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CHAPTER 1

Techniques of
Failure Analysis

In study of any failure, the analyst must consider a broad spectrum of
possibilities or reasons for the occurrence. Often a large number of fac-
tors, frequently interrelated, must be understood to determine the cause
of the original, or primary, failure. The analyst is in the position of
Sherlock Holmes attempting to solve a baffling case. Like the great de-
tective, the analyst must carefully examine and evaluate all evidence
available, then prepare a hypothesis—or possible chain of events—that
could have caused the “crime.” The analyst may also be compared to a
coroner performing an autopsy on a person who suffered an unnatural
death, except that the failure analyst works on parts or assemblies that
have had an unnatural or premature demise. If the failure can be dupli-
cated under controlled simulated service conditions in the laboratory,
much can be learned about how the failure actually occurred. If this is
not possible, there may be factors about the service of the part or assem-
bly that are not well understood.

Fractures, usually the most serious type of failure, will be studied
here in some detail. Usually undesired and unexpected by the user, frac-
tures can have disastrous results when a load-bearing member suddenly
loses its ability to carry its intended load. Distortion, wear, and corro-
sion failures also are important, and sometimes lead to fractures. How-
ever, these types of failure can be reasonably well predicted and pre-
vented.



2 Understanding How Components Fail

Procedure for Failure Analysis

Reference 1 is a basic guide to follow in various stages of a failure
analysis investigation. It must be emphasized that the most important
initial step to perform in any failure analysis investigation is to do
NOTHING, simply study the evidence; think about the failed part or
parts; ask detailed questions about the parts, the machine itself, and cir-
cumstances of the failure; and make accurate notes about the responses.
When possible, it is highly desirable to use low-power magnifica-
tion—up to about 25 or 50x—with carefully controlled lighting to study
the failed part or parts.

For a complete evaluation, the sequence of stages in the investigation
and analysis of failure, as detailed in Ref 1, is as follows:

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)

5. Selection, identification, preservation and/or cleaning of specimens (and
comparison with parts that have not failed)

6. Macroscopic examination and analysis and photographic documentation
(fracture surfaces, secondary cracks, and other surface phenomena)

7. Microscopic examination and analysis (electron microscopy may be nec-
essary)

8. Selection and preparation of metallographic sections

9. Examination and analysis of metallographic specimens

10. Determination of failure mechanism

11. Chemical analysis (bulk, local, surface corrosion products, deposits or
coatings, and microprobe analysis)

12. Analysis of fracture mechanics (see Chapter 15)

13. Testing under simulated service conditions (special tests)

14. Analysis of all the evidence, formulation of conclusions, and writing the
report (including recommendations). Writing a report may not be neces-
sary in many product litigation cases; it is best to follow the advice of the
attomney or client with whom the analyst is working.

Each of these stages is considered in greater detail in Ref 1 and will
not be repeated here. However, it must be emphasized that three princi-
ples must be carefully followed:

o Locate the origin(s) of the fracture. No laboratory procedure must hinder
this effort to find the location(s) where fracture originated. Also, it is most
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desirable, if possible, to have both fracture surfaces in an undamaged
condition.

e Do not put the mating pieces of a fracture back together, except with con-
siderable care and protection. Even in the best circumstances, fracture
surfaces are extremely delicate and fragile and are damaged easily, from
amicroscopic standpoint. Protection of the surfaces is particularly impor-
tant if electron microscopic examination is to be part of the procedure.
Many such examinations have been frustrated by careless repositioning
of the parts, by careless packaging and shipping, and by inadequate pro-
tection from corrosion, including contact with fingers. If parts must be re-
positioned to determine deformation of the total part, fracture surfaces
must be protected by paper or tape that will not contaminate the surface.
Also, protect fracture surfaces and other critical surfaces from damage
during shipping by using padding, such as an adhesive strip bandage for
small parts.

e Do no destructive testing without considerable thought. Alterations such
as cutting, drilling, and grinding can ruin an investigation if performed
prematurely. Do nothing that cannot be undone. Once a part is cut, it can-
not be uncut; once drilled, it cannot be undrilled; once ground, it cannot
be unground. In general, destructive testing must be performed—if done
at all—only after all possible information has been extracted from the
part in the original condition and after all significant features have been
carefully documented by photography. Caution is particularly necessary
in product litigation cases because the details of destructive testing
should be agreed upon by all parties in the lawsuit. Consult the attorney
with whom the analyst is working.

If there are several fractures from one mechanism (a “basket case”),
one should determine if any of the fractures is a fatigue fracture. If defi-
nite evidence of a fatigue fracture can be found, this is usually the
source of the problem—the primary fracture. Fatigue fracture is the
normal, or expected, type of fracture of a machine element after long
service. However, there are many possible reasons for fatigue fracture
and many different appearances of fatigue fractures, as we shall see. Fa-
tigue fractures are quite common in mechanisms unless specific actions
have been taken to prevent them during design, manufacture, and ser-
vice.

Investigative Techniques

While not all failures require the same degree of effort needed to in-
vestigate a product litigation matter, it is imperative that the investiga-
tor follow a specific plan during the analysis. The use of checklists and
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flow charts to keep the investigation on track is very effective to insure
that all elements of the analysis have been performed and properly doc-
umented.

The initial stages of the investigation are the most critical. This is the
phase where information surrounding the failure is collected and docu-
mented. Without following a well developed plan, some vital piece of
evidence may be overlooked. With the passage of time it may become
difficult, if not impossible, to recall or obtain evidence that may prove
to be the missing piece of the puzzle (see also Ref 2).

Normal Location of Fracture

The analyst must be aware of the normal, or expected, location for
fracture in any type of part because any deviation from the normal loca-
tion must have been caused by certain factors that must be discovered.
An all-too-familiar type of fracture is that of the ordinary shoelace. A
shoelace will inevitably fail at one of the two top eyelets, adjacent to the
bowknot, as shown in Fig. 1. There are several logical engineering rea-
sons why this is the normal location of fracture:

e  When the knot is tied, the lace is pulled tightest at the upper eyelets;
therefore, the service stress is highest at this location.

e  Most of the sliding motion during tightening occurs at the lace as it goes
through the upper eyelets. Therefore, the metal eyelets tend to wear, or
abrade, the fibers of the lace.

¢  Since the shoelace presumably has uniform mechanical properties along
its length, it will eventually wear—and ultimately tear, or fracture—at the
location where conditions are most severe, that is, at an upper eyelet.

If the shoelace were to fracture at any other location, such as at the
lower eyelets or near the free ends, one would have to suspect that, for
some reason, the shoelace had substandard mechanical properties at the
location of failure. Or, alternatively, the lace could have been dam-
aged—such as by burning from dropped cigarette ashes—thus causing
it to be weakened and fractured at an abnormal location.

This familiar example of the normal location of fracture is easy to un-
derstand. The situation becomes considerably more complex in metal
components that may have been manufactured—intentionally or unin-
tentionally—with different mechanical properties at different locations
in the part.

A metal part, however, can be expected to fail, or fracture, at any loca-
tion where the stress first exceeds the strength, unlike the shoelace,
which is expected to have uniform strength throughout its length and
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will fail at the location of greatest “wear and tear.” Metal parts fracture
in a much more complex version of the weakest-link principle: the
weakest location in a part will not originate a fracture if the stress is be-
low the strength at that location. On the other hand, a high-strength lo-
cation in a part may suffer fracture if the stress is concentrated at that lo-
cation. The point is that stress and strength are inseparably intertwined
and must be considered together.

Other locations of normal fracture in metal parts are at geometric
stress concentrations, such as the first engaged thread of a bolt within a
nut or other tapped hole, or at a sharp-cornered fillet in a rotating shaft,
or at the root fillet of a gear tooth. These represent some of the normal
locations of fatigue fractures that may occur after long service. Frac-
tures caused by abnormal events, such as accidents, may occur at loca-
tions other than those noted because of the unpredictable forces in an
accident. The insidious problem with notches is that they concentrate
the stress at specific locations; thus, the metal strength at a given loca-
tion may not be able to survive the geometrical form that concentrates
the stress at that location, no matter how high the strength level.

~——
N\

Normal location
of fracture

Flg. 1 Normal location of fracture of a shoelace
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Note: The above discussion is considerably oversimplified. It ignores

the different types of stress and strength; however, it is intended to point
out, in general terms, the principles involved.

Questions to Ask about Fractures

The broad spectrum of considerations in any fracture investigation

can be grouped into ten general areas of inquiry that may be answered
with careful observation and study of a given fractured part. The se-
quence in which these interrelated areas are considered is unimportant;
any one area may be the key in a particular situation. However, some of
the questions to ask and answer are:

1.

Surface of Fracture. What is the fracture mode? The fracture surface can
tell a story if enough careful attention is given to it in conjunction with
other information to be learned. One must not make snap judgments
about the fracture; all information must be evaluated before making a de-
cision that is crucial. Examination of all regions of the part will be neces-
sary before this can be answered.

a. Is the origin (or origins) of the fracture visible? If so, is it (are they) lo-
cated at the surface or below the surface? The location of the origin(s)
depends on the relative stress and strength gradients, which will be dis-
cussed later.

b. What is the relation of the fracture direction to the normal or expected
fracture directions? The direction of a fracture usually has a specific re-
lation to the direction of the stress that caused the fracture to occur.

c. How many fracture origins are there? The answer concerns the relative
magnitude of the actual stress to the actual strength of the part at the lo-
cations of failure.

d. Is there evidence of corrosion, paint, or some other foreign material on
the fracture surface? This may indicate the presence of a preexisting
crack, prior to fracture.

€. Was the stress unidirectional or was it reversed in direction? If the part
is thought to be stressed in only one direction but the fracture indicates
that it was stressed also in other directions, the assumed operation of
the mechanism is not completely correct.

Surface of Part

a. What is the contact pattern on the surface of the part? This knowledge
is extremely important, because these “witness marks” of contact with
the mating parts reveal how the part was loaded in service. These
marks may be only slight polishing, or they may be severe wear or in-
dentations from heavy contact with other parts of the assembly or from
outside the assembly. The mating parts usually have corresponding
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b.

indications of contact that should be matched. For example, rolling el-
ements, such as balls, rollers, and needles in antifriction bearings, may
leave indentations on the raceways that can aid in identifying the direc-
tion of the forces that caused the damage.

Has the surface of the part been deformed by loading during service
or by damage after fracture? The location and direction of deforma-
tion is very important in any examination of fractured parts. The de-
gree of deformation depends on the mechanical properties of the
metal involved, as well as on the magnitude and type of force causing
the deformation.

. Is there evidence of damage on the surface of the part from manufac-

ture, assembly, repair, or service? Tool marks, grinding damage, poor
welding or plating, arc strikes, corrosion, wear, pitting fatigue, or fret-
ting are possibilities. There are many ways in which the surface of the
part can influence a fracture, because many fractures originate at the
surface.

3. Geometry and Design

a.

b.

d.

Are there any stress concentrations related to the fracture? This refers
to such common design features as fillets, oil holes or other holes,
threads, keyways, splines, stamped identification marks, and any other
intentional geometric notches.

