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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 mgjority 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

Ix
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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 F. 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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Chapter

Introduction

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.
Y g JAMES PRESCOTT JOULE
Philosophical Magazine, 1871

1.1 Objectives

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 of 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 play a key role. Thus a treatment of both macro-
scopic and microscopic observations of fracture surfaces is given. Since
loading conditions are often 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



2  Chapter One

failure analyses are introduced, and the approaches taken are related
to the information presented in preceding chapters.

1.2 Approach to Metallurgical
Fallure 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 define 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.

Introduction 3

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

Origin
Improper material selection 38
Fabrication defects 16
Faulty heat treatments 16
Mechanical design fault 11
Unforeseen operating conditions 8
Inadequate environment control 6
Improper or lack of inspection and quality control g

Material mixup

source: Adapted from Davies.’

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 d}le to faulty de-
sign considerations or misagplication of material include the fol-
lowing (adapted from Dolan®): . . .

a. Ductile failure (excess deformation, elastic or plastic; tearing or
shear fracture) _ . '

. Brittle fracture (from flaw or stress raiser of critical size) '

¢c. Fatigue failure (load cycling, strain cycling, thermz.ﬂ cycling,
corrosion fatigue, rolling contact fatigue, fretting fatigue) ‘

d. High-temperature failure (creep, oxidation, local melting,
warping) ) )

e. Static delayed fractures (hydrogen embrittlement, caustic
embrittlement, environmentally stimulated slow growth of

flaws) )
f. Excessively severe stress raisers inherent in the design

TABLE 1.2 Frequency of Causes of Fallure of
Alrcraft Components (Laboratory Data)

Origin %
Improper maintenance 44
Fabrication defects 17
Design deficiencies 16
Abnormal service damage 10
Defective material g

Undetermined cause

source: Adapted from Davies.!
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£. 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 Dolan?):

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

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

¢. 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, burns, tearing, fins, 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 stress, gouges or injury 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 Dolan?):

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)

Introduction 5

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 wasbeingused, isimportant 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
.be possible to establish that the part is too small for this load.

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

Cause %
Corrosion 29
Fatigue 26
Brittle fracture 16
Overload 11
High-temperature corrosion 7
Stress corrosion/corrosion fatigue/hydrogen embrittlement 6
Creep g

Wear, abrasion, and erosion

source: Adapted from Davies.!
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TABLE 1.4 Frequency of Causes of Fallure of
Alrcraft Components

Cause %
Fatigue 61
Overload 18
Stress corrosion 8
Excessive wear 7
Corrosion 3
High-temperature oxidation 2
Streas rupture 1

source: Adapted from Davies.!

4, Chemical design analysis: This step refers to an‘examination of
the suitability of the material from the standpoint of corrosion re-

sistance. ;

6. 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,

8. 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.® 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
overemphasized. Also, prior to the physical destruction of any broken
components and the assembly of which they are a part, it is important
to document, usually in pictures, their external features. In cases that
may involve litigation it is recommended that all parties involved
agree on any testing in which physical destruction may occur. Deter-
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 opération 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-

e
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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 findings and recommenda-
tions. Thus careful writing is very important.

1.3 Tools of Metallurgical Fallure Analysls

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-

introaucuon v
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>
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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, and the 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

0.6\
= ONA (1.1)
where \ is the wavelength of the light being used. NA is the numeri-
cal aperture, which is given by

NA = nsin p (1.2)

where 7 is the index of refraction of the medium between the object
and the objective lens and p 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

RP

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

Aperture opening
Point A \
_— Image of point B
int A
Point B X }/— Image of point

}/-— Image of point B

_—— Image of point A

: Image of point B
//' [s] P!
' \ Image of point A

(a)

decreasing aperture opening —-
(b)

Figure 1.3 (a) Schematic illustration of the effect of reduction of
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.®)
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Figure 1.4 Schematic diagram
f7/7/7/7/7/7/7/7/7ﬂ7/7/7/7/7/7/7/7/7, defining the angle p used in the
Obi definition of numerical aper-

ject I tare

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 1.6 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 (um), and multiplying by 10™° (to convert micrometers to
centimeters); see Appendix F.] However, different objective lenses
were used to obtain the pictures. The lens with the numerical aper-

[ C PTGV S22 2

<—— 10 Micrometers —>

(a) (b)

Figure 1.5 Photomicrograph of silver chromate crystals
taken with objectives of gi!Terent numerical apertures,
Wavelength was 546 nm (green light). (@) NA = 1.4. ()
NA = 0.1, (From Dyer.%)
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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-
pears to be three separate rhomboidal objects. Using Eq. (1.1), the re-
solving power for the picture on the right is 1.6 pm, for that on the left
it is 0.1 pm.

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 pm), then
using the 5 x objective will not resolve this detail, no matter what the
magnification. However, using the 10x 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 10x objective
lens, the total magnification is 200X, 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 ¢m. 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) ofa
Set of Lenses Typical of That for a Metallurgical Microscope

Eyepiece Objective Total magnification Resolving power, A
bx 5x (NA®* = 0.10) 25 x 16,380
10x bx 60x
16x 5x 76 %
20x ) 5x 100x
5x 10x (NA = 0.30) 50x 5460
10x 10x 100 x
15x% 10x 160 %
20 10x 200x
5x 40x (NA = 0.65) 200 x 2520
10x 40x 400 x
16 40x 600 x
20x 40x 800x

*NA—numerical aperture.
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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 p,
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 i8 no need to provide a lens
system that is capable of greater magnification than that required to
allow the eye to see the finest detail resolvable. This magnification is
approximately 1500, and that is why OMs, even with photographic
bellows attachments, do not magnify above approximately 3000x.
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.

Aperture opening
Sample \
Point A 0 Image of point B

Point B \/ l : Image of point A
—
}

» Image of B
} Image of A

Figure 1.8 Effect of aperture opening on image sharpness
from two points located at different 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 pm. Thus if this micro-
scope were being used to observe a fracture surface, any irregularities
varying in height more than 0.4 pum 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 50x) observation], the
depth of field is about 10 wm. For the unaided eye, the depth of field is

about 0.01 cm.

1.3.2 Transmisslon 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
optical 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 0.04 A. This should give
an improvement in resolution by a factor of about 10°. However, to
minimize spherical aberration, small apertures are used, so that the
angle p. [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.”)
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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 fine detail so
that the eye can cbserve 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 electrons to obtain an image. This
means that the entire sample will be in focus. If the TEM is operated
8o that the resolving power is reduced to 1000 A (such as by usin
larger apertures), then the depth of field increases to about 500,000
(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.

LIGHT TEM SEM

LIGHT OR
ELECTRON
SOURCE

CONDENSER
LENS — K= ===

3 X~RAY
CRT

X~RAY
ANALYZER

SPECIMEN — — o] —— = e e —
OBJECTIVE— — LD — — — — —
LENS

E=—===X-RAY DETECTOR
PECIMER 1 >~ Y

INTERMEDIAT LECTRON
JAQE === SCAN BETECTOR
PROJECT’ON (L7 mi——— — OENERATOR A"PLlFlER
LENS
FINAL
MAGE— (FLUORESCENT o
SCREEN) DISPLAYS

Figure 1.8 Comparison of the optical paths of the optical light microscope, the
trar’xzsm!i;saion electron microscope, and the scanning electron microscope, (From
Becker.®)
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Incident
electron
beam

Photons

(cathodoluminescence) Secondary electrons

Back-scattered
Fluorescent electrons

x-rays

Auger electrons

Sample

Figure 1.9 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 microscope. The Auger
electrons are very weak and are emitted from the atoms
in the first 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 (BSE). 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. :

Intensity

Back-scattered
electrons

Secondary
electrons

- Auger
/ olectrons

Introduction

|
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Energy

\— Energy of incident
electron beam

Figure 1.10 Typical electron spectrﬁm from a sample surface in

a scanning electron microscope.

Depth of

penetration
of electron

beam

i /— Electron beam

Emitted electrons to detector

Surface of specimen

S Volume from
which emitted
electrons originate

Figure 1.11 Schematic diagram to illustrate that the region from
which the electrons are emitted is larger than that of the beam.
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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
-5600 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.

mroaucuon <1

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.®)

(b)

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

r

AU ’
Emission d /
depth d/© 3
|4

== L Surface of
. d 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 depth
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 Characterlstics of Optical Micro-
scopes, Transmlission Electron Microscopes, and Scanning
Electron Microscopes

Based on a 10-cm?® screen viewed at 25 cm

Depth of focus
Magnification Resolution Field OM SEM
1, 02 mm 100 mm
oM 10>~ 002 mm 10 mm 01 mm 10 mm
100 > 2 pm 1 mm 1 um 1 mm
- 1000 ~ 02 um 0-1 mm 10 pm
SEM 10,000 < 20 n‘in 10 um 1 pm
" (200 A)
EM (100,000 - 2 nm 1 um
(20 A)
104 » 0-2 nm 01 pm
A
(a)
Optical Scanning electron Direct electron
Resolution—easy 5 um 02 yum 100 A (10 nm)
—skilled 0-2 um 100 A (10 nm) 10 A (1 nm)
—special 01 um 5 A (05 nm) 2A (02 0m)
Depth of focus poor high moderate
Mode — transmission yea yes yes
~=reflection yes yes rot satigfactory
—diffraction yes yes yes
—other some many no
Specimen—preparation usually easy esay shilled, liable to
artefacts
—range and versatile vernatile only thin,
type real or replica real or replica or replica
—maximum
thickness for
transmission thick medium very thin
—environment versatile usually vacuum vacuum
but can be
modified
—available space | small large small
Field of view large enough large enough limited
Signal only as image available for only as image
procesaing
Cost low high high

Advantages over others are indicated in bold type; disadvantages in italica.

(b)

source: From Hearle et al.!°
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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 technlques

There are a number of tools and techniques related to microszopy
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 inner-shell electron may be re-
moved. When an electron from a neighboring orbital falls into this va-
cancy, 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 sufficient to remove
electrons from shellg; for
example, in SEM, the
electron beam serves this
purpose.

Electron ejected from
K shell by electrons

Nucleus
K shell
L shell
M shell

Electron from L shell
falls into vacancy in
K shell, giving off Ky

Electron from M shell x-ray

falls into vacancy in

K shell, giving off Kg

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.



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. K, 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 keV

s AN
desi : ) energ eV)
esignation  Lojative y
element lntc‘ns:ty wavelength (A)
El Line 1 2z KevV Lamhda d
Lu Lp-¥, .01 T R.OPY  1.533
Ns Lt .01 76 R.077 1.5135
Ho LAg <1 67 R.0N1 1.538
Cu Xa, 120 29 8,04h 1.541
Ir L1 7 8,040 1.542
Cu XKxy,, 150 29 R.040 l.ﬁu2—'<
Bu Ly, <163 R.029 1.544
Cu Xa, 50 239 R.026 1,504
Ta LB, 5 A9 8,024 1.545
Ho LByo .01 67 £.005  1.543
Pr LB, 6 63 7.934 1,552
4 Ls .01 T4 7.925 1.5h4
31 Ly, +01 64 T.924 1.504
Ho LAgzeys 20 A7 7.910 1.567
Fr LA .1 68 7,908 1,857
HE Lx, 190 72 7.199 1.570
Gd Lyg +1 64 ToH2 1.571
Lu La 1M T.054K 1.579
T Lyg .1 65 7.A%2 1.577
Re Lt +01 75 7.8%1 1.579
Ta LB,y L0173 8.941  1.1386
Yb LRg .170 8.938  1.387
Pt Ls .01 78 8.921  1.389
Yb Ly-2,,3 .01 70 8.919  1.390
0s La, 100 76 8.910  1.391
Yh LB, .01 70 8.90R  1.391
HE LB, 4 72 8.904  1.392
Cu KBy, 20 29 8.904  1.392 —=f
Ho Lye .01 67 8.903  1.392
Cu KBj 6 29 8.901  1.393

Figure 1.16 Section of a table listing the energies of x-ray emis-
sions of the elements. CuK, and CuK, are noted. (Adapted from
Johnson and White.}?)
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(1000 electronvolts). Also listed are the corresponding wavelengths in
angstroms. The relation connecting these two quantities is

E=hv= % (1.8)

where E is the energy, \ is the wavelength, v is the frequency, A is
Planck’s constant, and c¢ is the speed of light. Thus as the energy in-
creases, the wavelength decreases (see Fig, 1.16). 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,_, transition for copper has a relative inten-
sity of 150 (150 percent) and that of K;;_g a value of 20. Thus in the
spectrum from copper, the peak at 8.040 keV should be only about Y%
as strong as that at 8.904 keV. 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
N = 2d sin 6 (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 6, always maintaining the 6-26 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
20, 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 may be 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. 1.12), x-rays cannot be focused so easily.
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Flgure 1.17 Simpliﬁed derivation of Bragg’s law of x-ray or electron diffraction. If angle
6 is such that the distance bc is ¥2 the wavelength A, then Bragg’s law is satisfied, and
constructive interference occurs along the direction of angle 6, 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 119 X-ray spectrum obtained by using an x-ray diffracto-
meter (wavelength-dispersive spectrometry). The sample was
stainless steel containing 19.4% Cr, 9.6% Ni, 1.6% 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 mA. (Adapted from Cullity'?; courtesy of Diano Corpora-
tion.)

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 Cullity*?; 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, but 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 approximately 1000
A. The depth of penetration is approximately 1000 K This gives a vol-
ume of the material from which the x-rays are emitted of approxi-
mately 107'% cm®, or a mass of material of about 10~ * g. Hence the
use of the term microchemical analysis. The spectrum from this par-
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Figure 1.21 (a) Scanning electron micrograph of a frac-
ture surface. (b) X-ray spectrum from small particle in-
dicated by arrow.

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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Figure 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 26. 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 file 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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Stereomicroscopy. 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 significance.

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,” has a stereo viewer in the back, and several stereo
fractographs 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 c¢m 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
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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 1B through 1G give information on methods of cleaning sur-
faces. Additional sources of information can be traced from the refer-
ences in the sources cited there,

jm\ng:n

for Shadowing
Material

Sharpened

Carbon Rod
For Evaporation

Double Sided
Adhesive

1.4.2 Preparation of replicas for the TEM hes
eplicas

In using the TEM in fractography, the actual fracture surface usually Tess €Tl
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 e ki W,mmmgm
too thick for use directly in the TEM, and in addition such polymeric N - SPECIMEN
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 reoM Spicmn e LR

(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, such as T

chromium or platinum, is deposited, or shadowed, onto the surface. SHADOW CASTING W"’ms"“ METAL
Then the acetate tape is dissolved in a suitable solvent (such as ace- 77 ANGLE oF sHADOW

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 REPLICA AFTER DEPOSIT- W’“
in diameter) to fit into the TEM. The replica is viewed through the IS Arsa gt Ny R

openings in the grid. The process of making such a replica is depicted EVAPORATED CARBON

in Fig. 1.23. PRIMARY REPLICA DISSOLVED DEPRESSION QN 0R IGINAL
AWAY LEAVING CARBON } !

It is ppssible to prepare a replica of the surface by d.epositing the REFLICK WTH SHADOWHG —gepnon
carbon directly and not using the tape. The carbon then is removed by ORIGINAL SPECHVEN
adhesive tape, which is dissolved to free the replica. This gives a rep- SEAANGE OF AROR
= . . . LIGHT AREAS,
lica of greatest fidelity, having a resolution of about 20 A. The two- REPLICA IN A MICROGRAPH UTTLE OR 1O
stage tape-carbon replica has a resolution of about 100 A. The arti- NETAL GePosIT
facts which may be present in replicas have been quite well ‘ PARETAL DEbOSIT |
documented (see, Sec. 3.16). (b

If it is desired to analyze particles on the surface, after the carbon Figure 1.23 Schematic representation of a method of preparing replicas for

; . . i . transmission electron microscopy. (a) Vacuum deposition technique. (From
l‘?y er 18 depom?ed, the ur}derlylng m.etal (vorlgmal spgcxmen) can be Nail*®, copyright ASTM; reprinted with permission.) (b) Steps in preparing
dissolved chemically, freeing the replica with the particles embedded an indirect carbon replica using a cellulose acetate or polyvinyl alcohol
in it. This is an extraction replica. It allows analysis of the particles in (Gpe"i;\r)all’%f[naiy reclggica- (Prfpared by E. F. Koch; from Phillips*; courtesy of
ectric mpany.

the TEM using electron diffraction and x-ray fluorescence. However,
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Second Etch
Figure 1.24 Schematic illustra-

NN tion of the preparation of an ex-
\ :SS; \Qm;;i traction replica. (From Nail.'®)

Replica

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 (200 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 surface can be replicated with tape, the replica coated with
metal, and then this replica observed in the SEM (and even optically).
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Appendix 1A Stereomicroscopy*

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 spat1a1 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 for 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 Y axes 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. Adjust the contrast and brightness levels to

match the first mlcrograph 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 (i.e., 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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reo angle of 7°. (300x.)

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. 1A.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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pair of a fractured wire prepared with the lateral-shift method. (76x.)

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 projector 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.

Quantltative 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



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 first stage of photogrammetry is establishment of the location of
the principal point, defined 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
apot. Alternatively, the position of the principal point can be established
on a apecimen by intentionally carbon-contaminating 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 identitied 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. 1A.4), Howell and Boyde (1972) defined the fol-
lowing spatial measurements, where M is magnification:

(MD){X, cos a - Xg] - MDX, Xz sin a
7 MD? - X, X)sin a + MD(X,, - Xz)cos a

X,(MD - Z
MXL = L( MD L)
_ Yy MD - Z,)

&= MD

Figure 1A.4 also shows the convention where an imaginary datum
midplane between the stereo pair is located, and the following coordi-
nates are shown:

_ (MD)*(X, — Xg)cos (/2) + 2MDX; Xy, sin (o/2)
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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 develop-
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 1B Care and Handling
of Fractures*

When a fracture requires laboratory examination, both mating frac-
tures should be preserved by the application of a protective coating’
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. 1B.1). 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.

Tech. Rep. ML-TOR-64-418, Air Force Maverials Laboratory, Wright-Patterson Air

Yorce Base, Ohio, 1965. :
For example, Krylon Crystal Clear spray Coating no. 1302, Krylon, Inc., Norristown,

Pa. Solvent: trichloroethylene. -
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HANDLE FRACTURES WITH CARE

Figure 1B.1 Care and handling of fractures.

Appendix 1C Preparation and Preservation
of Fracture Specimens*

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 fractures’

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.



ing 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.>™

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 aggressive 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 techniques 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 macroanalysis 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’

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-
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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:

m 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 metal.
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 organic 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 be easily removed
with organic solvents.® 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 (100°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 the

fracture surface.
Initially, 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°C (100°F) for 14 days, and
cleaned before scanning electron microscopy (SEM) evaluation by ul-
trasonically removing the coating in a naphtha solution. Figure 1C.1
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. (), (d) Same fracture surface after
coa;ing v;lxt;: Tectyl 506, exposing to 100% relative humidity for 14 days, and cleaning
with naphtha.
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completely removed in the appropriate solvent. It is interesting to
note that Tectyl 506 is a rust-inhibiting compound that is commonly
used to rustproof automobiles.

Fracture-cleaning techniques'

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
8 Replica stripping

# Organic-solvent cleaning

8 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.

Alr 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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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.)

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 1C.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 360 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 min, rinsed in water then alcohol, and air-dried.

Figure 1C.3a shows the condition of a laboratory-tested fracture
toughness sample (AISI 1085 heat-treated steel) after it was inten-
tionally corroded in a 5% salt steam spray chamber for 6 h. Figure
1C.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 1C.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. 1C.4a.
Figure 1C.4b 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. 1C.4b.

The effect of prolonged ultrasonic cleaning in the Alconox solution
is demonstrated in Fig. 1C.6a 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 1C.5b6 reveals that the prolonged exposure has
not only chemically etched the fracture surface but has also dislodged

Figure 1C.3 Fracture toughness speclmen that has been intentionally corroded inab%
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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Figure 1C.4 Fatigue precrack region shown in Fig. 1C.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.

Cathodilc 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,®” sodium carbonate,
sodium hydroxide solutions, and inhibited sulfuric acid.® Because ca-



Figure 1C.5 Effect of increasing the ultrasonic cleaning time in a
heated Alconox solution. (@) 30 min. () 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.’ 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 agi-
tated, was used in conjunction with a platinum anode for cleaning. A
1-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 1C.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 x) shows that the dimpled topography characteristic of
ductile tearing was unchanged as a result of the corrosion and ca-
thodic cleaning. High magnification (5000x) 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-
mercial solutions have been used to clean ferrous alloys.® Titanium al-
loys are best cleaned with nitric acid.* 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.!® However, it has also been recommended that fracture sur-

faces of aluminum alloys be cleaned only with organic solvents.*
Especially effective for chemical-etch cleaning are acids combined with
organic corrosion inhibitors.*!"*2 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 g/L of hexamethylene
tetramine has been recommended.® Ferrous and nonferrous service frac-

tures have been successfully cleaned by using the following inhibited
acid solution: 8 mL of hydrochloric acid (1.19 specific gravity), 4 mL of
2-butyne-1,4-dial (85% aqueous solution), and 50 mL of deionized
water.'® 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.

Sectloning 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 1C.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 scanning 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 cutting 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:
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® 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-
ing or pulling them apart

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
avove about 500X,
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Appendix 1D Cleaning of

"Fracture Surfaces* e

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 1D.1. As 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.

————
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TABLE 1D.1 Classlflcation of Methods for Cleaning Fracture Surfaces According to
Thelr Degree of Aggressiveness

Degree of
Method For removal of aggressiveness
Boft fiber brush and dry air Loosely adhering debris and Least aggressive
dust
Organic solvents and ultrasonic d
bath
Toluene or xylene 0Oil and grease l
Ketones Varnish and gum l
Alcohol Dyes and fatty acids l
Replica stripping Insoluble debris and oxides I
Detergents (e.g., Alconox) Corrosion products and oxides i
Cathodic cleaning Deposits and oxides |
Corrosion-inhibited acids Sulfides and oxides , !
Acid etches Oxides 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 films (oil, grease, etc.) also
obscure the surface. An ultrasonic treatment with an organic solvent
followed by blowing with compressed gas removes both organic films
and debris. Zipp (1979) recommends the various solvents listed in Ta-
ble 1D.1. 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 1D.1 Replicas stripped sequentially from an oxidized fracture surface. (Approx-
imate size.) (Courtesy of Richard Zipp.)

