no need to provide a lens 
system that is capable of greater magnification than that required to 
allow the eye to see the [meat detail resolvable. This magnification is 
approximately 1500 x, and that is why OMs, even with photographic 
bellows attachments, do not magnify above approximately 3000 x . 

We have seen that one of the most important characteristics in mi­
croscopy is resolution, and we have seen how magnification is related 
to resolution. In fractography, another important characteristic is 
depth of field. This term refers to the allowable variation of the height 
of the object surface topology and yet retain common focus on the im­
age plane (that is, objects at different levels should be focused on the 
same plane). This range is related to the aperture opening and to the 
wavelength of light. The way the aperture opening enters into the pic­
ture is shown clearly in Fig. 1.6. It appears that the smallest aperture, 
consistent with sufficient intensity to see the image, would be the op­
timum aperture. However, again the diffraction effect from the edge of 
the aperture must be considered, and this is why the wavelength af­
fects the depth of field. The smaller the wavelength, the less this in­
terference effect, and the greater the depth of field. 

Sample 

Point A --j-4.....;\::----='-,J-c::::::::....---I~ Image of point B 

Point B --l.<....,~---='r"'='=---j} Image of point A 

Image of B 

Image of A 

FIgure 1.8 ElTect of aperture opening on image sharpness 
from two points located at dilTerent levels in the sample. 
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To place the importance of depth of field in perspective, consider us­
ing an OM to observe detail at the limit of resolution of the objective 
lens, which we will assume to be about 2000 A (see Table 1.5). In this 
case the depth of field is about 4000 A, or 0.4 f.Lm. Thus if this micro­
scope were being used to observe a fracture surface, any irregularities 
varying in height more than 0.4 ~m would not be in simultaneous fo­
cus. If the lens has a resolving power of about 16,000 A [a lens one 
might use for low-magnification (such as 50 x) observation), the 
depth of field is about 10 ~m. For the unaided eye, the depth of field is 
about 0.01 cm. 

1.3.2 Transmission electron microscopy 

The operation of the transmission electron microscope (TEM) is very 
similar in principle to that of the OM. Figure 1.7 compares the general 
optic8l path for the two instruments. There are, of course, important 
practical differences between the two microscopes. By definition, the 
sample is viewed in transmission, so that it must be sufficiently thin 
for the beam to penetrate completely. This creates a problem of sam­
ple preparation (see Sec. 1.4.2). Due to the ease of scattering of elec­
trons by air, the sample must be in a vacuum, although this is not a 
serious practical problem. The area that can be viewed is small, so 
that the examination of a large sample is difficult and time­
consuming. Since the eye cannot see electrons, the image is generated 
by the action of the electron beam upon a phosphorescent screen, on 
which the observations are made. 

The disadvantages of the TEM are far outweighed by its advan­
tages, so that it has developed into a widely used tool in failure anal­
ysis. The principal advantages of the TEM compared to the OM are 
caused by the shorter wavelength of the electron compared to visible 
light. Equation (1.1), used to calculate resolving power, clearly shows 
that the resolution can be improved by lowering the wavelength. The 
wavelength of visible light is around 5000 A, whereas that typical of 
electrons used in electron microscopy is about ().04 A. This should give 
an improvement in resolution by a factor of about 105

• However, to 
minimize spherical aberration, small apertures are used, so that the 
angle ~ [Eq. (1.2)) is quite small, on the order of 0.1°. Although this 
will degrade the resolution, the smaller wavelength of the electrons is 
the dominant factor, and the resolution of the TEM is considerably 
better than that of the optical microscope. It is this better resolution 
that makes the TEM so widely used. 

Using Eq. (1.1), the resolution of the TEM will be found to be about 
10 A, compared to about 1500 A for the OM. Now we can see why a 
TEM has a projector lens system which can magnify so greatly. To be 
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FIgure 1.7 Comparison of the optical system for a transmission 
electron microscope and an optical microscope. <From Metals 
Handbook. 7) 

able to see with the eye a detail of 10 A, the magnification required to 
raise this to 0.01 cm is 100,000 x. Thus the high magnification capa­
bility associated with TEM is required to magnify the tme detail so 
that the eye can observe it. 

Also the depth of field is improved greatly by using electrons. For 
example, if the resolving power is 10 A, typically the depth of field 
will be about 5000 A. This is generally the maximum thickness allow-
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able, which will transmit sufficient electroJU! to obtain an image. This 
meaJU! that the entire sample will be in focus. If the TEM is operated 
so that the resolving power is reduced to 1000 A (such as by using 
larger apertures), then the depth of field increases to about 500,000 A 
(0.005 cm). 

Thus we see that, compared to the OM, the TEM offers greatly im­
proved resolution and depth of field. The two major disadvantages are 
sample preparation problems and the small-size sample that must be 
used, making the area of observation limited. Actually, the TEM and 
the OM are complementary tools, both of which are used in fracto­
graphy. 

1.3.3 Scanning electron microscopy 

The scanning electron microscope (SEM) operates somewhat differ­
ently from the TEM. The electron beam is collimated by the condenser 
lenses, then focused by the objective lens into a small-diameter beam. 
This beam strikes the surface of the sample, and the interaction of the 
beam with the sample generates emitted electrons whose quantity is 
especially sensitive to the surface topography. A scanning coil causes 
the beam to raster the surface of the specimen. The quantity of elec­
trons emitted from any point on the surface controls the intensity of a 
synchronized cathode-ray tube (CRT) display. Hence as the electron 
beam rasters the surface, an image is generated on the CRT which is 
essentially a picture of the surface. Figure 1.8 compares the optical 
systems of the OM, TEM, and SEM. 

UGHT OR 
ELECTRON 
SOURCE 

CONOENSER 
LENS --

SPECIMEN- -
OBJECTlVE- -
l£NS 

FINAL 
IMAGE-~--~ 

(FL..IJORESCENT 
SCREEN) 

CRT 
DISP!.AYS 

Figure 1.8 Comparison of the optical paths of the optical light microscope, the 
transmission electron microscope, and the scanning electron microscope. (From 
Becker. B) 
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Photons 
(cathodoluminescence) 

Fluorescent 
x-rays 

Sample 

Incident 
electron 
beam 

Secondary electrons 

Back-scattered 
electrons 

Auger electrons 

Flgur. l.g Types of signals generated by the interaction 
of an electron beam with a specimen. Back·scattered and 
secondary electrons are used to obtain an image of the 
surface in the scanning electron microacope. The Auger 
electrons are very weak and are emitted from the atoms 
in the fmlt two or three layers of the surface; thus they 
are used for surface analysis. However, an ultrahigh vac­
uum system is required to prevent significant electron 
absorption. The fluorescent x-rays are used to obtain 
chemical analysis (see Sec. 1.3.5). 

The interaction of the electrons with the specimen generates sev­
eral types of signals (Fig. 1.9). The electrons emitted from the sam­
ple have varied energies, as shown by the typical spectrum in Fig. 
1.10. Of particular interest here is the high concentration of elec­
trons with relatively low energies and with high energies near that 
of the incident electron beam. When the beam penetrates the sam­
ple surface, some electrons are scattered elastically back out of the 
sample, retaining approximately their original energy. These are 
referred to as back-scattered eleCtrons (ESE). Other electrons inter­
act with the electrons of the atoms of the specimen and have their 
energy changed. Most of these lose considerable energy and are 
emitted with relatively low energy; these are secondary electrons 
(SE). The electrons penetrate the sample in a tear-drop-shaped vol­
ume (Fig. 1.11), and only those within about 1000 A of the surface 
escape. The diameter of this region is larger than that of the beam 
striking the surface. 

i';­
'iii 
c: 
Q) 

C 

Back-scattered 
electrons 

Secondary 
electrons 

Energy Energy of incident 
electron beam 

Figure 1.10 Typical electron spectrum from a sample surface in 
a scanning electron microscope. 
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Figure 1.11 Schematic diagram to illustrate that the region from 
which the electrons are emitted is larger than that of the beam. 

19 



Sample 

Electron 
beam 

Photomultiplier 

Thin metal layer 
(-+ 15,000 V) 

FIgure 1.12 Schematic representation of the operation of the electron 
detector in a scanning electron microscope. 

To collect all of the electrons, a rather simple device can be used 
(Fig. 1.12). The electrons emitted from the surface are drawn toward a 
scintillator, which is made of a material which gives off light when 
struck by the electron. To ensure that an adequate quantity of elec­
trons reaches the scintillator, it is coated with a very thin (for exam­
ple, 200 A) layer of metal (such as aluminum), which is charged pos­
itively to about 10,000 to 15,000 V. This attracts the electrons, which 
penetrate the thin metal layer and reach the scintillator. To discrim­
inate between low-energy and high-energy electrons, a grid is placed 
around the scintillator whose potential can be:;varied in the range of 
-500 to +500 V. Using a negative voltage will repel the low-energy 
electrons, allowing imaging with only the high-energy electrons, 
which sometimes is a useful mode of operation. The light from the 
scintillator is transmitted to a photomultiplier, where it is converted 
into an electrical signal, and this then modulates the intensity of the 
electron beam in the CRT. 

The intensity of the back-scattered electrons increases with the 
atomic number of the elements from which they originate, and 
thus they can be used to generate an image which shows composi­
tional variation. An example showing this effect is presented in 
Fig. 1.13. 

, 
i ' 

tal 
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(b) 
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Figure 1.13 Micrographs of an 
as-polished copper-tin diffusion 
couple in a scanning electron 
microscope. (a) Using a second­
ary electron detector. (b) Using 
a back-scattered electron detec­
tor. Note the enhanced contrast 
using the back-scattered elec­
tron detector due to atomic 
number differences: (From 
Verhoeven. 9

) 

Figure 1.14 shows how the surface topology generates contrast in 
the image. For example, protrusions above the surface allow more 
electrons to be emitted as a greater volume of material excited by the 
electron beam is within the escape distance of the surface. Note that 
the resolution is basically fixed by the beam diameter and not the 
wavelength. Thus a SEM may have a resolution of 100 A, but not the 

Electron beam 

--=:::!':..---';-,Iod------ Surface ot 
specimen 

Figure 1.14 Schematic illustration of how the surface topology influences 
the volume of material within the emission distance d from the surface and 
enhances the intensity of the emitted electrons. 
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10 A obtained by the TEM. However, a high depth of field is still re­
tained. Even if it is not desired to resolve very fine detail, good ~Elpth 
of field makes the SEM attractive for low-magnification observations. 

Unlike the TEM, in the SEM a relatively large sample can be used 
and rather large areas observed. Even if the sample is too large to be 
placed in the SEM, a replica of the surface can be prepared and placed 
in the SEM. 

1.3.4 Comparison of OM, TEM, and SEM 

The information in Table 1.6 compares the features of these micro­
scope types. In the use of these instruments for fractography, it should 

TABLE 1.6 Comparison of Characteristics of Optical Micro­
scopes, Transmission Electron Microscopes, and Scanning 
Electron Microscopes 

Sued on a to-em' Icreen viewed It 25 em 

Depth of foeu. 
Magnification Reaolution Field OM SEM 

{ I , 
0-2 mm 100mm 

OM 10 _' 0-02 mm 10mm 0-1 mm 10mm 

"M( I ,:' 2 I'm 1 mm l"m Imm 
0-2 pm 0-1 mm 10 pm 

10.000 . 20 nm 10 "m 1 pm 

EM 100.000-
(200 A) 

2nm 1 "m 
(20 A) 

lOt >- 0-2 nm 0-1 ".m 
(2 A) 

(a) 

Optical Scanning electron Direct electron 

Rt'I()llltion~a·r 5 "m 0-2 "m 100 A (10 nm) 
-.killed 0-] em l00A(10nm) IOA(1 nm) 
-.pt'ci.) 0-1 ".", 5 A (O-S nm) 2 A (0-2 nm) 

nt'pth of (,)(,.'\1, />00' hl, b moderate 
:'\ Ind«- - -tran,mi.,ion y ... yeo yeo 

--rrtirccion y ... yeo ItOt lotis/aclor,. 
-diffraction yes yeo yeo 
--oth~r 80m. maa,. .0 

S~cimtn-pr~p.ration uaually euy -,. ,/rill.d. IiabU 10 
(1'rtl/acls 

-range and verutile vena tile ooly Ihi •• 
type real or replica real or replica or rrplica 

-maximum 
thickneu for 
transmiaaion thick medium VtTY thi1l 

~nvironment vorutil. uaually vacuum vacuum 
but can be 
modified 

-available .pace .moll tart. amall 
Field of view large enough large enough limited 
Signal only a. image available (or only .. ima~ 

proceoailll, 
Cost low high high 

Adv.ncage. over othera ue indicated in bold type; diaadvantages in italiet. 

(b) 

SOURCE: From Hearle et a1. 'O 
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be kept in mind that they complement each other, each having advan­
tages over the others under certain circumstances. 

1.3.5 Related tools and techniques 

There are a number of tools and techniques related to micl'osr.;c;py 
which are useful in fractography. Here three are described briefly: x­
ray fluorescence, x-ray diffraction, and stereomicroscopy. 

X-ray fluorescence chemical analysis. This method of elemental chemi­
cal analysis is used widely. The description here will be given in terms 
of its use on the SEM, but it can be used in several other ways. When 
an atom is sufficiently excited, an i.nner-shell electron may be re­
moved. When an electron from a neighboring orbital falls into this va­
caney, the energy decrease is manifested as a fluorescent x-ray (see 
Fig. 1.15). The energy of the radiation from transitions in the outer 
(valence) electron shells depends on the type of atom bonding, but that 
from the transitions in the inner shells does not. Hence for a given el­
ement, the energy of the radiation is characteristic of the element 

~ 
Energy suHicient to remove 
electrons from shell~; for 
example, In SEM. the 
electron beam serves this 
purpose_ 

Electron ejected from 
K shell by electrons 

Nucleus 

K shell 

L sholl 

---+----M shell 

Electron from M shell 
falls into vacancy in 
K shell . giving oH K~ 

Electron from L shell 
falls into vacancy in 
K shell. giving oH K" 
x-ray 

x -ray 

FIgure 1.15 Schematic illustration of the origin of fluo­
rescent x-rays and of the nomenclature used to describe 
the energy transitions. 
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from which it was emitted. Thus the detection of these x-rays is a 
method of identifying the type of atoms present. For example, the x­
ray spectrum from pure iron will show strong lines or peaks at specific 
energies. If the spectrum of iron carbide or iron carbonate is obtained 
peaks or lines in the spectrum reveal what elements are present, but 
not how the elements are combined. 

The designation of the x-ray emissions is determined by the shell 
to which the electron falls and from which it comes. The scheme is 
shown in Fig. 1.15. For example, K" is an x-ray photon caused by an 
electron from the L shell falling into a K-shell vacancy. KII is an 
x-ray photon caused by an electron from the M-shell falling into a 
K-shell vacancy. 

The energies of these electron transitions have been measured care­
fully, and the values can be found tabulated in several publications. 
Figure 1.16 shows one such listing. The energy is usually given in keY 

line atomic 
designation . number energy (KeV) 

relatIve" / I 
element, \ inte~Sity wa';length 

El Line I Z f{cV L·uhd'l. 

(A) 

Lu 1.,,- 'z .0' 7, R~ on ~ ,. ~ Jl 
n~ Lt .0' 76 R.077 1.t;1"1 

"0 L~. ., 67 A.O',l l.S p~ 
Cu KG, DO 21 A.04h l .. ~ij 1 
Ir Ll .1 77 A.Oijl) 1. c"ij 2 

Co "'l,," , ~O 2· A.O'O 1."7 --C 
Eu Lr. .1 6 J B.020 1. ~44 
Cu ~" >0 2' R. 0 2' 1. S'I ij 
To L~. 5 60 8.02' 1.o;u5 
Ho L"e. 0 .0' 67 A .OOS I. ". 

'r L~, ~ " 7.I)J !1 1. ~ ·ll. 

" L. .01 7u 7 .. 1l21j 1 .. '1" I~ 
3j Lt. .0' 6u 7.nu 1. ~(I ij 
Ho LiJ,,, ~ 70 67 " .. q 10 '.5' 7 'r LR. ., (,8 1. 'lOA 1.~·;1 

H' L, , 1 ')0 72 7. HQq 1 .. c; 70 
to .! Lto . 1 '" 7 .. HL')., , .. .,11 
L" L. , 7, 7.11"1) 1. ~ 7" 
TO Lh . 1 ., 7. A~2 1.57'1 '0 L1 .01 7> ,. .. AC; 1 1 .. '119 

Ta LIl, t • 01 73 8.941 1 • .1R6 
Yb L~s .1 70 8.938 1.387 
Pt Ls • n 1 7A 8.921 1 • .199 
Vb L]-J z , ] • a 1 70 8.919 1.390 
Os L~l 100 7h 8.910 1.391 

Yh LillO .0170 B.90A 1.391 
Hf LB. ~ 72 9.904 1.392 
CU Kil", 20 2q 8.qO~ 1.]92 ~ 
He Lro .0167 8.903 1.392 
CU K B 1 (, 2 9 B. q 0 1 1 • 39 J 

FIgure 1.16 Section of a table listing the energies of x·ray emis· 
sions of the elements. CuK., and CuKp are noted. (Adapted from 
JohMon and White. l1

) 
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(1000 electronvolts). Also listed are the corresponding wavelengths in 
angstroms. The relation connecting these two quantities is 

. he 
E = hv =­

A 
(1.3) 

where E is the energy, A is the wavelength, v is the frequency, h is 
Planck's constant, and e is the speed of light. Thus as the energy in­
creases, the wavelength decreases (see Fig. l.16). The other listing of 
importance in Fig. 1.16 is I, which is the relative intensity to be ex­
pected for a transition. These values are based on experimental data 
and reflect the fact that all transitions do not occur with equal prob­
ability. Note that the K..1-2 transition for copper has a relative inten­
sity of 150 (150 percent) and that of K~l-3 a value of 20. Thus in the 
spectrum from copper, the peak at 8.040 keY should be only about 117 
as strong as that at 8.904 keY. When the I value decreases to below 5, 
it generally will be difficult to detect the x-ray. 

There are two methods used in scanning electron microscopy to 
measure or record the x-ray spectrum: One method uses a diffracting 
crystal, the other a solid-state detector. The method using the diffract­
ing crystal is referred to as wavelength dispersive, or sometimes 
wavelength-dispersive x-ray analysis (WDXA) or wavelength-disper­
sive spectrometry (WDS). In this technique, the fluorescent x-rays are 
allowed to strike a single crystal. The x-rays will either pass through 
the crystal, will be absorbed, will be generally scattered, or will be dif­
fracted. Those which satisfy Bragg's law 

A = 2d sin e (1.4) 

will diffract, as shown in Fig. 1.17. Here d is the spacing between the 
planes of the crystal which are diffracting the x-rays to the detector, 
and its valuE)! is known for a given crystal. Thus the intensity for this 
specific wavelength is measured. The crystal can then be set to a dif­
ferent value of 8, always maintaining the 8-28 relation shown in Fig. 
1.18. Then the intensity at this wavelength is obtained. The process 
can be automated. It is customary to obtain a plot of intensity versus 
28, not intensity versus wavelength, but the wavelength can be calcu­
lated from the values of 26 by using Eq. (1.4). Figure 1.19 shows a typ­
ical spectrum. Note that for this stainless-steel sample it is quite ob­
vious which peak. is caused by which element. 

There are two important disadvantages of this method of obtaining 
the x-ray spectrum. One is that the instrumentation maybe difficult 
to place in the proper location for use on a SEM. Unlike the elec· 
trons, which can be focused or attracted by the high positive charge on 
the electron detector (see Fig. l.12), x-rays cannot be focused so easily. 
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Flgur. 1.17 Simplified derivation of Bragg's law of x-ray or electron diffraction. If angle 
9 is such ~ha~ the distance bc is V. the wavelength X, then Bragg's law is Satisfied, and 
constructive Interference occurs along the direction of angle 9, causing diffraction, 
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FIgure 1.18 Schematic illustration of a diffractometer used to 
analyze the spectrum from an x-ray beam. 
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Figure 1.19 X-ray spectrum obtained by using an x-ray diffracto­
meter (wavelength-dispersive spectrometry). The sample was 
stainless steel containing 19.4% Cr, 9.5% Ni, 1.5% Mo, 1.4% W, and 
1.0% Mn, balance mainly Fe. A flat LiF crystal was used as the an­
alyzer, A platinum target x-ray tube was used, operated at 50 kV 
and 30 rnA, (Adapted from Cullity12; courtesy of Diano Corpora­
tion .) 
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Thus only those x-rays which have a direct path to the detecting crys­
tal will be analyzed. The other limitation is that it takes from 30 to 60 
min to obtain a spectrum. On the other hand, this method can detect 
elements as low in atomic number as carbon. 

The method using a solid-state detector is referred to as the 
nondispersive method, as the x-rays are not dispersed by an analyzing 
crystal. It is commonly referred to as energy-dispersive x-ray analysis 
(EDXA) or energy-dispersive spectrometry (EDS). This method uses a 
Si (Li) counter and a FET preamplifier, both of which must be main­
tained at liquid nitrogen temperature. The signal from the detector is 
separated into a spectrum by a multichannel analyzer, so that a spec­
trum of intensity versus energy is displayed on a CRT. Figure 1.20 
shows a typical spectrum. 

This method of analysis has two important advantages in a SEM, 
namely, the detector can be placed close to the sample, inside the vac­
uum chamber, and the time to obtain a spectrum is short. Obtaining a 
spectrum like the one shown in Fig. 1.20 by the wavelength-dispersive 
spectrometry method would take perhaps 60 min. The spectrum using 
energy-dispersive spectrometry would require about 1 min. An impor­
tant limitation, however, is that the energy-dispersive detector is not 

.. ,; 
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Figure 1.20 X-ray spectrum obtained by an energy-dispersive spectrometry sys­
tem. (,Adapted from Cullityl 2; courtesy of Philips Electronic Instruments. Inc.) 

as sensitive to light elements (such as, carbon) as the wavelength­
dispersive system. 

In terms of the use of fluorescent x-ray analysis in the SEM, it is em­
phasized that usually the analysis is qualitative or semiquantitative. It 
is particularly useful in determining what elements are present and 
their relative amounts, hut not in determining the exact composition. 

The strength of x-ray fluorescence in fractrography lies in the 
microchemical analysis which can be performed with the SEM. For ex­
ample, in operating the SEM, it is possible to stop the raster of the 
beam and move the beam spot to any location in the field of view. 
Thus if the chemical analysis of a particle on the surface is desired, it 
can be obtained by locating the beam on the particle and compiling 
the x-ray spectrum. This is illustrated in Fig. 1.21, which shows a 
fracture surface with a small particle on it. The diameter of the par­
ticle is about 4000 A, and the electron beam was perhaps 200 A in di­
ameter. Recalling that this beam will blossom into a tear-dropped 
shape, the actual diameter of the excited region is appro,p,mately 1000 
A. The depth of penetration is approximately 1000 A. This gives a vol­
ume of the material from which the x-rays are emitted of appro xi­
mately 10- 16 emS, or a mass of material of about 10- 1• g. Hence the 
use of the term microchemical analysis. The spectrum from this par-

~ ., ,', .. , .. - , 

(a) 

Energy 
(b) 

Figure 1.21 (a) Scan'ning electron micrograph of a frac­
ture surface. (bJ X-ray spectrum from small particle in­
dicated by arrow. 
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ticle is shown in Fig. 1.21b. It was obtained in about 1 min, and it took 
about a minute to photograph the spectrum from the face of the CRT. 

Some precautions must be taken in obtaining x-ray spectra in the 
SEM. It must be remembered that the electron beam is considerably 
smaller than the diameter of the region from which x-rays are emit­
ted. Thus if a particle of approximately 500 A is to be analyzed and the 
beam diameter is 200 A, the x-ray spectrum may contain emissions 
from material outside of the particle. It is equally important to realize 
that secondary fluorescence can occur. This is a constant hazard in an· 
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F1gur. 1.22 Schematic illustration of the origin of secondary fluorescence, 
causing a false indication of the elemental analysis of the particle due to x­
rays from the edge of the matrix. 

alyzing rough surfaces typical of fracture surfaces, as illustrated in 
Fig. 1.22. The primary x-ray emissions may be absorbed by surround­
ing higher regions, causing them to emit x-rays and giving a spectrum 
not actually characteristic of the region on which the beam is focused. 

X-ray and electron diffraction. X-ray and electron diffraction is fre­
quently used in conjunction with x-ray fluorescence to determine the 
nature of crystalline materials. For example, it may be important to 
determine the chemical and structural composition of wear debris. X­
ray fluorescence can give a qualitative analysis of many elements 
present. However, analysis of an x-ray diffraction pattern can reveal 
the exact nature of the debris. 

X-ray and electron diffraction relies on using a monochromatic 
(constant-wavelength) beam on a sample and analyzing the intensity 
as a function of 28. In this case the wavelength>" is fixed and Bragg's 
law (Eq. (1.4)] is used to calculate the distance d between planes in the 
crystals. These values can be compared to the ASTM x-ray diffraction 
data me to see if a match reveals what material is present. If this ap­
proach is not fruitful, then, in principle, the data can be analyzed to 
determine the crystal structure, although this may be quite difficult. 

Electron diffraction in the TEM can be useful to determine the crys­
tal structure of extremely fine individual particles as the diffraction 
pattern can be obtained by the equivalence of limiting the beam to the 
illumination of very small regions. 
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Stereomlcroscopy. Stereomicroscopy refers to the observation of an ob­
ject such that the entire field of view remains in focus and at the same 
time a three-dimensional effect is obtained. This is a particularly valu­
able tool in fractography. The amount of additional information obtained 
by viewing fracture surfaces in stereo cannot be overestimated, neither 
can the importance be proven in words. One has to view a surface under 
this condition to properly appreciate its signifieance. 

The viewing itself is rather easy, but it may take practice. Low­
magnification stereooptical microscopes are available. Where the 
resolution of finer detail is sought, the OM is not suitable because 
the high magnification required will have associated with it a poor 
depth of field. However, the SEM is especially appropriate for this. 
It is simple to obtain two pictures which, when viewed with a stereo 
viewer, will give the required three-dimensional effect. A photo­
graph is taken of the area of interest, then the sample is tilted 6 to 
12°, and the same area is photographed. These photographs are 
then properly positioned under a stereo viewer until the three­
dimensional effect is observed. The same procedure can be used for 
samples being observed in the TEM. Volume 9 of The Metals 
Handbook,7 has a stereo viewer in the back, and several stereo 
fracto graphs are in the book. 

A proper method of obtaining stereopairs in the SEM and of deter­
mining the variation in the height of the surface topology is outlined 
in Appendix 1A. 

1.4. Sample Preparation 

1.4.1 Cleaning of surfaces 

A common problem is that the fracture surface is dirty and contam­
inated. There are several methods of cleaning fracture surfaces. In 
general, the surface is washed carefully, rinsed in alcohol or ace­
tone, then dried. The washing is best done in an ultrasonic cleaner, 
which will remove most loose debris. Further removal of debris and 
surface reaction products such as rust can be accomplished by rep­
licating the surface several times. In this procedure the surface is 
wet with acetone, and one side of a piece of cellulose acetate tape 
(about 0.01 cm thick) is moistened with acetone. Then, with the 
fracture surface still wet, the wet side of the tape is pressed care­
fully but firmly onto the fracture surface. It is rubbed to force the 
sticky tape to be embedded into the surface. After several minutes 
of drying, the tape is peeled off, giving a replica of the surface and 
removing debris . (Such a replica can be observed in the SEM and 



the surface debris can be analyzed.) This process can be repeated 
several times to assist in cleaning the surface . 
. A major problem in surface preparation is the removal of rust on 

ferrous samples. How to treat the surface to remove the rust without 
destroying the underlying surface which may reflect the true fracture 
surface topology before rusting occurred is a touchy decision. Most 
methods of cleaning involve the use of chemicals which are designed 
to dissolve the oxides without attacking the underlying metal. Appen­
dixes IB through IG give information on methods of cleaning sur­
faces. Additional sources of information can be traced from the refer­
ences in the sources cited there. 

1.4.2 Preparation of replicas for the TEM 

In using the TEM in fractography, the actual fracture surface usually 
cannot be observed, of course, as it is extremely difficult to prepare the 
required small and thin specimen. Thus the surface topology is exam­
ined indirectly by preparing a suitable replica of the surface. One 
method is the one just described for cleaning the surface, namely, to 
use cellulose acetate tape to make the replica. However, this tape is 
too thick for use directly in the TEM, and in addition such polymeric 
materials are subject to heating by the electron beam and, hence, 
damage. Instead it is common to take the tape replica and put a thin 
(200 A) layer of carbon on it in a vacuum coater. To enhance contrast 
of this carbon replica, a thin layer (200 A) of a heavy metal, s\lch as 
chromium or platinum, is deposited, or shadowed, onto the surface. 
Then the acetate tape is dissolved in a suitable solvent (such as ace­
tone), freeing the thin and fragile replica into the solvent. This replica 
is removed onto a screen or grid, which is of suitable size (about 0.3 cm 
in diameter) to fit into the TEM. The replica is viewed through the 
openings in the grid. The process of making such a replica is depicted 
in Fig. 1.23. 

It is possible to prepare a replica of the surface by depositing the 
carbon directly and not using the tape. The carbon then is removed by 
adhesive tape, which is dissolved to free the replica. Thisf'ves a rep­
lica of greatest fidelity, having a resolution of about 20 . The two­
stage tape-carbon replica has a resolution of about 100 A. The arti­
facts which may be present in replicas have been quite well 
documented (see, Sec. 3.16). 

If it is desired to analyze particles on the surface, after the carbon 
layer is deposited, the underlying metal (original specimen) can be 
dissolved chemically, freeing the replica with the particles embedded 
in it. This is an extraction replica. It allows analysis of the particles in 
the TEM using electron diffraction and x-ray fluorescence. However, 
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Figure 1.23 Schematic representation of a method of preparing replicas for 
transmission electron microscopy. (a) Vacuum deposition technique. (From 
Nail 13

, copyright ASTM; reprinted with permission.) (b) Steps in preparing 
an indirect carbon replica using a cellulose acetate or polyvinyl alcohol 
(PVA) primary replica. (Prepared by E. F, Koch ; from Phillipsu; courtesy of 
General Electric Company.) 
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FIgure 1.24 Schematic illustra­
tion of the preparation of an ex­
traction replica. (From Nail. 13) 

this process does destroy the fracture surface. The preparation of an 
extraction replica is illustrated in Fig. 1.24. 

1.4.3 PreparatIon of samples for the SEM 

For direct observation of metallic samples no preparation is required 
other than cleaning. However, the samples do have to be electrically 
conducting, so if there is excessive rust or debris, and the surface must 
be observed with this on it, then it may be necessary to coat the sur­
face with a thin layer (~OO A) of metal (such as gold) or carbon. If x­
ray fluorescence is to be carried out on the surface, some thought must 
be given to the excitation of x-rays from this coating and their effect 
on the interpretation of the x-ray spectrum obtained. 

With the availability of the SEM it is normally no longer necessary to 
do extensive replica TEM work. Even if the sample will not fit into the 
SEM, the Sr' ace can be replicated with tape, the replica coated with 
metal, and hen this replica observed in the SEM (and even optically). 
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Appendix 1A Stereomlcroscopy* 

Although SEM images appear three-dimensional, their very format 
reduces them to two-dimensional representations. Their multidi­
mensional appearance is due to high depth of focus, but perspective 
distortions introduced by the geometry of the beam/specimen/ 
detector invalidate spatial measurements (both height and lateral 
dimensions). Our subjective impressions are based on the direction 
of illumination, which cannot be adequately described in a single 
micrograph produced by a complex geometry. These problems are 
aggravated when rough-surfaced specimens are examined, because 
the exact angle of a field of view is both unknown and 
unmeasurable. This in turn implies that magnification varies 
within a field of view. 

The phenomenon of perspective distortion may be observed by re­
cording an image having two prominent features at 20°, recording a 
second micrograph of the same field at 45°, and then measuring the 
distances between the two features on each micrograph: the measure­
ments will differ and neither is valid. Stereo imaging involves record­
ing a given field of view twice at slightly different orientations, and 
simultaneously viewing the stereo pair such that a three-dimensional 
image is perceived. Perspective is restored, and valid spatial judg-
ments or measurements replace subjective impressions. . 

Recording and viewing stereo Images 

The four methods used to record stereo pairs are (1) the tilt method, 
where an angle is applied between the two micrographs; (2) the 
lateral-shift method, where there is a horizontal displacement be­
tween the two micrographs; (3) the rotation method, where a specimen 
is rotated between exposures; and (4) electromagnetic deflection of the 
electron beam between images (Boyde, 1975; Chatfield, 1978; Wergin 
and Pawley, 1980). Methods 1 and 2 are readily applied in any SEM, 
method 3 is difficult, and method 4 requires special accessories for the 
SEM. Discussed below are the tilt and lateral-shift methods of stereo 
image recording. 

· From B. L. Gabriel, SEM: A User's Manual (or Materials Science, American Society 
for Metals, Metals Park, Ohio, 1985 . 
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FIgure 1A.1 Effect of a 7° stereo 
angle. Continuous line-speci­
men at 30'; dashed line-speci­
men tilted to 37°. 

The tilt method of stereo recording is a versatile technique that may 
be used in any type of SEM. It is desirable but not required to have a 
eucentric-tilt specimen stage (the tilt axis passes through the center of 
the specimen, not through the center of the stage). The tilt method is 
as follows. Select and record the desired field of view, noting the tilt 
value of the specimen stage. With a wax pencil, mark the location of a 
prominent surface feature on the observation screen. Tilt the speci­
men approximately 7° (the stereo angle; see Figs. 1A.1 and 1A.2) 
while manipulating the stage X and Yaxes to maintain the same field 
of view. Align the prominent surface feature beneath the wax pencil 
mark. Refocus the image using the Z-axis control; do not refocus with 
the objective lens, controls. Acljust the contrast and brightness levels to 
match the first micrograph, and record the image. 

The choice of the stereo angle, or the tilt difference between each mi­
crograph of the stereo pair, is a function of the topography of the ,speci­
men. In general, smooth specimens require a stereo angle of 7 to 15°, 
while rough specimens require a stereo angle of 3 to 7°. The stereo angle 
determines parallax (synonym: horizontal displacement), which is a mea­
sure of the vertical position above or below a particular datum plane. 
With too large a stereo angle there is excessive displacement between 
features (Le., excessive parallax), and the stereo image has "too much 
depth." With too small a stereo angle there is insufficient displacement, 
and the stereo image is not a true three-dimensional representation. If 
the microscopist is unsure of the optimal stereo angle for a given field of 
view, simply record several micrographs while changing the angle until 
the desired stereo image is obtained. 
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F1gure 1A.2 Stereo pair of a ductile fracture prepared using the tilt method and a ste­
reo angle of 7°. (300 x .J 

Another method useful for recording stereo pairs below 50 x magni­
fication is the lateral-shift method (synonyms: linear displacement or 
shift; translational shift). In this method, a micrograph is recorded, 
and the image is then moved horizontally while keeping the desired 
feature in the field of view. The second member of the stereo pair is 
then recorded. The distance shifted determines the depth of the stereo 
image; a very large lateral shift produces more depth than a small 
shift. Operating conditions must be the same when recording each 
half of the stereo pair; again, refocus (if necessary) by manipulating 
the Z axis, adjust contrast and brightness to match the first micro­
graph, and maintain the same tilt angle for both recordings. This 
method is appropriate only for low-magnification images, because at 
moderate or high levels lateral shift may displace the desired field of 
view before the optimal stereo image is visible (Fig. lA.3). 

Stereo pairs are viewed using simple pocket viewers, double-prism 
viewers, or a mirror stereoscope (Boyde, 1979). Pocket viewers are ad­
equate for simple viewing of stereo pairs, but the more sophisticated 
prism and mirror stereoscopes offer significant advantages when ste­
reo analysis is routinely conducted. The stereo effect (stereopsis) is 
perceived by positioning both micrographs within the viewer such 
that the tilt axis is vertical, i.e., rotate both micrographs 90°. The mi­
crograph with the lower tilt value is placed to the left of the second 
half of the pair, and ' the distance between then is adjusted until the 
stereo image is prominent. 
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,.:~ 
F1gure 1A.3 S~rco pair of a fractured wire prepared with the lateral-shift method. (75 X.J 

Because stereo viewers are designed for individual use, different 
methods have been developed to simultaneously project stereo pairs. 
The two most common projection techniques are the polarized and the 
anaglyph methods. The polarized method of stereo projection involves 
the simultaneous projection of each member of a stereo pair through 
adjacent slide projectors onto a lenticular silver screen. The projectors 
are equipped with filters that polarize the image from one proje<..'tor at 
45° to the vertical and from the other at an angle perpendicular to 
this. The audience must wear similarly polarized lenses to perceive 
the stereo effect. Wergin and Pawley (1980) thoroughly discuss the 
methods and equipment of the polarized method. 

The anaglyph method of stereo projection applies a different color 
(usually red or green) to each half of the stereo pair. The simultaneous 
projection of the color-coded images produces a stereo image that is 
perceived by individuals wearing red-green lenses. This was the 
method used to project the 1950's 3-D horror movies. This method is 
not as popular as the polarized method, because color breakthrough 
and other problems may degrade the stereo effect (Barber and Brett, 
1982). Nemanic (1974) and Barber and Emerson (1980) review the 
preparation and presentation of anaglyphs. 

Quantitative stereoscopy 

In addition to restoring perspective, stereo images may be used for 
spatial measurements. Referred to as photogrammetry or quantitative 
stereoscopy, valid measurements derived from stereo pairs are used in 
the construction of three-dimensional models. Boyde and his col­
leagues have contributed extensively to SEM stereoscopy (Howell and 
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Boyde, 1972; Boyde, 1974, 1981; Howell, 1975; and other references 
cited throughout this chapter). Summarized below are the more basic 
principles of quantitative stereoscopy. 

The ftrst stage of photogrammetry is establishment of the location of 
the principal point, defmed as the point where the central ray (principal 
projector) of the scanning raster intersects the photographic plane. The 
location of the principal point does not necessarily correspond to the cen­
ter of the micrograph; its location may be defined by switching off the 
SEM scan coils. The position of the stationary beam is visible as a bright 
"Pill.. Altl\\'l)ut.\w\v, tho position of the principal point can be established 
\)1\ " I\pt\C\nll'1l by intont.ionally carbon~ntaminating the surface: in­
crease magnification roughly ten times above the desired level, permit a 
brief dwell time, and reduce the magnification to the desired level. A 
darkened spot (the site of contamination) is visible on beam-sensitive 
specimens, and corresponds to the location of the principal point. 

Next, a datum plane which can be used as a baseline for measure­
ments is identified with the tilt method. The common conventions use a 
datum plane parallel to one or the other halves of the stereo pair, or the 
midplane between the two micrographs. Using the parallel datum plane 
of one micrograph (Fig. 1A4), Howell and Boyde (1972) defmed the fol­
lowing spatial measurements, where M is magnification: 

Figure lA.4 also shows the convention where an imaginary datum 
midplane between the stereo pair is located, and the following coordi­
nates are shown: 

(MD)2(XL - XR)cos (CX/2) + 2MDXrXR sin (cx/2) 
MZc = -----------------

[(MD)2 + XLXR]sin a + MD(XL - XR)cos ex 

. (MD)2(XL + XR)sin (a/2) 
MXc =----------------

[(MD)2 + XLXR]sin ex + MD(XL - XR)cos a 

Y L ( • ex ex) MYc = MD MD + Xc sm 2" - Zc cos 2" 

Center of project ion 

Photo plane 

Figure 1A.4 Trigonometric relationship of the Howell and Boyde 
method. (Courtesy of Howell and Boyde, 1972.) 

Individuals who regularly perform quantitative SEM measure­
ments will be pleased to learn that modestly priced microcomputer 
programs are available for this purpose. Various systems are de­
scribed by Howell and Boyde (1980), Roberts and Page (1980), Howell 
(1981), Boyde (1981), and Russ and Stewart (1983). Future de.velop­
ments in stereo SEM include real-time stereo imaging and image re­
cording, computer control of the specimen stage, and continued. accep­
tance and utilization by microscopists. 
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Appendix 1 B Care and Handling 
of Fractures· 

When a fracture requires laboratory examination, both mating frac­
tures should be preserved by the application of a protective coatingt 
and sealed in a plastic bag containing a desiccant to prevent any ac­
cumulation of undue moisture until the examination can be made. 
Coatings used should be soluble in organic solvents so that they can be 
completely removed prior to replication. Handling the fracture faces 
with fingers, rubbing, or mating the fractures together can cause se­
rious damage. Picking at the fracture with a sharp instrument should 
be avoided. Rough treatment or the formation of corrosion products on 
the fracture will obscure vital information (Fig. lB.l). Education in 
the proper handling of specimens prior to any fractographic examina­
tion is strongly recommended for anyone dealing in fractures either in 
the field or in the laboratory. 

'}":-..'.~, .\. r~~::~ y Kt~_~~ L~ R Y . Wb.iteeQa.. E!.rctro" F,,;dlCtgr~ ffimc!booJr 
~~h . RC'I'. ML· Tl')'I\-t>.·.lt\ Au Fro-~ M-.tJeriJUs L.abontlnty. Wrlgnt-Pattet80u Air 
}'Orctl Baso, Ohio, 1965. 

tFor example, Krylon Crystal Clear spray Coating no. 1302, Krylon, Inc., Norristown, 
Pa. Solvent: trichloroethylene. 

HANDLE FRACTURES WITH CARE 
Figure 1 B.1 Care and handling of fractures. 

Appendix 1 C PreparatIon and PreservatIon 
of Fracture SpecImens· 
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Fracture surfaces are fragile and subject to mechanical and environ­
mental damage that can destroy microstructural features. Conse­
quently, fracture specimens must be carefully handled during all 
stages of analysis. This appendix discusses the importance of care and 
handling of fractures and what to look for during the preliminary vi­
sual examination, fracture-cleaning techniques, procedures for sec­
tioning a fracture and opening secondary cracks, and the effect of 
nondestructive inspection on subsequent evaluation. 

Care and handling of ffactures1 

Fracture interpretation is a function of the fracture surface condition. 
Because the fracture surface contains a wealth of information, it is im­
portant to understand the types of damage that can obscure or oblit­
erate fracture features and obstruct interpretation. These types of 
damage are usually classified as chemical and mechanical damage. 
Chemical or mechanical damage of the fracture surface can occur dur-

. From R. D. Zipp and E. P. Dahlberg, in Metals Handbook, 9th edition, vol. 12; 
Fractography, ASM International, Metals Park, Ohio, 1987, pp. 72-77. 



jng or after the fracture event. If damage occurs during the fracture 
event, very little can usually be done to minimize it. However, proper 
handling and care of fractures can minimize damage that can occur 
after the fracture.2-4 

Chemical damage of the fracture surface that occurs during the 
fracture event is the result of environmental conditions. If the envi­
ronment adjacent to an advancing crack front is corrosive to the base 
metal, the resultant fracture surface in contact with the environment 
will be chemically damaged. Cracking due to such phenomena as 
stress-corrosion cracking (SCC), liquid-metal embrittlement (LME), 
and corrosion fatigue produces corroded fracture surfaces because of 
the nature of the cracking process. 

Mechanical damage of the fracture surface that occurs during the 
fracture event usually results from loading conditions. If the loading 
condition is such that the mating fracture surfaces contact each other, 
the surfaces will be mechanically damaged. Crack closure during fa­
tigue cracking is an example of a condition that creates mechanical 
damage during the fracture event. 

Chemical damage of the fracture surface that occurs after the frac­
ture event is the result of environmental conditions present after the 
fracture. Any environment that is aggressive to the base metal will 
cause the fracture surface to be chemically damaged. Humid air is 
considered to be ag~essive to most iron-base alloys and will cause ox­
idation to occur on steel fracture surfaces in a brief period of time. 
Touching a fracture surface with the fingers will introduce moisture 
and salts that may chemically attack the fracture surface. 

Mechanical damage of the fracture surface that occurs after the 
fracture event usually results from handling or transporting of the 
fracture. It is easy to damage a fracture surface while opening pri­
mary cracks, sectioning the fracture from the total part, and trans­
porting the fracture. Other common ways of introducing mechani­
cal damage include fitting the two fracture halves together or 
picking at the fracture with a sharp instrument. Careful handling 
and transporting of the fracture are necessary to keep damage to a 
minimum. 

Once mechanical damage occurs on the fracture surface, nothing 
can be done to remove its obliterating effect on the original fracture 
morphology. Corrosive attack, such as high-temperature oxidation, of­
ten precludes successful surface restoration. However, if chemical 
damage occurs and if it is not too severe, cleaning techpiques can be 
implemented that will remove the oxidized or corroded surface layer 
and will restore the fracture surface to a state representative of its 
original condition. 
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Preliminary visual examination 

The entire fracture surface should be visually inspected to identify the 
location of the fracture-initiating site or sites and to isolate the areas 
in the region of crack initiation that will be most fruitful for further 
microanalysis. The origin often contains the clue to the cause of frac­
ture, and both low- and high-magnification analyses are critical to ac­
curate failure analysis. Where the size of the failed part permits, vi­
sual examination should be conducted with a low-magnification wide­
field stereomicroscope having an oblique source of illumination. 

In addition to locating the failure origin, visual analysis is neces­
sary to reveal stress concentrations, material 'imperfections, the pres­
ence of surface coatings, case, hardened regions, welds, and other 
structural details that contribute to cracking. The general level of 
stress, the relative ductility of the material, and the type of loading 
(torsion, shear, bending, and so on) can often be determined from vi­
sual analysis. 

Finally, a careful macroexamination is necessary to characterize 
the condition of the fracture surface so that the subsequent 
microexamination strategy can be determined. Macroexamination can 
be used to identify areas of heavy burnishing in which opposite halves 
of the fracture have rubbed together and to identify regions covered 
with corrosion products. The regions least affected by this kind of 
damage should be selected for microanalysis. When stable crack 
growth has continued for an extended period, the region nearest the 
fast fracture is often the least damaged because it is the newest crack 
area. Corrodents often do not penetrate to the crack tip, and this re­
gion remains relatively clean. 

The visual macro analysis will often reveal secondary cracks that 
have propagated only partially through a cracked member. These 
part-through cracks can be opened in the laboratory and are often in 
much better condition than the main fracture. Areas for sectioning 
can be identified for subsequent metallography, chemical analysis, 
and mechanical-property determinations. 

Preservation techniques 1 

Unless a fracture is evaluated immediately after it is produced, it 
should be preserved as soon as possible to prevent attack from the en­
vironment. The best way to preserve a fracture is to dry it with a gen­
tle stream of dry compressed air, then store it in a desiccator, a vac­
uum storage vessel, or a sealed plastic bag containing a desiccant. 
However, such isolation of the fracture is often not practical. There­
fore, corrosion-preventive surface coatings must be used to inhibit ox-



46 Chapter One 

idation and corrosion of the fracture surface. The primary disadvan­
tage of using these surface coatings is that fracture surface debris, 
which often provides clues to the cause of fracture, may be displaced 
during removal of the coating. However, it is still possible to recover 
the surface debris from the solvent used to remove these surface coat­
ings by filtering the spent solvent and capturing the residue. 

The main requirements for a surface coating are as follows: 

• It should not react chemically with the base metal. 
• It should prevent chemical attack of the fracture from the environ­

ment. 

• It must be completely and easily removable without damaging the 
fracture. ' 

Fractures in the field may be coated with fresh oil or axle grease if the 
coating does not contain substances that might attack the base metaI. 
Clear acrylic lacquers or plastic coatings are sometimes sprayed on 
the fracture surfaces. These clear sprays are transparent to the frac­
ture surface and can be removed with org'W'\ic solvents. However, on 
rough fracture surfaces, it can be difficult to achieve complete cover­
age and to remove the coating completely. 

Another type of plastic coating that has been successfully used to 
protect most fracture surfaces is cellulose acetate replicating tape. 
The tape is softened in acetone and applied to the fracture surface 
with finger pressure. As the tape dries, it adheres tightly to the 
fracture surface. The main advantage of using replicating tape is 
that it is available in various thicknesses. Rough fracture surfaces 
can be coated with relatively thick replicating tape to ensure com­
plete coverage. The principal limitation of using replicating tape is 
that on rough fracture surfaces it is difficult to remove the tape 
completely. 

Solvent-cutback petroleum-base compounds have been used by 
Boardman et al. to protect fracture surfaces and can he easily removed 
with organic solvents./5 In this study, seven rust-inhibiting compounds 
were selected for screening as fracture surface coating materials. 
These inhibitor compounds were applied to fresh steel fracture sur­
faces and exposed to 100% relatively humidity at 38°C (lOO°F) for 14 
days. The coatings were removed by ultrasonic cleaning with the ap­
propriate solvent, and the fracture surfaces were visually evaluated. 
Only the Tectyl 506 compound protected the fractures from rusting 
during the screening tests. Therefore, further studies were conducted 
with a scanning electron microscope to ensure that the Tectyl 506 
compound would inhibit oxidation of the fracture surface and could be 
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completely removed on the microscopic level without damaging t~~ 
fracture surface. 

Iriitially, steel Charpy samples and nodular iron samples were frac­
tured in the laboratory by single-impact overload and fatigue, respec­
tively. Representative fracture areas were photographed in the scan­
ning electron microscope at various magnifications in the as-fractured 
condition. The fracture surfaces were then coated with Tectyl 506, ex­
posed to 100% relative humidity at 38°e (lOO°F) for 14 days, and 
cleaned before scanning electron microscopy (SEM) evaluation by ul­
trasonically removing the coating in a naphtha solution. Figure lC.l 
shows a comparison of identical fracture areas in the steel at increas­
ing magnifications in the as-fractured condition and after coating, ex­
posing, and cleaning. These fractographs show that the solvent­
cutback petroleum-base compound prevented chemical attack of the 
fracture surface from the environment and that the compound was 

Figure 1C.1 Comparison of identical fracture areas of steel Charpy specimens at in­
creasing magnifications. (a), (c) As-fractured surface. (b), (d) Same fracture surface after 
coating with Tectyl 506, exposing to 100% relative humidity for 14 days, and cleaning 
with naphtha. 



completely removed in the appropriate solvent. It is interesting to 
nottl thnt Toctyl 506 is a rust-inhibiting compound that is commonly 
used to rustproof au~()mobiles. 

Fracture-cleaning techniques 1 

Fracture surfaces exposed to various environments generally contain 
unwanted surface debris, corrosion or oxidation products, and accumu­
lated artifacts that must be removed before meaningful fractography 
can be performed. Before any cleaning procedures begin, the fracture 
surface should be surveyed with a low-power stereo binocular micro­
scope, and the results should be documented with appropriate 
sketches or photographs. Low-power microscope viewing will also es­
tablish the severity of the cleaning problem and should also be used to 
monitor the effectiveness of each subsequent cleaning step. It is im­
portant to emphasize that the debris and deposits on the fracture sur­
face can contain information that is vital to understanding the cause 
of fracture. Examples are fractures that initiate from such phenomena 
as SCC, LME, and corrosion fatigue. Often, knowing the nature of the 
surface debris and deposits, even when not essential to the fracture 
analysis, will be useful in determining the optimum cleaning tech­
nique. The most common techniques for cleaning fracture surfaces, in 
order of increasing aggressiveness, are: 

• Dry air blast or soft organic-fiber brush cleaning 

• Replica stripping 

• Organic-solvent cleaning 

• Water-base detergent cleaning 

• Cathodic cleaning 
• Chemical-etch cleaning 

The mildest, least aggressive cleaning procedure should be tried first, 
and as previously mentioned, the results should be monitored with a 
stereo binocular microscope. If residue is still left on the fracture sur­
face, more aggressive cleaning procedures should be implemented in 
order of increasing aggressiveness. 

Air blast or brush cleaning. Loosely adhering particles and debris can 
be removed from the fracture surface with either a ,dry air blast or a 
soft organic-fiber brush. The dry air blast also dries the fracture sur· 
face. Only a soft organic-fiber brush, such as an artist's brush, should 
be used on the fracture surface because a hard-fiber brush or a metal 
wire brush will mechanically damage the fine details. 

, , 
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1 2 3 4 5 
Figure 1C.2 Successive replicas (numbered 1 to 5) stripped from a rusted 
steel fracture surface. Note that the first replica stripped contains the 
most surface contaminants, while the last replica stripped is the cleanest. 
(Approximate size.) 
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Replica-stripping cleaning. This technique is very similar to that de­
scribed in the section "Preservation Techniques." However, instead of 
leaving the replica on the fracture surface to protect it from the envi­
ronment, it is stripped off of the fracture surface, removing debris and 
deposits. Successive replicas are stripped until all the surface contam­
inants are removed. Figure lC.2 shows successive replicas stripped 
from a rusted steel fracture surface and demonstrates that the first 
replicas stripped from the fracture surface contain the most contami­
nants and that the last replicas stripped contain the least. Capturing 
these contaminants on the plastic replicas, relative to their position on 
the fracture surface, can be a distinct advantage. The replicas can be 
retained, and the embedded contaminants can be chemically analyzed 
if the nature of these deposits is deemed important. 

The one disadvantage of using plastic replicas to clean a fracture 
surface is that on rough surfaces it is very difficult to remove the rep­
licating material completely. However, if the fracture surface is ultra­
sonically cleaned in acetone after each successive replica is stripped 
from the fracture surface, removal of the residual replicating material 
is possible. Ultrasonic cleaning in acetone or the appropriate solvent 
should be mandatory when using the replica-stripping cleaning tech­
nique. 

Organic solvents. Organic solvents, such as xylene, naphtha, toluene, 
freon TF, ketones, and alcohols, are primarily used to remove grease, 
oil, protective surface coatings, and crack-detecting fluids from the 
fracture surface. It is important to avoid use of the chlorinated organic 
solvents, such as trichloroethylene and carbon tetrachloride, because 
most of them have carcinogenic properties. The sample to be cleaned 
is usually soaked in the appropriate organic solvent for an extended 
period of time, immersed in a solvent bath where jets from a pump in­
troduce fresh solvent to the fracture surface, or placed in a beaker con­
tainIng the solvent and ultrasonically cleaned for a few minutes. 

The ultrasonic cleaning method is probably the most popular of the 
three methods mentioned above, and the ultrasonic agitation will also 
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remove any particles that adhere lightly to the fracture surface. How­
ever, if some of these particles are inclusions that are significant for 
fracture interpretation, the location of these inclusions relative to the 
fracture surface and the chemical composition of these inclusions 
should be investigated before their removal by ultrasonic cleaning. 

Water-base detergent cleaning. This technique, assisted by ultrasonic agi­
tation, is effective in removing debris and deposits from the fracture sur­
face and, if proper solution concentrations and times are used, does not 
damage the surface. A particular detergent that has proved effective in 
cleaning ferrous and aluminum materials is Alconox. The cleaning solu­
tion is prepared by dissolving 15 g of Alconox powder in a beaker con­
taining 350 mL of water. The beaker is placed in an. ultrasonic cleaner 
preheated to about 95°C (205°F). The fracture is then immersed in the 
solution for about 30 m,in, rinsed in water then alcohol, and air-dried. 

Figure lC.3a shows the condition of a laboratory-tested fracture 
toughness sample (AlSI 1085 heat-treated steel) after it was inten­
tionally corroded in a 5% salt steam spray chamber for 6 h. Figure 
lC.3b shows the condition of this sample after cleaning in a heated 
Alconox solution for 30 min. The fatigue precrack region is the 
smoother fracture segment located to the right of the rougher single 
overload region. Figure lC.4a and b shows identical views of an area 
in the fatigue precrack region before and after ultrasonic cleaning in a 
heated Alconox solution. Only corrosion products are visible, and the 
underlying fracture morphology is completely obscured in Fig. lC.4a. 
Figure lCAb shows that the water-base detergent cleaning has re­
moved the corrosion products on the fracture surface. The sharp edges 
on the fracture features indicate that cleaning has not damaged the 
surface, as evidenced by the fine and shallow fatigue striations clearly 
visible in Fig. lCAb. 