Is the part intended to be relatively rigid, or is it intended to be flexible,
like a spring? The intent must be understood by the failure analyst.

. Does the part have a basically sound design? Occasionally, a part (or

assembly) is found that seems to have been designed to fail: no amount
of metallurgical help will be able to make it succeed. Parts of this type
should have been recognized and corrected prior to serious problems,
but occasionally this does not occur.

How does the part—and its assembly—work? The function and opera-
tion must be thoroughly understood before analysis is undertaken.

. Is the part dimensionally correct? If possible, check the part against the

drawing from which it was made, for it may be dimensionally inaccu-
rate. If metal has been lost by wear or corrosion, however, dimensional
checks may not be possible.

4. Manufacturing and Processing

a.

Are there internal discontinuities or stress concentrations that could
cause a problem? All commercial metals contain microdiscontinuities
that are unavoidable and are innocuous in normal service. However, a
more serious problem that could interfere with normal service is a pos-
sibility.

. If it is a wrought metal, does it contain serious seams, inclusions, or

forging problems, such as end grain, laps, or other discontinuities, that
could have had an effect on performance?
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7.

c. If it is a casting, does it contain shrinkage cavities, cold shuts, gas po-
rosity, or other discontinuities, particularly near the surface of the part?
Frequently these are deep within the casting where the stress is often
low, and they are harmless. However, machining may bring them near
the final surface. Each case must be studied individually.

d. If a weldment was involved, was the fracture through the weld itself or
through the heat-affected zone in the parent metal adjacent to the
weld? If through the weld, were these problems such as gas porosity,
undercutting, under-bead cracking, or lack of penetration? If through
the heat-affected zone adjacent to the weld, how were the properties of
the parent metal affected by the heat of welding?

e. If the part was heat treated, was the treatment properly performed?
Many problems can be caused by inadequate heat treatment, including
too shallow or too deep a case depth, excessive decarburization, very
coarse grain size, overtempering, undertempering, and improper
microstructure.

Properties of the Material

a. Are the mechanical properties of the metal within the specified range,
if this can be ascertained? If so, are the specifications proper for the ap-
plication? The simplest mechanical property to measure is usually
hardness; this test gives an approximation of tensile strength and is
widely used for specification purposes. Measurement of other me-
chanical properties—tensile strength, yield strength, elongation, re-
duction of area, and modulus of elasticity—involves destructive test-
ing and may not be possible in a fractured part.

b. Are the physical properties of the metal proper for the application?
These are considered to be physical constants, but they are critical in
many applications. In some instances, such as close-fitting pistons and
other precision parts, the coefficient of thermal expansion of both the
piston and the cylinder is critical to the dimensions. Density, melting
temperature, and thermal and electrical conductivity are other physical
properties to be considered.

Residual and Applied Stress Relationship. The residual stress system that
was within the part prior to fracture can have a powerful effect—good or
bad—on the performance of a part. Residual stresses cannot be deter-
mined by simple examination, but may be deduced by an analyst familiar
with residual stresses. See Chapter 7, “Residual Stresses,” for informa-
tion on how to deduce their pattern.

Applied stresses are more obvious than residual stresses. The magnitudes

of both are algebraically additive.

Adjacent Parts

a. What was the influence of adjacent parts on the failed part? One must
always be aware that the fractured part may not be the primary, or
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10.

original, failure. It may be damaged because of malfunction of some
other part in the assembly.

b. Were fasteners tight? A loose fastener can put an abnormal load on an-
other part, causing the other part to fail. In this case the loose fastener is
the primary failure, while the other part is damaged, or a secondary fail-
ure.

Assembly

a. Is there evidence of misalignment of the assembly that could have had
an effect on the fractured part?

b. Is there evidence of inaccurate machining, forming, or accumulation
of tolerances? These could cause interference and abnormal stresses in
the part.

c. Did the assembly deflect excessively under stress? Long, thin shafts
under torsional and bending forces, as in a transmission, may deflect
excessively during operation, causing poor contact on the gear teeth
and resultant failure by fracture or pitting of the teeth.

. Service Conditions. This is a difficult area to investigate because people

are involved, and people are inherently defensive. But it is extremely im-

portant to question the operator of a mechanism and other witnesses to a

fracture or accident to determine if there were any unusual occurrences,

such as strange noises, smells, fumes, or other happenings that could
help explain the problem. Also, the following questions should be con-
sidered:

a. Is there evidence that the mechanism was overspeeded or overloaded?
Every type of mechanism has a design capacity or rated load; if that
limit is exceeded, problems frequently arise.

b. Is there evidence that the mechanism was abused during service or
used under conditions for which it was not intended?

c. Did the mechanism or structure receive normal maintenance with the
recommended materials? This is particularly important when lubri-
cants are involved in the failure, because use of improper lubricants
can be extremely damaging to certain mechanisms, as well as to the
seals and gaskets that are intended to keep them from leaking.

d. What is the general condition of the mechanism? If it is a candidate for
the scrap pile, it is more likely to have problems than if it is relatively
new.

Environmental Reactions. Every part in every assembly in every mecha-
nism has been exposed to several environments during its history. The re-
action of those environments with the part is an extremely important fac-
tor that may be overlooked in failure analyses. The problems relating to
the environment can arise anywhere in the history of the part: manufac-
turing, shipping, storage, assembly, maintenance, and service. None of
these stages should be overlooked in a thorough investigation.
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Summary

a. What chemical reactions could have taken place with the part during
its history? These include the many varieties of corrosion and possi-
ble exposure to hydrogen (such as during acid pickling, electroplating,
and certain types of service). Hydrogen exposure can, under certain
conditions, result in fracture due to hydrogen embrittlement or forma-
tion of blisters on the surface. Another situation sometimes encoun-
tered is stress-corrosion cracking, in which exposure to a critical corro-
sive environment can cause cracking while the surface of the part
carries a tensile stress—applied and/or residual.

b. To what thermal conditions has the part been subjected during its exis-
tence? This can involve abnormally high temperatures, which may
cause melting and/or heat treatment of a very small area of the surface.
Such accidental and uncontrolled heat treatment can have disastrous
results. Problems frequently arise as a result of localized electrical arc-
ing, grinding damage, adhesive wear, or other instances where fric-
tional heat is encountered. Similarly, relatively low temperatures for
the metal can result in brittle fracture of normally ductile metals with
no change in microstructure. Also, low temperatures may initiate un-
controlled phase changes that may cause problems.

Following study of the fractured part or parts with consideration of
the aforementioned subjects—along with others that inevitably
arise—it is necessary to reach a conclusion about the reason for the ob-
served fracture. This involves formulating a hypothesis of the sequence
of events that culminated in fracture, along with recommendations to pre-
vent the observed type of fracture in the future. Occasionally this process
is quite simple; more often it is frustratingly difficult. In either instance
the facts of the situation must be set forth, either orally or in a carefully
written report to the appropriate persons. All pertinent information mustbe
documented thoroughly with carefully prepared photographs and other re-
cords that should be retained for a number of years. If a similar situation
arises in the future, the previous work will serve as a guide.

Failure analysis is an extremely complex subject and involves areas
of mechanics, physics, metallurgy, chemistry and electrochemistry,
manufacturing processes, stress analysis, design analysis, and fracture
mechanics, to name a few specialties. Because it is nearly impossible
for any one person to be an expert in all these fields, it is extremely im-
portant to know when to seek help. In any situation, it is very important
not to leap to conclusions, for a misstep can be extremely hazardous for
all concerned.
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CHAPTER 2

Distortion Failures

The term “failure,” as used in this work, means the inability of a part
or assembly to perform its intended function for any reason. We usually
think of failure in terms of fracture, wear, or corrosion. Even in the ab-
sence of any of these three factors, however, a part can also fail when
distortion of size or shape prevents the performance of its intended
function (Ref 1).

Distortion failures are readily identified by the inherent change in
size and/or shape; however, correction of a distortion failure may be far
from simple. This is because distortion encompasses details of design
and structural analysis, as well as materials technology. Another com-
plication is that distortion may result from residual stresses within the
metal as well as from applied stresses. Study of Chapter 7, “Residual
Stresses,” will help to clarify this extremely complex phenomenon.

Distortion failures are serious because they can lead to other types of
failure or may even cause complete collapse of structures, such as
bridges, ladders, beams, and columns. Distortion at elevated tempera-
tures, or creep, depends upon the interrelationship between component
design and the high-temperature properties of the metal.

Types of Distortion Failure

Distortion failures may be classified in different ways. One way is to
consider them either as size distortion (change of volume, either growth
or shrinkage) or as shape distortion (such as stretching, bending, twist-
ing, or buckling). They may also be classified as being either temporary
or permanent in nature, as is seen in the following discussion.
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Temporary Distortion

Distortion is frequently fleeting and transient. Since metals are elas-
tic, all metal parts deflect (or distort) even under relatively low stresses.
In fact, most structural parts may be considered to be springs, even
though they are not called springs and do not look like typical springs.
Most structural parts are intended to work in the elastic range and return
to their original size and shape when unloaded, which is the definition
of elastic, or temporary, deformation, usually referred to as deflection,
as in springs.

In certain parts, this deflection may be sufficient to cause interference
with another part. Such interference is particularly common with gear
teeth, which are essentially carefully shaped cantilever beams. Evi-
dence that the tips of the teeth from one gear have been digging into the
flank, or lower portion, of the mating gear teeth is often seen. This is a
major reason for modification of the tips of gear teeth so that they will
not interfere with the mating gear under load. Examination of gears af-
ter service should include careful inspection for evidence of such inter-
ference, which could lead to more severe damage.

Consider another example of temporary distortion: a blade on a
high-speed rotor in a turbine at high temperature. The faster the shaft
rotates, the higher will be the centrifugal stresses tending to make the
blade elongate, possibly causing either fracture or interference with the
outer housing. Also, the modulus of elasticity, or stiffness, of the metal
decreases with increasing temperature, as discussed in Chapter 5, “Me-
chanical Properties.” Thus, increasing both rotational velocity and in-
creasing temperature will tend to make the blade elongate and possibly
make contact with the outer housing. Evidence of such contact will be
evident on both the tip of the blade and the interior of the housing.

Permanent Distortion

Also serious is the permanent distortion that results from yielding
during service, from creep, and from buckling (or compression insta-
bility).

Yielding during Service. If a part yields or distorts permanently dur-
ing service after one or more load applications, the stress on the part has
obviously exceeded the yield strength (actually, the elastic limit). If the
part is a spring, we say that the spring has “taken a set,” indicating that
the spring is permanently distorted, as shown in Fig. 1, and can no lon-
ger perform its intended function. Identification of this type of failure is
quite simple and obvious.

Less simple and obvious, however, may be the means for correcting
the problem so that the same type of failure will not occur on other simi-
lar springs. In performing this function, the analyst will be tried to the



Distortion Failures

15

limit of his or her ability—tracking down the specific cause of yielding
really becomes a challenge. It is vital to learn, for example, if this yield-
ing is an isolated problem or is occurring on similar parts. If it is iso-
lated, it is necessary to learn the details of what occurred to make this
specific part yield. Obviously it is necessary to measure the distorted
spring and compare it with a new spring of the same original dimen-
sions. Photographic comparisons are often useful (as in Fig. 1) with the
new and yielded parts in the same photograph with a scale, if necessary,
to show the distortion.