(Fig. 1D.1). 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 cellulose 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 com-
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 cyanide,
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 g/L 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 HCl (Nathan, 1965; Farrar, 1974; Dahlberg, 1976). This
corrosion-inhibited acid is prepared as follows:

HCI (1.190 specific gravity) 3 mL
2-Butyne-1,4-diol (35% aqueous) 4 mL
Distilled water 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 1E Examination of Cleaning
Techniques for Postfallure Analysis*

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 studies™? have demonstrated

the effectiveness of acid-based corrosion removal techniques. For ex-

ample, Kayafas? 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.? have reported success in removing oxidation products from ferritic
materials using a deoxidizing agent known as Endox. In addition,
Zipp* 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 powder’ +
350 cm® 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.), Fractography of Ceramic and Metal Failures, STP 827, Americgn Socie.ty for Tegt-
ing and Materials, Philadelphia, Pa., 1982. (Copyright ASTM; reprinted with permis-
sion.)

*Alconox 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 keV. 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 - m¥2, 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 examine the
nature of corrosion products resulting from the salt water exposure
and reaction products which might have resulted from the Alconox
cleaning treatment. In addition to the laboratory-generated fracture
surfaces a polished metallographic section was treated in the Alconox
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.
1E.la to ¢, which reveals examples 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. 1E.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. 1E.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. 1E.2¢ and d).

Figure 1E.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. 1E.3% and c). As a result, the in-
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Figure 1E.1 Photomicrographs of as-fractured and as-corroded surfaces. (a) Microvoid
coalescence. (b) Cleavage. (c) 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
their spacings with the striation spacings predicted from the prevail-
ing stress intensity factor conditions associated with the fatigue test.®
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-

Figure 1E.2 Fracture surface appearance after cleaning by benign techniques. (a)
Microvoid coalescence. (b) Cleavage. (c), (d) Fatigue striations.

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

- the side walls of the larger microvoids, and the intergranular facets

all exhibit such long-range flatness and appear to clean more easily
than the fatigue fracture surfaces. By comparison, the sizes of fatigue
striations are on the average one to two orders of magnitude smaller

*Unpublished research, Lehigh University, Bethlehem, Pa. 18015.
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Flgure 1E.3 Typical fracture surface appearance following cleaning in Alconox solution.
(a) Microvoid coalescence. (b) Cleavage. (c) Fatigue fracture region. Note considerable
cleavage and evidence of pearlite on fatigue fracture surfaces (see arrows).
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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-
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indicates the presence of large amounts of chlorine on the fracture
surfaces of the as-corroded samples. If this were an actual service fail-
ure, the chlorine peak would serve as a clue in determining the nature
and possible source of the corrosive medium.® 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. 1E.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 cleaning-induced damage, a
metallographic section was examined after a 15-min detergent expo-
sure. No pearlite colonies were revealed (Fig. 1E.5b), though the sur-
face exhibited a moderate degree of degradation. After a 30-min expo-
sure in Alconox, pearlite colonies were clearly evident. Figure 1E.5¢
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 fractographic 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

IR Y DT ——— L LR - ¥4 (] ‘ : fractographic examination the exposure should be limited to 15 min.
5. Insomuch as Alconox detergent removes most surface contami-

: i i i iques. (d) After be- . : ;
Figure 1E.4 ~ (Continued) (c) After being cleaned with benign techniques. (d) After nants, dispersive x-ray analysis should be completed before such

ing cleaned in Alconox solution. Note the chlorine peak after cleaning by benign pro- .
cedures and the absence of the peak following the cleaning in Alconox. cleaning.
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Flgure 1E.5 Photomicrographs of metallographically Qrepa.red section exp.osed‘ to
Algconox solution for different lengths of time. (a) As-polished. (&) Af)er 156-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 1F Recommended Cleaning
Solutions for Metallic Fractures*

Solution Purpose
Organic solvents To remove oil, grease, or plastic coatings
from fractured surfaces
Acetic acid Used either cold or warm to clean
Phosphoric acid Fe-base alloy fractures
Sodium hydroxide

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

Ammonium citrate

Ammonium oxalate

Sulfamic acid

Immersion dip for 1 to 156 min in 6 N
HCI containing 2 g per liter of
hexamethylenetetramine

Nitric acid Titanium alloy fractures

Orthophosphoric acid (70 mL) + chromic Used either cold or warm to clean
acid (32 g) + water (130 mL) or organic aluminum alloy fractures
solvents

Appendix 1G A Scale and Rust Removal
Solution?

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

Solution A Solution B

Water 80 mL Water 49 mL

HCI (conc.) 20 mL HCI (conc.) 49 mL

Reilly Inhibitor #22 4 drops Rodine #50 2 mL

Use at 160°F Use at room temperature

B Immerse the iron parts until the rust and scale are removed.
® Wash the parts with water and with alcohol.
u 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, IIT Research Insti-
tute, Chicago, I11., 1979.

tOrigin unknown.



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,

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

# Rodine #6560 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

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 PRESCOTT 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

fracture-surface topography is the subject of Chaps. 3 and 4.

73
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2.2 Tenslle 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-
ternal load 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 defined as deformation in which there is
permanent change in dimensions or shape after the removal of the ex-
ternal load. The load beyond which plastic deformation occurs is called
the elastic limit. This behavior is shown schematically in Fig. 2.1.

Load

¢ Length

Figure 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 & then unloaded, the length will be
greater than the original length by the elongation Oc.
Thus plastic deformation has occurred.
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E g Fracture

Load

4

Elongation

Figure 2.2 Typical load-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-

Neck

Figure 2.3 Tensile sample showing the necked region. (Adapted
from Smuth.')
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Figure 2.4 Typical tensile-test engineering-stress—engineering-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 curve 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-stress—engineering-strain diagram for cold-rolled 0.18% C
steel, showing how the 0.2 percent yield strength and other tensile mechanical proper-
ties are determined.

400 T T T

w
o
o

200

Engineering stress (MPa)

100

0 ] | |
0 0.5 1.0 1.5

Engineering strain (%)
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gﬂgm for annealed 0.18% C steel, showing yield-point
ehavior,
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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. Also, if the infinites-
imal change in length dl is divided by the instantaneous length /, then
integrated from the initial length to the actual length, the true strairn
In l/l, 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 thg true-stress—true-strain diagram for a semikilled steel. (From
Smith.?)
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(b)

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

2,3 Princlpal 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.

ay
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Loads

Resolved loads at
» /\ localized point

Corresponding
stresses

<— Shear stresses

<— Tensile or compressive
stresses

Figure 29 Resolution of external loads on a component into two orthogo-
nal loads, 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 adjacent 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 normal
stresses are g 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-
nal loading to that of the principal stresses is illustrated by a few ex-

B e e SR
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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 o,. (a) On the element shown,
the maximum normal stress is o, which is equal to o,. The minimum normal
stress is zero. (b), (c) As the element is rotated, the maximum normal stress never
equals the value of oy = o, ina.

amples, 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 o, is the axial tensile stress. The other two normal
stresses o, and oy 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. 2.113), 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. 2.11¢), 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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Figure 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.%)

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,
If the material is brittle, fracture then occurs on a plane normal to the



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 in® (129 cm®) 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 1b (445 N) to give a normal stress of 100 Ib/in® (689,000 Pa). Also
the lines centered on each square inch can be considered to be a line of
force (or stress line), as depicted in Fig. 2.13a. Now consider a cylinder

Load

Lines of Lines of
/\constant force constant force

N r s

"/
|

~— Maximum
axial
=t AN stress

Axial stress
Axial stress

o

0
Unnotched Notched
(a) (b)

Figure 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 in? (129 cm?) (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
1b (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. 2.135.

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 force) are clear, and the increase in the stress intensity with
increasing sharpness of the surface discontinuity is clear (compare
Fig. 2.14a,b,c).

For simple cases the effect of such geometry changes can be given in
terms of a stress concentratjon factor K,. 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. 2.15a. 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 1-in-diameter cylinder has a circumferential notch around
it which is 0.01 in in radius, then A/d = 1 and h/r = 3. This gives
K, = 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) (c)

(d) (e)

Figure 2.14 Ilustration of the effect of geometry on the stress distribution in cyl-
inders which are loaded axially. (Adapted from Metals Handbook.®)
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Figure 2.15 Calculated values of the stress concentration factor for various geometries. (a)

(e)

and grooves or with holes in tension or compression. (d) Flat plate with grooves in tension.
(e) Flat plate with fillets in tension. (f) Flat plate with Jgrooves in bending. (g) Flat plate

Filleted shaft in tension. (b) Filleted shaft in torsion. (c) Flat plate with semicircular fillets
with fillets in bending. (From Avallone and Baumester.®)
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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 K, 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, 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, is a maximum at the root 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 linders and plates
loaded in (a) tension. (From Lipson and Juvinall.”)
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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 (c) torsion.
(From Lipson and Juvinall.”)

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

2.5 Trlaxlal 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

£ N T TR L T T R SN Y S R O 7 B P F SR ey £y S R s e

elastically in uniaxial tension (for example, a tensile test), the length
of the sample increases. However, there is a concomitant 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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Figure 2,17 Illustration of the development of triaxial stresses due to the presence of a
notch. (Adapted from Parker.®)
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Figure 2.17 (Continued) Illustration of the development 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 supporting the load on the
development of gross yielding.

Fig. 2.18a the crack area is ¢t x a and the uncracked area is ¢ 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 re-
gion of the crack root, plastic deformation occurs. However, for cracks
that are large relative to the area of the uncracked material (as will
occur as the crack grows), the uncracked area supporting the load
(¢ 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. 2.18¢c.

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 o is small
relative to ox and oy, 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-Y plane (Fig. 2.19).
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Figure 2.19 (a) Stress state of element in a loaded body. (b)
Plane-stress condition. (c) 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

Direction of
uniform load

) Figure 2.20 Notch in a thin
N:ag:nnudg plate, showing the low stress
‘z’ dsir;isl’;hn 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,, 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 45° 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 of
uniform load

45° slant
fracture
surface

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.®)

this macroscopic fracture appearance gives information about the
fracture process. An example of such a fracture-surface orientation is

given in Fig. 2.225.

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 re-
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Figure 2.23 (a) Stress in the Z direction at the root of the notch in
a thick plate, corresponding to plane-strain condition. () Notched
plate. (c) Fracture surface propagating from notch has overall ori-
entation perpendicular to the load.

ferred to as plane strain (see Fig. 2.19¢), 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. 2.23¢, and an example is shown in Fig. 2.24,

2.8 Fracture of Tenélle Samples

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



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

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 reduced 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).

ai

L]

Ir

or = radial stress
ot = tangential stress
@ om = axial mean stress
Oa = axial stress at root of neck
Omax = maximum axial stress
(b)

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

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-
?’xre in1 stha center and slant fracture on the sides (cup-and-cone fracture). (From Vander
oort.*%)



(b)

Figure 2.28 (Continued) Fracture surfaces of two tensile samples. (b) Brittle fracture.

(From Vander Voort.*3)

Figure 2.27 Aluminum tensile
samples broken at 600°C (1110°F),
showing necking to a point
at fracture. (From Henry and
Horstmann.®) ;
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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.®) (&) 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.'4)

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 the fracture plane, as illustrated schematically in Fig. 2.29.
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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 shown in Fig, 2.30.

Figure 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. (Adasnted
from Zener and Holloman.'®)
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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.'®)

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 slant fracture as the tempera-

ture is reduced. 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 higher-strain-rate tests.
produce fracture surfaces with less slant fracture and more flat frac-
ture. The effects of temperature and strain rate on the fracture surface
are shown in Fig. 2.32. The samples were notched and impact-tested,
so that the strain 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 ft/s (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
ft/s (915 m/s)], and these cracks can proceed without external loading

'”i,
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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 apicture. (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, r/d 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 zonc is ridged circumferentially; the
intermediate zone has coarse radial marks; the outer ring is
the shear-lip zone. (Adapted from Metals Handbook.°)
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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.?)

Figure 2.34 Fracture surfaces
of a rectangular and a square
tensile steel sample showing
radial marks. (From Metals
Handbook,'® as adapted from
Nunes et al.'")
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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 Ductlle
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.!°)
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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. (Adapted from Boyd.'®)

distinguishing them (adapted from Vander Voort'?). They include
macroscopic fracture-surface characteristics.

1. Ductile fracture

m 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,

B Crack growth is slow.

2. Brittle fracture

® Little or no visible plastic deformation precedes the fracture.

® The fracture is generally flat and perpeﬁdicular to the surface of the
component.

8 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 an 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 Mechanlcs and Fallure

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. As 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

F=0
Ao
I £ Work, _ .[g Fd?
i J Volume  Aodo
s
de = yA d
I LF o J (oha) Loce
(a) Volume Ao Lo
£
Joods = I;Esde
. oo F_ 'Slope = 23— = E = o%2E
Ao
(d)
0 0
Ao L 0 e /—/o
]0
(b) (c)

Figure 2.37 Derivation of the elastic energy in a cylinder when loaded axially to stress o.
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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 [ at force F is given by [ F dl. This work is the stored
elastic energy U and is shown in Fig. 2.37d to be 0%/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 o, 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 o%a®/y/2E.

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 o, 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 0%a’B/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
throﬁugh the bar thickness, so the energy reduction is proportional
to a”.

o o
Arga Ay T
| L Area a2
~Ly

a? o2 o2
U= — 5 e — 20 0 ¢

g Aodo U= & Aot = a2.{,

02 2
AU = E a /0

Figure 2.38 Derivation of the reduction in energy
upon removal of a small bar from the sample.
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However, creating a crack forms a free surface which has an energy
per surface area of y. For the case in Fig. 2.89, the notch surface area
is 2 X 2aB, and so the energy of the bar has been increased to 4aBy.
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

Surface
enerqgy
a
Figure 2,40 Variation of elastic
dUsotal strain energy (for a given stress)
—=0 and surface energy with crack
da size. The maximum in the sum
ofira = J2Ey of these two curves defines the
Y critical crack size a®.
K=0J/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

oVma = V2Evy (2.1)

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

oVma =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 K. 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 defined 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

I
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Figure 2.41 Fracture toughness (a) as a function of
yield strength. (From Broek.')
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Figure 2.41 (Continued) Fracture toughness (b) as a
function of temperature. (From Broek.™)

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 o 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
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strength Figure 2.42 Depiction of a fa-
tigue test.

Omax

Number of cycles
to failure

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 AK is very low, a region of linear crack
propagation, and a very rapid crack-propagation region at high AK
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/in? (250,000 1b/in? yield strength, hardness 53 R,).
The numbers next to the data points are the number of tests giving the same
data point. The numbers next to the arrows mdlcate 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.'®)

(a) (b)

Figure 2.44 Schematic illustration of parameters used in
obtammg a fatigue crack growth curve. (Adapted from
Broek.*®)
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Figure 2.44 (Continued) Schematic illustration of parame-
ters used in obtmmng a fatigue crack growth curve.

(Adapted from Broek.?
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Flgure 2.45 Fatigue crack propagatxon curves. (a) Crack-growth curves. (b)
Crack-propagation rate. (From Broek.'*

2.14 Creep Deformation

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 fixed axial stress. This elonga-
tion process is called creep. The elongation rate (creep rate) increases
with increasing temperature and stress, and the time to fractuue
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Figure 2.46 Typical creep curve. The sample was a
Mo-V low-alloy steel under tension at 600°C
(1110°F) at the four stress levels noted. (From Met-

als Handbook.??)

(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.

Flguu 247 Creep ftacture in a 321 stamless 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 1s sometlmes called fishmouth rupture. (Adapted from
Metals Handbook,?!

Mechanical Aspects and Macroscoplic Fracture-Surface Orlentation 117

References

1. W. F. Smith, Principles of Materials Science and Engineering, 2d ed., McGraw-Hill,
New York, 19886.

2. C. O. Smith, The Science of Engineering Materials, 2d ed., Prentice-Hall, Englewood
Cliffs, N.J., 1977.

3. D. J. Wulpi, Understanding How Components Fail, American Society for Metals,
Metals Park, Ohio, 1985.

4. R. P. Feynman, R. B. Leighton, and M. Sands, The Feynman Lectures on Physics,
California Institute of Technology, 1964, reprinted with permission of Addison-

Wesley, Reading, Mass.
5. Metals Handbook, 8th ed., vol. 10: Failure Analysis and Prevention, American So-

ciety for Metals, Metals Park, Ohio, 1975.
6. F. A, Avallone and T, Baumester III, Mark's Standard Handbook for Mechanical
Engineering, 9th ed., McGraw-Hill, New York, 1987,
7. C. Lipson and R. C. Juvinall, Handbook of Stress and Strength, Macmillan, New
York, 1963.
8. E. R. Parker, Brittle Behavior of Engineering Structures, Wiley, New York, 1957,
9. G. Henry and D. Horstmann, De Ferri Metallographia, vol. V: Fractography and
Microfractography, Verlag Stahleisen, Dusseldorf, Germany, 1979.
10. Metals Handbook, 8th ed., vol. 9: Fractography and Atlas of Fractographs, Ameri-
can Society for Metals, Metals Park, Ohio, 1974.
11. R. W. Hertzberg, Deformation and Fracture Mechanics of Engineering Materials, 2d
ed., Wiley, New York, 1983.
12. A. Nadai, Theory of Flow and Fracture of Solids, 2d ed., McGraw-Hill, New York,
1950.
13. G. F. Vander Voort, “Visual Examination and Light Microscopy,” in Metals Hand-
book, 9th ed., vol. 12: Fractography, ASM International, Metals Park, Ohio, 1987,
14. D. Broek, Elementary Engineering Fracture Mechanics, Sijthoff and Noordhoff, The
Netherlands, 1978.
16. C. Zener and J. H, Holloman, “Effect of Strain Rate upon Plastic Flow of Steel,” J,
Appl, Phys., vol. 15, p. 22, 1944,
16. M. A. Meyers and K. K. Chawla, Mechanical Metallurgy—Principles and Applica-
tions, Prentice-Hall, Englewood Cliffs, N.J., 1984.
17. J. Nunes, F, L. Carr, and F. R. Larsen, “Macrofractographic Features,” in R. F.
Bunshah (ed.), Techniques of Metals Research, vol. 2, pt. 1, Wiley, New York, 1968,
p. 379.
18. G. M. Boyd, “The Propagation of Fracture in Mild Steel Plates,” Engineering, vol.
176, pp. 66 and 100, 1953.
19. H. M. Cummings, F. B. Stulen, and W. C. Schulte, “Relation of Inclusions to the
Fatigue Properties of SAE 4340 Steel,” Trans. ASM, vol. 49, p. 482, 1957,
20. D. Broek, The Practical Use of Fracture Mechanics, Kluwer, Boston, Mass., 1989.
21. Metals Handbook, 9th ed., vol. 11: Failure Analysis and Prevention, American So-
ciety for Metals, Metals Park, Ohio, 1986.

Bibliography

Campbell, J. E., W. W. Gerberich, and J. H, Underwood (eds.): Application of Fracture
Mechanics, American Society for Metals, Metals Park, Ohio, 1982,

Ewalds, H. L., and R. J. H. Wanhill: Fracture Mechanics, Edward Arnold, Baltimore,
Md., 1984.

Hertzberg, R. W.: Deformation and Fracture Mechanics of Engineering Materials, Wlley,
New York, 1983,

Tetelman, A. S., and A. J. McEvily: Fracture of Structural Materials, Wiley, New York,
1967.



Chapter

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 fractography. In addition, the
word fractography has some etymological
correctness in stemming from roots similar to
those affording metallography, for “fracto-"
is the combining form of the Latin “fractus,”
meaning fracture.
C. A. ZAPFFE AND M. CLOGG, JR.
Transactions of the American
Society for Metals, 1946

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
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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
only

G

/- Slip plane
. Figure 3.1 Illustration of plastic
/ deformation of a single crystal
I =t by slip.

<¢—= Plastic
deformation

B et - Ll sttt

Figure 3.2 Illustration showing
resolved shear stress 7 [= (F/A,)
E cos | cos ¢) and resolved normal
1 = resolved shear stress = ~ COS y COSs ¢ stress o, [= (F/A,) cos ¢ sin ¢]

0 for a cy'l'indrical sample loaded
axially.

0 = resolved normal stress = —:— cos y sin ¢
0

A more realistic case is illustrated in Fig. 3.2. Here a cylindrical
single crystal is loaded axially with an axial stress of F/A,, where A,
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 ¢ to
the cylinder direction (the loading axis). Slip occurs along only one di-
rection in this plane, the slip direction, which makes an angle § with
the loading axis. Thus the component of the axial load F resolved onto
this plane (the shear force F,) is F cos . The area of the shear plane
is given by Ay/cos ¢. The resolved shear stress 1 is (F/A,) cos ¥ cos ¢.

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 locations, 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. 3.5aq, 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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Undeformed F
Deformed
(a)

(b) ()
Figure 3.3 Illustration of plastic deformation of a single crystal. (a)
Undeformed. (b) Deformed showing slip. (c) Deformed cylindrical single

crystal of zinc, showing elliptical offsets due to slip. (Adapted from Boas
and Schmid.!) P

~500 A

‘ ~5000 A &
Slip bond\/ i 7%\

(a)

Flgure 3.4 Illustration of fine offsets un 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.?)
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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
deformed single crystal of co-
balt. (Courtesy of Eric Lifshin,
Research and Development Cen-
ter, General Electric Company,
from Guy.®)

(b)
Location of grain Slip traces
boundaries
N \\
A A
- N
Load y t AWt
= / Z
Before After
deformation * deformation

Before deformation Profile of
grain boundaries M slip traces
not visible; shown
dashed just to

show location

Sample polished Cross-section A=A’
and unetched
(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 atomistically close-
packed planes and directions. Thus in face-centered cubic crystals
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Figure 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 (110)-type directions. A slip
plane and a slip direction in that plane constitute a slip system. In
face-centered cubic metals there are four {111}-type planes, and in
each {111}-type plane three (110)-type directions, so there are 12 slip
gystems. In the other close-packed structure, which is hexagonally
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
stress for this is very high. Another possibility is that the resolved
normal stress on a plane will exceed that which intrinsically bonds
the planes together, and these planes will separate, oricleave, Note
from Fig. 3.2 that a normal stress o, can be defined for & specified
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Force Force

Slip
plane E

Side
view

&
sl
N

Figure 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 ¢), which is given by (F/A,) sin ¢ cos
V. 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 {111} slip plane is normal to the loading
axis, there are still three other {111} 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. As 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 7 and o, increase along line A, then slip occurs first; if
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o,°

On
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 1,
and critical resolved normal stress for cleavage o,°.