The effect of prolonged ultrasonic cleaning in the Alconox solution 
is demonstrated in Fig. 1 C.5a and b, which shows identical views of an 
area in the fatigue precrack region after cleaning for 30 min and 3.5 h, 
respectively. Figure lC.5b reveals that the prolonged exposure has 
not only chemically etched the fracture surface but has also dislodged 

~~~~~+U~~,~p Ib~1 1lIiIiIliill;;~11 
Agure 1C.3 Fracture toughness specimen that has been intentionally corroded in a 5% 
salt steam chamber for 6 h, (a) Before ultrasonic cleaning in a heated Alconox solution 
for 30 min. (b) After ultrasonic cleaning. 
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Agure 1C.4 Fatigue precrack region shown in Fig. le.3. (a) Before ul­
trasonic cleaning in a heated Alconox solution for 30 min. (b) After 
ultrasonic cleaning. 

the originally embedded inclusions. Any surface corrosion products 
not completely removed within the first 30 min of water-base deter­
gent cleaning are difficult to remove by further cleaning; therefore, 
prolonged cleaning provides no additional benefits. 

Cathodic cleaning. This is an electrolytic process in which the sample to 
be cleaned is made the cathode, and hydrogen bubbles generated at the 
sample cause primarily mechanical removal of surface debris and depos­
its. An inert anode, such as carbon or platinum, is normally used to avoid 
contamination by plating upon the cathode. During cathodic cleaning, it 
is common practice to vibrate the electrolyte ultrasonically or to rotate 
the specimen (cathode) with a small motor. The electrolytes commonly 
used to clean ferrous fractures are sodium cyanide,6,7 sodium carbonate, 
sodium hydroxide solutions, and inhibited sulfuric acid.s Because ca-



Figure 1C.5 Effect of increasing the ultrasonic cleaning time in a 
heated Alconox solution. (a) 30 min. (b) 3.5 h. Note the dislodging of 
the inclusion (left side of fractograph) and chemical etching of the frac· 
ture surface. 

thodic cleaning occurs primarily by the mechanical removal of deposits 
due to hydrogen liberation, the fracture surface should not be chemically 
damaged after elimination of the deposits. 

The use of cathodic cleaning to remove rust from steel fracture sur­
faces has been successfully demonstrated.9 In this study, AISI 1085 
heat-treated steel and EX16 carburized steel fractures were exposed 
to a 100% humidity environment at 65°C (150°F) for 3 days. A com­
mercially available sodium cyanide electrolyte, ultrasonically agio 
tated, was used in conjunction with a platinum anode for cleaning. A 
I-min cathodic cleaning cycle was applied to the rusted fractures, and 
the effectiveness of the cleaning technique without altering the frac­
ture morphology was demonstrated. 

Figure le.6 shows a comparison of an as-fractured surface with a 
corroded and cathodically stable ductile cracking region in a 
quenched-and-tempered 1085 carbon steel. The relatively low magni­
fication (1000)() shows that the dimpled topography characteristic of 
ductile tearing was unchanged as a result of the corrosion and ca­
thodic cleaning. High magnification (5000 x) shows that the perime­
ters of the small interconnecting dimples were corroded away. 

Chemical etching. If the above techniques are attempted and prove in­
effective, the chemical·etch cleaning technique, which involves treat­
ing the surface with mild acids or alkaline solutions, should be imple­
mented. This technique should be used only as a last resort because it 
involves possible chemical attack of the fracture surface. In chemical­
etch cleaning, the specimen is placed in a beaker containing the clean­
ing solution and is vibrated ultrasonically. It is sometimes necessary 
to heat the cleaning solution. Acetic acid, phosphoric acid, sodium hy­
droxide, ammonium citrate, ammonium oxalate solutions, and com­
mercialsolutions have been used to clean ferrous alloys.s Titanium al­
loys are best cleaned with nitric acid.4 Oxide coatings can be removed 
from aluminum alloys by using a warmed solution containing 70 mL 
of orthophosphoric acid (85%), 32 g of chromic acid, and 130 mL of 
water.lO However, it has also been recommended that fracture sur­
faces of aluminum alloys be cleaned only with organic solvents.4 

Especially effective for chemical-etch cleaning are acids combined with 
organic corrosion inhibitors.ll,12 These inhibited acid solutions limit the 
chemical attack to the surface contaminants while protecting the base 
metal. For ferrous fractures, immersion of the samples for a few minutes 
in a 6N hydrochloric acid solution containing 2 gIL of hexamethylene 
tetramine has been recommended.6 Ferrous and nonferrous service frac­
tures have been successfully cleaned by using the following inhibited 
acid solution: 3 mL of hydrochloric acid (1.19 specific gravity), 4 mL of 
2·butyne-l,4-diol (35% aqueous solution), and 50 mL of deionized 
water.13 This study demonstrated the effectiveness of the cleaning solu­
tion in removing contaminants from the fracture surfaces of a low-carbon 
steel pipe and a Monel Alloy 400 expansion joint without damaging the 
underlying metal. Various fracture morphologies were not affected by 
the inhibited acid treatment when the cleaning time was appropriate to 
remove contaminants from these service fractures. 

Sectioning a fracture 

It is often necessary to remove the portion containing a fracture from 
the total part, because the total part is to be repaired, or to reduce the 
specimen to a convenient size. Many of the examination tools-for ex-
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Figure 1 C.6 Comparison of stable ductile crack growth areas from quenched-and­
tempered 1085 carbon steel at increasing magnifications, The fractographs on the left 
show the as-fractured surface; those on the right show the fracture surface after corro­
sion exposure and cathodic cleaning. 
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ample, the Hcanning electron microscope and the electron microprobe 
analyzer-have specimen chambers that limit specimen size. Records, ' 
either drawings or photographs, should be maintained to show the lo-
cations. of the cuts made during sectioning. 

All cutting should be done such that fracture faces and their adja­
cent areas are not damaged or altered in any way; this includes keep­
ing the fracture surface dry whenever possible. For large parts, the 
common method of specimen removal is flame cutting. Cutting must 
be done at a sufficient distance from the fracture so that the 
microstructure of the metal underlying the fracture surface is not al­
tered by the heat of the flame and so that none of the molten metal 
from flame cutting is deposited on the fracture surface. 

Saw cutting and abrasive cutoff wheel cutting can be used for a wide 
range of part sizes. Dry cu tting is preferable because coolants may cor­
rode the fracture or may wash away foreign matter from the fracture.­
A coolant may be required, however, if a dry cut cannot be made at a 
sufficient distance from the. fracture to avoid heat damage to the frac­
ture region. In such cases, the fracture surface should be solvent 
cleaned and dried immediately after cutting. 

Some of the coating procedures mentioned above may be useful dur­
ing cutting and sectioning. For example, the fracture can be protected 
during flame cutting by taping a cloth over it and can be protected 
during sawing by spraying or coating it with a lacquer or a rust­
preventive compound. 

Opening secondary cracks 

When the primary fracture has been damaged or corroded to a degree 
that obscures information, it is desirable to open any secondary cracks 
to expose their fracture surfaces for examination and study. These 
cracks may provide more information than the primary fracture. If 
rather tightly closed, they may have been protected from corrosive 
conditions, and if they have existed for less time than the primary 
fracture, they may have corroded less. Also, primary cracks that have 
not 'propagated to total fracture may have to be opened. 

In opening these types of cracks for examination, care must be ex­
ercised to prevent damage, primarily mechanical, to the fracture sur­
face. This can usually be accomplished if opening is done such that the 
two faces of the fracture are moved in opposite directions, normal to 
the fracture plane. A saw cut can usually be made from the back of the 
fractured part to a point near the tip of the crack, using extreme care 
to avoid actually reaching the crack tip. This saw cut will reduce the 
amount of solid metal that must be broken. Final breaking of the spec­
imen can be done by: 



• Clamping the two sides of the fractured part in a tensile-testing ma­
chine, if the shape permits, and pulling 

• Placing the specimen in a vise and bending one half away from the 
other half by striking it with a hammer in a way that will avoid 
damaging the crack surfaces 

• Gripping the halves of the fracture in pliers or vise grips and bend­
lnll or pu lIin f,l thorn «part 

It is desirable to be able to distinguish between a fracture surface 
produced during opening of a primary or secondary crack. This can be 
accomplished by ensuring that a different fracture mechanism is ac­
tive in making the new break; for example, the opening can be per­
formed at a very low temperature. During low-temperature fracture, 
care should be taken to avoid condensation of water, because this 
could corrode the fracture surface. 

Crack separations and crack lengths should be measured before 
opening. The amount of strain that occurred in a specimen can often 
be determined by measuring the separation between the adjacent 
halves of a fracture. This should be done before preparation for open­
ing a secondary crack has begun. The lengths of cracks may also be 
important for analyses of fatigue fractures or for fracture mechanics 
considerations. 

Effect of nondestructive Inspection 

Many of the so-called nondestructive inspection methods are not en­
tirely nondestructive. The liquid penetrants used for crack detection 
may corrode fractures in some metals, and they will deposit foreign 
compounds on the fracture surfaces; corrosion and the depositing of 
foreign compounds could lead to misinterpretation of the nature of the 
fracture . The surface of a part that contains, or is suspected to contain, 
a crack is often cleaned for more critical examination, and rather 
strong acids that can find their way into a tight crack are frequently 
used. Many detections of chlorine on a fracture surface of steel, for ex­
ample, which were presumed to prove that the fracture mechanism 
was SCC, have later been found to have been derived from the hydro­
chloric acid used to clean the part. 

Even magnetic-particle inspection, which is often used to locate 
cracks in ferrous parts may affect subsequent examination. For exam­
ple, the arcing that may occur across tight cracks can affect fracture 
surfaces. Magnetized parts that are to be examined by SEM will re­
quire demagnetization if scanning is to be done at magnifications 
above about 500 x . 
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Appendix 10 Cleaning of 
. Fracture Surfaces· , . 

A clean fracture surface is a prerequisite for the definition of the mode 
of failure. As with any other type of specimen, fracture surfaces must 
be clean for successful SEM imaging. Because fracture surfaces are 
fragile, their cleaning must be approached with caution and common 
sense. The cleaning methods are classified in Table 10.1. AB a rule, 
the least aggressive method must be attempted before proceeding to 
more aggressive techniques, because the latter are capable of damag­
ing the fracture surface. Dahlberg (1974, 1976), Zipp (1979), and 
Dahlberg and Zipp (1981) comprehensively review and compare each 
method, and their views are summarized below. 

. · From B. L. Gabriel , SEM: A User's Manual for Materials Science, American Society 
for Metals, Metals Park, Ohio, 1985. 

\'. 



58 Chapter One 

TABLE 10.1 ClassIfIcatIon of Methods for CleanIng Fracture Surfaces AccordIng to 
TheIr Degree of AggressIveness 

Mothod 
Sort flber brueh and dry air 

Organic solvents and ultrasonic 
bath 
Toluene or xylene 
Ketones 
Alcohol 

Replica stripping 
Detergents (e,g" Alconoxl 
Cathodic cleaning 
Corrosion-inhibited acids 
Acid etches 

For removal of 
Loosely adhering debris and 
dust 

Oil and grease 
Varnish and gum 
Dyes and fatty acids 
Insoluble debris and oxides 
Corrosion products and oxides 
Deposits and oxides 
Sulfides and oxides 
Oxides 

Degree of 
aggressiveness 

Least aggressive 

~ 
~ 
~ 
~ 
~ 
~ 
~ 

Most aggressive 

The least aggressive cleaning method is capable of removing loosely 
adhering dust or debris from the fracture surface. Short-haired soft 
brushes (e.g. , a trimmed artist's paintbrush) or bursts of compressed 
gas are useful for removing dust. This method alone is rarely suffi­
cient to clean a surface; more often, organic rlims (oil, grease, etc.) also 
obscure the surface. An ultrasonic treatment with an organic solvent 
followed by blowing with compressed gas removes both organic fUms 
and debris. Zipp (1979) recommends the various solvents listed in Ta­
ble ID.l. For heavily contaminated surfaces, it may be necessary to 
pass through several changes or a series of solvents. 

If the debris obscuring the surface is of interest, solvent cleaning 
should not be used immediately. For example, if the surface is cor­
roded, it may be desirable to first analyze the composition of the cor­
rosion products with energy-dispersive spectroscopy, then clean the 
specimen and examine the native fracture surface. Alternatively, the 
surface may be simultaneously cleaned and the reaction products pre­
served by preparing extraction replicas (synonymous with cleaning 
replicas). When a strip of cellulose acetate softened with acetone is 
placed over a fracture and firmly pressed into position (with one's 
thumb), the gel will encapsulate any material that is not part of the 
base metal. After the acetone has evaporated, the cellulose acetate re­
tains the entrapped reaction products. The replica is then removed 
from the surface, and both the particles and their location relative to 
the fracture surface are preserved. 

Heavily contaminated/oxidized surfaces may require sequential 
stripping of several replicas before the native surface is exposed. 
Those replicas applied first will contain heavier deposits than those 
applied subsequently, i.e., the first replica removes the most material 
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Figure 10.1 Replicas stripped sequentially from an oxidized frll.cture surface. (Approx­
imate size.) (Courtesy of Richard Zipp.) 

(Fig. ID.I). The fractured component is then cleaned in an ultrasonic 
bath with acetone followed by blowing with compressed air, and the 
effectiveness of cleaning is evaluated with a stereo microscope. 

Although extraction replicas are very effective for cleaning oxidized 
surfaces, their main disadvantage is that, despite solvent cleaning, 
fragments of cellulose acetate adhere to very rough surfaces. Because 
this material is nonconductive, it will charge during SEM irradiation 
and degrade image qUality. 'This problem is aggravated if the replica 
is stripped before it has completely dried; the cellulose acetate must be 
dry. If particle preservation is not an issue, this problem is minimized 
by ultrasonic cleaning of the specimen with acetone between replicas. 
The final acetone rinse should be repeated two or three times with 
fresh acetone to ensure that all residual cellulo'se acetate has been re­
moved. 

Extraction replicas are effective for removing most oxidation prod­
ucts, but severely oxidized surfaces may require more rigorous clean­
ing. It must be understood that although cleaning will expose the 
metal surface beneath the oxide layer, oxidation itself has consumed 
some of the base metal, destroying the outermost layer of the native 
surface. Consequently the removal of oxide scale does not restore the 
fracture surface to its condition at the moment of failure. Under very 
harsh conditions, such as the environmental exposure of a failed COIn­

ponent for months or years, the native fracture surface may be com­
pletely destroyed. Under less severe conditions, enough of the surface 
usually survives for definition of the fracture mode. Further, the very 
aggressive cleaning methods may themselves attack the base metal 
and erase all fine structural features. With these factors in mind, the 
analyst must be cautious and prepared to interrupt any of the follow­
ing cleaning processes. One can readily resume the cleaning method, 
but the fracture surface cannot be restored once it has been obliter­
ated by inappropriate cleaning methods. 

Moderately aggressive cleaning with water-based detergents re­
moves adherent oxides and corrosion products. Alconox is a popular 
detergent available from many laboratory suppliers. Zipp (1979) rec-

~~~ 
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ommends a solution of 15 g Alconox/350 mL water; the solution is 
heated to 90°C and fractures are cleaned for 30 min. Simultaneous ul­
trasonic treatment is desirable. The specimen is then thoroughly 
rinsed with water followed by acetone and dried. Prolonging this 
treatment or increasing the concentration of the Alconox is ineffective 
and may cause attack of the base metal. 

Cathodic cleaning is another moderately aggressive cleaning 
method for removal of oxides or heavy surface deposits. The speci­
men is made the cathode, an inert metal or graphite the anode, and 
both are submerged within an electrolytic bath of sodium cya,nide, 
sodium carbonate, or sodium hydroxide (DeLeiris et al., 1966; 
Yuzawich and Hughes, 1978). Commercially available Endox 214 is 
another popular electrolyte (Dahlberg and Zipp, 1981). During the 
electrolytic reaction, the specimen is mechanically cleaned by the 
scrubbing action of hydrogen bubbles generated by the specimen. 
The specimen is rinsed in water and then acetone, dried, and exam­
ined. The cleaning should be periodically interrupted and its effec­
tiveness evaluated with a stereo microscope; if required, cathodic 
cleaning may be repeated. High-strength steels or other alloys sus­
ceptible to hydrogen-induced cracking may be adversely affected by 
cathodic cleaning. 

Sulfides and oxides are removed from fracture surfaces using 
corrosion-inhibited acids. The acid attacks and displaces the reaction 
products while the inhibitor protects the base metal from attack, How­
ever, the base metal will be attacked (etched) if the progression of 
cleaning is not carefully monitored. Ferrous alloys have been cleaned 
with 6N HCI containing 2 gIL of hexamethylene tetramine (DeLeiris 
et al., 1966; Lane and Ellis, 1971; Dahlberg, 1974). Kayafas (1980) 
used 1,3-di-n-butyl-2-thiourea to remove iron sulfide films. Both fer­
rous and nonferrous alloys may be cleaned with 2-butyne-1,4-diol in­
hibited Hel (Nathan, 1965; Farrar, 1974; Dahlberg, 1976). This 
corrosion-inhibited acid is prepared as follows: 

Hel (1.190 specific gravity) 

2-Butyne-l,4-diol (35% aqueous) 

Distilled water 

3mL 

4mL 

50 mL 

The specimen is cleaned by immersion in an ultrasonic bath for 30 s, 
followed by rinsing with water and then acetone, and drying. Do not 
exceed a 30-s exposure to these solutions; a prolonged treatment in­
creases the probability of base-metal attack. 

If the corrosion-inhibited acid method fails, as a last resort the spec­
imen may be cleaned in a weak acid or base. This extremely aggres­
sive method will attack the base metal unless constantly monitored. 
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Knapp (1948) recommends weak acetic acid, phosphoric acid, or so­
dium hydroxide for cleaning ferrous alloys. Titanium alloys may be 
cleaned with nitric acid (Zipp, 1979). Aluminum alloys are cleaned 
with a mixture of orthophosphoric acid (70 mL of 85% aqueous solu­
tion), chromic acid (32 g), and distilled water (130 mL), as described by 
Pittinato et al. (1975). Following the brief submersion in an acid or 
base, the specimen is rinsed in water and then acetone, and dried. Wa­
ter washing must be thorough to stop the reaction; residual acid or 
base will consume the base metal, and vapors will attack stereo mi­
croscope objective lenses. 

To summarize, the analyst should always choose the least aggres­
sive cleaning method that effectively exposes the fracture surface. The 
objectives of the study should be known before the specimen is 
cleaned; if debris removed from the surface requires preservation, ex­
traction replicas should be prepared, because with other methods the 
surface materials are lost. One should also evaluate the effectiveness 
of the treatment while it is in progress; cleaning will not be adversely 
affected if stopped and restarted. Always evaluate cleaning with a 
low-power stereo microscope, and when the cleaning appears ade­
quate, examine the specimen in the SEM. By following these precau­
tions, damage of the surface of interest is avoided. 
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Appendix 1 E Examinat ion of Cleaning 
Techniques for Postfallure Analysls* 

The metallurgist has found fractographic examination of fracture sur­
faces to be a valuable tool in failure analysis. A meaningful examina­
tion, however, may not be possible if the fracture surfaces become con­
taminated with grease, oil, debris, oxidation, and corrosion products. 
Typical cleaning practices include the use of a dry air blast, organic 
solvents (such as acetone, toluene, and alcohol), and repeated strip­
ping of cellulose-acetate replicas. These procedures are useful in the 
removal of loosely adhering particles, grease, and oils, whereas more 
tightly bonded oxidation and corrosion products require more aggres­
sive removal methods. Several previous studies1

,2 have demonstrated 
the effectiveness of acid-based corrosion removal techniques. For ex"- " 
ample, Kayafas2 has shown that cleaning with an inhibited hydro­
chloric acid pickling solution yields adequate.fractographic results on 
the internal surface of hydrogen blisters in pipe line steel. Lohberg et 
al.s have reported success in removing oxidation products from ferritic 
materials using a deoxidizing agent known as Endox. In addition, 
Zipp4 has recommended that if the benign cleaning methods (air blast, 
organic solvents, and repeated replica stripping) are unsuccessful in 
the removal of tightly bonded oxidation and corrosion products, then 
the fracture surface could be cleaned in the following manner: sub­
merge the sample in a water-based detergent (15 g Alconox powdert + 
350 cms water) heated to 90°C and agitated in an ultrasonic cleaner 
for 30 min. 

The object of this study is to evaluate the effectiveness of the clean­
ing procedure recommended by Zipp. To this end, a comparison is 
made of fracture markings from surfaces of as-fractured samples and 
corroded samples which were subsequently cleaned with the benign 
techniques and with the Alconox solution. 

Experimental procedures 

The material chosen for this study was ASTM A36 bridge steel be­
cause of its wide commercial use in structures and its tendency for 
fracture surface deterioration in the presence of aggressive environ-

- From R. S. Vecchio and R. W. Herzberg, in J . J. Mecholsky, Jr., and S. R. Powell, Jr. 
(eds.), Froctography of Ceramic and Metal Failures, STP 827, American Society for Test­
ing and Materials, Philadelphia, Pa., 1982. (Copyright ASTM; reprinted with permis­
sion.) 

tAlconox powder is a detergent made by Alconox Inc., New York, N.Y. 10003; ingre­
dients are not available. 
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ments. Three different fracture mechanisms were generated and ex­
amined in an ETEC Autoscan scanning electron microscope (SEM) at 
an accelerating voltage of 20 keY. None of the surfaces was coated be­
fore viewing. Cleavage fracture was generated in simple tension at 
liquid nitrogen temperature. A fatigue fracture surface was generated 
by load cycling a compact tension specimen at an R ratio of 0.7 over a 
stress intensity factor range of 13 to 28 MPa' m1l2• Unstable crack 
growth in the remaining ligament of the fatigue sample led to the for­
mation of microvoid coalescence. 

The as-fractured samples were exposed to a corrosive environment 
of 5% salt water at 100°C for 2 h and then left exposed in room air 
(60% humidity) for 48 h. This resulted in the formation of corrosion 
products on the fracture surfaces. An energy dispersive x-ray analysis 
using a Tracor Northern 1710 system was performed to ex~ine the 
nature of corrosion products resulting from the salt water exposure 
and reaction products which might have resulted from the AIconox 
cleaning treatment. In addition to the laboratory-generated fracture 
surfaces a polished metallographic section was treated in the AIconox 
solution for different lengths of time (15 and 30 min) and examined in 
the SEM. 

Results and discussion 

The typical appearance of the as-fractured samples is shown in Fig. 
lE.1a t? c, whi~h :eveals exan:ples of microvoid coalescence, cleavage, 
and fatIgue strIatIOns, respectively, as developed in this material. Iso­
lated regions of fracture through pearlite packets, as evidenced by the 
observed carbide and ferrite lamellae, were also noted on all fracture 
surfaces. A photomicrograph typical of all fracture regimes in the cor­
roded condition is shown in Fig. lE.1d. This photograph clearly illus­
trates how difficult it is to examine a corroded fracture surface for ev­
idence of specific micromechanisms of failure. After use of the benign 
cleaning techniques some oxidation and corrosion product remained 
on. the surface, though the microvoid coalescence and cleavage regions 
(FIg. lE.2a and b) could be identified. The fatigue-damaged region did 
not lend itself to easy analysis owing to the persistent corrosion prod­
ucts found on the fracture surface (Fig. lE.2c and d) . 

Figure lE.3 shows the appearance of the fracture surfaces after be­
ing cleaned with Alconox solution; much of the corrosion debris re­
maining after the standard cleaning procedure was removed though 
there is evidence that the fracture surfaces were etched' by the 
Alconox. Note the considerable presence of pearlite colonies on the 
fracture surfaces (see especially Fig. lE.3b and c) . As a result, the in-
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FIgure lE.' Photomicrographs of as-fractured and as-corroded surfaces. (a) Microvoid 
coalescence. (b) Cleavage. (e) Fatigue striations. (d) Typical appearance of fracture sur­
faces after salt water exposure. 

terpretation of fatigue fracture markings is greatly complicated by the 
simultaneous presence of parallel lamellae within the etched pearlite 
regions and parallel fatigue striation markings. Some parallel frac­
ture surface markings were verified as fatigue striations by matching 
;;halr spacings with the striation spacings predicted from the prevail­
ing stress intensity factor conditions associated with the fatigue test. Ii 
Fatigue striations were also differentiated from most pearlite 
lamellae, since the striations were generally parallel to the advancing 
crack front whereas pearlite lamellae assumed a random orientation 
relative to the crack front . Overall, however, it was difficult to make a 
reliable determination of striations on the fatigue fracture surfaces; 
while much of the corrosion products were removed, the etching intro­
duced complicating surface artifacts. 

In general, it was found that the fatigue surfaces exhibited the poor-
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FI~ure ,~ .2 Fracture surface appearance after cleaning by benign techniques. (a ) 
Mlcrovold coalescence. (b) Cleavage. (e) . (d) Fatigue striations. 

est response to corrosion removal techniques. Other experiences in our 
laboratory have' shown similar results with failed turbine disks. " 
He~e, intergranular failure was easily identified, while evidence for 
fatigue damage remained obscured after both fracture zones were 
clean~d with the benign techniques. It appears that these cleaning 
techmques are most effective in removing corrosion products from 
morphological features that exhibit long-range flatness (that is, 20 to 
40 j.Lm) . The (100) cleavage facets in body-centered-cubic materials 

. the side walls of the larger microvoids, and the intergranular facet~ 
all exhibit s.uch long-range flatness and appear to clean more easily 
th~ ~he fatigue fracture surfaces. By comparison, the sizes of fatigue 
stnatIOns are on the average one to two orders of magnitUde smaller 

· Unpublished research. Lehigh University. Bethlehem. Pa. 18015. 
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Figure 1 E.3 Typical fracture surface appearance following cleaning in Alconox solution. 
(a ) Microvoid coalescence. (b) Cleavage. (e) Fatigue fracture region. Note considerable 
cleavage and evidence of pearlite on fatigue fracture surfaces (see arrows). 

than these other fracture markings, and thus are more likely to be ob­
scured by corrosion debris. If the benign cleaning techniques leave nu­
merous corrosion-free regions on cleavage, microvoid coalescence, and 
intergranular fracture surfaces, then the absence of large corrosion­
free regions may serve as an indication of the existence of fatigue 
damage. If this is the case, then these observations may aid in failure 
analysis. More studies are needed to clarify this point. 

In many failure investigations an x-ray analysis is essential in de­
termining the nature of fracture surface contaminants. Figure IEAb 
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Figure lE.4 Photospectragraphs of fracture surfaces. (a) As-fractured. (b) As­
corroded. 
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Flgur.1E.4 (Continued) (e) After being clean~ with benign techni~ues. (dl ~r be­
ing cleaned in Alconox solution. Note the chlonne peak after cleanmg by berugn pro­

, cedures and the absence of the peak following the cleaning in Alconox. 

indicates the presence of large amounts of chlorine on the fracture 
surfaces of the as-corroded samples. If this weJ,'e an actual service fail­
ure, the chlorine peak would serve as a clue in determining the nature 
and possible source of the corrosive medium.6 The presence of the cor­
rosive environment may have contributed to the failure (that is, stress 
corrosion cracking or corrosion-assisted fatigue). After cleaning the 
surface by the benign techniques, small amounts of chlorine were still 
detectable (Fig. lE.4c). After use of the Alconox detergent, however, 
no indications remained of surface contaminants. Therefore it is sug­
gested that if an x-ray analysis is indicated with failure examination, 
then use of the Alconox detergent should be avoided or deferred until 
after the analysis is ,completed. ." " 

To further ' study " the nature of clearung-induced damage, a 
metallographic section was examined after a 15-min detergent expo­
sure. No pearlite colonies were revealed (Fig. lE.5b), though tpe sur­
face exhibited a moderate degree of degradation. After a 30-min' expo­
sure in Alconox, pearlite colonies were clearly evident. Figure lE.5c 
shows dramatically how the surface of the metallographic section has 
been etched. We conclude that if cleaning in this detergent is neces­
sary for the purpose of a fracto graphic examination, the exposure time 
should be limited to 15 min. 

ConclusIons 

Based on the results of this investigation, the following conclusions 
have been reached: 

1. Benign cleaning techniques are effective in the removal of 
loosely adhering particles, grease, and oils. 

2. Fatigue-damaged surfaces exhibited the poorest response to 
the benign cleaning techniques. Based on this observation, identi­
fication of mechanisms responsible for fatigue damage may be dif­
ficult and unreliable when the fracture surface is obscured by cor­
rosion debris . 

3. Cleaning in Alconox detergent removes most tightly adhering 
oxidation and corrosion debris, though there is evidence that this pro­
cedure results in etching the surface. This degradation complicates . 
the interpretation of fatigue-damaged regions. 

4. If cleaning in Alconox detergent is necessary for the purpose of a 
fractographic examination the exposure should be limited to 15 min. 

5. Insomuch as Alconox detergent removes most surface contami­
nants, dispersive x-ray analysis should be completed before such 
cleaning. 
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Flgur. 1 E.5 PhotomicrogrSphs of metallographically prepared section exposed . to 
Alconox solution for different lengths of time. (a) As-polished. (b) After 15-min expo­
sure. (c) After 30-min exposure. Note the extensive amount of pearlite revealed after 
the 30-min exposure. 
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Appendix 1 F Recommended Cleaning 
Solutions for Metallic Fractures* 

Solution 
Organic solvents 

Acetic acid 
Phosphoric acid 
Sodium hydroxide 

Ammonium citrate 
Ammonium oxalate 
Sulfamic acid 
Immersion dip for 1 to 15 min in 6 N 
Hel containing 2 g per liter of 
hexamethylenetetramine 

Nitric acid 

Orthophosphoric acid (70 mL) + chromic 
acid (32 g) + water (130 mL) or organic 
solvents 

Purpose 
To remove oil, grease, or plastic coatings 
from fractured surfaces 

Used either cold or warm to clean 
Fe-base alloy fractures 

For cleaning rust, seale, or oxidation 
products from Fe-base alloy fractures 

Titanium alloy fractures 

Used either cold or warm to clean 
aluminum alloy fractures 

Appendix 1 G A Scale and Rust Removal 
Solutlont 

For scale and rust removal without attack on iron, use either solution 
A at 150°F or solution B at room temperature. 

Solution A 

Water 80 mL 
HCI (cone.) 20 mL 
Reilly Inhibitor #22 4 drops 
Usc at 150°F 

Solution B 

Water 49 mL 
HCl (cone.) 49 mL 
Rodine #50 2 mL 
Use at room temperature 

• Immerse the iron parts until the rust and scale are removed. 

• Wash the parts with water and with alcohol. 

• Coat or paint the clean dry surfaces with Rustarest D14-50-S. 

· From S. Battacharyya, V . E. Johnson, S. Agarwal, and M. A. H. Howes (eds.) Fail­
ure Analysis of Metallic Materials by Scanning Electron Microscopy, lIT Research'Insti­
tute, Chicago, Ill. , 1979. 

tOrigin unknown. 
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Note; Reilly Inhibitor #22 and probably Rodine #50 give off gas on 
standing. Leave the closure loose so that the gas can escape without 
building up an excessive pressure. 

• Reilly Inhibitor #22 from Reilly Tar & Chemical Co., 20310 Chagrin 
Blvd., Cleveland 22, Ohio. 

• Rodine #50 from Amchem Products, Inc., P .O. Box 33, Ambler, Pa. 

• Rustarest D14-50-S from International Rustproof Co., 1061 East 
260th St., Cleveland 32, Ohio. 

Chapter 

2 
Mechanical Aspects 

and Macroscopic 
Fracture-Surface 

Orientation 

As is usual in a severe frost, we have recently 
heard of many severe accidents consequent 
upon the fracture of the tires of the wheel of 
railway-carriages. 

JAMES PRESCOTI JOULE 

Philosophical Magazine, 1871 

2.1 Introduction 

The overall macroscopic orientation of the fracture surface of a broken 
component is generally related to the loading conditions. The relation­
ship between this orientation and the load may be complex and diffi­
cult to deduce, but in spite of this, in many cases considerable infor­
mation may be ,gleaned from the fracture-surface orientation. For 
example, if the fracture clearly did not involve any plastic deforma­
tion (as deduced from the absence of significant geometric or dimen­
sional change) and hence the fracture was brittle, and the macroscopic 
fracture surface was relatively flat, then fracture probably occurred 
by a stress normal to the fracture plane. 

The purpose of this chapter is to review mechanics aspects which 
are related to the cause of the fracture-plane orientation. The princi­
ples are outlined only in sufficient detail to illustrate their applica­
tion, and examples of macroscopic fracture surfaces are given to dem­
onstrate the ideas. It is emphasized that it is the macroscopic fracture­
surface orientation that is the subject of this chapter. The detailed 
.fr.acture-surface topography is the subject of Chaps. 3 and 4. 
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2.2 Tensile Test 

To introduce the concepts of loading and fracture, it is useful to exam· 
ine the simple tensile test. This provides a definition of the common 
tensile mechanical properties and also allows distinguishing between 
elastic and plastic deformation. 

Consider a cylinder loaded along its axis, and the tensile machine 
operated so that the cylinder elongates at an approximately constant 
rate. Let the load be increased so that the cylinder increases in length, 
and then let the load be reduced to zero. If the length is now the same 
as before the load, the material is said to have been deformed elasti· 
cally. Thus elastic deformation can be defined as deformation such 
that any changes in dimensions or shape are recovered when the ex· 
ternalload is removed. However, if the axial load is increased beyond 
a certain value and then reduced to zero, the length will be greater 
than that before loading, and thus the cylinder has deformed plasti· 
cally. Plastic deformation can be defmed as deformation in which there is 
permanent change in dimensions or shape after the removal of the ex· 
ternalload. The load beyond which plastic deformation occurs is called 
the elastic limit. This behavior is shown schematically in Fig. 2.1. 

"0 
o 
o 
.J 

Length 

F1gure 2.1 Illustration of the meaning of elastic and 
plastic deformation. If the cylinder is loaded from zero 
load to a then unloaded, the length will return to the 
original value, with an elongation of zero. Thus only 
elastic elongation has occurred. If then the cylinder is 
loaded from zero to b then unloaded, the length will be 
greater than the original length by the elongation Oc. 
Thus plastic deformation has occurred. 
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Fracture 

Elongation 

Figure 2.2 Typicalload·elongation curve, showing the change in 
shape of the cylinder at various test stages. 

For most metallic materials, to cause the cylinder to continue to 
elongate requires a continually increasing load. This is because the 
material becomes stronger as it is plastically deformed, and the mate· 
rial is said to work or strain harden. However, beyond a certain load 
and elongation, it is observed that subsequent plastic deformation oc· 
curs in a very localized region, which exhibits a decrease in cross· 
sectional area. This is called necking. Since the supporting cross­
sectional area is now reduced, less load is required to continue to 
elongate the cylinder. Therefore the load-elongation curve passes 
through a maximum, and the load decreases until fracture occurs. A 
complete load·elongation curve is presented schematically in Fig. 2.2, 
which also shows the change in the profile of the cylinder. Figure 2.3 
shows a tensile sample in the necking stage. 

In a common standard tensile test, a specimen of specified dimen­
sions (such as a gage length of 2.000 in and a diameter of 0.505 in) is 
used. The increase in the gage length is recorded as a function of load 
until fracture occurs. To make the results comparable to cases where 
the sample might have a different cross-sectional area, the load is di­
vided by the original cross-sectional area to obtain the nominal or en-

F1gure 2.3 Tensile sample showing the necked region. (Adapted 
(rom Smith. I ) 
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FIgure 2.4 Typical tensile-test engineering-stresB--i!ngineering-strain diagram for cold­
rolled 0.18% C steel. 

gineering stress. Also the elongation (change in length) is divided by 
the original length to obtain the nominal or engineering strain. It is 
customary to plot the engineering stress versus the engineering strain 
to obtain a stress-strain curve. A typical result is shown in Fig. 2.4. 
On the scale plotted, the linear elastic range is not well resolved. Fig­
ure 2.5 shows a stress-strain cU,rve with the low-strain region ex­
panded so that the elastic region is revealed. 

Because the stress at which plastic deformation first occurs is diffi­
cult to locate, an approximation to this value is used. It is called the 
yield strength and is based on the stress that corresponds to a small 
but specified plastic strain. Usually the value of strain of 0.002 is 
used, which is 0.2 percent. The procedure for obtaining such a yield 
strength is illustrated in Fig. 2.5. A line parallel to the linear elastic 
line is drawn from a strain of 0.002 <0.2 percent), and its intersection 
with the stress-strain curve defines the 0.2 percent yield strength. In 
some materials (for example, normalized low and medium carbon 
steels), yielding is very prominent in the stress-strain curve. This is 
illustrated in Fig. 2.6. In this case, the yield point or yield-point stress 
is used as a measure of the stress to induce yielding, and, an effective 
yield strength is not quoted. 

A prominent feature of the engineering-stress-engineering-strain 
curve is the maximum, and the stress at the maximum is called the 
ultimate strength, ultimate tensile strength, or more commonly tensile 
strength. Note that it is an artifact of the way the test is made, asso­
ciated with necking. 
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Figure 2.5 . Engineering'streslH!ngineering-strain diagram for cold-rolled 0.18% C 
s~eel, shoWlng ~ow the 0.2 percent yield strength and other tensile mechanical proper­
tIes are deterrmned. 
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The slope of the linear part of the curve in the elastic region gives 
the elastic or Young's modulus. The strain at fracture x 100 is defined 
as the elongation, more properly called the elongation at fracture. It is 
taken as a measure of the ductility of the material. 

Note that the yield strength and the tensile strength are both mea­
sures of the strength of a material. However, the yield strength is of­
ten more applicable to design since it approximates the stress required 
to initiate plastic deformation, and since the part will cease to func­
tion well before fracture. 

If, during the tensile test, the diameter at the minimum cross sec­
tion is monitored (for example, at the neck during this stage) and the 
corresponding area is divided into the load, instead of the original 
(nominal) area, then the true stress is obtained. Alsol if the infinites­
imal change in length dl is divided by the instantaneous length l, then 
integrated from the initial length to the actual length, the true strain 
In 1/10 is obtained. A plot of these data gives the true-stress-true­
strain curve. Figure 2.7 compares the two curves. 

It is important to realize that the stress-strain curve, and hence the 
mechanical properties derived from it, may be sensitive to test vari­
ables such as test temperature and strain rate (see Sec. 2.9). Thus this 
behavior has to be taken into account in using tensile mechanical 
properties. 
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Figure 2.7 Comparison of the engineering-stress-engineering-strain 
and the true-stress-true-strain diagram for a semikilled steel. (From 
Smith,2) 
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(a) 

(b) 

Figure 2.8 Illustration of the concept of normal and shear stresses. (From 
Wulpi. 3

) 

2.3 Principal Stresses 

The loading on most components is usually neither unidirectional nor 
uniform. Thus the three-dimensional nature of the loading must be 
considered. The loads are expressed in terms of stress, which is the 
load at any point divided by an area of specified orientation relative to 
the direction of the force, with the area reduced to an infinitesimal 
size. Two types of stresses are commonly used: a normal stress [which 
can be positive (tension) or negative (compression)], based on an area 
normal to the direction of the force, and a shear stress, based on an 
area parallel to the force. The concept of normal and shear stresses is 
illustrated in Fig. 2.8. Upon twisting the hose, the vertical markers 
across the longitudinal slit are offset (Fig. 2.8a), showing that a shear 
stress would be generated if the tube were not cut. If the tube is slit at 
45°, then upon twisting, the tube separates normal to this slit, show­
ing that a normal stress would exist perpendicular to the line at 45° 
(Fig. 2.8b). 

The external load can be resolved into three orthogonal components 
to produce three orthogonal stresses. This is easier to visualize in two 
dimensions, as illustrated in Fig. 2.9. The normal stress at the loca­
tion shown is that of the resolved forces acting on an infinitesimal 
plane normal to the plane of the page and perpendicular to the force. 
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FIgure 2.9 Resolution of external loads on a component into two orthogo­
nalloads, and the corresponding normal and shear stresses, at a point. 

Since the small region is constrained from rotating, the overall load­
ing causes shear loads to act on acljacent faces to prevent this. The cor­
responding shear stresses are associated with the same areas (normal 
to the plane of the page) as the normal stresses. 

A fundamental result of the application of mechanics to such a 
configuration is that there are orientations for which the nor'mal 
stresses are a maximum and a minimum, and on these planes the 
shear stress is zero. This is illustrated in Fig. 2.10 for a simple two­
dimensional loading case. The resolution of the forces onto different 
planes clearly gives a maximum and a minimum normal stress for 
the orientation in Fig. 2.10a. The maximum and minimum normal 
stresses are called the principal normal stresses, and the planes on 
which these extreme values of normal stress are obtained are called 
the principal planes. There also exists a plane on which the shear 
stress is a maximum and one on which it is a minimum, and these 
stresses are called principal shear stresses. (The normal stresses are 
not necessarily zero on these planes,) It is necessary to determine 
these principal stresses at all locations within the component in or­
der to know where failure is likely to commence. These principal 
stresses are used in almost all modeling, stress analysis, and failure 
criteria. 

In some loading configurations the orientation of the principal 
stresses is obvious, but in most cases an analytical treatment is re­
quired to determine this. The relation of the orientation of the exter­
nalloading to that of the principal stresses is illustrated by a few ex-
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Figure 2.10 Illustration of the concept of maximum and minimum normal stress. 
The sample is a cylinder loaded aXially with stress (7%. (a) On the element shown, 
the maximum normal stress is (71 which is equal to (7%. The minimum normal 
stress is zero, (b), (e) AB the element is rotated, the maximum normalstres8 never 
equals the value of (71 = (7% in a. 

arnples, which were chosen for their simplicity and also because they 
involve common types of loading. Consider a round cylinder loaded ax­
ially, and the load uniformly distributed across the area normal to the 
loading direction (Fig. 2.11a); there is no other external load. The 
maximum stress al is the axial tensile stress. The other two normal 
stresses a2 and as are both zero, and hence are the minimum normal 
stresses. In this case the maximum shear stress is at 45° to the cylin· 
der axis. In the case of simple bending of a beam of circular cross sec­
tion (Fig. 2.11q), the upper surface is in tension in the longitudinal 
direction, and the lower surface is in compression (negative stress). 
The maximum normal stress is at the top surface, and the minimum 
normal stress is at the bottom (and negative). The maximum shear 
stress is on two orthogonal planes: perpendicular and parallel to the 
cylinder axis. It is a maximum at the axis. For the case of simple tor­
sion of a cylinder (Fig. 2.11c) , the maximum and minimum normal 
stresses are at 45° to the cylinder axis (the third normal stress is zero), 
and the maximum shear stress is parallel to the axis. This is illus­
trated in Fig. 2.8. 

The effect of the principal stresses on the macroscopic fracture· 
surface plane can be visualized in the case of a material which frac­
tures on a plane normal to the principal stress. Such a material would 
be considered brittle (but see Sec. 2.11). A ductile material tends to 
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Flgur. 2.11 Illustration of the principal normal stresses and their orientation 
for cylinders loaded in tension, bending, and torsion. (The principal shear 
stresses are not shown.) 

flow along the planes of maximum shear stress. Thus for the case of 
simple tensile loading, the maximum normal stress is parallel to the 
cylinder axis, and if the material is brittle, fracture occurs across the 
plane normal to the axis (Fig. 2.12). However, if the material is duc­
tile, so that extensive plastic deformation can occur, then the fracture­
plane orientation is more difficult to visualize, but should involve flow 
on planes of maximum shear stress; that is, on planes at 45° to the 
load. For simple torsional loading, the maximum normal stresses are 
at 45° to the cylinder axis, and the fracture-surface path is spiral and 
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Figure 2.12 (a) Illustration of the orientation of the principal normal and shear stresses 
at the surface of cylinders loaded in simple tension, torsion, and bending, and the ex­
pected orientation of the fracture surface if the material is brittle and ductile. (b) Pho­
tographs of a piece of chalk broken by pulling axially (left) and by twisting (right). 
(From Feynman et al.o) 

inclined at 45° to the cylinder axis (see also Fig. 2.11c). Cracking may 
also be found on a longitudinal plane which has the same shear stress 
acting on it. For simple bending, the maximum normal stress is par­
allel to the cylinder axis and varies from a tensile value on one surface 
to zero at the center and to a compressive value on the other surface. 
lfthe material is brittle, fracture then occurs on a plane normal to the 

;·"~I 



cylinder axis. If the material is ductile, a topography similar to that of 
a tensile fracture of a ductile material occurs (Fig. 2.12a). 

2.4 Stress Concentration 

So far we have considered geometries with constant cross-sectional ar­
eas. Machine components, however, are usually not so simple; even at 
the surface there are irregularities from machining. Consider a cylinder 
of a cross-sectional area of 20 in2 (129 cm2

) loaded axially with 2000 lb 
(8900 N). If the load is applied uniformly, then each unit of area has the 
same load on it. For simplicity we can think of each square inch support­
ing 100 lb (445 N) to give a normal stress of 100 Ib/in2 (689,000 Pal. Also 
the lines centered on each square inch can be considered to be a line of 
force (or stress line), as depicted in Fig. 2.l3a. Now consider a cylinder 
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Flgur. 2.13 Illustration of the concept of lines of force and of the stress con­
centration at the root of a notch. 
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which has a circumferential notch in it so that the load-supporting area 
at the notch location is less than 20 in2 (129 cm2

) (Fig. 2. 13b). There is no 
load applied to the surface A-A', so the internal stress must go to zero on 
this surface. The remaining cross section A'..,..A" must now support 2000 
Ib (8900 N). Far removed from the 'notched surface, the load is still dis­
tributed essentially uniformly, but as the notch is approached, the lines 
of force become denser, attaining a maximum density right at the root of 
the notch. Thus the axial stress increases, as shown in Fig. 2.13b. 

The stress distribution depends on the size and shape of the compo­
nent and the change in geometry (such as hole, circumferential notch). 
Examples in terms of the lines of force are shown in Fig. 2.14. The 
locations at which the axial stress is high (higher density of lines of 
stress or forcel are clear, and the increase in the stress intensity with 
increasing sharpness of the surface discontinuity is clear (compare 
Fig.2.l4a,b,c). 

For simple cases the effect of such geometry changes can be given in 
terms of a stress concentration factor Kt• This factor is defined as the 
maximum normal stress (principal stress) divided by the nominal 
stress in the same direction, and its magnitude depends on the geom­
etry and type of loading. The curves in Fig. 2.15 illustrate this. Con­
sider the case for simple tension in Fig. 2.l5a. The maximum axial 
stress occurs right at the root of the notch. It depends on the geometric 
factors shown in the figure and increases as the radius of the notch 
decreases relative to the diameter of the cylinder. For example, if the 
surface of a loin-diameter cylinder has a circumferential notch around 
it which is 0.01 in in radius, then hid = 1 and h/r = 3. This gives 
K t = 1.8. Thus the axial stress right at the root of the notch is about 
twice that calculated based on the overall area and the axial load. If 

(a) (b) (e) 

(d ) (e) 

Figure 2.14 Illustration of the effect of geometry on the stress distribution in cyl­
inders which are loaded axially. (Adapted from Metals Handbook.5
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the notch is about 0.001 in, the maximum stress is considerably 
higher. This points up the fact that surface irregularities act as stress 
concentrators or stress risers, and thus are common locations for frac­
ture to commence. Internal geometry changes, such as holes, also act 
as stress concentrators, and thus the critical locations depend on the 
geometry of the component. 

The curves in Fig. 2.15 indicate that fracture would be ensured for 
surface notches (or irregularities) sufficiently acute since Kt increases 
greatly as the notch size decreases. However, these curves are based 
on elasticity theory, and in even relatively brittle alloys the region at 
the root of the notch undergoes some plastic deformation to relieve the 
stress. Thus in real materials the stresses are modulated by the plas­
tic deformation zone which develops around the notch root. 

Another important consideration is the variation in K t with the lo­
cation in the component. This is illustrated in Fig. 2.16 for the axial 
loading of a cylinder and of a plate with a surface notch. It is seen that 
K

t 
is a maximum at the rQot of the notch, as demonstrated before. 

Thus this is the location' of expected initiation of fracture. However, 
consider the case of a cylinder made of an alloy for which the strength 
at the surface is sufficient to resist fracture. Then if the strength de­
creases with radius (such as a carburized steel), fracture may initiate 
below the surface at a location where the loading stress exceeds the 
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Figure 2.16 Calculated values of the variation of the maxi­
mum normal stress with depth in cylinders and plates 
loaded in (a) tension. (From LIpson and Juuinall. 7
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Figure 2.16 (Continued) Calculated values of the variation of the maximum nor· 
mal stress with depth in cylinders and plates loaded in (b) bending and (e) torsion. 
(From Lipson and Juuinall.7) 

material's strength. (Note that this possibility is present even if there 
is no surface discontinuity.) 

2.5 TrIaxIal Stress and ConstraInt 

It is important to recognize that a triaxial stress distribution Can de­
velop even if the external load is uniaxial. When a sample is loaded 

elastically in uniaxial tension (for example, a tensile test), the length 
of the sample increases. However, there is a cQncomitant reduction in 
radius. The ratio of the dimensional change (strain) in the axial direc­
tion to that in the radial direction is called Poisson's ratio. It is be­
tween 0.25 and 0.35 for most alloys. 

Now consider a sample loaded in uniaxial tension with a notch 
present (Fig. 2.17a) . We want to examine the stresses in the axial, 
width, and thickness directions (Y, X, and Z). In the width direction 
and at the surface of the notch, there is a bending stress due to the 
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Figura 2.17 Illustration of the development of triaxial stresses due to the presence of a 
notch. (Adapted from Parker. 8) 
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FIgure 2.17 (Continued) Illustration of theadeveloprnent of triaxial stresses due to the 
presence of a notch. <Adapted from Parker. ) 

cantilever action of the notch, which decreases to zero at the root of 
the notch. This is shown in Fig. 2.17b. Also, just inside the root of the 
notch, the axial stress is high and the sample tries to shrink in the X 
and Z directions. Just outside the notch there is no axial stress applied 
on the free surface and hence here the material experiences no strain 
in these two directions. 'However, these two locations are continuous, 
and thus the contraction of the region inside the notch is resisted by 
the lack of contraction outside the notch. This uneven strain in the X 
and Z directions induces stresses in these directions. Thus even 
though the external load is axial, the presence of the notch causes a 
triaxial stress state, namely, stresses along all three axes. The stress 
distribution in the width direction (X direction) is shown in Fig. 2.17c, 
and in the thickness direction (at midthickness) in Fig. 2.17d. The 
stress analysis also reveals that the stress in the thickness direction 
depends on the location across the thickness. At the root of the notch 
it varies from zero at the surface to a maximum at midthickness 
(Fig. 2.17e). 

It is thus seen that the notch constrains the material from develop· 
ing an elastic deformation which would not cause any triaxial 
stresses, and instead induces a triaxial stress state. This constraint 
makes it more difficult locally for the material to flow plastically, and 
hence more susceptible to brittle fracture. An important aspect of such 
a constraint is that it increases with plate thickness and crack length. 
Hence brittle fracture may be more likely in thicker plates than in 
thin plates, and in plates with deeper cracks. It is worth noting that 
the fracture behavior depends not only on the surface area of the notch 
but also on that of the remaining material which supports the load. In 
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Figure 2.18 Illustration of the effect of reduction in the area Bupporting the load on the 
development of gross yielding. 

Fig. 2.18a the crack area is t x a and the uncracked area is t x w. The 
stress profile in the Y direction is shown in Fig. 2.18b. For X values 
between 1 and 2, the stress exceeds the yield strength, and in this reo 
gion of the crack root, plastic deformation occurs. However, for cracks 
that are large relative to the area of the un cracked material (as will 
occur as the crack grows), the uncracked area supporting the load 
(t x w) is small, and the axial stress is high. Over the entire length of 
the remaining uncracked region, the axial stress may become greater 
than the yield strength, and hence gross plastic deformation will oc· 
cur. This situation is shown in Fig. 2.18c. 

2.6 Plane Stress 

If a small region (or element) in a body is stressed, the stress state can 
be represented as shown in Fig. 2.19a. There are three principal nor· 
mal stresses and" also shear stresses on each face of the element 
(shown on only two faces in the figure). Now if the stress C1'z is small 
relative to C1'x and C1'y, then the state of stress is referred to as a plane 
stress, since the normal stresses of finite or significant magnitude lie 
only in the X-Yplane (Fig. 2.19b). 



(a) 

0 , 

(b) 

0 , 

(c) 

FIgure 2.19 (a) Stress state of element in a loaded body. (b) 
Plane-stress condition. (e) Plane-strain condition. 

As pointed out in the preceding section, the constraint at the root of 
a notch in a uniaxially loaded sample produces a triaxial stress state. 
Consider a notched sample of rectangular cross section loaded in ten­
sion (Fig. 2.20), where the notch surface area is small compared to 
that of the remaining material supporting the load. At the surface and 
near the notch root, the stress in the Z direction is zero, since there is 

}-, 
x 

Dire ction of 
unilorm load 

FIgure 2.20 Notch in a thin 
plate, showing the low stress 
distribution in the thickness (Z) 
direction at the root of the notch 
corresponding to the plane­
stress condition. The height of 
the region shows the magnitude 
of the stress in the Z direction. 
It is zero at both surfaces. 
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no load applied to this surface. This stress rises to a maximum value 
at the center. If the thickness in the Z direction is small, then the 
magnitude of this stress is low, relative to those in the X and Y direc­
tions. Thus a plane-stress condition exists. The plane-stress condition 
is common to loaded thin sheets or tubes. 

For the plane-stress geometry there is no gross section yield because 
of the low normal stress and the high value of K t , and this makes the 
value of the axial stress in the notch root relatively low. However, 
there is a considerably large maximum shear stress, which lies on 
planes at 450 to the axial load direction, as shown in Fig. 2.21a. Thus 
plastic deformation is limited to shear along these planes (Fig. 2.21b), 
leading to a shear-lip fracture surface. This fracture surface is also 
called a slant fracture (Fig. 2.22a). 

The significance of a plane-stress condition is that a crack present 
under such conditions will propagate as a slant fracture, and hence 

Direction 01 
unilorm load 

(a) 

To righ t 
edge of 

pI""~ 

/""" 45° slant 
__ ...".",~ fracture 

-- surface 

(b) 

Figure 2.21 (a) Maximum shear stress planes at the root of the notch in plane­
·stress loading. (b) Overall orientation of the propagating fracture surface at 
45° to the load (slant fracture). . 
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Figure 2.22 (a) Slant fracture surface. (b) Fracture surface of a thin 
plate. (From Henry and Horstmann .

g
) 

this macroscopic fracture appearance gives information about the 
fracture process. An example of such a fracture-surface orientation is 
given in Fig. 2.22b. 

2.7 Plane Strain 

If the stress state is such that the strain e in one direction is consid· 
erably less than that in the other two directions, the condition is reo 
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Ftgure 2.23 (a) Stress in the Z direction at the root of the notch in 
a thick plate, corresponding to plane-strain condition. (b) Notched 
plate. (c) Fracture surface propagating from notch has overall ori· 
entation perpendicular to the load. 

ferred to as plane strain (see Fig. 2.19c), since the change in dimen· 
sions is limited to two dimensions, defining a plane. When a notched 
plate loaded in uniaxial tension has significant thickness, the strain 
in the Z direction is constrained, leading to a plane·strain condition. If 
strain hardening is sufficiently high, the size of the plastic zone at the 
crack tip is smaller than in the plane-stress case, and hence the axial 
stress at the crack root is very large (compare Fig. 2.20 and Fig. 
2.23a). Then the maximum shear stresses are relatively low, and the 
high normal axial stress controls the overall fracture path, which is 
thus relatively flat and normal to the axis of the external load. This is 
depicted in Fig. 2.23c, and an example is shown in Fig. 2.24. 

2.8 Fracture of Tensile Samples 

In a tensile test of a ductile metal, the initial elastic (and essentially lin­
ear) ~eformation is followed by plastic deformation during which the 



Flgur. 2.24 Light fractograph of a thick plate showing flat fracture surface developed 
from a plane-strain condition. (From Metals Handbook.10) 

length increases and the cross section decreases (see Sec. 2.2). In the plas­
tic deformation region, usually strain (work) hardening occurs and the 
material gets stronger, and hence an increasing load is required to con­
tinue to strain (elongate) the sample at a constant (approximately) strain 
rate. Eventually a strain is attained where further plastic deformation 
becomes very localized. This may initiate at a region of slightly smaller 
cross section (such as a machining notch) or at a microstructural feature 
which has work-hardened less. In any case, at this location the cross sec­
tion becomes locally r~uced and hence serves as a surface notch. This 
can be shown to result in a triaxial state of stress, with the radial and 
axial tensile stresses being a maximum at the center (Fig. 2.25). 
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radial. stress 
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Oa axial stress at root or neck 

omax = maximum axial. stress 
(b) 

Flgur.2.25 (a) Stress distribution at the surface of a notch in a cylinder loaded axially: 
(From Hertzberg. 11) (b) Axial stress across the diameter of a cylindrical tensile sample 
after necking has occurred. (Adapted from Nadai. 12

) 

This stress distribution makes the center of the tensile bar sus­
ceptible to crack initiation, and in many alloys this is where frac­
ture initiates. (However, this depends on the alloy and test condi­
tions; the crack initiation mechanisms are discussed in Chap. 3.) If 
a crack initiates in the center, it then spreads radially, so that at 
this stage the tensile bar has an internal notch. As the crack ap­
proaches the surface, the remaining material is a thin shell, and 
hence the plane-stress condition develops. This leads to a change in 
crack propagation from flat fracture to slant process. Thus the frac­
ture surface consists of a central region, which is macroscopically 
relatively flat with its surface normal to the tensile load direction 
(plain-strain region), and a rim inclined at 45° (plane-stress region). 
This is illustrated in Fig. 2.26 and is called a cup-and-cone fracture. 
If fracture does not initiate in the center, then the material will 
pull down to a point, as shown in Fig. 2.27. Thus the fracture ap­
pearance depends on the effect of internal microstructural features 
on the initiation of internal cracks. 

The relative amount of slant and flat fracture depends on the degree 
of constraint. In components of rectangular cross section this increases 
with thickness, so there is more flat fracture. This is illustrated in Fig. 
2.28. 

(a) 

Figure 2.26 Fracture surfaces of two tensile samples. (a) Ductile fracture with flat frac­
ture in the center and slant fracture on the sides (cup-and-cone fracture): (From Vander 
Voort. 1S

) 



(h) 

Figure 2.26 (Continued) Fracture surfaces of two tensile samples. (b) Brittle fracture. 
(From Vander Voort. IS) 
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FIgure 2.27 Aluminum tensile 
samples broken at 600°C (llIOOF), 
showing necking to a point 
at fracture. (From Henry and 
Horstmann. 9) 
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Figure 2.28 (a) Effect of the thickness of plates on the relative amount of slant and 
flat fracture. (From Metals Handbook.6

) (b) Influence of plate thickness on fracture 
appearance. Slant fracture in thin sheet (top); square fracture in plate (bottom); tran­
sitional behavior (center). N-central starter notch; F-fatigue fracture area; K-fi­
nal fracture area; S-shear lips. (From Broek. 1.) 
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In wide thin sheets, the necking process is different from that in cyl­
inders. A large width-to-thickness ratio (such as 10) produces a con­
straint which prevents necking on a plane containing the width direction 
and perpendicular to the load direction. Instead, it is found (and pre­
dicted from a plain-strain analysis) that necking is restricted to a band 
inclined approximately at 55° to the load axis. This, then, is the orienta­
tion of th~ fracture plane, as illustrated schematically in Fig. 2.29. 
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Load 

Flgur. 2.211 Region of localized 
deformation which develops in 
thin sheet. 

2.9 Effect of Strain Rate and Temperature 

The fracture process depends on the strain rate (which depends on the 
loading rate) and the temperature. The specific response depends on 
the material, but here only the effect of these two factors will be ex­
amined. Most materials become stronger but more brittle with in­
creasing strain rate and lower temperature. The typical effect of tem­
perature on the true-stress-true-strain curve is shoVv"ll in Fig. 2.30. 
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Flgur. 2.30 Effect of test tem­
perature on the true-stress­
true-strain curves in a tensile 
test of a pearlitic 'steel. Note 
that the yield strength increases 
with decreasing temperature 
and the ductility (elongation at 
fracture) decreases. !.Adaf,ted 
from Zener and Holloman.1 
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Figure 2.31 Effect of strain rate e on the engineering-stress-engineering­
strain curves in a tensile test of a 1040 steel. Note that as the strain rate 
increases, the yield and tensile strengths increase and the ductility (elonga­
tion at fracture) decreases. (From Meyers and Chawla. 16) 

Note that the yield strength is increased with decreasing tempera­
ture, and that the elongation at fracture is reduced. The fracture sur- ';. 
faces show more flat fracture and less sl~t.Jr.~ct~!~_~. ~ll_~, .~.~l!l.E.~!.~­
t~Cea:Figure 2.31 shows the typical effect of the strain rate 
on the engineering-stress-engineering-strain curve. The more rapidly 
the sample is elongated during the test, the higher the yield strength 
and the lower the elongation at fracture. The hi~er::strain,rat~testB, 
E!0duce fract1,!~e surfaces wit~_l~~~_~J_8.!l~J!'acture and mOre flat fJ;'ac­
ture. The effects ortemperat-iire and strain rate on the fracture surface 
are shown in Fig. 2.32. The samples were notched and impact-tested, 
so that the straill rate was high. Each sample was broken at a differ-
ent temperature. The lower the temperature, the less the amount of 
shear lip (slant fracture area). These data demonstrate that the gen­
eral appearance of the fracture-surface orientation gives clues to the 
temperature of fracture and the fracture propagation velocity. 

2.10 Crack Propagation 

The rate of crack growth is usually separated into two categories. One 
is those that propagate "slowly" [for example, 20 ftls (6.1 m/s)], and 
only propagate on application of an external load. This is called stable 
crack growth. ,The other category is "fast" growth [for example, 3000 
ftls (915 m/s)], and these cracks can proceed without external loading 
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Figure 2.32 Fracture surfaces of 
a series of impact samples. The 
material was 4340 steel and the 
samples were broken in a Charpy 
V-notch test. The percentage of 
the fracture surface covered by 
the shear lip (slant fracture) is 
shown below each ,}?icture. (From 
Metals Handbook. ) 

if there is sufficient internal elastic stressing (such as residual stresses 
from heat treating). This is referred to as unstable crack growth. (The 
propagation of the fracture in a tensile sample after necking is also 
unstable crack growth.) The type of fracture that occurs depends on 
many factors, such as loading conditions, temperature, material, and 
geometry of the component. It is to be noted that the plane-strain con­
dition is more conducive to unstable crack propagation. 

Figure 2.28 shows that the relative amount of flat and slant frac­
ture depends on the thickness of the plate. However, another factor 
that affects the type of fracture is the stress concentration, which 
changes as the crack propagates and less uncracked material remains 
to carry the load. For example, in terms of round notches, rid changes 
as the crack becomes deeper since d decreases (see Fig. 2.15). Thus a 
crack may begin propagating under plane-strain conditions and then 
change to plane stress (as for the tensile sample fracture described in 
Sec. 2.8). 

An important complicating factor affecting the fracture-surface 
macroscopic features is the dynamics of crack propagation. This aspect 
is not well understood, and the common approach to interpreting the 
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fracture-surface features is to rely on empirical observations and ex­
perience. Two features are cited here and described in more detail in 
Chap. 4. In many fractures of components of circular or square (or 
near-square) cross section, radial marks are observed which point 
back toward the origin of the fracture. Examples are presented in Fig. 
2.33. Figure 2.33a shows the fracture-surface of a cylindrical tensile 
sample. The radial marks point back toward the center of the sample, 
where fracture initiated (see Sec. 4.2). Upon the development of a suf­
ficiently acute notch, the plain-strain condition caused relatively 
rapid crack propagation, with the dynamics of crack movement lead­
ing to the crack moving from one inclined plane to another as it ad­
vanced, developing the radial marks. Figure 2.33b shows the fracture­
surface of a tensile sample of the same steel but of a different hardness 
and tested at a lower temperature. The radial marks are finer and 
cover more of the fracture. The relationship between this macroscopic 
fracture-surface topography and the fracture process is discussed in 
detail in Chap. 4. 

radial marks 

(a) 

Figure 2.33 Radial marks on fracture surfaces of tensile 
samples of 4340 steel having circular cross section. (a) Struc­
ture of tempered martensite with a hardness of Rockwell 
C 28. The inner fibrous zone. is ridged circumferentially; the 
intermediate zone has coarse radial marks; the outer ring is 
the shear-lip zone. (Adapted from Metals Handbook.lo) 
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(b) 

Figure 2.33 (Continued) Radial marks on fracture sur­
faces of tensile samples of 4340 steel having circular 
cross section. (b) Sample was fractured at -196°C 
(- 321°F). The structure was tempered martensite; the 
hardness was Rockwell C' 35. This fracture has no fi­
brous zone. The radial marks occupy the entire area in­
side the narrow shear-lip zone. !Adapted from Metals 
Handbook. 10) 

Figure 2.34 Fracture surfaces 
of a rectangular and a square 
tensile steel sample showing 
radial marks. (From Metals 
Handbook,lo as adapted from 
Nunes et al. 17

) 
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The fracture surfaces of tensile samples of square and rectangu­
lar cross section are shown in Fig. 2.34. In the square cross section 
the, radial marks are evident, but in the rectangular cross section 
these are parallel to the long axis of the sample. As the thickness of 
such a sample decreases, the radial marks become symmetrical 
about the midline of the plate, forming chevron marks (also called 
herringbone marks), as shown in Fig. 2.35. One representation of 
the dynamics of crack propagation is given in Fig. 2.36. It is hy­
pothesized that cracks form just ahead of the advancing crack front, 
and the intersection of these cracks with the front forms the chev­
ron marks. 

2.11 Meaning of Ductile 
and Brittle Fracture 

The terms ductile and brittle are commonly taken as self-descriptive, 
but care should be taken in using them. They are used to indicate the 
general plasticity at fracture, relying on such quantities as the elon­
gation at fracture (ductility) and the presence of necking to indicate 
whether the material is ductile or brittle. A difficulty here is to decide 
how much ductility is required to place the material in a ductile class; 
there is no common value to be used. More pertinent to our interests is 
that the terms ductile and brittle are used to distinguish ductile and 
brittle fracture, both the macroscopic and the microscopic aspects. As 
is discussed in Chap. 3, the void coalescence mechanism (on a micro­
scopic scale) of crack formation involves plastic deformation by slip. 
Thus this mechanism is sometimes referred to as ductile. However, it 
is possible to have cracks form and fracture occur by this mechanism, 
yet the material shows no obvious or little macroscopic plastic defor­
mation. On this basis, the fracture would be categorized as brittle. 

In this book, the terms ductile and brittle are used to describe the 
macroscopic aspects of fracture and are not based on the microscopic 
mechanisms. The following characteristics of the two processes allow 

Figure 2.35 Fracture surface of a steel plate, showing well-developed chevron marks 
which point back toward the origin of fracture (at left). which is adjoined by a small 
fibrous zone. This is a high-velocity fracture. (From Metals Handbook.1o) 
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FIgure 2.36 Formation of chevron marks on a fracture surface. The 
lower portion shows an analogy between chevron formation in a plate 
and cup-and-cone fracture. c.Adapltd from Boyd. 18) 

distinguishing them (adapted from Vander Voort13
). They include 

macroscopic fracture-surface characteristics. 

1. Ductile fracture 

• A relatively large amount of plastic deformation precedes the fracture. 

• Shear lips are usually observed at the fracture termination areas. 
• The fracture surface may appear to be fibrous or may have a matte 

or silky texture, depending on the material. 
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• The cross section at the fracture is usually reduced by necking. 

• Crack growth is slow. 

2. Brittle fracture 

• Little or no visible plastic deformation precedes the fracture. 
• The fracture is generally flat and perpe~dicular to the surface of the 

component. 

• The fracture may appear granular or crystalline and is often highly 
reflective to light. Facets may also be observed, particularly in 
coarse-grain steels. 

• Herringbone (chevron) patterns may be present. 

• Cracks grow rapidly, often accompanied by a loud noise. 

A convenient distinction can be made based on the amount of macro­
scopic change in shape or size. For example, in tensile testing, the 
amount of elongation at fracture is usually taken as a measure of duc­
tility. The problem is what value makes a usable distinction between 
ductile and brittle behavior. Note from the preceding that a charac­
teristic for brittle fracture is little or no visible plastic deformation. 
This implies that none or little shear-lip region is present, but an ex­
act distinction between brittle and ductile may not be possible. 

In spite of the difficulty of establishing an exact distinction between 
brittle and ductile fracture, this usually does not present a practical 
problem. A recognition of the amount of flat and slant fracture surface 
and the degree of macroscopic plastic deformation required for a suit­
able working distinction usually can be discerned. 

2.12 Fracture Mechanics and Failure 

A major concern in the design of structure and machine components is 
the prevention of sudden catastrophic fracture. There are many docu­
mented cases in which the systems had functioned properly for many 
years, then suddenly broke. AB experience increased, certain factors, 
such as low temperature and environment, appeared to exacerbate the 
problem. It was often found that the fracture originated from already 
existing cracks or surface (internal and external) discontinuities. 

An example of such behavior is usually found in fatigue fractures (see 
Sec. 2.13). If a component is loaded elastically below the yield strength, 
and is not operating under conditions where creep (see Sec. 2.14) would 
occur, then it is expected that it will perform safely. However, if the load 
is cyclic (but not exceeding the yield strength), it is often found that 
small cracks will form, especially at surface discontinuities (such as ma-
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chining notches) due to stress concentration at these locations (see Sec. 
2.4). These cracks will expand with each cycle, and the remaining mate­
rial must support the load. This decreasing support area eventually be­
comes insufficient to sustain the next increase in load, and fracture is ex­
pected. The important aspect of the fracture is that it usually occurs 
rapidly (catastrophically) and with little plastic deformation, that is, the 
final fracture is brittle. Thus there is something about the crack (notch) 
which eventually made the material break in this fashion. Two impor­
tant characteristics of the notch are its size and its sharpness. 