Detailed study of the part from a metallurgical standpoint is essential,
with attention to such questions as: Is the microstructure the same as
was originally specified, or has it been altered by exposure to an ele-
vated temperature? Has the hardness been reduced by tempering during
service? If so, what temperature would have caused that reduction in
hardness level? Was the temperature abnormally high for the applica-
tion? If so, why?

If investigation indicates that this is only one instance of a general and
widespread problem, it may be necessary to redesign the assembly to re-
duce the stresses and temperatures, or to obtain a material with a higher
yield strength at the operating temperature.

Creep. Somewhat similar to the problem of yielding during service
is the problem of creep. However, creep is not a single, short-time
phenomenon as is yielding. Creep is defined as “time-dependent
strain occurring under stress” and is discussed further in Chapter 14,
“Elevated-Temperature Failures.” Creep manifests itself as gradual
distortion, generally occurring over a long period at relatively high
temperatures. This imprecise description is necessary because of the
many complications involved in this type of distortion.

F|g 1 Distorted engine valve spring (left) compared with normal valve spring.
Improper microstructure resulted in inadequate strength and hardness
at the operating temperature. Source: Ref 1
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The following examples illustrate creep:

¢ Bolts holding certain engine parts together occasionally become loose
and need to be periodically retightened. This is particularly true in hotter
parts, such as the exhaust manifold and other parts that absorb some heat
from it. Loosening of the bolts may be caused by gradual stretching of the
bolts and similar gradual relaxation of compression in the structures
joined by the bolts. When the bolts are tightened, they are satisfactory for
another period of time, then gradually stretch until retightened again.
This process may continue for a number of repetitions until the bolts can
no longer be tightened because of thread deformation.

e In a diesel engine, a cup-shaped precombustion chamber must be
clamped tightly to withstand combustion pressure. After a period oftime,
such as many hours of engine operation, the chamber may begin to leak
because the tubular side wall has bulged outward as a result of the high
temperature, internal pressure, and axial compressive force. Again, if the
assembly is tightened to prevent leakage, the chamber will simply con-
tinue to gradually bulge outward and to shorten in length, resulting in ad-
ditional leakage.

As noted previously, although the mode of distortion failure is readily
identified, the method of correction is not necessarily simple. Possible
corrective measures are to use an alloy with better resistance to creep at
the operating temperature, to redesign the part to provide more resis-
tance to deformation, and/or to reduce the temperatures and pressures
encountered. However, some measures may be undesirable for perfor-
mance reasons, others for economic or availability reasons.

Buckling. Buckling is defined as collapse due to compressive insta-
bility. Itis most common when long, slender columns are compressed in
an axial direction, or when thin-wall tubes are compressed in either an
axial direction or a diagonal direction as a result of torsional loading.
This type of failure also can occur on the compressive (concave) side of
a member under a bending load, such as a thin-wall tube or a flange of a
channel or I-beam section.

A vital fact must be recognized in considering a part that has buckled,
or in preventing buckling: the load at which a component buckles does
not depend on the strength of the material, but on the dimensions of the
part and the modulus of elasticity of the material at the operating tem-
perature. These factors are shown in the column formulae given in
strength of materials references (Ref 2). This means that the buckling
load cannot be increased by heat treating the metal to increase the
strength and hardness or by using stronger materials.

Buckling is a critical consideration in long, slender parts that must
resist compressive axial forces. Typical examples are building and
scaffolding columns, engine connecting rods and push rods, and tie rods
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in automotive steering linkages. Compression members such as these
must be straight, because any bend between the points of load applica-
tion greatly reduces the ability to resist buckling. It is also important to
locate the compressively loaded material on the outer edges of an axi-
ally loaded member, as a simple demonstration shows:

An ordinary 8 X 11 inch sheet of typing paper—on edge—can
support a considerable weight if the material is properly located.
As shown in Fig. 2, roll the paper to form a thin-wall tube approx-
imately 1% to 1% inches in diameter and 8 inches long. Tape the
full length of the outer edge to keep the paper from unwinding.
Place the paper tube vertically on a horizontal surface and care-
fully balance an ordinary-size book on the top. Gently add more
weight. If the experiment is performed carefully, a surprising
load may be supported before the column buckles, or collapses.

Parts under bending load also are subject to buckling failure on the
compressive (concave) side. Channel or I-beam sections, which com-
monly are used as extruded or rolled members in various frames and
ladder sections, must be designed carefully to maximize the metal in the
flanges, where it is most effective in resisting buckling. See Fig. 3 for an
example.

Another simple demonstration illustrates the effectiveness of proper
shape, or configuration, in preventing buckling failure in bending:

The “tape” in a metal tape measure is usually made of thin
spring steel that is slightly curved. If the tape is held horizontally,
as in Fig. 4, and supported at one end only to make a cantilever
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Book balanced atop
rolled paper tube

Rolled and taped paper tube,
1% 1o 1%, in. diam,
8% in. long

Flat, horizontal surface

/
¥
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Fig_ 2 Tube of ordinary typing paper supporting a balanced load. As additional
weight is added to the column, the tube will eventually collapse, or
buckle.
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beam, a fairly long length can be extended if the concave surface
is on the upper side. However, if the tape is reversed so that the
convex surface is on top, only a short length can be extended be-
fore the tape buckles, or collapses. The same experiment can be

Fig. 3 Buckled flange (lower arrow) of an extruded aluminum channel section

deliberately loaded with a lateral force (upper arrow). In service, the
channel section is subjected primarily to axial compression, rather than the abnor-
mal lateral force applied here.
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e Eniarged cross sec-
(a) Stable tions of strips

~

(b) Unstable
(buckles readily)

Fig. 4 Curved strip of thin spring steel supported horizontally as a cantilever
beam (a) with concave side on top; (b) with convex side on top
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performed with a Venetian blind slat, which is similarly curved. If
the slat is supported at both ends as a simple beam, however, the
reverse of the above is true: the slat will buckle quickly if the con-
cave surface is on top. Because these parts are made from rela-
tively high-strength steel, even though it is extremely thin, the
distortion is only elastic, or temporary. There is no plastic, or per-
manent, deformation.

The purpose of these demonstrations is to emphasize the fact that
buckling instability is really a geometrical problem, not a material
problem. See strength of materials and/or design references for help
with these design problems. The failure analyst must recognize the fact
that the only material property involved is the modulus of elasticity,
which is essentially constant for a given metal (at a given temperature).

Summary

From the preceding discussion, it is readily seen that many types of
distortion failure are easy to identify. However, they may be difficult to
correct because of limitations on materials, design, or economic fac-
tors.
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CHAPTER 3

Basic Single-Load
Fracture Modes

From a fundamental standpoint, there are only two modes, or ways, in
which metals can fracture under single, or monotonic, loads. These two
modes—shear and cleavage—differ primarily in the way in which the
basic metal crystal structure behaves under load.

Because most engineering metals at room temperature have either
body-centered cubic crystals (primarily iron and its alloys, such as most
steels) or face-centered cubic crystals (primarily aluminum and
austenitic stainless steels), this discussion will cover only these atomic
crystal cell structures. Though metals with other crystal structures (hex-
agonal close-packed, tetragonal, etc.) fracture in somewhat similar
ways, their fracture modes are more difficult to describe and will not be
covered here.

First, it must be recognized that almost all commercial solid metals
are polycrystalline (i.e., having many crystals) in structure. Each indi-
vidual crystal, or grain, is a structure composed of a very large number
of atoms of the constituent elements. These atoms are arranged in cells
within each crystal in a regular, repetitive three-dimensional pattern.
For many years it was thought, incorrectly, that brittle fractures and fa-
tigue fractures occurred because the metal had crystallized. Under-
standably, this usage arose because certain types of fractures are bright
and sparkling when they first occur and do appear to be “crystalline.” In
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Shear Mode

fact, however, the metals were crystalline when they solidified from the
liquid, or molten, state; the crystalline appearance reflects the type of
fracture, not the cause of fracture.

Figure 1 illustrates the simplest, basic unit cell of a body-centered cu-
bic structure, such as that of iron or steel. The cell is composed of eight
atoms at the corners, plus another at the center of the cell. It must be rec-
ognized that this is only one of a very large number of similarly oriented
cells in a given crystal. Adjacent cells share the corner atoms. The lines
connecting the atoms represent the electrical forces that stabilize the
position of the atoms by balanced forces of attraction and repulsion.

The unit cell shown as Fig. 1(a) is shaded along a diagonal plane,
which includes the center atom. This represents a shear plane by which
the cell can be deformed by forces that move the two pairs of atoms at
the end of the plane, or by forces that move the two pairs of atoms not in
the diagonal plane toward the plane. Either of these forces can cause
distortion of the cell and of all the other cells, which are similarly ori-
ented, in an individual crystal or grain. This distortion tends to either
lengthen or shorten the length of the diagonal plane, changing the upper
and lower cube faces from squares to parallelograms.

Shear deformation, then, actually represents a sliding action on
planes of atoms in crystals. This sliding is analogous to that which oc-
curs when a deck of cards is bent or otherwise moved laterally so that
each card slides against its neighbors.

In a polycrystalline metal, slight deformation causes no permanent
change in shape; it is called elastic deformation. That is, the metal returns

e ®)

Fig. 1 Basicunitcell of abody-centered cubic structure, shaded to show (a) the
diagonal plane along which shear deformation and eventual fracture
can occur and (b) one face of the cell, the site of the cleavage mode of fracture
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to its original size and shape, like a spring, after being loaded. If a
greater load is imposed, permanent (or plastic) deformation occurs be-
cause of irreversible slip between certain planes of atoms that make up
the crystal structure.

If the force is continued until fracture occurs, the shear deformation
causes tiny microvoids to form in the most highly stressed region;
these tiny voids soon coalesce, or interconnect, and form fracture sur-
faces that have many half-voids, or dimples, on each side of the frac-
ture face. This 1s the “dimpled rupture” fracture surface that is visible
by electron microscope examination, as shown in Chapter 9, “Ductile
Fracture.”

Note: The shear deformation discussed herein refers to slip or sliding
on a microscopic or submicroscopic scale within the metal crystals. It is
slip or sliding on a scale of magnitude vastly different from the gross di-
rect, or transverse, shear discussed in Chapter 6, “Stress Versus
Strength.”

Cleavage Mode

Basically different is the cleavage mode of separation of the basic
cell. Separation occurs very suddenly between one face of the cell
(shaded in Fig. 1b) and the mating face of the adjacentcell. No deforma-
tion is present, at least on a visible macroscale. The sudden separation is
analogous to that of a rubber suction cup being pulled from a smooth
surface; the suction cup remains fixed until the separating force exceeds
the force of the atmospheric pressure holding the cup in place. Then it
pops off abruptly.