Stress
[}

On

Temperature

Figure 3.8 Temperature dependence of critical resolved shear
stress and critical resolved normal stress for a body-centered cubic

metal.
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along line B, then cleavage occurs. Clearly slip is more favored if =, is
much lower than o,°, which is the case for most close-packed metals
and most body-centered cubic metals at sufficiently high temperature.
The critical values of 1 and o, are temperature-dependent, both in-
creasing 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 r and o, 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

Displacements

, YT ERYYY
(_—lllllll o o
“— HAANRANAANAN
— ¥ ??’JJ¢ o
= KrAAREL direction
< ¢ 0 &d 4 o d bd 4
I|l‘l¢lll '\r o\ r7/””/'”;
plane

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. (Adapted from Roberts.®)

the original crystal from the twinned material is the trace of the twin-
ning plane. In fracture of body-centered cubic metals, twinning may
play a 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

I UVAMT Y INIEWH IS NSNS G TV VITSVIVHIBRINY | SR ee ()

Saction from a polycrysulline sample

Annealing
twins
Plane of cut
for polishing
and etching
Plane of ! Cug
ane of :ul.gouh, surface
etch and viewing

Twinning plane
(e)

After etching

Original polished surface —e-

The intersction of the swrface

stoms and the chemical etchant
depends upon the crystallographic
orientation of tha crystal relative to
the surface, causing different surface
topologies, and hence grain contrast,

Figure 3.11 (a)-(d) Tllustration 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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Figure 3.11 (Continued) (e) SEM of Cu-6% Zn alloy in the annealed condi-
tion. (From Brooks.®)
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crack (a)
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Growing (b)
crack

Separation
( by tearing

Figure 3.12 Schematic illustration of separation between cleavage planes. (a) By
cleavage. (b) By tearing.

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 deformation (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. () 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.”

Nickel plate \

(a)
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, (From Henry and Horstmann.”)

Y Nickel plate

(b)
Figure 3.15 (a) Cross section through a cleavage fracture surface, showing interaction
with mechanical twins. Material was an Fe-Si single crystal. () TEM fractograph
showing preferential propagation along a [100] direction, and features due to fracture
of twinned regions. Material was an Fe~-26% Cr alloy. (From Henry and Horstmann.”)
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Flgure 3.18 Fractographs showing the general appearance of “tongues.” Samples were
impact-fractured at — 196°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.”)

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-

k ) i T TENTY V. iNickeI plate R
t 3 s

(a) ®)

Figure 3.17 Cross section through fracture surface, showing separation along the in-
terface between mechanical twins and the matrix, (@) OM of an Fe-Si single crystal,
impact-fractured at -196°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.”)
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Figure 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. (From Beachem.®)

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 mini-
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.
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Figure 3.19 TEM micrograph of a two-stage replica,
showing cleavage steps, river patterns, grain boundary
(left), and mcchanica? twin interface (right) in cleaved
iron. (From Beachem.®)

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 herringhone pattern. Cleavage
on the basic {100} 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

R



Figure 3.20 TEM micrograph of
a two-stage replica, showing fea-
ture called a herringbone. Mate-
rial was an Fe—Cr—Al alloy.
(From Beachem.®)
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planes Fracture
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Figure 3.21 Cleavage surface formatmn, showing the effect of subgrains and grain
boundaries. (From Kerlins and Phillips.°)

Figure 3.22 Examples of cleavage fracture su..uces. (a) Armco iron, impact-ruptured at
-196°C. (From Henry and Horstmann.”) (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. (c) 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 crack 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 semlclrcular
tonguelike shape. (b-d) (From Engel and Klingele.'®)
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Figure 3.22 (Continued) Examples of cleavage fracture surfaces. (e) Fe, 0.01% C, 0.24%
Mn, and 0.02% Si, heat treated at 9560°C (1742°F) % h, air-cooled. The structure is ferrite.
The fracture was generated by impact at —196°C (-321°F). Cleavage steps beginning at
the twin at top form a sharply defined river pattern. Crack propagation was in direction of
arrow. (f) 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-
defined tongue at the center of the fractograph is typical, Secondary cracks are visible as
well. (g) 1021 steel heat treated at 900°C (18562°F) for Y4h, air-cooled. Ferrite-pearlite struc-
ture. Hardness, 120 dph. The specimen was notched, and was broken by impact at - 196°C
(~3821°F). The cleavage occurred on various {100} planes having different orientations. (k)
Another SEM view of the fracture in (g), showing similar flat cleavage facets along crys-

mnogrngl;ic planes, but also very pronounced steps that form a gross example of a river
pattern beginning at either a twist or a tilt boundary. [(e)~(h) From Metals Handbook.!]

Fracture Mechanisms and Microfractographic Features 139

Figure 3.23 Fractograph of clea-
vage fracture surface showing
slip traces. Slip lines reveal
plastic deformation which oc-
curs following the formation of
ductile zones. (From Henry and
Horstmann.")

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 Vold Coalescence

If the metal begins to slip instead of cleavage occurring, then a differ-
ent fracture mechanisiin occurs. A singlé 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. 3.26.

In most engineering alloys the voids form at second-phease particles.
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Figure 3.25 (Continued) Schematic illustration of fracture by void coalescence.

Fracture

Figure 3.24 Schematic illustration of fracture of a single crystal by slip.

Force

?

Figure 3.26 Fractograph show-
ing dimples. Material was a

Dimple steel containing 0.10% C, 0.02%
PrT——— 8i, 0.30% Mn, 0.032% P, 0.024%
é" S growing ——— S, and 0,003% N. The sample
(See (b) below) Voids coalescing was notched and broken in
(See (c) below) bending. (From  Henry and
@ ]0 pm Horstmann.")
T EMl Vs
Force v : . . k3 3 . . .,
Slip planes This is shown schematically in Fig, 3.27, 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. 8.28. An example of a fracture surface showing such particles is
presented in Fig. 3.29. Some particles are in the dimples on the mat-
_ ' b . ing fracture surface, or they fell out during separation, so that in the
Figure 325 Schematic illustration of fracture by void coalescence. fractograph some dimples are empty.
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Figure 3.27 Schematic illustration of void nucleation at particles. (a) Initiation by
particle-matrix interface decohesion. (b) Initiation by particle fracture.

fractured particle :

Fractured particle

Figure 3.28 Microstructures showing void nucleation by particle fracture or garticle~
matrix decohesion, Material was aluminum alloy 7079, (Adapted from Broek.'*)

particle }
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T H void formed by
wer~ " decohesion

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

Figure 3.289 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 Klingele.*®)
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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 overall plane of fracture creates dimples which
are equiaxed. (However, this geometry will appear distorted if the
surface is examined at an angle.) A shear or tear loading (Fig. 3.30)
will create elongated difples. The two cases can be distinguished
by examination of | fracture surfaces, knowing the original
alignment of the twPieces. In the case of shear, the elongated dim-
ples on the two suffaces will be in opposite directions. Examples of
shear dimples are shown 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-
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Figure 3.30 Schematic illustration of the influence of loading conditions on the ge-
ometry of the dimples found on the fracture surface. The fractographs 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. (c) In tensile tearing, elongated dimples point toward
fracture origin on matching fracture surfaces. (From Metals Handbook.!*)
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Figure 3.31 Fractographs showing shear dimples. [(a) From Metals Handbook.!! (b)
From Engel and Klingele."|
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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.'?)

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 fash-
ion indicates the direction of tor-
gion. (From Engel and Klingele.')
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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

Figure 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, 0.069% P, and 0.068% S. Cracks
are initiated along sulfide inclusion lines, (b) Fracture showing woody structure, 0.36%
C, 0.62% Mn, 0.028% S structural steel, water quenched, and tempered at 560°C. Ten-
sile rupture at 20°C (transverse direction). (c) Fracture showing woody structure. 0.44%
C, 1.6% Mn, 0.30% S free cutting steel, water quenched and tempered at 560°C. Tensile
rupture at 20°C (transverse direstion), (From Henry and Horstmann.")
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Flgure 3.35 Schematic illustration of the formation of shallow (flat)
dimples. (Compare to Fig. 3.25.)

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.

Figure 3.36 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.'°)
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If the grain boundaries contain features that make this region ini-

\Y\ ‘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. 3.8.) The effect of the structure
on and near the grain boundary on the topography of the intergranular
fracture surface is shown in Fig. 3.375.

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 seefj)'entigxg glide; an example is shown in Fig.
3.39. If the slip plane is quite oblique to the free surface of the cusp,
the slip traces are spread out so that the surface appears very
smooth, but with}';ﬁnt traces of the slip offset (Fig. 3.40). These fea-
tures are called ripples, 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.]

Figure 3.37 (a) Intergranular
fracture surface showing dim-
ples on the surface. (From Engel
and Klingele.*®)
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Figure 3.37 (Continued) (b) Effect of grain-boundary structure on fine topology of the
intergranular fracture surface. (From Lynch.*®)

Figure 3.38 Fractograph show-
ing slip traces (arrows) on the side
of the dimples. (From Gabriel.')
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TEM fractograph
(p-c replica) <

(a)

Figure 3.39 Fractographs showing examples of serpentine glide. (a) TEM replica of frac-
ture surface of Armco iron. (From Metals Handbook.'!) (b) Fracture in oxygen-free cop-
per tube, Broduced by forcing open the crack in a precracked specimen. (From Engel and
Klingele.”")
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Figure 3.40 Two-stage carbon TEM replica showing rip-
ples (at arrows). The sample was a 302 stainless steel.
(From Metals Handbook)

ograph (p-c replica
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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.'®)

Usually macroscopically ductile fractures, which show gross dimen-
sional changes, occur microscopically by void coalescence. However, it
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 Quasicleavage 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-centered cubic materi-
als (such as ferrite), when fracture occurs in thé vicinity of the tran-
sition temperature (which depends on the strain 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
ridges. Examples of such surfaces are given in Fig. 3.43. They ap-
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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.!!) (b) Tensile sample broken at 0°C.
Steel contained 0.08% C, 0.14% Si, 0.34% Mn, 0.021% P, 0.018% S, and 0.034% Al.
(From Henry and Horstmann.")

(a)

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 (1650°F) for 1 h, oil-quenched, and tempered at 427°C (800°F)

;gr <li bg:.klir;)acture was by Charpy impact at -196°C (-321°F), (From Metals
andbook.
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Figure 3.43 (Continued) Exam-
ples of quasicleavage. (c) Mate-
rial was CrMoV steel (0.20% C,
1.0% Cr, 0.7% Mo, 0.16% V) with
a tempered structure formed in
the upper bainite range. (Adapted
from Engel and Klingele.*°)

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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shear surface

The formation of quasi-cleavage (rosstte)
fracture

(b)

Figure 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.!!) () Model of the formation of
quasicleavage rosettes. (From Engel and Klingele.*°)
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Figure 3.45 Examples of tearing topography surfaces (TTS). In these cases dimple rup-

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-

%I;Izs (DR) !%nd region of TTS. (c), (d) Additional examples of TTS. (From Thompson and
esnutt.”®)

o e
slip. In thej strict sense, this decohesion mechanism of fracture is
called intergranular fracture. However, in complex microstructures,
the fracture surface may appear 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 coalescence 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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Figure 3.45 (Continued) Examples of tearing topograph surfaces (TTS). In these cases
dimple rupture (DR) is also found. () TTS in an essentially 10% pearlitic eutectoid steel
(similar to AISI 1080) where fracture propagates across pearlite colonies. (f)

Fractograph showing dimple rupture (DR) and TTS fracture in a quenched-and-
tempered (martensitic) HY-130 steel. (From Thompson and Chesnut.'®)

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 intergranular
fracture topography is determined by the grain shape, as illustrated in
Fig. 3.46. Typical intergranular fracture fractographs are shown in
Fig. 3.47. 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,

(a) (b) (c)

Figure 3.46 Schematic illustration of grain-boundary fracture. (@) Decohesion
along grain boundaries of equiaxed grains. () Decohesion through a weak grain-
boundary plane, (c) Decohesion along grain boundaries of elongated grains, (From
Kerlins and Phillips.®)

Fracture Mechanisms and Microfractographic Features 157

@ (b)

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.”)

stress corrosion cracking is intergranular. Some steels show temper

embrittlement fracture along the _fsf-'mer austenite grain boundaries,
which are the high-angle boundaries of the ferrite matrix. In some

steels this is due to segregation of minor impurities (such as P or Bi) to

these boundaries, and in some cases it is due to carbide network on

these boundaries.

3.9 Fatlgue 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 sample 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
80 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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Figure 3.48 Formation of deformation bands during fatigue loading. (a) OM of a
mild steel syecimen surface after 525,000 cycles of alternate bending under
+13 daN/mm?*, () TEM replica micrograph of the surface of a mild steel after 125,000
cycles of alternate bending under +10 daN/mm?. (From Henry and Horstmann.”)

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-
imately 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

SLIP BAND

Flgure 3.49 Schematic illustration of the formation of
extrusions and intrusions in stage I of fatigue. (From
Grosskreutz.'?)
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Figure 3.50 (a) Example of extrusions on the surface of a fatigue test 2ample, Material
was an Al alloy containing 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.")

surface in Fig. 3.50a and in the cross-sectional view in Fig. 3.505.
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-low-stress fatigue loading, but if the stress becomes too
high, it is not observed. In most 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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Figure 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 {111}-type plane. The ridge
patterns within each grain are parallel to the direction of crack propagation. Each
ridge is probably in a (110) direction, 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.!!) (b) Cleavagelike, crystallographically oriented stage I fatigue
fracture in a cast Ni-14Cr—4.6Mo-1Ti—-6Al-1,6Fe-2.0(Nb + Ta) alloy. (c) Stair-step
fracture surface indicative of stage I fatigue fracture in cast ASTM F75 cobalt-base
alloy. [(b), (c) Courtesy of R. Abrams, Howmedica, Div. Pfizer Hospital Products Group

Inc., from Kerlins and Phillips.®)

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-

T IR A N TR T S A ST T AT ST IS A T
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STAGE L
QN .
Figure 3.52 Schematic illustra-
‘ tion of stage I and stage II fa-
tigue crack formation. (From
l Laird.'®) i
o

Flgure 3.53 Microstructural observations (SEM) of in 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 (a) 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.'®)
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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 formed 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 pm from the lo-
cation after 96,400 cycles to the location after 96,800 cycles, or a dis-
tance of about 0.3 pm per cycle (3000 A, or about 1000 atom dis-
tances). Figure 3.55 shows schematically how the crack grows by slip.

As 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
forming 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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Figure 3.55 Schematic illustration of a mechanism of fatigue crack propaga-
tion in stage II by alternate slip at the crack tip. (@) 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.®)

96,000 cycles, crack length 60 pm. (b) 96,300 cycles, crack length 235 pm. (c) 96,400 cycles,
crack length 240 pm. (d) 96,800 cycles, crack length 380 pm. (e) 97,400 cycles, crack length

Figure 3.54 OMs of the growth of a fatigue crack on the surface of a fatigue sample. (a)
570 pm. (From Haworth,
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Figure 3.56 Fatigue fracture sur-
face showing typical striations,
Material was an 18:8 austenitic
stainless-steel screw fastener.
(From Engel and Klingele.'®)

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 fine-scale
mechanism of the formation of the striations is not clear, Fig. 3.57 illus
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Figure 3.57 Possible mechanisms of the formation of fatigue striations. (a)
Unstressed. (b) Small tensile stress. (c) Maximum tensile stress. (d) Small
compressive stress. (¢) Maximum compressive stress. (f) Small tensile stress.
(From Laird.'®)

T IAVIMIG INMEVIHRINSNIG GV v Vil avivylapiiiv Freaiu vo (A1)

0 Figure 3.58 Local variation of
e the orientation of the fatigue
@ striations due to microstructural

=
NZ ==/2 — features. (From Beachem.®)

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)

ﬁgun 359 Fractographs of fatigue fractures showing typical striations. (a) Nickel al-
loy specimen (Nimonic) tested at 650°C under rotating-bending conditions. The propa-

gation direction is from bottom to top. (From Engel and Klingele.'®) ()
Crystallographically 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.'®)
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Figure 3.59 (Continued) Fracto-
graphs of fatigue fractures show-
ing typical striations. (c) Fatigue
fracture in commercially pure ti-
tanium. (Courtesy of O. E. M.
Pohler, Institut Straumann AG;
from Kerlins and Phillips.®)

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 um, which is consistent with the distance the crack
advances per cycle for the cases shown in Figs. 8.53 and 3.54. The cor-
relation between the striation spacing and loading has been estab-

Figure 3.60 Examples of fatigue
fracture surfaces showing the ef-

fect of loading on the fatigue . Figure 3.60 (Continued) Examples of fatigue fracture surfaces
striation spectrum. (a) One showing the effect of loading on the fatigue striation spectrum, (b)
large striation at 65 N/mm? cy- Spectrum-loaded fatigue fracture of a 7476-T7651 aluminum al-
cle, three striations closer to loy test coupon showing an increase in the striation spacing due to
each other (76 N/mm?), and 20 higher alternating stress. (From Kerlins and Phillips.®) (c) Fa-
striations very close to one an- tigue test of an aluminum alloy. In the center is a band of fatigue
other (60 N/mm?). (From Henry striations which originated from 45 cycles of higher stress ampli-
and Horstmann.”) tude. Above and below this band are fracture regions which orig-

inated from load cycles of lower amplitudes. (From Engel and
Klingele.'®)
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Figure 3.61 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 (26 ksi) at room temperature, to fail-
ure at 336 x 10° cycles. (From Zapffe and Worden.?*)

lished 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%) 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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Figure 3.62 Examples of fatigue fractures showing secondary cracks associated with
striations. (@) From a tantalum heat-exchanger tube. The rough surface appearance is
due to secondary cracking caused by high-cycle low-amplitude fatigue. (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.”) (c) From steel containing 0.10% C, 0.27% Si, 0.43% Mn, 0.027% P, and
0.022% S. (From Henry and Horstmann.")
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Figure 3.62 (Continued) Exam-
ples of fatigue fractures showing
secondary cracks (arrows) 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.')

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 3.63 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.'®)
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Figure 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.'®)

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) (b)

Figure 3.65 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, 1.16% Mn, 0.96% 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.*°)

)
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Figure 3.66 Examples of fatigue fracture surfaces showing tire tracks. (a) TEM replica
of quenched and tempered 4140 steel. (Courtesy of 1. Le May, Metallurgical Services
Ld.; from Kerlins and Phillips.®) (b) Alternate bending of a steel containing 0.09% C,
0.28% Si, 0.43% Mn, 0.026% P, and 0.024% 8. (From Henry and Horstmann.”) (c)
Threaded bar broken in service. Steel contained 0.61% C, 0.32% Si, 0.756% Mn, 0.027%
P, and 0.028% S. (From Henry and Horstmann.”)
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‘Flgure 3.67 (a) Two-stage carbon TEM replica from same location

of mating surfaces of a 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.®)

(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.
W ¢ ¢
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Figure 3.68 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) AK = 21 MN/m*2, (b) AK = 87 MN/m*2, (From Thielen and Fine.?)

Figure 3.69 Examples of fatigue crack surfaces in which striations are absent or ill-
defined. Sa) Unalloyed carbon steel (0.46% C, 0.26% Si, 0.66% Mn). (From Engel and

Klingele.’®) (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 sees the secondary cracks. (From Henry and Horstmann.”)
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Figure 3.69 (Continued) Examples of fatigue crack surfaces in which striations are ab-
sent or ill-defined. (c) Fatigue rupture under tension-compression of a steel containing
0.61% C, 0.32% Si, 0.65% Mn, 0.013% P, 0.016% 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, 0.76% 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.")

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” conchoidal markings
(see Sec. 4.5), which are characteristic of fatigue fracture. Figure
8.70a shows an SEM fractograph 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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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 precipitator.

case only faint fatigue striations are observed.) 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
causges the conchoidal markings to be visible. This can be caused by
the intrinsic effect of the loading on the fine fatigue surface topography,
by variations in rubbing of the fatigue fracture surface during service,
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Figure 3.70 (Continued) SEM fractographs 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 Fractdre Topography

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

- 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 control 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- )

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 3.72. 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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Figure 3.71 Fractographs illustrating the effect of oxidation on fracture-surface fea-

tures, Material was an annealed Ti-6A1-6V~2Sn alloy. (a) Original fracture surface

appearance. gb) Effect of a 15-min exposure in air at 800°C (1470°F). (From Kerlins
)

and Phillips.

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. (@) As fractured, (b) Identical area after 3-min ex-
posure. (c) After 10 min. (d) After 30 min. (From Kerlins and
Phillips.?)

Fracture Mechanlsms and Microfractographic Features 179

(a) (b) ()

Figure 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 18~?, (a) Dimple rupture fracture at
1016°C (1860°F). At the bottom of many dimples are TaC inclusions. (b) Intergranular
decohesion at 1523°C (2287°F). Secondary cracks are also visible. (c) Local eutectic
melting of TaC + austenite at 1333°C (2431°F). (Courtesy of J. J. Stephens, M. J.
Cieslak, and R. J. Lujan, Sandia National Laboratories; from Kerlins and Phillips.®)

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-

Figure 3.74 Fracture surface
showing a dendritic appearance,
associated with fracture of a lig-
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 peaks. (From
Engel and Klingele.'®)
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SEM fractograph 0

(a) (b)

Figure 3.758 SEM fractographs of dendrites found on a fracture surface, but which are
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.'?)

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 melting occurs along grain
boundaries, the fracture will appear intergranular. -
The fractograph in Fig. 3.76 illustrates the topography sometimes

seen in fractures in which the alloy is partly liquid. The smooth regions

Figure 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 temperature
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.")
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Figure 3.77 Fractograph show-
ing extensive plastic deforma-
tion due to fracture at high tem-
perature, (From Engel and
Klingele.*®)

7 / 30 pm
YT

‘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.
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(a)

Figure 3.78 Fractographs showing regions exhibiting extensive plastic defor-

mation (arrows). (a) Separation with the formation of drawn-out peaks in an
electron-beam weld bead in a maraging steel (0,02% C, 0.1% Si, 0.1% Mn, 12%
Co, 6% Mo, 18.6% 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,*°)




Figure 3.78 (Continued) Fracto-
graphs showing regions exhibit-
ing extensive plastic deforma-
tion (arrows). (c) Intercrystalline
geparation, showing peaks
‘formed at the softened grain
boundaries in a steel forging.
(From Engel and Klingele.'")