Thus loaded components may fracture suddenly and brittlely if 
cracks or notches have a certain size. Note that such behavior is not 
predictable from the results of a tensile test. Although a material 
which is relatively brittle (for example, low elongation at fracture in a 
tensile test) would be suspect, a relatively ductile material may frac­
ture catastrophically. What is desired is a material property which 
can be measured and from which such behavior can be predicted. 
Fracture mechanics allows treatment of this problem. Here we briefly 
outline the ideas involved; more realistic treatments can be found in 
the references listed at the end of the chapter. 

Consider a parallelepiped of the dimensions shown in Fig. 2.37a. If 
it is loaded elastically along its axis, the force-length curve is that 
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Figure 2.37 Derivation of the elastic energy in a cylinder when loaded axially to stress a . 
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shown in Fig. 2.37b, which is assumed (realistically) to be linear. This 
force-length curve can be converted to the engineering-stress­
engineering-strain curve shown in Fig. 2.37c. The slope of the line in 
the elastic region is the elastic modulus E . The work to stretch the 
bar to a length l at force F is given by J F dl. This work is the stored 
elastic energy U and is shown in Fig. 2.37d to be (J"2/2E per volume 
of material. 

Now consider a small region taken out of the center of the bar, as 
shown in Fig. 2.38. If the stress on the bar is still (J", then the elastic 
energy of this bar has been reduced since there is less material 
present. This reduction is shown in Fig. 2.38 to be (J"2a2lol2E. 

If the solid bar has a crack or notch in the center, as shown in Fig. 
2.39, and the bar is still loaded to stress (J", the material in the re­
gion of the notch supports no load, so the presence of the notch low­
ers the energy of the bar. Assume that the volume which supports 
no load is given by the elliptical shape shown. Then the reduction 
in energy is (J"2a 2B/E. Thus the elastic energy of the bar decreases 
with the area of the notch, assuming that the notch is small com­
pared to the bar cross section. In Fig. 2.39, the crack extends 
through the bar thickness, so the energy reduction is proportional 
to a2
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Figure 2.38 Derivation of the reduction in energy 
upon removal of a small bar from the sample. 
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Figure 2.39 Derivation of the re­
Surface energy = (2a)(B)2y duction in energy upon forming 

a small crack in a parallelepi-
=4aBy pad. 

However, creating a crack forms a free surface which has an energy 
per surface area of "/ . For the case in Fig. 2.39, the notch surface area 
is 2 x 2aB, and so the energy of the bar has been increased to 4aB,,/. 
This increase in energy is proportional to a. The total energy then is 
the sum of the reduction in elastic energy and the increase in surface 
energy. This is depicted graphically in Fig. 2.40. 

It is seen that once the crack attains the size a*, a further increase 
in its size is accompanied by a decrease in energy of the bar, which 
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Figure 2.40 Variation of elastic 
strain energy (for a given stress) 
and surface energy with crack 
size. The maximum in the sum 
of these two curves defines the 
critical crack size a·. 
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implies that a crack of this size will grow. This is the explanation why 
such catastrophic rapid crack propagation occurs. 

The relationship of critical crack size to stress is obtained by differ­
entiation of the relation for the total energy and equating it to zero 
(corresponding to the maximum in the total-energy curve; Fig. 2.40). 
This gives 

(2.1) 

The right side contains only material constants, and hence we can 
write 

O'V;;; = K (2.2) 

A parallel treatment takes the approach of calculating (from elasticity 
theory) the stress field ahead of the crack tip and expressing the result 
in terms of a critical stress intensity factor K1• It is similar to K in Eq. 
(2.2), but the exact form depends on the size and shape of the crack 
and plate. K[ is taken as a property of the material (that is, chemical 
composition and microstructure) and is called the fracture toughness. 

The treatment of fracture toughness must be expanded to account for 
local plastic deformation. Also, the fracture toughness K depends on 
whether the loading conditions are plain strain or plain stress. Thus 
there are different types of K values. Also, the K value may be sensitive 
to the environment, and values are defmed for crack propagation under 
stress corrosion cracking conditions, hydrogen embrittlement, and so on. 

The toughness also depends on the material, its microstructure, and 
the temperature. These are illustrated in Fig. 2.41. In general, the 
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Figure 2.41 Fracture toughness (a) as a function of 
yield strength. (From Broek.14
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Figure 2.41 (Continued) Fracture tou~hne88 (b) as a 
function of temperature. (From Broek. 4) 

stronger the material or the lower the temperature, the lower the 
toughness. . 

In failure analysis of a broken part, a fracture mechanics analysis 
of the failure will often reveal considerable information about the 
failure. For example, on a fracture surface the distance a from the 
origin of the crack to the location of the beginning of rapid crack 
propagation can often be measured. If K/ is known, then the gross 
stress under which the component was at fracture can be estimated 
via relations similar to Eq. (2.2). If both K/ and the stress a are 
known, and the calculated critical crack size is equal to the mea­
sured a, then the crack must have grown slowly to the final size, 
probably by fatigue (see Sec. 2.13). 

2.13 Fatigue Loading 

Consider a cylinder subjected to a time-dependent load, as shown in 
Fig. 2.42. The amplitude of the load at the maximum of the cycle is 
only sufficient to induce an elastic stress. That is, the cylinder is 
stressed at a value below the yield strength based on a standard ten­
sile test, and thus it appears that the cylinder should not fail. How­
ever, due to stress concentration at discontinuities (such as surface 
notches or internal cracks), the local stress will exceed that required 
for yielding, and deformation and local fracture occurs (see Sec. 3.9 for 
details of mechanisms). With each cycle the crack advances, which is 

Fatigue 
strength 
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a 

Time 

Number of cycles 
to fai lure 

FIgure 2.42 Depiction of a fa­
tigue test. 

subcritical crack growth. Eventually the crack exceeds the critical 
value for the toughness of the material, and it then propagates unsta­
bly, leading to fracture. 

The time or number of cycles to reach fracture increases with a re­
duction in the magnitude of the load. For some materials there is a 
stress below which the crack does not propagate. This is called the fa­
tigue limit or fatigue strength, as illustrated in Fig. 2.43. Usually the 
results are not, sensitive to the frequency of cycling. 

The rate of propagation of the crack depends on whether the load, 
. the stress, or the strain is kept constant during the test. These must 
be defined to properly interpret the test results. The difficulty with us­
ing data such as those in Fig. 2.43 is that there is no simple way to 
predict when a growing crack will attain the critical value which 
leads to rapid crack propagation. This is achieved by measuring the 
effect of the stress intensity factor on the change in the crack propa­
gation distance. The concept is illustrated in Fig. 2.44, and Fig. 2.45 
shows some data. The curve in Fig. 2.45 can be separated into a region 
of no crack propagation, where IlK is very low, a region of linear crack 
propagation, and a very rapid crack-propagation region at high IlK 
values. 
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Figure 2.43 Typical fatigue curve. The 4340 steel was heat-treated to a ten­
sile strength of 260,000 Ib/in2 (250,000 Ib/in2 yield strength, hardness 53 Rc) . 
The numbers next to the data points are the number of tests giving the same 
data point. The numbers next to the arrows indicate the number of speci­
mens at the indicated stress which did not break at 107 cycles. The specimens 
were cylinders tested in a rotating-beam configuration. Note that the results 
are valid for two widely different rotational speeds. !Adapted from 
Cummings et al. 19
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Figure 2.44 Schematic illustration of parameters used in 
obtaining a fatigue crack growth curve. (Adapted from 
Broek.20

) 

Mechanical Aspects and Macroscopic Fracture-Surface Orientation 

(c) 

Figure 2.44 (Continued) Schematic illustration of parame­
ters used in obtaining a fatigue crack growth curve. 
!Adapted from Broek. 20
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Figure 2.45 Fatigue crack propagation curves. (a) Crack-growth curves. (b) 
Crack-propagation rate. (From Broek. 14
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2.14 Creep Deformation 

115 

If a cylinder is loaded axially at a stress less than that of the yield 
strength, then yielding and fracture are not expected. However, there 
are situations in which a slow deformation will occur. This means that 
the response of materials to loading is time-dependent, but may not be 
observed in short-time tensile tests (but see Fig. 2.31). Figure 2.46 
shows the elongation with time for a ftxed axial stress. This elonga­
tion process is called creep. The elongation rate (creep rate) increases 
with increasing temperature and stress, and the time to fl'actult;; 

:~ : 
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Figure 2.45 Typical creep curve. The sample was a 
MOo V low-alloy steel under tension at 600·C 
(lIlO·F) at the four stress levels noted. (From Met· 
a1s Handbook.31

) 

(rapture life) decreases. Note that the fracture elongation is relatively 
low (10 percent or less). 

The fracture surface of a creep fracture is generally normal to the 
maximum normal stress. An example of creep rupture in a pipe is 
shown in Fig. 2.47. The fracture strain is usually low (see Fig. 2.46), 
so dimensional changes in the vicinity of the fracture are slight, al­
though local cracking can lead to apparent plastic deformation. 

Figure 2.47 Creep fracture in a 321 stainless-steel (ASME SA-213, grade 
TP321H) superheater tube that failed by thick-lip stress rupture. The 
fracture surface is normal to the circumferential (tangential) stress. Note 
that the change in tube-wall thickness at the arrows is slight. This frac­
ture appearance is sometimes called fishmouth rupture. (Adapted from 
Metals Handbook.21 ) . 
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Chapter 

3 
Fracture Mechanisms and 

Microfractographic Features 

"Fractography" is the name we have applied 
to this technique. Reticence in introducing a 
new term is counteracted by the advantage in 
substituting a word for a phrase as long as 
"the micrographic study of cleavage facets on 
fractured metal specimens," which is the 
definition of {ractography. In addition, the 
word {ractography has some etymological 
correctness in stemming from roots similar to 
those affording metallography, for "{racto-" 
is the combining form of the Latin "{raetus," 
meaning {raeture. 

c. A. ZAPFFE AND M. CLOOG, JR. 
Transactions o( the American 

Society (or Metals, 1945 

3.1 Introduction 

In this chapter we review the common processes which occur on a 
relatively fine scale when a metallic material is subjected to in­
creasing loads, and which lead to material separation (fracture). 
Since at this scale the human eye cannot resolve individual fea­
tures, the use of microscopes is required. These processes can be re­
ferred to as fracture micromechanisms, but we will use the term 
fracture mechanisms~ This distinguishes the fine-scale processes 
from the coarser-scale processes, or fracture macromechanisms, 
which we call modes in Chap. 4. 

Since the fracture mechanisms determine the fine topology of the 
fracture surface, its appearance gives clues, and frequently direct con­
firmation, of the fracture mechanism. Examination of this fine surface 
topography is called microfractography. Examination of the coarser 



fracture-surface topography, generally resolvable with the eye or low­
magnification (such as 25 x) optical instruments, is called macrofrac­
tography, which is reviewed in Chap. 4. 

We begin this chapter by reviewing the common, basic mechanisms 
of the response of a metallic material to loading, namely, slip, twin­
ning, and cleavage. We do not examine the underlying atomistic 
mechanisms, such as dislocation generation and movement, but in­
stead restrict our comments to those features which most directly af­
fect the fracture-surface topography. We then relate these basic mech­
anisms to the fracture mechanisms and to the resulting fracture­
surface topography. 

3.2 Slip and Cleavage 

A common mechanism of plastic deformation is slip, which is the 
parallel movement of layers of material in a crystal past adjacent 
layers. This can be illustrated by the response of a single crystal to 
a shear stress, as depicted in Fig. 3.1. Here it is assumed that plas­
tic deformation is initiated when the shear stress on the plane 
shown exceeds a critical value, the critical resolved shear stress. 
Continued application of this stress will cause separation and hence 
fracture. 

Zero 
load 

Elastic 
deformation 
on ly 

~i'O' -+ ____ L 
+-- Plastic ? = ""~,ti,,, 

Flgur. 3.1 Illustration of plastic 
deformation of a single crystal 
by slip. 

.. ,- - ... -_ .. _ .. -_.--- -.-- ···-----·--.. -v·-,..· ··- · -_ ... _ ....... 

F/AO 

t = resolved shear stress = : 0 cos \jI cos <I> . 

CJ = re solved normal stress = £ cos 1jI sin ¢l 
Ao . 

Flgur. 3.2 Illustration showing 
resolved shear streBB 'I' ['" (F/Ao) 
cos 1/1 cos 011) and resolved nonnal 
stre88 0''1 . [= <F/Ao) cos 1/1 sin cP 1 
for a cylindrical sample loaded 
axially. 

A more realistic case is illustrated in Fig. 3.2. Here a cylindrical 
single crystal is loaded axially with an axial stress of FIAo, where A o 
is the cross-sectional area of the cylinder. The plane on which slip oc­
curs is oblique to the cylinder axis, with its normal at an angle <I> to 
the cylinder direction (the loading axis). Slip occurs along only one di­
rection in this plane, the slip direction, which makes an angle IjI with 
the loading axis. Thus the component of the axial load F resolved onto 
this plane (the shear force Fa) is F cos 1jI. The area of the shear plane 
is given by Aoicos <1>. The resolved shear stress T is (FlAo) cosljl cos <1> . 

Upon subjecting the cylindrical single crystal to an increasing 
load, slip begins when the resolved shear stress on the slip plane 
reaches the critical resolved shear stress value. It is observed to oc­
cur at many lo'cations, with elliptically shaped discs moving past 
each other, as depicted in Fig. 3.3b. If the crystal is relatively large 
(such as 1 cm in diameter) and the surface initially well polished, 
these offsets are visible to the unaided eye with sufficient deforma­
tion (Fig. 3.3c ). Examination with a microscope shows that each 
coarse offset (slip bands) is made up of much finer steps (slip lines) 
(Fig. 3.4). 

This effect can be seen on a polycrystalline sample. If the sample is 
metallographically polished, then loaded as shown in Fig. 3.5a, in 
each grain a slip system is activated and surface offset occurs when 
the critical resolved shear stress is exceeded. An example is given in 
Fig. 3.5b. Note that the slip direction changes at the grain boundaries, 
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(b) (e) 

Figure 3.3 Illustration of plastic deformation of a single crystal. (a) 
Undeformed. (b) Deformed showing slip. (e) Deformed cylindrical single 
crystal of zinc, showing elliptical offsets due to slip. (Adapted from Boas 
cmd Schmid. I) 

o 
"'5000 A 

(a) 

Flgure 3.4 Illustration of fine offsets on a free surface produced by 
alip. (a) Appearance of the surface cross section at high magnification. 
(Courtesy of Eric Lifshin, Research and Development Center, General 
Electric Company, from Guy.2) 
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(b) 

Before 
deform~tion . 

Before deformat ion 
grain boundaries 
not visibfe; shown 
dashed just to 
show location 

Sample polished 
and unetched 

(a) 

Figure 3.4 (Continued) Illustra­
tion of fine offsets on a free sur­
face produced by slip. (b) SEM of 
slip markings on the surface of a 
defonned single crystal of co­
balt. (Courtesy of Eric Lifshin, 
Research and Development Cen­
ter, General Electric Company, 
from Guy.2) 

Sfip traces 

~profileof L-J "'p ,,,~, 

Cross-section A-A' 

Figure 3.5 (a) Loading of a metallographically polished (but unetched) 
sample to produce slip markings on the polished surface. 

and hence the locations of these boundaries are revealed even though 
the sample is unetched. 

The planes and directions on which slip occurs depend on the crystal 
structure of the material; usually these are the atomistica1ly close­
packed planes and directions. Thus in face-centered cubic crystals 

f".f. 

( 



(b) 

Flgure 3.5 (Continued) (b) Micrograph of such a sam­
ple of aluminum showing slip traces. !.Adapted from 
Verhoeven:') 

these are the {111}-type planes and the (IlO)-type directions. A slip 
plane and a slip direction in that plane constitute a slip system. In 
face-centered cubic metals there are four {lll}-type planes, and in 
each {lll}-type plane three (llO)-type directions, so there are 12 slip 
systems. In the other close-packed structure, which is hexagon'ally 
close-packed, there is only one close-packed plane, but three identical 
slip directions, or only three slip systems. 

When a crystal is loaded, the shear stress increases on all slip sys­
tems, but slip initiates only on the system which first attains the crit­
ical resolved shear stress for the material. Which system this is de­
pends on the orientation of the crystal. It is possible to have an 
orientation such that two slip systems have identical resolved shear 
stresses, and that these two attain the critical resolved shear stress 
first. This leads to simultaneous slip on these two slip systems, which 
is called cross slip. 

In the hexagonal close-packed structure it is possible to have an 
orientation in which the resolved shear stress is zero. This is illus­
trated in Fig. 3.6. The basal plane, which is the slip plane, is nor­
mal to the loading force. Thus as the loading force is increased, it 
might be expected that slip will occur on another type of slip plane 
(not a close-packed plane). However, the critical resolved shear 

.I stress for this is very high. Another possibility is that the resolved 
N normal stress on a plane will exceed that which intrin~ally bonds 

--'"--7 the planes together, and these planes will separate, or(c{eftye. Note 
from Fig. 3.2 that a normal stress <Tn can be defined for a-Specified 

Force 

1 
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~--Sl ip 
plane 

Force 

1 

Side 
view 

Flgur. 3.6 Illustration of the orientation of a single crys­
tal of a hexagonal close-packed metal, with the basal 
(slip) plane normal to the loading axis, so that there is no 
resolved shear stress on it. 

plane (specified by the angle 4», which is given by (F/Ao) sin 4> cos 
1jI. Thus cleavage will occur when the critical resolved normal stress 
for cleavage is exceeded,. 

If a crystal of the hexagonal close-packed metal zinc is loaded 
with the configuration shown in Fig. 3.6, slip cannot occur. Instead 
cleavage occurs on the basal plane, and the fracture surface will be 
relatively smooth, with a mirrorlike appearance. Such cleavage 
usually cannot occur with a face-centered cubic crystal. If the crys­
tal is oriented so that a {Ill} slip plane is normal to the loading 
axis, there are still three other {Ill} planes at oblique angles to 
this axis, and hence these planes, each containing three < 110> slip 
directions, have finite resolved shear stresses, and slip will occur on 
some of these. 

Thus there is a competition between slip and cleavage. AB the ex­
ternal load on a crystal increases, the shear stresses on the slip sys­
tems increase and the normal stresses on the cleavage planes in­
crease. Which occurs first, slip or cleavage, depends on which stress 
attains the critical value first. This is depicted in Fig. 3.7. If the load­
ing is such that T and <Tn increase along line A, then slip occurs first; if 
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Figure 3.7 Schematic illustration that whether slip or cleavage occurs de­
pends on the relations between resolved shear and resolved normal stress 
as the load increases, and values of critical resolved shear stress for slip T. 
and critical resolved nonnal stress for cleavage a,:. 

Temperature 

Figure 3.8 Temperature dependence of critical resolved shear 
stress and Critical resolved normal stress for a body-eentered cubic 
metal. 
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along line B, then cleavage occurs. Clearly slip is more favored if,.c is 
much lower than a/, which is the case for most close-packed metals 
and most body-centered cubic metals at sufficiently high temperature. 
The critical values of,. and an are temperature-dependent, both in­
creasin'g with decreasing temperature. However, in some cases, such 
as body-centered cubic metals, lower temperatures are more favorable 
for cleavage (Fig. 3.8). These critical values of T and an are also af­
fected by the strain rate, so that a metal may exhibit cleavage if the 
loading which causes fracture is sufficiently rapid. 

3.3 Twinning 

In some metals and alloys, crystals can respond to increasing loading 
by twinning. The atomistic rearrangement for the process is depicted 
schematically in Fig. 3.9. Note that the shift of the lattice along the 
twinning plane produces the same crystal structure, but as a mirror 
image across this plane. Hence it is said that the crystal on one side of 
this plane is a twin of the crystal on the other side. 

Twinning is a rather complex process. It rarely occurs in face­
centered cubic crystals, but does occur in both hexagonal close-packed 
and body-centered cubic crystals. Its occurrence may be favored by low 
temperature and high strain rates. Figure ' 3.10 shows a micro­
structure containing typical mechanical twins. The line separating 

Figure 3.9 Schematic illustration of mechanical twin· 
ning. The twinned part lies above the twinning plane. 
Open circles-initial positions; closed circles-final posi· 
tions, which are mirror images of the points below the 
twinning plane. (From Birchenall.·) 
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Figure 3.10 Microstructure of plastically deformed magnesium 
showing mechanical twins. I.Atiapted from Roberts. 8) 

the original crystal from the twinned material is the trace of the twin­
ning plane. In fracture of body-centered cubic metals, twinning may 
playa role in crack nucleation. [Mechanical twins should not be con­
fused with annealing twins. The latter are also crystallographic twins, 
but they form by other mechanisms. They are especially prominent in 
many face-centered cubic metals and appear as straight lines in the 
microstructure (Fig. 3.11).] 

3.4 Cleavage Fracture Topography 

From the preceding description of cleavage it would appear that the 
fracture surface of a single crystal would be atomistically smooth 
and hence featureless. Indeed, at low magnification such surfaces 
are mirrorlike, and polycrystalline samples which have fractured 
completely by cleavage may appear to the eye to consist of bright 
facets due to light reflection. However, even in single crystals of 
pure metals there are lattice defects which cause the propagating 
cleavage crack to deviate and hence generate topography. Also, the 
cleavage cracks may nucleate at more than one location, and thus 
the cracks propagate at different levels even when on the same type 
of parallel planes. Where these levels meet, fracture must occur by 
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Figure 3.11 (a)-(d) 'Illustration of why annealing twins are re­
vealed upon etching a polished surface. 

either slip or cleavage on another set of planes, so that the fracture 
surface has offsets on it. 

The formation of the fractographic feature where the fronts of cleav­
age cracks moving on adjacent planes meet is illustrated in Fig. 3.12a. 
The connecting material fractures either by cleavage on another 
cleavage plane or by plastic deformation. The characteristics of the 
steps which form are revealed by cross-sectional views of the fracture 
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Flgur. 3.11 (Continued) (e) SEM of Cu-5% Zn alloy in the annealed condi­
tion. (From Brooks. 6) 
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FIgure 3.12 Schematic illustration of separation between cleavage planes. (a) By 
cleavage. (b) By tearing. 
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surface. An example is presented in Fig. 3.13, where the steps connect­
ing the parallel cleavage planes are apparent. Note that the straight-line 
profiles of these steps indicate that they fractured by cleavage. In some 
cases the connecting material may "tear" by plastic defonnatio~ (slip). In 
the example of Fig. 3.14, the connecting material does not show the 
straight lines associated with cleavage, but instead is bent. 

In body-centered cubic and hexagonal close-packed structures, 
the presence of mechanical twins, or more commonly the formation 
of them during the deformation, allows the crack front to deviate by 
separation of the plane between the twin and the matrix. This is 
illustrated in Fig. 3.15. In many body-centered cubic metals (par-



(a) 

FIgure 3.13 (a) OM of the cross section of a cleavage profile (nickel-plated rupture sur­
face) in an Fe-Si single crystal. This shows secondary ruptures between different lev­
els of fracture on the cleavage plane. (b) Fractograph showing cleavage steps and sec­
ondary rupture along a (100) plane. Material was mild steel, impact-fractured at 
-196-C. (From Henry and Horstmann. 7, 

Nickel plaTe " 

(a) (b) 

FIgure 3.14 (a) Cross section through a cleavage fracture surface, showing tearing of 
the connecting material between cleavage surfaces. Material was Fe-3% Si. (b) TEM 
fractograph showing tear ridges which make up a river pattern. Their profile is similar 
to that in (a). Material was extramild steel. <Fl'Om Henry and Horstmann. 7) 

; Nickel plate 

(a) 

Flgur.3.15 (a) CraBB section through a cleavage fracture surface, showing interaction 
with mechanical twins. Material was an Fe-Si single crystal. (b) TEM fractograph 
showing preferential propagation along a (100] direction, and features due to fracture 
of twinned regions. Material was an Fe-25% Cr alloy. (From Henry and Horstmann. 7) 
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(a) (b) 

Fillur. 3.16 Fractographs showing the general appearance of "tongues." Samples were 
impact-fractured at -19G-C. Note that the intersections of the cleavage plane and the 
tongues are oriented along one or the other of two perpendicular directions. The 
tongue plane is a (112) twin plane. (a) Extramild steel. (b) Fe-1.8% Si steel. (From 
Henry and Horstmann. 7) 

ticularly ferrite in steels), the protrusions or matching depressions 
shown in Fig. 3.16 are sometimes seen on cleavage fracture sur­
faces. These are called tongues. Cross-sectional views (Fig. 3.17), 
which allow measurements of the geometry of these regions, have 
shown that the tongue plane is a {112} type, and it is generally 
agreed, therefore, that these are created by fracture along the twin-

~ ~ ~ iC.kel plate 
, 

'i l ' '~"';:j,~~ ' \ 

1).1111 • . ." ' 11),1 

(a) (\» 

Flgur.3.17 Cross section through fracture surface, showing separation along the in­
terface between mechanical twins and the matrix. (a) OM of an Fe-Si single crystal, 
impact-fractured at -19G-C. The fracture surface was nickel-plated (top). In the 
metal (bottom), a small twin which initiated the tongue is noticed. (b) TEM replica 
micrograph of fracture in Armco iron, showing profile of a tongue. (From Henry and 
Horstmann. 7) 
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Agur. 3.18 TEM micrograph of a two-stage replica, 
showing feature called a fan. Material was iron. Arrows 
indicate the crack propagation direction. The fracture 
surface was slightly etched. rFrom Beachem.8

) 

matrix interface. It appears that these twins form ahead of the ad­
vancing cleavage crack. 

The fractures described appear to illustrate the main mechanism of 
cleavage crack formation. However, the topography is usually more 
diverse than this would indicate. This is due to the complex 
microstructure of most materials through which the crack must prop­
agate and to the tendency for the crack to take a path which mipi­
mizes energy expenditure. Although the topography is complicated, 
fortunately there are usually distinctive features associated with 
cleavage. One feature is a fan, shown in Fig. 3.18. In this case the ad­
vancing crack (from left to right) has encountered a grain boundary 
(marked A-A), whereupon locally a fresh crack was initiated at B. 
This cleavage crack then propagated in a fanlike fashion onto planes 
of slightly different elevation. The local crack propagation direction is 
noted on the fractograph by arrows. 

In another example, shown in Fig. 3.19, the crack advanced from 
left to right. Along the line A-A it met a low-angle boundary. 

Fracture Mechanisms and Mlcrofractographlc Features 135 

Figure 3.19 TEM micrograph or' a two-stage replica, 
showing cleavage steps, river patterns, grain boundary 
(left), and mechanical twin interface (right) in cleaved 
iron. (From Beachem. 8) 

This causes the initiation of many cracks on the new cleavage 
plane, but at slightly different elevations. As the crack then prop­
agated, these levels combined to form a crack advancing on fewer 
parallel planes. The reason is that there is less area associated with 
the fracture of the connecting material, and hence less expenditure 
of energy as the crack propagates. Such a mechanism generates a 
pattern similar to a river and its branches, and hence is called a 
river pattern. Note that in this sense the local crack propagation 
direction is "downstream." (Another example is shown in Fig. 3.15.) 
As pointed out, cleavage in iron and ferrite can also occur on the 
mechanical twin interface ({112}-type plane), and this is what hap­
pened at B-B. To the right is an extremely smooth fracture facet 
along such an interface. 

The interaction of the fracture surface with twins sometimes creates 
the feature shown in Fig, 3.20, called a herringbone pattern. Cleavage 
on the basic {lOO} plane has changed on both sides of the midrib to 
cleavage on the {112} twin interface planes. 

The processes described are shown schematically in Fig. 3.21. Ex­
amples of fracture surfaces containing these features are illustrated in 
Fig. 3.22. In some cases it is possible to see slip bands or lines on the 
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Flgur. 3.20 TEM micrograph of 
a two-stage replica. showing fea­
ture called a herringbone. Mate­
rial was an FcrCr-Al alloy. 
(From Beachem. 8) 

subgrain boundary 

Flgur. 3.21 Cleavage surface formation, showing the effect of subgrains and grain 
boundaries. (From Kerlins and Phillips. v) 
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Figure 3.22 Examples of cleavage fracture Sl " ",..:es. lui Armco iron, impact-ruptured at 
-19B·C. (From Henry and Horstmann. 7

) (b) Weld metal of 30% chromium steel. Owing to 
the varying crack propagation direction on the cleavage surface of this single grain, a 
featherlike structure has resulted, consisting of fine steps delineating the individual frac­
ture paths which indicate the direction of propagation, The direction of crack advancement 
is from bottom to top. (e) Thanks to the presence of numerous twins, various crack propa­
gation directions in a single plane can be deduced. The crack has divided in two along a 
straight front with a small section moving obliquely away from the main cleavage surface, 
subsequently returning to it by means of an irregular curved path. Where the crack has 
crossed into neighboring grains, many new subsidiary cracks form, as seen at the bottom of 
the picture. (d) 0.5% Mn steel pin. In the center of the picture the crack propagating from 
the right-hand side crosses a tilted grain boundary. As a result, many new cr~ surfaces 
are reinitiated in the grain on ,the left-hand side of the picture. In this grain a twin can be 
seen, running obliquely upward from the surface, this having the typically se~iCircular 
tonguelike shape. (b-<i) (From Engel and Klingele. 1O
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Agure 3.22 (Continued) Examples of cleavage fracture surfaces. (e) Fe, 0.01% C, 0.24% 
Mn, and 0,02% Si, heat treated at 950°C (l742°F) 'h h, air-<x>oled. The structure is ferrite. 
The fracture was generated by impact at -19SOC (-321°F). Cleavage steps beginning at 
the twin at top fonn a sharply defined river pattern. Crack propagation was in direction of 
SlTOW, (j) Higher-magnification view of the specimen(s), showing the blocklike cleavage 
pattern that is characteristic of low·temperature impact of low-carbon iron. The well· 
delined tongue at the center of the fractograph is typical. Secondary cracks are visible as 
well. (g) 1021 steel heat treated at 900°C (1652"F) for Ihh, air-cooled. Ferrite-pearlite struc­
ture. Hardness, 120 dph. The specimen was notched, and was broken by impact at -196°C 
(- 321"F). The cleavage occurred on various {lOO} planes having different orientations. (h) 
Another SEM view of the tracture In (g), Ihowin~ similar flat cleavage faceta along crys­
tallographic planes, but also very pronounced steps that fonn a grasa example of a river 
pattern beginning at either a twist or 8 tilt boundary. [(e}-(h ) From Metals Handbook"l 
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Agure 3.23 Fractograph of clea­
vage fracture surface showing 
slip traces. Slip lines reveal 
plastic defonnation which oc­
curs following the formation of 
ductile zones. (From Henry and 
Horstmann. 7) 
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cleavage facets . An example is given in Fig. 3 ~ 23. This apparently oc­
curs after cleavage, when the connecting material is beginning to frac­
ture by void coalescence. (See dimples, which are described in Sec. 
3.5.) 

3.5 Void Coalescence 

If the m~tl:\l begi'ns to slip instead of cleavage occurring, then a differ­
entfracture mechinTsfuocci£rs'.' AEilng1e crystal might deform due to 
cross slip, as shown in Fig: 3.24, with fracture occurring due to even­
tual "pinching off' of the final connecting material. A similar process 
can occur in polycrystalline material . 

However, a more common mechanism associated with slip is due to \ 
the separation of material internally, forming voids which then join to 
develop the fracture surface. This process is called void coalescence 
and is depicted schematically in Fig. 3.25. Note that once the void 
forms, the connecting material continues to deform by slip, allowing 
the voids to expand until they begin to connect. This fracture mecha­
nism develops a fracture topography consisting of cusps on each frac· 
ture surface. Such a surface is called dimpled, and an example is given 
in Fig.Q.26. 

In most engineering alloys the voids form at second-phfl.8e particles. 

r:~-: , 

"'.'! 
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Slip 
plane 

Fracture 

Figure 3.24 Schematic illustration of fracture of a single crystal by slip. 
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Flgur. 3.25 Schematic illustration of fracture by void coalescence. 
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(c) 

Two voids 
now joined 

Figure 3.25 <Continued) Schematic illustration of fracture by void coalescence. 

Flgur. 3.26 Fractograph show­
ing dimples. Material was a 
steel containing 0.10% C, 0.02% 
Si, 0.30% Mn, 0.032% P, 0.024% 
S, and 0.003% N. The sample 
was notched and broken in 
bending. (From Henry and 
Horstmann. 7) 
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This is shown schematically in Fi~7, where the voids are initiated 
either by decohesion of the particle-matrix interface or by fracture of 
the particles. Examination of the microstructure of samples in the 
early stages of plastic deformation confIrms this model, as shown in 
Fig. 3.28. An example of a fracture surface showing such particles is 
presented in Fig. 3.29. Some particles are in the dimples on the, mat­
ing fracture surface, or they fell out during separation, so tha~ in the 
fractograph some dimples are empty. . 
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Flgur. 3.27 Schematic illustration of void nucleation at particles. (a) Initiation by 
particle-matrix interface decohesion. (b) Initiation by particle fracture. 

fractured particle 

void (white area) 

void (white area) 

Fractured particle 
(b) 

Figure 3.28 Microstructures showing void nucleation by particle fracture or ~article­
matrix decohesion. Material was aluminum alloy 7079. (Adapted from Broek.1 

) 

particle 
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void formed by 

decohesion 

(c) 

Flgur. 3.28 (Continued) Microstructures showing void nucleation by 
particle fracture or particle-matrix decohesion. Material was alumi­
num alloy 7079. <Adapted from Broek. 12

) 

Flgur. 3.29 Fractograph show­
ing dimples with particles in 
them. These silicate inclusions 
determined the form and size of 
the dimples in this weld-seam 
fracture of an unalloyed carbon 
steel. (From Engel and Klingek. 10) 
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The shape of the dimples depends on the loading conditions. This 
is illustrated schematically in Fig. 3.30. Void coalescence by a 
stress normal to the overail plane of fracture creates dimples which 
are equiaxed. (However, this geometry will appear distorted if the 
surface is examined at an p.ngle.) A shear or tear loading (Fig. 3.30) 
will create elongated . . '" les. The two cases can be distinguished 
by examination of fracture surfaces, knowing the original 
alignment of the t eces. In the case of shear, the elongated dim-
ples on the two su aces will be in opposite directions. Examples of 
shear dimples are I!Ihown in Fig. 3.31 and of tear dimples in Fig. 
3.32. 

In torsion failure by void coalescence, the dimples appear similar 
to those caused by shear, but examination of the surface at suffi-

~t~ 
. '. 

, . 
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FIgure 3.30 Schematic illustration of the influence of loading conditions on the ~ 
ometry of the dimples found on the fracture surface. The fracto graphs show the 
shapes of the dimples formed. (a) In tension, equiaxed dimples are formed on both 
fracture surfaces. (b) In shear, elongated dimples point in opposite directions on 
matching fracture surfaces. (e) In tensile tearing, elongated dimples 110int toward 
fracture origin on matching fracture surfaces. (From Metals Handbook. 11 ) 

(bl 

FIgure 3.31 Fractographs showing shear dimples. [(a) From Metals Handbook.ll (b) 
From Engel and Klingeie.1D1 
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Figure 3.32 Fractographs showing tear dimples. These were taken from the frac­
ture region at the root of the notch of a Charpy impact sample of a 1040 steel. Tear 
dimples resemble slim parabolas and point toward the site of crack initiation at 
the notch root, which is shown in the lower third of these fractographs. Unlike 
shear dimples, the tear dimples on the mating surface of this fracture would point 
in the same direction-toward the notch. Occasionally, when the overall shape of 
the fracture surface is unknown, a comparison of the mating fracture surfaces to 
observe the relative directions of dimple orientation may be the only method of 
determining whether the dimples present were formed by shear or by tearing. 
(From Metals Handbook. ll) 
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ciently low magnification will show a rotation or circular pattern, 
which reveals the direction of torsion. An example is given in Fig. 
3.33. 

The size and shape of the dimples are directly related to the size, 
shape, and dispersion of the second-phase particles. This is seen in 

Figure 3.33 Fractograph show­
ing torsional dimples. The wire 
sample was fractured by means 
of a monotonic torsional loading. 
The resulting arrangement of 
the dimples in a clockwise fMh· 
ion indicates the direction of tor­
sion. (From Engel aIm Klingele.10) 
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Fig. 3.29, where the larger voids have the larger particles in them . 
Figure 3.34a .shows the fracture surface of a steel with elongated 
MnS inclusions. Note the correlation between the geometry of 
the elongated dimples and the inclusions. In between the regions 
containing the inclusions, equiaxed dimples are present. If the 

(b) 

F1gur. 3.34 (a) Fracture showing elongated dimples due to elongated inclusions. Mate­
rial is steel containing 0.12%C, 0.02% Si, 0.44% Mn, 0.059% P, and 0.068% S. Cracks 
are initiated along sulfide inclusion lines. (b) Fracture showing woody structure. 0.35% 
C, 0.62% Mn, 0.028% S structural steel, water quenched, and tempered at 660·C. Ten­
sile rupture at 20·C (transverse direction). (c) Fracture showing woody structure. 0.44% 
C, 1.5% Mn, 0.30% S free cutting steel, water quenched and tempered at 550·C. Tensile 
rupture at 20·C (trlUlHven6 dire~tl on) . (From Henry and HarB/manTI .7) 
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Flgur. 3.35 Schematic illustration of the formation of shallow (flat) 
dimples. (Compare to Fig. 3.25.) 
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amount of such inclusions is high or if they are relatively large, the 
fracture at low magnification may appear similar to that of frac­
tured wood and is called woody fracture. Examples are shown in 
Fig. 3.34b and c. 

If the strength of the material is high, but fracture still occurs by 
void coalescence, then the dimples will be shallow due to the limited 
ductility of the material connecting the voids. This is illustrated sche­
matically in Fig. 3.35. Figure 3.36 is a fractograph showing shallow 
dimples. 

F1gur. 3.38 Fractograph show­
ing shallow dimples. The sample 
was a maraging steel (0.02% C, 
0.1% Si, 0.1% Mn, 18% Ni, 9% 
Co, 6% Mo, 0.9% Ti) whose form­
ability had been exhausted due 
to severe cold working. The 
specimen failed under static 
loading with a minimum 
amount of plastic deformation. 
(From Engel and Klingele. 10

) 
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"t, If the grain boundaries contain features that make this region ini­
.\\h,' tiate voids, then appearances illustrated in Fig. 3.37a may be found. 

" This might occur if the boundary contains particles, or if there is a re­
gion of particles adjacent and parallel to the boundary. (Note that this 
type of fracture is not considered to be intergranular in the sense that 
fracture occurs by separation of the boundary between two planes. 
This type of fracture is covered in Sec. 3.B.) The effect of the structure 
on and near the grain boundary on the topography of the intergranular 
fracture surface is shown in Fig. 3.37b. 

The plastic deformation of the material between the voids occurs 
by slip, as depicted in Fig. 3.25. Since this slip extends to the free 
surface of the void, then slip traces form; an example is shown in 
Fig. 3.38. However, they may be difficult to resolve. Also, their ap­
pearance depends on the local crystallographic orientation of the 
region slipping relative to the free surface. In some cases, slip 
traces appear as wavy lines, probably associated with cross slip. 
This feature is called secfp;ntiIW glide; an example is shown in Fig. 
3.39. If the slip plane is quite 6blique to the free surface of the cusp, 
the slip traces are , spread out so that the surface appears very 
smooth, but withwnt traces of the slip offset (Fig. 3.40). These fea­
tures are called ' tipples, and the mechanism is called stretching. 
[The mechanism has . also been called glide plane decohesion (be­
cause the slip planes eventually are highly offset, see Fig. 3.24) , 
and it has been called ductile cleavage.] 

Flgur. 3.37 (a) Intergranular 
fracture surface showing dim­
ples on the surface. (From Engel 
and Klingele.lo ) 
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(b) 

Flgur. 3.37 (Continued) (b) Effect of grain-boundary structure on fine topology of the 
intergranular fracture surface. (From Lynch. 13) 

Figure 3.38 Fractograph show­
ing slip traces (arrows) on the side 
of the dimples. (From Gabriel. 14) 
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(a) (b) 

FIgure 3.39 Fract6graphs showing examples of serpentine glide. (a) TEM replica of frac­
ture surface of Armco iron. (From Metals Handbook.ll) (b) Fracture in oxygen-free cop­
per tube, ~roduced by forcing open the crack in a precracked specimen. (From Engel and 
Klingele. ) 

FIgure 3.40 Two-stage carbon TEM replica showing rip­
ples (at arrows). The sample was a 302 stainless steel. 
(From Metals Handbook) 
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FIgure 3.41 SEM fractographs showing shallow dimples in a material which failed in 
a brittle mode. (From Syniuta and Corrow. Ie) 

Usually macroscopically ductile fractures, which show gross dimen-
sional changes, occur microscopically by void coalescence. However, it I 

is important to realize that macroscopically brittle fracture, with little " 
dimensional change, can also occur by void coalescence. This is fa­
vored by a high-strength material and by a fine dispersion of particles. 
An example of such a fracture is shown in Fig. 3.41. Note that the 
dimples are relatively flat. 

3.6 Mixed Mechanism and Quaslcleavage Fracture 

In many materials, fracture may first occur by cleavage, then fracture 
of the connecting material by void coalescence. Examples are shown in 
Fig. 3.42. This is the case particularly in body-c.e1}t~red cubic materi­
als (such as ferrite), when fracture occurs in thi;\rlcinity of the tran­
sition temperature (which depends on the strSin rate). This is an ex­
ample of a mixed mechanism of fracture. 

In some materials, especially steels, a fracture surface forms 
which consists of regions showing ill-defined or relatively faint 
signs of cleavage (sometimes called rosettes) separated by regions 
showing extensive deformation. These latter regions are tear 
rid.ces. Examples of such surfaces are given in Fig. 3.43. They ap-

p --
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Figure 3.42 Examples of cleavage and void coalescence mixed mechanisms of fracture. 
(a) 1040 hot-rolled steel. (From Metals Handbook. ll ) (b) Tensile sample broken at O·C. 
Steel contained 0.08% C, 0.14% Si, 0.34% Mn, 0.021% P, 0.018% S, and 0.034% AI. 
(j'rom Henry and Horstmann. 7) 

(a) (b) 

Figure 3.43 Examples of quasicleavage. (a), (b) Fractographs of an impact sample of 
a 4340 steel. The small cleavage facets in martensite platelets contain river patterns 
and are separated by tear ridges. Shallow dimples, marked by arrowheads, are also 
visible. The direction of crack propagation is from bottom to top. The specimen was 
heat-treated at 843·C (1550°F) for 1 h, oil-quenched, and tempered at 427°C (SOO·F) 
for 1 h. Fracture was by Charpy impact at -196·C (- 321°F). (From Metals 
Handbook. 11) 

Figure 3.43 (Continued) Exam­
ples of quasicleavage. (e) Mate­
rial was CrMoV steel (0.20% C, 
1.0% Cr, 0.7% Mo, 0.15% V) with 
a tempered structure formed in 
the upper bainite range. I..A4aPted 
from Engel and Klingele. 10

) 

pear to develop by the formation of microcracks and then tearing 
(plastic deformation) of the connecting material, as shown schemat­
ically in Fig. 3.44. This mechanism is called quasicleavage. It is to 
be noted that this is actually cleavage, accompanied by tearing or 
dimples, where the fine microstructural details make the identifi­
cation less apparent than described earlier for cleavage. In this 
sense, it is really a mixed-mechanism fracture mechanism. 

3.7 Tearing Topography Surface 

In some cases, ' a fractographic topography as shown in Fig. 3.45 is 
found. It consists of very fine "facets" connected by tear ridges and is 
referred to as tearing topography surface (TTS). This appearance 
seems to be caused by the particular complex microstructures in­
volved in the fracture. The underlying mechanisms are probably those 
already described. 

3.8 Intergranular Separation 

When the grain boundaries are the weakest locations in the micro­
structure, then decohesion occurs on these surfaces before cleavage or 
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Flgur. 3.44 Schematic illustration of the formation of 
fracture by quasicleavage. (a) Model showing a cleavage 
step blending in with a tear ridge. At the top left is the 
lower surface of a fracture, showing a step at the lower 
left and a ridge at the upper right. At right and bottom 
are sections through the fractured member, showing pro­
files of both the upper and the lower fracture surfaces. 
(From Metals Handbook. ll ) (b) Model of the formation of 
quasic)eavage rosettes. (From Engel and Klingele. 10) 
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(8) (h) 

(c) (d) 

Agure 3.45 Examples of tearing topography surfaces (TIS). In these cases dimplerup­
ture (DR) is also found. (a)-(d) HY-130 steel. (a) Areas of complex tearing (T) and dim­
ple rupture (DR). (b) 'Detail from upper left corner of (a) showing particle-nucleated dim­
ples (DR) and region of TIS. (e), (d) Additional examples of TIS. (From Thompson and 
Chesnutt. 16) 

j- . ... /-! , 

slip. In the strict sense, this decohesion mechanism of fracture is 
called intergranular fracture. However, in complex microstructures, 
the fracture surface -~ayappear intergranular, even though the frac­
ture path may have been, for example, along particles on the bound· 
ary (by decohesion or separation along the particle-matrix interface), 
by void coalescence associated with particles on the boundary, or by 
void co8.Iescence and tearing in a weak zone parallel and adjacent to the 
boundary. Even in these cases, the fracture topography is referred to 
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(e) 

FIgure 3.45 (Continued) Examples of tearing topograph surfaces (TIS). In these cases 
dimple rupture (DR) is also found. (e) TIS in an essentially 10% pearlitic eutectoid steel 
(similar to AlSI 1080) where fracture propagates across pearlite colonies. (/) 
Fractograph showing dimple rupture (DR) and TIS fracture in a quenched-and­
tempered (martensitic) HY-130 steel. (From Thompson and Chesnutt. 16) 

as intergranular fracture. In such cases the fracture surface will show 
topographical details, whereas in decohesion the surface will be smooth 
if the boundary contains no particles. The shape of the intergranulnr 
fracture topography is determined by the grain shape, as illustrated in 
Fig. 3.46. Typical intergranular fracture fracto graphs are shown in 
Fig.- :flf. In some cases the structure on or near the grain boundaries 
causes the fracture surface to be relatively rough on a fine scale, as 
shown in Fig. 3.37. 

It is to be noted that intergranular fracture has a variety of causes. 
In some alloys, hydrogen embrittlement causes grain-boundary frac­
ture during loading. In some corrosion environments for some alloys, 

(. ) Ib) Ie) 

Flgur. 3.46 Schematic illustration of grain-boundary fracture. (a) Decohesion 
along grain boundaries of equiaxed grains. (b) Decohesion through a weak grain­
boundary plane. (e) Decohesion along grain boundaries of elongated grains. (From 
Kerlins and Phillips. 9) 
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(a) 

FIgure 3.47 Examples of intergranular fracture. (a) Fracture by tensile testing at 
20·C of coarse-grained annealed iron containing 0.68% P. (b) Fracture of a steel con­
taining 0.58% C, 0.30% Si, 0.82% Mn, 0.024% P, and 0.017% S. (From Henry and 
Horstmann. 7) 

stress corrosion cracking is intergr:apular. Some _steels show temper 
embrittleme_nt_ ~r.~ct-'1.E~ _~ong the.t6rmeraustenite grain bouridaries, .. 
which are _the high-angle-oQu-ndarfes of the ferrite matriX~ · In some 
steels this is due to segregatioil'ofminof iinpiirities (such-asP or Bi) to 
these boundaries, and in some cases it is due to carbide network on 
these boundaries. 

3.9 Fatigue Fracture Topography 

Consider a material which has a certain yield strength, obtained from 
testing a cylinder of this material in a simple tensile test. Thus if a 
cylindrical s8.IVple of this material is loaded to an axial stress two­

. thirds of the yield strength, then plastic deformation and fracture are 
not expected to occur. However, if the axial load is cycled between zero 
and this two-thirds value, after sufficient cycles fracture may occur. 
This is called a fatigue fracture. Since most structural and machine 
components operate under alternating loading, fatigue failures are 
relatively common, and being able to recognize them from the 
fracture-surface topography is important. 

In fatigue fractures the loading level is usually macroscopically be­
low that required to initiate gross or macroscopic plastic deformation. 
However, due to surface irregularities, microstructural features, and 
so on, the local microscopic stress exceeds the yield strength, in which 
case, upon repeated fatigue loading, plastic deformation occurs locally. 
On highly polished free surfaces the local plastic deformation can be 
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(a) 

F1gur. 3.48 Fonnation of defonnation bands during fatigue loading. (a) OM of a 
mild steel sr7.imen surface after 525,000 cycles of alternate bending under 
± 13 daN/rnm . (b) TEM replica micrograph of the surface of a mild steel after 125,000 
cycles of alternate bending under ± 10 daN/mm2

• (From Henry and Horstmann. 7
) 

seen as the development of slip lines and bands, which eventually 
reach a size such that they can act as the initiator of the fatigue crack. 
An example of such deformation bands is shown in Fig. 3.48. Gener­
ally this local deformation is associated with a shear stress at approx~ 
irnately 45° to the tensile stress created by the load. In some alloys the 
initial stages of plastic deformation create extrusions and intrusions 
at the surface at these sites (Fig. 3.49). These are shown on the free 

SURFACE 

F1gure 3.49 Schematic illustration ofthe fonnation of 
extrusions and intrusions in stage I of fatigue . (From 
Gros8kreulz. 17

) 

(a) 
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Figure 3.50 (a) Example of extrusions on the surface of a fatigue test nample. Material 
was an AI alloy containin/B 4% Cu, 1.2% Mg, 0.3% Mn., Test time was 10,000 cycles. 
(From Engel and Klingele. ) (b) Cross section of the surface of a fatigue sample showing 
stage I cracks at the surface and the beginning of stage II. Material was pure alumi­
num. (Courtesy of Forsyth; from Henry and Horstmann. 7) 

surface in Fig. 3.50a and in the cross-sectional view in Fig. 3.50b. 
Such surface discontinuities serve as the fatigue crack initiator. The 
fracture surface in this initiation stage appears cleavagelike, as 
shown by the fractographs in Fig. 3.51. 

The crack initiation stage of fatigue is called stage I. It occurs for 
high-cycle-Iow-stress fatigue loading, but if the stress becomes too 
high, it is not observed. Inmost machine components the surface is 
sufficiently rough that this stage of fatigue crack formation occurs at 
surface irregularities or defects. Stage I may not comprise a signifi­
cant portion of the total crack propagation. For these reasons, recog­
nition of stage I may require careful examination of the fracture sur­
face in the vicinity of the crack initiation as deduced from macroscopic 
observations. 

When the crack has progressed a small distance from the surface 
by the mechanism just described (stage I), the crack begins to prop­
agate by a different mechanism, called stage II. The general crack 
path becomes perpendicular to the tensile stress, as illustrated in 
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Flgur. 3.51 Examples of the appearance of the fracture surface of stage I. (a) Stage I of 
fatigue fracture progress in a smooth (unnotched) specimen of aluminum alloy 2024-
T3. The fracture origin is at 0, near the top of the fractograph, in a free surface of the 
specimen. The change of orientation of the fracture plane from grain to grain is well 
demonstrated. Within a given grain, the fracture is along a {11l}-type plane. The ridge 
patterns within each grain are parallel to the direction of crack propagation. Each 
ridge is probably in a (110) dir.ection, which is the intersection of two (111) slip 
planes. The presence of inclusions does not affect the fracture path. Stage I of fatigue­
fracture progress extended over 3 or 4 grains; stage II began at bottom right. (From 
Metals Handbook.ll ) (b) Cleavagelike, crystallographically oriented stage I fatigue 
fracture in a cast Ni-14Cr-4 .5Mo-lTi-6Al-1.5Fe-2.0(Nb + Ta) alloy. (c) Stair-step 
fracture surface indicative of stage I fatigue fracture in cast ASTM F75 cobalt-base 
alloy. I(b) , (c ) Courtesy of R . Abrams, Howmedica, Diu. Pfizer Hospital Products Group 
Inc. , from Kerlins and Phillips.9] 

Fig. 3.52. The crack propagates only during the tensile stress part of the 
cycle. This is illustrated in Fig. 3.53. Here a notched sample was loaded 
in tension-compression, and the polished surface near the notch was ob­
served in a scanning electron microscope. Note the opening of the crack 
during the tensile loading (1 to 2), the closing during compressive load-

STAGE ]I 

I 
STAGE I 

(a) 

Figure 3.52 Schematic illustra­
tion of stage I and stage II fa­
tigue crack formation. (From 
Laird. IS) 

(b) 

(e) 

p 

(c) 

2 

Figure 3.53 Microstructural observations (SEM) orin situ fatigue crack growth. (a) Bottom 
of the ductile crack under tension near the specimen's side face and near the center of the 
specimen. The dark triangle is the V-shaped crack tip intersecting the specimen side faces 
(b). (c)Viewing direction under which (q) and (b) were taken. (d) Sequence of two load cycles 
as observed on the specimen's side face during straining in an SEM. The crack propagation 
direction is from top to bottom. (e) Approximate location of each picture on the load cycle. 
(From Verhoff and Newmann. 19) 
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ing (3 to 4), then the reopening during the next tensile cycle (5 to 6). Also 
note the advancement of the crack tip from point 2 to point 6. It is further 
seen that slip bands have fonned on the prepolished surface, showing 
that the crack opening is associated with slip. 

The advancement of a fatigue crack can be seen in the micrographs 
in Fig. 3.54. Note that the crack advances about 140 IJ.m from the 10-
eation after 96,400 cycles to the location after 96,800 cycles, or a dis­
tance of about 0.3 IJ.m per cycle (3000 A, or about 1000 atom dis­
tances). Figure 3.55 shows schematically how the crack grows by slip. 

AI:, the fatigue crack propagates in stage II, it usually leaves on the 
fracture surface, behind the advancing crack front, regions of depression 
and elevation. An example is shown in Fig. 3.56. These striations are the 
most common characteristic of fatigue fractures seen on a microscopic 
scale. However, as shown later, fatigue cracks can propagate without 
fonning striations; thus their absence does not mean the part did not fail 
by fatigue. Also their resolution will depend on the type of damage to the 
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Agur. 3.55 Schematic illustration of a mechanism of fatigue c!"ack propaga­
tion in stage II by alternate slip at the crack tip. (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. (From Kerlins and Phillips.9) 



FIgure 3.56 Fatigue fracture sur­
face showing typical striations. 
Material was an 18:8 austenitic 
stainless-steel screw fastener. 
(From Engel and Klingele.1o) 

surface when the crack closes (in the compression part of the loading cy­
cle) and on the reaction of the fracture surface with the environment. 

It has been clearly established that each striation is associated with 
the growth of the crack during one loading cycle. Although the fme-scale 
mechanism of the formation of the striations is not clear, Fig. 3.57 illus 

(a) 

(b) (e) 

FIgure 3.57 Possible mechanisms of the formation of fatigue striations. (a) 
Unstressed. (b) Small tensile stress. (e) Maximum tensile stress. (d) Small 
compressive stress. (e) Maximum compressive stress. (j) Small tensile stress. 
(From Laird.18

) 
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FIgure 3.58 Local variation of 
the orientation of the fatigue 
striations due to microstructural 
features. (From Beachem. 8) 

I V""' 

trates one way these striations could form. On a microscopic scale, the 
direction of crack propagation will depend on the microstructural fea­
tures through which the crack is advancing, and this causes the stria­
tions to alter orientation locally, as depicted schematically in Fig. 3.58. 
This variation aspect of the orientation is seen in the fractograph of Fig. 
3.59. The overall direction of crack movement, of course, will be that of 
the macroscopic crack propagation direction. 

(b) 

FIgure 3.59 Fractographs of fatigue fractures showing typical striations. (a) Nickel al­
loy specimen (Nimonic) tested at 650·C under rotating-bending condition.s. The ~ropa­
gation direction is from bottom to top. (From Engel and Klmgele. 1 ) (b) 
Crysta1lographically oriented fatigue striations on a fatigue fracture surface (stage II) 
from a laboratory tested nickel-based alloy (Inconel 718) tested at 600·C. (From Engel 
and Klingele.1o) 
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Agur. 3.59 (Continued) Fracto­
graphs of fatigue fractures show­
ing typical striations. (c) Fatigue 
fracture in comm~rcially pure ti­
tanium. (Courtesy of O. E. M. 
Pohler, Institut Strou7TUl1ln AG; 
from Kerlins and Phillips.9) 

Several examples of fatigue fracture surfaces showing striations are 
given in Fig. 3.60. It is seen that the striation spacing is from approx­
imately 1 to 10 f.1.m, which is consistent with the distance the crack 
advances per cycle for the cases shown in Figs. 3.53 and 3.54. The cor­
relation between the striation spacing and loading has been estab-

Agur. 3.80 Examples of fatigue 
fracture surfaces showing the ef­
fect of loading on the fatigue 
striation spectrum. (a) One 
large striation at 65 N/mm2 cy­
cle, three striations closer to 
each other (75 N/mm2), and 20 
striations very close to one an­
other (60 N/mm2). (From Henry 
and Horstmann. 7) 
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Agure 3.80 (Continued) Examples of fatigue fracture surfaces 
showing the effect of loading on the fatigue striation spectrum. (b) 
Spectrum-loaded fatigue fracture of a 7475-T7651 aluminum al­
loy test coupon showing an increase in the striation spacing due to 
higher alternating stress. (From Kerlins and Phillips.9) (c) Fa­
tigue test of an aluminum alloy, In the center is a band of fatigue 
striations which originated from 45 cycles of higher stress ampli­
tude. Above and below this band are fracture regions which orig­
inated from load cycles of lower amplitudes. (From Engel and 
Klingele.10

) 
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FIgure 3.81 Fatigue striations as observed using an optical microscope. 
Material was an aluminum alloy tested in complete reversed bending, 
at a maximum stress of 172 MPa (25 ksi) at room temperature, to fail­
ure at 336 x 103 cycles. (From Zapffe and Worden. 21

) 

ljshed from controlled experiments. Examples showing the effect of 
the loading on striation spacing are given in Fig. 3.60. Thus examina­
tion of the striation spacing gives clues to the loading spectrum. The 
higher the loading frequency and the lower the stress magnitude, the 
fIner the striations. Also as the crack propagates, the remaining ma­
terial supporting the load decreases, thereby increasing the stress, 
and thus the crack propagation distance will eventually show an in­
crease (if the maximum load in the cycle is constant). 

It is important to note that the fatigue striation spacing may be 
at or below the limit of resolution of an optical microscope. In ad­
dition, the roughness of the surface makes it difficult to focus due to 
the low depth of field. An example of this effect is shown in Fig. 
3.61. Thus examination must usually be made with an electron mi­
croscope, either of the surface directly with an SEM or of a replica 
with an SEM or a TEM. Note that this requirement is reflected in 
the relatively high magnification (> 2000 x) used for most fatigue 
fractographs. 

A common feature associated with fatigue striations is secondary 
cracks. Examples are shown in Fig. 3.62. The mechanism of their for­
mation is not known. 
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(a) 

Figure 3.62 Examples of fatigue fractures showing secondary cracks associated with 
striations. (a) From a tantalum heat-exchanger tube. The rough surface appearance is 
due to secondary cracking caused by high-cycle low-amplitude fati~e. (Courtesy of 
M. E. Blum, FMC Corporation; adapted from Kerlins and Phillips. ) (b) From steel 
(0.38% C, 1.19% Si, 1.23% Mn, and 0.023% P) axle broken in service. <From Henry and 
Horstmann. 7 ) (e) From steel containing 0.10% C, 0.27% Si, 0.43% Mn, 0.027% P, and 
0.022% S. (From Henry and Horstmann. 7

) 
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Figure 3.82 (Continued) Exam­
ples of fatigue fractures showing 
secondary cracks (nrrows) asso­
ciated with striations. (d) From 
Inconel 718 tested at room tem­
perature. The crack propagation 
is from bottom to top. (From 
Engel and Klingele. 10

) 

Occasionally, fatigue cracks propagate by cleavage and thus with­
out significant local plastic deformation. An example of the resulting 
fracture-surface topography is shown in Fig. 3.63. In such cases it is 
more difficult to correlate the fracture-surface features with the cyclic 
loading. Figure 3.64 shows a case where "striations" are found. However, 
these may be made prominent by the secondary cracking associated 

? r 

Figure 3.83 Fatigue fracture surface which fractured by brittle crack propagation 
on cleavage planes. This was produced by testing at room temperature a 1-mm­
thick silicon sheet. Crack propagation is from bottom to top. (From Engel and 
Klingele.1o) 
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Flgure 3.64 Striations on a fa­
tigue fracture surface in which 
the crack propagated in a brittle 
manner. Material was a tita­
nium casting alloy. (From Engel 
and Klingele.10) 
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with each one. In rare cases the fatigue crack may propagate inter­
granularly, as illustrated in Fig. 3.65. 

Another feature sometimes found on fatigue fracture surfaces is 
called tire tracks. Examples are given in Fig. 3.66. This feature is 
formed by the repeated impingement on one surface of a particle em­
bedded in the other surface, as shown in Fig. 3.67. 

Although in most cases fatigue cracks form striations, in many 
cases they do not, or they are extremely difficult to see or find. This is 
especially true in materials which have complex microstructures 

(a) 

Figure 3.85 Fractographs showing an example where the fatigue crack propa­
gated intergranularly. The fracture is from a gear tooth made from a case­
hardening steel <0.16% C, 0.25% Si, 1.15% Mn, 0.95% Cr). The fracture in the 
core is on the right-hand side of (a) and propagated in a transgranular fashion, 
but in the 0.8-mm-deep case-hardened zone on the left, it propagated inter­
granularly. (b) Fractograph is a magnified view from the center of (a). (From 
Engel and Klingele.1o) 

'"', ' 
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(a) 

(b) 

Figure 3.66 Examples of fatigue fracture surfaces showing tire tracks. (a) TEM replica 
of quenched and tempered 4140 steel. (Courtesy of I. Le May, Metallurgical Services 
Ltd.,' (rom Kerlins and Phillips.s) (b) Alternate bending of a steel containing 0.09% C, 
0.28% Si, 0.43% Mn, 0.025% P, and 0.024% S. (From Henry and Horstmann. 7) (c) 
Threaded bar broken in service. Steel contained 0.61% C, 0.32% Si, 0.75% Mn, 0.027% 
P, and 0.028% S. (From Henry and Horstmann. 7) 
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B~ 
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(b) 

·.Flgure 3.67 (a) Two-stage carbon TEM replica from same location 
of mating surfaces of Ii. fatigue fracture, showing relationship be­
tween particles (large arrows) on one surface and tire tracks (small 
arrows) on the other. 2024-T3 aluminum alloy. (b) Schematic illus· 
tration of how tire tracks form, showing how the two surfaces offset 
and then reclose to form a series of impressions. (From Beachem. 8) 
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(such as tempered steels with a fine dispersion of carbides in ferrite). 
Figure 3.68 shows an example taken from a fatigue test. In Fig. 3.69 
are examples of fracture surfaces in which the fatigue striations are 
either missing or ill-defined. Thus the absence of striations does not 
preclude fracture by fatigue loading. 
)~e 
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(a) (b) 

Figure 3.88 SEM fractographs taken from the fracture surface of a fatigue sample, 
showing that no striations are present. Arrows indicate crack propagation direction. 
This is the region of stage II propagation. The material was a 4140 steel tempered at 
400'C. (a) t:.K = 21 MN/msl2. (b) t:.K = 67 MN/m,3I2. (From Thielen and Fine. 2s) 

Figure 3.1111 Examples of fatigue crack surfaces in which striations are absent or iII­
defined. (a) Unalloyed carbon steel (0.45% C, 0.25% Si, 0.65% Mn). (From Engel and 
Klingele.10

) (b) Drawn and galvanized annealed steel wire <0.46% C, 0.20% Si, 0.48% 
Mn, 0.027% P, 0.023% S). Rotative bending specimen. The striations are crushed and 
one mostly BeeS the secondary cracks. (From HeTlry and Horstmann. 7) 
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(e) 

Figure 3.69 (Continued) Examples of fatigue crack surfaces in which striations are ab­
sent or ill-defined. (e) Fatigue rupture under tension-compression of a steel containing 
0.51% C, 0.32% 81, 0.65% Mn, 0.013% P, 0.015% S, 1.12% Cr, and 0.28% V. Fatigue 
rupture along grain boundaries. Striations can only be seen in several parts of the rup­
ture. (d) Threaded steel bar <0.61% C, 0.32% Si, 0.75% Mn, 0.027% P, and 0.021% S) 
broken in service. Pearlite structure. Here one can observe characteristic steps and stri­
ations besides pearlite. (From Henry and Horstmann. 7) 

The final stage of fatigue crack propagation is stage III, which is the 
final overload fracture. The crack propagates in stage II to the point 
where the remaining supporting material is not sufficient to support 
the load on the next cycle (or the next few cycles), and fracture occurs 
usually catastrophically and usually with little gross plastic deforma­
tion. The fracture-surface topography depends on the fracture mecha­
nism, which is usually by void coalescence or cleavage. It is usually 
easy to distinguish stage III from the other stages. 