In a polycrystalline metal, cleavage fracture usually occurs in rela-
tively hard, strong metals, although under certain conditions—such as
at lower temperatures—metals that normally fracture in the shear mode
may fracture in the cleavage mode. However, metals with the
face-centered cubic system, such as aluminum and austenitic stainless
steels, do not fracture by cleavage. This will be discussed in some detail
in Chapter 8, “Brittle Fracture.”

On a microfractographic scale, cleavage fractures occur along the
faces of the cells, but are seen as a splitting of the grains, with no rela-
tion to the grain boundaries. This is analogous to fracture through (not
between) the bricks in a brick wall. In many cases the direction that the
crack follows can be determined from study of the cleavage fracture
faces under the electron microscope.
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The differences between the shear and cleavage fracture modes can
be summarized in general terms as follows:

Trend
Factor Shear Cleavage
Movement Sliding Snapping apart
Occurrence Gradual Sudden
Deformation Yes No
Behavior Ductile Brittle
Visual appearance of fracture Dull and fibrous Bright and sparkling
Microfractography Dimpled rupture Cleavage

When examined under the electron microscope, fracture surfaces are
seldom entirely dimpled rupture or entirely cleavage. Depending upon
the metal and its characteristics, areas of both fracture modes are often
seen, even though either one may dominate. The reason for this is that
each crystal—or grain—is an individual; accordingly, it may react dif-
ferently to the separating force from its neighbors. Each grain is ori-
ented differently, each has its own weaknesses and microdefects, which
are always present. As with people, we are all basically similar, but we
all have our own individual strengths and weaknesses that make us react
to stress in ways that may be different from our neighbors’ reactions.

Other Fracture Modes

The reader may be aware that there are fracture modes other than
shear and cleavage. These include intergranular and quasicleavage
fracture modes for single-load applications, and fatigue for multiple-
load applications. However, they do not have their origins in basic cell
structure, as shear and cleavage do.

For completeness, each of these other fracture modes will be dis-
cussed briefly here and covered in more detail in other chapters.

Intergranular fractures can occur if the grain boundaries are weaker
than the grains themselves. Fracture then occurs between the grains
rather than through the grains, resulting in fracture surfaces that, under
relatively high magnification, reveal the sides of the grains in many ar-
eas. This is analogous to fracture between the bricks (through the mor-
tar) of a brick wall rather than through the bricks themselves. Intergran-
ular fractures are usually caused by environmental factors such as
hydrogen absorption, contact with liquid metals, high temperatures,
and certain corrosives when the metal is under tensile stress, as well as
any other mechanism that weakens the grain boundaries. Refer to Chap-
ter 8, “Brittle Fracture” for more information.
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Quasi-cleavage fractures are seen frequently in electron micro-
scope examination of quenched and tempered steels. This mode is con-
sidered to be a combination of the shear and cleavage fracture modes
because microdimples appear to be present on cleavage fracture planes.
See Chapter 8, “Brittle Fracture.”

Fatigue fracture is, of course, not caused by single-load applica-
tions, as are the others mentioned previously, but by the cumulative ef-
fect of a large number of load applications at stresses insufficient to
cause fracture with one load application. The repetitive forces—which
may reach into the thousands or millions of cycles (or even more) prior
to fracture—exert a shearing or wracking action on the crystal structure
that tends to cause the inevitable structural microdefects in the crystals
to join together until a minute crack develops in certain vulnerable crys-
tals. The repetitive stressing automatically locates the crystals with the
weakest orientation in the regions of highest stress. Continued cycling
causes the crack, or cracks, to enlarge, gradually becoming deeper at an
increasing rate of growth. As the crack depth increases, the strength of
the remaining metal decreases. See Chapter 10, “Fatigue Fracture” for
more information.

Factors Affecting the Ductile Brittle Relationship

Several factors determine whether a metal will behave in a predomi-
nantly ductile manner, or whether it will be mostly brittle. These are
trends only—generalities that are subject to many complications and
qualifications for specific applications. However, they should be recog-
nized as trends, always on an “other things being equal” basis.

These factors and “most likely” trends can be summarized in tabular
form as follows:

Trend
Factor Ductile Brittle
Temperature Higher Lower
Rate of loading Lower Higher
Geometry No stress concentration Stress concentration
Size Smaller or thinner Larger or thicker
Type of loading Torsion Tension or compression
Pressure (hydrostatic) Higher Lower
Strength of metal Lower Higher

Comments about these general trends are as follows:
Temperature. With virtually all metals, ductile behavior is more
likely at higher temperatures, unless there is some complicating
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environmental factor. Conversely, brittle behavior is more likely at lower
temperatures, particularly with body-centered cubic metals, such as
most ferrous metals.

Rate of Loading. Lower rates of loading tend to promote ductile be-
havior, allowing time for shear to occur on the crystallographic planes.
Higher rates of loading tend to promote brittle behavior in many metals.
The reason for this is that the metal appears to be less ductile because
plastic deformation takes time; therefore, the shorter the time in which
the load is applied, the less plastic deformation can occur.

Geometry. If there is no severe notch or stress concentration, shear
deformation can occur, because the areas of highest stress can share the
load and adjust gradually, promoting ductile behavior. A severe notch
or stress concentration does not permit this adjustment of load; conse-
quently, brittle fracture is more likely.

Size. For both metallurgical and geometrical reasons, smaller or thin-
ner sections usually are more likely to have ductile behavior. Con-
versely, larger, thicker sections are more likely to have brittle behavior,
partly because there is a higher probability that serious discontinuities—
stress concentrations—will be present in the larger, thicker sections.
Also, triaxial tensile stresses—which promote brittle fracture—are
more likely in large sections.

Type of Loading. At a given strength level, a shaft loaded in torsion
is more likely to have ductile behavior. The same shaft loaded in ten-
sion or compression is more likely to have brittle behavior. This effect
is particularly noticeable at relatively high hardness and strength lev-
els.

Pressure (Hydrostatic). A normally brittle material completely im-
mersed in a pressure vessel under extremely high hydrostatic pressure
is more likely to have ductile behavior than when the same material is at
atmospheric pressure. Work by Bridgman many years ago (Ref 1)
showed that normally brittle materials can be made to behave in a duc-
tile manner if they are loaded while under extremely high pressure (up
to several hundred thousand psi). Practical use is made of this phenome-
non in the commercial processing of extremely difficult-to-form metals
and shapes (Ref 2).

Strength. In general, soft, relatively tough metals are more likely
to have ductile behavior; harder, stronger metals tend to be more brit-
tle. There are exceptions: for example, gray cast iron appears to be
quite brittle even though it may be relatively soft. This behavior is
caused by the large quantity of graphite flakes in the essentially
steel-like metal matrix. The geometric effects of the sharp edged
graphite flakes act as a very large number of stress concentrations, or
notches, and override the ductility of the rupture, characteristic of
ductile fracture.
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Summary
Shear and cleavage are the basic fracture modes for metals under single-
load applications. However, the type of metal behavior and ultimate
fracture depend on several factors that can complicate the conditions.
These factors should be taken into consideration in study of any single-
load fracture.
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CHAPTER I

Stress Systems Related
to Single-Load Fracture
of Ductile and
Brittle Metals

In order to understand how various types of single-load fractures are
caused, one must understand the forces acting on the metals and also the
characteristics of the metals themselves. All fractures are caused by
stresses, and a version of the “weakest link” theory applies: fracture
will originate wherever the local stress (load per unit of cross-sectional
area) first exceeds the local strength. This location will vary depending
on the strength gradients within the metal and the stress gradients im-
posed on the metal by applied and residual stresses. By understanding
the ways in which single-load, or monotonic, fractures are caused, one
can better understand fatigue fractures, which are the result of many
thousands, millions, or billions of load applications at lower load levels.

When a force is applied to any member, components of other forces in
other directions result, forming a stress system. To understand the
forces, it is necessary to understand the stress systems acting on the
part. A useful starting point is to study the stress systems acting on cy-
lindrical members, such as rods or shafts. A variety of stresses can be
applied to cylinders, and the same principles hold for noncylindrical
parts. Shafts, and shaft-like parts, are very common and are widely used
in construction of many assemblies and mechanisms.
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Pure Loading Systems

Stress systems are best studied by examining free-body diagrams,
which are simplified models of complex stress systems. Figure 1 shows
the orientation of the normal (tensile and compressive) stresses and the
shear (sliding) stresses, which are 45° to the normal stresses. Free-body
diagrams of shafts in the pure types of loading—tension, torsion, and
compression—are the simplest; they then can be related to more com-
plex types of loading (Ref 1, 2).

Tension Loading

When a shaft or similar shape is pulled by tensile force, it becomes
longer and narrower, just as a rubber band does when pulled. Similarly,
the square in the free-body diagram in Fig. 1(a) is elongated in the direc-
tion of the tensile stress and contracted in the direction of the compres-
sive stress. Note that the shear stresses are at 45° angles to the axial ten-
sile stress and the transverse compressive stress. Note also that there are

7= Shear stress

Tension Torsion o = Normal stress Compression
<3 Elastic Elastic Elastic
stress stress stress
distribution distribution distribution
Tmax P Tmax
\ ’Ug M
= R R
3 - Cc
T @0
Tmax g, Tmax *Tmax =
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] o =0
Basic S Tmax =
equation:
q g, ~ 03 Yo O max
= —— Tmax = >
Single-Load Failures Single-Load Failures Single-Load Failures
h- >
N P
L‘ —
Ductile Brittle Ductile Brittle Ductile Brittle

(a) (b) (c)

F|g. 1 Free-body diagrams showing orientation and elastic distribution of nor-

mal (tensile and compressive) and shear stress components in a shaft un-
der pure tension, torsion, and compression loading. Also shown is single-overload
fracture behavior of ductile and brittle materials under these loading conditions.
Adapted from Ref 1
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two sets of shear stresses, each perpendicular to the other, diagonally
between the normal stress directions. Since the magnitude of the stress
is essentially uniform across the shaft, as shown in Fig. 1(a), fracture in
pure tension can originate at any location in the cross section, in the ab-
sence of stress concentrations. (Figures 2 and 3 show examples of ten-
sile fractures.)

Fig. 2 Typical cup-and-cone fracture of a ductile annealed 1035 steel in a cy-

lindrical tensile specimen. This type of fracture originates near the cen-
ter of the section with multiple cracks that join and spread outward until the 45°
shear lip forms at the end of fracture. Photo courtesy of Packer Engineering Associ-
ates, Inc.

F|g_ 3 Two identical steel bolts that had been given different heat treatments,

then pulled to fracture in a tensile test. The bolt at left was annealed;
when pulled, it had much deformation as evidenced by the necking and thread
separation. Fracture was of the cup-and-cone type with a large shear lip, similar to
that in Fig. 2. The bolt at right was austenitized, then brine quenched to a high
hardness. The bright, transverse fracture and lack of deformation characterize a
brittle fracture.
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Ductile metals are those that deform because the shear stress ex-
ceeds the shear strength before any other type of damage can occur.
That is, the shear strength is the “weak link” in the system and is the
controlling factor. Therefore, under a tensile force, the internal crystal
structure of the metal deforms, or slips, permanently on the millions of
microshear planes in the metal, resulting in lateral deformation—
commonly called “necking”—prior to final fracture. This necking phe-
nomenon occurs in the plastic region, which means that the deformation
is irreversible. Of course, plastic—or permanent—deformation is char-
acteristic of any single-load fracture of a ductile metal.