The formation of intercrystalline
cracks under creep conditions at
elevated temperatures: .
(a) cracks formed at the intersections (b) the fqrmation of voids at grain
of several grain boundaries boundaries aligned perpendicular to
: the principal tensile stress
Atter H. B8hm, Einfiihrung in die Metallkunde (Introduction to Metallurgy), Bibliogr.
Institut Mannheim, 1868
Figure 3.78 Schematic illustration of the formatiog of (a) wedge and (b) creep
cavities. (After BsShm?®$; from Engel and Klingele.™)
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Figure 3.80 Microstructures from creep specimens showing creep cavities .and wedge
cracks. (a) Cracks initiated at triple boundaries. 17Cr—14Ni-Ti austenitic stainless
steel creep-tested at 850°C (1202°F) under 80 N/mm? for 3383 h. (b) Beadlike cracks
along grain boundaries. 17Cr-14Ni-Ti-B austenitic stainless steel cree7p-teswd at
650°C (1202°F) under 130 N/mm? for 428 h. (From Henry and Horstmann.")
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Creep fracture is a separate mechanism. Usually 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.

Figure 3.81 Fractographs showing creep cavities and wedge cracks. (a) Creep cavi-
ties (voids) which formed at 800°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 (c) wedge cracking in Incoloy 800. [(a) From Engel and
Klingele,° (b) and (c) from Kerlins and Phillips.®)
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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-

Figure 3.82 Fractographs illustrating a variety of stress corrosion cracking fea-
tures, (@) Two-stage TEM replica of intergranular stress corrosion crack surface in
AMS-6434 steel, (From Beachem.®) (b) Transcrystalline stress corrosion cracking
in a ferritic welding metal (unalloyed, high-purity filler material) which initiated
due to the presence of aqueous NaOH. This type of attack occurs only 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. (c) and (d) Stress corrosion cracking in an austenitic stainless steel (0.1% C,
1% Si, 2% Mn, 18% Cr, 10% Ni, 2% Mo, 0.6% Ti) caused by MgCl, solution at over
100°C. Noticeable features are intergranular separation (c), and featherlike struc-
tures and large cleavagelike areas (d). (From Engel and Klingele.'®)
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tered by subsequent chemical interaction with the environment,
which makes interpretation difficult. In this section we present some
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 processing (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.

Figure 3.83 Fractographs illustrating a variety of hydrogen embrittlement
fracture surfaces. (a) A gas-carburized steel screw (0.3% C, 0.26% Si, 0.76%
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 markings), (From
Engel and Klingele.*°)
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ure 3.83 (Continued) Fractographs illustrating a variety of hydrogen
?r:b:;ttlemeng fracture surfaces. (g;‘ﬁl: ferritic fine-grained steel (0.2% C, 0.6% Si,
1.6% Mn) was tested in the laboratory by straining it beyond the yield point in
an aqueous solution of H,S. Hydrogen, produced bi the corrosion reaction
Fe + H,S — FeS + 2H, caused the brittle fracture of the material, The fracture
mechanism is mainly that of transcrystalline quasicleavage, but areas of pearlite
can also be recognized (roughly in center of picture). (c) A precipitation hardening
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 hydrogen.
The characteristic features indicating hydrogen _embnttlement are: micro-
quasicleavage facets, micropores, and ductile haiﬁ,hnes. (d) Flake cracking in
unalloyed carbon steel. (From Engel and Klingele.™)
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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
microstructure (such as Ti alloys) is called flutes. Examples are
shown in Fig. 8.85. In some alloys their formation is associated with

Figure 3.84 Fractographs of alloys which failed due to corrosion-assisted fatigue. (a)
Corrosion fatigue in an austenitic stainless steel (17% Cr, 16% 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 crystallographically 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.'®)
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(e)

Figure 3.84 (Continued) Fractographs of alloys which failed due-to corrosion-
assisted fatigue, (c) Cu Zn 28 Sn. Fatigue striations on the smooth blocks are
characteristic of this type of fracture, (d) (¢) Cu Zn 20 Al. The smgoth crack paths
with fatigue striations are characteristic features of cprrosign fatigue, [(c) and (d)
From Engel and Klingele."® (¢) From Kerlins and Phillips.®]

a variety 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 geometry 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 flutes. (a) Flutes and cleav-
" 'age resulting from mechanical overload of a Ti-0.350 alloy. (b) Flutes and cleavage re-
sulting from stress corrosion cracking of beta-annealed Ti-8Al-1Mo—1V alloy in meth-
anol. (c) Flutes and cleavage in beta-annealed Ti-8Al-1Mo-1V resulting from
sustained-load cracking in vacuum, (d) Flutes near the notch on the fracture surface of
mill-annealed Ti-8Al-1Mo-1V alloy resulting from corrosion fatigue in salt water.
(Adapted from Meyn and Brooks.?®)

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 of
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 1A). 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 profiles. The
procedure is outlined in detail in Appendix 1A.

3.15 Comparison of 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 Optigal 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.!?)

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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SEM fraclograph (stereo pair)

(b)

.87 Stereo pairs of several s of fracture surface topographies. (a) Stereo
;.agi:"a}?o?ning deep %imples in the g;):ture surface of commercially pure t;xta&xurg.
(Courtesy of M. Erickson-Natishan, University of Virginia;, from Gabriel.**) (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.!?)
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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 Fe,0g4 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. ')
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4125 A different area of the fracture in 124 18x

nux

Fracture at 602 C (1116 F), 103 MPa (1.5 ksi)

4129  Dimples indicated by arrow marked 4 in 4120 20- 4130

! )
4131 Fracture a1 642 C (1188 F). 7 MPa (1 ksi) 2 4132 Region at w10 4131, at higher magnification -

Figure 3.88 . SEM stereo fractographs of several types of fractures. (From
Metals Handbook.'*)

194

Fracture Mechanisms and MIcrofractographic Features 195

iCleavage

?} carbon replica TEM :
8 ALt d 4 ' G
Acier € 0,05--Cr 2,25---Mo 1---Nb 1+ cassé par choe a-- 196°C..

f] Cleavage
e

s

Acier (10,05 Cr 2,25 -Mo 1.~ Nb 1 cass¢ par choc a- -196°C.

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.?")
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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.*")
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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.?")
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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.?")
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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.*")



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,

ll)

PN
)

(@

Figure 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 p ain carbon
steel after heat treatment at 800°C (1472°F) for 56 min and oil
quenching. The specimen was fractured untempered, at a hard-
ness of Rockwell C 65. The fracture surface exhibits dimples re-
sulting from microvoid coalescence, 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-

: much flatter in the TEM view than in the SEM, although
ocal marks can be identified in each. Another site of conformance
between the SEM and TEM stereofractographs is at arrow 3.
Some details are lost at arrows 4 and 5 in the TEM pai ,xbeeause
of local tearing of the replica. (From Metals Handbook.") :

was oil quenched from 900°C (1652°F) before being broken. The surface shows mainly shear dimples, some of which (at upper right

in each stereo pair) are large enough to display areas of stretching. (It should be noted that a TEM replica of such large dimples may
ever, that the sense of depth, particularly in the larger dimples in the SEM pair, is quite lacking in the TEM. (c) This is a remarkably

complex area, containing many small and varied quasicleavage facets and exhibiting a number of spheroidal inclusions. The most
the two inclusions between the twin tips of the peak are shown in both pairs, but that similar inclusions slightly nearer the top of the

SEM pair are missing in the TEM because of damage to the replica. The to i grea
e p center area of the SEM view appears to record a te
number of surface complexities than does the same area in the TEM view; at arrow 2, however, the TEI\I/}psiew displays very ﬁn;

sag or collapse and, as in this comparison, introduce a very different appearance to the dimples from that displayed in an SEM vi
Specific dimples may be identified in each pair of views, and a number of these have been indicated by arrogvsylvet(:) 6. Observe,v;:?;;3
prominent feature is the high peak at arrow 1, which is reproduced in very faithful and identical detail in both stereo pairs. Note that

fracture marks that cannot be found in the same location in the SEM view. (From Metals Handbook.

Figure 3.80 (Continued) (b) A room-temperature impact fracture in low-alloy manganéee steel (0.60 to 0.70% C, 1.0 to 1.1% Mn) that
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TN

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 ?earlite lamellae have been
separated by secondary cracks. (From Metals Handbook. )

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

hardness of Rockwell C 50, then broken by tension overload at room temperature. The surface

is dimpled, with at least one area (at arrow 1) showing some evidence of stretching. At first glance, the TEM pair appears to bear

little resemblance to the SEM, but careful scrutiny in 3-D of the sites at arrows 1 and 2 establishes that they are indeed identical. The
major area of departure appears to lie in the regions marked 3 in the TEM pair. (e) A low-cycle fatigue-test fracture in aluminum
alloy 7075-T6. The fracture surface shows well-defined fatigue striations that are clearly visible in both the SEM and the TEM pairs

Figure 3.90 (Continued) (d) A notched specimen of 4340 steel heat treated % hr at 816°C (1500°F) and oil quenched, tempered 1 h at
but it is also visible in the SEM and actually is a secondary crack in the aluminum. (From Metals Handbook.!?)

but with more detail and contrast in the TEM. Note the excellent match of the reproductions made by the two techniques. The ver-
if the exposure were adjusted for this purpose. The sharp line at arrow 4 in the TEM fractograph bears some resemblance to a replica

tical surface at arrow 1 is quite accurately registered in the TEM fractograph, but at the other side (at arrow 2) the replica has been
torn. The detail in the crevices marked by arrows 1 and 3 is more clearly displayed in the TEM pair but could be matched in the SEM

o
2

3 o
8
2
g
3
° Figure 392 TEM replica of
E Wallner lines, a feature which
= sometimes occurs on the fracture
°8 surface of very brittle materials
) (such as glass). The specimen was
O ‘ WC—Co. Etched with 5% HCL
o g (Courtesy of S. B, Luyckx, Univer-
] sity of Witwatersrand, from Kerlins

and Phillips.®)
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Figure 3.83 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

T IauIUIg MoELHIanisiig anu MISTUmaclograpnic reawures

(b)

Figure 3.94 Fractographs showing mud cracks, a feature associ-

.ated with corrosion products on the fracture surface. (@) Surface

of an intergranular fracture in aluminum alloy 7079-T651
caused by stress-corrosion cracking in a 3%% NaCl solution,
(From Meyn.?®) (b) Fracture surface of 316L austenitic stainless-
steel surgical implant, broken in service in body fluid. (From
Metals Handbook.2®)

200



208 Chapter Three

kY9 Y 4 & .; 5
TEM fractograph (p-c replica) . f&

-
s
*

5V

»
AR ‘~ .

TEM fractograph (p-c replica) 20,000 >
(b)

Figure 3.95 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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=" Dy R ' RO 4
F\37 #m s '\f f‘ ' 5
Mt it A AN an i Bt g M ]
TEM fractograph (p—c(re)plica) 3000
c

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 B, a particle from the 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.!!" %¢)

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.



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.2%)

Figure 3.87 TEM replicas showing incompletely re-
moved plastic from a carbon film, (From Beachem.®)

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

Beachem.®)

Figure 3.8 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.?)
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41 Introduction

‘When the fracture surface of a broken component is examined with

the unaided eye or at low magnification (such as <20x), distinct to-
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214 Chapter Four

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 Tenslle 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

Fracture Modes and Macrofractographlic Features 215
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Figure 4.1 Broken tensile sample showing ductile fracture with the
common cup-and-cone appearance. (After Vander Voort.!)

periphery 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 cylinder (Fig. 4.2). When the cracks develop sufficiently, the in-
tense triaxiality 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
the material, its structure, and the test conditions. Examples are

g
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Light fractograph (a) About 13x Light fractograph (b) About 13>

Light fractograph (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
martensite, hardness Rockwell C 28. Curved coarse ra-
dial shear marks. (From Metals Handbook?)

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 deforma-

Light tracteraph e 1a tion and fracture usually occurs on a plane which is macroscopically
Figure 4.5 Fracture surfaces of broken 4340 steel tensile samples, showing the varia- normal to the tensile load axis. The appearance of such tensile sam-
tions in topographical features indicated in Fig. 4.4a. (a) Pearlitic structure, hardness . . ) &
16 Rockwell C. Inner zone is randomly fibrous; outer surrounding zone (inside the outer ples is shown in Fig. 4.9. On the fracture surface there is little shear
shear lip) has radial marks. (b) Tempered martensite structure, hardness Rockwell C lip and the fibrous zone is small. The radial marks are finer, but their
28. Inner, fibrous zone is circumferentially ridged; intermediate zone has coarse radial direction still indicates the origin of fracture.

marks; outer ring is shear-lip zone. (c) Tempered martensite, tested at -196°C (-321°F).

No fibrous zone, only radial marks. (From Metals Handbook?) 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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Figure 4.6 Fracture surfaces of broken tensile samples of the same
steel heat-treated to different strengths. (a) Unnotched specimens.
(b) 0.100-in notch-radius specimens. (Fracture originates at the
center for these specimens as the notch is not sharp enough to ini-
tiate fracture at the notched surface.) (After Nunes, Carr, and
Larson.* Copyright © 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 Fracture surfaces of
broken rectangular tensile sam-
ples. (@) Schematic representa-
tion of tensile fracture features.
(b) and (c) show that the fea-
tures are affected by the width-
to-length ratio; (c) shows a much
smaller shear lip zone. (From
Nunes, Carr, and Larson®; adapted
in Metals Handbook.® Copyright
© 1968. Reprinted by permission
of John Wiley & Sons, Inc.)

Figure 4.9 Broken tensile sample showing brittle fracture. (After

Vander Voort.!)
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—Section thickness Shear-lip Fibrous zone
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DRI tion of the fracture-surface foa-
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tensile loading. (From Nunes,
~~Fibrous zone Carr, and Larsen®; adapted in
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Shear-lip zone

(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-

Figure 4.11 Fracture surface of a broken plate which shows radial marks in a chev-
ron pattern, pointing back toward the origin of the fracture, which is at the left end
of the specimen. (From Metals Handbook.?)
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Flgure 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. (Compere to
Fig. 4.4a.) (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 (~4G°F). Leiv:
notch-root radius 0.1 in,, tensile strength 1544 MPa (224 ksi). Right: notch-root radius
0.01 in,, tensile strength 1758 MPa (255 ksi). (From Metals Handbook.?)

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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Figure 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 Larson*; adapted
in Metals Handbook.® Copyright © 1968. Reprmted by
permission of John Wiley & Sons, Inc.)

Figure 4.14 Fracture surfaces of notched tensile samples
of the same material broken at different temperatures,
(From Nunes, Carr, and Larson.* Copyright © 1968. Re-
printed by permission of John Wiley & Sons, Inc.)
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Figure 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. (6) 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.®)

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 showmg 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.
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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 helxca] lines are seen, which
are torsion deformation bands. (From Metals Handbook.”)
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Figure 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.?)

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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(a)

(b)

Figure 4.18 (a) Shaft that broke in torsion overload. (b) Higher magnification view of
(a). 1036 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 dark spi-
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.?)

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.?)

Flgure 4.20 Shalft 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.®)

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.%)

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 90° to the notch.

Fracture Modes and Macrofractographic Features

(a)

Figure 4.22 Spiral spring which broke in a brittle manner.
(a) Fractured 13-mm-diameter spring of AISI 10B62 steel
wire with a hardness of 477 Brinell. 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.®)

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.®)

229
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Flgure 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 the principal stress direction,
then branched out. (From Henry
and Horstmahn.?)

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 4.28 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

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, 0.96% Mn, 0.26%
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 AISI 1050 steel, induction-hardened and tempered to 60 Rockwell C at
the bearing surface. (Courtesy of Z. Flanders, Packer Engineering Associates; from
Metals Handbook.®)

——

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 no gross plastic defor-
mation.
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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 upon 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) AISI 4140L steel, quenched
and tempered at 1050°F (566°C), rotating beam fatigue. (b) AISI
10B21 steel, quenched and tempered, high-cycle axial fatigue. (From
Bhattacharyya et al.®)

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 for 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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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.?)

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. After 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

oy
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Figure 4.32 Schematic illustration of the formation of conchoidal
marks in a fatigue test.
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in this example the appearance of these marks relies on the crack not
moving continuously until fracture, but growing intermittently.
Other mechanisms also 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
ve 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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Flgure 4,33 Schematic illustration of a fatigue fracture surfac_e 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. (c) Reversed bending. (d) Ro-
tating bending. (Adapted from Vander Voort.')

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 different locations on the same
circumferential plane, (b) at different locations but not on the same cir-
cumferential plane, forming ratchet marks.

Figure 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.)

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 acute the notch is, the more likely that a 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 different 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.®)

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 of ro-
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.

ey
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Figure 4,37 Schematic illustration of the effect of notch severity and stress
level on the fatigue fracture surface appearance in rotating bending of cylin-
ders. (Adapted from Vander Voort,)
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Figure 4.39 Schematic illustration of the effects of the type of loading, stress level, and notch se-

verity on the fatigue fracture surface appearance of cylinders. (After Vander Voort.)
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Figure 4.38 Fatigue fracture surfaces illustrating the effect
of stress concentration on the fracture-surface appearance.
A rotating shaft was subjected to bending in a fixed plane.
(From Peterson.'®)
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Figure 4.40 (Continued) Fatigue fracture surfaces revealing
information about the loading conditions. (c) 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.?)

%) (b) Rotating bending of a 1050 steel shaft with a hardness

of about 35 Rockwell C. The numerous ratchet marks indicate that fatigue cracks initiated

at many locations along a sharp snap-ring groove. The eccen

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-
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Figure 4.40 Fatigue fracture surfaces revealing information about the loading conditions.
approximately 30 Rockwell C. The symmetrical conchoidal mark pattern indicates that
each side of the shaft was subject to the same maximum stress and the same number of

(a) Reversed bending fatigue of a 1.6-in-diameter shaft of 1046 steel with a hardness of

marks indicates that the load was not balanced. (From Wulpi.®)

load applications. (From Wulpi.

T o T e
(a) (b) (c) (d)

Figure 4.41 Schematic illustration of the effects of stress level and
notch severity on the fatigue fracture of cylinders in reversed torsion
loading. (After Vander Voort.!)
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Figure 4.42 Fatigue fracture of a shaft which broke due to
reversed torsion loading. (From Peterson.®)

ferential locations, 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. 4.4156 and d. The
effect of stress concentration on the crack growth direction for a
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-
tured by reversed torsion loading. This was a 1045
steel crankshaft. (After Wulpi.®)
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Figure 4.44 Fatigue fracture in a steel shaft broken by reversed torsion load-
ing. (From Peterson.'®) .

Figure 4.45 Fatigue crack geome-
try showing axial and radial crack
growth due to reversed torsion
loading, The material was ductile
steel (Dolan). (From Peterson.'®)

(a)

Figure 4.46 (a) Fatigue cracks in a spline due to reversed torsion loading (Oschatz).
(b) Maximum tensile stress distribution. (From Peterson.'®)
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Figure 4.47 Fracture surface of
spline shafts broken due to re-
versed torsion loading. (a)
6%-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 form
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 1%-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.®)

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

Fracture Modes and Macrofractographic Features 247

\

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.'®)

(a) (]

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.

Flgure 4.49 Fracture surface due to torsion fatigue loading, as illus-
trated in Fig. 4.48. The component was a 3%-in-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.®)
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Figure 4,50 - Schematic illustration of the effects of the type of loading, stress
level, and notch severity on the fatigue fracture surface appearance of com-
ponents of rectangular cross section. (After Vander Voort.")

4.6 Correlation of Micro- 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 10B21
steel. The mode of fracture is thus tensile overload, and the high ductility
[66 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 prominent. The dim-
ples in the fractographs in Fig. 4.51b and ¢, 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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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 1b/in? (1.23 x 10° Pa); tensile strength 218,000 1b/in? (1.50 x 10° Pa); duc-
tility RA (reductiop in area at fracture) 566%. (Adapted from Bhattacharyya et al.?)

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 fractographs in Fig. 4.52b and ¢ 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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Figure 4.52 Fractographs of a Charpy impact test sample of 10B21 steel. Impact energy
45 ft - 1b (61 J). (Adapted from Bhattacharyya et al.®)

fatigue crack initiated at only one location on the surface. Because of
the lack of conchoidal marks, the location of the initiation of the frac-
ture must be 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. 4.563b purports to show fatigue striations, but
they are not promirent, 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.
4.53f), 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 lb/'in"7 (2.98 x 10® to 1.16 x 10° Pa); frequency 2%‘(1)0 cycles/min;
number of cycles to failure 221,000. (Adapted from Bhattacharyya et al.®)
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The next example is a 4140L steel which has been quenched and
tempered at 1050°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. 4.515). 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
Central
Gl fibrous
B (racture

~,
Radlal
fracture

Region A, Microvoid coalescence.
(b)

Region B.

(' (d)

Figure 4.54 Fractographs of a quenched and tempered (1050°F; 666°C for 2 h) 4140L
steel tensile sample. The mechanical properties were tensile strength 144,800 lb/in®
(9.98 x 10° Pa); ductility RA 54%. (Adapted from Bhattacharyya et al.?)

N
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© Region C. Dimple rupture.
v (d)
Figure 455 Fractographs of a rotating-beam fatigue test sample of 4140L steel.

Maximum longitudinal stress 90,000 1b/in? (6.20 x 108 Pa); frequency 10,000 cycles/
min; number of cycles to failure 250,800. (Adapted from Bhattacharyya et al.?)

y

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 c¢), 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 fine 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
1b/in? (1.36 x 10° Pa); tensile strength 251,000 1b/in? (1.78 x 10° Pa); ductility RA
45%. (Adapted from Bhattacharyya et al.®)

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 temperature) of
the 4340 steel. Impact energy 9 ft - 1b (12 J). (Adapted from Bhattacharyya ei al.”)

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

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. 4.59f). 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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Figure 4.58 Fractographs of a Charpy test sample (70°F, 21°C, test tempera-
ture) of the 4340 steel. Impact energy 49 ft-lb (66 J). (Adapted from

Bhattacharyya et al.?)

microfractographic 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 (5666°C), and hence of lower
strength. The fractographs (Fig. 4.615 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 in 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

- e e e O
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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/in® (6.61 x 108 Pa); minimum stress 0; test frequency 3600
cycles/min; number of cycles to failure 148,000. (Adapted from Bhattacharyya et al.?)