It might be expected that there would be a relationship between the 
fine fracture topography and the "macroscopic" con(;:hoidal markings 
(see Sec. 4.5), which are characteristic of fatigue fracture. Figure 
3.70a shows an SEM fracto graph at low magnification in which the 
conchoidal marks are seen. (They were also quite visible in light mi­
croscopy.) However, upon imaging at increasing magnification the re­
gion containing one of these "lines," it is seen that the cause of the 
markings is less clear. There is a slight difference in coarseness of the 
surface on one side of the line compared to the other side (see Fig. 
3.70e), which is what gives rise to the markings. (Note that in this 
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FIgure 3.70 SEM fractographs showing the fine-surface topography associated with 
conchoidal markings. Each outlined area is shown at higher magnification in the fol­
lowing fractograph. The material was a 316 stainless-steel electrode wire from an elec­
trostatic pl-ecipitator. 

case only faint fatigue striations are observoo.)In this example the load­
ing spectrum appears to have been such that the fracture surface topog­
raphy changed locally, which gave rise to the conchoidal markings. 

The point of this example is that it is often not obvious exactly what 
causes the conchoidal markings to be visible. This can be caused by 
the intrinsic effect of the loading on the fme fatigue surface topography, 
by variations in rubbing of the fatigue fracture 'surface during service, 
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Figure 3.70 (Continued) SEM fra,ctographs showing the fine-surface toPology associated 
with conchoidal markings. Each outlined area is shown at higher magnification in the 
following fractograph. The material was a 316 stainless-steel electrode wire from an 
electrostatic precipitator. 

and by different degrees of corrosion of the fracture surface as the 
crack advances. ' 

3.10 High-Temperature Fracture Topography 

In this section we examine the surface topography of fractures that occur 
at temperatures high enough that the mechanism may be basically dif-

o ferent from those just described. Thus the term "high temperature" here 
does not necessarily mean elevated temperature, but refers to a temper­
ature at or near the melting point, or to a temperature where creep-type 
processes contr,ol fracture. For example, these could occur in lead-based 
alloys at room temperature. From a practical standpoint, though, we are 
mainly concerned with fracture considerably above 25°C. 

An important practical problem with fractography of high- 0 

temperature fractures is that after fracture the features of the frac­
ture surface are usually affected by the environment. For example, 
the surface may be covered with a heavy oxide scale. This effect on the 
surface may make identification of the mechanism difficult. An exam­
ple of this difficulty is illustrated in Figs. 3. 71 _and ;3~?2 . The clear 
dimpled morphology of the fracture surface,-allowing identification of 
the mechanism as void coalescence, is obliterated upon exposure of the 
fresh fracture surface to air. It also may be difficult to separate the effect 
of the environment on the fracture process, per se, from the effect it 
has on the fresh fracture surface after fracture or during fracture . 
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(a) (b) 

Flgur. 3.71 Fractographs illustrating the effect of oxidation on fracture-surface fea­
tures. Material was an annealed Ti-8Al-8V-2Sn alloy. (a) Original fracture surface 
appearance. ~b) Effect of a l5-min exposure in air at SOO·C (1470·F). (From Kerlins 
and Phillips. ) 
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FIgure 3.72 Fractographs illustrating the effect of oxidation on the 
fracture-surface features. Effect of a 700°C (1290°F) air exposure on 
an annealed Ti-8Al-2Sn-4Zr-6Mo alloy with an initial dimpled 
fracture surface. (a) As fractured. (b) Identical area after 3-min ex­
posure. (c) After 10 min. (d) After 30 min. (From Kerlins and 
Phillips.9) 
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(a) (b) (e) 

Flgur. 3.73 Effect of test temperature on fracture-surface topography. The sample was a 
Haynes 556 alloy and was tested at a strain rate of la-i. (a) Dimple rupture fracture at 
l015·C (lS60·F). At the bottom of many dimples are TaC inclusions. (b) Intergranular 
decohesion at 1523°C (22S7°F). Se<:ondary cracks are also visible. (e) Local eutectic 
melting of TaC + austenite at l333°C (243l 0 F). (Courtesy of J. J. Stephens, M. J . 
Cieslak, and R . J. Lujan, Sandia National Laboratories; from Kerlins and Phillips.9) 

As the temperature of fracture increases, some alloys show a change in 
mechanisms from void coalescence to intergranular separation, especial­
ly if a liquid forms at the boundaries. An example is shown in Fig. 3.73. 
It is interesting to note that the tensile elongation of the sample tested at 
25°C was about 70 percent, while that tested at 1253°C, which fractured 
intergranularly (Fig. 3.73b), only exhibited 8 percent elongation. 

If fracture is associated with local melting, then a characteristic 
dendritic topography is found, as illustrated in Fig. 3.74. In this case the 
actual fracture occurred at the junction of a few dendrite arms (see ar-

Flgur. 3.74 Fracture surface 
showing a dendritic appearance, 
associated with fracture of a liq­
uid film between dendrites. This 
was a crack in a Waspaloy alloy 
immediately adjacent to an elec­
tron beam weld. The crack 
shows the characteristics of frac­
ture in the pasty state, namely, 
the surface consisting of drop­
lets and drawn-out J)eaks. (From 
Engel and Klingele. 10

) 
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Flgur. 3.75 SEM fractographs of dendrites found on a fracture surface, but which arc 
the surface of preexisting shrinkage cavities. The alloy was an 18% Ni, grade 300 
maraging steel. Fractograph (b ) shows at higher magnification the area outlined by 
the rectangle in (a). (From Metals Handbook.l1) 

rows). A similar topography is found when the fracture exposes solid­
ification voids, so that the dendritic surface is seen; an example is 
given in Fig. 3.75. However, in this case this is not a fracture surface 
but an exposed void surface. If incipient _mel~!!J.g . Q<':~).!Ia .. a.l9.~~ grain 
boundari~.s.Jhe fra~ture w:ill~EP~l:!rj~. '- - --
. The fiactograpli ' in Fig. 3.76 illustrates the topography sometimes 
seen in fractures in which the anoy is partly liquid. The smooth regions 

Flgur. 3.76 Fracture surface 
showing evidence of melting. 
This is from a crack in a brazed 
tube. The smooth regions are 
the intergranular zones that 
fractured at high temperatur:e 
in the presence of liquid copper; 
the dimpled regions are where 
the material fractured during 
opening of the crack at room 
temperature to reveal the frac· 
ture surface. (From Henry and 
Horstmann. 7) 
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Flgur. 3.n Fractograph show­
ing extensive plastic deforma­
tion due to fracture at high tem­
perature. (From Engel and 
Klingele.10) 
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. were molten at the temperature at which the part fractured. The 
rougher regions are the location of actual separation which occurred 
by void coalescence. 

At high temperature, after the formation of microcracks and 
microvoids, the remaining connecting material can undergo extensive 
plastic deformation before final separation occurs. This creates highly 
elongated features on the fracture surface, as illustrated in Fig. 3.77. 
In some cases, very elongated "necks" are seen, as shown in Fig. 3.78. 

Figure 3.78 Fractographs showing regions exhibiting extensive plastic defor­
mation (arrows). (a) Separlltion with the formation of drawn-out peaks in an 
electron-beam weld bead in a marllging steel (0.02% C, 0.1 % Si, 0.1 % Mn, 12% 
Co, 5% Mo, 18.5% Ni, 0.9% Ti). (b) Separation (hot tearing) produced in a 
nickel alloy (Al Si 12 Cu Mg) casting which involved sharp changes in cross 
section. The fracture surface shows rounded quench structures resembling 
shrinkage porosity, dimple formation and the characteristic, drawn-out peaks. 
(From Engel and Klingele.10) 
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Figure 3.78 (Continued) Fracto­
graphs showing regions exhibit­
ing extensive plastic deforma­
tion (arrows). (e) Intercrystalline 
separation, showing peaks 
'formed at the softened grain 
boundaries in a steel forr.ng. 
(ji'rom Engel and Klingele.' ) 

The formation of intercrystalline 
cracks under creep conditions at 

elevated temperatures: 

(a) cracks formed at the intersections (b) the formation of voids ai grain 
of savocal grain boundaries boundaries aligned perpendicular to 

the principal tensile stress 

After H, BOhm. Einruhrung in die MetaJlkunde (Introduction to Metallurgy). Bibliogr. 
Institut Mannheim. 1968 

FIgure 3.711 Schematic illustration of the formation of (a) wedge and (b) creep 
cavities. (After Bohm2.; from Engel and Klingele. ) 

(a) (b) 

FIgure 3.80 Microstructures from creep speci~ens showing ~p caviti~s .and wedge 
cracks. (a) Cracks initiated at triple boundanes. 17Cr-14NI-TI austemtlc stainless 
steel creep-tested at 650°C (1202°F) under 80 N/mm~ for 3383 h. (b) Beadlike cracks 
along grain boundaries. 17Cr-14Ni-Ti-B austenitic stainless steel creel"tested at 
650°C (1202°F) under 130 N/mm2 for 429 h. (From Henry and Horstmann, ) 
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Creep fracture is a separate mechanism. U8ually cracks are initi­
ated at grain boundaries and at grain-boundary junctions, as shown 
schematically in Fig. 3.79. The former are called creep voids and the 
latter wedge cracks. Examples of these are shown in the micro­
structures in Fig~-3 :80. Fractographs of creep voids and wedge cracks 
are given in Fig. 3.81. As pointed out, interaction of the fracture sur­
face with the environment during and after the fracture may make it 
difficult to identify such features . 

(a ) 

(b) (e) 

FIgure 3.81 Fractographs showing creep cavities and wedge cracks. (a) Creep cavi­
ties (voids) which formed at BOO°C (1472°F) at the grain boundaries of Nimonic 105. 
These were 'revealed by breaking the sample at -196"C (-321°F). (b) Wedge crack· 
ing in Inconel 625 and (e) wedge cracking in Incoloy 800. [(a) From Engel and 
Klingele. lo (b ) and (c) from Kerlins and Phillips. 9] 

.", 
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3; 11 Environmentally Assisted Fracture 

The environment can have a potent effect on crack nucleation and 
propagation in alloys. In spite of extensive research on the environ­
mental effect, the underlying mechanisms are not always understood 
since the processes have been found to be very complex. This is re­
flected in the wide variety of fracture-surface topographies found, 
showing that the type of fracture which occurs depends on the alloy 
and the environment, and therefore a single underlying fracture 
mechanism has not been found. 

Thus the approach to recognizing that the environment may have 
influenced fracture cannot rely so clearly on the type of fracture topog­
raphy. In addition, the "fresh" fracture surface after it forms may be al-

(a) (b) 

(c) 

Figure 3.82 Fractographs illustrating a variety of stress corrosion cracking fea­
tures. (a) Two-stage TEM replica of inter granular stress corrosion crack surface in 
~S-64?~ steel. ,(From Beachem. s) (b) Transcrystalline stress liorrosion cracking 
m .a femtlc welding metal (unalloyed, high-purity filler material) which initiated 
due, to the presence of aqueous NaOH. This type of attack occursconly with high­
purity unalloyed steels and under the influence of liquid NaOH,.which formed as 
a result of the evaporation of water in a crevice formed due to bad manufacturing of 
a boiler. (e) and (d) Stress corroRion cracking in an austenitic stainless steel (0.1% C, 
1% Si, 2% Mn, 18% Cr, 10% Ni, 2% Mo, 0.6% Til caused by MgCI2 solution at over 
100·C, Noticeable features are intergranular separation (e), and featherlike struc­
tures and large cleavagelike areas (d). (From Engel and Klingele. 10

) 
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tered by subsequent chemical interaction with the environment 
which makes interpretation difficult. In this section we present som~ 
examples of typical fracture topographies found to illustrate the influ­
ence of the environment. 

An important type of fracture mechanism is stress corrosion crack­
ing. It has been found that components loaded to below the yield 
strength may suddenly · fracture in certain corrosive environments. 
Figure 3.82 shows examples of such fracture surfaces, which illustrate 
the diversity of the topography. Note that both intergranular and 
transgranular fractures are found. It may be difficult just from the 
fracture-surface appearance to conclude that the fracture was caused 
by corrosion assistance. 

Hydrogen embrittlement is another environmentally assisted frac­
ture mechanism commonly encountered in a number of alloys. The hy­
drogen can already be present in the material {such as by retention 
during casting), but the more common source is hydrogen picked up in 
service or during processil)g (such as plating). The hydrogen can be 
absorbed in sufficient quantities at quite low temperature, such as 
during chemical cleaning of the surface of the component or during 
plating. 

The mechanism of the embrittlement is not clear. The type of crack 
which forms and propagates is sensitive to several factors, such as the 
alloy and the loading conditions. This may make it difficult to ascer­
tain whether hydrogen embrittlement was involved from just the frac­
ture surface appearance. Figure 3.83 shows examples of the fracture 
surfaces of hydrogen-embrittled alloys. 

(a) 

Figure 3.83 Fractographs illustrating a variety of hydrogen embrittlement 
fracture surfaces. (a) A gall-carburized steel screw (0.3% C, 0.25% SI, 0.75% 
Mn, 1% Cr) broke after being galvanized. Characteristic features of 
hydrogen-initiated fracture are the yawning grain boundaries micropores 
and hairline patterns (partly In the form of crows-feet markin~). (Fro"; 
Engel and Klingele. 10 ) 
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(b) 

(c) (d) 

Flgur. 3.83 (Continued) Fractographs illustrating a variety of hydrogen 
embrittlement fracture surfaces. (b) A ferritic fine-grained steel (0.2% C, 0.5% ~l, 
1.5% Mn) was tested in the laboratory by straining it beyond the y.ield poin~ m 
an aqueous solution of H2S. Hydrogen, produced by the corrosion reaction 
Fe + H2S -+ FeS + 2H, caused the brittle. fractun; of the material. The fra~re 
mechanism is mainly that of transcrystalline quaslcleavage, ~u~ ~as of pear~lte 
can also be recognized (roughly in center of picture). (c) A preclpltatlOn hardenmg 
steel (17% Cr, 3% Ni, 2% Cu) became embrittled due to the influence of hydrogen. 
This steel is regarded as being extremely sensitive to the. presence of hydro~n. 
The characteristic features indicating hydrogen embnttlement are: micro­
quasicleavage facets, mkropores, and ductile hairlines. (d) Flake cracking in 
unalloyed carbon steel. (From Engel and Klingele. 10

) 
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Stress corrosion cracking and hydrogen embrittlement are usually 
found in statically loaded situations. If the load varies, then corrosion­
assisted fatigue is encountered. Typical fracture surfaces are shown in 
Fig. 3.84. Usually the surfaces show signs of corrosion. Fatigue stria­
tions may be seen, but not always. They may have been obliterated by 
the corrosive attack of the fracture surface during crack propagation, 
or after fracture but before the part could be removed from the envi­
ronment. 

3.12 Flutes 

A fractographic feature which has been found in alloys of complex 
mierostructure (such as Ti alloys) is called flutes. Examples are 
shown in Fig. 3.85. In some alloys their formation is associated with 

(8) (b) 

Agur. 3.84 Fractographs of alloys which failed due to corrosion· assisted fatigue. (a) 
Corrosion fatigue in an austenitic stainless steel (17% Cr, 15% Ni, 4.3% Mo) caused by 
chloride-containing bleaching solution with a pH of 2. The fracture surface shows little 
evidence of plastic deformation and consists of smooth, crystallographically oriented 
surfaces. (b) Brass condenser tube (Cu Zn 28 Sn). The crysta1lographically oriented, 
featherlike structure on the fracture surface has resulted from transcrystalline fracture 
which has been accompanied by only a minimal amount of deformation. (From Engel 
and Klingele.10

) 

o . : 



188 Chapter Three 

(c) 

(e) 

Figure 3.84 (Continued) Fractographs of alloys which failed due , to corrosion­
assisted fatigue. (e) Cu Zn 28 Sn. Fatigue striations on the smooth blocks are 
characteristic of this type of fracture. (d) (e) Cu Zn 20 AI. The smooth crack paths 
with fatigue striations are characteristic f~tures of C?~osi~n fatigue. [(e) and (d) 
From Engel and Klingele. 10 (e) From Kerlms and Ph'lllps. 1 

a ~ariety of fracture modes, such as fatigue, overload, and stress 
corrosion cracking. They appear to form from planar slip as tear re­
gions form between cleavage cracks. The elongated &,eometry is as­
sociated with the elongated grains which are present in the micro­
structure. 
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Figure 3.85 Examples of the fracture-surface feature called /lutes. (a) Flutes and cleav­
'age resulting from mechanical overload of a Ti-O.350 alloy. (b) Flutes and cleavage reo 
suIting from stress corrosion cracking of beta·annealed Ti-8AI-lMo-l V alloy in meth. 
anol. (e) Flutes and cleavage in beta·annealed Ti-8AI-lMo-lV resulting from 
sustained-load cracking in vacuum. (d) Flutes near the notch on the fracture surface of 
mill-annealed Ti-8A1-IMo-lV alloy resulting from corrosion fatigue in salt water. 
(Adapted from Meyn and Brooks.2fi ) 

3.13 Wear 

The removal of small particles from surfaces by contact with other 
surfaces or by interaction with the moving surrounding environment 
(such as high-velocity water) is called wear. The basic characteristic of 
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the process is fracture of material from the surfaces, and thus involves 
the fracture mechanisms described. However, it usually is difficult to 
characterize the wear process in a simple fashion due to factors such 
as melting and oxidation at the interface of the mating surfaces due to 
frictional heating, localized solid-state welding of surface asperities 
followed by fracture, embedding of debris in the surfaces, and so on. 
Because it is such a complicated process, a treatment of the subject is 
not included in this book. However, publications listed in the Bibliog­
raphy (Phol, Tucker, and Wulpi in particular) contain treatments 
which will serve as starting points for understanding wear failures. 
Also, the glossary at the end of the book contains some of the common 
terms in wear failures. 

3.14 Stereo examination 01 
Fracture Surfaces 

Although electron micrographs of fracture surfaces (especially scan­
ning electron micrographs) have a three-dimensional appearance, due . 
to the great depth of field of the instruments, a much better feeling of 
the depth profile can be obtained by stereo imaging the surface (see 
Appendix lA). Such pictures are easy to obtain. They require taking a 
picture of the region of interest, then tilting the specimen a few de­
grees and photographing the new image of the same area. The two pic­
tures are then appropriately arranged and viewed with a stereo 
viewer to bring out the depth detail. 

The added information obtained by stereo viewing cannot be over­
emphasized. To emphasize the advantage of stereo viewing, several 
stereo views of fracture surfaces, which should be examined using a 
stereo viewer, are presented here. Figure 3,86 shows optical stereo 
pairs, illustrating that this method can be used for viewing with an 
optical microscope. However, the image suffers from low resolution, so 
most stereo pictures are obtained using an electron microscope. Fig­
ures 3.87 and 3.88 present several stereo pairs for a variety of fracture 
surface topographies. 

Stereo pairs can be used to obtain quantitative depth proflles. The 
procedure is outlined in detail in Appendix lA. 

3.15 Comparison 01 SEM and TEM Fractographs 

Prior to the advent of the SEM, fractographs were obtained by imag­
ing replicas of the fracture surface in a TEM, and thus the earlier doc-
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(a) 

(b) 

FIgure 3.86 Optical stereo pairs of fracture surfaces. (a) Low-cycle fatigue 
fracture in aluminum alloy 1100. (b) Fracture surface of cast experimen­
tal low-carbon steel. (From Metals Handbook. 11 ) 

umentation of the fracture surfaces is in this form. Now most obser­
vations are made with the SEM. However, there still are situations 
where a replica must be examined; for example, the broken component 
may be too large to place in an SEM. The appearance of the same frac­
ture surface as observed in SEM and from a replica in TEM is some­
what different, and it is useful to recognize the appearance of common 
features (such as dimples) in the two types of images. Figure 3.89 
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(a) 

(b) 

Agure 3.87 Stereo pairs of several types of fracture surface topographies. (a) Stereo 
pair showing deep dimples in the fracture surface of commercially pure titanium. 
(Courtesy o{"M. Erickson-Natishan, University o{ Virginia; (rom Gabriel. H) (b) 
Stringer and two stringer troughs on the fracture surface of 4340 steel heat-treated 
to a tensile strength of 1310-1450 MPa (190-210 ksi). Top-trough that earlier con­
tained a stringer; bottom-trough that still contains two portions of a stringer. (From 
Metals Handbook. ll) 
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(e) . 

(d) 

Figure 3.87 (Continued) Stereo pairs of several types of fracture 
surface topographies. (c) SEM fractographs (stereo pair) of the 
surface of a tensile-test fracture obtained at room temperature. 
The alloy was a low-carbon iron to which an appreciable amount 
of Fe20 S had been added. (d) SEM fractograph (stereo pair) of the 
fracture surface of a Charpy impact test bar of high-purity iron 
(From Metals Handbook-1l ) • 
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Figure 3.88 SEM s~reo fractographs of several types of fractures. (From 

Metals Handbook.' ) 
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Figure 3.89 Fractographs comparing the exact same areas as observed on a carbon rep­
lica in TEM (left) and in SEM (right). (From Maillard, Meny, and Champigny.27) 
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rcplic:I TEr.1 . 
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FIgure 3.89 (Continued) Fractographs comparing the exact same areas as observed on a 
carbon replica in TEM (left) and in SEM (right). (From Maillard, Meny, and 
Champigny.27) 
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Acicr (: . 0,03 --· Cr 16 N i 12 ·Mo 2- t--fll 1.2. Fatiglle e ll tractio ll ·· ·comprcssioll 
il 580°C dans 1"lfgOIl ·· nOlllllrc ' de cyeles 25.535 ··· FOj fn"qllel1e(' 20 s. 

Figure 3.89 (Continued) Fractographs comparing the exact same areas as observed on a 
carbon replica in TEM (left) and in SEM (right). (From Maillard, Meny and 
Champigny.27) , 
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Acier C < O.08- -Cr 17-- Ni 12 - tra~liull ,,! 20°C. 

FIgure 3.89 (Continued) Fractographs comparing the exact same areas as observed on a 
carbon replica in TEM (ieft) and in SEM (right). (From Maillard, Meny, and 
Champigny.27) 
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FIgure 3.89 (Continued) Fractographs comparing the exact same areas as observed on a 
carbon replica in TEM (left) and in SEM (right). (From Maillard, Meny, and 
Champigny.27) 
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shows examples of the surface topography of the same area as imaged in 
.SEM and TEM. Figure 3.90 contains stereo pictures of the same fracture 
surface (but not the exact same area) imaged with SEM and TEM. 

3.16 Artifacts 

There may be features on fracture surfaces which are artifacts intro­
duced by sample preparation and which must be distinguished from 
true fracture features. Some of these are usually easily identifiable, 

(a) 

Agur. 3.90 Stereo fractographs of various surfaces comparing 
the appearance of the identical area on the fracture surface as ob­
served in TEM and in SEM. In each set of pictures, the upper pair 
are SEM micrographs, and the lower pair are TEM replica micro­
graphs. (a) A room-temperature impact fracture in plain carbon 
steel after heat treatment at 800°C (l472°F) for 6 min and oil 
quenching. The specimen was fractured untempered, at a hard­
ness of Rockwell C 66. The fracture surface exhibits dimples re­
sulting from microvoid caa1escence, and small local areas of 
quasicleavage facets . The roughly oval tip of a projection at arrow 
1 in the SEM view can easily be identified in the TEM. A feature 
with a crudely triangular tip pointing to the left (arrow 2) is also 
readily recognized. The upper portion of this feature, however, ap­
pears much flatter in the TEM view than in the SEM, although 
local marks can be identified in each. Another site of confonnance 
between the SEM and TEM stereofractographs is at arrow 3. 
Some details are lost at arrows 4 and 6 in the TEM ~~ because 
of local tearing of the replica. (From Metals Handbook.1 

) . 
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Figure 3.91 Fractograph showing what appear to be fatigue striations, but these are 
actually caused by fracture through the alternate lamellar layers of ferrite and iron 
carbide in pearlite. Note that in several local areas the rr,arlite lamellae have been 
separated by secondary cracks. (From Metals Handbook. 1) 

such as debris and corrosion products. Others can cause false interpre­
tation of the fracture process. 

Figure 3.91 shows a fracture surface which includes regions con­
taining parallel lines. These are similar to striations, but in this case 
they are caused by fracture through the parallel lamellae of ferrite 
and iron carbide in pearlite. Other features which can be mistaken for 
fatigue striations are Wallner lines (Fig. 3.92) (sometimes found on 

Figure 3.92 TEM replica of 
Wallner lines, a feature which 
sometimes occurs on the fracture 
surface of very brittle materials 
(such as gI888). 'rhe specimen was 
WC-Co. Etched with 5% He!. 
(Courtesy of S. B. Luyckx, Univer­
sity of Witwaterorand; from Kerlins 
and Phillips. 9) 



Figure 3.93 Fractograph showing 
smooth regions which are rub 
marks, due to contact of the two 
surfaces after fracture occurred. 

fracture surfaces of brittle materials and phases, but their origin is 
not well established), slip traces (Figs. 3.39 and 3.23), and tire tracks 
(Fig. 3.67). 

Figure 3.93 shows a fractograph in which smooth regions appear. 
This is a true feature of the fractured surface; however, it is not as­
sociated with the fracture process but was formed by rubbing of the 
two surfaces together (rub marks) after the fracture surfaces 
formed. This is a common feature in fatigue fractures. Figure 3.94 
illustrates a feature called mud cracks . This is a region of deposited 
corrosion products and not an actual feature of the fracture process. 
Examination of the fracture surface in between repeated cleaning 
(for example, with replication tape; see Sec. 1.4.2) will allow detec­
tion of such artifacts . . 

In the preparation of TEM replicas, a number of artifacts occur 
which have been recognized. One problem is tearing, stretching, or 
scraping of the plastic replica on removal from the fracture surface. 
Examples of the effect of these on fractographs are shown in Fig. 
3.95. Since the replica is usually shadowed with a heavy metal to 
improve contrast (see Sec. 1.4.2), it is possible to overheat the plas­
tic replica in this step. Testing of the consistency of the appearance 
of successive replicas will usually isolate this effect. Excessive heat­
ing of the replica by the electron beam may cause the heavy metals 

• IU""UIII:1 ..... I'O"llaIlIDIIIII allu Mllt;rUJrtnaogntpnU;; t"ealUrea jtUO 

(b) 

Figure 3.94 Fractographs showing mud cracks, a feature associ­
.ated. with corrosion products on the fracture surface. (a) Surface 
·of an intergranular fracture in aluminum alloy 7079-T651 
caused by stress-corrosion cracking in a 3'1.% NaCI solution. 
(From Meyn.28

) (b) Fracture surface of 316L austenitic stainless­
steel 8urgiCRl implant, broken in service in body fluid. (From 
Metals Handbook.26

) 
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TEM fractograph (p·c replica) 20,000 ): 
(b) 

Flgur. 3.85 Examples of artifacts in TEM replicas. (a) 
Scraping artifact frequently encountered in the two­
stage process. (b) The thin film of plastic between the 
bubble and the replicated surface is seen to be partly re­
moved from theplastic replica at the bubbles indicated 
by arrows. 
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Figure 3.95 (Continued) Examples of arti­
facts in TEM replicas. (c) The appearance of 
the bottom half of the fractograph (below ar­
row A) is the result of tears in the first-stage 
plastic replica, and is not at all representa­
tive of the fracture surface. A crack in the 
carbon second-stage replica is indicated by 
arrow D, a particle from tho improperly 
cleaned fracture surface is indicated by ar­
row C, and residual plastic from incomplete 
dissolution of the first stage is indicated by 
arrow D. (From Metals Handbook. 11. 26) 
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used for shadowing (see Sec. 1.42) to become reticulated (pat­
terned), as shown in Fig. 3.96. Again, whether such an appearance 
is an artifact can be determined by the preparation of successive 
replicas. A problem in two-stage plastic replica preparation (see 
Sec. 1.42) is that the plastic may not be completely removed from 
the carbon film. The appearance of the residual plastic film in TEM 
is shown in Fig. 3.97. Even if the replica contains no artifacts after 
removal from the surface to be replicated, the carbon film, which is 
very thin (such as 200 A), may tear and will give an appearance 
similar to that illustrated in Fig. 3.98; however, this artifact is usu­
ally easy to recognize. 

I r 
I . I 
,t .. 
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(a) 

22.500 " 

Figure 3.96 Example of reticula­
tion of a replica caused by exces­
sive heating in the electron 
beam of the TEM. This was a 
Pd-shadowed plastic-carbon rep­
lica of a fracture in nickel show­
ing dimples. Reticulation was 
caused by melting of the shad­
owing metal in the microscope 
and the formation of globules. 
(From Metals Handbook.26) 

FIgure 3.97 TEM replicas showing incompletely re­
moved pl!Ultic from a carbon mm. (From Beachem. 6) 
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(b) 

Figure 3.97 (Continued) TEM replicas showing incom­
pletely removed plastic from a carbon film. (From 
Beachem. B

) 

Figure 3.98 TEM replica show­
ing the effect of curling of the 
carbon film. This was a direct 
carbon replica of a flat fracture 
surface (iron cleaved at . dry-ice 
temperature). A region of grad­
ually changing density is shown 
between the arrows. (From 
Beachem. B) 
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4.1 Introduction 

When the fracture surface of a broken component is examined with 
the unaided eye or at low magnification (such as < 20 X), distinct to-
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pographical features are usually seen. Deduction of the mode of frac­
ture based on this macroscopic examination relies on the correlation of 
characteristic features with known fracture conditions. Fortunately 
there exists a wealth of experimental observations of the fracture sur­
faces of test samples fractured under known loading conditions, and in 
most cases the topographical features are quite unique for each type of 
loading condition. The orientation of the fracture surface of a broken 
component often reveals unambiguously the loading condition which 
led to fracture, and this was examined in Chap. 2. The microscopic 
process whereby metallic materials fracture was called mechanism (or 
micromechanism), and the associated fracture-surface fine-scale topo­
graphy was the subject of Chap. 3. 

In Chap. 4 the types of fracture mode and the associated macro­
scopic fracture-surface topographical features are examined. The term " 
fracture mode is used to indicate the type of external loading that 
causes fracture; this could be called fracture macromechanism. The 
simplest modes are described first (such as simple tensile loading), 
then more complex cases are examined. We conclude the chapter by 
illustrating the microfractography of test samples of known fracture 
modes which have specific macrofractographic appearances. 

4.2 Tensile Overload 

In the tensile overload mode it is assumed that the external load is 
uniaxial, and that it is monotonically increasing until the material be­
gins to neck. For samples tested in a conventional tensile tester, the 
test is conducted at approximately a constant extension rate, so that 
after necking the load actually decreases until fracture (see Sec. 2.2). 

The fracture-surface appearance depends on the type of material, its 
microstructure, and the testing conditions (such as test temperature 
and strain rate). Under tensile loading, the material may show exten­
sive plastic deformation prior to fracture, in which case it is consid­
ered to be ductile (see Sec. 2.11). If little plastic deformation occurs, 
the fracture is called brittle. However, the amount of plastic deforma­
tion which separates these two categories is somewhat arbitrary, al-

\ though less than 5 percent elongation at fracture in a tensile test is a 
convenient value to consider a material brittle (see Sec. 2.11). 

First we consider a ductile overload mode. In this case there is ex­
tensive elongation at fracture, and the cross section will be decreased 
in the vicinity of the fracture. In a cylindrical test sample, this usually 
results in the fracture appearance shown in Fig. 4.1. There is a central 
rough region whose overall plane is normal to the loading axis. On the 
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Figure 4.1 Broken tensile sample showing ductile fracture with the 
common cup-and-cone appearance. (After Vander Voort.1) 

pe~iphery is a surface inclined at 45° to this plane, called a shear lip. 
ThIS type of fracture is called cup-and-cone" fracture . The origin of 
such a macroscopic geometry was discussed in Sec. 2.8. It was pointed 
out there that in the tensile test, once necking begins, the triaxial 
stress which develops favors plastic deformation by shear in the center 
of the plane of the minimum cross section (at the neck location). Thus 
the examination of cross sections on the axial plane of such samples 
loaded to near fracture shows that fracture initiates in the center of 
the cYli?de.r (.Fig. 4.2). When the cracks develop sufficiently, the in­
tense tnrunahty at the periphery of the internal crack causes the de­
velopment of large shear stresses at 45° in the outer ring of connecting 
material, and this region then fractures along a general plane at this 
angle, forming the shear-lip region. Tensile test samples of rectangu­
lar cross section which fracture in a ductile manner also show similar 
characteristics (Fig. 4.3). 

The fracture surface of such necked samples usually looks similar to 
that in Fig. 4.4. In the center there is a fibrous zone, so called beCause 
its appearance is similar to that of a broken fiber structure. Emanat­
ing from the outer periphery of this zone are somewhat coarser mark­
ings, called radial marks. These terminate at the outer circumferen­
tial zone containing the shear lip. The extent of each zone depends on 
th~ material , its structure, and the test conditions. Examples are 
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Figure 4:4 (a) Features of the fracture surface of a ductile tensile sample. The surfaces 
of the fibrous and radial zones are usually normal to the tensile axis; the shear-lip sur­

. face is always at about 45° to the tensile axis. (From Metals Handbook.2
) (b) Fracture 

'surface of a broken ductile tensile sample of 4340 steel tested at 120°C (248°F). The 
structure was tempered martensite, and the hardness was 46 Rockwell C. (From Metals 
Handbook.") (e) Ductile cup-and-cone fracture of a tensile sample of a maraging steel 
(0.02% C 0.1% Si, 0.1% Mn, 13% Cr, 8% Ni, 5% Co, 0.8% Ti). (From Engel and 
Klingele.:I) (d)Necking and shear fracture in a rectangular tensile test sample made 
from a maraging NiCoMo-containing steel. (From Engel and Klingele.s) 
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Liiht Iractoiraph (I' About 13 x Light Iractograph About 13 ) 

Light fractograph (c) 12 x 

Figure 4.5 Fracture surfaces of broken 4340 steel tensile samples, showing the varia­
tions in topographical features indicated in Fig. 4.4a. (a) Pearlitic structure, hardness 
15 Rockwell C. Inner zone is randomly fibrous; outer surrounding zone (inside the outer 
shear lip) has radial marks. (b) Tempered martensite structure, hardness Rockwell C 
28. Inner, fibrous zone is circumferentially ridged; intermediate zone has coarse radial 
marks; outer ring is shear-lip zone. (e) Tempered martensite, tested at -196°C (-321°F). 
No fibrous zone, only radial marks. (From Metals Handbook2 ) 
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Light fra c togr a p h 
(d) 

14 ' 

Figure 4.5. (Continued) Fracture surfaces of broken 4340 
steel tensile samples, showing the variations in topolog­
ical feAtures indicated in Fig. 4.4a . (d) Tempered 
ma rt ensite, hardness Rockwell C 28. Curved coarse ra­
di al ohpnf marks. (From Metals Handbook2

) 
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shown in Fig. 4.5. In general, as the strength increases, the amount of 
necking is less, and there is a reduction in the extent of the shear-lip 
zone. Also, the central fibrous zone covers less area and the radial 
marks are less coarse. These effects are illustrated in Fig. 4.6. Similar 

-effects are seen as the test temperature decreases, as shown in Fig. 
4.7. The general features for rectangular and square cross-sectioned 
tensile samples are presented in Fig. 4.8; they are seen to be similar to 
those of cylindrical samples. 

If the sample is brittle, there is little macroscopic plastic deform a- .\ 
tion and fracture usually occurs on a plane which is macroscopically 
normal to the tensile load axis. The appearance of such tensile sam­
ples is shown in Fig. 4.9. On the fracture surface there is little shear 
lip and the fibrous zone is small. The radial marks are finer, but their 
direction still indicates the origin of fracture. 

The macroscopic fracture topography is affected by constraints on the 
sample. As the width-to-thickness ratio increases, the relative amount 
of the fracture surface containing the shear-lip zone increases also 
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Flgur, 4.6 Fracture surfaces of broken tensile samples of the same 
steel heat-treated to different strengths, (a ) Unnotched specimens. 
(b) O.100·in notch·radius specimens. (Fracture originates at the 
center for these specimens as the notch is not sharp enough to ini· 
tinta fracture at tho notched surfnco.) (After Nune,9, Carr, and 
Larson. 4 Copyright CC> 1968. Reprinted by permission of John 
Wiley & Sons, Inc.) 
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Figure 4.7 Fracture surfaces of tensile samples of the same mate· 
rial broken at different temperatures. (From Nunes, Carr, and 
Larson.' Copyright © 1968. Reprinted by permission of John Wiley 
& Sons, Inc.) 
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Figure 4.8 Frndure surfaces of 
broken rectangular tensile sam· 
pIes. (a) Schematic representa' 
tion of tensile fracture features. 
(b) and (e) show that the fea· 
tures are affected by the width· 
to-length ratio; (e) shows a much 
smaller shear lip zone. (From 
Nunes, Carr, and Larson'; adapted 
in Metals Handbook." Copyright 
CC> 1968. Reprinted by permission 
of John Wiley & Sons, Inc.) 

Figure 4.9 Broken tensile sample showing brittle fracture . tAfter 
Vander Voort. l) 
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Seel ion th ickness 
CrO Ck oflgtn -\ 
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8Ol0rACE AMOWS INDIC ATE DIRECTION or CAACK PROPAGATION 

Figure 4.10 Schematic illustra­
tion of tho . fracturo-Rurfaco fan­
turos of plato snmplos of diffor­
ent thicknesses broken in 
tensile loading. (From Nunes , 
Carr, and Larsen·, adapted in 
Metals Handbo'ok. ~ Copyright ID 
1968. Reprinted by permission 
of John Wiley & Sons, Inc.) 

(Fig. 4.10). Of special importance is that the radial marks develop into 
a pattern called chevron marks (Fig. 4.8), which point back toward the 
origin of the fracture. Thus they are a very important feature in re: 
constructing the fracture path and locating the fracture origin. An ex-" 
ample of the fracture surface of a plate showing the chevron pattern is 
given in Fig. 4.11. 

Constraints induced by notching the tensile sample affect the frac­
ture topography. Due to the intense triaxiality at the root of the notch, 
the cracks will initiate in this region and not in the center, and then 
progress inward. The fracture · features usually observed are indicated 
schematically in Fig. 4.12a. Note that the fibrous zone is on the out­
side, compared to the case of an unnotched sample (Fig. 4.4), and there 
is no shear lip. The radial marks emanate from the periphery of the 
fibrous zone, in toward the final fracture region at the center. How-

Ffgure 4.11 Fracture surface of a broken plate which shows rad!al r:narks in a chev­
ron pattern . pointing back toward the ori~n of the fracture , whIch IS at the left end 
of the specimen. (From Metals Handbook. ) 
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Figure 4.12 (a) Schematic illustration of the fracture surface zones of a notched tensile 
specimen. There is no shear lip, and the final fracture zone is in the center. (Compare to 
Fig. 4.40.) (b) Fracture surfaces of notched tensile samples showing the effect of notch ra­
dius on the fracture appearance. The material is 4340 steel, tested at -40·C (-40·F). Lei.; 
notch-root radius 0.1 in., tensile strength 1544 MPa (224 kei). Right: notch-root raruus 
0.01 in., tensile strength 1758 MPa (255 kei). (From Metals Handbook.2) 

ever, these radial marks are similar in appearance to those for 
unnotched samples (Fig. 4.4). Similar features are found in tensile 
tests of notched plates (Fig. 4.13). Figure 4.14 shows the effect of the 
test temperature on the appearance of the fracture surface of notched 
tensile samples. 

Figure 4.15 illustrates two sets of bolts broken by tensile overload. 
The bolt on the right in Fig. 4.15a is ductile, showing necking and con­
siderable elongation; the one on the left broke in a brittle manner 
with little elongation. In Fig. 4.15b, the bolt on the left has a cup-and­
cone fracture surface, and the distance between the threads increases 
as the fracture surface is approached, showing increased axial elonga­
tion. The .bolt on the right in Fig. 4.15b broke in a brittle manner with 
no obvious macroscopic dimensional change, and the fracture plane is 
relatively smooth and normal to the tensile load axis. 
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Flgllr. 4.13 Schematic illustration of the fracture­
surface features for notched rectangular tensile samples. 
(Compare to Fig. 4.10.) A fibrous zone is generated from 
the notch and extends for a short distance. A radial zone 
then supplants the fibrous zone, and a shear-lip zone is 
formed wherever the radial zone approaches the edge of 
the specimen. (From Nunes, Carr, and Larson4

; adapted 
in Metals Handbook.6 Copyright © 1968. Reprinted by 
permission of John Wiley & Sons, Inc.) 
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Flgllr. 4.14 Fracture surfaces of notched tensile samples 
of the same material broken at different temperatures. 
(From Nunes, Carr, and Larson.4 Copyright © 1968. Re­
printed by permission of John Wiley & Sons, Inc.) 
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Flgllre 4.15 Steel bolts broken in tensile overload. (a ) Brittle versus ductile fracture. 
The bolt on the left was water-quenched with a hardness of 47 Rockwell C and has no 
obvious deformation. The bolt on the right was annealed to a hardness of 95 Rockwell B 
(equivalent of 15 Rockwell C) and shows extensive permanent deformation. (b) Two 
identical steel bolts given different heat treatments. The annealed bolt on the left shows 
extensive necking and a cup-and-cone fracture. The austenitized then brine-quenched 
bolt on the right shows a relatively flat fracture surface, normal to the loading axis, and 
no obvious plastic deformation. (From Wulpi .6 ) 

4.3 Torsion Overload 

The stress state associated with pure torsion was described in Chap. 
2. In cylinders the maximum normal stress is at 45° to the axis, and 
the maximum shear stress is at 90°. Fracture can occur in a ductile 
or in a brittle manner. If the material fails in a ductile fashion, 
.then obvious plastic deformation will be detected. For example, if 
the cylinder has axial marks on the surface (such as drawing lines), 
then these will be spiraled around the surface. A clear example is 
shown in Fig. 4.16. A case showing twisted splines which reveal tor­
sion fracture is illustrated in Fig. 4.17 . If this effect is not revealed 
by such surface markings, it sometimes can be revealed by surface 
etching, as shown in Fig. 4.18. 

. ,,'I h. " ~~" . . 

• c 
Figure 4.16 Surface of a shaft which broke in torsion overload. The fracture surface at 
point A is perpendicular to the page. Between A and B helical lines are seen, which 
are torsion deformation bands. (From Metals Handbook.7) 
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Photoaraph About 2 " Liaht ffactolr.ph About 2 x 

Flgur. 4.17 Splined shaft which broke in torsion overload. The 6118 steel shaft 
had a hardness of 23 Rockwell C. (a) The splines on the left were constrained in 
the holder, whereas the part on the right was free to twist, showing that the frac­
ture was ductile. (b) The fracture surface shows a swirl pattern , characteristic of 
torsion, and is normal to the shaft axis. If there is combined bending, the region of 
final fast fracture will be off center. (From Metals Handbook. 2

) 

In ductile torsion overload fracture, the fracture surface is at 90° to 
the axis, as shown in Figs. 4.17 and 4.18. The surface appearance usu­
ally shows a "swirl" pattern (Fig. 4.17), but such a pattern can be 
made by the surfaces rubbing after fracture, and hence is not neces­
sarily indicative of torsional overload fracture. 

If the material is brittle, then it is expected that the fracture will 
be along planes sustaining the maximum normal stress, which is at 
45° to the cylinder axis (see Fig. 2.12). Figure 4.19 shows a sketch of 
the fracture surface of a rod of chalk which has been broken in pure 
torsion . The fracture surface is a spiral at 45° to the axis. Figure 
4.20 shows the fracture surface of a hardened steel rod which frac­
tured in a brittle manner in torsion overload. The cracks on the sur­
face of a shaft which fractured in a brittle manner are shown in Fig. 
4.21; the cracks are at 45° to the axis and hence normal to the max­
imum normal stress. 

In brittle fracture, the fracture-surface appearance is that associ­
ated with fast fracture. A very common type of brittle torsion fracture 
is found in spiral springs made of high-strength steel. An example 
which typifies the surface appearance is given in Fig. 4.22. In this 
case, initially a small fatigue crack had formed and served as the or­
igin of the torsion overload fracture. Note that the fracture surface is 
helical and at 45° to the wire axis. The fracture surface shows only 
radial marks, characteristic of fast fracture, and they point back to the 
location of the original fatigue crack. 
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Figure 4.18 (a) Shaft that broke intorsion overload. (b) Higher magnification view of 
(a ). 1035 steel drive shaft. Hardness of Rockwell C 34. Note that the fracture surface is 
flat and perpendicular to the shaft axis and that it shows a swirl pattern. The darkspi­
ral on the shaft in (a) was revealed by etching, and shows that the shaft was subjected 
to plastic deformation by torsion. (From Metals Handbook.2) 

4.4 Bending Overload 

In bending fracture, generally the fracture surface is similar to that 
produced by tensile overload. The difference arises due to the fact that 
one side of the component is in tension and the other in compression. 
Thus the crack forms on the tension side and propagates across until 
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Figure 4.19 Fracture appear­
ance of a piece of brittle chalk 
after breaking it in torsion·over­
load. (From Metals Handbook.2) 

Figure 4.20 Shaft broken in tor­
sion overload, showing brittle 
fracture. The steel contained 
0.8% C, 0.15% Si, 0.60% Mn, 
0.021% P, 0.032% S, 0.03% Ni, 
and 0.03% Cr and was quenched 
and tempered. (From Henry and 
Horstmann. 8) 

Figure 4.21 Case-hardened steel 
shaft which failed in torsion in a 
brittle manner. The arrow shows 
the direction that this end was 
twisted. The black lines at 45° 
are cracks, which show that the 
fracture is brittle (see Fig. 2.12). 
(From Wulpi. 6

) 

separation occurs. Figure 4.23 shows a broken bending sample that 
was ductile. The sample was notched, which introduced stress tri­
axiality, but the loading rate was low. Thus the fracture proceeded 
from the tension side to the opposite side with considerable plastic de­
formation and the formation of shear lips on the sides at 900 to the notch. 
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Figure 4.22 Spiral spring which broke in a brittle manner. 
(a) Fractured l3-mm-diameter spring of AlS! 10B62 steel 
wire with a hardness of 477 Brinel!. Note the spiral 
gouges, which are screw marks that were generated dur­
ing coiling. (b) Fracture surface shows a small fatigue 
crack which originated at a screw mark, but only grew 
slightly before torsion overload fracture occurred. (From 
Metals Handbook.6

) 

Figure 4.23 Ductile bending overload fracture . This was a 
notched bending specimen made of a steel containing 
0.10% C, 0.02% Si, 0.30% Mn, 0.032% P, 0.024% S, and 
0.003% N. (From Henry and Horstmann.8

) 
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Figure 4.24 Brittle·bending over­
load fracture. This steel sample 
contained ' 0.09% C, 0.02% Si, 
0.34% Mn, 0.042% P, 0.028% S, 
and 0.010% N and was in the 
aged state. The brittle cleavage 
rupture first propagated in the 
zone under tension perpendicular 
to tho principal stress direction, 
then branched out. (From Henry 
and Horstmahn. 8

) 

Figure 4.24 shows the surface of a brittle sample broken in bending. 
No gross plastic deformation occurred, and a secondary crack formed. 
Note that there are no clear distinguishing surface features to help lo­
cate the origin of the fracture. This is more clearly seen on the frac­
ture surface of Fig. 4.25. However, in some cases radial marks do form 
and point back to the origin of the fracture. An example is shown in 
Fig. 4.26, the case of a broken crane hook. (In this case the fracture 
began below the surface.) 

Shafts frequently break by overload bending, and a typical fracture 
appearance is shown in Fig. 4.27. The direction of bending is obvious 
from the slant of the fracture. The location of the origin of the fracture 

Figure 4.25' Brittle bending overload fracture of a 
sample notched on both sides. The crack propagated 
from notch to notch. (Material as in Fig. 4.24.) (From 
Henry and Horstmann. 8) 
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Figure 4.26 Fracture surface of a steel crane hook broken by 
bending overload. The steel contained 0.24% C, 0.40% Si, 
0.39% Mn, 0.095% P, and 0.024% S. (From Henry and 
Horstmann. 8) 

Figure 4.27 Steel axle shaft bro­
ken in a laboratory by a single 
bending impact overload. The 
steel was modified SAE 1050 con­
taining 0.50% C, 0.95% Mn, 0.25% 
Si, 0.01% S, and 0.01% P. The hot­
rolled and upset shaft had an 
induction-hardened case (60 
Rockwell C) and a pearlite­
primary ferrite core (20 Rockwell 
C). (From Metals Handbook,&) 
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FIgure 4.28 Fracture of an axle shaft broken in a laboratory by a bending over­
load. Note that the chevron marks (in the induction-hardened surface) and radial 
marks (in the softer core) point to the origin of the fracture. The material was 
modified AlSI 1050 steel, induction-hardenoo and tempered to 60 Rockwell C at 
the bearing surface. (Courtesy of Z. Flanders, Packer Engineering Associates; from 
Metals Handbook.o) . 

is deduced from the clear chevron marks on the periphery of the frac­
ture surface (Fig. 4.28). In this case the distinct difference in appear­
ance of the periphery and the center of the fracture surface is caused 
by the different microstructural characteristics in the two locations. 
The outer layer was induction-hardened, and hence here the crack ran 
through a brittle material. In the center the material was tougher, 
and coarse radial marks were formed. Note that these also point to­
ward the origin of the fracture, and they merge into finer radial 
marks, which in turn merge with the chevron marks in the vicinity of 
the origin. 

4.5 Fatigue Fracture 

A fatigue fracture surface usually displays macroscopically two dis­
tinct regions: the fatigue crack propagation region and the final over­
load region. The latter has characteristics similar to those described in 
previous sections, since this surface was created when the supporting 
material was too slight to sustain the next (and final) load cycle. The 
final fracture is nearly always a catastrophic event and occurs with 
almost no plastic deformation. The lack of gross plastic deformation is 
also a characteristic of the propagation of the fatigue crack. Thus a 
very distinguishing characteristic of a component which broke due to 
fatigue loading is that the parts exhibit almost n<:> gross plastic defor­
mation. 

Load 

t 

D Fallgue EJ \I 
crack L-.-J 

Fallgue 

~:~':~p~ 

+ 

Time 

Final 
overload 
fracture 
surface 

FIgure 4.29 Schematic illustration of the location of a fatigue crack and number of 
cycles. 

The main interest in this section is the fractographic features which 
fatigue fractures exhibit up~m visual examination or at low (such as 
20 x) magnification. We first present the appearance of test samples 
broken under a loading cycle of constant amplitUde. Then the effect of 
loading conditions and specimen geometry are examined. Finally, a 
few examples of the fracture surface of machine components which 
fractured in fatigue follow. 

Figure 4.29 shows schematically the growth of a fatigue crack and 
its relation to the number of loading cycles. It is emphasized that the 
stress generated by the load would be calculated to be below that re­
quired for yielding. However, due to the intense stress concentration 
at the root of the crack, local plastic deformation will occur upon each 
cycle. As discussed in Chap. 3, frequently striations are associated 
with each load cycle. But the propagation distance per cycle is quite 
small and the associated fatigue striations are too small to be re­
solved, and hence are not macrofractographic features . Figure 4.30 
shows fracture surfaces of test samples broken in fatigue loading. It is 
important to realize that these samples were tested continuously until 
fracture, using a cyclic load of constant frequency and of a constant 
maximum load . The distinction between the area of fatigue crack 
growth and that of final overload separation is not necessarily very 
clear. 
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Figure 4.30 Fracture surfaces of samples tested in fatigue with a con­
stant maximum load and frequency. (a) AlS! 4140L steel, quenched 
and tempered at 1050°F (566°C), rotating beam fatigue. (b) AlS! 
10B21 steel, quenched and tempered, high-cycle axial fatigue. (From 
Bhattocharyya et ai.9 ) 

However, in most (but not all) fatigue fractures a surface feature is 
found which is usually an indicator that fracture was by fatigue. This 
is illustrated in Fig. 4.31. The markings are called by several names 
based on their appearance: oyster-shell marks, tide marks, ripple 
marks, beach marks, stop marks, arrest marks, clamshell marks, or 
conchoidal marks. We will use the last term fer them. (This term is 
also used in mineralogy to describe the fracture appearance of shells.) 
These markings are associated with surface-topography changes that 
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Li8ht ftactagraph About 0.95 x 

Figure 4.31 Fracture surface of a sample which broke in fa­
tigue loading, illustrating the conchoidal marks and the final 
overload region typical of fatigue fractures. This was an axle 
of 8640 steel with a hardness of approximately 30 Rockwell C. 
The loading was nonrotational. The arrow indicates the loca­
tion of the origin of crack initiation, which was at a disconti­
nuity in a cut thread. (From Metals Handbook.2) 
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cause the surface appearance to vary locally. They are caused by such 
factors as variation in the crack growth velocity or surface oxidation. 
We now examine how these markings develop, assuming that such 
factors allow them to form, and we see what information they convey 
about the loading conditions. 

To illustrate how these markings form, consider a cylindrical test 
bar loaded cyclically in tension-compression-tension, as shown in Fig. 
4.32. Let the crack form only on one side and progress across toward 
the other side. Mter a certain advancement, let the loading cease and 
the surface oxidize. Now resume the loading, with the crack advanc­
ing, and then let the loading cease again. The new surface now oxi­
dizes, and the previous surface oxidizes further. Thus the initial frac­
ture surface has a thicker oxide layer on it. This process continues 
until fracture occurs, as shown in Fig. 4.32. The final overload frac­
ture surface will show features associated with overload fracture, and 
the part of the surface along which the fatigue crack grew will show 
conchoidal marks because of the different thicknesses of oxide. Thus 
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FIgure 4.32 Schematic illustration of the formation of conchoidal 
marks in a fatigue test. 

in this example the appearance of these marks relies on the crack not 
moving continuously until fracture, but growing intermittently. 
Other mechanisms ruso cause these conchoidal marks to form, such as 
rubbing of the mating surfaces in different fashions if the load ampli­
tude varies. It is important to note that fatigue fracture propagation 
without any arrests will probably not produce conchoidal marks. This 
was the case in Fig. 4.30, where fracture surfaces of fatigue specimens 
were tested uninterruptedly to fracture. 

The example in Fig. 4.32 can be used to illustrate the effect of the 
load level (stress level) on the fractographic features. If the load is rel­
atively low, then it takes many cycles for the fatigue crack to propa­
gate to a location where the remaining material will fracture cata­
strophically on the next (and final) load application. Thus the relative 
amount of the fracture surface covered by the conchoidal marks will 
bf: large. If the stress level is high, then the crack will not propagate 
far before final fracture occurs. This is illustrated in Fig. 4.33a. A sim­
ilar situation exists if the sample is loaded in alternating unidirec­
tional bending, as shown in Fig. 4.33b. If the sample is loaded in re­
versed bending, then the crack will probably initiate simultaneously 
on opposite sides, as shown in Fig. 4.33c. Again, a low nominal stress 
creates a fracture surface with a large amount of it covered with 
conchoidal marks. 

In simple rotating bending, every point on the surface is placed in 
longitudinal tension sometime during a rotation. If only one fatigue 
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Figure 4.33 Schematic illustration of a fatigue fracture surface show­
ing the effect of loading conditions and stress level on the relative area 
covered by the fatigue crack. (a) Tension-tension or tension­
compression. (b) Unidirectional bending. (e) Reversed bending. (d) Ro­
tating bending. (Adapted (rom Vander Voort.l) 

crack initiates, then the appearance of the fracture surface will be 
similar to that shown schematically in Fig. 4.33d. However, the fa­
tigue crack may initiate at many locations simultaneously and ad­
vance from the periphery. This is shown schematically in Fig. 4.34a. If 

" the fatigue cracks originate at several locations but at different loca­
tions axially, then when the various advancing fatigue cracks meet at 
the different levels, accommodation occurs to join these into one fa­
tigue crack. This leaves offsets on the surface called ratchet marks, as 
illustrated in Fig. 4.34b. Figure 4.35 shows a fatigue fracture surface 
with many faint ratchet marks along the periphery. The fracture sur-
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Figure 4.34 Schematic illustration of the fracture-surface appearance 
of a fatigue fracture which occurred in rotating bending. The fatigue 
crack originated simultaneously (a) at dilTerent locations on the same 
circumferential plane, (b) at dilTerent locations but not on the same cir­
cumferential plane, forming ratchet marke. 

Flgur. 4.35 Fracture surface of a fatigue failure show­
ing fine ratchet marks on the periphery, which formed 
along a sharp snap-ring groove. The eccentric pattern of 
oval conchoidal marks indicates that the load on the 
shaft was not balanced. This was a 1050 steel shaft with 
a hardness of about 35 Rockwell C. It was subjected to 
rotating bending. (From Wulpi. 6 ) 

face in Fig. 4.36 depicts an extreme case, where the individual fatigue 
crack growth regions did not join before fracture occurred. 

The fatigue fracture surface appearance is affected by the stress 
state, which can be illustrated by considering the effect of a notch. 
The more Rcute the notch is, the more likely that. R fatigue crack 

.~-"'.., 
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Figure 4.36 Fatigue fracture in which the fatigue 
cracks'formed at six locations around the periphery, 
but at distinctly dilTerent levels. The locations were 
near the runouts of six grooves. Grinding damage in 
the fillet was the cause of the fracture. The compo­
nent was a 4817 steel shaft, carburized and hard­
ened to a surface hardness of 60 Rockwell C. It was 
loaded in rotating bending. (From Wulpi. 6

) 

will initiate at more than one location on the periphery. However, 
the subsequent growth of the crack is not greatly affected. This is 
due to the fact that once the crack forms (enters stage II, see Chap. 
3), the root of the fatigue crack is sharp, and this will be true 
whether the initial crack formed at a notch or not. However, if the 
nominal stress is relatively low, then it is more likely that the 
crack will move along the periphery faster than it moves across the 
diameter, giving a different appearance to the fracture surface. 
These features are illustrated schematically in Fig. 4.37, and Fig. 
4.38 shows examples of this effect in terms of stress concentration 
at the surface. 

The effects of the type of loading, stress level, and notch severity on 
the fracture-surface topography of fatigue fractures in cylinders are 
summarized schematically in Fig. 4.39. In rotating bending under low 
nominal stress, the pattern of the conchoidal marks and the location of 
the final overload region have been correlated with the direction ofro­
tation of the shaft. This is indicated by the arrows in Fig. 4.39. Thus in 
actual component fatigue failures, the direction of rotation prior to 
failure might be deduced. Also, the shape of the conchoidal marks and 
the location of the final overload fracture give information about the 
loading of shafts. Three examples illustrating these points are shown 
in Fig. 4.40. 
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Figure 4.37 Sc~ematic illustration of the effect of notch severity and' stress 
level on the fatigue fracture surface appearance in rotating bending of r­
ders. (Adapted (rom Vander Voon.l) cy In 
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Figure 4.38 Fatigue fracture surfaces illustrating the effect 
of B tres~ concentration o~ the fracture-surface appearance. 
A l'otatlng shaft was subjected to bending in a flXed plane 
(From Peterson. 10) • 
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Light fractograph 0.65 x 
(e) 

Figure 4.40 (Continued) Fatigue fracture surfaces revealing 
information about the loading conditions. (e) 4-in-diameter 
axle of 8640 steel with a hardness of about 30 Rockwell C. 
The shaft was contained within a shrink-fitted collar, which 
is the outer circular area. This nonrotating axle was sub­
jected to bending stresses in three directions, which pro­
duced this unusual pattern of conchoidal marks. (From Met­
als Handbook.2 ) 

In alternating torsion loading, the situation is somewhat more com­
plex than for the type of loading just described. Since fatigue cracks 
propagate only under the tensile component induced by the load, in 
torsion it is expected that in cylinders the cracks will be at 45°. This is 
shown schematically in Fig. 4.41a, and an example of such a fatigue 
failure is given in Fig. 4.42. If the cracks originate at several circum-

08 OO~ ~~~~ OO~ 
\,. _ L. _... . 
~fU""c ' ''' . /n '' .. 

(a) (b) (c) 

Figure 4.41 Schematic illustration of the effects of stress level and 
notch severity on the fatigue fracture of cylinders in reversed torsion 
loadJng. (After Vander Voort.1

) 

(d) 

I : 



Figure 4.42 Fatigue fracture of a shaft which broke due to 
reversed torsion loading. (From Peterson. 10) 

ferentiallocations, then the type of fractures shown in Figs. 4.43 and 
4.44 may occur. 

If the nominal stress is low, the cracks may -follow a more devious 
path, growing both axially and diametrically, as depicted in Fig. 
4.41c. An example is given in Fig. 4.45. The effect of notches on tor­
sion fatigue fracture is shown schematically in Fig. 4.41b and d. The 
effect of stress concentration on the crack growth direction fora 
splined shaft is illustrated in Fig. 4.46. In Fig. 4.46b the contour lines 

Figure 4.43 Fatigue crack geometry in a shaft frac­
t1.!red by reversed torsion loading. This was a 1045 
steel crankshaft. (After Wulpi. 6

) 
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Figure 4.44 Fatigue fracture in a steel shaft broken by reversed torsion load-
ing. (From Peterson. 10) . 