Fractures of ductile metals stressed in pure tension originate near the
center of the shaft (provided there is no stress concentration). Toward
the latter stages of the fracture process, many tiny internal voids, or
cracks, develop and join to form a rough, jagged fracture surface. As
these joining cracks progress outward, they eventually reach a region
near the surface where the state of stress changes from tension to
macroshear, forming a fracture at approximately 45° to the plane of the
major fracture. This is the familiar “shear lip” (or “slant fracture”)
around the periphery. On a cylindrical specimen, this forms the dull and
fibrous-appearing “cup and cone” fracture (Fig. 2, 3) that is typical of
tensile fractures of ductile metals (Ref 1). (See Chapter 9, “Ductile
Fracture,” for additional details.)

Brittle metals, by definition, are those that fracture because the ten-
sile stress exceeds the tensile (or “cohesive”) strength before any other
type of damage can take place. Cohesive strength is now the “weak
link” in the system and is the controlling factor. Brittle metals always
have a fracture that is perpendicular to the tensile stress, and have little
or no deformation because fracture takes place before the metal can de-
form plastically as ductile metals do. Thus a tensile fracture of brittle
metal has a fracture plane that is essentially straight across. It also usu-
ally has a characteristic bright, sparkling appearance when freshly frac-
tured.

Note: Some brittle fractures may not be bright and sparkling, either
because of the type of metal (such as gray cast iron and moderately hard
steel) or because of the type of fracture (stress corrosion, some inter-
granular fractures, and fatigue). Also, atmospheric exposure usually
rapidly dulls most initially bright fractures.

Torsional Loading

When a cylinder is twisted in pure torsion, the stress system charac-
teristic of tension loading rotates 45° in one direction or the other, de-
pending on which way the shaft is twisted. When twisted as shown in
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Fig. 1(b), the entire stress system rotates 45° counterclockwise. Note
that the normal stresses (tensile and compressive) are now at 45° to the
shaft axis, while the shear stresses are longitudinal and transverse. Each
pair of stress components remains mutually perpendicular to each other.
Figure 4 demonstrates each of the stress components when they are con-
centrated in the “pure” stress directions.

The elastic stress distribution in pure torsion is maximum at the
surface and zero at the center of the shaft. This is true for all stress
components—tension, shear, and compression—acting on the shaft in
torsion. Figure 1(b) shows this with a V-shaped stress distribution pat-
tern. For this reason, fracture originates at the surface where the stress is
highest, then rapidly proceeds through the section as the shaft “un-
winds” from its highly stressed condition. Also, the magnitudes of all
elastic stress components—tension, compression, and shear—are

(a)

(b)

Fig_ 4 Slit radiator hoses used to demonstrate concentrated “pure” shear

stresses. (a) When hose is slit fongitudinally, each side of the slit slides
along the other side when the hose section is twisted back and forth. The sliding
represents pure longitudinal shear stresses, because there is no opening (tension)
or closing (compression). Transverse shear can be demonstrated similarly by rotat-
ing the smooth ends of two cylinders against each other. (b) When hose is slit at a
45° angle to its axis, then twisted as shown, opening represents tension, closing
represents compression forces. imagine tiny rubber bands in line with the white
marks; when twisted as shown, they are stretched in tension. When twisted in the
opposite direction, compression forces are generated after the slit closes. Note
that no sliding shear occurs when the 45° slit is opened and closed.
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identical in pure torsion, unlike other types of loading. Figures 5
through 7 show examples of torsional fractures.

In a ductile metal, the shear strength is again the “weak link” when the
shear stress exceeds the shear strength. Again, plastic—or permanent—
deformation occurs, although in torsion the deformation may not be ob-
vious unless there were longitudinal reference marks on the shaft prior
to twisting (Fig. 5). Even in a cylindrical part without splines or other
originally straight reference marks, twisting deformation can be made
visible by revealing the longitudinal grain flow with chemical

Fig. 5 Single-overload torsional fracture on the transverse shear plane of a

shaft of medium-carbon steel of moderate hardness. Note that the origi-
nally straight splines have been twisted in a counterclockwise direction. Final rup-
ture was slightly off center due to a relatively slight bending force in addition to the
torsional force. The fracture face is severely rubbed and distorted in a rotary direc-
tion by contact with the mating fracture surface at the moment of separation

Fig. 6 Single-overload torsional fracture of a shaft of ductile steel similar to that
in Fig. 5. Hole in center is the lathe center from the original machining
on the part
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macroetching. An example of this type of etching to reveal torsional de-
formation is shown in Fig. 7.

The shape of a cylindrical part, such as a shaft, is not changed by tor-
sional deformation. An example will explain why: Imagine that the
shaft consists of an infinite number of infinitely thin disks. When the
pack of disks is twisted, each disk slips a very small amount with re-
spect to its neighboring disks, but the diameter of each disk does not
change with the slippage on the transverse shear planes. Eventually,
fracture occurs on one of these transverse shear planes, which is essen-
tially the interface between two adjacent disks.

Deformation also occurs on the longitudinal shear plane, but this nor-
mally does not cause single-load fracture unless the material is ex-
tremely weak in the transverse direction, as is wood.

When fracture does occur in pure torsion, the final rupture is at the
center of the shaft; it is offset toward one side if a bending stress is also
present.

A brittle metal in pure torsion fractures perpendicular to the tensile
stress component—as it does in tension—except that in torsion the ten-
sile stress component is 45° to the axis of the shaft. This forms a spiral
fracture of the type characteristic of torsional fracture of all brittle ma-
terials, including glass and chalk, if twisted carefully. The hard, rela-
tively brittle case of case-hardened shafts may crack at the characteris-
tic 45° angle, although the relatively soft, ductile core will fracture in
the transverse shear plane. Figure 7 shows such a shaft, with many
large, spiral cracks in the case, but the core—which formed the bulk of
the cross section—fractured in the transverse shear plane opposite the
splined end. Because this piece was etched, the twisting deformation of
the originally straight grain flow of the shaft can be seen.

Fig, 7 Torsional fracture of a 1) in. diam case-hardened steel shaft, illustrating
cracking of the hard, brittle case and transverse shear fracture at the right
end across the relatively soft, ductile core. Hot etched to reveal twisting and dis-
tortion of the originally straight grain flow in the cylindrical shaft {white arrows).
Note that the black 45° brittle-fracture cracks (emphasized by the hot etching) are
in the opposite direction to the twisting. This is because the cracks are always per-
pendicular to the tensile stress component that caused them, whereas the
grain-flow distortion tends to proceed in the same direction as the tensile compo-
nent. The black arrow on the spline indicates the direction this end was twisted.
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Compression Loading

When the cylinder is loaded in axial compression (assuming no insta-
bility such as buckling), the stress component system again rotates so
that the compressive stress component is now axial, while the tensile
stress component is transverse, as is shown in Fig. 1(c). Now the shear
stress components are again 45° to the shaft axis, as they were during
tension loading. Note that the elastic stress distribution in pure com-
pression is the reverse of that in tension: uniform across the section (as-
suming no stress concentration), but in the compression—or nega-
tive—direction.

A ductile metal in compression does the opposite of what it did in
tension: it becomes shorter and thicker because of slippage on the diag-
onal shear planes. In short, it bulges when squeezed by the compressive
force. This is characteristic of metals being hot or cold headed and of
“pancake” forgings under axial compression. However, there is no frac-
ture; a truly ductile metal will simply bulge laterally as it becomes
shorter.

A brittle metal in pure compression will, as always, fracture perpen-
dicular to the maximum tensile stress component. Since this component
is now transverse, the brittle fracture direction is now longitudinal, or
parallel to the shaft. Brittle materials—such as very hard metals, glass,
chalk, and rock—split or shatter longitudinally when loaded in com-
pression. Indeed, this is the principle of rock crushing.

Fig, 8 Compression test of two steel cubes deep case hardened only on top and

bottom surfaces. A compressive force perpendicular to the case-hard-
ened suifaces caused cracking (arrows) in the very hard {66 HRC) cases on both
surfaces. The soft, ductile cores simply bulged under the compressive force but
did not fracture. As sketched in Fig. 1(c), these composite specimens illustrate be-
havior of both brittle and ductile metals and dramatically show the difference in
propetties of the case and core. (These 1 in.? compression blocks were made from
low-carbon alloy steels. They were water quenched and had 3 in. case depth;
both were compressed to 180,000 psi.) Photo courtesy of Xtek Corp., TSP Mill
Products Division
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Figure 8 shows steel test specimens containing both brittle and ductile
regions that illustrate axial cracking of the hard, brittle regions and lat-
eral bulging of the soft, ductile region between the hard layers.

Bending Loading

When a straight part is loaded in pure bending, the convex surface has
atensile stress system similar to that shown in Fig. 1(a). Conversely, the
concave surface is stressed in compression and has a stress system as
shown for compression in Fig. 1(c). Approximately midway between
the two surfaces—depending upon the shape of the part—is the neutral
axis, where all applied stresses are zero. Thus, fracture can be expected
to originate on the convex (tensile) surface of the bend where the maxi-
mum tensile stress exists.

Fatigue

The preceding discussion is concerned with single-load deformation
and fracture. However, this must be understood before the subject of
fatigue can be understood. Fatigue is unique because the magnitude of
the repetitive load applications need not be high enough to cause plastic
deformation; that is, the stresses may be relatively low. However, after
many relatively low-level load applications, microscopic changes take
place in the structure that may lead to formation of fatigue cracks. (See
Chapter 10, “Fatigue Fracture.”)

The essential thing to remember is that the slow propagation, or
growth, of a fatigue crack over a relatively long period of time is in ex-
actly the same direction as the growth of a crack in a brittle material un-
der the same type of loading. That is because fatigue cracks propagate
in a direction that is perpendicular to the principal tensile stress—the
brittle fracture direction.

Summary

By keeping in mind the principles outlined here, the analysis and un-
derstanding of single-load and fatigue fractures can be better accom-
plished. The principles are always the same; however, confusion can be
caused by postfracture damage and also by misinterpretation and uncer-
tainty as to the type of loading, particularly under combined stresses.



38

Understanding How Components Fail

References

. Fractography, Vol 12, ASM Handbook, ASM International, 1987, p

12-71, 98-105
Failure Analysis and Prevention, Vol 11, ASM Handbook, ASM Interna-
tional, 1986, p 459-482

Selected References

C. Zener, The Micro-Mechanism of Fracture, in Fracturing of Metals,
American Society for Metals, 1948

J.L. McCall and PM. French, Ed., Metallography in Failure Analysis,
Plenum Corp., 1978

M. Gensamer, Strength of Metals Under Combined Stresses, American
Society for Metals, 1941

R.W. Hertzberg, Deformation and Fracture Mechanics of Engineering
Materials, 4th ed., John Wiley & Sons, 1995

T.R. Shives and W.A. Willard, Ed., Mechanical Failure: Definition of the
Problem, NBS Special Publication 423, 1976



Understanding How Components Fail Second Edition Copyright © 1999 ASM International®
Donald J. Wulpi, editor, p 39-48 All rights reserved.
DOI: 10.1361/uhcf1999p039 www.asminternational .org

CHAPTER 5

Mechanical Properties

While a detailed study of mechanical properties of metals is beyond
the scope of this work, there are certain facts that must be understood if
the task of failure analysis is to be successfully undertaken. Because
both fracture and wear are closely related to mechanical properties, it is
vital that the general relationships between mechanical properties un-
der certain conditions be thoroughly understood.