Region C. ()
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Figure 4.60 Fractographs of a low-cycle axial fatigue test sample of the 4340
steel. Maximum stress 242,400 Ib/in? (1.67 x 10° Pa); minimum stress 7600
1b/in? (5.24 x 107 Pa); test frequency 6 cycles/min; number of cycles to failure
1317. (Adapted from Bhattacharyya et al.®)

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 ¢ show striations, which could be taken
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. 4.62¢).
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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Figure 4.61 Fractographs of a high-cycle axial fatigue test sample of the 4340 steel
tempered at 1050°F (566°C). Maximum stress 89,000 1b/in? (6.13px 10° Pa); minifn%ir{
stress 2500 1b/in® (1.72 x 107 Pa); frequency 3600 cycles/min; number of cycles to fail-
ure 217,000. (Adapted from Bhattacharyya et al.?)
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(d
Figure 4.62 Fractographs of a 4340 steel tensile test sample in the normalized
condition. The mechanical properties were yield strength 57,500 Ib/in®
(3,96 x 10° Pa); tensile strength 101,500 1b/in? (6.99 x 10® Pa); ductility RA 45%.
(Adapted from Bhattacharyya et al.®)
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Figure 4.63 Fractographs of a Charpy impact sample (broken at 70°F, 21°C) of

the normalized 4340 steel. Impact energy 39 ft-1b (64 J). (Adapted from

Bhattacharyya et al.?)

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 quenched 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 microfractographic features 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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Region C.

() (e)
Figure 4.68 Fractographs of a torsion test of a 4340 steel, quenched and terx:-
pered (800°F, 426°C, for 1 h). Torque to failure 52 ft-1b (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 1b/in? (4.89 x 10°® Pa); minimum stress 0; frequency 2600
cycles/min; number of cycles to failure 853,000. (Adapted from Bhattacharyya et al.?)

on the fatigue crack propagation region (Fig. 4.65b and c¢). Compare
their appearance to that of fracture through the pearlite shown in Fig.
4.62c¢ 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-11 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 ¢), but the dimples are less de-

\
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Figure 4.66 Fractographs of a tensile sample of an H-11 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 Ib/in® (1.67 x 10° Pa); tensile strenggh
299,000 1b/in? (2.06 x 10° Pa); ductility RA 28%. (Adapted from Bhattacharyya et al.?)

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-11 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
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Figure 4.67 Fractographs of a Charpy impact sample of the H-11 steel. Impact
energy 5 ft - 1b (7 J). (Adapted from Bhattacharyya et al.?)

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 mainly single-phase (except for inclusions). This material was 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, 4.68¢).
The final overload fracture occurred by void coalescence (Fig. 4.68d).
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Flgure 4.68 Fractographs of a high-cycle axial fatigue test sample of a 304 austenitic
stainless steel. Maximum stress 89,000 lb/in? (6.13 x 10® Pa); minimum stress 4000
1b/in? (2.76 x 107 Pa); frequency 3600 cycles/min; number of cycles to failure 945,000.

(Adapted from Bhattacharyya et al.®)

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.
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Figure 4.70 :I‘ensile fracture surface of a sample of large-grained
Iron containing 0.68% P, showing intergranular fracture. (From
Henry and Horstmann.?)
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Figure 4.70 (Continued) Tensile fracture surface of a sample of
large-grained iron containing 0.68% Pé showing intergranular

fracture. (From Henry and Horstmann.

)

References

1

o

© ® N @ >

10.

G. F. Vander Voort, “Visual Examination and Light Microscopy,” in Metals Hand-
book, 9th ed., vol. 12: Fractography, American Society for Metals, Metals Park,

Ohio, 1987, p. 91.

., Metals Handbook, 8th ed., vol. 9: Fractography and Atlas of Fractographs, Ameri-

can Society for Metals, Metals Park, Ohio, 1974.

. L. Engel and H. Klingele, An Atlas of Metal Damage, Carl Hanser Verlag, Munich,

Germany, 1981.

. J. Nunes, F. L, Carr, and F. R. Larson, “Macrofractographic Techniques,” in R. F.

Bunshah (ed.), Techniques for the Direct Observation of Structure and Imperfections,
pt. 1, Wiley, New York, 1968, p. 379.

. Metals Handbook, 9th ed., vol. 12: Fractography, American Society for Metals, Met-

als Park, Ohio, 1987,

. D. d. Wulpi, Understanding How Components Fail, American Society for Metals,

Metals Park, Ohio, 1985.

. Metals Handbook, 8th ed., vol. 10: Failure Analysis and Prevention, American So-

ciety for Metals, Metals Park, Ohio, 1975.
G. Henry and D. Horstmann, De Ferri Metallographia, vol. V: Fractography and
Microfractography, Verlag Stahleisen m.b.H., Diisseldorf, Germany, 1979.

. S. Bhattacharyya, V, E. Johnson, S. Agarwal, and M. A. H. Howes (eds.), IITRI

Fracture Handbook, Failure Analysis of Metallic Materials by Scanning Electron
Microscopy, IIT Research Institute, Chicago, Ill., 1979.
R. E. Peterson, “Interpretation of Service Failures,” in M. Hetenyi (ed.), Handbook

of Experimental Stress Analysis, Wiley, New York, 1950, p. 593.

Bibliography

Cottell, G. A., “Fatigue Failures, with special reference to Fracture Characteristics,” in

F. R. Hutchings and P. M. Unterweiser, Failure Analysis: The British Engine Tech-
nical Reports, American Society for Metals, Metals Park, Ohio, 1981,

B T BN L LT Py A PwP ey s T vy e it b 2 et e

Fracture Modes and Macrofractographic Features 269

Lang, G. A. (ed.), Systematic Analysis of Technical Failures, DGM Informationsgesellschaft

Verlag, Braunschweig, Germany, 1986.
Metals Handbook, 9th ed., vol. 11: Failure
for Metals, Metals Park, Ohio, 19886,

Analysis and Prevention, American Society



Chapter

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. 5.1a. 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.
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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, 5.16. 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~* 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.

RN N. IOEER RN RS

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

Case Swaies 213

section for
fracture surface
and EDS analysis

i

I

Figure 5.3 Two sections that were removed for
analysis.
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5.2.2 Experimental procedure

The surface of the tube was examined 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, 5.4q,

section for
fracture surface
and EDS analysis

exposed fracture
surface = \

section for
metallographic
analysis (b) r

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 (@) after breaking to expose the crack surface.
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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-
gis revealed only Cu (strong) and Zn. The corrosion products showed
Cu, Zn, S, Cl, 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 N .
(Cu, Zn, S, Cl, Ca,K)\ surrounding material

(Cu, Zn)

200 pm SEM

Figure 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), Cl, Si, and Al 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,' 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 5.95 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.



276  Chapter Five

annealing
twins

10 pm

deformation
bands

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.

4 : intergranular
‘OM N, *s cracking

Figure 5.8 Optical micrograph of the cross section near the
crack surface, showing numerous cracks at the outside sur-
face.
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=y Zn, Si, Fe
(1.0, 0.15, 0.10, 0.08)

3 Cu, Zn, Si
(1.0, 0.27, 0.20)

areas depleted

e
& A A
10 pm;
sssmm——— 9
Figure 5.9 (a) 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 adjoining 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

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
8 )— . .00 A {ryp) tube into a bellows. (From Met-
aa (e LT ii"" 53 R (typ) als Handbook.?)

8
2 Compressed

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,>® a com-
mon corrosion mechanism in brasses containing more than about 15 per-
cent Zn.3"® The Zn is dissolved, and a copper-rich region is left behind.
This usually leads to porosity,® although the microstructure in Fig. 5.9
showed no evidence of it. Note in Fig. 5.11 that the zinc-depleted grains
show fine, straight annealing twins, with no sign of deformation bands,
which indicates that these grains have formed during dezincification.
Such fine, twinned grains were found by Polushkin and Shuldener® 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.®” 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, Cl, Si, Ca, Al, 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-
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Figure 5.11 Micrograph showing annealing twins in
the copper-rich region formed by dezincification.

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,® p. 1035), an ele-
ment that is known to promote dezincification.” This flux could not be
easily removed after brazing because of the small clearance in the an-
nulus (Fig. 5.16). 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)* (see Sec. 3.11), and dezincification can play a key role in such
cracking.® Transgranular fracture associated with dezincification has
been reported in cold-worked brass, 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.* 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: Fallure of a Large
Alr-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

AIR OUTLET

coiLs T
e —

Y
R LOWER COLLECTION BASIN
HOT FLUID
COLD FLUID INLET +
OUTLET
(b) PUMP

Figure 5.12 Schematic diagram of a centrifugal fan in a cooling
tower. (From ASHRAE Handbook.® Reprinted by permission of the
American Society of Healing, Refrigcrating and Air-Conditioning
Engineers.)

*The authors acknowledge the work done by Hwa-Perng 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. 5.18. 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. After 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 etchant used was

36 in
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Fracture location
! Outside diameter = 2.16 in (5.48 cm)

Inside diameter of hole = 0.59 (1.50 cm)

10in

(25.4 cm)

Weight = 30 Ib (13.6 kg)

Figure 5.13 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 samples 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 lb/in?%)
and the elongation at fracture to about 1 percent. Both metallographic
and tensile samples were solution heat-treated at 538°C (+5°C)
(1000°F) for 12 h, then quenched in water. Some of these were subse-
quently aged at 155°C (+5°C) (311°F) for 3, 3.5, and 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
Fractography 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

fracture J¢
8 surface

s

K}
[

4

7

~5 cm
2

Figure 5.14 Fracture region of broken fan blade.
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origin of ji=
fracture

L,au.m (Bl ar TSI T

Figure 5.15 Fracture surface, showing radial marks which
point to the origin of fracture.

porosity (black dots)

regions of high
purosity (black dots)

}

Figure 5.16 Polished section near the fracture surface,
showing regions of high porosity in the center.

Jjust below the fracture surface. Note the regions of porosity, which
suggest that 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 in microstructures, shown in

~
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porosity
holes

) S
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,

which 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 o is Al,
containing a small amount of Si in solid solution. Two types of par-

PR e i > P S PRI VI S A Yy 35 by 4 S Py e r——

Case Studles

400 E‘ml Y TR IETERR R ™ ;\ el
Figure 5.18  Optical micrograph of section near fracture sur-
face, showing porosity.

oM

™. " §jshrinkage hole '
7 Y%

Figure 5.19 Microstructure of
region showing interdendritic
shrinkage porosity.
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ticlgs 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 which is a.

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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ToAlMg8i [
intermetallic pAl-rich phase
8i-rich phase compound | trix) i}
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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
Al will give the amount of primary « seen in the microstructure (Fig.
5.20a) if the alloy is cooled relatively slowly from the liquid to 25°C
(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 blade alloy is shown at 7% Si. (From Metals Handbook.'!)

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.?

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 1b/in®), 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 «. 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,'® and the results are
shown in Fig. 5.23. Note that the hardness increased significantly.



TABLES.1 Chemlce! Composition of Common Aluminum Casting Alloys

Alloys Composgition, %
Former
AA Former AA ASTM
number designation number Product(a) Cu Mg Mn Si Others
2010..... S 4.6 035 035 . 0.7 Ag, 0.25 T\
2060 ..... SorP 4.6 0.25 0.35 0.10(b) 0.22 Ti, 0.15 Fe(b)
A206.0.... ces e SorP 4.6 0.25 0.35 0.05(b) 0.22 Ti, 0.10 Fe(b)
208.0..... 108 CS43A S 4.0 cee cee 3.0 wie
2420..... 142 CN42A SorP 4.0 1.5 cee 2.0 Ni
2950 ..... 195 C4A S 4.5 S 0.8
2960..... B295.0, B195 d36 P 4.5 2.5
3080..... A108 SC64A SorP 4.5 5.5
3190..... 319, Allcast SC64D SorP 3.5 e 6.0
3360..... A332.0, A132 SN122A P 1.0 1.0 12.0 2.5 Ni
3540 ..... 354 SC92A P 1.8 0.50 cee 9.0 i
3550..... 355 SC51A SorP 1.2 0.50 0.50(b) 5.0 0.6 Fe(b), 0.35 Zn(b)
C355.0.... C355 SC51B SorP 1.2 0.50 0.10(b) 5.0 0.20 Fe(b), 0.1C Zn(b)
=== 3560 ..... 356 SG70A SorP 0.25(b) 0.32 0.35(b) 7.0 0.6 Fe(b), 0.35 Zn(b)
A356.0.... A356 SG70B SorP 0.20(b) 0.35 0.10(b) 7.0 0.20 Fe(b), 0.10 Zn(b)
3570..... 357 v SorP o 0.50 v 7.0 485
A3570.... A357 v SorP 0.6 7.0 0.15 Ti, 0.005 Be
3590..... 359 SG91A SorP 0.6 9.0 LA
360.0..... 360 SG100B D 0.50 9.5 2.0 Fe(b)
A3600.... A360 SG100A D .- 0.50 95 1.3 Fe(b)
380.0..... 380 SC84B D 3.5 s 8.5 2.0 Fe(b)
A3800.... A380 SC84A D 3.5 8.5 1.3 Fe(b)
3830... o <o SC102A D 2.5 10.5
384.0..... 384 SC114A D 3.8 11.2 3.0 Zn(b)
A384.0.... 384 SC114A D 3.8 11.2 1.0 Zn(b)
3900 ... 390 D 4.5 0.6 17.0 1.3 Zn(b)
A3%00.... A390 ces SorP 4.5 0.6 17.0 0.5 Zn(b)
4130..... 13 S12B D s 12.0 2.0 Fe(b)
A4130.... Al3 S12A D e 12.0 1.3 Fe(b)
4430...... 43 S5B S 0.6(b) 5.2
A4430.... 43 cee S 0.30(b) 5.2
B443.0.... 43 S5A SorP 0.15(b) 52
C443.0.... A43 S5C D 0.6(b) 5.2 2.0 Fe(b)
5140..... 214 G4A S cee 4.0 cee
518.0..... 218 G8A D 8.0
520.0..... 220 G10A S 10.0 cee
5350..... Almag 35 GM70B S 6.8 0.18 0.18 Ti
A5350.... A218 o S 70 ° 0.18
B535.0.... B218 cen S 7.0 e 0.18 Ti
7120..... D712.0, D612, 40E ZG61A SorP “en 0.6 5.82Zn,0.5Cr, 0.20 TN
713.0..... 613, Tenzaloy ZC81A,B SorP 0.7 0.35 7.52Zn, 0.7 Cu
7710..... Precedent 71A ZG71B S cee 0.9 7.0 Zn, 0.13 Cr, 0.15 Ti
8500..... 750 oe SorP 1.0 . 6.2 Sn, 1.0 Ni
(@) 8 = sand casting, P = permanent mold casting, D = die casting. (b) Maximum.
source: From Metals Handbook.*®
[ . -~ 3 . ,‘; " & 3 ¢ i !
b v B A - o
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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 1b). The lift force L is given by'*

2
L= chbc(%‘é—r)
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Solution heat treatment — 538°C, 12 hr
Aging temperature (T6) — 155°C
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Flgure 5.23 Effect of aging at 155°C (311°F) on the hardness of
the fan blade material.

TABLE 5.2 Effect of Heat Treatment on Hardness, Tenslle Strength, and Elongation
at Fracture for Fan-Blade Materlal

(a) Results of tensile tests

Heat-treatment condition

As received Solution treatment + T6
Sample number T1 T2 T3 T4
Hardness, Rockwell E 49-55 45-55 77-78 71-78
Tensile strength, 1b/in? 16,200 12,000, low 26,900 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, 1b/in® 16,000 27,000
Elongation, % 4 3

Nominal mechanical properties of 356-T6

Tensile strength, 1b/in? 38,000
Elongation, % b

(b) Effect of heat treatment of hardness

Heat-treatment condition Hardness, Rockwell E

Solution treatment (ST): 538°C, 12 h, water-cooled 42, 32, 38, 42, 37
S.T. + T6 (155°C, 3 h) 77,717, 79, 74
S.T. + T6 (155°C, 3.5 h) 78,176, 78, 15
S.T. + T6 (155°C, 4 h) 617, 66, 72
As-received, broken blade 45-55




[{:14

TABLE 5.3 Typlcal Mechanical Properties of Common Aluminum Sand Casting Alloys

ompressive
Tensile T;i::lk Eloagatioa . yield Shear Esadurance Modulus of
strength strength(b) iz 50 mm Herdress(c), streagth(b) streagth Uimit(d) thzﬂdly(t) §
AANo.  Temper MPa ksi MPa ksi or2in., % HE MPa ksl MPa ki MPa ksl KPa x 10 psl % 10
20'.0 U & 7N 414 60 255 37 17.0
) ¢ 448 65 379 55 8.0 130 386 56 290 42 . .
j I U 469 68 414 60 50 97 14
A2060 T4 .......... 431 62 264 38 17.0 s 285 41 292 42
& i 1 SR 436 63 347 S0 11.7 s 372 54 257 37 g -
o 213.0 | IR S, 207 30 165 24 1.5 85 172 25 165 24 66 9.5
i 2220 i G - 241 35 214 31 1.0 100 214 31 172 25
TS5L oo 255 37 241 35 <0.5 115 276 40 207 30 59 8.5 74 10.7
% [ 15— 331 48 248 36 <0.5 140 248 36 248 26 62 9 74 10.7
238.0 B s o A g 207 30 165 24 1.5 100 297 30 165 24 P s s s
2420 TS vncinione 276 40 234 34 1.0 105 234 34 207 30 72 10.5 U 10.3
1 {7 324 47 290 42 5 110 303 44 241 35 66 9.5 n 10.3
249.0 T3 i Sad 476 69 414 60 6.0
T rabd il ae 278 62 359 52 9.0 - 414 60 276 40 55 8.0 2 10.5
5 296.0 g 7 1 255 37 131 19 9.0 75 138 20 207 30 66 9.5 70 10.1
] j T 276 40 179 26 5.0 90 179 26 221 32 69 10 0 10.1
§ BT aplEmige 5l 270 39 138 20 45 80 138 20 207 30 63 9 10 10.1
“ 308.0 Fisirssvwsna 193 28 110 16 20 70 117 17 152 22 90 13
i 319.0 Fousvivsnsnss 234 RE ] 131 19 25 85 131 19 165 24
MO sssavuzany 276 40 186 27 0 95 186 27
b 324.0 Possvssasias 207 30 110 16 10 10 - i
£ . 248 36 179 26 3.0 90
[ 1 A 310 45 269 39 30 105 .
i 3320 TS ssmassusan 248 36 193 28 1.0 108 s & s Kz 11.2
§ 333.0 Errnsetslicss 234 34 131 19 20 90 131 19 186 27 100 14.5
! TES sien i o0 3 1y swsmss 234 34 172 25 1.0 100 172 25 186 27 83 12
] T cooriaim s st 290 42 207 30 1.5 10§ 207 30 228 33 103 15
j ] 57 S . 3. 37 193 28 2.0 90 193 28 193 28 83 12
! 336.0 I 617 248 36 193 28 05 105 193 28 193 28 93 13.5
! T6S . 324 47 296 43 0.5 125 296 43 248 36
i
| 355.0 TSh vievnen 205 30 165 24 2.0 75 . 165 24 165 24 i i
| V6.5 siemserorsls 290 42 185 27 4.0 90 185 27 235 34 69 10
| i | ] GO 310 45 275 40 15 105 275 40 250 36 69 10
| i R 275 40 205 30 20 85 205 30 205 30 69 10
| | (PR 250 36 218 31 30 85 215 31 185 27 69 10
H C355.0 WO ivvvennns 303 44 234 34 3.0 90 248 36 221 32 97 14
e 3560 | P 179 26 124 18 5.0 i sa
TSI ......... 186 27 138 20 2.0 o -
B0 ivs 550 ann 262 38 186 27 5.0 80 186 27 207 30 90 13 72 10.5
: 3 [P R 221 32 165 24 6.0 70 165 24 172 25 76 11 72 10.5
A356.0 L1 R 283 41 207 30 10.0 90 221 32 193 28 90 13 72 10.5
357.0 F nasenqoimrsns 193 28 103 15 6.0
.| AR 200 29 145 21 4.0
i | PP 359 52 296 43 5.0 100 303 44 241 35 9 13
A357.0 6 oisisssivns 359 52 290 42 5.0 100 296 43 241 35 103 15
359.0 T62 .o wiiim 345 50 290 42 5.5 <% 654 110 16
A390.0 F oo namams 200 29 200 29 <1.0 110 82 11.9
i & 200 29 200 29 <1.0 110
j (. S— 310 45 310 45 <l.0 145 414 60 117 17
i S 262 38 262 38 <1.0 120 359 52 o dras 100 14.5 CEW
443.0 | - 159 23 62 9 10.0 45 62 9 110 16 55 8 7 10.3
A4440 F.... ... .. .. 165 24 76 11 13.0 44
f C. ST 159 23 69 10 21.0 45 76 11 110 16 55 8
513.0 E ¢ : : vsmasanas 186 23 110 16 7.0 60 117 17 152 22 69 10
711.0 B 2 s s sammns 241 35(g) 124 18(g) 8.0(g) 70(g) 76 11 76 11.0
850.0 . - A 159 23 76 11 12.0 45 76 11 103 15 62 9 7 10.3
851.0 L R 138 20 76 11 5.0 45 76 11 97 14 62 9 It 10.3
852.0 TS oeiveenens 221 32 159 23 50 70 159 23 148 21 76 11 7 10.3
(2) Tension and hardness values determined by tests on standard 13-mm (Y/2-in.) diam test specimens. without surface machining, each cast in permanent mold. (b) At 0.2% offset. (c) 500-kg (1102-1b) load on
10-mm (0.4-1n.) ball. (d) Endurance limits based on 500 million cycles of completely reversed stresses using rotating beam - type machine and specimen. (¢) Average of tension and pression moduli; ¢
modulus is about 2% greater than tension modulus. (f) Prop of T4 h those of T6 after standing for several weeks at room temperature. (g) Tests made approximately 30 days after casting.

source: From Metals Handbook.*

£62
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where C;, = lift coefficient, = 1 e
density of air, = 1.2 kg/m® (0.043 1h/in®)

p =
b = span length, = 0.91 m (36 in)

¢ = chord length, = 0.25 m (10 in)

u = peripheral velocity of blade,
u= (r/g:)in) wD = (%%9)('rr)(72 in) = 53 m/s (2073 in/s)

Then
1
L = (1)(0.042 x 10-3)(36)(10)(20732)[m]

= 375N (84 1b) ’
The drag force is negligible since D < L (see Wallis'*). The centrifggal

( )( 2)
g r

where r = distance from center of mass, = 0.36 m (14 ix.z)
v = velocity of center of mass, = (650/60)()(28 in) = 20.5 m/s

(806 in/s)
w = mass, = 13.6 kg (30 1b)
Then
C = 16,000 N (3600 1b)
From these values the stress at the neck was calculated. The centrif-

ugal forces cause a tensile stress o, of

L - 7.3 MPa (1060 Ib/in?
()(1.08%) - ()(0.30%)
The bending stress o, is caused by the gravitational force'and the lift
force. The maximum bending occurs at the location at which the frac-
ture originated (see Fig. 5.13). This is given by
My

gy = I

e =

where M = moment, = (30 + 84)(14) = 180 N - m (1596 in - 1b)
I = moment of inertia, = (mA)R: - RY) = (m/4)(1.08* - 0.30%
= 4.40 x 10 "m* (1.07 in*)
y = R, = 0.027 m (1.08 in)

Case Studles 295

So o, = 11.2 MPa (1620 1b/in?)