Figure 4.45 Fatigue crackJeome­
try showing axial and radi crack 
growth due to reversed torsion 
loading. The material was ductile 
steel (Dolan). (From Peterson. 10) 

r'--'~--- - '-- ' --_. 
I 

(A) (b) 

Figure 4.46 (a) Fatigue cracks in a spline due to reversed torsion loading (Oschatz). 
(b) Maximum tensile stress distribution . (From Peterson. 10) 

245 
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(b) 

(a) 

Figure 4.47 Fracture surface of 
spline shafts broken due to re­
versed torsion loading. (a) 
6:v.-in-diameter spline shaft 
showing characteristic "starry" 
pattern of mUltiple fatigue 
cracks. Each of the 32 spline 
teeth has two fatigue cracks, each 
at 45° to the shaft axis, that fonn 
a V-shaped region. In addition 
there are longitudinal radial fa­
tigue cracks that penetrate 
nearly to the center of the shaft. 
(b) Fracture in reversed torsion 
loading of a IIh-in-diameter 
spline. The shaft was made of a 
low-carbon alloy steel with a 
hardness of 24 Rockwell C In the 
shaft area (From Wulpi. 8

) 

show the maximum tensile stress distribution prior to the crack for­
mation and growth. Examples of the fracture surface of splined shafts 
broken in torsion fatigue are shown in Fig. 4.47. 

In cylinders with keyways, the torsion fatigue crack often origi­
nates at the root of the keyway, as illustrated in Fig. 4.48, and 

(a) 
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(b) 

Figure 4.48 Schematic illustra­
tion of the formation of fatigue 
cracks from the root of a keyway 
of shafts loaded in reversed tor­
sion. (From Peterson. 10) 
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progresses along the circumference from this location. An example 
is shown in Fig. 4.49. 

The features described for cylinders and shafts are also found in 
components of other cross sections. For the case of rectangular sec­
tions, the fatigue fracture appearances are summarized in Fig. 4.50. It 
is important to realize that the fatigue fracture path depends not only 
on the geometry of the component and the loading conditions, but also 
on the structural inhomogeneity of the material. Such variations in 
structure are common in machine components. They can be a conse­
quence of the processing of that component, such as carburization, in­
duction hardening, and peening of a surface. They also can be due to 
the anisotropy of mechanical properties caused by microstructural fea­
tures such as elongated inclusions. 

Figure 4.49 Fracture surface due to torsion fatigue loading, as illus­
trated in Fig. 4.48. The component was a 3o/.-ln-diameter keyed ta­
pered shaft of 1030 steel. The fatigue crack originated in corner A on 
the keyway from pressure of the key aligning a large hub to the 
shaft. The fatigue crack progressed completely around the shaft, un­
der the keyway, and started around again, all in a clockwise direc­
tion, before final separation occurred, and nearly broke off the 
"wing" at left. The only thing necessary to prevent this type of frac­
ture is to make sure that the large nut which forces the hub to fit 
tightly against the tapered surface does not come loose. If the nut is 
loose, the key and keyway, rather than the frictional fit of the coni­
cal joint, carry the torsional force . (From Wulpi .6

) 
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Flgur.4.50 Schematic illustration of the effects of tho type of loading, stress 
level, and notch severity on the fatigue fracture surface a)Jpearance of com­
ponents of rectangular cross section. (.After Va1lder Voort. 1

) 

4.6 Correlation of Mlcro- and 
Macrofractographlc Features 

In this section examples of the fracture surfaces of test samples are 
used to compare the topographic features seen macroscopically and 
the corresponding microscopic features. These examples also illustrate 
the sensitivity of the macroscopic fracture features and the fracture 
mechanism to the microstructure of the material. 

Figure 4.51a shows the fracture surface of a tensile sample of a lOB21 
steel. The mode of fracture is thus tensile overload, and the high ductility 
[56 percent reduction in area (RA») and the large shear-lip zone show 
that this was a ductile fracture. The features can be compared to those in 
Fig. 4.4b. In this fracture the radial marks are not proniinent. The dim­
ples in the fractographs in Fig. 4.51b and c, including shear dimples in 
the shear-lip zone (Fig. 4.51d), show that over the entire surface, the 
mechanism of fracture was void coalescence. . 

The fracture surface of an impact sample of the same steel is shown 
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(a) 

Regioll A. Microvoid coalescence 
is the fracture mode. 

(b) 

Region B. Growth or f"netllre 10 Ilm 
by ductile dimple rupture. - Region C. 5J.Lm 

(e) (d) 

Figure 4.51 Fractographs of a quenched and tempered 10B21 steel broken in ten­
sion. The mechanical properties were hardness 43 Rockwell C; yield strength 
179,000 Ih/in2 (1.23 x 109 Pal; tensile strength 218,000 Ih/in2 (1.50 x 109 Pal; duc­
tility RA (reductiop in area at fracture) 56%. (.Adapted (rom Bhattacharyya et al. s) 

in Fig. 4.52a. Fine radial marks point back toward the root of the ma­
chined notch where fracture initiated. Due to the nature of the test, 
the mode of fracture is bending overload, and the material fractured 
in a ductile manner, as evidenced by the large amount of shear lip. 
The fracto graphs in Fig. 4.52b and c show that everywhere the mech­
anism of fracture was by void coalescence. 

Figure 4.53a shows the fracture surface of the same 10B21 steel bro­
ken in a high-cycle axial fatigue test. In this test the loading fre­
quency was constant and the loading uninterrupted, and thus there 
are no conchoidal marks. As expected from the loading condition, the 
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Flgur. 4,52 Fractographs of a Charpy impact test sample of 10B21 steel. Impact energy 
45 ft . lb (61 J). (Adapted from Bhattacharyya et al.9

) 

fatigue crack initiated at only one location on the surface. Because of 
the lack of conchoidal !Ilarks, the location of the initiation of the frac­
ture must he deduced from the fine radial marks which point clearly 
to the fatigue crack initiation zone. The fatigue crack propagated in a 
much coarser fashion in the last few cycles prior to the final overload. 
The fractograph in Fig. 4.53b purports to show fatigue striations, but 
they are not promir.ent, even though this is a fatigue test sample. 
However, faint striations can be found on the surface (Fig. 4.53c to e) . 
The final overload fracture region shows a dimple structure (Fig. 
4.53/), characteristic of void coalescence. 
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Figure 4.53 Fractographs of a fatigue test sample (high-cycle axial fatigue test). Stress 
43,300 to 168,000 Ib/in2 (2.98 x 108 to 1.16 X 109 Pal' frequency 2600 cycles/min' 
number of cycles to failure 221,000. (Adapted from Bhatt~charyya et al.9) , 
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The next example is a 4140L steel which has been quenched and 
tempered at l050°F (566°C). Figure 4.54a shows the fracture surface 
of a tensile sample. The ductility was high (54 percent RA). A small 
fibrous zone in the center, coarse radial marks, and a shear-lip zone 
are present. The radial marks are much coarser than those for the 
10B21 steel (Fig. 4.51a). All three regions show fine dimples (Fig. 
4.54b to d), and these are much finer (and somewhat less well defined) 
than those for the tensile sample of the 10B21 steel (Fig . . 4.51b) . The 
difference in the morphology of the radial marks and of the dimples is 
related to the greater amount of carbides in the 0.4 percent carbon 
4140 steel and perhaps to a finer carbide distribution. 

(a) 

Region D. 
( (.1 

.--" 
Central 
nbrou s 
rracture 

.-. 
Radl.1 
rractu re 

Region A. Microvoid coalescence. 

(b) 

Region C. Dimple rupture . 

(d) 

Figure 4.54 Fractographb of a quencned and tempered (1050°Fi 5SSoC for 2 h) 4140L 
steel tensile sample. The mechanical properties were tensile strength 144,800 Ib/in2 

(9.98 x 108 Pa)i ductility RA 54%. (Adapted (rom Bhattacharyya et aI.9) 
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Figure 4.55 Fractographs of a rotating·beam fatigue test sample of 4140L steel. 
Maximum longitudinal stress 90,000 Ib/in2 (6.20 x 108 Pa)i frequency 10,000 ~cles/ 
mini number of cycles to failure 250,800. (Adapted from Bhattacharyya et at. 9) 

The appearance of a fatigue fracture surface of this 4140L steel is 
shown in Fig. 4.55a. Fine radial marks point to the region of the ini­
tiation of the fatigue crack. Ill-defined striations are observed (Fig. 
4.55b and e), best revealed by the secondary cracking. The final over­
load region shows fine dimples (Fig. 4.55d). 

We now look at several examples of a 4340 steel which has been 
quenched and tempered at 400°F (204°C). Figure 4.56a shows a tensile 
sample fracture surface. A small fibrous zone at the center, a region of 
fine radial marks, and a large shear-lip zone are present. The fme dimple 
structure of the fracture surface is shown in Fig. 4.56b to d. The mor­
phology of this sample is similar to that of the 10B21 steel (Fig. 4.51). 
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Figure 4.56 Fractographs of a tensile test sample of quenched and tempered (400·F, 
204·C, for 1 h) 4340 steel. The mechanical properties were yield strength 198,000 
Ib/in' (1.36 x 109 Pal ; tensile strength 251,000 Ib/in2 (1. 73 x 109 Pal ; ductility RA 
45%. (Adapted (rom Bhattacharyya et ai. 9

) 

The fracture surface of an impact sample for this steel tested at - 40°F 
(-40°C) is shown in Fig. 4.57a. Radial lines point toward the notch, and 
there is only a small shear lip. The region of initial crack growth con­
tains dimples (Fig. 4.57b), but the rest of the fracture surface (except for 
the small shear lip) contains a mixture of dimples and cleavage, or 
quasicleavage (Fig. 4.57c and d). Figure 4.58a shows the impact fracture 
surface obtained upon fracture at high temperature, 70°F (21°C). Again, 
the radial marks point clearly toward the origin of the fracture (the 
notch), and there is more shear-lip region than for the lower test temper­
ature. For this higher test temperature the entire surface fractured 
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Figure 4.57 Fractographs of a Charpy test sample (-40·F, -40·C, test temperat1;!re) of 
the 4340 steel. Impact energy 9 ft . Ib (12 J). (Adapted {rom Bhattacharyya et al. j 

by void coalescence, as evidenced by the dimple morphology (Fig. 
4.58b and c). 

Figure 4.59a shows a fatigue test fracture surface for this 4340 
steel for a high-cycle axial test. The radial marks point to the origin 
of the fatigue fracture. Fractography (Fig. 4.59b to e) shows little 
clear indication of fatigue striations, although some are revealed by 
the secondary cracking. The final overload fracture region shows 
dimples (Fig. 4.59/). These characteristics can be compared to the 
case of low-cycle axial fatigue by examination of Fig. 4.60. The 
macrofractographic features are similar (Fig. 4.60a) . However, the 
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FlglJr. 4.58 Fractographs of a Charpy test sample (70°F, 21°C, test tempera­
ture) of the 4340 steel. Impact energy 49 ft· Ib (66 J). (Adapted (rom 
Bhattacharyya et al. 9

) 

micro fracto graphic features show no evidence of striations (Fig. 
4.60b and c). 

Figure 4.61a shows the fracture surface of a fatigue sample of 
this material for tempering at 1050°F (566°C), and hence of lower 
strength. The fractographs (Fig. 4.61b to d) do not clearly reveal 
striations, but they appear to be faintly resolved in places (Fig. 
4.61b). In Fig. 4.61c there is a striated region, but these may not be 
fatigue striations, as finer striations are resolved, from this region 
at higher magnification (Fig. 4.61d). The final overload fracture 
shows dimples (Fig. 4,61e) . 

The fracture surface of the tensile sample shown iIi Fig. 4.56 was for 
the steel quenched and tempered, with a microstruCture of fine car­
bides in ferrite. Figure 4.62 shows the fracture-surface features for 
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Figure 4.59 Fractographs of a high-cycle axial fatigue test sample of the 4340 steel. 
Maximum stress 96,000 Ib/in2 (6.61 x 108 Pal; minimum stress 0; test frequency 3600 
cycles/min ; number of cycles to failure 148,000. (Adapted (rom Bhatlacharyya et al.9

) 
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(a) 

Region A. 5 /lI1l Re!:ion n. 
(b) (c) 

Figure 4.60 Fractographs of a low-cycle axial fatigue test sample of the 4340 
steel. Maximum stress 242,400 Ib/in2 (1.67 x 109 Pal; minimum stress 7600 
Ih/in2 (5.24 x 107 Pal; test frequency 6 cycles/min; number of cycles to failure 
1317. (Adapted from Bhattacharyya et al. 9

) 

this steel in the normalized condition, which has a heterogeneous 
microstructure of primary ferrite and pearlite. This is much lower 
strength than in the quenched and tempered condition. The central fi­
brous region shows only faint radial marks (Fig. 4.62a). The 
fractographs in Fig. 4.62b and c show striations, which could betaken 
as proof of a fatigue fracture. However, this type of fatigue artifact 
was mentioned in Sec. 3.16 and is due to fracture through the lamellar 
structure of the pearlite. Figure 4.62d shows dimples, as does the re­
gion of the shear-lip zone (Fig. 4.62e) . 

The fracture surface of an impact test sample of this normalized 
steel is shown in Fig. 4.63. Faint radial marks point to the origin of 
fracture (Fig. 4.63a). The crack initiation site at the root of the notch 
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(a) 

Rc!:ion A. 
(b) 

From box marked in (c). Futigue striations 
visible nre not wcll defined, nnu this 
is characteristic of all high strength 
steels. 

(d) 

(c) -

Region C. Ductile dimplc rupture 
is the fracture mode. 

(e) 

Ftgure 4.61 Frnctographs of a high-cycle axial fatigue test sample of the 4340 steel 
tempered at 1~5fF (566'C\Maximum stress 89,000 Ih/in2 (6.13 x 108 Pal; minimu~ 
stress 2500 Ib/m (1.72 x 10 Pal; frequency 3600 cycles/min; number of cycles to fail­
ure 217,000. (Adapted (rom Bhallacharyya et al. 9) 
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Region A. Frncture perpendicular 
to a pearlite colony is 
occasionally seen . 

Region B. Dimple rupture in penrlite. 
(d) 

Region C. 

(e) 

(e) 

Figure 4.62 Fractographs of a 4340 steel tensile test sample in the normalized 
condition. The mechanical properties were yield strength 57,500 Jh/in2 

(3~ 96 x 108 Pal; tensile strength 101,500 Ih/in2 (6.99 x 108 Pal; ductility RA 45%. 
!.Adapted (rom Bhattacharyya et al. 9

) 

Ion e 

Region A. Dimple nIptUI'C in 
pearlite und ferrite. 

(b) 

_A 

Crock 
Initio lion 
sHe at lhe 
root or w. notch 

Region B. Mixed mudes. Trans­
granular c1eal'age and dimilic I'upture. 

(e) 

Figure 4.63 Fractographs of a Charpy impact sample (broken at 70eF, 21 ec) of 
the normalized 4340 steel. Impact energy 39 ft· Jb (54 J). (Adapted (rom 
Bhattacharyya et al. 9

) 

consists of dimples (Fig. 4.63b), and the striated regions are where 
fracture occurred in the lamellar pearlite. However, most of the frac­
. ture propagated by a mixed mechanism of cleavage and void coales­
cence, as revealed in Fig. 4.63c. 

Figure 4.64 shows the features of the quenc~ed and tempered steel 
fractured in monotonic torsion. The macroscopic swirl pattern is seen 
clearly (Fig. 4.64a). The final fracture region is that marked D. The 
microfractography (Fig. 4.64c to e) shows that the surface is covered 
with shear dimples whose orientation reflects the torsion loading. 

For comparison of the microfractographicfeatures of a fatigue frac­
ture in this normalized steel, the fractographs in Fig. 4.65 are pre­
sented. Macroscopically, fine radial marks point to the fatigue frac­
ture initiation site (Fig. 4.65a). Faint striations are resolved in places 
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Rellion A. 
(b) 

nc~ioll c. 
(d) 

5 J.IIl1 Rcgioll II. Dimple rupture 

(c) 

Region E. Dimple rupture 

(0) 

Figure 4.64 Fractographs of a torsion test of a 4340 steel, quenched and tem­
pered (800°F, 426°C, for 1 h). To~que to failure 52 ft · lb (70 J); arc 720°. 
(Adapted from Bhattacharyya et al. ) 
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Figure 4.65 Fractographs of a high-cycle axial fatigue test sample of a 4340 normalized 
steel. Maximum stress 71 ,000 Ib/in2 (4.89 x 108 Pal; minimum stress 0; frequency 2600 
cycles/min; number of cycles to failure 853,000. (Adapted from Bhattacharyya et al.9

) 

on the fatigue crack propagation region (Fig. 4.65b and e). Compare 
their appearance to that of fracture through the pearlite shown in Fig. 
4.62e and d. The final overload fracture occurred by void coalescence 
(Fig. 4.65d). 

We now present the fracture appearance of a higher-strength ma­
terial , an H-ll steel. The ductility was relatively high (28 percent 
RA), but about half that of the materials of the previous examples. 
The tensile test fracture surface is shown in Fig. 4.66a and is sim­
ilar to that of the sample of Fig. 4.56a. The fracture mechanism was 
by void coalescence (Fig. 4.66b and e), but the dimples are less de-

'. 

, , ', 

1 j.U11 
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Figure 4.66 Fractographs of a tensile sample of an H-l1 steel. The steel was 
austenitized, air-cooled, then double-tempered at 1000°F (538°C) for 2.5 h. The mechan­
ical properties were yield strength 242,000 Jb/in2 (1.67 x 109 Pal; tensile 8tren~h 
299,000 Ib/in2 (2.06 x 109 Pal; ductility RA 28%. (Adapted from Bhattacharyya et al. 9

) 

fined than those shown in Fig. 4.56. The impact · fracture surface in 
;Fig. 4.67a reveals well-defined radial marks. The initial stage of 
fracture propagation occurred by void coalescence (Fig. 4.67b), but 
the later stages by quasicleavage (Fig. 4.67c). The microstructures 
of both this high-strength H-ll steel and the 4340L steel consisted 
of fine carbides in ferrite. Both steels had about the same amount of 
carbides as the carbon content was about 0.4 percent for each. The 
different fracture micromechanisms, and the difference in appear­
ance for the same mechanism (such as void coalescence), must be 
due to the difference in the dispersion of the carbides, which is an 

c 
Rupld 
(ruclurr 
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Region B. Ductile dimple ruptu re (e) 
in local orcas. 

(b) 

Figure 4.67 Fractographs of a Charpy impact sample of the H-l1 steel. Impact 
energy 5 ft · Ib (7 J). (Adapted from Bhattacharyya et al.9 ) 

, 
example of the strong influence of the microstructure on the frac­
ture process and surface morphology. 

The previous examples all involved relatively complex micro­
structures. The next example is a 304 austenitic stainless steel which 
is m~nly single-phase (except for inclusions). This material w~s very 
ductIle (80 percent RA). Its fatigue fracture surface is shown in Fig. 
4.68a, with radial marks pointing to the origin of fracture. Even 
though this test was a continuous constant-frequency, constant­
maximum-load test, there are faint conchoidal marks (see arrows). 
Most of the fracture surface shows clear fatigue striations (Fig. 4.68b 
and c). However, in the region near the final overload fracture, a mix­
ture of coarser fatigue striations and dimples is present (Fig. 4.68c) . 
The final overload fracture occurred by void coalescence (Fig. 4.68d). 
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FIgure 4.68 Fractographs of a high-cycle axial fatigue test sample of a 304 austenitic 
stainless steel. Maximum stress 89,000 Ib/in2 (6.13 x 108 Pal; minimum stress 4000 
Ib/in2 (2.76 x 107 Pal; frequency 3600 cycles/min; number of cycles to failure 945,000. 
(Adapted from Bhattacharyya et al.9 ) 

Figure 4.69a shows the fracture surface of a tensile sample of a brit­
tle material (1008 steel). Note the relatively shiny areas which are 
present. These are due to reflections from the relatively flat and 
coarse cleavage planes illustrated in Fig. 4.69b. A similar shiny ap­
pearance can be caused by intergranular fracture in coarse-grained 
material if the grain-boundary facets are smooth. An example is 
shown in Fig. 4.70 . 

Fracture Modes and Macrofractographlc Features 

~Igura 4.70 . Tensile fracture surface of a sample of large-grained 
Iron containing 0.68% P, showing intergranular fracture. (From 
Henry and Horstmann. 8) 
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Figure 4.70 (Continued) Tensile fracture surface of a sample of 
large-grained iron containing 0.68% P

d 
showing intergranular 

fracture. (From Henry and Horstmann. ) 
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Chapter 

5 
Case Studies 

5.1 IntroductIon 

In this chapter we present case studies chosen to illustrate the princi­
ples of metallurgical failure analysis. In each study references are 
made to specific points covered in the previous chapters in order to 
show how these were used in the analyses. 

These studies deal with real failures, in which the scope of the fail­
ure analysis was limited by factors such as the time that could be de­
voted to the problem, the expense of the testing desired, and particu­
larly incomplete information about the failure situation. Thus the 
reader will find that some of the conclusions are quite tentative, which 
is a common result of analyses of such real failures . 

Microstructural analysis is invariably a part of most metallurgical 
failure analyses. However, in this book we have made no attempt to 
review the physical metallurgy of the alloys examined. The reader 
will find this information in many books and references, such as the 
two listed in the Bibliography. 

5.2 Case A: A Cracked Vacuum Bellows* 

5.2.1 Introduction 

Tubular metal bellows are useful devices for joining components. One 
use is to make a vacuum seal for a movable component which must be 
inserted into a vacuum chamber, such as a shaft that must be moved, 
either axially or sideways. An example is shown in Fig. S.la. This de­
vice is used to move the seat, with its rubber gasket, down onto a flat 
surface to provide a vacuum seal. This is accomplished by turning the 

-The authors acknowledge the work done by David Dellinger on this case study. I 
J 
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Bellows 

(a) 

Figure 5.1 (a) Bellows used for a vacuum seal. (b) 
Cross-sectional view. 

shaft, which is connected to a pivot joint, as shown in the cross­
sectional drawing in Fig. 5.1b. Thus the atmosphere on the inside of 
the bellows never enters the chamber except through the open valve. 
On the shaft there is 'no sliding O-ring-type seal, which would be sub-
ject to wear and require lubrication. . 

A bellows very similar to that in Fig. 5.1 was on a vacuum system of 
an arc melter, which was periodically pumped down to about 10-4 torr 
(mechanical pump only). This was done only occasionally (such as a 
few times a month). The operators noticed over several months that 
the time required to attain the desired vacuum had increased and 
eventually reached an unacceptable length, so that the system had to 
be examined carefully for a source of leaks. Inspection of the bellows 
revealed a fine crack across one fin (Fig. 5.2). It was barely discernible 
by. eye and had a greenish deposit at each end of the crack. 

Figure 5.2 Bellows that was analyzed to determine the 
cause of the fine crack at the location noted by arrow. 

section for 
fracture surface ~ 
and EDS analysis 

'\\\1 , 
secl ion ror 
mclalloJ,(rn phic 
unulysis 

fIll) )) 

Figure 5.3 Two sections that were removed for 
analysis. 

5.2.2 Experimental procedure 

t;8se ~tUales UJ 

The surface of the tube was ~xamined in a scanning electron microscope 
to determine the material from which the tube was made and to obtain 
chemical analyses of the corrosion deposits, using the energy-dispersive 
spectrometer (EDS) on the scanning electron microscope. Although the 
EDS analysis was only qualitative (see Chap. 1), it was sufficiently sen­
sitive to distinguish the relative concentration of the elements present. 

To examine the inside of the tube, it was sectioned with a thin blade 
(0.004 mm thick) on a high-speed cutoff wheel using copious water for 
cooling, followed immediately by rinsing in methanol followed by drying. 
The sections thus obtained are shown in Fig. 5.3. The section containing 
the crack was notched on each side of the crack, as shown in Fig. 5.4a, 

notch 

(a) 

section for 
fracture surface 
and EDS analysis 

~ 
section for 
metallographic 
analysis (b) 

Figure 5.4 (a) Section that was notched on each side of the crack, so that upon breaking, 
·. the crack surface was exposed. (b) Sample in (a) after breaking to expose the crack surface. 
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274 Chapter Five 

and then broken to expose the original crack (Fig. 5.4b), which 
could easily be distinguished from, the fresh crack formed while 
breaking the piece. (The procedure used to break the section 
stretched the bellows.) One section was examined in the scanning 
electron microscope. The other section was cut through the crack 
and one-half embedded in plastic to make a metallographic mount, 
which allowed examination of the crack itself in cross section. This 
sample was ground and polished using standard procedures for 
brass, then etched in an ammonium hydroxide-hydrogen peroxide 
solution. 

5.2.3 Results 

Figure 5.5 is a scanning electron micrograph showing the crack on the 
outside of the tube. The corrosion products on each end of the crack 
are prominent. On the unaffected part of the surface, the EDS analy­
sis revealed only Cu (strong) and Zn. The corrosion products showed 
Cu, Zn, S, CI, Ca, and K. Examination of the inside of the bellows 
showed that the fin adjacent to the one that had the crack contained 
similar corrosion products at the same location as the crack. On the 
surface of other fins many cracks were found which had not pene-

Corrosion product '" 
(Cu, Zn, S, CI, Ca, K) " 

Flgur. 5.5 Scanning electron micrograph of the crack in the 
bellows (Fig. 5.2). Corrosion products were on each end, and 
the EDS analysis of one is given. Also shown is the EDS anal­
ysis from the uncorroded surface, revealing only copper and 
zinc. 
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Figure 5.6 Optical micrograph 
of the cross section of the bel· 
lows wall, showing cracks on the 
surface of the bellows which had 
not penetrated through the wall 
thickness. 

trated through the wall of the tube. The cross-sectional view of the 
bellows wall in Fig. 5.6 shows such cracks. 

The fracture-surface topography was obscured by corrosion prod­
ucts, which were too tenacious to be removed by three replicating tapes 
(see Sec. 1.4.1). However, EDS analysis revealed on the fresh fracture 
(caused by breaking the sample) only Cu (strong) and Zn, whereas on 
the original fracture surface Cu (strong), CI, Si, and AI were detected. 
It is to be noted that no Zn was found on the fracture surface. 

The microstructure (Fig. 5.7) revealed numerous deformation bands 
(see Glossary) and bent annealing twins (see Sec. 3.3), showing that 
the material was in the cold-worked condition (see Brooks,l Chap. 1). 
This appearance was found on the bend in the fins and on the straight 
sides. Numerous cracks were found across the wall in the bend in 
many of the fins, such as that noted by the arrow in Fig. 5.7 and 
shown in Fig. 5.6. Nearer the location of the crack, several of these 
regions were found (Fig. 5.8). The cracks seem to be both 
intergranular and transgranular, perhaps following the deformation 
bands in the latter case. Figure 5.9b shows an area very near the frac­
ture cross section, and this same area was examined in the scanning 
electron microscope (Fig. 5.9a). The EDS analysis revealed that some 
of the regions which are shown in relief in Fig. 5.9a were relatively 
low in Zn. Upon examination with an optical microscope (Fig. 5.9b) 
these raised regions had a noticeable copper color to them, compared 
to the surrounding material. 
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OM deformation 10 ~m 

hands 
Figure 5.7 Optical micrograph of the cross section of 
the bellows. Note the deformation bands and bent an­
nealing twins showing that the material was cold­
worked. 

FIgure 5.8 Optical micrograph of the cross section near the 
crack surface, showing numerous cracks at the outside sur­
face . 

o· .f:> 
~ . ~ .. . \ ' \ 

i · 

10 .. ".; i . 
- .. ~ .: l' 

Case Studies 

Zn, Si, Fe 
0.15, 0.10, 0.08) 

Figure 5.9 (al Scanning electron micrograph showing a crack penetrat­
ing the walL Note that the EDS analysis of the small regions in relief 
contained less Zn than that of the acljoining matrix. (The analyses are 
given in terms of the intensity of the elements to that of Cu.) (b) Optical 
micrograph of the same area; the areas noted had a copper color. 

5.2.4 Discussion 

277 

The construction of bellows involves the formation of fins by the si­
multaneous application of hydraulic pressure to the inner surface and 
.of axial compression to a tube, such as shown in Fig. 5.10. Clearly at 
the bend there is severe plastic deformation. However, the micro­
structure of the straight portion of the tube showed extensive plastic 
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Figure 5.10 Schematic diagram 
of the process of deforming a 
tube into a bellows. (From Met­
als Handbook.2) 

deformation (Fig. 5.7), so the starting tube was already cold-worked to 
give a strong bellows. 

The lack of Zn on the crack surface and the copper-depleted grains 
near the crack surface (Fig. 5.9a) show that the corrosion process in­
volved dezincification. This is selective leaching or dealloying,3-6 a com­
mon corrosion mechanism in brasses containing more than about 15 per­
cent Zn.3-6 The Zn is dissolved, and a copper-rich region is left behind. 
This usually leads to porosity,6 although the microstructure in Fig. 5.9 
showed no evidence of it. Note in Fig. 5.11 that the zinc-depleted grains 
show fme, straight annealing twins, with no sign of deformation bands, 
which indicates that these grains have formed during dezincification. 
Such fme, twinned grains were found by Polushkin and Shuldener6 in 
brass hot-water pipes which had been corroded in service. 

A factor that favors dezincification is surface deposits, which de­
plete the region under the deposit of oxygen and set up an oxygen con­
centration cell.5

•
7 In the case of this failed bellows, the surface on 

which the 'crack started was only in contact with air, but if a deposit 
formed, then such a mechanism could operate. However, the origin of 
the deposit is not clear. The deposits contained S, CI, Si, Ca, AI, and K. 
The outside of the bellows was untarnished, with no evident corrosion 
except at the crack itself (Fig. 5.5), but the inside surface was cor-

! ~.'!t _ _ . 

SEM t: 
Figure 5.11 Micrograph showing annealing twins in 
the copper-rich region formed by dezincification. 
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roded. A heavy corrosion deposit was found on the inside fin adjacent 
to the one containing the crack and at the same location_ It is specu­
lated that these regions contained flux deposits from the brazing pro­
cess used to join the bellows to the plates. Fluxes used for brazing 
brass may contain chlorides (see Metals Handbook,8 p. 1035), an ele­
ment that is known to promote dezincification. 7 This flux could not be 
easily removed after brazing because of the small clearance in the an­
nulus (Fig. 5.1b). Moisture from air could accumulate in the region be­
cause of this and activate the corrosion if it were absorbed by the flux. 

Cold-worked brass is susceptible to stress corrosion cracking (season 
cracking)4 (see Sec. 3.11), and dezincification can playa key role in such 
cracking.5 Transgranular fracture associated with dezincification has 
been reported in cold-worked brass,s which is consistent with the 
crack appearing to follow the deformation bands in the present study. 
The many cracks seen on the inside and outside surfaces indicate that 
the bellows was undergoing generalized stress corrosion cracking, but 
the process was accelerated at the region of corrosion in which 
dezincification occurred. 

The problem can be avoided by using a brass of no more than 15 
percent Zn.4 If such an alloy will not meet the strength requirements, 
then another material, such as austenitic stainless steel, will have to 
be used to make the bellows. 

5.2.5 Conclusions 

The brass bellows had developed a fine crack through the wall thickness 
in .the cold-worked region of the bend. Other fine cracks were observed 
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which had not penetrated the wall. The crack formation was associated 
with corrosion, and dezincification occurred in this region. The corrosion 
was induced by a surface contaminant, probably soldering flux which 
was not removed during subsequent cleaning of the bellows assembly. 
The problem may have been aggravated by moisture which condensed in 
the narrow annulus. The crack probably propagated by stress corrosion 
cracking (season cracking). Brass containing less than 15 percent Zn 
usually is not susceptible to this type of attack and cracking. 

5.3 Case B: Failure of a Large 
Air-Conditioning Fan Blade* 

5.3.1 Introduction 

In some air-cooling systems for large buildings the hot air is passed 
through a water-cooled chilling tower. The large volume of air re­
quires a relatively large fan, consisting of several blades rotating 
around a common axis and operating as a turbine fan. A schematic 
drawing of such a fan is shown in Fig. 5.12. The neck of the blade is 
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fan 

FAN t t lade 
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~"'=:=;;~~§~~_ GEAR IN LET 
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FIgure 5.12 Schematic diagram of a centrifugal fan in a cooling 
tower. <From ASHRAE Handbook.9 Reprinted by permission of the 
American Society of Heating, Refrigerating and Air-Conditioning 
Engineers,) 

· The authors acknowledge the work done by Hwa-Pemg Kao on this case study. 
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the location that sustains the greatest centrifugal and bending 
stress, and the subject of this case study is a fan blade which frac­
tured at that location. No history of the blade nor operating 
conditions were available, except that the blade rotated at about 
550 r/min. 

5.3.2 ExperImental procedure 

A drawing of the broken blade is shown in Fig. 5.13. Samples for anal­
ysis were cut from the broken blade. The larger pieces were removed 
using a hack saw, and then smaller pieces were cut using a water­
cooled cutoff wheel. Mter cutting, each piece was immediately washed 
in water, then acetone, and then dried. 

The metallographic samples were mounted in plastic and then 
ground and polished using standard methods. The etch ant used was 
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Figure 5.1 3 Drawing of broken fan blade. 
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HF in water, although the microstructure was revealed in the 
unetched condition. The microstructure was examined using optical 
microscopy and scanning electron microscopy. The EDS on the scan­
ning electron microscope was used to identify the elements in the al­
loy and in the phases. 

Hardness measurements were made using the Rockwell E scale (ac­
curate to about ±2) . Subsize tensile 8amples were made from the 
blade and tested to fracture in order to obtain tensile mechanical prop­
erties. The tensile strength was accurate to about 3.5 MPa (500 Ib/in2

) 

and the elongation at fracture to about 1 percent. Both metallographic 
and tensile samples were solution heat-treated at 538°C (± 5°C) 
(IOOO°F) for 12 h, then quenched in water. Some of these were subse­
quently aged at 155°C (± 5°C) (31 rF) for 3, 3.5, anp 4 h, then air­
cooled to 25°C (77°F). These samples allowed a comparison of the ef­
fects of heat treatment on the properties and the microstructure. 

5.3.3 Results 

Frsctography and microstructure. Figure 5.14 shows the region of the 
fracture. Note that there is no obvious plastic deformation. The frac­
ture surface is shown in Fig. 5.15, where the radial marks point back 
to the origin of the fracture (see Sec. 4.2). 

Figure 5.16 shows low-magnification views of the polished section 

-5 elll 

Figure 5.14 Fracture region of broken fan blade. 

origin of 
fracture ~~m~:::--:'Jl~ 

~. 

i . 
L~it".Wid :~,}',~~l~};:;;~~~}~ 

Figure 5.15 Fracture surface, showing radial marks which 
point to the origin of fracture. 

1m' o!.i ty (bla(k dots) 

Figure 5.16 Polished section near the fracture surface 
showing regions of high porosity in the center. • 
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just below the fracture surface. Note the regions of porosity, which 
suggest th at the blade was made by casting. The spherical areas are 
due to bubbles of gas that are ejected as the metal freezes and then 
trapped before they can leave the liquid. These holes are revealed 
on the fracture surface (Fig. 5.17) and i~microstructures, shown in 

~-.' ... ~ 

,>,. :, 
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porosity 

holes 

porosity holes 

Figure 5.17 Scanning electron micrographs of fracture surface. The 
spherical holes are where fracture occurred through the holes in 
Fig. 5.16. 

cross section in Fig. 5.18, in a section near the fracture surface. 
Note that there is also a prominent group of elongated porosity 
present in this area. 

The microstructure in Fig. 5.19 shows interdendritic porosity, 
'.'.,bleh is considerably finer than the spherical holes. Here the 
dendrites are surrounded by a separate phase. In Fig. 5.20 the 
phases are identified (based on EDS results). The matrix ex is AI, 
containing a small amount of Si in solid solution. Two types of par-

.-.. .. -... , .. ... ,. ,, ~.-.... . -... -.,-., ... ~.~.-~ ... ---.......--.-.~-... _- _._------
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Figure 5.18 Optical micrograph of section near fracture sur-
face, showing porosity. . 

Figure 5.19 Microstructure of 
region showing interdendritic 
shrinkage porosity. 

ticles are present-the majority is essentially pure Si, the balance 
an intermetallic (Fe-Al-Mg-Si) compound. These are regions of a 
eutectic structure, part of whieh is <x. 

These results show that the fan blade was made of an Al casting al ­
loy, a likely candidate being alloy 356 ~Table 5.1). Based on the binary 
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Figure 5.20 Microstructures showing eutectic particles in 
Al-rich a matrix. Note angular plates with sharp edges. 

Al-Si phase diagram (Fig. 5.21), a composition of about 7 percent Si in 
AI will give the amount of primary IX seen in the microstructure (Fig. 
5.20a) if the alloy is cooled relatively slowly from the liquid to 25°6 
(77°F), such as would occur for a sand casting. 

Note in Fig. 5.20b that the particles are relatively sharp. Upon 
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Figure 5.21 Aluminum-silicon phase diagram. The approximate composition 
of the fan hlnde nlloy is shown at 7% Si. (From Metals Handbook. I I ) 

solution-treating a sample, water quenching, then aging for 3 to 4 h at 
155°C (311°F), the particles become rounded (Fig. 5.22). Supposedly 
this morphology enhances tensile mechanical properties. 12 

Mechanical properties. The hardness of the casting ranged from 45 to 
55 Rockwell E, the variation being due to the degree of porosity in 
the area of the hardness indentation. The tensile strength was about 
110 MPa (16,000 lb/in2), and elongation was about 4 percent (Table 
5.2). Samples of the blade were solution heat-treated for 12 h at 538°C 
(1100°F), which as Fig. 5.21 shows, gives the maximum amount of Si 
dissolved in the IX. The hardness was about the same as in the as­
received condition (Table 5.2). Samples were then heated-treated at 
155°C (311°F) to induce precipitation hardening,10 and the results are 
shown in Fig. 5.23. Note that the hardness increased significantly. 



TABLE 5.1 Chemicli Composition of Common Aluminum Casting Alloys 
-
Alloys 

Former 
AA Former AA ASTM 
number designation number Product(a) Cu 

201.0 . ... . S 4.6 
206.0 . ... . S or P 4.6 
A206.0 . . .. S or P 4.6 
208.0 . .... 108 CS43A S 4.0 
242.0 .. . . . 142 CN42A S or P 4.0 
295.0 . . . .. 195 C4A S 4.5 
296.0 .. . . . B295.0, B195 P 4.5 
30S.0 . .. . . A108 SC64A Sor P 4.5 
319.0 . . . .. 319, Allcast SC64D SorP 3.5 
336.0 ... .. A332.0, A132 SN122A P 1.0 
354.0 . .. . . 354 SC92A P 1.S 
355.0 . .. . . 355 SC51A S or P 1.2 
C355.0 . ... C355 SC51B S or P 1.2 

~356.0 .. ... 356 SG70A S or P 0.25(b) 

., 
ex> 
<0 

A356.0 .... A356 SG70B Sor P 0.20(b) 
357.0 .... . 357 Sor P 
A357.0 . . . . A357 Sor P 
359.0 . .. . . 359 SG91A S or P 
360.0 .. ... 360 SG100B D 
A360.0 .... A360 SG100A D 
380.0 .. . .. 380 SC84B D 3.5 
A3S0.0 .... A380 SC84A D 3.5 
383.0 ..... SC102A D 2.5 
384.0 . . . : . 384 SC1l4A D 3.S 
A384.0 . . . . 384 SC1l4A D 3.8 

390.0 ...... . 390 D 4.5 
A390.0 ... . A390 S or P 4.5 
413.0 . .. .. 13 S12B D 
M13.0 . ... A13 S12A D 
4430 .. . ... 43 S5B S 0.6(b) 
A443.0 .. .. 43 S 0.30(b) 
B443.0 .. . . 43 S5A S or P 0.15(b) 
C443.0 . . . . A43 S5C D 0.6(b) 
514.0 . . . .. 214 G4A S 
51S.0 . .. .. 218 GSA D 
520.0 ... . . 220 GlOA S 
535.0 . .. . . Almag 35 GM70B S 
A535.0 . ... A218 S 
B535.0 .. .. B218 S 
712.0 . ... . D712.0, D612, 40E ZG61A S or P 
713.0 . ... . 613, Tenzaloy ZCS1A,B S or P 0.7 
771.0 . .... Precedent 71A ZG71B S 
850.0 . .. .. 750 S or P 1.0 
(a) S = sand casting, P = permanent mold casting, D = die casting. (b) Maximum. 

SOL"RCE: From Metals Handbook.'o 

· , 

Composition, % 

Mg Mn Si Others 

0 .35 0.35 0.7 Ag, 0.25 Ti 
0.25 0.35 0.10(b) 0.22 Ti, 0.15 Fe{b) 
0.25 0.35 0.05(b) 0.22 Ti, 0.10 Fe{b) 

3.0 
1.5 2.0 Ni 

0.8 
2.5 
5.5 
6.0 

1.0 12.0 2.5 Ni 
0.50 9.0 
0 .50 0.50(b) 5.0 0.6 Fe(b), 0.35 Zn(b) 
0.50 0.10(b) 5.0 0.20 Fe(b), 0.10 Zn(b) 
0.32 0.35(b) 7.0 0.6 Fe(b), 0.35 Zn(b) 
0 .35 O.lO(b) 7.0 0.20 Fe(b), 0.10 Zn(b) 
0.50 7.0 
0.6 7.0 0.15 Ti, 0.005 Be 
0.6 9.0 
0.50 9.5 2.0 Fe(b) 
0.50 9.5 1.3 Fe(b) 

S.5 2.0 Fe(b) 
S.5 1.3 Fe(b) 

10.5 
11.2 3.0 Zn(b) 
11.2 1.0 Zn(b) 

0.6 17.0 1.3 Zn(b) 
0.6 17.0 0.5 Zn(b) 

12.0 2.0 Fe(b) 
12.0 1.3 Fe(b) 

5.2 
5.2 
5.2 
5.2 2.0 Fe(b) 

4.0 
8.0 

10.0 
6.8 0.18 0.18 Ti 
7.0 0.18 
7.0 0.18 Ti 
0.6 5.S Zn, 0.5 Cr, 0.20 Ti 
0 .35 7.5 Zn, 0.7 Cu 
0.9 7.0 Zn, 0.13 Cr, 0.15 Ti 

6.2 Sn, 1.0 Ni 

,..--------------. -.~.--"'"1 
.' , 

I;:::;'.· 
~.: ,,~\) 
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Figure 5.22 Microstructure of material after aging heat treatment. Note 
that the particles are rounded. 

The tensile strength is similar to that listed for the heat treatment 
T6 for this alloy (Table 5.3) . 

Stress analysis. There are four forces to consider in calculating the 
stress on the blade-gravitational, lift, drag, and centrifugal. The 
gravitational force is obtained from the mass of the fan, which was 24 
kg (30 lb). The lift force L is given by14 

L = CLPbC(~;) 

w 
0; 
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Ftgure 5.23 Eliect of aging at 155°C (311°F) on the hardness of 
the fan blade material , 
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TABLE 5.2 Effect of Heat Treatment on Hardness, Tensile Strength, and Elongetlon 
at Fracture for Fan-Blade Material 

(a) Results of tensile tests 

Heat-treatment condition 

AJJ rer'eived Solution treatment + T6 

Sample number T1 T2 T3 T4 
Hardness, Rockwell E 49--55 45--55 77-78 77-78 
Tensile strength, lb/in2 16,200 12,OOO,low 25,900 28,000 

strength, lots of 
defects 

Elongation, % 4,1 2.5 
Reduction of area, % 3.6 (Broke out of gage) 2,2 

Typical values 

Tensile strength, Ib/in2 16,000 27,000 
Elongation, % 4 3 

Nominal mechanical properties of 35B-T6 

Tensile strength, Ib/in2 38,000 
Elongation, % 5 

(b) EfTect of heat treatment of hardness 

Heat-treatment condition 

Solution treatment (ST): 538°C, 12 h, watl'.;--cooled 
S.T. + TB (155°C, 3 h) 
S.T. + T6 (lSS0C, 3.5 h) 
S.T. + T6 (I55°C, 4 h) 
AJJ-received, broken blade 

Hardness, Rockwell E 

42,32, 38,42,37 
77, 77, 79, 74 
73, 76, 78, 75 
67, 66, 72 
45--55 

.i 
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TABLE 5.3 Typical Mechanical Properties of Common Aluminum Sand Casting Alloys 

T ...... 
c ____ .. 

T ....... yIdd EJooopu.. yIoId - fAd.""'" Mod.l ... 01 
>trmcth IIrnIath(b) Ie 50 .... Hard_c). stnactI><b) ItrnIlk UmlUd) 

kPa x r y<;! )( 10' AA No. T_ MPa ksi MPa ksi ... 1 .... , HII MPa ksi Mh ksi MPa ksi 

20LO T43 . · . 414 60 255 37 17 .0 
T6 .. .. 448 65 379 55 8 .0 130 386 56 290 42 
n 469 68 414 60 5.0 97 14 

A206.0 T4 431 62 264 38 17 .0 285 41 292 42 
n .. 436 63 347 50 11.7 372 54 257 37 

213.0 F .... . . .... . 207 30 165 24 1.5 85 172 25 165 24 66 9 .5 
222 .0 T52 . 241 35 214 31 1.0 100 214 31 172 25 

T551 · 255 37 241 35 < 0 .5 liS 276 40 207 30 59 8 .5 74 10 .7 
T65 · . 331 48 248 36 <0.5 140 248 36 248 26 62 9 74 10.7 

238.0 F . 207 30 165 24 1.5 100 2~7 30 165 24 
242 .0 T571 .. ... 276 40 234 34 1.0 105 234 34 207 30 72 10.5 71 10.3 

T61 . .. . 324 47 290 42 0 .5 110 303 44 241 35 66 9 .5 71 10.3 
249 .0 T63 . . ..... 476 69 414 60 6 .0 

n . ..... .... 278 62 WI 52 9 .0 414 60 276 40 55 8 .0 72 10 .5 
296 .0 T4{f) . 255 37 131 19 9.0 75 \38 20 207 30 66 9 .5 70 10.1 

T6 · . 276 40 179 26 5.0 90 179 26 221 32 69 10 70 10. 1 
n 270 39 138 20 4 .5 \10 138 20 207 30 63 9 70 10. 1 

308 .0 F 193 28 110 16 2 .0 70 117 17 152 12 90 \3 
319.0 F . · 234 34 131 19 2.5 85 131 19 165 24 

T6. 276 40 186 27 3.0 95 1!!6 27 
324.0 F ... 207 30 110 16 4 .0 70 

T5 .. 248 36 179 26 3.0 90 
T62 . · . 310 45 269 39 3 .0 105 

332.0 T5 .. · . 248 36 193 28 1.0 105 77 11.2 
333.0 F . .. 234 34 1.11 19 2.0 90 131 19 186 27 1:>0 14.5 

T5 · 234 34 172 25 1.0 100 172 25 186 27 83 12 
T6 . .... 290 42 207 30 1.5 105 207 30 228 33 103 15 
n .. 255 37 193 28 2.0 90 193 28 193 28 83 '12 

336.0 T551 · . 248 36 193 28 0 .5 105 193 2!! 193 28 93 \3 .5 
T65 . .. . 324 47 296 43 0 .5 125 296 43 248 36 

355.0 T51 205 30 165 24 2.0 75 165 24 165 24 
T6 290 42 185 27 4 .0 90 185 27 235 34 69 10 
T61 310 45 275 40 1.5 105 275 40 250 36 69 10 
n 275 40 205 30 2.0 85 205 30 205 30 69 10 
nl 250 36 215 31 3.0 85 215 31 185 27 69 10 C355 .0 T61 303 44 234 34 3.0 90 248 36 221 32 97 14 

356.0 F . . .... . . .. 179 26 124 18 5.0 
T51 186 27 138 20 2.0 
T6 262 38 186 27 5.0 80 186 27 207 30 90 13 72 10 .5 n 221 32 ~65 24 6 .0 70 165 24 172 25 76 II 72 10 .5 A356 .0 T61 283 41 207 30 10 .0 90 221 32 193 28 90 \3 72 10.5 357.0 F 193 28 103 15 6.0 
T51 200 29 145 21 4 .0 
T6 . 359 52 296 43 5 .0 100 303 44 241 35 90 13 

A357 .0 T6 359 52 290 42 5 .0 100 296 43 241 35 103 15 
359.0 T62 345 50 290 42 5.5 110 16 
A390 .0 F. . .. 200 29 200 29 <1.0 110 82 11.9 

T5 200 29 200 29 < 1.0 110 
T6 .. 310 45 310 45 <1.0 145 414 60 117 17 
n 262 38 262 18 <1.0 120 359 52 100 14.5 

443 .0 F 159 23 62 9 10.0 45 62 9 110 16 55 8 71 10.3 A444 .0 F 165 24 76 II 13.0 44 
T4 159 23 69 10 21.0 45 76 II 110 16 55 8 

513 .0 F 186 27 110 16 7.0 60 117 17 152 22 69 10 
711.0 F ... 241 35(g) 124 18(g) 8.()(gl 7()(g) 76 II 76 11.0 
850 .0 T5 159 23 76 II 12.0 45 76 II 103 15 62 9 71 10.3 851.0 T5 .. 138 20 76 II 5 .0 45 76 II 97 14 62 9 71 10.3 852 .0 T5 ... 221 32 159 23 5.0 70 159 23 148 21 76 II 71 10.3 

(a1 TenSion And twd.nes~ values dc:tennined by tests on wndard I)-mrn (I l l - in . J diam lest specimens. without surface mAChining. uch cut in pcntWlI!nt mold . (b) At O.2l:it offset . (e) 500-kg Cl102-lbl load on 
IO-mm (O .4-m.l ball. Cd) Endurance limits based on 500 million cycles of completely revcrst'd SftSSCS using fOQt ing beam-type machine: lnd specimen . Ie) Avenge of tension and compm;stoa moduli: com~ssion 
modulus is about 2Gl: gratCf than tension modulus. ef) Propmics of T4 Approach those ofT6 aftcT sl.&ndi.n~ ror several weeks at room temperature . Ie) Tests made approx imately)() days afla' casling . 

SOL'RCE: From Metals Handbook .I3 
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where C L = lift coefficient, = 1 
p = density of air, = 1.2 kg/m3 (0.043 lh/in3

) 

Then 

b = span length, = 0.91 m (36 in) 
c = chord length, = 0.25 m (10 in) 
u = peripheral velocity of blade, 

u = (r/;~n) 'lTD = (5
6
5
0
0) ('IT )(72 in) = 53 mls (2073 in/s) 

L = (1)(0.042 x 10-3)(36)(10)(20732)[(2)(9.8~(3)(12)] 
= 375 N (84 lb) 

The drag force is negligible since D « L (see Wallis
14

). The centrif~gal 
force is given by 

where r = distance from center of mass, = 0.36 m (14 in) 
v = velocity of center of mass, = (550/60)('IT)(28 in) = 20.5 m/s 

(806 in/s) 
w = mass, = 13.6 kg (30 lb) 

Then 

C = 16,000 N (3600 lb) 

From these values the stress at the neck was calculated. The centrif­
ugal forces cause a tensile stress U c of 

U = 3600 = 7.3 MPa (1060 Ib/in2) 
c ('IT)(1.082) - ('IT)(0.302) 

The bending stress Ub is caused by the gravitati~nal force. and the lift 
force. The maximum bending occurs at the locatIOn at whlch the frac­
ture originated (see Fig. 5.13). This is given by 

Ub=~ 
where M = moment, = (30 + 84)(14) = 180 N . m (1596 in 'lb) 4 

I = moment of inertia, = ('IT/4)(R: - Rt) = ('IT/4)(1.08 - 0.30 ) 
= 4.40 x 1O-7m4 (1.07 in4

) 

y = Ro = 0.027 m (1.08 in) 
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So Ub = 11.2 MPa (1620 Ib/in2) 

Thus the tensile stress at point a is 11.2 + 7.3 = 18.5 MPa (2700 
Ib/in2

). 

5.3.4 Discussion 

The tensile strength of the broken blade was about 110 MPa (16,000 
Ib/in2

) (Table 5.2). Since this material is relatively "brittle," as evi­
denced by the low tensile ductility (Table 5.2), a simple design crite­
rion is to require the tensile strength to be equal to the maximum im­
posed tensile stress. (Note that in this brittle material, the yield 
strength is not reported.) However, the loading is both static and vari­
able, the latter involving both variations in the centrifugal stress and 
machine vibrations. According to Table 5.2, in the aged condition 
(such as T6) alloy · 356 has a fatigue strength (endurance limit) (see 
Sec. 2.13) of about 60 MPa (8500 Ib/in2

), which is about one-third of 
the tensile strength listed. Thus the fatigue strength of the blade 
would be about 110/3 = 37 MPa (5300 Ib/in2

). The hardness measure­
ments varied by about 50 percent (Table 5.2) due to porosity, and 
thus the fatigue strength may be as low as 37 X 0 .5 = 19 MPa 
(2600 Ib/in2

). Due to the roughness of the surface of the casting, this 
value will be reduced further by about a factor of 2. Thus the ex­
pected fatigue strength is about 10 MPa (1300 Ib/in2

) . This is less 
than the calculated maximum tensile stress of 19 MPa (2700 Ib/in2), 
which is too low. 

The 356 alloy is precipitation-hardenable,l,15 but the blade had re­
ceived no such heat treatment. The measured tensile strength, after 
aging, of 186 MPa (27,000 Ib/in2

) is similar to that reported for this 
alloy in this condition (Table 5.3). Even if the alloy had been 
precipitation-hardened, the strength would only have been similar to 
the applied stress, which is too Iowa "safety factor" for a dynamic ma­
chine part. 

5.3.5 Conclusions 

The failure was due to the use of material which did not have req­
uisite fatigue strength. Even if the blade had been heat-treated to 
strengthen it, the safety factor would have been marginal. Thus, 
consideration should have been given to the use of another mate­
rial. 
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Flgur. 5.24 Cracked flywheel. The crack is noted by ar­
row. 

5.4 Case C: A Cracked Automobile 
Flywheel Flex Plat~* 

5.4.1 Introduction 

Automobile parts are subjected to complex vibration loading, and thus 
fatigue is a commonly observed failure mode in flex plates. This case 
study involved a cracked automobile flywheel from a 1978 Oldsmobile 
Custom Cruiser Station Wagon. Figure 5.24 shows the flywheel; the 
location of the crack is indicated by the arrow. There was no obvious 
plastic deformation, such as bending. Figure 5.25 shows the relation of 
such a flywheel to the drive train of an automobile. It serves as a me­
chanicallink between the engine and the transmission, the torque de­
veloped by the engine being transferred to the transmission through 
the flywheel. The owner stated that there had been no major repairs of 
the automobile prior to the flywheel failure. The automobile had been 
driven in excess of 200,000 mi, a reasonable life for such a part. 

5.4.2 Experimental procedure 

The section containing the crack (Fig. 5.26), and another uncracked 
section for comparison, were removed by a band saw. From these, 

·The authors acknowledge the work done by David Dellinger on this case study. 
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(a) 

Flg~r. 5.25 Diagram showing the function of a flywheel in an automobile. Note bolts 
which connect flywheel to torque converter. (From Motor Auto Repair. le) 

samples were cut for metallography. These were prepared by mount­
ing them in plastic and then grinding and polishing. The micro­
structure was revealed by etching in 2% nitric acid in methanol. 

It is seen in Ifig. 5.26 that the crack extended from the edge of one 
hole to just below the adjacent hole. To examine the fracture surface, 
the sample was cut between the holes, which exposed part of the frac­
ture surface. However, this surface showed extensive rubbing (see Sec. 
3.16), so the remaining portion was notched opposite the end of the 
crack (Fig. 5.27) and broken to expose it. This allowed examination of 
the entire crack surface in the scanning electron microscope and EDS 
analysis of it. 

5.4.3 Results 

Fractography. Low-magnification fractographs are shown in Fig. 5.28. 
There was no indication of gross plastic deformation. The fracture re-
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Figure 5.26 Section containing crack. 
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Figure 5.27 Sections cut to re­
veal fracture surface after 
breaking the notched part. 

fresh 
fracture 

notch · : 

I 
Figure 5.28 Low-magnification scanning electron micrographs of fracture surface. 

gion extending inward from the left edge through about one-quarter of 
the thickness is coarse and irregular, and the remainder of the frac­
ture surface is smooth. On the smooth part, conchoidal marks are vis­
ible; thus the fracture mode was fatigue (see Sec. 4.5). The coarse frac­
ture surface appears to be the final overload separation area, and this 
extends to the edge of the hole. Thus the fatigue crack did not origi­
nate at the edge of the hole, but somewhere along the right edge. This 
was confirmed by examination of the fracture surface, which was re­
vealed by breaking the sample. The curvature of the conchoidal marks 
shows that the origin of the fatigue crack was directly below the other 
bolt hole (Fig. 5.2'9). This coincides with one of the concentric grooves 
surrounding the bolt hole (Fig. 5.30) . 



depression 

'SEM , . 
Figure 5.29 Scanning electron micrographs of fracture surface in region of 
crack origin. 

fracture 
surface 
edge 

~oncentric 
grooves 

Figure 5.30 Scanning electron micrograph showing damage to . 
the surface from the bolt near the fracture origin. 
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Figure 5.31 Scanning electron 
micrograph of the fatigue frac­
ture surface showing fatigue 
striations. 

The fracture surface near the end which exited at one of the holes was 
extensively rubbed (but still showed conchoidal marks) (Fig. 5.28b), but 
the other end had minimal rubbing damage, and here fatigue striations 
were found (Fig. 5.31). (As pointed out in Sec. 3.9, fatigue striations are 
not often so apparent in steels of complex microstructures. However, in 
this case the structure consisted mainly of single-phase ferrite of unifonn 
grain size.) The fracture surface created by fracture after notching, 
shown in Fig. 5.32, has a dimpled morphology, showing that this region 
separated by void coalescence (see Sec. 3.5). 

Figure 5.32 Scanning electron 
micrograph of the fracture sur­
face created by breaking the 
notched sample. 
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Mlcro8tructure. The microstructure is shown in Fig. 5.33. EDS analy­
sis revealed only Fe with traces of Mn and Si. The microstructure con­
sisted of a relatively fine ferrite grain size, with a very small amount 
of pearlite. Thus the plate was probably made of a low-carbon, plain­
carbon steel. There was a rather high density of elongated inclusions 
(Fig. 5.34), and these were also visible on the fracture surface (Fig. 
5.35). EDS analysis showed that these were MnS. 

Agur. 5.34 Unetched microstructure showing elon­
gated inclusions. 

Agurll 5.35 Scanning electron micrograph of the fa­
tigue fracture region showing elongated inclusions 
identified by EDS as MnS. ' 

5.4.4 Discussion 
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The flex plate was made of plain-carbon steel having a fine-grain fer­
rite structure. The service life in excess of 200,000 mi attests to the 
basic design and choice of material of the plate being sound. In spite of 
the rather high density of elongated inclusions (Fig. 5.34), they may 
not have any effect on the fatigue life of such plate material,17 and 
cracking does not appear to have originated at the inclusions revealed 
on the fracture surface (Fig. 5.35). Instead, the origin of the fatigue 
crack appears to be associated with surface damage due to the bolt or 
its washer, perhaps when the bolt was tightened during installation. 

Although 200,OOO-mi service is reasonable, a clearer picture of the 
situation is obtained by estimating the number of cycles of fatigue 
crack growth. This can be made by dividing the crack length by the 
fatigue striation spacing (Sec. 3.9). From Fig. 5.28 the distance from 
the origin to the end of the crack is about 0.5 em, and from Fig. 5.31, 
the striation separation is about 0.5 I-Lm. Thus the number of cycles 
that the fatigue crack grew is about 105

• On the average, approxi­
mately every mile of travel the flex plate received a loading suffi­
ciently large to advance the crack one cycle. In fatigue design, the de­
sired fatigue life is usually about 106 cycles or greater. 

5.4.5 Conclusions 

The flex plate cracked in a fatigue mode of fracture. The fatigue crack 
initiated in a region of the surface damaged by 9. bolt or its washer. It 

) 
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should also be remembered that the formation of the fatigue crack in 
the flex plate may have been symptomatic of excessive vibrations in 
the automobile from other causes. 

5.5 Case 0: Failed Welded Railroad Ralls· 

5.5.1 Introduction 

A common method of making railroad rails into very long sections is to 
weld pieces together by the thermite process. This is illustrated in Fig. 
5.36, and the procedure is shown in Fig. 5.37. A mold is placed around 
the joint between two rails, and a mixture of aluminum and iron oxide 
powder in a crucible above the mold is ignited. The iron oxide is reduced 
by the aluminum, forming aluminum oxide. The highly exothermic re­
action creates sufficient heat to melt the iron, which then is allowed to 
flow into the mold. The sensible heat in the molten steel is sufficient to 
melt part of each rail, and upon cooling, the molten material solidifies to 
a weld which connects the two rails. The mold is then removed, and the 
top and sides of the rail are ground to fit the rails on either side. This 
case study examines fractures which occurred in several thermite welds 
in railroad rails after only a short service life (for example, 6 months). 
Figure 5.38 shows a typical broken rail. 

A luminothermic 
steel 

Figure 5.36 Schematic diagram of the process for joining railroad rails 
by the thermite welding process. (From H. D. Fricke, in Metals 
Handbook,8 p. 695.) 

· The authors acknowledge the work done by Clayton Crouse on this case study, 

radial 
marks 
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Figure 5.37 Thermite welding"" 
process for joining railroad rails. 
(From H. D. Fricke, in Metals 
Handbook,8 p. 695.) 

. \ 

Figure 5.38 Pair of broken rails. Note the radial marks which point to 
the origin of the fracture . 

5.5.2 Experimental procedure 

To obtain samples for fractography and metallography, a broken rail 
was sectioned by a band saw, as shown in Fig. 5.39. The fracture sur­
faces were cleaned in warm water containing a detergent in an ultra­
sonic cleaner. A soft brush was also used on the surface after soaking 
in detergent. After washing in water, the surfaces were cleaned in ac­
etone agitated by ultrasound, then dried (see Sec. 1.4.1). The 
metallographic sample was mounted in epoxy, then ground and pol­
ished by standard methods. The surface was etched in a solution of 2 
percent nitric acid in methanol. 
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Figure 5.39 Location of samples removed for examination. 

dend rites 

Flgur. 5.40 Scanning electron 
micrographs of one of the large 
cavities at the root of the web. 
showing dendrites. 
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Microhardness measurements using a 500-g load were made on the 1''' : 

unetched metallographic sample. The diamond pyramid hardness 
mpH) values were accurate to about 10 DPH. 

5.5'.3 Results 

Fractography. Fracture occurred across the weld and not in the adja­
cent heat-affected zone. The fracture surface in Fig. 5.38 shows radial 
marks pointing to a fracture origin (Sec. 4.2) on each side of the neck 
of the bottom web. The crack propagated from these two locations 
through the cross section of the rail, then to the final failure near the 
top of the rail. The crack origins contained large cavities, the surface 
of which consisted of dendrites (Fig. 5.40) (see Sec. 3.10). In these re­
gions cracks could be seen propagating away from the fracture sur­
face. There were similar smaller cavities at various locations on the 
fracture surface. The fracture surface outside of the cavity areas 
showed that fracture occurred by cleavage (see Sec. 3.4), as illustrated 
in Fig. 5.41. 