Mechanical properties are defined as “the properties of a material that
reveal its elastic and inelastic (plastic) behavior where force is applied,
thereby indicating its suitability for mechanical applications; for exam-
ple, modulus of elasticity, tensile strength, elongation, hardness, and fa-
tigue limit” (Ref 1). Other mechanical properties, not mentioned specif-
ically above, are yield strength, yield point, impact strength, and
reduction of area, to mention a few of the more common terms. In gen-
eral, any property relating to the strength characteristics of metals is
considered to be a mechanical property. (Physical properties—a term
often improperly applied to mechanical properties—relate to the phys-
ics of a metal, such as density, electrical properties, thermal properties,
magnetic properties, and the like. Chemical properties concern the re-
actions of a metal with its environment, as well as the general chemical
composition.)

Elastic and Plastic Deformation

The terms “elastic deformation” and “plastic deformation” are used
widely in failure analysis. Elastic deformation refers to the springiness
of a metal, or its ability to return to its original size and shape after being
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loaded and unloaded. This condition is the state in which most metal
parts are used during their period of service. As mentioned in Chapter 2,
“Distortion Failures,” most structural parts can be considered as
springs, because they are intended to function in the elastic, or straight
line, portion of the stress-strain curve, as shown in Fig. 1. This means
that they will return to their original shape and size after an applied load
is released.

A very important feature of the stress-strain curve must be pointed
out: the straight-line, or elastic, part of the stress-strain curve of a given
metal has a constant slope. That is, it cannot be changed by changing the
microstructure or heat treatment. This slope, called the modulus of elas-
ticity, measures the stiffness of the metal in the elastic range; changing
the hardness or strength does not change the stiffness of the metal.

This point is expressed well in the following explanation, pertaining
to steel, from Ref 2:

The steel user should remember that the elastic deflection un-
der load of a given part is a function of the section of the part
rather than of the composition, heat treatment, or hardness of the
particular steel that may be used. In other words, the modulus of
elasticity of all the commercial steels, both plain carbon and alloy
types, is the same so far as practical designing is concerned. Con-
sequently if a part deflects excessively within the elastic range,
the remedy lies in the field of design, not in the field of metal-
lurgy. Either a heavier section must be used, the points of support

Yield

Plastic deformation
(permanent) Fracture

Stress (load)

Elastic deformation
(temporary)

Strain (elongation)

Fig. 1 Generalstress-strain curve showing elastic and piastic portions of a typi-

cal curve. Area marked “Yield” is the area of transition from elastic to
plastic deformation. Yield strength, yield point, elastic limit, and proportional
limit are all in this area. See Glossary for specific definitions of these terms.
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must be increased, or some similar change made, since under the
same conditions of loading, all steels deflect the same amount
within the elastic limit.

The same point may be made with a diagram, as in Fig. 2, which
shows stress-strain curves, for steels of different strength levels,
which all branch from the same straight line (elastic portion). A very
hard, brittle metal, A, such as very strong steel, goes straight up the
elastic line with no deviation, then fractures; a file behaves in this
manner. A slightly less strong steel, B, has slight plastic deformation
(ductility). Steel C is of intermediate strength, as is D. Steel E is of the
relatively low-strength, high-ductility type desired for deep drawing
and severe forming, somewhat similar to aluminum foil. Note, how-
ever, that the straight-line (elastic) portion of the curve is identical for
all.

Ifhigher loads are applied to the part, however, the range of elasticity,
or elastic deformation, is exceeded and the metal is now permanently
deformed; that is, it is in the plastic deformation range, as shown in Fig.
1. Examples of metals having very low elastic ranges but very great ca-
pacity for plastic deformation are aluminum foil, as used for household
wrapping, and solder wire. Both are very readily deformed; indeed,
aluminum foil must have tremendous ductility (plastic deformation)
for it to be useful. If aluminum foil were too strong, it would not wrap

A o = normal stress
B € = strain
X = point of fracture
C
o
3]
k=l
@ o
o
w 3 D
_\E

Strain (elongation)

Fig_ 2 Stress-strain curves for steels of different strength levels, ranging from A,
a very hard, strong, brittle steel, to E, a relatively soft, ductile steel
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Stress (load)

Fracture

Strain (elongation)

Fig. 3 Typical stress-strain curve for a low-strength, easily deformable metal,
such as aluminum foil used for household wrapping

properly and could be considered “defective”! Figure 3 shows the type
of stress-strain curve desired for this low-strength, easily deformable,
highly ductile metal.

Indeed, the plastic deformation portion of the stress-strain curve is
extremely important in manufacturing processes because it permits al-
teration of the metal in order to change its shape, as in all cold forming
processes. Also for this reason, metals are heated to obtain increased
ductility for shaping, as in forging, pressing, and upsetting operations.
The reductions of the modulus of elasticity and yield strength with in-
creasing temperature are discussed in the following section.

Effect of Temperature

There is only one condition that changes the stiffness of any given
metal. This is temperature. The stiffness of any metal varies inversely
with its temperature: that is, as temperature increases, stiffness de-
creases, and vice versa. This relationship is illustrated for four common
alloy systems in Fig. 4. For example, steel alloys are usually considered
to have a modulus of elasticity of 29 to 30 million psi, but this figure is
valid only for room temperature. A spring will deflect more at an ele-
vated temperature than at room temperature and must be designed ac-
cordingly. A spring used at low temperature will deflect less. Nominal
room-temperature values are 15 to 19 million psi for copper alloys, 10
to 11 million psi for aluminum alloys, and 6 to 7 million psi for magnesium-
base alloys, but these also decrease with increasing temperature.
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Fig. 4 Relationship of stiffness, or modulus of elasticity, to temperature for four
common alloy systems

Nonlinear Behavior

The above comments on the elastic portions of the stress-strain curves
apply to nearly all metals. However, there are a few metals that do not
conform to Hooke’s law, which states that stress and strain are linearly
proportional within the elastic range. Figure 5 shows typical
stress-strain curves for three classes of gray cast iron (Ref 3). This non-
linear behavior is caused by the graphite flakes embedded in the
steel-like matrix that give gray cast iron its unique properties. The
flakes act as internal notches, or stress concentrations, when the metal
is loaded in tension. They tend to cause microscopic—and irrevers-
ible—yielding at the sides or ends of the flakes. Thus, the “elastic”
properties of gray cast iron are determined, in part, by the size, shape,
and distribution of the graphite flakes.

Sintered metals also have nonlinear stress-strain curves, and for the
same reason; namely, their internal pores, like the flakes in gray cast
iron, act as internal notches. However, as the density of a sintered metal
approaches the maximum theoretical density for that alloy, the curves
tend to approach linearity (Ref 3).

Cold-drawn steel bars also have slight curves in the “elastic” regions
due to the very high residual (internal) stresses caused by the
cold-drawing process. However, heating at temperatures of about 370
to 480 °C (700-900 °F) relieves the stresses and restores linearity, or
straightness, in the elastic region. It also simultaneously increases the
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Class 60

Class 40

Stress (load)

Class 20

Strain (elongation)

F|g. 5 Typical stress-strain curves for three classes of gray cast iron. This non-
linear behavior is caused by the graphite flakes, which act as internal
stress concentrations, or notches, within the metal matrix. Source: Ref 4

yield strength. Consequently, cold-drawn, stress-relieved bars are most
commonly specified and are readily available (Ref 3).

Bidirectional Stresses

Another point that must be made about stress-strain curves is that they
apply to bidirectional stresses. Normally, only the tensile part of the
curve is shown, as in Fig. 1 to 3. However, the straight-line portion also
extends into the compression region, as shown in Fig. 6. In metals that
have yield strengths, the compressive yield strength is usually consid-
ered to be approximately equivalent to the tensile yield strength. With
ductile metals in compression, there is no definite end point. Conse-
quently, the end point must be an arbitrarily selected value depending
on the degree of distortion that is regarded as indicating complete fail-
ure of the material (Ref 1). Certain metals fail in compression by a shat-
tering type of fracture; these are normally the more brittle materials that
do not deform plastically. Gray cast iron, which is relatively weak in
tension because of the mass of internal graphite flakes, has a compres-
sive strength that is several times its tensile strength (Ref 3).

Consolidating the information given in this chapter, it follows that the
modulus of elasticity is reduced when a metal at elevated temperature is
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in compression as it is when in tension at an elevated temperature. This
is shown in Fig. 7. Temperature T represents an arbitrarily selected base
+
—x
Yield

Tension

Stress (ioad)

Strain (elongation)

Compression

Yield

—

Fig. 6 Complete engineering stress-strain curve showing the normally consid-

ered tensile region (upper right) and the oft neglected compression re-
gion (lower left)

Tension

Strain (elongation)

Compression

Fig, 7 Effect of elevated temperatures T, and T, on tensile and compressive
properties of a typical metal
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temperature, such as room temperature, while T, and T, represent ele-
vated temperatures. Note not only the decrease in the modulus of elas-
ticity (the slope of the straight line portion) but also the decrease in
yield and tensile (compressive) strengths with increasing temperature.

The preceding paragraph becomes exceedingly important in the un-
derstanding of residual (internal) stresses caused by thermal means,
such as in welding. These stresses are the reason for both weldment dis-
tortion and/or fracture resulting from tensile residual stresses caused by

shrinkage during solidification and cooling of the weld. See Chapter 7,
“Residual Stresses.”

Effect of Stress Concentrations

In general, the tensile strength of a metal changes in proportion to
hardness, as shown in Fig. 8. However, this relationship does not al-
ways hold true at high hardness levels or with brittle materials because
these materials are more sensitive to stress concentrations, or notches,
and may fracture prematurely when stressed in tension.

The harder and stronger the metal, the more sensitive it is to stress
concentrations. Therefore, high-hardness, high-strength metals must be
treated carefully; virtually everything becomes critical because such
metals cannot easily tolerate stress concentrations. They cannot flow, or
deform plastically, at the highly stressed regions of the stress concentra-
tions as readily as more ductile metals of somewhat lower hardness.

Tensile strength

Hardness

Fig. 8 Relationship between hardness and tensile strength of metals in the ab-
sence of stress concentrations
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However, high-hardness, high-strength metals are extremely useful
when carefully used, because of their high static and fatigue strength, as
well as their high wear resistance.