Thus the tensile stress at point a is 11.2 + 7.3 = 18.5 MPa (2700
1b/in®).

5.3.4 Discussion

The tensile strength of the broken blade was about 110 MPa (16,000
1b/in?) (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 1b/in%), 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 1b/in®). 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 1b/in?). 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 1b/in2). This is less
than the calculated maximum tensile stress of 19 MPa (2700 1b/in?),
which is too low.

The 356 alloy is precipitation-hardenable,’!® but the blade had re-
ceived no such heat treatment. The measured tensile strength, after
aging, of 186 MPa (27,000 1b/in?) 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 low a “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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Figure 5.24 Cracked flywheel. The crack is noted by ar-
row.

5.4 Case C: A Cracked Automoblle
Flywheel Flex Plate*

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-
chanical link 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
gection for comparison, were removed by a band saw. From these,

*The authors acknowledge the work done by David Dellinger on this case study.

O e L e e T e T

Case Studles 297

OVERDAIVE
BANOD

b
= X2
— "‘ — e
(g 30 o
== f‘ﬁ\'\\\)\\ 2 ,1
=

LN <3

N
SRS ’/"' )

(@)

Figure 5.25 Diagram showing the function of a flywheel in an automobile., Note bolts
which connect flywheel to torque converter. (From Motor Auto Repair, %)

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 Fig. 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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' fresh
fracture

- fracture
surface

Figure 5.27 Sections cut to re-
veal fracture surface after  _
breaking the notched part.

" fresh
fracture
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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. 5.29). This coincides with one of the concentric grooves
surrounding the bolt hole (Fig. 5.30).

concentric
grooves

5 cm

Figure 5.26 Section containing crack.
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Flgure 5.28 Scanning electron micrographs of fracture surface in region of
crack origin.
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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,

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 uniform
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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Figure 533 Microstructure of the flywheel, showing fine-
grain ferrite.

Microstructure. 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.

Figure 5.34 Unetched microstructure showing elon-
gated inclusions.
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SEM

Figure 5.35 Scanning electron micrograph of the fa-
tigue fracture region showing elongated inclusions,
identified by EDS as MnS. ’

o ¥
Sy e .

5.4.4 Discussion
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,’” 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 200,000-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 ¢cm, and from Fig. 5.31,
the striation separation is about 0.5 pm. 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 108 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 a 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 D: Falled Welded Rallroad 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.

Figure 5.36 Schematic diagram of the process for joining railroad rails
by the thermite welding process. (From H. D. Fricke, in Metals
Handbook,® p. 695.)

*The authors acknowledge the work done by Clayton Crouse on this case study.
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Figure 5.37 Thermite welding™
process for joining railroad rails.
(From H. D. Fricke, in Metals
Handbook,® p. 695.)

cavaties

radial
marks

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-

gonic 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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metallographic
sample

Figure 5.39 Location of samples removed for examination.

dendrites
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Microhardness measurements using a 500-g load were made on the
unetched metallographic sample. The diamond pyramid hardness
(DPH) 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

L

Figure 5.40 Scanning electron

micrographs of one of the lar

cavities at the root of the web, b ; :

showing dendrites. Figure 5.41 Scanning electron micrograph of the fracture sur-
face in the central part of the rail web near the bottom flange.
Fracture occurred Ey cleavage.

o
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Fracture
surface
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Weld Heat-affected \‘ Base metal
zone

Figure 6.42 Sketch of metallographic sample showing weld
and heat-affected zone, and location and figure numbers of
higher-magnification micrographs.
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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

Figure 5.44 Optical micrographs of (a) the heat-

. affected 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.8

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 kssurface showing the presence of numerous
cracks.

Weld Heat-affected zone Unaffected
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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

cross 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 rail life.

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
of 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 Stalnless-Steel Wires
from an Electrostatic Preciplitator

5.6.1 Introduction

Cas effluents from paper plants contain fine 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-
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Figure 5.48 Schematic diagram of an electrostatic precipitator system, showing location
of the wires. (From Shale and Faschig.®) ¢

ened by attachment to a lower support by weights (Fig. 5.49). It was

kn(')wn that the wires were made in Sweden, corresponded to a 316L
stainless steel, and had a specification of “8/4 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.

Flgure 5.48 Drawing 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 prod}xcts pfesent.
The general plane of the fracture was normal to the wire axis, and
there was no obvious indication of plastic deformation.

Hardness measurements. Several microhardness measurements were
made and converted to the Rockwell C scale.?° 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

origin of fatigue conchoidal
fracture marks

(ai ‘ final overload
fracture

origin of
fatigue fracture

oo pm conchoidal marks SEM

(b)

Figure 550 Scanning electron micrograph of the fracture
surface of one fractured wire, showing that fracture oc-

curred by fatigue.

i)
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Figure 551 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 at 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.?

e
3@9}6"@
a o Q g <

Figure 552 Scanning electron micrograph at high
magnification of the overload fracture region. The sur-
face shows dimples and some corrosion debris.
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fracture surface

surface
of wire

0 pm corrosion SEM
pit

Figure 5.53 Scanning electron micrograph of a corrosion pit
at the origin of the fatigue fracture.

surface of wire

corrosion pit

40 pm ' SEM

Figure 554 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.
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TABLE 5.4 Comparison of Chemical Composition of Swedish
and U.S. Steels

Swedish steel SIS 2343, wt. %' U.S. steel 316 L, wt. %*

0.05C max 0.030C max
1.00Si max 1.00Si max
2.00Mn max 2,00Mn max
0.045P max 0.045P max
0.030S max 0.030S max
16.00-18.00Cr 16.00-18.00Cr
10.50-14.00Ni 10.00-14.00Ni
2.560-3.00Mo 2.00-3.00Mo

source: *From Metals Handbook.?
'From D. Peckner and 1. M. Bernstein, Handbook of Stain-
less Steels, McGraw-Hill, New York, 1977, p. A1-53.

The chemical composition of the steel used to make the wires is given
in Table 5.4, which shows the 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” condition.

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)%* 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,?® p. 765). The fatigue curves in
Fig. 5.562° for ahnealed 302 stainless steel show that it is not very notch-
sensitive in the annealed condition. Also, data in Metals Handbook®®
show that with a stress concentration factor K, 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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5-17
3-10
6-12
8-12

15-20
15-25
20-30
11-18
12-20

Elongation
(in 2 in), %

130-170
125-165
110-130
165—-205
160-200
135-155
205-230
200-220
165-195
235-300
230-275
185-215

Tensile strength,
1000 1b/in®

Yield strength
1000 lb/in?
100-140
100-130

80-100
135-170
130-165
105-125
185-210
175-205
135-165
230-260
215-245
155-185

(0.2% offset),

hardness
23-28
29-32
33-37
3843

Rockwell C

0.002-0.020
0.021-0.125
0.126-0.375
0.002-0.020
0.021-0.125
0.126-0.375
0.002-0.020
0.021-0.125
0.126-0.375
0.002-0.020
0.021-0.125
0.126-0.375

Diameter, in

¥ hard

Y2 hard

¥% hard
Full hard

Condition
source: From Ref, 22.

TABLE 5.5 Nominal Mechanical Properties of 316 Austenitic Stalnless Steel
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Flgure 8.55 Fatigue curves for cold-drawn 304 austenitic stainless
steel, showing the notch sensitivity in the cold-worked condition.
(From Spretnak et al.?*)
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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.?®)

5.6.4 Conclusions

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 case study.
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Figure 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. 1
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-
fzct 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
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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.

Last point to fail

Surface of
maximum stress

Jaw end

Handle end

' ?Iguro 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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tip removed
and mounted

section

./,Of hinge

fracture
surface

Figure 5.60 Sectioning scheme used {or 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 scale 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 1b) was re-

Unbroken cutter Failed cutter
Figure 5.61 Values of hardness
O measurements (Rockwell C)
19 made on both the unbroken
w (left) and the failed (right) pair
46 by of cutters.
\ag
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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,
Mc

o= T
where M = moment, = 6.4 cm x 436 N (2.5 in x 98 1b)
¢ = 0.34 cm (0.269/2 in)
I = moment of inertia, = 0.0112 cm* [(0.166 X 0.269%/12 in*

Hence o = 8.4 x 10* Pa (122,000 Ib/in?%)

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 10° Pa (180,000 1b/in?),' and a yield strength
of about 1.03 x 10° Pa (150,000 1b/in?).2” 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 graduation 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-
gerved. 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 confirm this, a
gection of the handle was removed and austenitized at 980°C (1800°F)

pearlite primary Fe;C

Figure 5.63 (a) Low- and (b) high-magnification micro-
graphs of the carburized region showing a car!?xde net-
work along the prior austenite grain boundaries.
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primary Fe,C pearlite primary
0 .

3 ferrite

region

Figure 5.84 (a) Microstructure of the heat-treated specimens. (b) Microstructure from
the center showing pearlite and ferrite. (c) The edge shows 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 5.645 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 tnan 0.8 per-
cent,

SEM fractography. The fracture surface of the jaw end (Fig. 5.58) was
examined in a scanning electron microscope. As 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. 3.4)

with some secondary cracking. The higher-magnification fractography
of Fig. 5.66 is from the outer carburized 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-



326 Chapter Five
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brittle
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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.?® _

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 A, line, thus leading to carbides along
the austenite boundaries, or the quench rate was inadequate to sup-
press the formation of grain-boundary carbides. 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 heing quenched directly following carburization.
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Figure 566 SEM fractograph near edge (see Fig.
5.65) showing mixed-mechanism fractufz. &

Figure 567 SEM fractograph
near the secondary crack shown
in Fig. 5.85 showing dimples.

While 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 prol;ably
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
tl}ere would be a carburized area evident at the hinge pin surface in’
Fig. 5.62. Thus it is deduced that the tool was carburized after assem-
bly. Uneven thermal expansion of the assembled part during heat
treatment could also account for the binding of the hinge pin men-

tioned as part of the initial inspection,
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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 %s2-in
(0.238-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.”
Tempered martensite embrittlement (TME) occurs after tempering a
martensitic structure between 260 and 370°C (500 to 698°F).?®

TME is aggravated by exposure of the material to hydrogen, as might
occur during an electrolytic plating process.®**! Higher-strength steels
are more susceptible to hydrogen embrittlement.3* 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-finish temperature being below 25°C
(77°F). During tempering this retained austenite may have decomposed
to microconstituents, which are susceptible to hydrogen embrittlement.

fracture

Figure 5.68 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 the 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.'® 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 gvaluation. 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 8 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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Figure 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 5.76 shows the microstructure
from the central region of the punch; it is composed entirely of

Figure 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.

ke

. dim
intergranular frlacg:f'g
fracture region plating region

debris

Plating

Dimpled region

Intergranular
region

Flgure 5.72 Locations of the plating and the dimpled and
intergranular areas on the fracture surface of section 1,

Figure 5.73 Fractograph from center re’on in Fig. 6.72 show-
ing dimpled fracture features, g &5 1% show

331
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Figure 5.74 Stereo-pair fractographs from region B in Fig. 5.72 showing intergranular

fracture.

Figure 5.76 Microstructure from
central region of punch.

ite. The lower-magnification micrograph of Fig. 5.76a'show.s a
?vl}a:;tb:tzﬁtifuent at andaizar the surface. The highgr-magn}ﬁcatxop
micrograph of this region (Fig. 5.76b) s}'mws t}}at. this constxtuen}t; is
probably retained austenite in martensite. If it is, then the car ox:l
content near the surface must be higher than for the bulk (no retaine

ustenite). '
¢ 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

retained
{ austenite
(white)

martensite
(dark)

retained

austenite

(white)
martensite ' =)
(dark) ;

Figure 576 Microstructure near the surface of the punch (a) at low and (b) at high mag-
nifications. The high-magnification 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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the heat-treated specimen showing pearlite and
proeutectoid ferrite.

tions in the local microstructure encountered by the indenter. After
the section had undergone the subcooling 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.

5.8.4 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. This 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.?® This could
have been aggravated by the introduction of some hydrogen in the

surface region during the plating process.

5.8.5 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 Stalnless-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
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Figure 5.78 Schematic represen-
tation of the possible assembled
configuration of the hinge and

M 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
cgus.ing considerable damage. Approximate service life 1 year; mate-
rial ig 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 cor.lfiguration of the hinge in the assembled condition. This in-
f?rmatlon 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 broke_n 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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fracture

Figure 5.79 Two pieces, parts A and B, of the broken
hinge.
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All dimensions are in mm
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Figure 5.80 Dimensions of part A (in millimeters).

5.9.2 Experimental procedure

The first step was a visual examination of the part and photographic
documentation of the two pieces. The fracture surfaces of bo'th parts
were examined carefully, both macroscopically and in a scanning e1e<':-
tron microscope. In addition, EDS analyses were obtained from vari-
ous regions of interest on the fracture surfaces.
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Part B
All dimensions are in mm

—

Plan

L.
|l
|
|
|
|
|
|
|
|
|
|
|
|
=\
10 —Gﬁl
15

54
61

Elevation : Side view
Flgure 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.3* Micro-
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@ 10mm 10mm

Figure 5.82 (a) Schematic representation of the sectioning scheme
used to obtain specimens from part A.
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Sample 2

Sample 1

(b) (c)
Figure 5.82 (Continued) (b), (c) 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. 5.88. 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).

eyt 4
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Figure 5.83 Part A. (a) Plan view. (b) Side view. (¢) Undersi
Stampings on part and some shiney surfaces are note(s. nderside.

S.EM 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. As 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. Al-
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Figure 5.85 Two end views of part B showing bending.
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Figure 5.86 Low-magnification fractographs. (a) Part A. (b)
Part B,

“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 centra,l rectangle, which has a machined appearance (see

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 Flgure 5.89 Optical photograph of crack found in loca-
Fig. 5.88. The weld between the rib and the base plate of part A shows tign ¥ macked in Hig, BB,
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- 1AB
igin are deen ' the seansing aloctto micrograph. ABLE 5.6 EDS Results from Base Plate and Strap
EDS analyses were also carried out in the scanning electron micro- Base Plate Strap

i on 1 Js, G ca &
rai

scope on polished and etched metallographic specimens (next section), eV — o
on both the base plate and the strap. The results are ghown in Table T = keV Counts Element
5.6. From these it is surmised that the strap is 347 stainless steel, s8¢ gé gi g.i(l) 87 S

y . 716 Cr

while the base plate is CF8C (compositions are given in Table 5.7) 5.40 736 Cr 588 s
] . Cr

gince some Nb was found in a previous analysis, Table 5.8 shows the 598 178 or 640 1744 P
results of EDS analyses on the matrix and what was suspected to be g'gg 1;3% II:“e 750 203 re
: e 7.60 203
7.47 192 Ni 8.26 51 gi
8.26 66 Ni '

TABLE 5.7 Chemical Composition Specification for CF8C Casting and 347 Stalnless

Steel
CF8C casting* 347 Stainless steelt
Element wt.% Element wt. %
cr 18.0-21.0 Cr )
r i 3 17.

Ni 8.0-11.0 Ni o180

c 0.08 max c 0.08 max

Mn 1.50 max Mn 2.00 max

lS)x 2.00 max Si 1.00 max

0.04 max P 0.045 max

fﬂ) 0.04 max S 0.03 max

> 8 x C but < 1.00 Nb + Ta > 10 x min. C

*From ASTM A743-79.%°
tFrom Metals Handbook.?®

o 0 2 .

Figure 5.88 Optical photograph of slag found near
location X marked in Fig. 5.87.



S vilapier 1 ive

TABLE 5.8 EDS Results from Matrix and Delta Ferrlte

Matrix Ferrite

keV Counts Element keV Counts - Element
1.69 121 Si 5.42 376 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
7.06 156 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
schematically in Fig. 5.90.

Figure 5.91 is an 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.3? Results of readings taken from sample 1 are shown on Fig.
5.94 (locations indicated). At these low ferrite levels the ferrite num-

Weld

Siep Base

Weld

Figure 5.80 Schematic representation of relative
inclination between strap and base plate.

Figure 5.81 Micrograph from re-
gion M in Fig. 5.825. Note the
cored dendritic structure and
delta ferrite in the interden-
dritic areas.

Flgure 592 Micrograph from re-
gion N in Fig, 5.8 showing
delta ferrite,

" region P
Figure 5.93 Micrograph from region P in Fig. 5.82b
showing a crack through the delta ferrite, g5
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—<e— Bas2 plate
oet—t—— 1.8 Figure 5.94 Ferrite numbeg' of
. the material at various locations
on sample 1 as measured by a
){ ) magnetic gage.
I l
1.8 2.0 1.8

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%

Microhardness measurements. The results of microl'}ardn_ess r-neassgge-
ments made on several locations on sample 1 are given in Fig. 5.95.

5.9.4 Discussion o o
art was manufactured by welding two piece

f:ta;‘.p}gFagsC t:taatixg::) steel. A strap of 347 s!;ainless steel was then
welded on for additional strength. The welding seems to hgve beia'n
done shoddily. This is evidenced by the facts that the strap did not lie
flat on the base plate, a crack was found at the weld metal—st:rap1 ntl-
terface, and there is a gap between the weld and strap a{ld b?se pta i
(that is, the root of the weld did not penetrate to the point of contac

between the strap and the base plate as it should have).

175 162
153 Stra
159 P
Weld
162 185
159 171
151
159771 Base plate

Figure 5.85 Microhardness val-
ues at various locations on sam-
ple 1.

Case Studles 347

O N |

At Welds

Force

T
|
|
|
1

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 concentrator. 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,3* the prevalent theory being that
ferrite scavenges tramp elements (such as S, B) which are thought to
be responsible for hot cracking.3*

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.%2

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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The general arrangement of this conversio ;
The middle columns of numbers (in boldface type) contain
(°F or °C) to be converted. When conver
Celsius, read the Celsius equivalent in the c "
Celsius to Fahrenheit, read the Fahrenheit equiva
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n table was devised by Sauveur and Boylston.
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7808 416  213.33 1382.0 750  398.89 29480 1620  882.22 45140 2490 13656 7952.0 4400 24266
7844 418 214.44 1400.0 760  404.44 2966.0 1630  887.78 45320 2500 13711 80420 4450 24544
7880 420 21556 14180 770 410.00 29840 1640 89333 45500 2510 13767 81320 4500 24822
7916 422 216.67 14360 780 41556 30020 1650  898.89 45680 2520 13822 82220 4550 25100
7952 424 217.78 14540 790 42111 30200 1660  904.44 4586.0 2530 13878 83120 4600 25377
7988 426 21889 14720 800  426.67 30380 1670  910.00 46040 2540 13933 84020 4650 25655
8024 428 22000 14900 810  432.22 3056.0 1680 91556 46220 2550 13989 8492.0 4700 25933
8060 430 22111 1508.0 820  437.78 30740 1690  921.11 46400 2560 14044 8582.0 4750 26211
809.6 432 22222 15260 830  443.33 30920 1700  926.67 4658.0 2570 14100 86720 4800 26488
8132 434 22333 15440 840 44889 31100 1710  932.22 46760 2580 14156 ] 87620 4850 26766
8168 436  224.44 1562.0 850  454.44 31280 1720 93778 4694.0 2590 14211 8852.0 4900 27044
8204 438 22556 1580.0 860  460.00 31460 1730 94333 47120 2600 14267 89420 4950 27322
8240 440 22667 15980 870 46556 31640 1740  948.89 47300 2610 14322 | 90320 5000 27600
827.6 442  227.78 16160 880 47111 31820 1750  954.44 4748.0 2620 14378 | 91220 5050 27877
8312 444 228389 16340 890  476.67 32000 1760  960.00 47660 2630 14433 | 92120 5100 28155
348 446 230.00 1652.0 900  482.22 32180 1770  965.56 47840 2640 14489 | 93020 5150 28433
8384 448  231.11 16700 910  487.78 3236.0 1780  971.11 48020 2650 14544 | 93920 5200 28711
8420 450 23222 16880 920 49333 32540 1790  976.67 48200 2660 14600 = 94820 5250 28988
8456 452 23333 1706.0 930  498.89 32720 1800  982.22 48380 2670 14656 = 95720 5300 29266
8492 454  234.44 17240 940 50444 ' 32900 1810  987.78 4856 0 2680 14711 96620 5350 29544
8528 456 23556 17420 950  510.00 i 33080 1820 99333 48740 2690 14767 97520 5400 29822
856.4 458  236.67 17600 969 51556 ' 33260 1830  998.89 48920 2700 14822 9842.0 5450 30100
860.0 460 23778 1778.0 970 52111 | 33440 1840 10044 49100 2710 148738 9932.0 5500 30377
863.6 462  238.89 17960 980  526.67 | 33620 1850 10100 . 49280 2720 14933 100220 5550 30655
8672 464 24000 | 18140 990 53222 | 33800 1860 10156 | 49460 2730 14589 101120 5600 30933
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Appendix

Metric Conversion Factors*

Joconvers fram
sngatrom

atm

Btu(b)
Btu(b/R*h
Btu(b)/R¥h-*F
Btu(b):f/h-R3°F
Btu(byf?s
Btu(b)in/R?h°F
Btu(b)in./s-f?-°F
Btu(b¥bm*F
cal(b)

caliblem s*C
cal(b)g
cal(blgC

cire mil

'

degree

dyne/cm?