Microstructure. The metallographic sample removed from the web 
(see Fig. 5.39) allowed examination of the microstructure in cross sec­
tion, from the fracture surface (area that was molten) through the 
heat-affected zone and into the unaffected base metal. The locations of 
microstructures from various areas are shown in Fig. 5.42. The base 

cleavage 
planes 

cleavage 
planes 

Flgur. 5.41 Scanning electron micrograph of the fracture sur­
face in the central part of the rail web near the bottom flange. 
Fracture occurred by cleavage. 



308 Chapter Five 

50·10b 

50·8b 

Fractu re 
surface 

5D·9b 

50· 10a 

~~etal 
zone 

Flgur. 5.42 Sketch of metallographlc sample showing weld 
and heat-affected zone, and location and figure numbere of 
hlgher-magnification micrographs. 

pearlite inclusions 

FlQure 5.43 Micrographs of base metal . 
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metal consisted of fine pearlite (Fig. 5.43) with a small amount of pri­
mary ferrite. Thus the carbon content is about 0.7 to 0.8 percent. At 
the surface, decarburization was present, a consequence of fabricating 
and heat-treating the rail and not associated with the welding process. 
In the heat-affected zone there was a refinement of the prior austenite 
grains (Fig. 5.44a), but in the weld metal these grains grew larger, 
giving a coarser final structure (Fig. 5.44b). 

In the base metal there was a relatively high density of inclusions 

.. 
fracture 
surface 

(b) 

Figure 5.44 Optical micrographs of (a) the heat-
. afTected zone and (b) the weld metal. The difference in 

the fineness of the structures is due to the prior 
austenite grain size, which is larger in the weld metal 
region. 
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FIgure 5.45 Unetched microstructure of (a) the base 
metal , showing elongated inclusion stringers, and (b) 
the weld metal showing rounded inclusions, 

elongated parallel to the rail axis (a consequence of hot rolling the rail 
shape). These were probably MnS inclusions (Fig. 5.45a). In the weld 
zone the inclusions were spherical (Fig. 5.45b) . Near the edge of the 
fracture surface, numerous cracks were found (Fig. 5.46). 

Hardness measurements. ' Figure 5.47 shows the hardness distribution 
across the weld. The DPH values were converted to Rockwell C.l8 

5.5.4 Discussion 

The microstructure of the welds is generally that expected of welding 
a steel of this carbon content. The hardness distribution across the 
weld And into the base metal (Fig, 5.47) gives reasonable values for a 

" , 
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FIgure 5.46 Unetched microstructure near the frac­
ture surface showing the presence of numerous 
cracks, 
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steel processed in this manner. These observations do not indicate a 
basic problem with the choice of steel. 

The basic cause of the failure of the rails is the presence of the large 
cavities that formed during solidification, and which acted as crack 
initiation sites. These cavities formed due to inadequate feeding of the 
liquid steel during solidification, caused by an improperly designed 
mold. The railroad company has modified its mold design to alleviate 
this problem, but field service examination to assess the success of the 
new design has not been completed. 

Another aspect of concern here is the presence of cracks found in the 
crOSB section near the fracture surface (Fig. 5,46). These were in the 
region which had been molten, and most likely are caused by thermal 
and transformation stresses generated during cooling after solidifica­
tion. If these cracks existed throughout the weld, then they provided 
an easy path for the crack to propagate. Establishing the cause of the 
failure is complicated by the fact that the railroad company had in the 
previous 2 years changed from a non-heat-treated rail, which had 
been used for many years, to one which was heat-treated to increase 
the surface hardness and hence the railUfe. 

5.5.5 Conclusions 

The cracks which led to failure of the rails began at large cavities at 
the bottom of the web. These cavities were due to inadequate feeding 
9f liquid metal. To prevent these required a change in the design of 
the mold. However, even with proper feeding, the numerous cracks 
found in the microstructure of the weld are of concern, indicating that 
limited life may still be a problem. If field testing of the welds using 
the redesigned molds reveals a continuing fracture problem, then the 
relation between welding, solidification, and the chemistry of the new 
rails should be examined carefully. 

5.6 Case E: Broken Stainless-Steel Wires 
from an Electrostatic PreCipitator 

5.6.1 Introduction 

Gas effiuents from paper plants contain fme particles which are some­
times removed by an electrostatic precipitator. In these systems thin 
wires are charged to several thousand volts so that dust particles from 
flowing gases are attracted to the wires and the surrounding dust col­
lector plates. Periodically, the wires and plates are vibrated to remove 
these particles into receptacles at the bottom (Fig. 5.48). Several of 
these wires failed in one such precipitator in an unexpectedly short 
time. The wires are manufactured' in coils which are then straight-

Figure 5.48 Schematic diagram of an electrostatic precipitator system showing location 
of the wires. (From Shale and Faschig. 18) . ' 

ened by attachment to a lower support by weights (Fig. 5.49). It was 
known that the wires were made in Sweden, corresponded to a 316L 
stainless steel, and had a specification of "3/4 hard." 

5.6.2 Experimental procedure 

Several broken wires were received. These were cut to a size appropri­
ate for scanning electron microscopy and optical microscopy evalua­
tion. Samples were cleaned in acetone using ultrasonic agitation. Vi­
sual examination, macrofractography, and scanning electron 
fractography were carried out. In addition, microhardness measure­
ments were made on polished metallographic specimens. 

·.~I 
Flgur.e 5.49 I?rawing of electrostatic precipitator wire configuration coil be­
fore installatIOn. 
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5.6.3 Results 

Visual examination. Visual examination showed the wire surfaces to 
be relatively clean, with only superficial corrosion products present. 
The general plane of the fracture waS normal to the wire axis, and 
there was no obvious indication of plastic deformation. 

Hardness measurements. Several micro hardness measurements were 
made and converted to the Rockwell C scale.20 The average hardness 
was determined to be 37 Rockwell C (±2). 

Fractography. At low magnification the fracture surfaces revealed 
conchoidal marks (Fig. 5.50) (see Sec. 4.5). From this fractograph the 

200 pm 

origin of fatigue 
fracture 

(b) 

conchoidal 
marks 

conchoidal marks 

Agure 5.50 Scanning electron micrograph of the fracture 
surface of one fractured wire, showing that fracture oc­
curred by fatigue. 
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Figure 5.51 Scanning electron 
micrograph at high magnifica­
tion of the fatigue fracture prop­
agation region. Note the ab­
sence of fatigue striations. 

origin of the fatigue fracture is immediately evident. At high magni­
fication (Fig. 5.51), fatigue striations were not seen, but they may 
have been masked by corrosion products formed on the fracture sur­
face. The final overload region of the fracture surface showed dimples 
(Fig. 5.52). 

A detailed examination of the fracture origin (Fig. 5.50b) showed a 
pit (Fig. 5.53). Such pits were seen not only a,t the origin of the frac­
ture on several wires, but also along the surface of the wires (Fig. 
5.54). These pits had an appearance similar to that seen on stainless 
steel surfaces in which corrosion pitting occurred.21 

Figure 5.52 Scanning electron micrograph at -high 
magnification of the overload fracture region. The sur­
face shows dimples and some corrosion debris. 



10 11m corrosion 
pit 

SEM 

Figure 5.53 Scanning electron micrograph of a corrosion pit 
at the origin of the fatigue fracture. 

corrosion pit surface of wire 

Figure 5.54 Scanning electron micrograph of the sur­
face of a wire showing corrosion pits. 

5.6.4 Discussion 

The fractography clearly established that the fracture mode was fa­
tigue. It was also clear that the origin of the fatigue cracks was cor­
rosion pits. Hence the inability of the wires to inhibit pitting corrosion 
was of concern. 

TABLE 5.4 Comparison of Chemical Composition of Swedish 
and U.S. Steels 

Swedish steel SIS 2343, wt. %t 

0.05C max 
1.008i max 
2.00Mn max 
0.045P max 
0.030S max 

16.00- 1S.00Cr 
1O.50- 14.00Ni 
2.50-3.00Mo 

SOURCE: "From Metals Handbook. 23 

U.S. steel 316 L, wt. %. 

0.030C max 
1.008i max 
2.00Mn max 
0.045P max 
0.0308 max 

16.00-1S.00Cr 
lO.OO-14.00Ni 
2.00-3.00Mo 

'From D. Peckner and I. M. Bernstein, Handbook of Stain­
less Steels, McGraw· Hill, New York, 1977, p. Al·53. 

Case Studies 317 

The chemical composition of the steel used to make the wires is given 
in Table 5.4, which shows t~e steel to be basically a 316L stainless steel. 
The properties of cold-drawn 316 stainless-steel wire are given in Table 
.5.5. This shows that the hardness in the "3/4 hard" condition should be 
29-32 Rockwell C. The measured value of the failed wires (37 Rockwell 
C) is higher than this and corresponds to the "full hard" conditio~. 

The purpose for specifying that wire in the cold-worked condition be 
used was not known. The wires are under static load as well as under 
additional loading from the vibration of the wires, and hence resis­
tance to fatigue fracture is required. Since a common correlation is 
that the higher the tensile strength, the higher the fatigue strength, 
then the use of cold-worked stainless steel appears reasonable. How­
ever, data (Fig. 5.55)24 for smooth and notched cold-worked 304 stainless­
steel specimens indicate that this steel may be very notch-sensitive in 
the cold-worked condition. Similar results have been reported for 301 
stainless steel (see Metals Handbook,26 p. 765). The fatigue curves in 
Fig. 5.5626 for atmealed 302 stainless steel show that it is not very notch­
sensitive in the annealed condition. Also, data in Metals Handbook 26 

show that with a stress concentration factor K t of 3, "extra hard" 301 and 
annealed 304L stainless steel have about the same fatigue strength. 
Thus the cold-worked 316L steel may have been notch-sensitive. 

It thus appears that while the fatigue strength was improved by 
cold working, the material may have been rendered very notch­
sensitive. In the chemically aggressive environment of paper-plant ef­
fluents the wires were subjected to pitting corrosion. These pits pro­
vided the notches for lowering the fatigue strength of the wires. 

It is also important to recognize that the fracture of the electrode 
wires may indicate improper operation of the system, causing exces­
sive vibration and static loading. This aspect was an unknown in this 
investigation. 
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Figure 11.115 Fatigue curves for cold-drawn 304 austenitic stainless 
steel, showing the notch sensitivity in the cold-worked condition. 
(From Spretnak et aZ .• oJ 
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Figure 5.56 Fatigue curves for annealed 302 austenitic 
stainless steel, showing the lack of notch sensitivity in this 
condition. <From Henke. 26) 

5.6.4 ConclusIons 

319 

The basic cause of the fracture was pitting corrosion, which provided 
sites for the initiation of fatigue cracks. While the use of material in 
the cold-worked condition does provide for a better resistance to static 
overload, the notch sensitivity may be higher for such material. Ma­
terial with a higher Mo content (such as 317L) is recommended for 
better resistance to pitting corrosion. 

5.7 Case F: Broken Wire Cutters· 

5.7.1 IntroductIon 

Diagonal wire cutters are used frequently in a variety of operations, 
mainly involving electrical wiring. A broken wire cutter was received 

'The authors acknowledge the work done by Brian Kruse on this catoe study. 



plastic covering 

Flgur. 5.57 Failed wire cutters. 

with the failure location at the point where the handle meets the 
jaw. Figure 5.57 shows an overall view of the broken cutter (with 
the failure location indicated). The only visible markings on the 
broken cutter were: "2214" and "DROP FORGED." The manufac­
turer's trademark was not found, nor was the country of manufac­
ture. 

It was learned that the cutters failed while they were being used to 
cut copper wire of the size normally used in residential house wiring. 
Wire this size would usually be cut with a larger tool with greater me­
chanical advantage to reduce the force required by the operator to ef­
fect the cut. When received for failure analysis, the cutting edges were 
in the fully closed position and a screwdriver was used to pry the jaws 
open. This suggests that the hinge was not functioning properly and 
this contributed to the excess force required to make the cut when the 
tool failed. . 

A survey of manufacturing standards revealed that there were no 
U.S. standards regarding the manufacture of hand tools. Military 
standards were not checked. The British Standards Institute and the 
Japanese Industrial Standards do have standards governing the man­
ufacture of such hand tools. 

5.7.2 Experimental procedure 

Figure 5.58 shows a low-magnification photograph of the two fracture 
surfaces and Fig. 5.59 schematically shows the location and orienta­
tion of the two fractographs in Fig. 5.58. In the latter, two distinct re­
gions were identified. The outer surface, which is the region of maxi­
mum fiber stress during loading, exhibited very little evidence of 

l.iBSe :)tuOles J~l 

fracture 
surface 

handle 
end 

fracture 
surface 

region of 
plastic 
deformation 

jaw end 

Figure 5.58 Fracture surfaces of the broken pair of cutters. The lower photograph 
is from the handle and the upper from a location near the hinge pin. 

Handle end 

Surface of 
maximum stress 

Flgur. 5.59 Schematic diagram of the wire cutters showing the loca-
tion of fracture and'the location of the features marked in Fig. 5.58. 

dimensional change, while some was observed in the central region. In 
addition, some plastic deformation was evident on the surface that is 
presumed to be the last point to fail (see Sec. 4.4). 

The plastic coating on the handles was cut away to expose the han­
dle area. The chromium plating on the tip of the tool ended at the plas­
tic, and the handles had a sooty substance on them. The tool must 
have been plated after the plastic was installed, and either the plastic 
left the residue, or it was left from a heat-treating process. 

Following the visual examination, analysis for determining the 
cause of failure was carried out in three steps. The first step consisted 
in an evaluation of the stress levels involved in the wire cutting oper-
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lip removed 
and mounted 

section ·· / Of hinge 

. _~l 

fracture 
surface 

FIgure 5.60 Sectioning scheme used for obtaining 
specimens for microstructural evaluation. 

ations for which the tool was designed. This was followed by a 
metallographic evaluation of the material used and its heat treat­
ment. Lastly, a detailed fractographic examination was conducted us­
ing the scanning electron microscope. 

Figure 5.60 shows the failed part after it was sectioned for 
microstructural evaluation. The tip portion of the cutters was 
mounted for metallography to expose both a plane parallel to the frac­
ture surface and a cross section of the hinge at its centerline. Rockwell 
hardness measurements were made using the C seale at the location in­
dicated in Fig. 5.61 on both the failed and an unbroken pair of cutters. 

5.7.3 Results 

Evaluation of stresses. A pair of unbroken cutters of dimensions sim­
ilar to those of the broken one was used to measure the force required 
in a typical cutting operation. The cutters were placed between the 
compression dies of a Tinius Olsen testing machine and the load re­
quired to cut a 10 TW [0.102-in (0.259-cm)-diameter] single-strand in­
sulated copper wire was measured. A force of 436 N (98 lb) was re-

Unbroken cutter 

47 

46 

Failed cutter 

39 

~ 39 

FIgure 5.61 Values of hardness 
measurements (Rockwell C) 
made on both the unbroken 
(left) and the failed (right) pair 
of cutters. 
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quired to cut the wire, and the cutters appeared to flex elastically 
during the test (see Sec. 2.2). There was no evident damage to the cut­
ters at the completion of the test. The maximum outer fiber stress im­
posed on the tool may be approximated by using a simple beam formula, 

Me 
a=T 

where M = moment, = 6.4 em x 436 N (2.5 in x 98 lb) 
e = 0.34 cm (0.269/2 in) 
I = moment of inertia, = 0.0112 cm4 [(0.166 x 0.2693)/12 in4] 

Hence a = 8.4 X 10· Pa (122,000 Ib/in2) 

This value now has to be compared to the mechanical properties of the 
material used. 

The results of the hardness measurements are shown in Fig. 5.61. 
The failed cutters had a somewhat lower hardness. The average value 
was found to be 40 Rockwell' C. This corresponds to an ultimate tensile 
strength of about 1.24 x 109 Pa (180,000 Ib/in2), 13 and a yield strength 
of about 1.03 X 109 Pa (150,000 Ib/in2).27 It would appear then that 
the strength was well above the maximum fiber stress calculated. 
Gross overload may thus be overruled as a possible cause for failure. 

Microstructural evaluation. Figure 5.62 is a low-magnification micro­
graph showing the cross section of the fracture surface from the jaw 
end. From the gradt'.ation in the extent of etching between the outer 

extent of 
carburized 
region 
0.127cm. 
(0.05 in.) 

Figure 5.62 Low-magnification micrograph from the frac­
ture region showing the extent of the carburized region. 

., .. . ' 
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edge and the center of this micrograph, it appears that the tool was 
carburized. At higher magnification the microstructure is revealed to 
be tempered martensite, with undissolved carbides outlining the prior 
austenite boundaries, as shown in Fig. 5.63. This structure persists to 
a depth corresponding to about 3 grains (of prior austenite) from the 
surface, below which the grain-boundary carbides are no longer ob­
served. The prior austenite grain size is estimated to be ASTM 3. 
There is no evidence of decarburization at the surface. All these points 
indicate that the material was carburized. In order to confll'lIl this, a 
section of the handle was removed and austenitized at 980De (1800

D
F) 

pearlile 

FIgure 5.63 (a) Low· and (b) high·magnification micro· 
graphs of the carburized region showing a carbide net· 
work along the prior austenite grain boundaries. 
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FIgure 5.64 (a) Microstructure of the heat·treated specimens. (b) Microstructure from 
the center showing pearlite and ferrite. (e) The edge . hoWI pearlite and a carbide net· 
work along the prior austenite grain boundaries, indicating a carburized structure. 

for 2 h, then furnace·cooled. The edge-to-center microstructure of this 
piece is shown at low magnification in Fig. 5.64a and clearly reveals 
the carburized zone. Figure 5.64b shows that the center of the speci· 
men was not carburized. This micrograph shows about 10 percent 
pearlite in a ferrite matrix, indicating a carbon content of approxi­
mately 0.1 percent for the steel from which the tool was made. In con­
trast; the microstructure near the edge (Fig. 5.64c) shows pearlite 
with carbides along the prior austenite boundaries, from which it is 
deduced that the carbon content of this region is greater than 0.8 per­
cent. 

SEM fractography. The fracture surface of the jaw erid (Fig. 5.58) was 
examined in a scanning electron microscope. Ai3 shown in the low· 
magnification fractograph of Fig. 5.65, the outer region is brittle in 

. appearance while the central area shows ductile tearing (see Sec. 3A) 
with some secondary cracking. The higher-magnification fractography 
of Fig. 5.66 is from the outercarburized region where a mixed mech­
anism composed of cleavage (see Sec. 3.4) and microvoid coalescence 
(see Sec. 3.5) is evident. The central region shows only dimples, as 
seen in the high-magnification fractograph of Fig. 5.67, taken adja­
cent to one of the secondary cracks. The features at the extreme outer 
edge (region of maximum fiber stress) were masked by the presence of 
some corrosion products which could not be removed by standard 
surface-cleaning procedures (see Sec. 1.4.1). 

5.7.4 Discussion 

The observed hardness of the tool surface near the fracture area cor· 
related to a yield strength that was significantly higher than the im-

: .... "': . ~'.~. , .· ·. v., •. , ... p .• ·~,.·I ., •. I .• · "r ..• •. .. •... ~~.-.. ~ ..... " . ...... ,. .... ,. ...... "'.---... -, .... ~- .-~ .. ~,.- . - ... - .~-.- .. - .. ,- ...... ----.-... --.-. _ .. - --.- - -, 
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secondary 
cracking 

Figure 5.65 Low-magnification fractograph of the frac­
ture surface. 

posed stresses. This fact can be misleading, since a microstructure of 
carbides at prior austenite grain boundaries lowers the fracture 
toughness of the material.28 

From the presence of a sooty material on the surface it is suspected 
that pack carburizing was used. Also, either the part was quenched 
directly from the carburizing treatment and the carbon content was 
such that it was beyond the Aem line, thus leading to carbides along 
the austenite boundaries, or the quench rate was inadequate to sup­
press the formation of grain-boundary carbide8. Since the prior 
austenite grain size is large (approximately ASTM 3), it is unlikely 
that the part was reaustenitized. It was in all probability tempered af­
ter being quenched directly following carburization. 

Figure 5.66. SE~ fractograph near edge (see Fig. 
5.65) shoWlng mIXed-mechanism fracture. 
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Figure 5.67 SEM fractograph 
near the secondary crack shoWn 
in Fig. 5.65 showing dimples. 

~ile the possibility of hydrogen embrittlement (see Sec. 3.11) due 
to Improper plating techniques cannot be completely ruled out, the 
cleavage fracture features observed at the outer edges are probably 
the result of the grain-boundary carbide network in this region. If the 
tool had been carburized prior to its assembly with the hinge pin 
t~ere would be a carburized area evident at the hinge pin surface i~ 
FIg. 5.62. Thus it is deduced that the tool was carburized after assem­
bly. Uneven thermal expansion of the assembled part during heat 
t~eatment could also account for the binding of the hinge pin men­
tIOned as part of the initial inspection. 

~ .... ;. 

, . 

:.: 



5.7.5 Conclusions 

It appears that the tool failed because of a defective microstructure of 
a network of primary carbide along prior austenite grain boundaries 
which lowered the allowable stresses on it. Also the prior austenite 
grain size was too large. Both of these problems were due to an im­
proper heat treatment. 

5.8 Case G: Broken Steel Punch· 

5.8.1 Introduction 

Pin punches are used to start holes in concrete blocks. A broken o/32-in 
W.238-cm) punch (Fig. 5.68) was received with the fracture being 
quite close to its working point. The punch was known to be made of 
steel, and it was clearly plated, possibly with nickel. The purpose of 
the investigation was to determine the cause of failure. 

In the course of the investigation, the material was determined to be a 
high-carbon, plain-carbon steel with a tempered martensite structure. 
There are two well-known causes that can lead to the embrittlement of 
these steels. Temper embrittlement occurs if the steel is held at or slowly 
cooled through the 250 to 540°C (482 to 1004°F) temperature range.29 
Tempered martensite embrittlement (TME) occurs after tempering a 
martensitic structure between 260 and 370°C (500 to 698°F).29 

TME is aggravated by exposure of the material to hydrogen, as might 
occur during an electrolytic plating procesS.30.S1 Higher-strength steels 
are more susceptible to hydrogen embrittlement.31 One way to alleviate 
the problem is to bake the plated components at around 200°C (392°F) for 
3 to 4 h. This normally allows the hydrogen to effuse except in cases 
where the plating itself acts as a diffusion barrier. The steel in this in­
vestigation had a relatively high carbon content, and upon quenching 
from austenite to 25°C (77°F) to harden the material, austenite may have 
been retained due to the martensite-fmish temperature being below 25°C 
(77°F), During tempering this retained austenite may have decomposed 
to microconstituents, which are susceptible to hydrogen embrittlement. 

fracture 
p' -........ ~ 

1 em 

Figure 5.88 Broken punch. 

-The authors acknowledge the work done by Bruce D. Cutler on this case study. 
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Figure 5.89 Schematic representation of sectioning scheme used to obtain 
specimens from the broken punch. 

5.8.2 Experimental procedure 

The first step was a visual examination of the part and photographic 
documentation of the entire tool (Fig. 5.68). Figure 5.69 shows a sche­
matic representation of how the part was sectioned for t~e investiga­
tion. The fracture surface on section 1 (Fig. 5.69) was examined in a 
scanning electron microscope to show not only the overall fracture­
surface features (low magnification) but also the variation in fine fea­
tures across the cross section of the fracture surface. In addition, x-ray 
fluorescent spectroscopic (EDS) analyses were obtained from the bulk 
material, from an inclusion, and from the plating. 

Rockwell C hardness measurements were made on surface F of sec­
tion 6 (Fig. 5.69). Microhardness measurements were used to obtain a 
hardness profile across the metallographically polished surface of sec­
tion 3 (surface C). Microhardness values were converted to Rockwell C 
values.18 Microstructural information was obtained by polishing and 
etching surfaces D and E of sections 4 and 5, respectively, using stan­
dard metallographic procedures. 
. The determination of the carbon content of the steel was accom­
plished by austenitizing section 6 at 900°C (1652°F) for 1 h followed by 
furnace cooling over 24 h. Prior to austenitization most of the plating 
was ground off. Following austenitization and annealing, section 6 
was further sectioned, as shown in Fig. 5.69, to yield surface G for 
metallographic ~valuation. From this examination the pearlite and 
proeutectoid (ferrite or carbide) content of the structure was measured 
to estimate the carbon content of the steel. 

To determine the existence of retained austenite in the material, 
section 3 was subcooled by immersion in a mixed methanol and dry­
ice bath - 79°C (- 96°F) for approximately 25 min, followed by 
warming to room temperature in a vacuum desiccator. The micro­
hardness profile across surface C of this specimen was then measured 
and compared to the profile from the as-received specimen (mentioned 
earlier). 

5.8.3 Results 

Preliminary Information. Very little preliminary information was 
available as to the exact conditions under which the failure occurred. 
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Flgure 5,70 Closeup of fracture region of the punch 
showing lack of gross plastic deformation, 

It was assumed that the tool broke under normal working conditions, 
which would be impact by a hammer. The package of a similar punch 
mentioned that the tip was double tempered and the punch itself was 
nickel-chrome plated. Figure 5.70 shows a closeup of the failed tool at 
the failure location. There is no evidence of gross plastic deformation 
or of a pronounced shear lip. Hence the fracture occurred in a brittle 
manner. The lip visible on the fracture surface (mentioned later) is 
the plating, which incidentally did not fracture at exactly the same 
location as the tool itself. It is assumed that the fracture of the plating 
had no effect on the failure of the tool. 

SEM fractography and EDS analysis. Figure 5.71 shows low­
magnification (overall) fractographs of the two fracture surfaces. At a 
slightly higher magnification (Fig. 5.72) these regions are more 
clearly defined, and so is the plating. The central dull fibrous region is 
surrounded by an outer rim of the bright, brittle appearing fracture. 
Figure 5.73 shows in the center region classic dimple fracture fea­
tures. In contrast, the stereo-pair fractographs in Fig. 5.74 of the edge 
region show predominantly a "rock candy" appearance of inter­
granular fracture, mixed with areas showing dimples. 

EDS analyses from the bulk material of the fracture surface indi­
cated that the material is plain-carbon steel. The analysis of the plat­
ing showed an inner nickel layer and an outer chromium layer. 

Microstructural Information. Figure 5.75 shows the microstructure 
from the central region of the punch; it is composed entirely of 

Flgur. 5.71 Low-magnification 
photographs of two fracture sur­
faces of broken punch. (a) Frac­
ture surface of the smaller piece. 
(b) That of the larger piece. 

intergranular 
fracture region 

Intergranular 
region 

bris 

~Jgure 5.72 Locations of the plating and the dimpled and 
mtergranular areas on the fracture surface of section 1. 

."ri."" SEM 
~Jgur~ 5.73 Fractograph from center region in Fig. 5.72 show­
mg dImpled fracture features. 
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FIgure 5.74 Stereo-pair fractographs from region B in Fig. 5.72 showing intergranular 
fracture. 

Flgur. 5.75 Microstructure from 
central region of punch. 

martensite. The lower-magnification micrograph of Fig. 5. 76a .show.s a 
white constituent at and near the surface. The higher-magnlficatlOn 
micrograph of this region (Fi.g. 5.76b) s~ows t~at. this constituent is 
probably retained austenite 10 martenslte. If It lS, then the cru:bon 

content near the surface must be higher than for the bulk (no retruned 

austenite). 
The carbon content of the material (bulk) can be estimated from the 

microstructure in Fig. 5.77, which is from the central region of the 
heat-treated specimen. In this micrograph the large dark and grey 

Cr-Ni plating 

l;:;J;~~~f;~~~~~ifflr re t a i ned 
austenite 
(white) 

martensite 
(dark) 

FI.9url ~.76 Micro~~ructure .near .the s~rface of the punch (a) at low and (b) at high mag­
mficatlons. The hlgh-magmficatlOn micrograph clearly shows retained austenite. 

areas are pearlite (about 90 percent), whereas the small bright areas 
are proeutectoid ferrite (about 10 percent) decorating the prior austenite 
grain boundaries. From this the carbon content of the material is es­
timated to be about 0.7 percent. 

Hardness measurements. Microhardness readings of the as-received 
tool obtained from the center of the cross section of the tool averaged 
about 57 Rockwell C, which is consistent with the values obtained 
from macrohardness measurements. Readings taken close to the edge, 
however, varied from 50 to 60 Rockwell C, which could imply varia-
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.primary 
fer rile 

pearlite 

Figure 5.77 Microstructure from the central region of 
the heat-treated specimen showing pearlite and 
proeut8ctoid ferrite. 

tions in the local microstructure encountered by the indenter. Mter 
the section had undergone the sub cooling treatment mentioned ear­
lier, the readings at both the surface and the center were consistently 
near 60 Rockwell C, indicating a transformation of retained austenite 
to martensite at the outer edges of the tool. 

5.B.4 DIscussIon 

This tool clearly failed by a mechanism of intergranular fracture 
along prior austenite boundaries. It appears that the tool was made 
from high-carbon (about 0.7 percent carbon), plain-carbon steel. · The 
surface was carburized to a higher carbon content, which led to the 
presence of retained austenite during subsequent quenching. Thi.s in 
itself may not lead to embrittlement of the material. However, the 
prior austenite grains were large (ASTM 3), which is known to be a 
factor in susceptibility to intergranular embrittlement.29 This could 
have been aggravated by the introduction of some hydrogen in the 
surface region during the plating process. 

5.B.5 ConclusIons 

It appears that the tool failed because of a defective microstructure, 
which was also very sensitive to hydrogen embrittlement. 

5.9 Case H: Broken StaInless-Steel HInge 
for a Check Valve 

5.9.1 IntroductIon 

A broken steel hinge for a check valve in a saltwater line was received 
from a petroleum manufacturer. The exact configuration of the broken 

Hinge 

Loca tion 
of fra cture 

Part th at broke 
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Figure 5.78 Schematic rEipresen­
tation of the possible assembled 
configuration of the hinge and 
check valve. 

part in the check-valve assembly was not known, but a schematic rep­
resentation of a possible assembled configuration is shown in Fig. 
5.78. A cover letter accompanying the two broken pieces stated: 
"These check valves are in service in produce· water (saltwater) pipe­
lines. If the pump goes down, these valves close to prevent the high 
pressure from the discharge line from getting into the low-pressure 
suction line. When this valve failed, the suction line was pressurized 
causing considerable damage. Approximate service life 1 year; mate­
rial is stainless steel; the impact on these valves, when they close, is 
considerable. " 

It is to be noted that the following pieces of useful information could 
not be obtained: 

1. The operating environment of the hinge itself, although it was 
probably the same as for the valve. 

2. The configuration of the hinge in the assembled condition. This in­
formation would be invaluable in determining the loading condi­
tions for the hinge. 

3. The magnitude of the loading. 

4. The grade or class of the stainless steel used. 

The broken hinge was received .in two parts. Figure 5.79 shows the 
two parts in their relative operating positions, Figs. 5.80 and 5.81 give 
the dimensions of the two parts. 

... :: ,' 
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Flgur. 5.79 Two pieces, parta A and B, of the broken 
hinge. 

I ' I I 

I T 
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Plan 
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50 

55 
73 

87 

Elevation 
Figure 5.80 Dimensions of part .0\ (in millimeters). 

5.9.2 Experimental procedure 

Part A 
All dimensions are In mm 

i r- 17 1 r- 17 · 

1--

Side view 

The first step was a visual examination of the part and photographic 
documentation of the two pieces. The fracture surfaces of both parts 
were examined carefully, both macroscopically arid in a scanning elec­
tron microscope. In addition, EDS analyses were obtained from vari· 
O~lS regions of interest on the fracture surfaces. 
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Part 8 
All dimensions are in mm 

Plan 

:\--',-- --,- - -- - ---.., l() 

~ TI I I ~ 

3 l. ~ 31~ .1 54 52 
61 

Elevation Side view 

Flgur. 5.81 Dimensions of part B (in millimeters). 

Sections were cut from part A, as shown schematically' in Fig. 5.82, 
to yield two specimens (called samples 1 and 2) for microhardness 
measurements, magnetic measurements, and microstructural evalua­
tion. Magnetic measurements were made on sample 1 in an effort to 
evaluate the level of delta ferrite in the microstructure.32 Micro-

Cut 2 Cut 1 

I 
I 

I I I I I I 
'-J 

l I 

I rHf~ 
I I Cut3 

I ' I I 

(al 10mm 10mm 

Flgur. 5.82 (al Schematic representation of the sectioning scheme 
used to obtain specimens from part A. 
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Sample 1 
Sample 2 

(b) 
(e) 

Figure 5.82 (Continued) (b) , (e) Two specimens. 

hardness measurements were also obtained from sample 1. Micro­
structural information was obtained by polishing and etching 
(Kalling's etch) samples 1 and 2 using standard metallographic proce-

dures. 

5.9.3 Results 

Visual Inspection. Most of the surface of part A appeared to have 
been painted green. There were three distinct regions in this part: a 
base plate, a rib on the base plate, and a strap welded on the base. 
These are identified in Fig. 5.83. One of the filet welds used to join 
the strap to the base plate is marked in Fig. 5.83a. Two stampings 
were in evidence on the base of part A-one on the top surface (Fig. 
5.83a) and one on the undersurface (Fig. 5.83b). Some shiney sur­
faces (rubbed appearance) were in evidence, and these are also 
marked on Fig. 5.83. 

Part B was much darker and dirtier in appearance than part A. The 
painting on this part appeared very patchy, flaky, and lighter in color 
than on part A. The overall appearance of part B gave the impression 
that the part had been exposed to high temperature. Figure 5.84 
shows the top and underside of this part. 

A "bearing surface" is evident around the hole in Fig. 5.84a. Fig­
ure 5.85 shows two end-on views of part B. These clearly indicate 
bending (plastic deformation) adjacent to the fracture location (see 
Sec. 4.4) . 

(a) ,.....,.--_ ..... •. -_ ..• .. .. .. 

I em (el 
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~Shiney 
surface 
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stamping 

Figure 5.83 Part A. (a) Plan view. (b) Side view. (el Underside. 
Stampings on part and some shiney surfaces are noted. 

SEM fractography and EDS analysis. Figure 5.86 shows low-magnifica­
tion (overall) fractographs of the fracture surfaces of parts A and B in 
the as-received condition. Ali can be seen in Fig. 5.86a, the fracture 
surface of part A was rusted in small patches and one-half was covered 
by a black film. The fracture surface of part B (Fig. 5.86b) was all but 
obscured by a black (oxide?) film. Cleaning the fracture surface of A 
was accomplished by repeated use of acetate replicating tape followed 
by ultrasonically cleaning in a solution of 10 percent oxalic acid. AI-

) 
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plate j 

burn 
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(b) ' 

Figure 5.84 Part B. (a) Top view. (b) Underside. 

Figure 5.85 Two end views of part B showing bending. 

eM 

1 em -
Figure 5.86 Low-magnification fractographs. (a) Part A. (b) 
PartB. 
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, most all the rust was removed by this, but the black film persisted (see 
Sec. 1.4.1). This obviated the determination of the fracture mechanism 
by detailed fractography. 

Figure 5.87 shows a composite of the fracture surface of part A. Two 
distinct regions can be seen-a bright rim with distinct radial marks 
and a central dull rectangular region. The radial marks point back to­
ward the central rectangle, which has a machined appearance (see , 

strap 

tine 
radial 
marks ; 

Figure 5.87 Low-magnification fractograph of part A showing two distinct regions, one 
bright and the other dull in appearance. 
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Sec. 4.2). Under a stereo microscope the bright rim consists of very 
sharp and mirrorlike facets. The strap is seen to be welded on the base 
plate by two filet welds, one at the top and one at the underside. The 
latter weld has been ground down. The fracture surfaces of the strap 
are a bit receded from that of the base plate. The top weld provides a 
sloped junction between the fracture surfaces of the strap and the base 
plate. Also the top weld is discontinuous with the strap for a majority 
of the weld interface with the strap. At the location marked X in Fig. 
5.87, a small round discontinuity was observed at the weld. The sur­
face of this appeared solidified as opposed to fractured. The surface 
was dark and around it was a crack in the weld metal which extended 
to the top surface of the weld. Next to this there was an eye-shaped 
entrapped slag with a very shiney black appearance. This in turn was 
surrounded by a rim of bright metal. A partial view of this is shown in 
Fig. 5.88. The weld between the rib and the base plate of part A shows 
an undercut (Fig. 5.87). As illustrated in Fig. 5.89, at location Y 
marked in Fig. 5.87, a fine crack and radial marks pointing to its or­
igin are seen in the scanning electron micrograph. 

EDS analyses were also carried out in the scanning electron micro­
scope on polished and etched meta1lographic specimens (next section), 
on both the base plate and the strap. The results are shown in Table 
5.6. From these it is surmised that the strap is 347 stainless steel, 
while the base plate is CFBC (compositions are given in Table 5.7) 
since some Nb was found in a previous analysis. Table 5.B shows the 
results of EDS analyses on the matrix and what was suspected to be 

FIgure 5.S8 Optical photograph of slag found near 
location X marked in Fig. 5.87. 

F.lgure 5.89 Optical photograph of crack found in loca­
tIOn Y marked in Fig. 5.B7. 

TABLE 5.6 EDS Results from 8asll Plate and Strap 

Base Plate 

keY Counts Element keY 

1.75 51 Si 2.31 
2.34 86 S 5.40 
5.40 736 Cr 5.93 
5.95 179 Cr 6.40 
6.39 1732 Fe 7.05 
7.06 275 Fe 7.50 
7.47 192 Ni 8.26 
8.25 65 Ni 
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Strap 

Counts Element 

87 S 
775 Cr 
203 Cr 

1745 Fe 
251 Fe 
203 Ni 

51 Ni 

TABLE 5.7 Chemical Composition Specification for CF8C Casting and 347 Stainless 
Steel 

CFBC casting"' 

Element 

Cr 
Ni 
C 
Mn 
Si 
P 

wt.% 

18.0-21.0 
8.0-11.0 

0.08 max 
1.50 max 
2.00 max 
0.04 max 
0.04 max S 

Nb > 8 x C but < 1.00 

·From ASTM A743_79.33 

tFrom Metals Handbook. 2. 

347 Stainless steel t 

Element 

Cr 
Ni 
C 
Mn 
Si 
p 
S 

Nb + Ta 

wt.% 

17.0-19.0 
9.0-13.0 
0.08 max 
2.00 max 
1.00 max 
0.045 max 
0.03 max 

> 10 x min. C 

I 
J 
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TABLES.S EDS Results from Matrix and Delta Ferrite 

Matrix Ferrite 

keY Counts Element keY Counts · Element 

1.69 121 Si 5.42 375 Cr 
5.43 288 Cr 5.94 127 Cr 
5.94 101 Cr 6.42 629 Fe 
6.40 717 Fe 7.03 142 Fe 
7.05 156 Fe 7.47 65 Ni 
7.48 106 Ni 

delta ferrite in the microstructure. Indeed the results are consistent 
with the suspected phase being delta ferrite. 

Microstructural Information. Figure 5.82 schematically shows samples 
1 and 2 and the locations from which they were taken. In the unetched 
condition, sample 1 shows a large concentration of round inclusions in 
the base plate and the structure is dendritic. The base plate thus is a 
casting. In contrast, the strap shows fewer and stringer-type inclu­
sions, which indicates that it is made from rolled stock. One feature of 
note is that the strap lies inclined to the base plate, as illustrated 
schem.atically in Fig. 5.90. 

Figure 5.91 is ail optical micrograph taken from region' M in Fig. 
5.82b and is from the base plate. The background shows a cored 
dendritic structure and delta ferrite in the interdendritic areas. Fig­
ure 5.92 shows a micrograph from region N taken in a scanning elec­
tron microscope; the delta ferrite is very evident. A similar micro­
graph from region P, shown in Fig. 5.93, reveals a crack which has 
propagated through delta ferrite. Note that the weld metal has less 
delta ferrite than the base plate. 

Magnetic measurements. The ferrite content of the materials used in 
the base plate, weld, and strap was measured using a magnetic 
gage.32 Results of readings taken from sample 1 are shown on Fig. 
5.94 (locations indicated). At these low ferrite levels the ferrite num-

Strap 
Base 

Figure 5.90 Schematic representation of relative 
inclination between strap and base plate. 

region P 

Flgur. 5.91 Micrograph from re­
gion M in Fig. 5.82b. Note the 
cored dendritic structure and 
delta ferrite in the interden­
dritic areas. 

F!gur. 5.9~ ~icrograph from re­
glon N In FIg. 5.82b showing 
delta ferrite. 

Flgur~ 5.93 Micrograph from region P in Fig. 5.82b 
showmg a crack through the delta ferrite. 
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1.5 
2.3 

<0.5 <0.5 

1.B 2.0 1.B 

FIgure 5.94 Ferri~ numbe!' of 
the material at vanous locatIOns 
on sample 1 as measured by a 
magnetic gage. 

ber is approximately equal to the volume percent ferrite. From these 
results the range of ferrite contents is deduced to be 

Strap: No ferrite 

Weld metal: - 1.5% 

Heat-affected zone in base plate: - 2.5% 

Base plate: - 2.0% 

Mlcrohardness measurements. The results of micro~ardn.ess ~easure­
ments made on several locations on sample 1 are glven m Fig. 5.95. 

5.9.4 Discussion 
It appears that the part was manufactured by welding two pieces of 
cast CF8C stainless steel. A strap of 347 stainless steel was then 
welded on for additional strength. The welding seems to h~ve be~n 
done shoddily. This is evidenced by the facts that the strap dId not ~Ie 
flat on the base plate, a crack was found at the weld metal-strap m­
terface, and there is a gap between the weld and strap B?d base plate 
(that is the root of the weld did not penetrate to the pomt of contact 
betwee~ the strap and the base plate as it should have). 

162 
159 

159 

1 4 5 --+----<-

127 127 145 

FIgure 5.95 Microhardness val­
ues at various locations on sam­
ple 1. 
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~ Welds 

Force 

1 o 
Figure 5.96 Effect of bending loads. on the failed part. 

Considering the part under the action of a bending load, as shown in 
Fig. 5.96, it can be seen that part A is stiffened by the rib while part B 
is not. This is a weld region and, as described, the weld also had a dis­
continuity which can act as an acute stress c6ncentrator. The part 
seems to have failed under the action of an impact load in excess of its 
design limits. That the loading was of a bending type is evidenced by 
the deformation seen in Fig. 5.85 (see Sec. 4.4). The low ferrite content 
of the weld indicates that the crack seen at the discontinuity is prob­
ably a hot crack. Austenitic stainless steels need at least 5 percent 
delta ferrite to prevent hot cracking,34 the prevalent theory being that 
ferrite scavenges tramp elements (such as S, B) which are thought to 
be responsible for hot cracking. 34 

It is very possible that the component was simply not designed for 
the type of impact it was subjected to when it failed. Further the 
strength level of the base plate is at the lower end of the required 
strength level according to ASTM A743-79.32 

5.9.5 Conclusions 

It appears that the mode of failure was bending overload, probably of 
the impact type. No clear mechanism of failure was discerned. Except 
for a slightly higher delta ferrite content in the weld metal (which is 
desirable), no other material faults were found. The possibility of the 
improper weld contributing to fracture cannot be ruled out. 
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Appendix 

A 
Temperature Conversions* 

-Reprinted with permission from 1977 Metal Progress Databook, American Society for 
Metals, Metals Park, Ohio, 1977, 
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(.) 

'" (.) 

8 
-426 
-424 
-422 
-420 

-418 
-116 
-(If 

Temperature Conversions 
The general arrangement of this conversion table was devised by Sauveur and Boylston. 

The middle columns of numbers (in boldface type) contain the temperature readings 
(OF or 0C) to be converted. When converting from degrees Fahrenheit to degrees 
Celsius, read the Celsius equivalent in the column headed "C" . When converting from 
Celsius to Fahrenheit, read the Fahrenheit equivalent in the column headed "F" . 

C 

6 
-25U4 
- 253.33 
-252.22 
-251.11 

-250.00 
- 248.89 
-247.78 

F 

- 457 .6 
- 45( .0 

- 450 .4 
- 446.8 
- 443 .2 

-301 
-306 
-30( 
-302 
-300 

-298 
-296 
-Z9( 

-216 
-274 
-21Z 
-270 

-Z68 
-266 
-264 

C F 

-188.89 - 252.' -158 
-187.78 -2'8.6 -156 
-186.67 -245.2 -154 
- 185.56 - 241.6 -152 
- 18 .... -238.0 -150 

-183.33 -234.( -148 
- 182.22 -230.8 -146 
- 181.11 - 227 .2 -IU .. -

- 171.11 - 194.8 -126 
-170.00 - 191.2 -124 
- 168.89 - 187.6 -12% 
-167.78 - 184.0 -120 

- 166 .67 - 180.4 -111 
- 165.56 - · 176.8 -116 
- 164.44 - \73 .2 -114 

C 

- 105.56 
-104." 
-103.33 
-102.22 
-101.11 

- 100.00 
-98.89 
-97 .78 

-87.78 
-86.67 
- 85 .56 
·- 8U4 

- 83 .33 
- 82.22 
- 81.11 

F 

+11 .6 
+21.2 
+24.8 
+28 .4 
+32 .0 

+35 .5 
+ 39.2 
+42.8 

J "1:.,, 

..-71.6 
+75 .2 
-"-78 .8 
-"'82.4 
+ 86 .0 

-'- 89 .6 
+93.2 
~96 .8 

-8 
-6 
-( 
-2 
=0 

+2 
+( 
+6 .... 

+ 
+2. 
+26 
+21 
+30 

+32 
+34 
+36 

C 

-22.22 
-21.11 
- 20.00 
- 18.89 
- 17.7. 

-16.67 
- 15.56 
-IU4 
- 1333 

-U4 
- 3.33 
- 2.22' 
- 1.11 

F 

281 .6 
291.2 
294.8 
298 .' 
302.0 

305.6 
309.2 
312.8 
316.4 

4 
345.2 
348.8 
352.4 
356 .0 

-liZ . -2(6.61 - '39 .6 -262 - 163 .33 - 169.6 
-'36.0 -260 -· 16222 - 166.0 

-112 -80.00 -"- 100.4 
-110 -78.89 -104.0 

+31 
+40 

:=0 .00 
+ 1.11 
~2.22 
+3.33 
+U4 

359.6 
363.2 
366.8 
370.4 
374 .0 

-410 -245.56 

-(01 -24'.44 
-406 - 243.33 
-(Of -2(2.22 
-402 - 241.11 
-400 - 240.00 

- 432.' -258 -161.11 - 162.4 -108 - 17.78 

- 428 .8 -256 - 160 .00 - · 158.8 -106 - 76 .67 

- 425 .2 -254 - 158.89 - 155 .2 -104 75 .56 

- 421.6 -252 - 157.78 ·- 151 .6 -102 · · 74 .44 

- '18 .0 -250 - 156 .67 - \48 .0 -100 - 73.33 

107 .6 42 
111.2 44 
114.8 46 
118.4 48 
122.0 50 

5.56 377 .6 
6.67 381.2 
7.78 384.8 
8.89 388 .4 

10.00 392.0 

-398 -238.89 - 414 .4 -241 - 155.56 · - 144 .4 -98 - 72.22 125 .6 52 11.11 395.6 -396 ' . -237.78 -410.8 -246 -154 .44 - 140.8 -96 - 71.11 129.2 54 12.22 399.2 
-394 -236.67 - 407 .2 -2U -153.33 - 137 .2 - 94 - 70.00 132.8 56 13 .33 402.8 -39% -235.56 - 403 .6 -24% -152.22 -133 .6 -92 - 68.89 136.4 51 14.44 406.4 -390 -234.44 - 400.0 -ztO - 151.11 - 130.0 -90 - 67 .78 140.0 60 15.56 410 .0 
-388 -233.33 - 396 .4 -238 -150.00 - 126.4 -88 - 66.67 143.6 62 16.67 413.6 
-386 -232.22 - 392.8 -%36 -148 .89 - 122.8 -86 - 65 .56 147.2 64 17.78 417 .2 
-384 -231.11 - 389 .2 -%34 - 147.78 ·- 119.2 -84 - 64 .44 150.8 66 18.89 420 .8 
-382 -230.00 - 385 .6 -23% - 146.67 - 115 .6 -82 - 63 .33 154 .4 68 20 .00 424 .4 
-380 -228.89 - 382.0 -%30 -145.56 - 112.0 -80 .- 62.22 158.0 70 21.11 428 .0 
-378 -227.78 - 378 .4 -2%8 - 144.44 - 108.4 -78 -- 61.11 161 .6 72 22 .22 431.6 -376 - 226.67 - 374 .8 . -226 -143 .33 - 104 .8 - 76 - 60.00 165.2 74 23 .33 435.2 
-374 -225.56 - 371.2 -224 - 142.22 - 101.2 -74 -,";8 .89 168 .8 76 24.44 438.8 
-372 - 224.44 - 367 .6 -222 -141 .11 - 97 .6 -72 - 57 .78 172.4 18 25 .56 442.4 
-370 -223.33 - 364.0 -%20 - 140.00 -94.0 -70 - 56.67 176.0 80 26.67 446.0 
-368 -222.22 - 360 .4 -218 -138 .89 - 90 .4 -68 - 55 .56 179.6 8Z 27.78 449.6 
-366 -221.11 - 356.8 -216 -137.78 - 86 .8 -66 - 54.44 183 .2 S4 28.89 , 453 .2 
-364 -220.00 - 353.2 -%14 - 136.67 - 83 .2 -64 - 53 .33 186.8 86 30.00 456.8 
-36% -218.89 - 349.6 -%12 -135.56 - 79.6 -62 - 52.22 190.4 88 31.11 460.4 
-360 - 217.78 - 346.0 -%10 - 134.44 - 76.0 ' -60 - 51.11 ~94 .0 90 32.22 464 .0 
-358 -216.67 - 342.4 -208 -133.33 - 72.4 -58 ·- 50.00 i 197 .6 t% 33.33 467.6 
-356 -215.56 - 338 .8 -%06 -132.22 - 68 .8 -56 . · 48 .89 201.2 94 34.44 471.2 
-354 -214.44 -335.2 -204 -131.11 -65.2 -54 - 47 .78 204 .8 96 35 .56 474 .8 
-35% -213.33 -331.6 -%02 -130.00 - 61.6 -5% -46.67 208 .4 91 36.67 478 .4 
-350 -212.22 -328.0 -200 -128.89 -58.0 -50 -45.56 212 .0 100 37.78 482.0 
-348 -211 .11 -324.4 -198 -127.78 - 54 .4 -48 - 44.44 215 .6 102 38 .89 485.6 
-346 -210.00 -320.8 -196 - 126.67 -50.8 -46 - 43 .33 219 .2 104 40.00 489.2 
-344 -208.89 - 317 .2 -194 -125.56 - 47 .2 -44 · - 42.22 222.8 106 41.11 492.8 
-34% -207.78 -313.6 -19% -124.44 -43.6 -42 -41.11 226 .4 108 42.22 496.4 
-340 -206.67 -310.0 -190 - 123.33 -40.0 -40 - 40.00 230 .0 110 43 .33 500.0 
-338 -205.56 -306.4 -ISS -122.22 -36.4 -38 - 38 .89 233 .6 11% 44.44 503 .6 
-336 -204.44 -302.8 -186 -121.11 - 32 .8 -36 -37.78 237 .2 114 45.56 507.2 
-334 -203.33 -299.2 -184 -120.00 - 29 .2 -34 - 36.67 240 .8 116 46 .67 510 .8 
-33% -202.22 -295.6 -18% - 118.89 -25.6 -3% -35.56 244.4 118 47.78 51B 
-330 -201.11 -292.0 -180 -117.78 -22.0 -30 - 34.44 248.0 120 48.89 518 .0 
-328 -200.00 -288 .4 -178 -!f6.67 - 18.4 -28 -33.33 251.6 12% 50.00 521.6 
-326 -198.89 -284.8 -176 -115.56 -14.8 -%6 - 32.22 255 .2 124 51.11 525 .2 
-324 -197.78 -281.2 -In -IIU4 - 11 .2 -%4 -31.11 258 .8 U6 52.22 528 .8 
-3%2 -196.67 -277.6 -17% -113.33 -7.6 -!% - 30.00 262.4 1%1 53 .33 532.4 
-320 -195.56 - 274 .0 -170 -112.22 -4.0 -%0 -28.89 266 .0 130 5U4 536 .0 
-318 - 194.44 -270.4 -168 -111.11 -0.4 -18 -27.78 269 .6 132 55 .56 539.6 
-316 -193.33 - 266 .8 -166 - 110.00 +3.2 -16 - 26.67 273 .2 134 56 .67 543.2 
-314 -192.22 -263.2 -164 -108.89 +6.8 -14 - 25 .56 276 .8 136 57.78 546.8 
-31% -191.11 -259.6 -16% -107.78 +10.4 -1% - 24.44 280.4 138 58 .89 550.4 
-310 -190.00 - 256 .0 -160 -106.67 + 14.0 -10 -23 .33 I 284 .0 140 60.00 554 .0 

C 

14: 111.11 
It« 112.22 
UC 113.33 
148 114044 
150 65~ 

152 56.87 
154 117.7! 
156 68.11 
158 70.04: 

174 18.19 
116 110.00 
1111 81.11 
1110 82.22 

111% 113.33 
1II( 84.44 
186 65.511 
U8 86.87 
190 87.18 

In IIB.19 
· 194 90.00 
196 91.11 
198 92.22 
200 93.33 

202 94.44 
204 95.56 
206 9U7 
208 91.78 
%10 98.89 

%12 100.00 
214 101.11 
%16 102.22 
!IS 103.33 
%20 104.44 

%2% 105.58 
%24 10U7 
%26 107.7S 
%%8 108 .89 
230 110.00 

232 111.11 
234 112.22 
236 113.33 
238 114.44 
240 115.511 

2U 11U7 
244 111.78 
246 118.89 
2U 120.00 
250 121.11 

2S2 122.22 
254 123.33 
2511 124.44 
258 125.58 
%60 128.8'1 

%62 121.78 
264 128.89 
%66 130.00 
168 131.11 
no 132.22 

%1% 133.33 
In 134.44 
27C 13U8 
na 138.87 
280 137.78 

%82 138.89 
284 140.00 
286 141.11 
288 142.22 
290 143.33 



F C F C F C F C F C 

~~1 .6 %8% 144.44 810 .8 466 241.11 1832.0 1000 531.18 3398.0 1810 1021.1 4964 .0 2140 150404 

561.2 %,. 1t5.56 814 .• 468 242.22 1850 .0 1010 543.33 3416.0 1880 1026.7 4982 .0 %150 1510.0 

56 • . 8 US 1t6.67 878 .0 470 243.33 1868.0 i020 548 .89 3434.0 1890 10322 5000.0 2760 1515.6 

568 .4 291 1t7.78 881.6 472 244 .44 1886.0 1030 554,44 3452.0 1900 1031.8 5018.0 2710 1521.1 

512 .0 300 148.89 885 .2 474 245 .56 1904.0 1040 560 .00 3410 .0 1910 1043.3 5036.0 2780 1526.1 

515 .6 30% 150 .00 888.8 476 246 .67 1922.0 1050 565 .56 3488.0 1920 1048.9 5054 .0 2190 1532.2 

519 .2 304 151.11 892.4 478 241 .78 1940.0 1060 511 .11 3506.0 1930 1054.4 5012.0 2800 1537.8 

582 .8 306 152 .22 896 .0 480 248 .89 1958.0 1070 576.61 3524 .0 19.0 1060.0 5090.0 2nO 1543.3 

586 .4 308 153 .33 899 .6 482 250 .00 1916.0 1080 582.22 3542.0 1950 1065.6 5108 .0 2820 1548.9 

590 .0 310 154.44 903 .2 484 251.11 1994 .0 1090 581 .18 3560.0 1960 1011.1 5126.0 %830 1554,4 

593 .6 31Z 155 .56 906 .6 486 252.22 2012 .0 1100 . 593 .33 3518.0 1910 1076.1 5144 .0 2840 1560.0 

591 .2 3U 156.61 9104 488 253 .33 2030 .0 1110 598 .89 3596 .0 1980 1082.2 5162.0 %850 1565.6 

600 .8 316 151 .78 914 .0 490 254 .44 2048 .0 11%0 604.44 3614 .0 1990 1081.8 5180.0 2860 1511.1 

604 .4 318 158.89 911 .6 492 255 .56 2066 .0 1130 610.00 3632.0 2000 1093.3 5198 .0 2810 1516.7 

608 .0 3~0 160.00 9 21.2 494 256 .61 2084 .0 1140 615.56 3650.0 2010 1098.9 5216 .0 2UO 1582.2 

611.6 32% 161.11 924 .8 496 251 .18 2102 .0 1150 621.11 3668 .0 2020 1104.4 523 4.0 2890 1581.8 

615 .2 3H 162.22 928 .4 498 258 .89 2120 .0 1160 626.67 3686.0 2030 1110.0 5252.0 2m 1593.3 

618 .8 3~6 163 .33 932 .0 500 260 .00 2138 .0 1170 632.22 3104 .0 2040 1115.6 5210.0 2910 1598.9 

622.4 328 164 .44 935 .6 502 261.11 2156.0 1180 631 .18 3122.0 2050 1121.1 5288.0 2920 1604.4 

626 .0 330 165.56 939 .2 504 262 .22 2114 .0 1190 643 .33 3740.0 2060 1126.1 5306.0 2930 1610.0 

629 .6 332 166.61 942.8 506 263 .33 2192.0 1200 648.89 3758 .0 2070 1132.2 5324 .0 2940 1615.6 

633 .2 334 161 .18 946 .4 508 264 .44 2210.0 1210 654,44 3776.0 2080 1131.8 5342.0 2958 1621.1 

636 .8 336 168.89 950 .0 510 265 .56 2228 .0 1220 660.00 3194.0 2090 1143.3 5360.0 2960 1626.1 

640 .4 331 170.00 953 .6 512 266 .61 2246.0 1230 665 .56 3812.0 2100 1148.9 5318 .0 2970 1632.2 

644 .0 340 171.11 951 .2 514 261 .78 2264 .0 1240 611.11 3830.0 2110 1154.4 5396.0 2980 1637.8 

641.6 3U 112.22 960 .8 516 268 .89 2282.0 1%50 676 .61 3848 .0 2UO 1160.0 5414 .0 2990 1643.3 

6~1.2 344 113.33 964 .4 518 210 .00 2300 .0 1260 682.22 3866.0 2130 1165.6 5432.0 3000 1648.9 

654 .8 3t8 114.44 968 .0 5%0 271.11 2318 .0 1270 687 .78 3884 .0 2140 1111 .1 5450.0 3010 1654,4 

658 .4 341 115.56 971.6 522 212 .22 2336.0 1280 693 .33 3902 .0 2150 11161 5468 .0 3020 1660.0 

662.0 350 176.67 915 .2 52t 273 .33 2354 .0 1290 698 .89 3920.0 2160 1182.2 5486 .0 3030 1665.6 

665 .6 35% 117.78 918 .8 526 214 .44 2312 .0 1300 704.44 3938 .0 2110 • 1187.8 5504 .0 3040 1611.1 

689 .2 35. 178.89 982 .4 528 275 .56 2390 .0 1310 110.00 3956.0 2180 1193.3 5522.0 3050 1676.7 

612.8 156 180.00 986 .0 530 216.61 2408.0 1320 715 .56 39~4 .0 2190 1198.9 5540 .0 3060 1682.2 

616.4 351 181.11 989 .6 532 277 .78 2426 .0 1330 721.11 3992.0 2200 1204.4 5558.0 3070 1681.8 

880 .0 180 182.22 993 .2 534 278.89 2444.0 1340 726 .61 4010 .0 2210 1210.0 5516 .0 3080 1693.3 

883 .6 36% 183.33 996 .8 536 280 .00 2462 .0 1350 132.22 4028 .0 2220 1215.6 5594 .0 3090 1698.9 

881 .2 '164 184.44 1000.4 538 281.11 2480.0 1360 737 .18 4046 .0 2230 1221.1 5612.0 3100 170U 

690 .8 388 185.56 1004 .0 540 282 .22 2498 .0 1370 743 .33 4064 .0 2240 1226.1 5102.0 3150 1132.2 

694.4 36a 186.61 1007.6 542 283.33 2516 .0 1380 148.89 4082 .0 2250 1232.2 5192 .0 3200 1760.0 

69a .0 371 181.78 1011 .2 544 284.44 2534.0 1390 15H4 4100 .0 2260 1231.8 5882.0 3250 1781.7 

701.6 371 188.89 1014.8 546 285 .56 2552.0 1400 760 .00 4118 .0 2270 1243 .3 5972.0 3300 1815.5 

705 .2 174 190.00 1018.4 548 286 .61 2510 .0 1410 76556 4136 .0 2280 1248 .9 6062 .0 3350 ' 1843.3 

108.8 17. 191.11 1022 .0 550 281 .18 2588 .0 1420 77111 4154 .0 2290 1254.4 6152 .0 3400 1871.1 

712 .4 171 192.22 1040.0 560 293 .33 2606 .0 1430 176 .67 41 ~ 2 . 0 2300 1260.0 624 2.0 3450 1898.8 

116.0 3ao 193 .33 1058 .0 570 298 .89 2624 .0 1HO 782.22 4190 .0 2310 1265 .6 6332 .0 3500 1926.6 

719.6 31% 194.44 1016 .0 580 304.44 2642.0 1450 181.18 4208 .0 2320 1271.1 6422 .0 1550 1954.4 
723.2 384 195.56 1094.0 590 310.00 2660.0 1460 793 .33 4226 .0 2330 1216.7 6512 .0 3600 1982.2 
726.8 386 196.67 1112.0 600 315.56 2618 .0 1470 798.89 4244 .0 2340 1282.2 6602 .0 3650 2010.0 
730.4 3al 197.78 1130.0 610 321.11 2696 .0 1480 804 .44 4262.0 2350 1281.8 6692 .0 3100 2037.7 
734.0 390 198.89 1148.0 620 326.61 2114 .0 1490 810.00 4280.0 2360 1293.3 6182 .0 3750 2065.5 
737.6 392 200.00 1166.0 630 332.22 2732.0 1500 815 .56 4298 .0 2370 1298.9 6812 .0 3800 2093.3 
741 .2 394 201.11 1184.0 640 337.78 2150 .0 1510 821.11 4316 .0 2380 1304.4 6962 .0 3850 2121.1 
744.8 398 202 .22 1202.0 650 343.33 2168 .0 1520 826 .67 4334 .0 2390 1310.0 1052 .0 3900 2148.8 
748.4 39B 203.33 1220.0 660 348.89 2786.0 1530 832 .22 4352 .0 2400 1315 .6 7142 .0 3950 2176.6 
752.0 400 204 .44 1238 .0 670 354.44 2804 .0 1540 831 .78 4370 .0 2410 1321.1 1232 .0 4000 2204.4 
155.6 40% 205.56 1256.0 680 360.00 2822.0 1550 843.33 4388 .0 2420 1326.1 7322 .0 4050 2232.2 
759.2 404 208.67 1274.0 690 365.56 2840 .0 1560 848 .89 4406 .0 2430 1332.2 7412.0 4100 2260.0 
762.8 406 207.'18 1292.0 700 371.11 2858 .0 1510 854 .44 4424 .0 2440 1331.8 1502.0 4150 2287.7 
766 .4 40a 208 .89 1310.0 710 376.61 2816 .0 1580 860.00 4442 .0 2450 1343.3 1592 .0 4200 2315 .5 
770.0 410 210.00 1328 .0 720 382.22 2894 .0 1590 865 .56 4460 .0 2460 1348.9 7682 .0 4250 2343 .3 
773.6 U% 211 .11 1346.0 730 381.78 2912.0 1600 871 .11 4478 .0 2470 1354.4 1172.0 4300 2311.1 
177.2 414 212.22 1364.0 740 393.33 2930.0 1610 876 .61 4496 .0 2480 1360.0 7862 .0 4350 2398 .8 
780.8 418 213 .33 1382.0 750 398.89 2948.0 1620 882.22 4514 .0 2490 1365.6 1952.0 4400 2426.6 
784.4 411 214.44 1400.0 760 404.44 2966 .0 1630 887.78 4532.0 2500 1311.1 8042 .0 4450 245404 
788 .0 420 215 .58 1418.0 770 410.00 2984 .0 1640 893 .33 4550 .0 2510 1376.7 8132 .0 4500 2482.2 
791.6 422 216.67 1436.0 780 415 .56 3002.0 1650 898.89 4568 .0 2520 1382.2 8222.0 4550 2510.0 
795 .2 424 217.78 1454 .0 790 421.11 3020.0 1660 904.44 4586.0 2530 1387.8 8312 .0 4600 2531.7 
798 .8 426 218.89 1472.0 800 426 .61 3038.0 1610 910 .00 4604 .0 2540 1393 .3 8402 .0 4650 2565.5 
80204 428 220.00 1490.0 810 432.22 3056.0 1680 915 .56 4622.0 2550 1398.9 8492.0 4100 2593.3 
806.0 430 221.11 1508.0 820 437 .78 3014.0 1690 921 .11 4640 .0 2560 140H 8582.0 4150 2621.1 
809.6 432 222.22 1526.0 830 443.33 3092.0 1700 926.67 4658 .0 2570 1410.0 8612 .0 4800 2648.8 
813 .2 434 223 .33 1544.0 840 448 .89 3110.0 1710 932.22 4676 .0 2580 1415.6 8762 .0 4850 2676 .6 
816.8 436 224.44 1562.0 850 454 .44 3128.0 1720 937 .18 4694 .0 2590 1421.1 8852 .0 4900 2704.4 820.4 43a 225 .56 1580.0 860 460 .00 3146.0 1730 943 .33 4112 .0 2600 1426.7 8942 .0 4950 2132.2 824.0 H O 226.61 1598.0 870 465 .56 3164.0 1740 948.89 4130 .0 2610 1432.2 9032 .0 5000 2160.0 
827.6 H2 227.78 1616.0 880 471.11 3182.0 1750 954 .44 4148.0 2620 1431.8 9122 .0 5050 2181.7 831.2 444 228 .89 1634.0 890 416.61 3200.0 1760 960 .00 4766 .0 2630 1443 .3 9212 .0 5100 2815 .5 8::4.8 446 230.00 1652.0 900 482 .22 3218.0 1770 965.56 4184 .0 ~640 1448.9 9302 .0 51~0 2843 .3 838.4 448 231.11 1610.0 910 481.18 3236.0 1780 971.11 4802 .0 2650 1454.4 9392 .0 5200 28711 842.0 4!0 232.22 1688.0 920 493 .33 3254 .0 1790 976 .61 4820 .0 2660 1460.0 9482 .0 5250 2898 .8 
845 .6 452 233 .33 1106.0 930 498 .89 3212.0 1800 982.22 4838 .0 2610 1465 .6 9572 .0 5300 2926 .6 849.2 454 234 .44 1724.0 940 504 .44 3290.0 1810 987.18 48560 2680 1411.1 9662 0 5350 29544 852.8 456 235 .56 1742.0 950 510 .00 3308.0 1820 993 .33 48,40 2690 14~6 . 1 9152.0 5400 2982.2 856.4 458 236 .67 1760.0 9E~ 515.56 3326.0 1830 998 .89 48920 2100 1482.2 9842 .0 5~50 3010.0 860 .0 460 231 .78 1118 .0 910 521.11 3344.0 1840 100H 4910 .0 2710 148~ . 8 9932.0 5500 3037.7 
863 .6 462 238 .89 1796.0 980 526 .61 3362.0 1850 1010.0 4928 .0 2720 1493.3 10022 .0 5550 3065.5 867.2 464 240.00 1814 .0 990 532.22 3380.0 1860 1015.6 4946 .0 2730 14989 1011 2.0 5600 3093.3 ----- - ----

: ,. , j 
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Appendix 

B 
Metric Conversion Factors* 

!~ . .!I!.~._~~~___ __ :!'~_____ M,:,hJply by To OODV.r1 froID To MuJdplr by 

.n,ltrom m I.QOOO 'If 10 lOla ) hp(e) W 7.4670 lit 101 

.tlll I'. I (JI J l 'If loa hpCO W 7 .(.6(10 'If 101 

Btulb l J 1.054 x .101 in. m 2.6400 lit 10 1 

Btu(b )/I\J 'h W/mJ 3.1.525 in.' m2 6.4516 x 10 - 4 

Btu(bl/l\"h" F W/m"K 5.6745 in.' m' 1.6387)( 10- 1 

B'ulbl:fVh 'f\J.' Y Wlm' K 1,7296 in. Df HK<rJ Po 3.3864 x 10' 
Btu(bllt\'" W/mt 1.135 l( 10'4 in. of w.tertc) p, 2.4908 )( 102 

Btu(bh n.lft.
'
·h ·or W1m·K 1.4413 )( 10-' K 'e t'C - tK - 273.16 

B'ulbHn.l.N,'Y Wlm'K ~ , 1887 x 10' kif N 9.80666101 
B,ulblllbm" Y JIIIK 'K 4.1840 x 10' kif1mm' Po 9 .8066~ x 10'1. 1 
ulfbl J ".1840 II) k,i MPa e.89<C8 
(.lIbl/em·. ··e W/m"K ·4.18 .. 0 l( 1(111,) kli P. 6 .8948 l( 10' 
(allb)!, JI1c., " .1840 III' l()'(al k.i .. Tn. MPa./ m 1.089 
callbl/"'e JIk,"K 4.1840)( l()Jla) Ib<hl ka 4.6369)( 10 - 1 

eire mil mt 6.0671 )( 10 ' 10 tbJin . ~ k.frnl 2.7680 l( 1O't 
'e K tIC .. tor. + 273.16 [be N 4.4482 
deiT" rad 1.H53 w 10 . 1 Ibhn. N·m 1.1298 lit 10 I 

dyne/em' p, 1.0000 x 10 ' 1(,1 IbUt N'm 1.3MB 
"r "C toe. (t., - 321/1.8 MP. , m MNm ·).I, 1.0000(a l 
"r K ht - (t., ... 469.871/1.8 J,Ioin . m 2.6400 x 10'(a) 
t\ 3.0480 x 10 ' 1 mil m 2.6400 x lO - ' (a l 
ft.1 mJ 9.2903 x 10 · t N/ml Pa 1.0000(al 
1\1 m' 2.83 17 )( 10 ' ) oerated Alm 79.678 
l'lo(wat.enel Pa 2.9890 x 103 ou lP ke/m' 3.0616 )( 10 - 1 

ft.'1h (lh, nnal d iffiu ivityl mil, 2.68064 x 10 " (. 1 p. i Pa 6.8948 x 1()J 
~' Ibr J 1.3558 ' R K l. - ."1 ,8 
A: lbfl. W 1.3558 tcn(jl ka 9.0718 x 102 

l\Ia m I. 3.0480 JC 10 - I tonOr.) ke 1.0160 )( ID-l 
,au.. T 1.0000 )( 10 - . (al lOn/in.' Pa 1.3786 JC 104 
,allonfd l m' 3.7864 x 10 - 1 tonne ka 1.0000 )t' 1001a) 
, /em' klllm' 1.0000 )( ID-lla l torT Pa 1.3332 JC 10' 
If/em l M"m' 1.~1 ClIetrc mU ·t\ n 'm l.6624 JC 10 • 

~~!~~II ~ ~ib:.·ik.~i.!·~~ ~ ~~4~·fb~." · 2 ·'I. ld ) U.S. liqu id. I. ) M.chanlc.1 0 tip - 660 tUb".). (0 Electrical. (. l A\ O·C 13 2 ·11. (II A'o' oirdupol •. {jl 

"Reprinted with permission from H. E. Boyer and T. L. Gall (ells.), Metals Hand­
book-Desk Edition, American Society for Metals, Metals Park, Ohio, 1985. 
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Appendix 

C 
Converting 

Common Units 
from the English to 

the Metric (51) System* 

"Reprinted with pennission from 1977 Metal Progress Databook, American Society for 
Metals, Metals Park, Ohio, 1977. 