Fatigue fractures are covered in Chapter 10, “Fatigue Fracture,” but
when discussing mechanical properties it must be pointed out that the
fatigue strength is greatly reduced by severe notches that have not been
mechanically prestressed by compressive residual stresses. See Chapter
7, “Residual Stresses.” Figure 9 illustrates qualitatively the dramatic ef-
fect that severe notches can have on the “nominal” fatigue properties
that are derived by testing polished bars without stress concentrations
(Ref 4). In the real world, polished parts without stress concentrations
are extremely rare; consequently, great care must be taken when “nomi-
nal” or book values are used for design. It is for this reason that parts and
assemblies should be laboratory tested, as well as field tested, in order to
have more confidence in the performance of the actual mechanism.

Fig. 9 Relationship between fatigue limit and tensile strength in polished and
in severely notched steel specimens. Source: Ref 4
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CHAPTER 6

Stress Versus Strength

In any failure analysis involving metal fracture, the subject of both
metal strength and the stresses within the metal part must be considered,
because they cannot be divorced from each other. Stress, in the sense
used in failure analysis, is defined as the force per unit area, often con-
sidered as force acting through a small area within a plane (Ref 1).
Strength, in the metallurgical sense, is the property of a metal part that
resists the stresses imposed upon the part. From these simple defini-
tions, the subject rapidly becomes much more complex because there
are many different types of stress and of strength.

In terms of general principles, however, it is well to reiterate a state-
ment made in Chapter 4: “All fractures are caused by stresses, and a ver-
sion of the ‘weakest link’ theory applies: fracture will originate wher-
ever the local stress first exceeds the local strength.” In this sense, the
word “local” means any microarea within the metal where stress ex-
ceeds strength.

The failure analyst must be able to understand—actually visualize
—the principal stress system that acted upon a fractured part. It is not
enough to understand the stress system that is supposed to act on the
part, but the stress system that was actually on the part to cause fracture.
In order to accomplish this, it is necessary to be able to “read” the frac-
ture surface to determine the origin(s) of fracture and whether or not
this (these) locations(s) is(are) consistent with the intended stress sys-
tem.

The elastic stress systems resulting from several common types of
loading are discussed in this chapter. However, it is advisable to remem-
ber that elastic stress is only part of the stress system actually function-
ing in the part. The applied stresses that can cause fracture are shown
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schematically for several geometries and types of loading; however, it
must be remembered that these are modified in actual parts by the resid-
ual (internal) stresses—as from welding, heat treatment, assembly, or
permanent deformation—that may also be present in the part. Thus, the
true resultant stress in any orientation at any location is the algebraic
sum of both the applied and the residual stresses, as discussed in Chap-
ter 7, “Residual Stresses.” It is for this reason that it also is vital to un-
derstand the residual stress patterns, for they are frequently ignored in
failure analyses simply because they are not as obvious as the applied
stresses.

The following discussion and illustrations cover the principal elastic
stress distribution in members of various shapes under different types
of pure loads. In actual service, combined stresses are usually present;
therefore, modifications of these elastic stresses are necessary to fit in-
dividual cases. Also, shapes need to be modified from the simple shapes
shown. Obviously, if the elastic stress range is exceeded, plastic (per-
manent) deformation will occur at the locations of highest stress, and
residual stresses will become more of a factor after the applied stress is
released. Again, see Chapter 7, “Residual Stresses,” for more informa-
tion on understanding the residual stress pattern.

For the purposes of failure analysis, it is usually satisfactory simply to
keep in mind the general shapes of these elastic stress distributions. It is
necessary to be aware of where the highest and lowest applied stresses
are located, modified by any stress concentrations. However, in certain
cases, it may be necessary to perform stress calculations to quantify the
values in the part under the specific types of loading and combinations
thereof. Quantitative analysis is beyond the scope of this work but may
be pursued in basic strength of materials texts, some of which are shown
with the references.

Elastic Stress Distributions for Simple Shapes

Tension. In pure tension, the tensile stress is uniform across the sec-
tion if there are no local stress concentrations or discontinuities present,
as shown in Fig. 1(a). A transverse, or annular, groove or notch causes a
stress concentration that increases with the sharpness of the notch. At
the root of the notch, the axial tensile stress increases, as shown in Fig.
1(b). A transverse hole also concentrates the tensile stress at the sides of
the hole, as shown in Fig. 1(c).

Torsion. A cylindrical shaft under pure torsional loading has stresses
that are maximum at the surface and zero at the center or neutral axis of
the shaft, as shown in Fig. 2(a). Pure torsion loading of a cylindrical
shaft causes all stress components—tension, shear, and compression—to
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have equal magnitudes that are maximum at the surface, zero at the cen-
ter. A stress concentration, such as a transverse hole, however, greatly
increases the stress magnitude at the edges of the hole, particularly in
the tension and compression planes, as shown in Fig. 2(b).
Longitudinal stress concentrations, such as grooves or splines, which
are in the same direction as the longitudinal shear stress component,
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may tend to direct any shear crack in that direction, as may a transverse
or annular groove, which is in the transverse shear stress direction. For
explanation, see Fig. 1(b) in Chapter 4, “Stress Systems Related to
Single-Load Fracture of Ductile and Brittle Metals.”

Compression. In pure compression, the compressive stress is uni-
form across the section if there are no local stress concentrations or dis-
continuities present, as shown in Fig. 3(a). A transverse, or annular,
groove or notch acts as a stress concentration, with the magnitude in-
creasing with the sharpness of the notch. At the root of the notch, the ax-
ial compressive stress increases greatly, as shown in Fig. 3(b). A trans-
verse hole also concentrates the compressive stress at the sides of the
hole, as shown in Fig. 3(c).

Bending. In bending of a straight member, the convex side (outside)
of the bend is stressed in tension at the surface, while the concave side
(inside) of the bend is stressed in compression at the surface. In the ab-
sence of a stress concentration, the stress distribution is linear across
the section, reaching zero at the center, or neutral axis, as shown in Fig.
4. Obviously, if there is a stress concentration perpendicular to the prin-
cipal stresses, the distribution of stress is no longer linear but will be
higher near the root of the notch. The neutral axis may or may not be at
the geometrical center, although there must be zero stress at some loca-
tion in the cross section.

Interference Fit (Press or Shrink). In an interference fit of a shaft or
tube into a hole in a collar, hub, or other member, there is a tensile cir-
cumferential (hoop) stress around the hole tending to burst or split the
outer member, as shown in Fig. 5(a). Similarly, the inner member has
compressive circumferential stresses. In all cases, the magnitudes of the
stresses are maximum at the interface between the members, as shown
in Fig. 5(b).
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Convex Surfaces in Contact. When convex surfaces, such as cylin-
ders and balls, are under compressive forces in contact with other sur-
faces, they develop compressive stresses both parallel and perpendicu-
lar to the line of contact in both members, as shown in Fig. 6(a). The
maximum shear stress, the location of fatigue origin, is a short distance
below the contact surfaces when the members are either stationary or
rolling with respect to each other. Note in Fig. 6 that when under heavy
pressure, the contact region distorts elastically and tends to flatten both
convex members, bulging at the ends of contact. When rolling occurs,
these bulges form stress waves that roll with the rolling elements.

When sliding forces are added to the rolling forces, the shear stress lo-
cation and magnitude are modified. This happens at all locations on
gear tooth active profiles (except at the pitch line) and in other
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nominally rolling elements. The maximum shear stress approaches the
surface interfaces because of the friction between the rolling/sliding el-
ements. This distorts the bulges at the ends of each element, as shown in
Fig. 6(b), and fatigue failures are likely to be of surface origin. See
Chapter 12, “Wear Failures—Fatigue.”

Direct (Transverse) Shear. There are two types of direct, or trans-
verse, shear fractures: single shear and double shear. Both involve
macroshearing fractures, with little or no bending distortion involved.
In single shear, two closely fitting parallel surfaces with sharp edges, as
shown in Fig. 7(a), can shear, or cut, a third material between them if
they move toward each other. Shear or sliding fracture occurs on the

(a) Rolls turning at same speed

(b) Rolls turning at different speeds

Flg. 6 CElastic stress distribution: convex surfaces in contact
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dotted line at the interface as shown. Typical examples are scissors
(shears) as well as punch presses and other machine tools that make cuts
without actually removing metal chips. If the corners of the cutting
edges are not sharp, or if the parts are not properly adjusted,
sharp-edged burrs will be formed on the trailing edge of each of the cut
surfaces.

Double shear occurs when two surfaces are stressed in shear simulta-
neously. This is characteristic of some bolted or riveted joints, as shown
in Fig. 7(b), and in closely fitting clevis joints. True double-shear frac-
ture occurs only when there is no bending of the member that becomes
fractured; bending frequently occurs, however, if the joint is loose or
the sides spread.

Thin-Wall Pressure Vessels. Compressed fluids within a thin-wall
pressure vessel cause circumferential and longitudinal tensile stresses,
as shown in Fig. 8. The maximum tensile stress—in the absence of a
stress concentration—is normally near the center of the length and in
the circumferential (hoop) direction. This tends to cause a longitudinal
splitting rupture if the internal pressure causes the hoop stress to be too
high for the strength of the material under the conditions involved.

In the real world, stress concentrations are invariably present, usually
in the form of welded inlets, outlets, formed shapes, and the like. Each
of these must be considered individually with respect to the type of frac-
ture involved. The longitudinal splitting rupture noted above is some-
times associated with a longitudinal seam weld, either in the weld itself
or in the heat-affected zone. Fatigue fractures are sometimes observed,
for each pressurization represents one stress cycle; in this case there
need be no permanent bulging or other plastic deformation, for the pres-
sure vessel need not have been overpressurized.

Subsurface-Origin Fractures. Under certain conditions fractures
can originate at significant depths below the surface. This is particularly
true of fatigue fractures in parts that have no stress concentration on the
surface but have a steep strength gradient, as frequently occurs with cer-
tain types of case hardening. Subsurface-origin fractures also occur in
tension-stressed parts where there is an internal stress concentration,

-
(a) Longitudinal section (b) Cross section

Flg. 8 Elastic stress distribution: thin-wall pressure vessel
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such as a discontinuity. Photographs of these types of fractures are
shown in Chapter 10, “Fatigue Fracture.”

Figure 9 illustrates the principle behind subsurface-origin fractures of
parts such as shafts that are stressed in bending or torsion. These types
of loading cause the stress to drop to zero at the neutral axis, at or near
the center of the part. Each of the four parts of Fig. 9 represents a differ-
ent combination of stress gradients and strength gradients. All have the
surface of the part at the left edge; the center, or neutral axis, is the
dashed line at the right edge. Both stress and strength are shown on the
vertical axis; the stress gradients pivot around the lower right corner
(the neutral axis) as the stress increases (Ref 2).

Figures 9(a) and (b) show the same curving stress gradient because of
a geometric stress concentration at the surface. The stress at the center
(neutral axis) is zero, then rises sharply above the straight-line stress
gradient (dashed line) near the surface where there is a stress concentra-
tion, such as a notch or groove. Figures 9(c) and (d) show the stress gra-
dients that are present if there is no surface stress concentration; the
stress is linear from zero at the center (lower right corner) to maximum
at the surface (left edge).