°F

*F

ft

nl

f

f of water{(c)
A?h (thermal diffusivity)
f:lbf

f-lbfis

fus

gauss

gallon(d)

glem?

glem?

To

Pa

Wim?
Wim3K
Wim'K
Wim?
Wim'K
Wim'K
Jkg K
J

WimK

Jg K

Pa
ms
J

w
mls

md

kg/m?
Mg/m?

- _Mull-lply by To convert from To Multiply by
1.0000 x 10 '°(a) hple) w 7.4670 x 107
10133 x 100 hpth w 74600 x 107
1.054 x 10° in. m 2.5400 x 10 ?
3.1525 in3 m? 6.4516 x 10-¢
5.6745 in? m? 1.6387 x 10-¢
1.7296 in. of Hg(g) Pa 3.3884 x 10°
1.135 x 10¢ in. of water(c) Pa 2.4908 x 10?
1.4413 x 10! K °C te = tx - 273.15
5.1887 x 107 kgl N 9.80665(a)
4.1840 x 10° kgl/mm? Pa 9.80865 x 10%a)
4.1840 (a) kai MPa 6.8948
4.1840 x 10%a) kei Pa 6.8948 x 10¢
4.1840 x 10%a) kai, Tn. MPa,m 1.089
4.1840 x 10%a) 1b(h) kg 4.5369 x 10-!
5.0871 x 10°'° Ib/in? kg/m? 2.7680 x 10*
tk = to + 27315 Ibf N 4.4482
1.7453 x 10°7 Ibfin. N'm 1.1298 x 10 !
1.0000 x 10°'(a) bl R N'm 1.3568
te = (by - 32V/1.8 MPa, m MNm-¥? 1.0000(a)
tx = (ty + 458.67)/1.8 pin, m 2.5400 x 10%a)
3.0480 x 10! mil m 2.5400 x 10-%a)
9.2903 x 107 N/m? Pa 1.0000(a)
2.8317 x 10-? oersted A/m 79.678
2.9890 x 107 owft? kg/m? 3.0516 x 10!
2.58064 x 10-%a) psi Pa 6.8948 x 10°
1.3558 ‘R K tx = Lw/l8
1.3558 ton(j) kg 8.0718 x 107
3.0480 x 10! ton(k) kg 1.0160 x 10°
1.0000 x 10-4a) ton/in.? Pa 1.3786 x 104
3.7854 x 10°3 tonne kg 1.0000 x 10%a)
1.0000 x 10°%(a) torr Pa 1.3332 x 107
1.0000(n) O/cire mil'f 'm 1.8624 x 10 *

(8) Exactly. (b) Thermochamical. () At 4 °C (39.2 *F). (d) U.8. liquid. (e) Mechanical (1 hp = 850 ft'1b0s). (N Electrical. (g) At 0*C (32 *F). (g) Avoirdupois, ()

Short; equal to 2000 Ibm. (k) Long; 2240 Ibm.

*Reprinted with permission from H. E. Boyer and T. L, Gall (eds.), Metals Hand-
book—Desk Edition, American Society for Metals, Metals Park, Ohio, 1985,

357



Appendix

C

Converting

Common Units

from the English to
the Metric (SI) System*

*Reprinted with permission from 1977 Metal Progress Databook, American Society for
Metals, Metals Park, Ohio, 1977.
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360 Appendix C

The International System of Units (SI for short) is a modern-
ized version of the metric system. It is built upon seven base
units and two supplementary units. Derived units are related

Matric Conversion Factors

to base and supplementary units by formulas in the right-
hand column. Symbols for units with specific names are given Yo convert from To Multiply by
in parentheses. The information in this Data Sheet, adapted
from the revised "Metyic Practice Guide," Slmcllard E380 ASTM, f;‘;m::‘:gu&ﬁmnm) JP. :gg lz!:éxxl?’o’
includes  selected list of factors for converting U. S. custo- Btu (International Table)/hour | W 2930711 X 10
mary units to SI units. calorie (Intarnational Table) ) 4.186 800°
cantipoise Pa s 5| 1.000000* X 10-
centistoke mi/s 1.000 000* X 104
circular mil m? 5.067 075 X 10-®
Motric Units and Conversion Factors dogres Fahrenhait o¢ €= ("T 32)/1;!
foot m 3.048 000* X 10-
Quantity l Unit Formula foot? m 9.290 304 X 104
foot? m! 2.831 685 X 10
Base Units
foot-pound-force J 1.355 818
e e R
kilogram n m/s 3
time. _——r goken (U3, Souie) m 3TE 412 107
| u ampare (A) horsspowar (elect w 7.460 000" X
:I\:dmr:d;m"::lmumun Kelvin (l(()) inch m 2.540 000 X 10
amount of substance mole (mol) inch? m? 6.451 600" X 10+
luminous Intensity candela (cd) inch? m 1.638 706 X 10~
inch of mercury (60 F) Pa 337685 X 100
Supplementary Units inch of water (60 F) P 24884 X 107
kilogram-force/ centimetre? Pa 9.806 650* X 104
radian (ras i
ror e Kip (1000 1bf) N 448222 X 10°
kip/inch? (ksl) Pa 6.894 757 X 10¢
Derived Units ouncs (U.S. fluid) m 2957353 X 104
" § ounce-force (avoirdupois) N 2,780 139 X 10
:t‘r.nht;.('m matrepar m::rm ' m/a 115 ounce-mass ('::olvdupoll) K 2.834 952 X 10
/ kg/m? | 3.05152 X 10
sourca) 3 1 1 1
angular acceleration radian per second squared | rad/s? :r,&c:ums“ﬁézrg 'l:’/m 2;3? %g § :g;
angular volosity radian par second rad/s pound-force (Ibf svoirdupois) | N 4448222
ares square metre m? pound-mass (Ibm avoirdupois) | kg 4535924 X 10!
wﬂz ) .‘:’,".5'2'}‘) per cublc matrs :me’/v pound-forca/inch? (psi) P 6.894 757 X 10°
s "mw'm Slorna Sy v s pound-mass/Inch? kg/m? | 2767990 X 104
. ”‘M“:Mm o par mats A pound-mass/foot? kg/m? 1.601 846 X 10
Mu“r:lol henry (H) Vis ik quart (U.S. liquid) m! 9.463 529 x 10+
olectric potentia) ditferenca | voit (V) W/A ton (short, 2000 lbm) iq 9.071 847 X 107
electric resistance ohm () V/A torr (mm-Hg) Pa 133322 X 10?
s iepian ot Wi watt-hour J 3,600 000* X 10
- i N yard m 9.144 000* X 10!
o fouls () L yard! m 8.361 274 X 10
frequency hertz (M2) (cyclo)/s *Exact
illuminance lux (Ix) Im/m!
luminance candala per square metre | cd/m?
luminous flux lumen (Im) cd * sr
magnetic fisld strength ampare per melre A/m
magnetic flux weber (Wb) Yeu
magnetic flux donsity tosle (M Wb/m? Multiplication Factors Profix | 8! Symbol
magnetomoative force ampare (A) —_—
posrer watt (W) i3 1000 000 000 000 = 10" tora 7
prossure pascal (Pa) N/m? 1000 000 000 = 10° glge G
quantity of electricity coulomb (C) Aes 1000 000 = 10* mega M
quantity of heat Joulo (J) Nem 1000 = 10° kilo k
radiant Intensity watt per steradian W/ 100 = 10 hecto® h
specific heat Joule per kilogram-ketvin | J/kg * K 10=10 doka® da
stress pascal (Pa) N/m! 01=10" deci® d
thermal conductivity watt par metre-kelvin W/m e K 0.01 = 107 conti® ¢
wvalocity metre per second m/s 0.001 =107 milli m
viscosity, dynamic pascal-second Pa v s 0.000 001 = 10+ micro n
:n;;coﬁty. kinematic square matre per second | m/s 0 % 000 001 = 10 nano n
itage volt (V) W/A 0.000 000 000 001 = 10-? ico p
volume cubic metre m? 0.000 000 000 000 001 = 10-" :cmlo 1
:;::num!m Im:wa;.l metre gun)/m 0.000 000 000 000 000 001 = 10-"* stto [
jouls *m

*To be avoided where possibla

Appendix

Rockwell C and B
Hardness Numbers
for Steel*

*Reprinted with permission 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 D Hardness Numbers for Steel 363

Rockwall i
—Rockwoll hordnans No.—  Rockwall 1up ) Knoop Rock: Rock S, ¢ :;::' " ?@ "n::‘-:'.::r;fm-l ::‘u " Rock-
Rock- Brinall hordnass Mo., A scale, B scole, 0 scale.  hordaass Ho., superficial hord-  Shere wall woll ' Brinoll hordnoss  60-kg 150-kg $0kg  —1/16:n.diom i "“' sm'": l'.l"
el 3000-kg lood. 80-kg 100-kg 100-kg ,—Bralo indonter——  nots  Sclore- Tonsile C-‘ D-scole Vickers No., 10.mm. od load, loed, 1“7 F “."' Tensile 1o
C-scale Vickers ~—10-m@ :""ﬂ o llll'l.‘i; "":. ‘l:: '::: ‘::: . :‘.":' m‘::;m :‘.:" "-‘.':‘ ":.':. &-:iu :;2‘ ? Brale  1/16-in.. sesle.  scale,  scale, hotd-  streagth :::4
herd-  hord- vagiten §-ia.- iy . o e kg kg - diom 15.kg 30-kg 45-kg load and  mess  (opprox), mess
. A . 45-k( noss (opprox), ness
fas gy Stenewd o o Wiy N iy Soss: Tuppsel. oo Mo.  Mo.  flood  losd  denter  deater  bal  lesd  losd  losd  graster Mo 1000 psi Mo,
Rockwell C-Scale Hardness Numbers B zzeRo:::vell1 SQScaIe H‘;‘:"”’ Numbers
8 840 ... ... SE& .. 763 832 844 764 920 97 ... Bf 37 222 184 272 o5 (s . az1 811 699 236 33 1o a7
67 900 ... ... 880 T 764 929 836 742 895 35 e 87 96 216 179 216 589 (17.2) ... 918 B804 689 231 32 102 96
66 886 ... ... 848 7 784 928 828 T3 azg 9';' we 98 95 210 175 210 683 (167) ... 915 798 679 226 ... 99 95
65 832 ... (739) 839 T 745 922 819 720 8 Ao 94 205 171 205 576 (143) ... 912 791 669 221 31 97 94
61 800 . (122) 84 ... 78 s 81 70 B2 D 93 200 167 200 570 (130) ... 908 784 659 216 30 94 93
63 772 ... (708) B2.8 73.0 9.4 B0 699 ;3: B o o 92 195 163 195 664 (11.7) ... 905 778 648 211 ... 92 92
62 748 ... (688) 823 ;:: :10; ,7:: :;; e B & 91 190 160 190 558 (10.4) ... 902 771 638 206 29 90 91
61 720 ... (670) 818 : - : : 90 185 157 185 562  (92) ... B899 764 628 201 28 88 90
60 697 ... (684) B1.2 707 902 776 686 732 8 ... 60 89 180 154 180 6546 (80) ... 895 758 618 196 27 86 89
59 674 ... (634) 807 699 B89.8 766 665 710 80 351 59 88 176 151 176 640  (6.98) ... 892 751 608 192 ... B4 88
58 653 ... 615 801 e9.2 893 767 643 6% 78 338 658 87 172 148 172 534 (68) ... 889 744 6598 188 26 82 87
57 633 ... 595  79.6 e85 889 748 632 670 76 325 57 86 169 145 169 528 (47) ... 886 738 588 184 26 81 86
56 613 ... 577 79.0 677 883 739 620 ‘650 75 313 66 g5 165 142 165 523 (36) ... 882 731 578 180 25 79 85
55 896 ... 560 78.5 66.9 87.9 73.0 609 630 74 301 655 84 162 140 162 517 (25 ... 879 724 568 176 ... 78 84
54 677 ... 543 78.0 661 87.4 720 598 612 72 292 54 83 159 137 159 511  (14) ... 876 718 558 173 24 76 83
53 560 ... s25 774 65.4 869 7.2 586 594 71 283 53 82 156 135 156 506 (0.3) ... 873 711 548 170 24 75 82
52 544 (500) 612  76.8 646 86.4 702 674 576 69 %i g? 81 153 133 153 500 ... ... 869 704 538 167 ... 73 81
51 528 (487) 4% 763 638 859 9.4 B61 558 5: e 20 50 180 1) 180 A5 . o 866 697 528 168 23 72 80
481 789 631 856 685 860 6542 6 147 488 ... " 863 691 518 161 ... 70 79
38 :1: :x:; 469 752 621 860 67.6 538 526 66 246 49 78 144 126 144 484 ... ... 860 684 508 158 22 69 718
48 484 (4B1) 488 747 """ 1.4 845 667 626 610 64 238 48 77 141 124 141 479 ... ... 856 6177 498 155 22 68 77
47 471 442 443 741 """ eo.8 83.9 668 61.4 4395 63 229 47 76 139 122 133 473 ... ... 853 671 488 152 .. 67 16
46 468 432 432 736 "' eo.0 83.6 648 803 480 62 221 46 75 137 120 137 468 ... 996 B850 664 478 150 21 66 75
46 448 A1 421 731 """ ge.2 83.0 64.0 49.0 466 60 215 45 74 135 118 135 463 ... 991 B47 657 468 148 21 65 74
44 434 409 409 725 "' a5 82.5 631 47.8 452 58 208 44 73 132 116 132 458 ... 985 843 651 458 145 ... 64 73
43 423 400 400 720 " g7.7 82.0 622 467 438 57 201 43 72 130 114 130 453 ... 980 B840 644 448 143 20 63 72
42 412 3% 3% 7.5 """ ge.e 81.5 61.3 455 426 56 194 42 71 127 112 127 448 ... 974 837 637 438 141 20 62 7
41 402 381 381 709 s §6.2 80.9 604 443 414 55 188 41 ;g gg : (1) 0 :25 44.3 ... 968 834 631 428 133 ... 61 70
: 1 402 54 182 40 9 123 438 ... 962 830 624 418 137 19 60 69
4 32 3n Im 04 o 0 95 e 4 39 82 177 39 68 121 107 121 433 ... 956 827 617 408 135 19 59 68
39 sz 362 302 GOS8 - 38 79.4 677 408 380 51 171 38 67 119 106 119 428 ... 951 824 61.0 398 133 19 58 67
38 372 383 363 ‘:'9 "' g3q1 788 668 396 370 50 166 37 66 117 104 117 423 ... 945 821 604 387 131 ... 57 66
Dom oM M Mo B oA ows BN RO 2 MM E s C EmEnE e
: X &7 135 . - ! ; 0 367 127 18 ... 64
3% 345 2327 327 618 (1085 61.8 77.7 8.0 37.2 351 48 1 g2 11z e 12
53 34 409 ... 928 811 584 357 1256 18 ... 63
34 336 318 319 674 (1080) 508 77.2 842 364 342 47 & L o g 4
y ‘e 334 46 149 33 04 ... 922 808 577 347 124 ... ... 62
33 3 o o ees (078 800 TR BT [T 6w s n2 61 108 96 108 400 ... 917 805 570 337 122 17 ... 61
32 318 301 301 6.3 (107.0) 49.2 764 52, X
31 30 294 294 658 (1060) 484 766 613 325 318 43 141 3 60 107 95 107 395 ... 911 801 664 327 120 ... ... 60
s 313 311 42 138 30 59 106 94 106 390 ... 905 798 557 317 18 ... ... 59
30 302 286 286 66.3 (106.5) 47.7 75.0 BO. . 41 135 29 58 104 92 104 386 o 90.0 795 650 307 117 58
30 204 279 279 647 (1045) 47.0 745 498 301 305 L o0 g §7 103 91 103 381 ... B34 792 544 297 W6 ... ... 67
28 288 2N 277 643 (1040) 481 73.9 486 209 287 A0 o0 O, 66 101 80 101 37.7 - 888 788 637 287 114 ... ... 68
27 279 264 264 638 (103.0) 48.2 733 477 27.8 29 25 26 86 100 .89 100 37.2 """ g2 7865 630 277 12 ... ... 65
21 392 258 288 633 (1025) 446 728 488 207 264 38 1 8 s
25 2088 283 253 628 (101.5) 43.8 722 489 26.6 278 38 123 %4 (8) For cerbon and alloy steels in the annealed, normalized, and quenched-and-tempered conditions ; less
24 200 247 247 62.4 (101.0) 431 716 450 243 272 37 117 2 accurate for cold worked condition and for austenitic steels. The values in boldface type correspond to the
23 254 243 243 62.0 100.0 421 71.0 440 231 268 36 11 : values in the joint SAE-ASM-ASTM hardness conversions as printed in ASTM E140. Table 2. The values in
22 248 237 237 61.5 990 41.6 705 432 220 261 35 114 ? parentheses are beyond normal range and are given for information only
21 243 2 231 61.0 985 409 69.9 423 207 256 35 112 2




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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366  Appendix E

alculated
rni:r-i-rg:dnin "5:::(1:::(’0! mi:riTgTain "g:iame!er" 9r
size_ number average grain size_ number average grain
mm in, mm in.
x10°3 x10°-3
00 0.508 20.0 1.5 0.027 1.05
0 0.359 14.1 - 0.025 0.984
0.5 0.302 119 8.0 0.0224 0.884
1.0 0.254 10.0 0.0200 0.787
0.250 9.84 8.5 0.0189 0.743
1.5 0.214 841 9.0 0.0159 0.625
0.200 7.87 %0150 0.591
0.180 7.09 9.5 0.0134 0.526
2.0 0.179 1.07 10.0 0.0112 0.442
2.5 0.151 5.95 0.0100 0.394
0.150 591 10.5 0.00944 0.372
3.0 0.127 5.00 0.00900 0.354
- 0.120 4.72 0.00800 0.315
3.5, 0.107 4.20 11.0 0.00794 0.313
0.099 3.90 0.00700 0:276
4.0 0.090 3.54 11.5 0.00667 0.263
4.5 0.076 2.97 0.00600 0.236
0.070 ° 2.76 12.0 0.00561 0.221
5.0 0.064 2.50 0.00500 0.197
0.060 2.36 12.5 0.00472 0.186
5.5 0.053 2.10 0.00400 0.158
0.050 1.97 13.0 0.00397 0.156
6.0 0.045 1.77 13.5 0.00334 0.131
0.040 1.58 0.00300 0.118
6.5 0.038 1.49 14.0 0.00281 0.111
0.035 138 0.00250 0.098
1.0 0.032 1.25
0.030 1.18

Appendix

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 100X . 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™* cm, then the 0.01-cm dimension could also be labeled as 100
pum (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 pm.

In general,

- x
y x 1074

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 um. In such cases, the marker corresponding to a cer-
tain value in angstroms () may be used. 1 A is equal to 10~ cm, so0 in
this case the marker dimension ¥ in angstroms would be obtained
from the equation as 40,000 = 1/(y x 108). Then y = 2500 A.
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368 Appendix F

For the SI 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 um 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 pm.

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 of 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.

adheslve 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.

alligatoring The longitudinal splitting of flat slabs in a plane parallel to the
rolled surface. Also called fishmouthing.

alligator skin See orange peel.

amblent 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.

axlal Longitudinal, or parallel to the axis or centerline of a part. Usually re-
fers to axial compression or axial tension.

axlal straln Increase (or decrease) in length resulting from a stress acting
parallel to the longitudinal axis of a test specimen.

*Reprinted with permission from Metals Handbook, 9th edition, vol. 11: Failure Anal-
ysis and Prevention, American Society for Metals, Metals Park, Ohio, 1986.
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370 Glossary

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 or 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 stress See rupture stress.

Brinell 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

HB = =
«D(D - VD? - d%
where P is applied load, kgf; D is diameter of ball, mm; and d is mean di-
ameter of impression, mm.