360 AppendIx C 

The Intem.tlonll System of Units (SI for short) Is • modern· 
ized v.rsion of the metric system. It is built upon seven bas. 
units and two supplement.,)' units. Derived units Ire related 
to b .... and supplementary units by formulas in the riehl· 
~nd column. Symbols for units wi th speci fic names are aiven 
In parentheses, The information in th is Data Sheet, adapted 
from the revised " Metric Pract ice Guide," Standard E380 ASTM. 
includes I selected list of f.ctors for convertini U. S, custo­
mary units to SI units. 

Mltrlc Unlll Ind Convl"lon FlclO" 

C1ulntlty 

I,n,", ..... 
II ... 
.ltctr1c (utrtnt 
thtnnodyft.mk ttmPtr.tur1 
,lnOI.Inf Clf sub1tlnct 
lumincM,ls Int"'sit)' 

Unit 

.... Unltl 

m,lr.(m) 
kilo,,,m (k.) 
_d(,) 
.mpell (A) 
•• I~' (K) 
mol. (mol) 
""d.l. (cd) 

Supp).menllry Unlll 

pl'''t .".~ 
IolId .. fIt 

tceeltr.lklft 
IOIMty (oil rod_Iv< 

sou",,) 

Inl\l""acaltrltiolll 
,",ulat......aty 

" .. .... ~ty 
llectric co,.o1Mco 
.Cedric eoMud.Me 
.Iodric _ ..... rUt 
IIoctriclMuct-. 
.lectric pot .. "" ~itf..-. 
tlectric mlslloco 
1Ioct.-1v<1o<co tnt,., 
.. I.." 
Io<co 
lroq_ 
llluminaMe 
lumNf'ICt 
luminou. flul 
INfI'Ittic fI,ld Itrenrth 
tnI,nttlc. nUl 
"",,...Ic. nUl 6tn1lty "' .... _ ... tore. 
_r 
",","II 
Q'u.ntity of tMctricif)' 
Qu.nliIJ of iINf 
rlclloollnl .. 1ity 
,poclllc hotl 
It_ 
t .... 'mal conductlYif)' 
velocity 
viscosity, dynlmk 
'tiSOO'lity, kJlMmatk wolt.,. 
voIu ... 
":'1C\cltllr.l!lfr 
worII 

I rodl .. (rod) 
sUradi,n (sr) 

Derived Unltl 

m.t,. per SICOfId s.quutd 
dlsint.,r.lion Pf' wcond 

,.dlln per MCOftd lQUIM 
r.dlln per second 
JqU.l1lMtrt 
1U1000.m pcr cubk matra 
Imol (f) 
~,_,(S) 

woN per metre 
henry (H) 

voIl(V) 
011", (0) 
.. It (V) 
joul. (J) 
joul. PO' kolvln 
_OII(N) 
h.m (Hz) 
Jur (II) 
tlnd.l. per SQulrl m,tr, 
lumen (1m) 
,mperl Pc' mat" 
",bt, (Wb) 
'nl. (T) 
.mptrt (A) 
•• n (W) 
,. ... 1 (P.) 
coulomb (e) 
jou,. (I) 
.... tt pet .tlf.dlu 
ioul, Pfr kllo.rem·k,Mn 
p .... , (P.) 
•• « Pfr matr. ·klMn 
m.tre per 'Kond 
puul·ltCond 
SQu.r. m.tr, per St<ond 
",It (V) 
cubicm.lr. 
(Kipronl m.tr. 
joul. (j) 

formul. 

mIl' 
(dlsintllrllion)/s 

r.d/s' 
rld/. 
m' 
Iq/m' 
A' , IV 
A/V 
Vim 
V ' , / A 
W/A 
VIA 
W/A 

N ' '" 
UK 
kC' m/ ,' 
(cycl.)/ , 
Imlm' 
Cod/m' 
cd • s, 
AI", 
V, , 
Wb/m' 

U, 
HIm' 
A' I 

N ' '" 
WI" 
Jill ' ~ 
HIm' 
W/m ' K 
m/, 
p, •• 
m'l. 
W/ A 
m' 
( ...... )/m 
N'm 

M.tric Conv.nlon Fleto,.. 

To convert from To Multiply by 

• tmosph.r. (760 mm HI) P • 1.013 25 X 10' 
Btu (Int.m.tion.1 l.bl. ) J 1.0550S6 X 10' 
Blu (Int.tnltionll Ttbl.)/hour W 2.930 711 x 10-' 
celon. (Intlfn.tion.1 Ttbl.) J 4.1B1i 800' 
cl ntlpolll PI ' I 1.000 OLIO' X IO-S 

centistoke mil. 1.000 OLIO' X 10-0 
circular mil m' 5.067075 X 100M 

d •• ," F.hrtnhlit °C IC = (If -32)/1.' 
1001 m 3.041000' X 10-' 
foot' m' 9.290 304' X 10-' 
foop "" 2.131 615 X 10-' 
foof ·pound·force J 1.355111 
foot .pound·forcll mlnul. W 2.m"7 X Ill-' 
foot/wcond' m/sl 3.048 OLIO' X 10-' 
1.11011 (U .S. liquid) m' 3.715 412 X 1lr' 
horupowtr (.I.ctne) W 7.460 OLIO' X 10' 
Inch m 2.540 000· X 10-1 

Inch' m' 6.451 600' X 10-0 
inch' m' 1.631706 X 10-0 
inch of m.rcury (60 F) P. 3.37615 X 10' 
inch of Wit., (60 F) PI 2.4114 X 10' 
kilolflm·forct/etntlmltrl l PI 9.806 6SO' X 10' 
kip (1000 Ibn N 4.448222 X 10' 
",plinth' (ksl) PI 6.894 757 X 10' 
oun'" (U.S. lIuld) m' 2.957353 X Ill-' 
ounce-forti C.volrdupols) N 2.7/1lI39 X 10-' 
ounce·mlP (avoirdupois) kI 2.134 952 X 10-' 
ounCl·mln/ft' kl/m' 3.051 52 X 10-' 
ounet·mu.s/yard1 kl/m' 3.390 575 X 10-' 
plnl (U.S. liquid) m' 4.731765 X 10-0 
pound· fore. (Ibf lvolrdupof.) N 4.441 222 
pound·mu. (Ibm .wolrdupols) k( 4.535924 X 10-' 
pound-foree/inch' (psI) PI 6.894 757 X 10' 
pound·m.n/lnch' ke/m' 2.767990 X 10' 
pound·mla/foot' "'/m' 1.601146 X 10 
qu.rt (U.S. liquid) "" 9.463 529 X 10-0 
Ion (,hort, 2000 Ibm) kI 9.071147 X 10' 
ton (m",·H.) PI 1.333 22 X 10' 
w,«·hour J 3.600 OLIO' X 10' 
YI~ '" 9.144 OLIO' X 10-' 
y.rd' m' 1.361 274 X 10-' 
)'erd' m' 7.645 549 X 10-' 

'Ellct 

Multlpll.ltlon '".10,. Prefix II Symbol 

1000 000 000 000 = 10" Ittl 1 
1000 000 000 = 10' III' G 

1 000 000 = 10' 1M" M 
1000 = 10' ~Io k 

100= 10' htcto· h 
10= 10' d.u- dl 

0.1 =10-' dtci' d 
0.01 = 10·' c.nU' 

0.001 = 10·' ",1111 m 
0.000 001 = 10" mlc", I" 

0.000 000 001 = 10-' nino 
0.000 000 000 001 = 10·" pic<> 

0.000 000 000 000 001 = 10-" flmto 
0.000 000 000 000 000 001 = 10·" .Ho 

ITo b. ,void,d .hl" ponlbl, 

Appendix 

o 
Rockwell C and B 

Hardness Numbers 
for Steel* 

·Reprinted with pennission from H, E. Boyer and T, L. Gall (eds,), Metals Hand­
book-Desk Edition, American Society for Metals, Metals Park, Ohio, 1985, 
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362 Appendix 0 
; 
, 

:','r, 

r-"Kk •• Il Irlat'iM .. I\II .~ " tel •• 11 •••• tiKi.1 K" .. , Aoc k· Atek· 
~~k •• 11 tllf~HU .... ~ Rtek.,11 .. ,.r1;c i.1 b • ., 

"M;l . • , illll1" ....... fill ., Alul •. •• u~. o l ult. 111., ..... 111 . .. .. ,.nicial hr.· Shu .,11 A l u i. . C lull, f u .... " .. 4 .... Ht .. 
Atek· 

... lOOQ · ~, I .... IO ·~, loo ·~, loo ·~, r--1rt l. iN'''ltr~ . ... Sci.,,· C· 
• , 11 I,~n "".", .. ' H , nO·k, lO·k, 

hll;. Stl., . .,11 

C·sa .. Vi cklft ,.--1 0·_ hit---... I ... I,". 1 .. 4. liN liN UN III • .• "t,' Ttu il. lui. 
.- . ttlt 'lid:.,. 'h .• 10 · •• · 1.14, Itl4. , .... 

,.--tJl ' ·~.·l1ia~ hU~ .. " Scl, r" I · 

"",, h r.-
liT )oT m fill . .. 

""11- .. .,11, 1..." .. I nll 1/11· ... • ' r. l t K.I. , l ui., IC.I., 100·, h,r. , rtr ' fl l m fI .... · 
,..-.i •• ~.II~ 1111. 11111 1/1' , .. ,- ...... lui • . 

".,. ""Iii, 1t, 1, 

A". •• 11 Stt.4 .. 4 uni4t I.· Ilia_ jft· lHI IO ·k, 4H, I,N, •• .". ,a,,,or), ..... "'n ., .. 100 ·k, lOOQ ·k, j". ;". IIi,. lH, 
",I., 100 ·, hf. , "" .. eh h.r4 · 

N. N • . I,.. I ... 
)O.k , "·k, I .... ". 

.... 1_"' . 
... . .. h ll hl1 4'flt lt' 11111 1I,,,tlf 1 .. 4 I." 1 .. 4 .,ut., N •. 'GOO , l i N •. 

4 .. tl1 lI ... ttf ~.II I .... 
lilli' 

.: ...... 
I . .. I . .. • .. t" N • . 1000 , Ii N • . 

Rockw ell B-Scll ie Hllrdness Numbers 
Rockw ell C-Scele Hll rdness Numbers 

58 MO 11.1 71.' 13.2 .... 4 71.4 920 97 68 
98 228 189 228 60.2 (19.9) 92.5 
97 222 

81.8 70.9 241 34 107 

67 tOO '1.0 71.1 12.' 1l.1 74.2 895 95 67 
184 222 59.5 (18.6 ) 92.1 

98 

96 216 
81 .1 69.9 236 33 104 

66 II' .... 11 71.4 12.11 1 2.' 13.3 870 92 66 
179 216 58.9 (17.2) 91.8 80.4 

97 

96 210 175 210 
68.9 231 32 102 96 

65 112 (m) 13.1 74 .11 12.2 11 .1 72.0 846 91 65 
58.3 (15.7) 91.5 79.8 67 .9 226 

64 100 (722) 1l.4 13.1 11.1 11 .1 71.0 822 88 64 
94 205 171 205 57 .6 (14 .3) 91.2 

99 95 

93 200 
79.1 66.9 221 31 97 94 

63 n2 (701) 12.1 13.0 11.4 10.1 •••• 799 87 63 
167 200 57.0 (13.0) 90.8 

92 195 
78.4 65.9 216 30 94 93 

62 741 (III) 12.3 72.2 11 .1 71.3 .... 776 85 62 
163 195 56.4 (11 .7) 90.5 77.8 64 .8 211 

61 720 (170) 11 .1 71.' 10.7 71.4 17.7 7S4 83 61 
91 190 160 190 55.8 (10.4) 90.2 

92 92 
77.1 63.8 206 29 90 91 

60 .,7 (154) 11 .2 70.7 10.2 n.' .... 732 81 60 
90 185 157 185 55.2 (9.2) 89.9 76.4 
89 180 154 180 

62.8 201 28 88 90 

69 174 (134) 10.7 •••• H .I 71.' 15.1 710 80 351 59 
54.6 (8.0) 89.5 75.8 61 .8 196 

88 176 lSI 176 
27 86 89 

58 153 . U 10.1 .'.2 H .:I 71.7 .... :1 690 78 338 58 87 172 
54.0 (6 .9) 89.2 75 .1 60.8 192 84 88 

57 .,3 511 n.1 1S.5 III.' 74.1 13.2 670 76 325 57 
148 172 53.4 (5.8) 88.9 74.4 

86 169 145 169 
59.8 188 26 82 87 

56 I" 5n n .o 17.7 111.3 7:1.1 12.0 ' 650 75 313 55 
52 .6 (4.7) 88.6 73.8 58.8 184 

85 165 142 165 
26 81 86 

>,. 

55 IU NO 71.5 III.' 87.1 7:1.0 10.' 630 74 301 55 
52.3 (3.6) 88.2 73.1 57 .8 180 

84 162 140 152 
25 79 85 

54 ,n 143 71.0 H .1 87.4 72.0 ' 1.1 612 72 292 54 
51.7 (2.5) 87.9 72.4 56.8 176 

83 159 137 159 
78 84 

53 NO 125 77.4 1 5.4 11.1 71 .2 111.1 594 71 283 53 
51 .1 (1 .4) 87 .6 71.8 55.8 173 24 

82 156 135 156 
76 83 

52 M4 (100) 112 71.1 14.6 H .4 70.2 17.4 576 69 273 52 
50.6 (0.3) 87.3 71.1 54.8 170 24 

81 153 133 153 50.0 
75 82 

51 121 (417) 4,. 71.3 63.1 11.5 65.4 51.1 558 68 264 51 
86.9 70.4 53.8 167 73 81 

80 150 130 150 49 .5 86.6 69.7 52 .8 

50 1113 (471) 411 71.' 13.1 11.5 61.1 11.0 642 67 255 50 79 147 128 147 48 .9 
164 23 72 80 

49 4.1 ( ..... ) 41. 71.2 12.1 11.0 &7.1 53.1 526 66 246 49 78 144 126 
86.3 69.1 51.8 161 70 79 

144 48 .4 86 .0 

48 4'" (411) 411 74.7 61.4 .... 1 H.7 12.1 510 64 238 48 77 141 124 
68.4 50.8 158 22 69 78 

141 47.9 85.6 67 .7 49.8 

47 471 442 443 74.1 10.' Il.' 11.1 11.4 495 63 229 47 76 139 122 
155 22 68 77 

139 47.3 85.3 67 .1 48.8 

46 411 432 432 13.1 10.0 1l.1 ..... 10.3 480 62 221 46 75 137 120 137 46.8 
152 67 76 

46 ..... 421 421 73.1 11.2 1l.0 14.0 4 •• 0 466 60 215 45 74 135 118 
99 .6 85 .0 65.4 47 .8 150 21 66 75 

135 46 .3 

44 434 401 401 72.5 111.11 12.1 13.1 47.1 452 58 208 44 73 132 
99.1 84.7 65.7 46.8 148 21 65 74 

116 132 45.8 

43 423 400 400 72.0 17.7 12.0 12.2 41.7 438 57 201 43 72 130 
98 .5 84.3 65.1 45.8 145 64 73 

11 4 130 45.3 

42 412 310 310 71.5 51.' 11 .1 61.3 41.1 426 56 194 42 71 127 
98.0 84.0 64 .4 44 .8 143 20 63 72 

112 127 44.8 

41 402 311 
,., 70.' 541.2 10.9 10.4 44.3 414 55 188 41 

97.4 83.7 63 .7 43.8 141 20 62 71 

70 125 110 125 44 .3 96.8 83.4 63.1 42 .8 . 

40 312 371 371 70.4 111.4 10.4 11.1 43.1 402 54 182 40 69 123 109 123 43.8 
139 61 70 

96.2 83.0 62.4 41 .8 

39 3&2 312 382 15.9 14.1 79.' 111.1 41.9 391 52 177 39 68 121 107 121 43.3 
137 19 60 69 

95.6 82.7 61 .7 40.8 135 19 59 

38 372 353 353 11.4 13.1 n .4 17.7 40. ' 380 51 171 38 67 119 106 119 42 .8 
68 

95.1 82 .4 61 .0 39.8 133 19 58 

37 313 344 344 III.' 13.1 71.' 541.1 39.1 370 50 166 37 66 1" 104 117 
67 

42.3 94.5 82.1 60.4 38.7 131 

36 354 ". 331 ".4 (109.0) 12.3 71.3 n.' 31.4 360 49 161 36 65 116 102 116 41 .8 
57 66 

93.9 81 .8 59.7 37.7 129 18 56 

35 341 327 327 17.' !,08.5 ) 11 .1 n.7 11.0 37.2 351 48 157 35 64 114 101 114 
65 

41.4 93.4 81 .4 59 .0 36.7 127 18 

34 331 311 31 . 17.4 (108.0) 5O.S n.2 54.2 31.1 342 47 153 34 63 112 99 112 40.9 
64 

92.8 81.1 58.4 35.7 125 

33 327 311 311 H.S (107 .5) 10.0' 71.1 53.3 34.9 334 46 149 33 62 11 0 98 110 40.4 
18 63 

H .3 711.1 52.1 33.7 326 44 145 32 61 108 96 
92.2 80.8 57.7 34.7 124 62 

32 318 301 301 (107 .0) 41.2 
108 40.0 91.7 80.5 57 .0 33.7 

31 310 214 2M til.' (106.0) 41.4 71.1 11.3 32.1 318 43 141 31 

122 17 61 

60 107 95 107 39.5 91 .1 80.1 
59 106 94 106 39.0 

56.4 32.7 120 60 

30 S02 211 211 ·n.3 (106.6) 47.7 n .o 10.4 31 .3 311 42 138 30 
90.5 79.8 55.7 31 .7 

29 2M 271 271 .... 7 (104 .6) 47.0 74.1 41.1 SO.t 304 41 135 29 
58 104 92 104 38.6 

118 59 
90.0 79.6 55.0 30.7 117 

28 211 271 271 .... 3 (104.0) 41.1 13.' 41.' 21.' 297 40 131 28 
57 103 91 103 38.1 

58 
89.4 79.2 64.4 29.7 115 

27 271 244 2 ... n .' (103 .0) 41.2 73.3 47.7 27 •• 290 39 128 27 
66 101 90 101 

57 
37.7 88.8 78.8 53.7 28.7 11 4 

26 272 2111 211 13.3 (102.5) 44.1 72.1 41.1 21.7 284 38 126 26 
56 100 .89 100 37 .2 88.2 78.6 63.0 27 .7 

66 
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25 2H 213 253 12.' (101.5) 43.1 72.2 45.' 21.1 278 38 122 25 (I) For c.rbo." end allov steels in the annealed. normalized. and quenched·and· tem ar d . .. . 
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24 210 247 247 12.4 (101.0) 43.1 71.1 45.0 24.3 272 37 119 24 

23 254 243 243 12.0 100.0 42.1 71 .0 44.0 23.1 266 36 117 23 
ICCU'.t~ for c~l~ worked condition and for aust. nit ic stet!ls. The values in boldface ~e co~~e~dl~I~~S. less 

22 241 237 237 11 .1 99 .0 41.' 70.1 43.2 22.0 261 35 114 22 
value. ~n lhe JOlnl SAE.ASM.ASTM hardness conversions as prinl.d in ASTM E140 Table 2 T~ I to the 

21 243 231 231 81.0 98.6 40.' .... 42.3 20.7 256 35 11 2 21 
parent eaes are beyond normal ra nge and are g iven for information only . ' e va uss 10 



Appendix 

E 
The Relations Between 

ASTM Grain Size and 
Average Grain "Diameter"* 

• Adapted from 1966 Book of ASTM Standards, part 31, American Society for Testing 
and Materials, Philadelphia, Pa., 1966; ~ ASTM, reprinted with permission. 
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ASTM Calculated 
m iero-llrain "diameter" or 
silt number avtrue .rain 

mm In. 

XIO· 3 

00 0.508 20.0 

0 0.359 14 .1 

0.5 0.302 11.9 

1.0 0.254 10.0 

0.250 9.84 

1.5 0.214 8.41 

0.200 7.R7 

O.IRO 7.09 

2.0 0.179 7.07 

2.5 0.151 5.95 

0.150 5.91 

3.0 0.127 5.00 

. 0.120 4.72 

3.5 0.107 4.20 

0'(l99 3.90 

4.0 0.090 3.54 

4.5 0.076 2.97 

0.070 2.76 

5.0 0.064 2.50 

0.0(,() 2.36 

5.5 0.053 2.10 

0.050 1.97 

6.0 0.045 1.77 

0.040 1.58 

6.5 0.D38 1.49 

0.035 1.38 

7.0 0.032 1.25 

0.030 I.IR 

ASTM 
micro'grain 
size number 

7.5 

. 

8.0 

8.5 

9.0 

9.5 

10.0 

10.5 

11.0 

11.5 

12.0 

12.5 

13.0 

13.5 

14 .0 

Calculated 
"diameter" or 
avera2f uain 

mm In. 

X 10 . 3 

0.027 1.05 

0.Q25 0.984 

0.0224 0.884 

0.0200 0.787 

0.0189 0.743 

0.0159 0.625 

C).0150 0.591 

0.0134 0.526 

0.0112 0.442 

0.0100 0.394 

0.00944 0.372 

0.00900 0.354 

0.00800 0.315 

0.00794 0.313 

0.00700 0;276 

0.00667 0.263 

0.00600 0.236 

0.00561 0.221 

0.00500 0.197 

0.00472 0.186 

0.00400 0.158 

0.00397 0.156 

0.00334 0.131 

0.00300 0.118 

0.00281 0.111 

0.00250 0.098 

Appendix 

F 
Comments on 

Magnification Markers 

It is customary to indicate . the magnification of a photograph of a 
microstructure (micrograph), but when the photograph size is changed 
(such as enlarged), the original magnification must be corrected. A 
method of avoiding this is to place on the micrograph a bar or marker 
that has the correct dimension for the magnification of the photo­
graph. Then if the magnification of the photograph is changed, the 
marker also changes dimensions to maintain the correct dimension at 
the new magnification. 

For example, consider a micrograph at 100 X • Then a marker 1 cm 
long would correspond to a dimension of 1/100 = 0.01 cm. It is com­
mon to express this in micrometers. Since a micrometer is equal to 
10-

4 
cm, then the O.Ol-cm dimension could also be labeled as 100 

~m (0.01 x 10,000). If the micrograph is enlarged 2.5 times, then 
the marker becomes 2.5 x 1 = 2.5 cm long, and it is still labeled as 
100 ~m. 

In general, 

M= x 
y x 10-· 

where M is the magnification, x is the marker length in centimeters, 
and y is the marker value in micrometers on the micrograph. 

At very high magnification, the marker value may be less than 1. 
For example, if the magnification is 40,000 x , then 1 cm would cor­
respond to 0.25 ~m. In such cases, the marker corresponding to a cer­
tain value in angstroms (A) may be used. 1 A is equal to 10-8 cm, so in 
this case the marker dimension y in angstroms would be obtained 
from the equation as 40,000 = 1/(y x 108). Then y = 2500 A. 
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For the 81 system the nanometer (nm) is used. 1 nm equals 0.1 A, so 
for the preceding case, the marker would be labeled 25,000 nm. 

Such markers are very useful because the actual sizes of 
microstructural features can be determined. For example, if the 
marker is labeled 2 IJ-m and is 1 cm long, and a particle is present 
which is about 0.5 cm long in the micrograph, then its actual dimen­
sion in the sample is about 1 ~m. 

Glossary* 

abrasion The process of grinding or wearing away through the use of abra­
sives; a roughening or scratching of a surface due to abrasive wear. 

abrasive wear The removal o( material from a surface when hard particles 
slide or roll across the surface under pressure. The particles may be loose or 
may be part of another surface in contact with the surface being abraded. 
Compare with adhesive wear. 

adhesive wear The removal or displacement of material from a surface by 
the welding together and subsequent shearing of minute · areas of two sur­
faces that slide across each other under pressure. Compare with abrasive 
wear. 

ailigatoring The longitudinal splitting of flat slabs in a plane parallel to the 
rolled surface. Also called fishmouthing. 

alligator skin See orange peel. 

ambient Surrounding; usually used in relation to temperature, as "ambient 
temperature" surrounding a certain part or assembly. 

annealing twin A twin formed in a crystal during recrystallization. 

anode The electrode of an electrolytic cell at which oxidation occurs. Con­
trast with cathode. 

arrest lines (marks) See beach marks. 

asperity In tribology, a protuberance in the small-scale topographical irreg­
ularities of a solid surface. 

axial Longitudinal, or parallel to the axis or centerline of a part. Usually re­
fers to axial compression or axial tension. 

axial strain Increase (or decrease) in length resulting from a stress acting 
parallel to the longitudinal axis of a test specimen. 

· Reprinted with pennission from Metals Handbook, 9th edition, vol. 11: Failure Anal­
ysis and Prevention, American Society for Metals, Metals Park, Ohio, 1986. 
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banded structure A segregated structure consisting of alternating, nearly 
parallel bands of different composition, typically aligned in the direction of 
primary hot working. 

beach marks Macroscopic (visible) progression marks on a fracture surface 
that indicate successive position of the advancing crack front. The classic 
appearance is of irregular elliptical or semielliptical rings, radiating out­
ward from one 01' more origins. Beach marks (also known as clamshell 
marks, tide marks, or arrest marks) are typically found on service fractures 
where the part is loaded randomly, intermittently, or with periodic varia­
tions in mean stress or alternating stress. Not to be confused with stria­
tions, which are microscopic and form differently. 

breaking stres. See rupture stress. 

Brlnell hardness number, HB A number related to the applied load and to 
the surface area of the permanent impression made by a ball indenter, com­
puted from 

where P is applied load, kgf; D is diameter of ball, mm; and d is mean di­
ameter of impression, mm. 

Brlnell hardness test A test for determining the hardness of a material by 
forcing a hard steel or carbide ball of specified diameter into it under a spec­
ified load. The result is expressed as the Brinell hardness number. 

brinelling Damage to a solid bearing surface characterized by one or more 
plastically formed indentations brought about by overload. This term is 
often applied in the case of rolling-element bearings. See also false 
brinelling. 

brittle Permitting little or no plastic (permanent) deformation prior to frac­
ture. 

brittle crack propagation A very sudden propagation of a crack with the ab­
sorption of no energy except that stored elastically in the body. Microscopic 
examination may reveal some deformation not noticeable to the unaided 
eye. Contrast with ductile crack propagation. 

brittle erosion behavior Erosion behavior having characteristic properties 
(e.g., little or no plastic flow, the formation of cracks) that can be associated 
with brittle fracture of the exposed surface. The maximum volume removal 
occurs at an angle near 90·, in contrast to approximately 25° for ductile ero­
sion behavior. 

brittle fracture Separation of a solid accompanied by little or no macroscopic 
plastic deformation. TYPically, brittle fracture occurs by rapid crack propa­
gation with less expenditure of energy than for ductile fracture. 

brittleness The tendency of a material to fracture without first undergoing 
significant plastic deformation. Contrast with ductility. 

buckle (1) An indented valley in the surface of a sand casting due to expan-
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sion of the molding sand. (2) A local waviness in a metal bar or sheet usu-
ally transverse to the direction of rolling. ' 

buckling A compression phenomenon that occurs when, after some critical 
level of load, a bulge, bend, bow, kink, or other wavy condition is produced 
in a beam, column, plate, bar, or sheet product form. 

bulk modulus See bulk modulus of elasticity. 

bulk modulus of elastiCity, K The measure of resistance to change in vol­
ume; the ratio of hydrostatic stress to the corresponding unit change in vol­
ume. This elastic constant can be expressed by 

K = C7
m = :::.E = .! 

A A ~ 

where K is bulk modulus of elasticity, C7m is hydrostatic or mean stress ten­
sor, p is hydrostatic pressure, and ~ is compressibility. Also known as bulk 
modulus, compression modulus, hydrostatic modulus, and volumetric mod­
ulus of elasticity. 

carbon flotation Segregation in which free graphite has separated from the 
molten iron. This defect tends to occur at the upper surfaces of the cope of 
the castings. 

casting shrinkage See liquid shrinkage, shrinkage .cavity, solidification 
shrinkage, and solid shrinkage. 

catastrophic wear Rapidly occurring or accelerating surface damage dete­
rioration, or change of shape caused by wear to such a degree that the ser­
vice life of a part is appreciably shortened or its function is destroyed. 

caustic cracking A form of stress-corrosion cracking most frequently en­
countered in carbon steels or iron-chromium-nickel alloys that are exposed 
to concentrated hydroxide solutions at temperatures of 200 to 250·C (400 to 
480·F). Also known as caustic embrittlement. 

caustic embrlttlement See caustic cracking. 

cavitation The formation and rapid collapse within a liquid of cavities or 
bubbles that contain vapor or gas or both. Cavitation caused by severe tur­
bulent flow often leads to cavitation damage. 

cavitation damage The degradation of a solid body resulting from its expo­
sure to cavitation. This may include loss of material, surface deformation, 
or changes in properties or appearance. 

cavitation erosion See cavitation damage. 

centerline shrinkage Shrinkage or porosity occurring along the central 
plane or axis of a cast metal section. 

chafing fatigue Fatigue initiated in a surface damaged by rubbing against 
another body. See also fretting. 

Charpy test An impact. test in which a V-notched, keyhole-notched, or U-
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notched specimen, supported at both ends, is struck behind the notch by a 
striker mounted at the lower end of a bar that can swing as a pendulum. 
The energy that is absorbed in fracture is calculated from the height to 
which the striker would have risen had there been no specimen and the 
height to which it actually rises after fracture of the specimen. Contrast 
with /zod test. 

chevron pattern A fractographic pattern of radial marks (shear ledges) that 
looks like nested letters V; sometimes called a herringbone pattern. Chev­
ron patterns are typically found on brittle fracture surfaces in parts whose 
widths are considerably greater than their thicknesses. The points of the 
chevrons can be traced back to the fracture origin. 

chili A white iron structure that is produced by rapid solidification. 

chord modulus A slope of the chord drawn between any two specific points 
on a stress-strain curve. See also modulus of elasticity. 

clamshell marks See beach marks. 

cleavage (1) Fracture of a crystal by crack propagation ac~oss a crystal~o­
graphic plane of low index. (2) The tendency to cleave or spIlt along defimte 
crystallographic planes. 

cleavage crack A crack that extends along a plane of easy cleavage in a crys­
talline material. 

cleavage fracture A fracture, usually of a polycrystalline metal, in which 
most of the grains have failed by cleavage, resulting in bright reflecting fac­
ets. It is one type of crystalline fracture and is associated with low-energy 
brittle fracture. Contrast with shear fracture. 

cleavage plane A characteristic crystallographic plane or set of planes in a 
crystal on which cleavage fracture occurs easily. 

cold shot A small globule of metal that solidified prematurely and is em­
bedded in but not entirely fused with the surface of the casting. 

cold shut A discontinuity on or immediately beneath the surface of a cast­
ing caused by the meeting of two streams of liquid metal that failed to 
me;ge. A cold shut may have the appearance of a crack or seam with 
smooth, rounded edges. 

columnar structure A coarse structure of parallel, elongated grains formed 
by unidirectional growth that is most ~ften observ.ed in castings. This. re­
sults from diffusional growth accomparued by a sohd-state transformatIOn. 

composite material A hetereogeneous, solid structural. material consistin~ 
of two or more distinct components that are mechanically or metallurgI­
cally bonded together, such as a wire or fllament of a high-melting sub­
stance embedded in a metal or nonmetal matrix. 

compression modulus See bulk modulus of elasticity. 

compressive Pertaining to forces on a body or part of a body that tend to 
crush, or compress, the body. 

compressive strength The maximum compressive stress a material is capa-
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ble .of developing. W~th a brittle material that fails in compression by frac­
tunng, the compressive strength has a definite value. In the case of ductile, 
mallea~le, or semiviscouil materials. (which do not fail in compression by a 
s~attermg fracture), the value obtruned for compressive strength is an ar· 
bltrary value dependent on the degree of distortion that is regarded as ef· 
fective failure of the material. 

compressive stress A stress that causes an elastic body to deform (shorten) 
in the direction of the applied load. Contrast with tensile stress. 

contact fati~ue Cracking and subsequent pitting of a surface subjected to al­
ternating hertz ian stresses such as those produced under rolling contact or 
combined rolling and sliding. The phenomenon of contact fatigue is encoun­
tered most often in rolling-element bearings or in gears, where the surface 
stresses are high due to the concentrated loads and are repeated many 
times during normal operation. 

corrosion The chemical or electrochemical reaction between a material 
usually a metal, and its environment that produces a deterioration of th~ 
material and its properties. See also corrosion fatigue crevice corrosion 
den-,ickelification, dezincification, erosion-corrosion, exfoliation, filiform cor~ 
roswn~ fre~tinFJ. corrosion, galvanic corrosion, general corrosion, graphitic 
cor~osw,!" zmpmgement attack, interdendritic corrosion, intergranular cor­
roszon, mt~rnal oxi~ation, oxidation, parting, pitting, poultice corrosion, 
rust, selectwe leachmg, stray-current corrosion, stress-corrosion cracking, 
and sulfide stress cracking. 

corrosion. fatigue Cracking pr~uced by the combined action of repeated or 
fluctuatmg stress and a corrosive environment at lower stress levels or fewer 
cycles than would be required in the absence of a corrosive environment. 

corrosive wear Wear in which chemical or electrochemical reaction with the 
environment is significant. 

crack ext~n8Io~. ~8 An increase in crack size. See also crack length. effective 
crack 8zze, orzgmal crack size, and physical crack size. 

crack len~th (depth~. 8 In (atigue and stress-corrosion cracking, the physical 
crack szze used to determme the crack growth rate and the stress-intensity 
factor. For a compact-type specimen, crack length is measured from the line 
connecting the bearing points of load application. For a center-crack tension 
specimen, crack length is measured from the perpendicular bisector of the 
central crack. See also crack size. 

crack mouth opening displacement (CMOO) See crack opening displace­
ment. 

crack opening displacement (COD) On a KJc specimen, the opening dis­
p~acement of the notch surfaces at the notch and in the direction perpen­
~Icular to the plane of the notch and the crack. The displacement at the tip 
IS called the crack tip opening displacement (CTOD); at the mouth, it is 
called the crack mouth opening displacement (CMOD). 

crack plane orientation An identification of the plane and direction of a frac­
ture in relation to product geometry. This identification is designated by a 
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hyphenated code, the first letter(s) representing the direction normal to the 
crack plane and the second letter(s) designating the expected direction of 
crack propagation. 

crack size 8 A lineal measure of a principal planar dimension of a crack. 
This me~ure is commonly used in the calculation of quantities descriptive 
of the stress and displacement fields. In practice, the value of crack size is 
obtained from procedures for measurement of physical crack size, original 
crack size, or effective crack size, as appropriate to the situation under con­
sideration. See also crack length (depth). 

crack tip opening displacement (CTOD) See crack opening displacement. 

crack tip plane strain A stress-strain field near a crack tip that approaches 
plane strain to the degree required by an empirical criter}on. 

creep The time-dependent strain occurring under stress. The creep strain oc­
curring at a diminishing rate is called primary or transient creepj that oc­
curring at a minimum and almost constant rate, secondary or steady-rate 
creepj that occurring at an accelerating rate, tertiary creep. 

creep rate The slope of the creep-time curve at a given time determined from 
a cartesian plot. 

creep-rupture strength The stress that will cause fracture in a creep test at 
a given time in a specified constant environment. Also known as stress­
rupture strength. 

creep strain The time-dependent total strain (extension plus initial gage 
length) produced by applied stress during a creep test. 

creep strength The stress that will cause a given creep strain in a creep test 
at a given time in a specified constant environment. . 

creep stress The constant load divided by the original cross-sectional area 
of the specimen. 

crevice corrosion Localized corrosion of a metal surface at, or immediately 
adjacent to, an area that is shielded from full exposure to the environment 
because of close proximity between the metal and the surface of another 
material. 

cross direction See transverse direction. 

crush An indentation in a casting surface due to displacement of fand into 
the mold cavity when the mold is closed. 

crystalline fracture A pattern of brightly reflecting crystal faceta on the frac­
ture surface of a polycrystalline metal, resulting from cleavage fracture of 
many individual crystals. Contrast with fibrous fracture and silky fracturej 
see also granular fracture. 

cup fracture (cup-and-cone fracture) A mixed-mode fracture, often ?een in 
tension test specimens of a ductile material, where the central portlOn un­
dergoes plane-strain fracture and the surrounding region undergoes plane­
stress fracture. One of the mating fracture surfaces looks like a miniature 
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CUpj it has a central depressed flat-face region surrounded by a shear lip. 
The other fracture surface looks like a miniature truncated cone. 

cupping The condition sometimes occurring in heavily cold-worked rods and 
wires, in which the outside fibers are still intact and the central zone has 
failed in a series of cup-and-cone fractures. 

cut A raised rough surface on a casting due to erosion by the metal stream of 
part of the sand mqld or core. 

cycle, N In fatigue, one complete sequence of values of applied load that is 
repeated periodically. 

cyclic load (1) Repetitive loading, as with regularly recurring stresses on a 
part, that sometimes leads to fatigue fracture. (2) Loads that change value 
by following a regular repeating sequence of change. 

cyclic streSSing See cyclic load. 

decarburlzatlon Loss of carbon from the surface layer of a carbon-containing 
alloy due to reaction with one or more chemical substances in a medium 
that contacts the surface. 

deformation A change in the form of a body due to stress, thermal change, 
change in moisture, or other causes. Measured in units of length. 

deformation bands Bands produced within individual grains during cold 
working which differ variably in orientation from the matrix. 

deformation curve See stress-strain diagram. 

dendrite A crystal with a treelike branching pattern. Dendrites are most ev­
ident in cast metals slowly cooled through the solidification range. 

denlckellflcatlon Corrosion in which nickel is selectively leached from 
nickel-containing alloys. Most commonly observed in copper-nickel alloys 
after extended service in fresh water. See also selective leaching. 

depletIon Selective removal of one component of an alloy, usually from the 
surface or preferentially from grain-boundary regions. See also selective 
leaching. 

deposit attack See poultice corrosion. 

deposit corrOSion See poultice corrosion. 

dezlnclflcatlon Corrosion in which zinc is selectively leached from zinc­
containing alloys. Most commonly found in copper-zinc alloys containing 
less than 85% Cu after extended service in water containing dissolved oxy­
gen. See also selective leaching. 

diamond pyramid hardness test See Vickers hardness test. 

dimpled rupture fracture A fractographic term describing ductile fracture 
that occurs through the formation and coalescence of microvoids (dimples) 
along the fracture path. The fracture surface of such a ductile fracture ap-



pears dimpled when observed at high magnification and usually is most 
clearly resolved when viewed in a scanning electron microscope. 

distortion Any deviation from an original size, shape, or contour that occurs 
because of the application of stress or the release of residual stress. . 

ductile crack propagation Slow crack propagation that is accompanied by 
noticeable plastic deformation and requires energy to be supplied from out­
side the body. Contrast with brittle crack prop'agation. 

ductile erosion behavior Erosion behavior having characteristic properties 
(i.e., considerable plastic deformation) that can be associated with ductile frac­
ture of the exposed solid surface. A characteristic ripple -pattern forms on the 
exposed surface at low values of angle of attack. Contrast with brittle erosion 
behavior. 

ductile fracture Fracture characterized by tearing of metal accompanied by 
appreciable gross plastic deformation and expenditure of considerable en­
ergy. Contrast with brittle fracture. 

ductility The ability of a material. to deform .plastical~y before fra~uring. 
Measured by elongation or reductwn of area III a tension test, by height of 
cupping in a cupping test, or by the radius or angle of bend in a bend test. 
Contrast with brittlenessj see also plastic deformation. 

dynamic Moving, or having high velocity. Frequently used with high strain 
rate (>0.1 8- 1) testi~g of metal specimens. Contrast with static. 

effective crack size, B. The physical crack size augmented for the effects of 
crack tip plastic deformation. Sometimes the effective crack size is calcu­
lated from a measured value of a physical crack size plus a calculated value 
of a plastic-zone adjustment. A preferred method for the calculation of .ef­
fective crack size compares compliance from the secant of a load-deflectIOn 
trace with the elastic compliance from a calibration for the type of speci-
men. 

elastic constants The factors of proportionality that relate elastic displace­
ment of a material to applied forces. See also bulk modulus of elasticity, 
modulus of elasticity, Poisson's ratio, and shear modulus. 

elastic deformation A change i~ dimensions directly proportional to and in 
phase with an increase or decrease in applied force. 

elasticity The property of a material by virtue of which deformation.caused 
by stress disappears upon removal of the stress. A perfectly elastic body 
completely recovers its original shape and dimensions after release of 
stress. 

elastic limit The maximum stress a material is capable of sustaining without 
any permanent strain (deformation) remaining upon complete release of the 
stress. See also proportional limit. 

elastic strain See elastic deformation. 
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elongation A term used in mechanical testing to describe the amount of ex­
tension of a test piece when stressed. See also elongation, percent and stress. 

elongation, percent The extension of a uniform section of a specimen ex­
pressed as percentage of the original gage length: 

Lf - L 
Elongation, % = T x 100 

o 

where Lo is original gage length and Lf is final gage length. See also elon­
gation. 

embrlttlement The severe loss of ductility andlor toughness of a material, 
usually a metal or alloy. 

endurance limit The maximum stress below which a material can presum­
ably endure an infinite number of stress cycles. If the stress is not com­
pletely reversed, the value of the mean stress, the minimum stress, or the 
stress ratio also should be stated. Compare with fatigue limit. 

erosion Destruction of materials by the abrasive action of moving fluids, 
usually accelerated by the presence of solid particles carried with the fluid. 
See also erosion-corrosion. 

erosion-corrosion A conjoint action involving corrosion and erosion in the 
presence of a moving corrosive fluid, leading to the accelerated loss of ma­
terial. 

exfoliation Corrosion that proceeds laterally from the sites of initiation 
along planes parallel to the surface, generally at grain boundaries, forming 
corrosion products that force metal away from the body of the material, giv­
ing rise to a layered appearance. 

failure A general term used to imply that a part in service (1) has become 
completely inoperable, (2) is still operable but is incapable of satisfactorily 
performing its intended function, or (3) has deteriorated seriously, to the 
point that it has become unreliable or unsafe for continued use. , 

false brinelllng Damage to a solid bearing surface characterized by indenta­
tions not caused by plastic deformation, resulting from overload but thought 
to be due to other causes such as fretting corrosion. See also brinelling. 

fatigue The phenomenon leading to fracture under repeated or fluctuating 
stresses having a maximum value less than the ultimate tensile strength of 
the material. See also fatigue failure, high-cycle fatigue, low-cycle fatigue, 
and ultimate strength. 

fatigue crack growth rate, dB/dN The rate of crack extension caused by 
constant-amplitude fatigue loading, expressed in terms of crack extension 
per cYcle of load application. 

fatigue failure Failure that occurs when a specimen undergoing fatigue com­
pletely fractures into two parts or has softened or been otherwise signifi­
cantly reduced in stiffness by thermal heating or cracking. Fatigue failure 
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generally occurs at loads which applied statically would produce little per­
ceptible effect. Fatigue failures are progressive, beginning as minute cracks 
that grow under the action of the fluctuating s.tress. . 

fatigue life The number of stress cycles that can be sustained prior to failure 
under a stated test condition. 

fatigue limit The maximum stress that presumably lea~s to fatigue fracture 
in a specified number of stress cycles. If the stress IS not completely r~­
versed, the value of the mean stress, the minimum stress, or the stress ratlo 
also should be stated. Compare with endurance limit. 

fatigue notch factor, K, The ratio of the fatigue strength of an unnotched 
specimen to the fatigue strength of a notched specimen of the same ma­
terial and condition; both strengths are determined at the same number 
of stress cycles. 

fatigue notch senSitiVity, q An estimate of the effect of a notch or hole of a 
given size and shape on the fatigue properties of a material; measured by 
q = (Kf - l)/(K, - 1), where Kf is the fatigue notch factor and ~'. is ~he 
stress-concentration factor. A material is said to be fully notch-senslbve If q 
approaches a value of 1.0; it is not notch-sensitive if the ratio approaches O. 

fatigue ratio The fatigue limit under completely reversed flexural stress di­
vided by the tensile strength for the same alloy and condition. 

fatigue strength The maximum stress that can be sustained for a specified 
number of stress cycles without failure, the stress being completely reversed 
within each cycle unless otherwise stated. 

fatigue striation See striation. 

fatigue wear Wear of a solid surface caused by fracture arising from material 
fatigue. 

fiber (1) The characteristic of wrought metal that indicates directional prop­
erties. It is revealed by etching of a longitudinal section or is manifested by 
the fibrous or woody appearance of a fracture. It is caused chiefly by exten­
sion of the constituents pf the metal, both metallic and nonmetallic, in the 
direction of working. (2) The pattern of preferred orientation of metal crys­
tals after a given deformation process, usually wiredrawing. See also tex­
ture. 

flber·relnforced composite A material consisting of two or more discrete 
physical phases, in which a fibrous phase is dispersed in a continuous rna· 
trix phase. The fibrous phase may be macro-, micro-, or submicroscopic, but 
it must retain its physical identity so that it could conceivably be removed 
from the matrix intact. 

fiber s tress Local stress through a small area (a point or line) on a section 
where the stress is not uniform, as in a beam under a bending load. 

fibrous fracture A gray and amorphous fracture that results when a metal is 
sufficiently ductile for the crystals to elongate before fracture occ.urs. When 
a fibrous fracture is obtained in an impact test, it may be regarded as def-
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inite evidence of the toughness of the metal. See also crystalline fracture 
and silky fracture. 

fibrous structure (1) In forgings, a structure revealed as laminations, not 
necessarily detrimental, on an etched section or as a ropy appearance on a 
fracture. (2) In wrought iron, a structure consisting of slag fibers embedded 
in ferrite. (3) In rolled steel plate stock, a uniform, lamination·free, fine­
grained structure on a fractured surface. 

filiform corrosion Corrosion that occurs under some coatings in the form of 
randomly distributed threadlike filaments. 

flsheye A discontinuity found on the fracture surface of a weld in steel that 
consists of a small pore or inclusion surrounded by an approximately round, 
bright area. 

flshmouthlng See alligatoring. 

flake A short, discontinuous internal crack in ferrous metals attributed to 
stresses produced by localized transformation and hydrogen-solubility ef­
fects during cooling after· hot working. In fracture surfaces, flakes appear 
as bright, silvery areas with a coarse texture. In deep acid· etched trans­
verse sections, they appear as discontinuities that are usually in the 
midway to center location of the section. Also termed hairline cracks and 
shatter cracks. 

flow Movement (slipping or sliding) of essentially parallel planes within 
an element of a material in parallel directions; occurs under the action of 
shear stress. Continuous action in this manner, at constant volume and 
without disintegration of the material, is termed yield, creep, or plastic 
deformation. 

flow lines Texture showing the direction of metal flow during hot or cold 
working. Flow lines often can be revealed by etching the surface or a sec­
tion of a metal part. 

fluting A type of pitting in which cavities occur in !l regular pattern, forming 
grooves or flutes. Fluting is caused by fretting or by electric arcing. 

fold A defect in metal, usually on or near the surface, caused by continued 
fabrication of overlapping surfaces. 

fractography Descriptive explanation of a fracture process, especially in 
metals, with specific reference to photographs of the fracture surface. 
Macrofractography involves low magnification « 25 x)j microfractography 
high magnification (> 25 x). 

fracture The irregular surface produced when a piece of metal is broken. See 
also crystalline fracture, fibrous fracture, granular fracture, intergranular 
fracture, silky fracture, and transgranular fracture. 

fracture mechanics See linear-elastic fracture mechanics. 

fracture stress See rupture stress. 

fracture test Test in which a specimen is broken and its fracture surface is 



examined with the unaided eye or with a low-power micros~ope t.o d~~er­
mine such factors as composition, grain size, case depth, or dlscontInUltles. 

fracture toughness A generic term for measures of resi~tance to the exten­
sion of a crack. The term is sometimes restricted to results of fracture me­
chanics tests, which are directly applicable in fracture control. However, 
the term commonly includes results from simple .tests of ~otched or 
precracked specimens not based on fracture mechanIcs analysIs. Results 
from tests of the latter type are often useful for fracture control, based ?n 
either service experience or empirical correlations with fracture mechanICS 
tests. See also stress-intensity factor. 

fre,ttlng Wear that occurs between tight-fitting surfaces subje~ed t? oscilla­
tion at very small amplitude. This type of we~ can be ~ combInatlOn of ox­
idative wear and abrasive wear. See also frettmg corroswn. 

fretting corrosion The deterioration at the interface betw:een contacting sur­
faces as the result of corrosion and slight oscillatory slip between the two 
surfaces. 

fretting fatigue Fatigue fracture that initiates at a surface area where fret­
ting has occurred. 

galling A condition whereby excessive friction between high spots ~esu1ts in 
localized welding with subsequent spalling and a further roughemng of the 
rubbing surfaces of one or both of two mating parts. 

galvanic corrosion Accelerated corrosion of a metal because o~ an electri~ 
contact with a more noble metal or nonmetallic conductor In a corrOSive 
electrolyte. 

gas hole A hole in a casting or weld formed by gas escaping from molten 
metal as it solidifies. Gas holes may occur individually or in clusters, or 
may be distributed throughout the solidified metal. 

gas porosity Fine holes or pores within a met~ tha~ ~e ~used by en­
trapped gas or by evolution of dissolved gas dunng sohdlficatlOn. 

general corrosion A form of deterioratio~ that is distributed more or less 
uniformly over a surface. See also corros,on. 

glide See slip. 

grain An individual crystal in a polycrystalline metal or alloy, including 
twinned regions or subgrains if present. 

grain boundary An interface separating two grains at which the orientation 
of the lattice changes from that of one grain to that of the other. When the 
orientation change is very small, the boundary is sometimes referred to as 
a subboundary structure. 

grain-boundary corrosIon Same as intergranular corrosionj see also corro­
sion and interdendritic corrosion. 

grain flow Fiberlike lines on polished and etched sections of forgings caused 
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by orientation of the constituents of the metal in the direction of working 
during forging. Grain flow produced by proper die design can improve reo 
quired mechanical properties of forgings. 

granular fracture A type of irregular surface produced when metal is broken 
that is characterized by a rough, grainlike appearance, rather than a 
smooth or fibrous one. It can be subclassified as transgranular or 
intergranular. This type of fracture is frequently called crystalline fracturej 
however, the inference that the metal broke because it "ci"YstaUized" is not 
justified, because all metals are crystalline in the solid state. See also fi­
brous fracture and silky fracture. 

graphitIc corrosion Deterioration of gray cast iron in which the metallic 
constituents are selectively leached or converted to corrosion products, leav­
ing the graphite intactj it occurs in relatively mild aqueous solutions and in 
buried pipe and fittings. The term "graphitization" is commonly used to 
identify this form of corrosion, but is not recommended because of its use in 
metallurgy for the decomposition of carbide to graphite. 

hairline craCK See flake. 

hardness A measure of the resistance of a material to surface indentation or 
abrasionj may be thought of as a function of the stress required to produce 
some specified type of surface deformation. There is no absolute scale for 
hardnessj therefore, to express hardness quantitatively, each type of test 
has its own scale of arbitrarily defined hardness. Indentation hardness can 
be measured by Brinell, Knoop, Rockwell, Scleroscope, and Vickers hard­
ness tests. 

Hartmann fines See Lilders lines. 

heat-affected zone That portion of the base metal that was not melted dur­
ing brazing, cutting, or welding, but whose microstructure and mechanical 
properties were altered by the heat. 

herringbone pattern See chevron pattern. 

high-cycle fatigue ,Fatigue that occurs at relatively large numbers of cycles. 
The arbitrary, but commonly accepted, dividing line between high-cycle fa­
tigue and low-cycle fatigue is considered to be about 10· to 106 cycles. In 
practice, this distinction is made by determining whether the dominant 
component of the strain imposed during cyclic loading is elastic (high cycle) 
or plastic (low cycle), which in turn depends on the properties of the metal 
and on the magnitude of the nominal stress. 

Hooke's law A material in which stress is linearly proportional to strain is 
said to obey Hooke's law. This law is valid only up to the proportional limit, 
or the end of the straight-line portion of the stress-strain diagram. See also 
modulus of elasticity. 

hot crack See solidification shrinkage crack. 

hot tear A crack or fracture formed before completion of solidification be­
cause of hindered contraction. A hot tear is frequently open to the surface of 
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the casting and thus exposed to the atmosphere. This may result in oxida­
tion, decarburization, or other metal-atmosphere reactions at the tear sur­
face. 

hydrogen blistering The formation of blisters on or below a metal surface 
from excessive internal hydrogen pressure. Hydrogen may be formed dur­
ing cleaning, plating, corrosion, etc. 

hydrogen damage A general term for the embrittlement, crac~ng, bliste.r­
ing, and hydride formation that can occur when hydrogen IS present in 

some metals. 

hydrogen embrlttlement A condition of low ductility or hydrogen-induced 
cracking in metals resulting from the absorption of hydrogen. See also 
hydrogen-induced delayed cracking. 

hydrogen-Induced delayed cracking A term sometimes used to identify a 
form of hydrogen embrittlement, in which a metal appears to fracture spon­
taneously under a steady stress less than the yield stress. There is usually a 
delay between the application of stress (or exposure of the stressed metal to 
hydrogen) and the onset of cracking. Also referred to as static fatigue. 

hydrostatic modulus See bulk modulus of elasticity. 

Impact energy The amount of energy required to fracture a material, usu­
ally measured by means of an !zod test or Charpy test. The type of specimen 
and test conditions affect the values and therefore should be specified. 

Impact load An especially severe shock load such as that caused by instan­
taneous arrest of a falling mass, by shock meeting of two parts (in a me­
chanical hammer, for example), or by explosive impact, in which there can " 
be an exceptionally rapid buildup of stress. 

Impact strength See impact energy. 

Impingement attack Corrosion associated with turbulent flow of liquid. May 
be accelerated by entrained gas bubbles. See also erosion-corrosion. 

Inclusion A particle of foreign material in a metallic matrix. The particle is 
usually a compound (such as an oxide, sulfide, or silicate), but 'may be of 
any substance that is foreign to (and essentially insoluble in) the matrix. 
Inclusions are usually considered undesirable, although in some cases­
such as in free-machining metals-manganese sulfides, phosphorus, sele­
nium, or tellurium may be deliberately introduced to improve 
machinability. 