Brinell 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 26° 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
!evel 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

Im _-p_1

K =
A A B

where K is bulk mpdulus of elasticity, 0,, is hydrostatic or mean stress ten-
sor, p is hydrostatic pressure, and B is compressibility. Also known as bulk
modulus, compression modulus, hydrostatic modulus, and volumetric mod-
ulus of elasticity.

carbon ﬂo_tatlon Segreg\ation 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 cavi lidificati
shrinkage, and solid shrinkage. ¢ e

cats_lstrophlc wear Rapidly occurring or accelerating surface damage, dete-
rl'orat.lon, 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 embrittiement See caustic cracking.

cavitation The forn?ation 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 damaqe Thg degradation of a solid body resulting from its expo-
sure to caV{tatlon. This may include loss of material, surface deformation,
or changes in properties or appearance.

cavitation eroslon 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 rubbin ;
another body. See also fretting. ged by g against

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 bel'xind the notch by a
gtriker mounted at the lower end of a bar that can swing as a pem.iulum.
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 Izod test.
i i hear ledges) that
chevron pattern A fractographic pattern of radial ma.rks (s
looks 15{9 nested letters V; sometimes called a herringbone pattem. Chev-
ron patterns are typically found on brittle fracture surfaces in pgrts whose
widths are considerably greater than their thic}mesees. The points of the
chevrons can be traced back to the fracture origin.

chill 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.

tion across a crystallo-

cleavage (1) Fracture of a crystal by crack propagation acr .
grap%ic plane of low index. (2) The tendency to cleave or split along definite
crystallographic planes.

cleavage crack A crack that extends along a plane of easy cleavage in a crys-
talline material.

i tal, in which

cleavage fracture A fracture, usually of a polyc?yst.alhn.e metal, in
mos(:g of the grains have failed by cleavage, resulting in bnght' 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 crystallograp.hic plane or set of planes in a
crystal on which cleavage fracture occurs easily.

idi turely and is em-
cold shot A small globule of metal that solidified premature
bedded in but not entirely fused with the surface of the casting.

i inui i i th the surface of a cast-
cold shut A discontinuity on or immediately ben?a t :
ing, caused by the meeting of two streams of liquid metal that fmled'tﬁ
merge. A cold shut may have the appearance of a crack or seam wit

smooth, rounded edges.

ted grains formed
columnar structure A coarse structure of parallel, elonga : '
by unidirectional growth that is most often observ'ed in castings. Thxs_ re-
sults from diffusional growth accompanied by a solid-state transformation.

i al material consisting

composite material A hetereogeneous, golid structural ¢

of pt.wo or more distinct components that are mecha.mcall'y or mef,allurgl-

cally bonded together, such as a wire or ﬁlax{xent 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. With a brittle material that fails in compression by frac-
turing, the compressive strength has a definite value. In the case of ductile,
malleable, or semiviscous materials (which do not fail in compression by a
shattering fracture), the value obtained for compressive strength is an ar-
bitrary 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 fatigue Cracking and subsequent pitting of a surface subjected to al-
ternating hertzian 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 the
material and its properties. See also corrosion fatigue, crevice corrosion,
denickelification, dezincification, erosion-corrosion, exfoliation, filiform cor-
rosion, fretting corrosion, galvanic corrosion, general corrosion, graphitic
corrosion, impingement attack, interdendritic corrosion, intergranular cor-
rosion, internal oxidation, oxidation, parting, pitting, poultice corrosion,
rust, selective leaching, stray-current corrosion, stress-corrosion cracking,
and sulfide stress cracking.

corrosion fatigue Cracking produced by the combined action of repeated or
fluctuating 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 extenslon, Aa An increase in crack size. See also crack length, effective
crack size, original crack size, and physical crack size.

crack length (depth), &8 In fatigue and stress-corrosion cracking, the physical
crack size used to'determine 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 (CMOD) See crack opening displace-
ment.

crack opening displacement (COD) On a K, specimen, the opening dis-
placement of the notch surfaces at the notch and in the direction perpen-
dicular 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, & A lineal measure of a principal planar dimension of a crack.
This measure 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 straln A stress-strain field near a crack tip that approaches
plane strain to the degree required by an empirical criter‘ion.

creep The time-dependent strain occurring under stress. The creep strain oc-
curring at a diminishing rate is called primary or transient creep; that oc-
curring at a minimum and almost constant rate, secondary or steady-rate
creep; 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. E

creep stress The constant load divided by the original cross-sectional area
of the specimen.
crevice corroslion 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 gand into
the mold cavity when the mold is closed.

crystalline fracture A pattern of brightly reflecting crystal facets on the frac-
ture surface of a polycrystalline metal, resulting from cleavage fracture of
many individual crystals. Contrast with fibrous fracture and silky fracture;
see also granular fracture.

cup fracture (cup-and-cone fracture) A mixed-mode fracture, often seen in
tension test specimens of a ductile material, where the central portion 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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cup; it has a central depressed flat-face region surrounded by a shear lip.
The other fracture surface looks like a miniature truncated cone.

cupplng . The f:ondition 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 mold or core.

cycle, N In fatigue, one complete sequence of values of applied load that is
repeated periodically.

cyclic load (1) Re:petitive loading, as with regularly recurring stresses on a
part, tha§ sometimes leads to fatigue fracture. (2) Loads that change value
by following a regular repeating sequence of change.

cyclic stressing See cyclic load.

decarburization Lo.ss 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.

deformatign 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 i i
. i : ; grains during cold
working which differ variably in orientation from the matrix, ahss

deformation curve See stress-strain diagram,

depdrlte' A crystal with a treelike branching pattern. Dendrites are most ev-
ident in cast metals slowly cooled through the solidification range.

den.lckellﬂcatlgn' 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
?urf;a:?e or preferentially from grain-boundary regions. See also selective
eaching.

deposit attack See poultice corrosion.

deposit corrosion See poultice corrosion.

dezlnclf'lc‘atlon Corrosion in which zinc is gelectively 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.

dlamond 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-
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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-
gide the body. Contrast with brittle crack propagation.

ductile eroslon 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 plastically before fracturing.
Measured by elongation or reduction of area in 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 brittleness; see also plastic deformation.

dynamlc Moving, or having high velocity. Frequently used with high strain
rate (>0.1 s~ %) testing of metal specimens. Contrast with static.

effective crack size, a, 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 in 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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elonga.tlon 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:

L-L,
L,

Elongation, % = x 100

whgre L, is original gage length and L, is final gage length. See also elon-
gaton.

embrittlement The severe loss of ductility and/or 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
fre'ﬁnce of a moving corrosive fluid, leading to the accelerated loss of ma-
erial.

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. '

fallure A general term used to imply that a part in service (1) has become
complett.aly inoperable, (2) is still operable but is incapable of satisfactorily
pe;formmg its intended function, or (3) has deteriorated seriously, to the
point that it has become unreliable or unsafe for continued use.

fals‘e brinelling Damage to a sol_id 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 hgving 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 gr.owth rat.a, da/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 Fail‘ure that occurs when a specimen undergoing fatigue com-
pletely fracture.s mt'o two parts or has softened or been otherwise signifi-
cantly reduced in stiffness by thermal heating or cracking. Fatigue failure

——em.
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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 stress.

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 leads to fatigue fracture
in a specified number of stress cycles. If the stress is not completely re-
versed, the value of the mean stress, the minimum stress, or the stress ratio
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, ¢ An estimate of the effect of a notch or hole of a
given gize and shape on the fatigue properties of a material; measured by
q = (K, - D/(K, - 1), where K, is the fatigue notch factor and K, is the
stress-concentration factor. A material is said to be fully notch-sensitive if ¢
approaches a value of 1.0; it is not notch-sensitive if the ratio approaches 0.

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 of 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.

fiber-reinforced composite A material consisting of two or more discrete
physical phases, in which a fibrous phase is dispersed in a continuous ma-
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 stress 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.

filbrous fracture A gray and amorphous fracture that results when a metal is
sufficiently ductile for the crystals to elongate before fracture occurs. When
a fibrous fracture ia 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.

flbrous 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 corroslon Corrosion that occurs under some coatings in the form of
randomly distributed threadlike filaments.

fisheye 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.

fishmouthing 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 afterhot 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 a 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 (<25x); microfractography
high magnification (>25x),

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
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examined with the unaided eye or with a low-power micros'cope to d_et.er-
mine such factors as composition, grain size, case depth, or discontinuities.
ture toughness A generic term for measures of resistance to the exten-
"ascion ofa cgrack. The tegrm 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 qowhed or
precracked specimens not based on fracture mechanics analysis. Results
from tests of the latter type are often useful for frac.ture control, based on
either service experience or empirical correlations with fracture mechanics

tests. See also stress-intensity factor.
fretting Wear that occurs between tight-fitting surfaces subjected to oscilla-

tion at very small amplitude. This type of wear can be a combination of ox-
idative wear and abrasive wear. See also fretting corrosion.

i i the interface between contacting sur-
fre;;:g Z:rtr}?: l:er;ul’f};? g;rt:;g::t;r:iztlight 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 Fesults in
localized welding with subsequent spalling and a further roughening of the
rubbing surfaces of one or both of two mating parts.

galvanic corrosion Accelerated corrosion of a metal because o'f an electris:al
contact with a more noble metal or nonmetallic conductor in a corrosive
electrolyte.

gas hole A holeina 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 metal that. are cai.used by en-
trapped gas or by evolution of dissolved gas during solidification.

general corrosion A form of deterioration that is distributed more or less
uniformly over a surface. See also corrosion.

glide See slip.

graln An individual crystal in a polycrystalline metal or alloy, including
twinned regions or subgrains if present.

i i i ich the orientation

rain boundary An interface separating two grains at which t
8 of the lattice changes from that of one grain to that of tl}e other. When the
orientation change is very small, the boundary is sometimes referred to as

a subboundary structure.

grain-boundary corrosion Same as intergranular corrosion; 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 re-
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 fracture;
however, the inference that the metal broke because it “crystallized” 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 intact; 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
abrasion; 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
hardness; 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 lines See Liiders 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 10° 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, cracking, blister-
ing, and hydride formation that can occur when hydrogen is present in
some metals.

hydrogen embrittlement 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 Izod 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.
Intercrystalline corroslon See intergranular corrosion.
Intercrystalline cracking See intergranular cracking.

Interdendritic corrosion Corrosive 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.

lntergranular corrosion  Corrosion occurring preferentially at grain bound-
aries, usually with slight or negligible attack on the adjacent grains. See
also interdendritic corrosion.

lnterg.ranular 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.

Intracrystalllne 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 Charpy 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,, is the critical value of the JJ 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 172° 30’ and
130° 0' computed from the equation

N
0.07028d2
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where P is applied load, kgf; 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 diamond indenter having speci-
fied edge angles, under specified conditions, 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.

linear-elastic 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 embrittlement 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.

longltudinal 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.

Liders 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 45° to the loading axis. Caused by localized plastic deforma-
tion, they result from discontinuous (inhomogeneous) yielding. Also known
as Liiders bands, Hartmann lines, Piobert lines, or stretcher strains.

macroscoplc Visible at magnifications at or below 25 x.

macroshrinkage 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-
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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.

malleability 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.

mechanlical (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.

mechanlcal 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.
microcrack A crack of microscopic proportions, Also termed microfissure.
microfissure See microcrack.
microporosity Extremely fine porosity in castings.
microscoplic Visiblzf only at magnifications above 25x.

microshrinkage 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 25x,

misrun 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, £ (1) The measure of rigidity or stiffness of a metal;
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the ratio of stress, below the proportional limit, 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 the 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, S, 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

Sy = —

]
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 torslon, S, The value of maximum shear stress in the
extreme fiber of a member of circular cross section loaded to failure in tor-
gion, computed from

Tr
S, =—
td
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 embrittlement 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.

nomlnal 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 aculty 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-test specimen di-
vided by the minimum cross-sectional area (the area at the root of the
notch). Also called notch tensile strength.

notch tenslile 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, a, The physical crack size at the start of testing.

oxldatlon (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,

oxldative 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.

oy



Jus wiossary

physical crack size, a, 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-
gitive to structure and can be measured without the application of force; 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 Liders 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 straln 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 (i.e., parallel to the
crack front); most nearly 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 zero; 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 tritology, the formation of grooves by plastic deformation of the
softer of two surfaces in relative motion.

Polsson’s ratlo The absolute value of the ratio of the transverse strain to
the corresponding axial strain, in a body subjected to uniaxial stress; usu-
ally applied to elastic conditions.
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polycrystalline 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 pbwder

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 mmal 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 zero; (2) biaxial, a state of
stress in which only one of the three principal stresses is zero; or (3)
triaxial, a state of stress in which none of the principal stresses is zero.
Multiaxial stress refers to either biaxial or triaxial stress.

proportional limit The maximum stress at which strain remains directly pro-
portional to stress; the upper end of the straight-line portion of the stress-
strain or load-elongation curve. See also elastic limit,

quasicleavage 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,

radliation 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 of 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.

rattall 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 area The difference 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 facets; 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 (¥ie- or ¥-in)-diameter steel ball is used as the

indenter.

Rockwell superficial hardness number See Rockwell hardness number and
Rockwell superficial hardness test.

Glossary 391

Rockwell superficlal 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.

scab 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 AISI W-5 tool steel test block.

Scleroscope hardness test A dynamic indentation hardness test uging 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 unfused 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,
denickelification, dezincification, 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.

ghatter crack See flake.

shear bands Bands in which deformation has been concentra.ted
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 shear stress (65° to .the
compression direction), They carry most of the deformation at large strains.

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.

ghear llp A narrow, slanting ridge along the edge of a fracture surface, The
term sometimes also denotes a narrow, often crescent-shaped, fibrous re-
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.

shear straln 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 material is capable of sus-
taining. Shear strength is calculated from the maximum load during 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 resultsin a very
rapid buildup of stress—for example, piston loading in internal combustion

engines.
shrinkage See casting shrinkage.

shrinkage cavity A void left in cast metals as a result of solidification shrink-
age. Shrinkage cavities occur in the last metal to solidify after casting.

sliky 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.

S-Ncurve A plot of stress (S) against the number of cycles to failure (V). The
stress can be the maximum stress (S,,,,) or the alternating stress ampli-
tude (S,). The stress values are usually nominal stress, i.e,, there is no ad-
justment for stress concentration, The diagram indicates the S-N relation-
ship for a specified value of the mean stress (S,,) 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 S-N diagram.

S-N diagram See S-N curve.

solldification shrinkage The reduction in volume of metal from beginning to
end of solidification.

solidification shrinka~> 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.

spalling The cracking and flaking of particles out of a surface,

static Stationary or very slow. Frequently used in connection with routine
tension testing of metal specimens. Contrast with dyrnamic.

static fatigue See hydrogen-induced delayed cracking.
steady-rate creep See creep.
strailn 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 (Ib/in%) 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, fillets, holes, etc. Also called stress raiser.

stress-concentratlon 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,

stress-corroslion cracking, SCC 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.

stress cycle The smallest segment of the stress-time function that is re-
peated periodically.

stress-Intensity 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 fracture toughness. Various subscripts are used to denote dif-
ferent loading conditions or fracture toughnesses:

K, Plane-stress fracture toughness. The value of stress intensityat
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,, Plane-strain fracture toughness. The minimum value of K, 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,y Dynamic fracture toughness. The fracture toughness determined un-
der dynamic loading conditions; it is used as an approximation of K;, for
very tough materials.

Kuo. Threshold stress intensity for stress-corrosion cracking when loading
conditions meet plane-strain requirements.

Ko Provisional value for plane-strain fracture toughness.

K;, 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 ratlo, 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 = S,/S,,, and (2) the ratio of
the minimum stiress to the maximum stress, B = S_;,/Smax-

stress-rupture strength See creep-rupture strength.
stress-straln curve See stress-strain diagram.

stress-strain dlagram 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 Liiders lines.

strlation 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. The
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 1° within the main grains of a
microstructure.

subgrain A portion of a crystal or grain, with an orientation slightly differ-
ent from the orientation of neighboring portions of the same crystal.
subsurface corroslon See internal oxidation.

sulfidation 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, SSC 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.
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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.

tenslle testing See tension testing.
tension The force or load that produces elongation.

tension testing A method of determining the behavior of materials 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.
tertlary 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 distribution 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.

torslon 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.

transcrystalline See transgranular.
transcrystalline 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

ulossary 997

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 transcrystalline 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,

tribology ' 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®2 - 18544P
d2 d2
where P is applied load, kgf; d is mean diagonal of impression, mm; and « 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 loss 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.

yleld Evidence of plastic deformation in structural materials. See also creep
and flow.

yleld polnt 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.

yleld 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. :

yleld 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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1,3-di-n-butyl-2-thiourea, 60
2-butyne-1,4-diol, 63, 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

Aging, 286, 290, 291, 295

Air blast, 48, 62

AISI 1008 steel, 266

AISI 1030 steel, 247

AISI 10356 steel, 227

AISI 1046 steel, 242

AISI 1050 steel, 232, 238, 242

AISI 1085 steel, 50, 53, 54

AISI 10B21 steel, 234, 248-250, 252, 253

AISI 10B62 steel, 229

AISI 4140L steel, 234, 252, 253

AISI 4340 steel, 217-219, 223, 254-264

AISI 4817 steel, 239

AISI 6118 steel, 226

AISI 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

Arrest marks, 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

Backscattered 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, 168, 226,
230, 240, 243, 340

Bending load, 347

Bending overload, 227, 229-232, 249, 347

Bending stress, 281, 294

Bragg’s law, 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
Carbontetrachloride, 49
Carburization, 247, 324-327
Carcinogens, 49

Case hardened, 4, 45

Case studies, 271

401
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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,
268, 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, 63, 61, 71

Chromium plating, 321

Clamshell marks, 234

Cleaning, 31, 57, 58, 62, 71

Cleavage, 5, 63-66, 120, 126-127, 129,
131-134, 136-139, 151-154, 170, 176,
188, 189, 254, 281, 266, 267, 307,
325, 327

Cleavage fracture, 128

Cleavage plane, 131-133, 135, 170, 266

Cleavage step, 132, 1356

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, 175-1177,
234-236, 238, 239, 242, 243, 250,
265, 299, 314

Conchoidal marks, 1756-177, 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, 563, 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, 169

Crack nucleation, 184

Crack opening, 163

Crack propagation, 101, 134, 137, 138,
162, 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, 1156

Creep fracture, 116, 183

Creep rate, 116

Creep voids, 183

Critical resolved normal stress, 126

Critical resolved shear stress, 120, 121,
124, 126

Critical stress intensity factor, 111

Cross slip, 124

Crows-feet markings, 185

Crystalline, 107

Crystallographic twins, 128

Cup & cone fracture, 97, 108, 215, 217,
223, 226

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, 156, 166

Defects, 159

Deformation bands, 168, 275, 276, 279

Delamination, 4

Delta Ferrite, 337, 344, 345, 347

AK, 113

Dendrites, 179, 180, 306, 307, 344, 345

Depth of field, 14-17, 22

Depth of focus, 36

Design errors, 2, 3

Desiceant, 42, 45

Desiccator, 45

Detergent, 50, 68, 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, 200202, 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,
216, 217, 225, 226, 228, 229, 259

Ductile behavior, 107

Ductile cleavage, 148

Ductile crack, 161

Ductile fracture, 38, 97, 105, 1086, 225

Ductile hairlines, 186

Ductile overload, 214

Ductile tearing, 53, 325

Ductility, 45, 77, 78, 107

Dust, 58

Dyes, 58

Energy dispersive spectrometry (EDS),
217, 28, 58, 69, 273-2175, 277, 282,
284, 297, 302, 303, 329, 330, 336,
339, 342

Effluents, 312, 317

Elastic deformation, 3, 74

Elastic energy, 108-110

Elastic limit, 74

Elastic modulus, 77, 78, 109

Elastic strain energy, 110

Electrolyte, 51

Electromagnetic deflection, 36

Electron detector, 20, 21

Electron diffraction, 30, 32

Electron shell, 23

Electrostatic precipitator, 312, 313

Elongated dimples, 143, 146

Elongated inclusions, 302, 303

Elongated porosity, 284

Elongation, 78

Index 403

Embrittlement, 4

Endox, 60, 62

Endurance limit, 295

Engineering strain, 76

Engineering stress, 76

Engineering stress-engineering strain
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, 286, 286

EX186 steel, 52

Exothermic reaction, 304

Extension rate, 214

Extraction replica, 68

Extrusions, 168, 169

Eyepiece, 8, 13

Fabrication, 3

Failure, 2

Failure analysis, 2

Failure mode, 67

Fan, 134

Fan blade, 280, 281

Fast fracture, 226

Fatigue, 56, 169, 188, 234, 235, 296, 301,
314

Fatigue crack, 168, 162, 163, 175, 226,
229, 233, 238, 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, 167

Fatigue limit, 113

Fatigue loading, 112, 167, 168

Fatigue marks, 242

Fatigue precrack, 60, 651

Fatigue rupture, 176

Fatigue strength, 113, 295, 317

Fatigue striations, 50, 63-65, 163-171,
178-175, 187, 188, 233, 250, 253,
255, 256, 258, 259, 261, 265, 301,
303, 315
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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, 556

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 mechanics, 7, 56, 107, 112

Fracture mechanism, 5, 119

Fracture micromechanics, 119

Iraceure mode, 5, 186, 213, 214

Fracture plane, 160 1

Fracture toughness, 50, 111, 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, 68

H11 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, b

Hot crack, 347

Hot short splits, 4

Hot tearing, 181

Howell & Boyde method, 39, 41

Human eye, 13

Hydrochloric acid, 63, 56, 60, 62, 71

Hydrogen, 51, 60

Hydrogen blisters, 62

Hydrogen embrittlement, 3, 156,
1856-187, 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, 201, 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,
165-157, 171, 179, 180, 182-185,
2056, 266-268, 330-332, 334

Intrusion, 1568

Kalling’s etch, 338
Ketones, 49, 58
Keyways, 246, 247
K, 111

K, 85, 87, 317

Lacquer, 56 .
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

Index 405

Microfractographic features, 248
Microfractography, 119
Micropores, 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

Notch, 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

0il, 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, 268, 261, 325, 329,
332, 334

Pearlitic steel, 100

Peening, 247

Penetration, 4

Perspective, 36

Phase diagram, 286, 289

Phosphoric acid, 63, 61, 71

Photogrammetry, 39, 40

Photographic plane, 40

Photomultiplier, 20

Pinhole photographs, 11

Pitting, 316-317, 319

Planar slip, 188

Planck’s constant, 256

Plane strain, 92, 94-96, 102, 103

Plane stress, 91-93, 102

Plastic deformation, 3, 74, 129, 139, 141,
168, 167, 158, 170, 181, 182, 219,
2217, 228, 233, 277, 282, 297, 321,
330, 338

Plate fracture, 106

Plate thickness, 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, 66

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, 264

Radial marks, 103-105, 215, 218, 219,
222-224, 226, 230, 232, 248-260,
262-265, 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, 82-34, 42, 48, 49, 58, 69,
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, 160, 234

River pattern, 132, 135, 138, 152

Rock candy fracture, 330

Rodine # 60, 72

Rolling contact fatigue, 3

Rosettes, 161, 153, 164

Rotating beam fatigue, 263

Rotating bending, 236, 238-240, 242

Rotation method, 36

Rub marks, 204, 2056

Rubbing, 176, 226, 297, 301, 338

Rupture, 156

Rupture life, 116

Rust, 31, 32, 34, 49, 62, 71, 341

Rust inhibitors, 66

Rustarest, 71, 72

SAE 1050 steel, 231

Safety factor, 295

Salt steam spray, 60

Saltwater, 335

Sample preparation, 31

Sand casting, 286

Scanning electron microscopy (SEM), 17,
19, 20, 22, 34

Scintillator, 20

Scraping, 204, 208

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, 120-128, 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

Index 407

Stable crack, 46

Stable crack growth, 54, 101

Stage I of fatigue, 158161

Stage II of fatigue, 159, 161, 163, 174,
176

Stage III of fatigue, 176

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, 569-61

Stereo pairs, 38-40, 191-194, 200-202,
332

Stereo projection, 39

Stereo viewer, 31

Stereopsis, 38

Stop marks, 234

Strain hardening, 76, 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,
2179, 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
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Tearing, 3, 4, 163, 165, 204

Tearing topography surface, 163, 155,
1566

Tectyl 506, 46—48

TEM fractographs, 190

Temper embrittlement, 1567, 328

Temperature, 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, 66, 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, 226

Torsion fatigue, 247

‘rorsion overload, 225-229

Torgion 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),
16-17, 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, 60-562,
658-60, 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, 68

Vibration, 4, 295, 304, 317

Virtual image, 13

Visual examination, 5, 45

Void coalescence, 5, 105, 139-141, 143,
147, 151, 152, 155, 176, 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

Index 409

Yield point, 76, 186

Yield point behavior, 77

Yield point stress, 76

Yield strength, 6, 76, 77, 107, 112, 115,
157, 323, 325

Young’s modulus, 78
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