Intercrystalline See intergranular. 

Intercrystaliine corrosion See intergranular corrosion. 

Intercrystalline cracking See intergranular cracking. 

Interdendrltlc corrosion COlTosive attack that progresses preferentially 
along interdendritic paths. This type of attack results from local differences 
in composition commonly encountered in alloy castings. See also corrosion. 
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Interface The boundary between two contacting parts or regions of parts. 

Intergranular Between crystals or grains. Also termed intercrystalline. Con­
trast with transgranular. 

fntergranufar corrosion Corrosion occurring preferentially at grain bound­
aries, usually with slight or negligible attack on the adjacent grains. See 
also interdendritic corrosion. 

Intergranular cracking Cracking or fracturing that occurs between the 
grains or crystals in a polycrystalline aggregate. Contrast with 
transgranular cracking. 

Intergranular fracture Brittle fracture of a metal in which the fracture is be­
tween the grains, or crystals, that form the metal. Contrast with 
transgranular fracture. 

Intergranular stress-corrosion cracking Stress-corrosion cracking in which 
the cracking occurs along grain boundaries. 

Internal oxidation (1) The formation of isolated particles of corrosion prod­
ucts beneath the metal surface. This occurs as the result of preferential ox­
idation of certain alloy constituents by inward diffusion of oxygen, nitrogen, 
sulfur, etc. Also called subsurface corrosion. (2) Preferential in situ oxida­
tion of certain components of phases within the bulk of a solid alloy accom­
plished by diffusion of oxygen into the body. This is commonly used to pre­
pare electrical contact materials. 

Intracrystalline See transgranular. 

Intracrystalline cracking See transgranular cracking. 

Izod test A type of impact test in which a V-notched specimen, mounted verti­
cally, is subjected to a sudden blow delivered by the weight at the end of a pen­
dulum arm. The energy required to break off the free end is a measure of the 
impact strength or toughness of the material. Contrast with CharpJ' test. 

J Integral A mathematical expression; a line or surface integral that en­
closes the crack front from one crack surface to the other, used to charac­
terize the fracture toughness of a material having appreciable plasticity be­
fore fracture. The J integral eliminates the need to describe the behavior of 
the material near the crack tip by considering the local stress-strain field 
around the crack front; J[c is the critical value of the J integral required to 
initiate growth of a preexisting crack. 

Knoop hardness number, HK A number related to the applied load and to 
the projected area of the permanent impression made by a rhombic-based 
pyramidal diamond indenter having included edge angles of 1720 30' and 
1300 0' computed from the equation 

HK= P 
0.07028d2 
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where P is applied load, kgfj and d is long diagonal of the impression, mm. 
In reporting Knoop hardness numbers, the test load is stated. 

Knoop hardness test An indentation hardness test using calibrated ma­
chines to force a rhombic-based pyramidal cliamond indenter having speci­
fied edge angles, under specified conclitions, into the surface of the material 
under test and to measure the long diagonal after removal of the load. 

lamination (1) A type of discontinuity with separation or weakness generally 
aligned parallel to the worked surface of a metal. (2) In electrical compo­
nents such as motors, a blanked piece of electrical sheet that is stacked up 
with several other identical pieces to make a stator or rotor. 

lap (1) A surface imperfection on worked metal caused by folding over a fin 
overfill or similar surface condition, then impressing this into the surface 
by subsequent working without welding it. (2) A flat surface that holds an 
abrasive for polishing operations. 

leaching See selective leaching. 

ilnear-elastlc fracture mechanics A method of fracture analysis that can de­
termine the stress (or load) required to induce fracture instability in a struc­
ture containing a cracklike flaw of known size and shape. See also stress­
intensity factor. 

liquid metal embrlttlement The decrease in ductility of a metal caused by 
contact with a liquid metal. 

liquid shrinkage The reduction in volume of liquid metal as it cools to the 
liquidus. 

longitudinal direction That direction parallel to the direction of maximum 
elongation in a worked material. See also normal direction and transverse 
direction. 

low-cycle fatigue Fatigue that occurs at relatively small numbers of cycles 
( < 10· cycles). Low-cycle fatigue may be accompanied by some plastic, or 
permanent, deformation. Compare with high-cycle fatigue. 

Luders lines Elongated surface markings or depressions, often visible to the 
unaided eye, that form along the length of a tension specimen at an angle of 
approximately 450 til the loading axis. Caused by localized plastic deforma­
tion, they result from discontinuous (inhomogeneous) yielding. Also known 
as Lilders bands, Hartmann lines, Piobert lines, or stretcher strains. 

macroscopIc Visible at magnifications at or below 25 x . 

macroshrlnkage Isolated, clustered, or interconnected voids in a casting 
that are detectable macroscopically. Such voids are usually associated with 
abrupt changes in section size and are caused by feeding that is insufficient 
to compensate for solidification shrinkage. 

macrostructure The structure of metals as revealed by macroscopic exami-

Gloasary 385 

nation of a specimen. The examination may be carried out using an as­
polished or a polished and etched specimen. 

magnification The ratio of the length of a line in the image plane (for exam­
ple, ground glass or a photographic plate) to the length of the same line in 
the object. Magnifications are usually expressed in linear terms and in 
units called diameters. 

mafleabfflty The characteristic of metals that permits plastic deformation in 
compression without fracture. See also ductility. 

matrix The continuous or principal phase in which another constituent is 
dispersed. 

maximum strength See ultimate strength. 

mechanical (cold) crack A crack or fracture in a casting resulting from 
rough handling or from thermal shock, such as may occur at shakeout or 
during heat treatment. 

mechanical properties The properties of a material that reveal its elastic 
and inelastic (plastic) behavior when force is applied, thereby indicating its 
suitability for mechanical (load-bearing) applications. Examples are elon­
gation, fatigue limit, hardness, modulus of elasticity, tensile strength, and 
yield strength. Compare with physical properties. 

mechanical twin A twin formed in a crystal by simple shear under external 
loading. 

metal penetration An imperfection on the surface of a casting caused by the 
penetration of molten metal into voids between refractory particles of the 
mold. 

micro crack A crack of microscopic proportions. Also termed microfissure. 

mlcroflssure See microcrack. 

micro porosity Extremely fine porosity in castings. 

microscopic Visible only at magnifications above 25 x . , 
mlcroshrlnkage A casting imperfection consisting of interdendritic voids. 

Microshrinkage results from contraction during solidification where the op­
portunity to supply filler material is inadequate to compensate for shrink­
age. Alloys with wide ranges in solidification temperature are particularly 
susceptible. 

microstructure The structure of metals and alloys as revealed after polish­
ing and etching a specimen, at magnifications greater than 25 x . 

mlsrun A casting not fully formed because of solidification of metal before 
the mold is filled. 

mode One of the three classes of crack (surface) displacements adjacent to 
the crack tip. These displacement modes are associated with stress-strain 
fields around the crack tip and are designated I,· II, and III. See also crack 
tip plane strain and crack opening displacement. 

modulus of elasticIty, E (1) The measure of rigidity or stiffness of a metalj 
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the ratio of stress, below the proporlionallimit, to the corresponding strain. 
In terms of the stress-strain diagram, the modulus of elasticity is the slope 
of the stress-strain curve in the range of linear proportionality of stress to 
strain. Also known as Young's modulus. (2) For materials that do not conform 
to Hooke's law throughout the elastic range, the slope of either the tangent to 
the stress-strain curve at the origin or at low stress, the secant drawn from the 
origin to any specified point on the stress-strain curve, or the chord connecting 
any two specific points on the stress-strain curve is usually taken to be the 
modulus of elasticity. In these cases, the modulus is referred to as the tangent 
modulus, secant modulus, or chord modulus, respectively. 

modulus of rigidity See shear modulus. 

modulus of rupture Nominal stress at fracture in a bend test or torsion test. 
In bending, modulus of rupture is the bending moment at fracture divided 
by the section modulus. In torsion, modulus of rupture is t.he torque at frac­
ture divided by the polar section modulus. See also modulus of rupture in 
bending and modulus of rupture in torsion. 

modulus of rupture In bending, Sb The value of maximum tensile or com­
pressive stress (whichever causes failure) in the extreme fiber on a beam 
loaded to failure in bending, computed from 

Mc 
Sb=T 

where M is maximum bending moment, computed from the maximum load 
and the original moment arm; c is initial distance from the neutral axis to 
the extreme fiber where failure occurs; and I is initial moment of inertia of 
the cross section about the neutral axis. See also modulus of rupture. 

modulus of rupture In torsion, S. The value of maximum shear stress in the 
extreme fiber of a member of circular cross section loaded to failure in tor­
sion, computed from 

S = Tr 
• J 

where T is maximum twisting moment, r is original outer radius, and J is 
polar moment of inertia of the original cross section. See also modulus of 
rupture. 

necking (1) Reduction of the cross-sectional area of metal in a localized area 
by stretching. (2) Reduction in the diameter of a portion of the length of a 
cylindrical shell or tube. 

neutron embrlttlement Embrittlement resulting from bombardment with 
neutrons, usually encountered in metals that have been exposed to a neu­
tron flux in the core of a reactor. In steels, neutron embrittlement is evi­
denced by a rise in the ductile-to-brittle transition temperature. See also 
radiation damage. 

nominal strength See ultimate strength. 
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normal direction " That direction perpendicular to the plane of working in a 
worked material. See also longitudinal direction and transverse direction. 

notch See stress concentration. 

notch acuity Relates to the severity of the stress concentration produced by a 
given notch in a particular structure. If the depth of the notch is very small 
compared with the width (or diameter) of the narrowest cross section, acu­
ity may be expressed as the ratio of the notch depth to the notch root radius. 
Otherwise acuity is defined as the ratio of one-half the width (or diameter) 
of the narrowest cross section to the notch root radius. 

notch brittleness Susceptibility of a material to brittle fracture at points of 
stress concentration. For example, in a notch tension test, the material is 
said to be notch brittle if the notch strength is less than the tensile strength 
of an unnotched specimen. Otherwise it is said to be notch ductile. 

notch depth The distance from the surface of a test specimen to the bottom 
of the notch. In a cylindrical test specimen, the percentage of the original 
cross-sectional area removed by machining an annular groove. 

notch rupture strength The ratio of applied load to original area of the min­
imum cross section in a stress-rupture test of a notched specimen. 

notch sensitivity A measure of the reduction in strength of a metal caused 
by the presence of stress concentration. Values can be obtained from static, 
impact, or fatigue tests. 

notch strength The maximum load on a notched tension-wet specimen di­
vided by the minimum cross-sectional area (the area at the root of the 
notch). Also called notch tensile strength. 

notch tensile strength See notch strength. 

orange peel A surface roughening in the form of a pebble-grained pattern 
where a metal of unusually coarse grain is stressed beyond its elastic limit. 
Also known as pebbles and alligator skin. 

original crack size, 8 0 The physical crack size at the start of testing. 

oxidation (1) A reaction in which there is an increase in valence resulting 
from a loss of electrons. Contrast with reduction. (2) A corrosion reaction in 
which the corroded metal forms an oxide; usually applied to reaction with a 
gas containing elemental oxygen, such as air. 

oxidative wear A type of wear resulting from the sliding action between two 
metallic components that generates oxide films on the metal surfaces. 
These oxide films prevent the formation of a metallic bond between the slid­
ing surfaces, resulting in fine wear debris and low wear rates. 

parting The selective corrosion of one or more components of a solid-solution 
alloy. 

pebbles See orange peel. 
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physical crack size, Bp The distance from a reference plane to the observed 
crack front. This distance may represent an average of several measure­
ments along the crack front. The reference plane depends on the specimen 
form, and it is normally taken to be either the boundary or a plane contain­
ing either the load line or the centerline of a specimen or plate. 

physical properties Properties of a metal or alloy that are relatively insen­
sitive to structure and can be measured without the application of forcej for 
example, density, electrical conductivity, coefficient of thermal expansion, 
magnetic permeability, and lattice parameter. Does not include chemical 
reactivity. Compare with mechanical properties. 

pinhole A small, rounded hole just below the surface of a casting, sometimes 
visible only after machining. Such holes, often localized, have bright inte­
rior surfaces. 

Plobert lines See Lilders lines. 

pitting (1) Corrosion of a metal surface, confined to a point or small area, 
that takes the form of cavities. (2) In tribology, a type of wear characterized 
by the presence of surface cavities formed by processes such as fatigue, local 
adhesion, or cavitation. 

plane strain The stress condition in linear elastic fracture mechanics in 
which there is zero strain in a direction normal to both the axis of ap­
plied tensile stress .,and the direction of crack growth (Le., parallel to the 
crack front)j most hearly achieved in loading thick plates along a direc­
tion parallel to the plate surface. Under plane-strain conditions, the 
plane of fracture instability is normal to the axis of the principal tensile 
stress. 

plane-strain fracture toughness, K,,, The crack extension resistance under 
conditions of crack tip plane strain. See also stress-intensity factor. 

plane stress The stress condition in linear elastic fracture mechanics in 
which the stress in the thickness direction is zerOj most nearly achieved in 
loading very thin sheet along a direction parallel to the surface of the sheet. 
Under plane-stress conditions, the plane of fracture instability is inclined 
45° to the axis of the principal tensile stress. 

plane-stress fracture toughness, K" The value of the Crack-extension resis­
tance at the instability condition determined from the tangency between 
the R curve and the critical crack-extension force curve of the specimen. See 
also stress-intensity factor. 

plastic deformation The permanent (inelastic) distortion of metals under ap­
plied stresses that strain the material beyond its elastic limit. 

plowing In triOOlogy, the formation of grooves by plastic deformation of the 
softer of two surfaces in relative motion. 

Poisson's ratio The absolute value of the ratio of the transverse strain to 
the corresponding axial strain, in a body subjected to uniaxial stressj usu­
ally applied to elastic conditions. 
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polycrystalllne Comprising an aggregate of more than one crystal and usu­
ally a large number of crystals. 

'pore (1) A small void in the body of a metal. (2) A minute cavity in a powder 
metallurgy compact, sometimes intentional. (3) A minute perforation in an 
electroplated coating. 

porosity Fine holes or pores within a metal. 

poultice corrosion A term used in the automotive industry to describe the 
corrosion of vehicle body parts due to the collection of road salts and debris 
on ledges and in pockets that are kept moist by weather and washing. Also 
called deposit attack or deposit corrosion. 

preferred orientation A condition of a polycrystalline aggregate in which the 
crystal orientations are not random, but rather exhibit a tendency for align­
ment with a specific direction in the bulk material, commonly related to the 
direction of working. See also fiber and texture. 

primary creep The first, or initial, stage of creep, or time-dependent defor­
mation. 

principal stress (normal) The maximum or minimum value of the normal 
stress at a point in a plane considered with respect to all possible orienta­
tions of the considered plane. On such principal planes the shear stress is 
zero. There are three principal stresses on three mutually perpendicular 
planes. The state of stress at a point may be (1) uniaxial, a state of stress in 
which two of the three principal stresses are zerOj (2) biaxial, a state of 
stress in which only one of the three principal stresses is zerOj or (3) 
triaxial, a state of stress in which none of the principal stresses is zero. 
Multiaxial stress refers to either biaxial or triaxial streSD. 

proportional limit The maximum stress at which strain remains directly pro­
portional to stressj the upper end of the straight-line portion of the stress­
strain or load-elongation curve. See also elastic limit. 

quaslcleavage fracture A fracture mode that combines the characteristics of 
cleavage fracture and dimpled rupture fracture. An intermediate type of 
fracture found in certain high-strength metals. 

quenching crack A crack formed as a result of thermal stresses produced by 
rapid cooling from a high temperature. 

radial marks Lines on a fracture surface that radiate from the fracture ori­
gin and are visible to the unaided eye or at low magnification. Radial 
marks result from the intersection and connection of brittle fractures prop­
agating at different levels. Also known as shear ledges. See also chevron 
pattern. 

radiation damage A general term for the alteration of properties of a mate­
rial arising from exposure to ionizing radiation (penetrating radiation), 
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such as x rays, gamma rays, neutrons, heavy-particle radiation, or fission 
fragments in nuclear fuel material. See also neutron embrittlement. 

ratchet marks Lines on a fatigue fracture surface that result from the inter­
section and connection Qf fatigue fractures propagating from multiple ori­
gins. Ratchet marks are parallel to the overall direction of crack propaga­
tion and are visible to the unaided eye or at low magnification. 

ratta il A shallow, indented, and irregular line on a casting surface due to 
sand expansion. 

R curve A plot of crack-extension resistance as a function of stable crack ex­
tension, which is the difference between either the physical crack size or the 
effective crack size and the original crack size. R curves normally depend on 
specimen thickness and, for some materials, on temperature and strain rate. , 

reductIon (1) In Cupping and deep drawing, a measure of the percentage de­
crease from blank diameter to cup diameter, or of diameter reduction in 
redrawing. (2) In forging, rolling, and drawing, either the ratio of the orig­
inal to final cross-sectional area or the percentage decrease in cross­
sectional area. (3) A reaction in which there is a decrease in valence result­
ing from a gain in electrons. Contrast with oxidation. 

reduction In area See reduction of area. 

reductIon of a rea The cllfference between the original cross-sectional area of 
a tension specimen and the smallest area at or after fracture as specified for 
the material being tested. Also known as reduction in area. 

residual stress Stress present in a body that is free of external forces or 
thermal gradients. 

river pattern A characteristic pattern of cleavage steps running parallel to 
the local direction of crack propagation on the fracture surfaces of grains 
that have separated by cleavage. 

rock candy fracture A fracture that exhibits separated-grain facetsj most of­
ten used to describe an intergranular fracture in a large-grained metal. 

Rockwell hardness number, HR A number derived from the net increase in 
the depth of impression as the load on an indenter is increased from a fixed 
minor load to a major load and then returned to the minor load. Rockwell 
hardness numbers are always quoted with a scale symbol representing the 
penetrator, load, and dial used. 

Rockwell hardness test An indentation hardness test using a calibrated 
machine that utilizes the depth of indentation, under constant load, as a 
measure of hardness. Either a 120· diamond cone with a slightly rounded 
point or a 1.6- or 3.2-mm (l/1e- or 1/a-in)-diameter steel ball is used as the 
indenter. 

Rockwell s uperficIal hardness number See Rockwell hardness number and 
Rockwell superficial hardness test. 
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Rockwell superficial hardness test Same as Rockwell hardness test, except 
that smaller minor and major loads are used. 

rupture stress The stress at failure. Also known as breaking stress or frac­
ture stress. 

rust A corrosion product consisting primarily of hydrated iron oxide. A term 
properly applied only to ferrous alloys. 

sand hole A pit in the surface of a sand casting resulting from a deposit of 
loose sand on the surface of the mold. 

s cab A raised and rough area on the surface of a casting due to sand being 
dislodged from the surface of the mold. 

Scleroscope hardness number, HSc or HSd A number related to the height 
of rebound of a diamond-tipped hammer dropped on the material being 
tested. It is measured on a scale determined by dividing into 100 units the 
average rebound of the hammer from a quenched (to maximum hardness) 
and untempered AlS! W-5 tool steel test block. 

Scleroscope hardness test A dynamic indentation hardness test using a 
calibrated instrument that drops a diamond-tipped hammer from a fIXed 
height onto the surface of the material being tested. The height of rebound 
of the hammer is a .measure of the hardness of the material. 

'. 
scorIng In tribology, a severe form of wear characterized by the formation of 

extensive grooves and scratches in the direction of sliding. 

scratchIng In tribology, the mechanical removal and/or displacement of ma­
terial from a surface by the action of abrasive particles or protuberances 
sliding across the surfaces. See also plowing. 

scuffing A form of adhesive wear that produces superficial scratches or a 
high polish on the rubbing surfaces. It is observed most often on inade­
quately lubricated parts. 

seam An un fused fold or lap that appears as a crack on a metal surface. 

season crackIng Cracking resulting from the combined effects of corrosion 
and internal stress. A term usually applied to stress-corrosion cracking of 
brass. 

secant modulus The slope of the secant drawn from the origin to any spec­
ified point on a stress-strain curve. See also modulus of elasticity. 

secondary creep See creep. 

segregatIon Nonuniform distribution of alloying elements, impurities, or 
phases. 

selective leachIng Corrosion in which one element is preferentially removed 
from an alloy, leaving a residue (often porous) of the elements that are more 
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resistant to the particular environment. See also decarburization, 
denickeli{i.cation, dezinci{i.cation, and graphitic corrosion. 

sensitization In austenitic stainless steels, the precipitation of chromium 
carbides, usually at grain boundaries, on exposure to temperatures of about 
550 to 850°C (1000 to 1550°F), leaving the grain boundaries depleted of 
chromium and therefore susceptible to preferential attack by a corroding 
(oxidizing) medium. 

shatter crack See flake. 

shear bands Bands in which deformation has been concentrated 
inhomogeneously in sheets that extend across regional groups of grains. 
Only one system is usually present in each regional group of grains, differ­
ent systems being present in adjoining groups. The bands are 
noncrystallographic and form on planes of maximum she.ar stress (55° to .the 
compression direction). They carry most of the deformation at large strams. 

shear fracture A ductile fracture in which a crystal (or a polycrystalline 
mass) has separated by sliding or tearing under the action of shear stresses. 
See also shear stress. 

shear ledges See radial marks. 

shear lip A narrow, slanting ridge along the edge of a fracture surface. The 
term sometimes also denotes a narrow, often crescent-shaped, fibrous reo 
gion at the edge of a fracture that is otherwise of the cleavage type, even 
though this fibrous region is in the same plane as the rest of the fracture 
surface. 

shear modulus, G The ratio of shear stress to the corresponding shear strain 
for shear stresses below the proportional limit of the material. Values of 
shear modulus are usually determined by torsion testing. Also known as 
modulus of rigidity. 

ahear . traln The tangent of the angular change, due to force, between two 
lines originally perpendicular to each other through a point in a body. 

shear strength The maximum shear stress that a mate~al is capable o~ sus­
taining. Shear strength is calculated from the mllXlmum load dunng a 
shear or torsion test and is based on the original dimensions of the cross 
section of the specimen. 

shear stress (1) A stress that exists when parallel planes in metal crystals 
elide across each other. (2) The stress component tangential to the plane on 
which the forces act. Also known as tangential stress. 

shock load The sudden application of an external force that results in a very 
rapid buildup of stress-for example, piston loading in internal co~bustion 
engines. 

shrinkage See casting shrinkage. 

shrInkage cavity A void left in cast metals as a re8Ul~ ~f solidifi.ca~n shrink­
age. Shrinkage cavities occur in the last metal to solidify after casting. 

silky fracture A metal fracture in which the broken metal surface has a fine 
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texture, usually dull in appearance. Characteristic of tough and strong met­
als. Contrast with crystalline fracture and granular fracture . 

slant fracture A type of fracture appearance, typical of plane-stress frac­
tures, in which the plane of metal separation is inclined at an angle (usu­
ally about 45°) to the axis of the applied stress. 

Slip Plastic deformation by the irreversible shear displacement (translation) 
of one part of a crystal relative to another in a definite crystallographic di­
rection and usually on a specific crystallographic plane. Sometimes called 
glide. See also flow . 

SoN curve A plot of stress (S) against the number of cycles to failure (N) . The 
stress can be the maximum stress (Smax) or the alternating stress ampli­
tude (Sa)' The stress values are usually nominal stress, i.e., there is no ad­
justment for stress concentration. The diagram indicates the SoN relation­
ship for a specified value of the mean stress (Sm) or the stress ratio (A or R) 
and a specified probability of survival. For N a log scale is almost always 
used. For S a linear scale is used most often, but a log scale is sometimes 
used. Also known as SoN diagram. 

SoN diagram See SoN curve. 

solidification shrinkage The reduction in volume of metal from beginning to 
end of solidification. 

solidification shrlnk?': ::J crack A crack that forms, usually at elevated tem­
perature, because of the internal (shrinkage) stresses that develop during 
solidification of a metal casting. Also termed hot crack. 

solid shrinkage The reduction in volume of metal from the solidus to room 
temperature. 

spalllng The cracking and flaking of particles out of a surface. 

static Stationary or very slow. Frequently used in connection with routme 
tension testing of metal specimens. Contrast with dynamic. 

static fatIgue See hydrogen-induced delayed cracking. 

steady-rate creep See creep. 

. straIn The unit of change in the size or shape of a body due to force. 

straIn hardenIng An increase in hardness and strength caused by plastic de­
formation at temperatures below the recrystallization range. Also known as 
work hardening. 

stray-current corrosion Corrosion caused by electric current from a source 
external to the intended electric circuit, for example, extraneous current in 
the earth. 

stress The intensity of the internally distributed forces or components of 
forces that resist a change in the volume or shape of a material that is or 
has been SUbjected to external forces . Stress is expressed in force per unit 
area and is calculated on the basis of the original dimensions of the cross 
section of the specimen. Stress can be either direct (tension or compression) 
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or shear. Usually expressed in pounds per square inch (lb/in2
) or 

megapascals (MPa). 

stress amplitude One-half the algebraic difference between the maximum 
and minimum stress in one cycle of a repetitively varying stress. 

stress concentration A change in contour or a discontinuity that causes lo­
cal increases in stress in materials under load. Typical are sharp-cornered 
grooves or notches, threads, flllets, holes, etc. Also called stress raiser. 

s tress-concentration factor, K, A multiplying factor for applied stress that 
allows for the presence of a structural discontinuity such as a notch or hole; 
K, equals the ratio of the greatest stress in the region of the discontinuity to 
the nominal stress for the entire section. Also known as theoretical stress­
concentration factor. 

, 
I trell-corrol lon cracking, see A cracking process that requires the simul­

taneous action of a corrodent and sustained tensile stress. This excludes 
corrosion-reduced sections that fail by fast fracture. It also excludes 
intergranular or transgranular corrosion, which can disintegrate an alloy 
without applied or residual stress. See also corrosion. 

s tress cycle The smallest segment of the stress-time function that is re­
peated periodically. 

s trell-Intenl lty factor, K A scaling factor used in linear-elastic fracture me­
chanics to describe the intensification of applied stress at the tip of a crack 
of known size and shape. At the onset of rapid crack propagation in any 
structure containing a crack, the factor is called the critical stress-intensity 
factor, or the {raeture toughness. Various subscripts are used to denote dif­
ferent loading conditions or fracture toughnesses: 

K.. Plane-stress fracture toughness. The value of stress intensity '. at 
which crack propagation becomes rapid in sections thinner than those in 
which plane-strain conditions prevail. 

K, Stress-intensity factor for a loading condition that displaces the crack 
faces in a direction normal to the crack plane. Also known as the opening 
mode of deformation. 

K,o Plane-strain fracture toughness. The minimum value of Kc for any 
given material and condition, which is attained when rapid crack propa­
gation in the opening mode is governed by plane-strain conditions. 

K'd Dynamic fracture toughness. The fracture toughness determined un­
der dynamic loading conditions; it is used as an approximation of K]c for 
very tough materials. 

K/aoc Threshold stress intensity for stress-corrosion cracking when loading 
conditions meet plane-strain requirements. 

KQ Provisional value for plane-strain fracture toughness. 

Ku, Threshold stress intensity for stress-corrosion cracking. A value of 
stress intensity characteristic of a specific combination of material, ma­
terial condition, and corrosive environment above which stress-corrosion 
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crack propagation occurs and below which the material is immune from 
stress-corrosion cracking. 

AK The range of the stress-intensity factor during a fatigue cycle. 

stress raiser See stress concentration. 

stress ratio, A or R The algebraic ratio of two specified stress values in a 
stress cycle. Two commonly used stress ratios are (1) the ratio of the alter­
nating stress amplitude to the mean stress, A = So/S"" and (2) the ratio of 
the minimum stress to the maximum stress, R = Smln/Smax' 

stress-rupture strength See creep-rupture strength. 

stress-strain curve See stress-strain diagram. 

stress-strain diagram A graph in which corresponding values of stress and 
strain are plotted against each other. Values of stress are usually plotted 
vertically (ordinate or y axis) and values of strain horizontally (abscissa or 
x axis). Also known as deformation curve and stress-strain curve. 

stretcher strains See Luders lines. 

striation A fatigue fracture feature often observed in electron micrographs 
that indicates the position of the crack front after each succeeding cycle of 
stress. The distance between striations indicates the advance of the crack 
front across that crystal during one stress cycle, and a line normal to the 
striation indicates the direction of local crack propagation. Not to be con­
fused with beach marks, which are much larger (macroscopic) and form dif­
ferently. 

stringer In wrought materials, an elongated configuration of micro­
constituents or foreign material aligned in the direction · of working. 'rhe 
term is commonly associated with elongated oxide or sulfide inclusions in 
steel.. 

subboundary structure (subgraln structure) A network of low-angle bound­
aries, usually with misorientations less than 10 within the main grains of a 
microstructure. 

subgraln A portion of a crystal or grain, with an orientation slightly differ­
ent from the orientation of neighboring portions of the same crystal. 

subsurface corrosion See internal oxidation. 

sulfldatlon The reaction of a metal or alloy with a sulfur-containing speCies 
to produce a sulfur compound that forms on or beneath the surface of the 
metal or alloy. 

sulfide stress cracking, sse Brittle failure by cracking under the combined 
action of tensile stress and corrosion in the presence of water and hydrogen 
sulfide. 

tangential stress See shear stress. 

tangent modulus The slope of the stress-strain curve at any specified stress 
or strain. See also modulus of elasticity. 



temper brittleness Brittleness that results when certain steels are held 
within, or are cooled slowly through, a certain range of temperatures below 
the transformation range. The brittleness is manifested as an upward shift 
in ductile-to-brittle transition temperature, but only rarely produces a low 
value of reduction of area in a smooth-bar tension test of the embrittled ma­
terial. 

tenSile strength In tension testing, the ratio of the maximum load to the 
original cross-sectional area. See also ultimate strength; compare with yield 
strength. 

tensile stress A stress that causes two parts of an elastic body, on either side 
of a typical stress plane, to pull apart. Contrast with compressive stress. 

tensile testing See tension testing. 

tension The force or load that produces elongation. 

tension testing A method of determining the behavior of ~aterials subjected 
to uniaxial loading, which tends to stretch the metal. A longitudinal spec­
imen of known length and diameter is gripped at both ends and stretched at 
a slow, controlled rate until rupture occurs. Also known as tensile testing. 

tertiary creep See creep. 

texture In a polycrystalline aggregate, the state of distribution of crystal ori­
entations. In the usual sense, it is synonymous with preferred orientation, 
in which the distributio.n is not random. See also fiber. 

theoretical stress-concentration factor See stress-concentration factor. 

thermal fatigue Fracture resulting from the presence of temperature gradi­
ents that vary with time in such a manner as to produce cyclic stresses in a 
structure. 

thermal shock The development of a steep temperature gradient and accom­
panying high stresses within a structure. 

thermal stresses Stresses in metal resulting from nonuniform temperature 
distribution. 

tide marks See beach marks. 

torsion A twisting action applied to a shaftlike or cylindrical member. The 
twisting may be either reversed (back and forth) or unidirectional (one 
way). 

torsional stress The shear stress on a transverse cross section resulting from 
a twisting action. 

transcrystalllne See transgranular. 

transcrystalllne cracking See transgranular cracking. 

transgranular Through or across crystals or grains. Also called 
intracrystalline or transcrystalline. 

transgranular cracking Cracking or fracturing that occurs through or across 
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a crystal or grain. Also called transcrystalline cracking. Contrast with 
intergranular cracking. 

transgranular fracture Fracture through or across the crystals or grains of a 
metal. Also called trans crystalline fracture or intracrystalline fracture. 
Contrast with intergranular fracture. 

transient creep See creep and primary creep. 

transverse direction Literally, "across," usually signifying a direction or 
plane perpendicular to the direction of working. In rolled plate or sheet, the 
direction across the width is often called long transverse; the direction 
through the thickness, short transverse. 

trlbology The science concerned with the design, friction, lubrication, and 
wear of contacting surfaces that move relative to each other. 

tuberculation The formation of localized corrosion products that appear on a 
surface as knoblike prominences (tubercules). 

twin Two portions of a crystal with a definite orientation relationship; one 
may be regarded as the parent, the other as the twin. The orientation of the 
twin is a mirror image of the orientation of the parent across a twinning 
plane or an orientation that can be derived by rotating the twin portion 
about a twinning axis. See also annealing twin and mechanical twin.. 

twin bands Bands across a crystal grain, observed on a polished and etched 
section, where crystallographic orientations have a mirror-image relation­
ship to the orientation of the matrix grain across a composition plane that 
is usually parallel to the sides of the band. 

ultimate strength The maximum stress (tensile, compressive, or shear) a ma­
terial can sustain without fracture, determined by dividing maximum load 
by the original cross-sectional area of the specimen. Also known as nominal 
strength or maximum strength. 

Vickers hardness number, HV A number related to the applied load and 
the surface area 'of the permanent impression made by a square-based py­
ramidal diamond indenter having included face angles of 136°, computed 
from 

HV = 2P sin a/2 = 1.8544P 
d 2 d 2 

where P is applied load, kgf; d is mean diagonal of impression, mm; and a is 
face angle of indenter, 136°. 

Vickers hardness test An indentation hardness test employing a 136° dia­
mond pyramid indenter (Vickers) and variable loads, enabling the use of 
one hardness scale for all ranges of hardness-from very soft lead to tung· 
sten carbide. Also known as diamond pyramid hardness test. 

volumetric modulus of elastiCity See bulk modulus of elasticity. 
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Wallner lines A distinct pattern of intersecting sets of parallel lines, usually 
producing a set of V-shaped lines, sometimes observed when viewing brittle 
fracture surfaces at high magnification in an electron microscope. Wallner 
lines are attributed to interaction between a shock wave and a brittle crack 
front propagating at high velocity. Sometimes Wallner lines are misinter­
preted as fatigue striations. 

wear Damage to a solid surface, generally involving progressive lOBS of ma­
terial, due to relative motion between that surface and a contacting surface 
or substance. 

wear rate The rate of material removal or dimensional change due to wear 
per unit of exposure parameter--for example, quantity of material removed 
(mass, volume, thickness) in unit distance of sliding or unit time. 

whIskers (1) Metallic filamentary growths, often microscopic in size, that at­
tain very high strengths. (2) Oxide whiskers, such as sapphire, which be­
cause of their strength and inertness at high temperatures are used as re­
inforcements in metal-matrix composites. 

work hardenIng See strain hardening. 

yIeld Evidence of plastic deformation in structural materials. See also creep 
and flow. 

yIeld poInt The first stress in a material, usually less than the maximum at­
tainable stress, at which an increase in strain occurs without an increase in 
stress. Only certain metals-those that exhibit a localized, heterogeneous 
type of transition from elastic to plastic deformation-produce a yield point. 
If there is a decrease in stress after yielding, a distinction may be made be­
tween upper and lower yield points. The load at which a sudden drop in the 
flow curve occurs is called the upper yield point. The constant load shown 
on the flow curve is the lower yield point. 

yield strength The stress at which a material exhibits a specified deviation 
from proportionality of stress and strain. The specified deviation is usually 
0.2 percent for most metals. Compare with tensile strength. 

yield stress The stress level of highly ductile materials, such as struc­
tural steels, at which large strains take place without further increase in 
stress. 

Young's modulus See modulus of elasticity. 
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l,3-di-n-butyl-2-thiourea, 60 
2-butyne-1,4-diol, 53, 60 
302 austenitic stainless steel, 319 
·304 austenitic stainless steel, 265, 266, 

319 
316L stainless steel, 317, 318 
347 stainless steel, 342 

Ablation, 4 
Abrasive cutoff wheel, 55 
Acetic acid, 53, 61, 71 
Acetone, 31, 46, 49, 58-62 
Acids, 56, 60 
Acrylic lacquer, 46 
~ng, 286, 290, 291, 295 
Air blast, 48, 62 
AlSI 1008 steel, 266 
AlSI 1030 steel, 247 
AlSI 1035 steel, 227 
AlSI 1046 steel, 242 
AlSI 1050 steel, 232, 238, 242 
AlSI 1085 steel, 50, 53, 54 
AlSI lOB21 steel, 234, 248-250, 252, 253 
AlSI lOB62 steel, 229 
AlSI 4140L steel, 234, 252, 253 
AlSI 4340 steel, 217-219, 223, 254-264 
AlSI 4817 steel, 239 
AlSI 6118 steel, 226 
AlSI 8640 steel, 235, 243 
Alcohol, 31, 49, 58, 62 
Alconox, 50-52, 58-60, 62, 63, 66-70 
Alkaline solutions, 53 
Alternating torsion, 243 
Aluminum casting alloys, 285, 287, 288, 

292, 293 
Ammonium citrate, 53, 71 
Ammonium oxalate, 53, 71 
Anaglyph method, 39 
Annealed condition, 319 
Annealing twins, 128, 129, 275, 276, 278, 

279 
Anode, 51, 60 
Aperture, 8, 11, 14 

Index 

Arcing, 56 
Arrestmarka, 48, 64, 234 
Artifacts, 200, 206-209 
Assembly errors, 2 
ASTM X-ray diffraction data file, 30 
Auger electrons, 18 
Austenitic stainless steel, 184, 187, 279 
Axial stress, 157 
Axle grease, 46 

Backacattered electrons, 18, 20, 21 
Basal plane, 125 
Base, 60 
Base metal, 44, 46, 307, 308, 310 
Beach marks, 234 
Beam formula, 323 
Bearing surface, 338 
Bellows, 271, 272, 276, 278 
Bending, 45, 56, 82, 83, 141, 158, 226, 

230, 240, 243, 340 
Bending load, 347 
Bending overload, 227, 229-232, 249, 347 
Bending stress, 281, 294 
Brag~slaw, 25,26, 30 
Brass, 279 
Brazing, 279 
Brittle, 3,81-83, 105, 151, 171, 186,214, 

219,223,225,226,223-230,325,330 
Brittle behavior, 107 
Brittle cleavage rupture, 230 
Brittle crack, 170 
Brittle fracture, 90, 98, 105, 107, 151, 

221, 225 
Bubbles, 283 
Burnishing, 45 
Burns, 4 

Carbides, 4, 63 
Carbon tetrachloride, 49 
Carburization, 247, 324-327 
Carcinogens, 49 
Case hardened, 4, 45 
Case studies, 271 
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cast iron, 4 
Casting, 4, 185, 286 
Catastrophic fracture, 107, 108 
Cathode, 51, 60 
Cathodic cleaning, 48, 51-54, 58, 60 
Causes of failure, 3, 5, 6 
Caustic embrittlement, 3 
Cavitation, 4 
Cavities, 307, 312 
Cellulose acetate, 31, 33, 46, 58, 59, 62 
Centrifugal force, 290, 294 
Centrifugal stress, 281 
CF8C stainless steel, 342 
Chalk, 226, 228 
Charpy test, 47, 145, 152, 193,250,255, 

256, 261, 265 
Check valve, 334 
Chemical damage, 43, 44 
Chemical etching, 52, 53 
Chemical-etch cleaning, 48 
Chevron marks, 105, 106, 222, 232 
Chevron pattern, 107, 222 
Chlorine, 56 
Chord length, 294 
Chromatic aberration, 9 
Chromic acid, 53, 61, 71 
Chromium plating, 321 
Clamshell marks, 234 
Cleaning, 31, 57, 58, 62, 71 
Cleavage, 5, 63-66, 120, 125-127, 129, 

131-134, 136-139, 151-154, 170, 175, 
188, 189, 254, 261, 266, 267, 307, 
325, 327 

Cleavage fracture, 128 
Cleavage plane, 131-133, 135, 170, 266 
Cleavage step, 132, 135 
Cleave, 124 
Close-packed directions, 123 
Close-packed planes, 123 
Cold worked condition, 275, 276, 278, 

279,317,319 
Collimate, 8 
Composition, 4, 287,317, 343 
Compressed air, 45, 58, 175-177, 

234-236, 238, 239, 242, 243, 250, 
265, 299, 314 

Conchoidal marks, 175-177, 234-236, 
238, 239, 242, 243, 249, 250, 265, 
299, 301 

Condenser lens, 8 
Constraint, 88, 90, 219 
Constructive interference, 26 
Coolants, 55 

Corrosion, 3, 48, 53, 54, 56, 186, 278, 
280,315, 317, 319 

Corrosion-assisted fatigue, 69, 187, 188 
Corrosion fatigue, 3, 44, 48 
Corrosion inhibitors, 53, 58 
Corrosion pit, 316 
Corrosion products, 42, 50, 59, 62, 203, 

205, 273, 274, 279, 314, 315 
Crack, 4, 108, 239 
Crack blunting, 163 
Crack closure, 44 
Crack detection, 56 
Crack front, 44, 64 
Crack initiation, 235, 258 
Crack initiator, 159 
Crack nucleation, 184 
Crack opening, 163 
Crack propagation, 101, 134, 137, 138, 

152, 160, 161, 165, 168, 170, 174, 
187 

Crack tip, 45, 55, 163 
Creep, 3, 107, 115, 177 
Creep cavities, 182, 183 
Creep curve, 116 
Creep deformation, 115 
Creep fracture, 116, 183 
Creep rate, 115 
Creep voids, 183 
Critical resolved normal stress, 126 
Critical resolved shear stress, 120, 121, 

124, 12.6 
Critical stress intensity factor, 111 
Cross slip, 124 
Crows-feet markings, 185 
Crystalline, 107 
Crystallographic twins, 128 
Cup & cone fracture, 97, 106,215,217, 

223, 225 
Curling, 209 

Datum plane, 40 
Dealloying, 278 
Debris, 31, 34,46, 48,50, 51, 58, 63,66, 

69, 203 
Decarburization, 4, 309, 324 
Decohesion, 141, 142, 153, 155, 156 
Defects, 159 
Deformation bands, 158, 275, 276, 279 
Delamination, 4 
Delta Ferrite, 337, 344, 345, 347 
ilK,113 
Dendrites, 179, 180,306,307,344,345 
Depth of field, 14-17, 22 

Depth of focus, 36 
Design errors, 2, 3 
Desiccant, 42, 45 
Desiccator, 45 
Detergent, 50, 58, 59, 305 
Dezincification, 4, 278-280 
Diamond pyramid hardness (DPH), 307, 

310 
Diffraction, 25, 26, 30, 32 
Diffractometer, 26, 27 
Dimple, 53, 139, 141, 143-146, 148, 149, 

151-153,155,156,178,180,181,191, 
192,200-202, 248,250-256,258-262, 
265,301,315,325,327,330, 331 

Dimple rupture, 179 
Distortions, 36 
Dosage, 4 
Double prism viewers, 38 
Drag, 290, 294 
Drawing lines, 225 
Ductile, 53, 81, 82, 84, 105, 108, 139,214, 

215,217,225,226,228,229,259 
Ductile behavior, 107 
Ductile cleavage, 148 
Ductile crack, 161 
Ductile fracture, 38, 97, 105, 106, 225 
Ductile hairlines, 186 
Ductile overload, 214 
Ductile tearing, 53, 325 
Ductility, 45, 77, 78, 107 
Dust, 58 
Dyes, 58 

Energy dispersive spectrometry (EDS), 
27, .28, 58, 69, 273-275, 277, 282, 
284, 297, 302, 303, 329, 330, 336, 
339, 342 

Effiuents, 312, 317 
Elastic deformation, 3, 74 
Elastic energy, 108-110 
Elastic limit, 74 
Elastic modulus, 77, 78, 109 
Elastic strain energy, no 
Electrolyte, 51 
Electromagnetic deflection, 36 
Electron detector, 20, 21 
Electron diITraction, 30, 32 
Electron shell, 23 
Electrostatic precipitator, 312, 313 
Elongated dimples, 143, 146 
Elongated inclusions, 302, 303 
Elongated porosity, 284 
Elongation, 78 

Embrittlement, 4 
Endox, 60, 62 
Endurance limit, 295 
Engineering strain, 76 
Engineering stress, 75 

Index 

Engineering stress-engineering strain 
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diagram, 77, 78, 101, 109 
Environmental damage, 43 
Environmentally assisted fracture, 184 
Equiaxed dimples, 144, 146 
Erosion, 4 
Escape distance, 21 
Etching, 64 
Eucentric-tilt, 37 
Eutectic melting, 179 
Eutectic structure, 285, 286 
EX16 steel, 52 
Exothermic reaction, 304 
Extension rate, 214 
Extraction replica, 58 
Extrusions, 158, 159 
Eyepiece, 8, 13 

Fabrication, 3 
Failure, 2 
Failure analysis, 2 
Failure mode, 57 
Fan, 134 
Fan blade, 280, 281 
Fast fracture, 226 
Fatigue, 56, 159, 188, 234, 235, 296, 301, 

314 
Fatigue crack, 158, 162, 163, 175, 226, 

229,233,236,237,246,250,303,316 
Fatigue crack growth, 114, 115, 161 
Fatigue crack propagation rate, 115 
Fatigue cracking, 3, 44, 47 
Fatigue curve, 114, 319 
Fatigue damage, 65, 66, 69 
Fatigue fracture, 63, 66, 107, 157, 164-167, 

169-174,232,237-241,243-245, 247, 
248,255,261,265,303,314-317 

Fatigue fracture topography, 157 
Fatigue limit, 113 
Fatigue loading, 112, 157, 158 
Fatigue marks, 242 
Fatigue precrack, 50, 51 
Fatigue rupture, 175 
Fatigue strength, 113, 295, 317 
Fatigue striations, 50, 63-65, 163-171, 

173-175,187,188,233,250,253, 
255, 256, 258, 259, 261, 265, 301, 
303, 315 



Fatigue test, 113 
Fatty acids, 58 
Feeding, 312 
Ferrite, 63, 264 
Ferrite number, 344 
Fiber stress, 320, 323, 325 
Fibrous fracture, 106 
Fibrous zone, 105, 215, 217-224, 252, 

253,258,330 
Filet weld, 338 
Filter, 9 
Fine topography, 119 
Fins, 4 
Fishmouth rupture, 116 
Flame cutting, 55 
Flat fracture, 97, 99, 101, 107 
Fluorescent X-rays, 18, 23, 28, 29, 32, 34 
Flutes, 187, 189 
Flux, 279, 280 
Flywheel flex plate, 296, 297, 302, 303 
Fractography, 6, 8, 119 
Fracture initiating site, 45 
Fracture mechanica, 7, 56, 107, 112 
Fracture mechanism, 5, 119 
Fracture micromechanics, 119 
:";-~C"ure mode, 5, 186, 213, 214 
Fracture plane, 160 
Fracture toughness, 50, Ill, 112,326 
Freon, 49 
Fretting fatigue, 3 

Gage length, 75 
Galling, 4 
Glide plane decohesion, 148 
Glossary, 369-399 
Gouges, 4 
Grain boundaries, 134-136, 148, 149, 

153,156,182,183,185,266, 
324-326, 328, 333 

Grain growth, 4 
Grain size, 302, 365, 366 
Granular, 107 
Graphite, 60 
Graphitization, 4 
Gravitational force, 290 
Grease, 49,58, 62, 71 
Grinding, 4 
Growth,45 
Gum, 58 

Hll steel, 263-265 
Hairline patterns, 185 
Handling fractures, 42, 43 

Hardness, 6 
Hardness conversions, 361-363 
Heat-affected zone (HAZ), 4, 307-309 
Heat treatment, 3 
Herringbone pattern, 105, 107, 135, 136 
Hexamethylene tetramine, 60, 71 
High cycle axial fatigue, 249, 251, 255, 

257, 259, 263, 266 
High-temperature fracture, 177, 179 
Hinge, 334 
History, 5 
Hot crack, 347 
Hot short splits, 4 
Hot tearing, 181 
Howell & Boyde method, 39, 41 
Human eye, 13 
Hydrochloric acid, 53, 56, 60, 62, 71 
Hydrogen, 51, 60 
Hydrogen blisters, 62 
Hydrogen embrittlement, 3, 156, 

185-187, 327, 328, 334 

Image, 9 
Impact, 4, 47, 152, 330 
Impact energy, 250 
Impact fracture, 133, 264 
Impact samples, 102, 248, 254 
Impact test, 254, 258 
Incipient melting, 180 
Inclusions, 4,50,52, 143, 146,291,247, 

302,303,309,310,329,344 
Index of refraction, 10 
Induction hardening, 232, 247 
Inhibitor compounds, 46 
Inspection, 3, 56 
Interdendritic porosity, 284, 285 
Interference, 10 
Intergranular, 275 
Intergranular embrittlement, 334 
Intergranular failure, 65 
Intergranular fracture, 66, 148, 149, 153, 

155-157, 171, 179, 180, 182-185, 
205, 266-268, 330-332, 334 

Intrusion, 158 

Kalling's etch, 338 
Ketones, 49, 58 
Keyways, 246, 247 
Kb 111 
K" 85, 87, 317 

Lacquer, 55 _ 
Lateral shift method, 36, 38, 39 

Leaching, 278 
Lens error, 9 
Lenticular silver screen, 39 
Lift, 290 
Lift coefficient, 294 
Light gathering angle, 10 
Lines of force, 84 
Liquid metal embrittlement (LME), 44, 

48 
Liquid penetrants, 56 
Litigation, 7 
Load-elongation curve, 75 
Loading, 74, 157, 239 
Loading cycles, 233 
Loading type, 241, 248 
Local melting, 3, 179 
Local tearing, 200 
Low angle boundary, 134 
Low cycle axial fatigue, 202, 255, 258 
Lubricant, 2 

Machining, 4 
Macroexamination, 7, 45 
Macrofractographic features, 248 
Macrofractography, 120, 213, 214 
Macromechanism, 214 
Macroscopic orientation, 73 
Magnetic gage, 344 
Magnetic measurements, 337 
-Magnetic particle inspection, 56 
Magnification, 13, 367, 368 
Maintenance, 2, 3 
Maraging steel, 180, 181 
Martensite, 332, 334 
Material selection, 3 
Mating fractures, 42 
Matte texture, 106, 
Maximum normal stress, 80-83, 85, 87, 

88, 226 
Maximum shear stress, 81, 82, 93, 95 
Maximum stress, 257-259, 263 
Mechanical advantage, 320 
Mechanical damage, 43-55 
Mechanical properties, 291-293, 318 
Mechanical twins, 127, 128, 131-133, 135 
Mechanics, 73 
Melting, 190 
Metallography, 45 
Metric conversions, 357-360 
Microanalysis, 45 
Microchemical analysis, 28 
Microcracks, 153, 181 
Microexamination, 7, 45 
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Microfractographic features, 248 
Microfractography, 119 
Microporea, 185, 186 
Microstructure, 8 
Microvoid coalescence, 63-66 
Microvoids, 65, 181 
Minimum normal stress, 80, 81 
Minimum stress, 257-259, 263 
Mirror stereoscope, 38 
Misuse, 2 
Mixed mechanism, 151, 152, 327 
Mixed mode, 153 
Moment, 294, 323 
Moment of inertia, 294, 323 
Monochromatic beam, 9, 30 
Mud cracks, 204, 205 

Naptha, 47, 49 
Necked region, 75 
Necking, 75, 96, 98, 102, 107, 214, 216, 

217,223 
Necks,181 
Nitric acid, 53, 61, 71 
Nodular iron, 47 
Nominal strain, 76 
Nominal stress, 75, 79, 85 
Nominal stress-nominal strain curve 

101, 109 ' 
Nondestructive testing, 6, 43, 56 
Normal stress, 79, 80, 91, 124, 225 
Normalized, 258, 260, 263 
Noreh,85, 108, 141, 145,220,222-224, 

238, 239, 258 
Notch root, 87 
Notch sensitivity, 317, 319 
Notch severity, 239-241, 243, 248 
Numerical aperture, 10-12 

Objective lens, 8, 12, 13 
Oil, 49, 58, 62, 71 
Oil-immersion lens, 10 
Optical microscope, 8, 16, 17, 22 
Optical path, 17 
Organic fiber brush, 48 
Organic solvents, 49, 58, 71 
Orthophosphoric acid, 53, 61, 71 
Overload, 188 
Overload fracture, 175 
Oxalic acid, 339 
Oxidation, 3, 44, 46, 48, 59, 178, 190, 235 
Oxidation products, 71 
Oxides, 58-60, 62, 177, 339 
Oyster shell marks, 234 
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Parallax, 37 
Pasty state, 179 
Pearlite, 64, 69, 203, 258, 261, 325, 329, 

332, 334 
Pearlitic steel, 100 
Peening, 247 
Penetration, 4 
Perspective, 36 
Phase diagram, 286, 289 
Phosphoric acid, 53, 61 , 71 
Photogrammetry, 39, 40 
Photographic plane, 40 
Photomultiplier, 20 
Pinhole photographs, 11 
Pitting, 315-317, 319 
Planar slJp, 188 
Planck's constant, 25 
Plane strain, 92, 94-96, 102, 103 
Plane stress, 91-93, 102 
Plastic deformation, 3, 74, 129, 139, 141, 

153, 167, 158, 170, 181, 182,219, 
227, 228, 233, 277, 282, 297, 321, 
330, 338 

Plate fracture, 106 
Plate thickne88, 222 
Plating, 4, 185, 327, 328-331, 334 
Pliers, 56, 322 
Pocket viewers, 38 
Poisson's ratio, 89 
Polarized method, 39 
Polyvinyl alcohol, 33 
Porosity, 4, 278, 283, 285, 289 
Precipitation, 4 
Precipitation hardening, 288, 289, 295 
Preservation techniques, 43, 45 
Primary cracks, 44, 56 
Primary fracture, 55 
Principal normal stress, 80, 82, 83 
Principal planes, 80 
Principal point, 40 
Principal shear stresses, 80, 82, 83 
Principal stresses, 79-81, 85, 230 
Prior austenite grains, 309, 324-326, 

328, 333 
Processing, 4d 
Projector lens, 15 
Properties, 6 

Quality control, 3 
Quantitative stereoscopy, 39 
Quasicleavage, 151-154, 186,200,201, 

254,264 
Quench cracking, 4 

Radial lines, 254 
Radial marks, 103-105, 215, 218, 219, 

222-224, 226, 230, 232, 248-250, 
252-255, 258, 261, 264, 265, 282, 
283, 305, 307, 341 

Radial shear marks, 219 
Radial zone, 217, 221-224 
Radiation damage, 4 
Railroad rails, 304 
Rapid crack propagation, 113 
Raster, 17 
Ratchet marks, 237, 238, 242 
Refraction, 9, 10 
Reilly inhibitor, 71, 72 
Replica, 7, 31, 32-34, 42, 48, 49, 58, 59, 

61, 62, 134-136, 150:158, 168, 172, 
173, 184, 191, 195-203, 206-209, 339 

Residual stress, 4 
Resolution, 10, 12, 13, 15, 21 
Resolved normal stress, 124, 126 
Resolved shear stress, 121, 125, 126 
Resolving power, 10, 13 
Retained austenite, 4, 328, 329, 332-334 
Reticulation, 207, 208 
Reversed bending, 236, 237 
Reversed bending fatigue, 242 
Reversed torsion, 243-247 
Ripple marks, 148, 150, 234 
River pattern, 132, 135, 138, 152 
Rock candy fracture, 330 
Rodine;; 50, 72 
Rolling contact fatigue, 3 
Rosettes, 151, 153, 154 
Rotating beam fatigue, 253 
Rotating bending, 236, 238-240, 242 
Rotation method, 36 
Rub marks, 204, 205 
Rubbing, 176,226,297,301,338 
Rupture, 156 
Rupture life, 115 
Rust, 31, 32, 34, 49, 52, 71, 341 
Rust inhibitors, 55 
Rustarest, 71, 72 

SAE 1050 steel, 231 
Safety factor, 295 
Salt steam spray, 50 
Saltwater, 335 
Sample preparation, 31 
Sand casting, 286 
Scanning electron microscopy (SEM), 17, 

19,20,22,34 
Scintillator, 20 

Scraping, 204, 206 
Season cracking, 279, 280 
Secondary cracks, 43, 45, 55, 56, 138, 

168-170, 174, 179, 202, 230, 253, 
255, 325, 327 

Secondary electrons, 18, 21 
Secondary fluorescence, 29, 30 
Secondary rupture, 132 
Sectioning, 7,45, 53, 55 
Segregation, 4, 157 
Seizing, 4, 63, 274, 277, 282, 284, 313, 

325,327,329,339 
SEM fractographs, 190, 200 
Serpentine glide, 148, 150 
Service conditions, 4 
Service damage, 3 
ShadOwing, 32 
Shaft,230,232,238,240 
Shallow dimples, 147, 151, 152 
Shear, 3, 45 ' 
Shear dimples, 143-145, 201, 248, 261 
Shear fracture, 217 
Shear lip, 93, 102, 104, 107, 215, 

217-222,224,228,248,249,252-254 
Shear loading, 143 
Shear stress, 79, 80, 120, 124, 225 
Shrinkage cavities, 180 
Shrinkage porosity, 181 
Silky texture, 106 
Simulation, 6, 7 
Single crystal, 120, 122, 140 
Slag, 342 
Slant fracture, 93, 94, 97, 99, 101, 102, 

107 
Slip, 120-123, 125-127, 129, 139, 140, 

148, 163 
Slip bands, 121, 135, 158, 163 
Slip direction, 124 
Slip lines, 121, 135, 139, 158 
Slip planes, 121, 124, 148, 163 
Slip system, 124 
Slip traces,, 124, 148, 149, 204 
Sodium carbonate, 51, 60 
Sodium cyanide, 51, 52, 60 
Sodium hydroxide, 51, 53, 60, 61, 71 
Soft brushes, 58 
Solidification, 312 
Solution treating, 286 
Soot, 326 
Span length, 294 
Spherical aberration, 9 
Splined shaft, 226, 244-246 
Spring, 229 

Stable crack, 45 
Stable crack growth, 54, 101 
Stage I of fatigue, 158-161 
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Stage II of fatigue, 159, 161, 163, 174, 
175 

Stage III of fatigue, 175 
Stainless steel, 334 
Stamping, 4 
Steel punch, 328 
Steps in failure analysis, 5 
Stereo angle, 37, 38 
Stereo image, 38 
Stereo imaging, 36, 190 
Stereomicroscopy, 31, 36, 45, 48, 59-61 
Stereo pairs, 38-40, 191-194, 200-202, 

332 
Stereo projection, 39 
Stereo viewer, 31 
Stereopsis, 38 
Stop marks, 234 
Strain hardening, 75, 96 
Strain rate, 100, 101, 151, 179 
Stress-strain diagram, 76-78 
Stress analysis, 5, 290 
Stress concentration, 45, 84, 108, 112, 

233,240 
Stress concentration factor, 85, 86, 317 
Stress concentrator, 87, 347 
Stress corrosion cracking (SCC), 4, 44, 

48, 69, 157, 184, 185, 187-189, 205, 
279,280 

Stress intensity, 85 
Stress intensity factor, 64 
Stress level, 236, 237, 239-241, 243, 248, 

321 
Stress raisers, 3, 87 
Stretching, 148, 201, 204 
Striation (see Fatigue striations) 
Striation spacing, 168 
Stringers, 192, 310 
Subcritical crack growth, 113 
Subgrains, 136 
Subjects, 8 
Sulfamic acid, 71 
Sulfuric acid, 51 
Surface coating, 45, 46 
Surface energy, 110 
Swirl pattern, 226, 227, 261 

Tear, 131, 132, 188, 207 
Tear dimples, 143, 145 
Tear loading, 143 
Tear ridges, 132, 151-154 

" ..... .. 

; 1 



"UO IIIUVA 

Tearing, 3, 4, 153, 155, 204 
Tearing topography surface, 153, 155, 

156 
Tectyl 506, 46--48 
TEM fractographs, 190 
Temper embrittlement, 157, 328 
Tempel'ature, 100 
Temperature conversions, 351-355 
Tempering, 256, 259, 261, 262, 326 
Tempered martensite embrittlement 

(TME),328 
Tensile bar, 97 
Tensile ductility, 295 
Tensile fracture, 84, 95, 225, 267, 268 
Tensile loading, 82, 160 
Tensile overload, 214, 223, 248 
Tensile sample, 75, 103, 105, 252, 253, 

266 
Tensile strength, 76, 77, 282, 317 
Tensile stress, 158, 160, 163, 164 
Tensile tearing, 144 
Tensile test, 56, 74, 100, 101, 107, 108, 

112, 157, 193, 252, 254, 256, 260, 
263 

Tension, 63, 82, 83, 249 
Tension overload, 202 
Thermal cycling, 3 
Thermal expansion, 327 
Thermal shock, 4 
Thermal stress, 312 
Thermite process, 304, 305 
Thin sheet, 100 
Tide marks, 234 
Tilt boundary, 138 
Tilt method, 36-38, 40 
Tire tracks, 171-173, 204 
Toluene, 49, 58, 62 
Tongue, 133, 137, 138 
Topology, 7 
Torsion, 45, 82, 83, 143, 145, 261 
Torsion deformation bands, 225 
Torsion fatigue, 247 
Torsion overload, 225-229 
Toreion test, 262 
Torsional dimples, 145 
Toughness, 6, 113 
Tramp elements, 347 
Transformation stress, 312 
Transgranular cleavage, 261 
Transgranular fracture, 171, 185, 187, 

275, 279 
Transition temperature, 151 
Transmission, 296 

Transmission electron microscopy (TEM), 
15-17,22 

Triaxial stress, 88-90, 96, 228 
Trichloroethylene, 49 
True strain, 78 
True stress, 78 
True stress-true strain curve, 78, 100 
Twin, 131, 133, 134, 137, 138 
Twin plane, 133 
Twinning, 120, 127 
Twist boundary, 138 

Ultimate strength, 76 
Ultimate tensile strength, 76, 323 
Ultrasonic cleaning, 31, 46, 49, 50-52, 

58-60, 62, 305, 339 
Underbead cracking, 4 
Undercuts, 4 
Unstable crack growth, 63, 102, 113 

Vacuum bellows, 271, 272, 276, 278 
Vacuum deposition, 33 
Valence, 23 
Varnish,58 
Vibration, 4, 295, 304, 317 
Virtual image, 13 
Visual examination, 5, 45 
Void coalescence, 5, 105, 139-141, 143, 

147, 151, 152, 155, 175, 177, 179, 
181, 248-250, 255, 261, 263-265, 
301,325 

Void nucleation, 142, 143 
Voids, 146, 182 

Wallner lines, 203 
Warping, 3 
Water quenching, 286 
Wavelength dispersive spectroscopy 

(WDS, WDXA), 25 
Wear, 4,189 
Web,307 
Wedge cracks, 182, 183 
Weld, 45, 137,.143, 308-312, 338, 342 
Weld metal, 309, 347 
Weld root, 346 
Welding, 4, 304 
Width·to·length ratio, 221 
Width· to· thickness ratio, 99 
Wire cutters, 319-322 
Wires, 312 
Woody fracture, 146, 147 
Work hardening, 75, 96 
Working, 4 

X-ray analysis, 66 
X-ray diffraction, 30 
X-ray emission, 24 
X-ray photon, 24 
X-ray spectrum, 27-29 
Xylene, 49, 58 
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Yield point, 76, 186 
Yield point behavior, 77 
Yield point stress, 76 
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Yield strength, 6, 76, 77, 107, 112, 115, 
157, 323, 325 

Young's modulus, 78 
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