Figures 9(a) and (c) both show the same gently dropping strength gra-
dients, which are derived from hardness traverses. This type of strength
gradient is characteristic of medium-carbon steels, plain carbon or
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alloy, with maximum hardness at the surface gradually dropping to
moderate hardness at the center. On the other hand, Fig. 9(b) and (d)
both show steep, precipitous strength gradients. This type of strength
gradient is characteristic of some surface-hardened steels with very thin
cases, steep drops, and/or a sudden change from a hard surface to arela-
tively soft core.

Keeping in mind the principle that fracture can originate wherever the
local stress first reaches the local strength, it is easy to understand
subsurface-origin fracture. Note that the shape of the stress and strength
curves in Fig. 9(a) to (c) is such that the stress gradient first touches the
strength gradient at the surface. In these cases, surface-origin fracture
would be expected. However, in Fig. 9(d), the steep strength gradient
and the linear stress gradient intersect below the surface; therefore, a
subsurface-origin fracture would be expected. An example of this type
of behavior sometimes is seen in induction-hardened steel that has not
been previously quenched and tempered.

The facts that can be learned from this exercise are as follows:

e  Surface-origin fractures can be expected at locations where surface stress
concentrations exist, such as grooves, threads, slots, and transverse holes.
Surface-origin fractures also can be expected where there are no surface
stress concentrations, but where there is a relatively gentle strength (hard-
ness) gradient sloping from maximum at or near the surface to minimum
at the neutral axis.

e  Subsurface-origin fractures can be expected if there are no surface stress
concentrations perpendicular to the tensile stress, but where there is a
very thin case, a steep hardness gradient, large nonmetallic inclusions,
and/or a relatively soft core. This type of fracture can be prevented by re-
moving any or all of these conditions by increasing case depth, modify-
ing heat treating practice to eliminate the steep hardness gradient, using a
cleaner steel, and/or increasing core hardness.

In the preceding discussion of subsurface fractures, which deals with
the relationship between two different types of stress gradients and two
different types of strength gradients, discussion of one vital factor was
omitted for simplicity. As pointed out previously, residual stresses are
just as important as the applied stresses discussed previously and can
modify the location of fracture origin. Residual stresses can be consid-
ered as modifying the shape of the stress gradient; the resultant gradient
must be considered in relation to the strength gradient according to the
simple principles outlined.

An example of modification of fracture origin is as follows: If a part
with a moderate surface stress concentration fractures by fatigue, we
expect the fatigue origin(s) to be at the surface, as shown in Fig. 9(a)
through (c). However, if the surfaces of similar parts are shot peened or
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rolled, any future fatigue fractures should originate below the surface,
although after longer life or higher service stresses. The reason is that
the shot peening or surface-rolling operation induces compressive re-
sidual stresses in the surface that neutralize, or reduce, the tensile (actu-
ally shear) stresses that initiate fatigue fracture. Additional information
on residual stresses can be obtained from Chapter 7, “Residual
Stresses.”

Summary

The original premise of this discussion should be obvious by now.
The failure analyst must have at least a basic understanding of both the
stress and strength gradients of parts with and without stress concentra-
tions and under different types of loading. It should also be clear that the
relationship of stress and strength gradients must be considered simul-
taneously in analysis of a particular type of fracture. The complicating
factor of residual stresses also must be understood, although quantita-
tive analysis of residual stresses usually is more difficult to determine.
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CHAPTER ;

Residual Stresses

It is literally a shattering experience to witness a metal part suddenly
split into two or more pieces after it has been resting on a floor, bench,
or table under no external load. Yet this is not an uncommon situation
and is within the experience of many persons who have worked with
metals.

A spectacular example was that of a 40 ft long I-beam that was lying
on a shop floor after being torch cut at each end the previous day (Ref
1). It suddenly split longitudinally, as shown in Fig. 1. This fracture was
caused by residual stress. Note the bowing of the beam as the transverse
stresses relaxed following fracture. The extremely high forces involved
can be imagined by trying to apply enough force to restore the beam to
its original condition. This is the same force that was internal in the
beam and caused it to fracture in the first place. The reasons for this
fracture are related to the prior torch cutting, which was the trigger for
releasing the energy stored in the beam.

Residual stresses are defined as those stresses that are internal or
locked into a part or assembly, even though the part or assembly is free
from external forces or thermal gradients (Ref 2). These internal stress
systems, whether they are in an individual part or in an assembly of
parts, are the result of mismatch, or misfit, between adjacent regions of
the same part or assembly (Ref 3). This internal misfit, which can be
caused by a variety of reasons, distorts the neighboring regions with
elastic stresses.

Although residual stresses are hard to visualize, difficult to measure,
and nearly impossible to calculate, they are just as important in the
function of a part as are externally applied forces that are readily visual-
ized, measured, and calculated. An individual grain, or crystal, of metal
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in a part reacts to a stress to which it is being subjected whether the
stress is from an external or an internal source. A stress from either kind
of source can result in serious problems of fracture and distortion. For
this reason, residual stresses must be considered during failure analysis
even though they are much more difficult to visualize and understand
than are applied stresses.

Residual stresses are internal forces not limited to metal parts or as-
semblies as covered in this work. Parts or assemblies made from any
material are subject to uneven expansion and contraction due to varia-
tions in temperature, moisture, fastening, and the like. Water freezing in
a pipe can cause the pipe to burst because water expands when it
freezes. This is actually an applied stress, but can be compared to an in-
ternal stress. Even a large body such as the earth has cracks, which geol-
ogists call “fault lines.” When internal forces (residual stresses) cause
uneven stick-slip movement along these fault lines, the adjacent plates
slide against each other causing earthquakes, which are the sudden re-
lease of enormous amounts of stored-up energy within the earth’s crust.

F|g, 1 Spontaneous residual stress fracture in a 40 ft long I-beam under no
external foad. Source: Ref 1



Residual Stresses

63

It is a serious mistake to think that all residual stresses are harmful. In-
deed, there are a number of manufacturing processes in which the sole
purpose is to introduce favorable residual stress patterns in critical
parts. These processes include case hardening, shot peening, and sur-
face rolling. On the other hand, there are manufacturing processes that
must be carefully controlled in order to prevent unfavorable residual
stresses; these processes include grinding, welding, and some machin-
ing operations.

In general, it is usually desirable to have high compressive residual
stresses at the surface of parts that are subject to fatigue, stress corro-
sion, and fretting. However, one should be aware that there must be bal-
ancing tensile residual stresses within the part. In certain circum-
stances, these internal tensile residual stresses can be a problem.

There are several fundamental facts that must be understood about re-
sidual stresses:

1. Residual stress systems are balanced. That is, if one part of the system is
altered, the rest of the system will change or adjust to maintain the bal-
ance. This change or adjustment results in distortion, or dimensional
change, of the part involved. This distortion can be used to estimate the
magnitude and direction of the residual stresses. This static equilibrium is
analogous to that of a boat floating in the water; if additional weight is
added to the boat, it adjusts automatically by sinking slightly in the water
until an equivalent weight of water is displaced.

2. Residual stress systems are three-dimensional. For instance, in a shaft we
can think of residual stresses in the longitudinal, circumferential (also
called “tangential” or “hoop”), and radial directions. In a flat surface, such
as in a sheet or plate, they are in the longitudinal, transverse, and thickness
directions. In most cases, one of the directions is of little importance and
can be ignored, such as the radial, or thickness, stresses noted above.

3. Residual stress systems are described in terms of tensile and compressive
stresses, although inevitably there must also be shear stress components.
Since they are balanced systems of forces, each tensile residual stress
(creating a tensile force) must be balanced by an equal and opposite com-
pressive residual stress (creating a compressive force). This is a corollary
to Newton’s Third Law of Motion: Every force must have an equal and
opposite reactive or balancing force.

4. Residual stress systems may be described in three scales of magni-
tude—macro, micro, and lattice—as follows;

a. Macroscale: This scale encompasses the entire cross section of a part.
If the areas near the surface are in residual compression, for example,
the areas near the center must be in residual tension to balance the sys-
tem of forces. This is the scale usually considered for engineering pur-
poses.
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b. Microscale: This scale is used in consideration of the stresses in an in-
dividual grain, or group of grains. The grains are affected by the
macrostress field in which they are located, but each grain is oriented
randomly and has microdefects different from those of its neighboring
grains. Residual stresses in clusters of grains are averaged when mea-
sured by the X-ray diffraction method of quantitative measurement.

c. Lattice Scale: Since each grain is composed of a three-dimensional lat-
tice structure of atoms, the distortions of the lattices in certain direc-
tions are actually measured by the X-ray method. The lattices are, in
effect, submicroscopic strain gages. Since lattice distortions cannot be
measured individually, they may be treated statistically and averaged
on the microscale and macroscale.

5. Residual stress systems are affected by foreign atoms that are introduced
into the lattice structure. During heat treatment of steel, such as in carbu-
rizing, carbonitriding, nitrocarburizing, and nitriding, carbon and/or ni-
trogen atoms are deliberately diffused into the surface and near-surface
regions at elevated temperatures. Because these atoms occupy space in
the lattice, they tend to produce desirable compressive residual stresses
parallel to the surface. Indeed, this is one of the major reasons for the use
of these surface heat treatments, in addition to the desire for increased
hardness, strength, and wear resistance.

6. For best resistance to fatigue fracture, the surface areas should have
compressive residual stresses in directions that are perpendicular to the
expected fatigue-crack direction, provided that the maximum applied
tensile stresses are expected to be at the surface. In other words, com-
pressive residual stresses can be used to neutralize, or counteract, poten-
tially damaging tensile applied stresses. Similarly, tensile residual
stresses on or near the surface of most parts should be avoided because
they will add to the tensile stresses from service and may cause premature
failure.

7. Residual stress systems may be formed, and altered, by many manufac-
turing processes and service conditions such as those that cause thermal,
metallurgical, mechanical, or chemical changes in the metal. This is sig-
nificant because nearly all processes and treatments in manufactur-
ing—and many service conditions—have the distinct possibility of af-
fecting the residual stress system for better or for worse.

Table 1 lists some of the many ways in which residual stresses can be
altered in a given metal. Careful examination of this list reveals that
nearly everything that can be done to a metal has the potential of affect-
ing the residual stress pattern.

The implications of these factors will be explored in later sections.
First, let us study the basic mechanisms of residual stress formation:
thermal, metallurgical, mechanical, and chemical.
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Table1 Factors that can affect residual stresses

Thermal action Mechanical action Chemical action
Heat treatment Machining, grinding, and polishing Etching
Stress relieving Mechanical surface treatments Corrosion
Annealing Shot peening Chemical machining
Hardening Surface rolling Surface coating and plating
Tempering Hammer peening
Diffusion treatment Ballizing
Carburizing Cold forming
Carbonitriding Stretching
Nitrocarburizing Drawing
Cyaniding Upsetting
Nitriding Bending and straightening
Decarburizing Twisting
Fabrication with heat Autofrettage
Welding Interference fitting
Flame cutting Service overloads
Hot forming Explosive stressing
Casting Cyclic stressing
Shrink fitting Wear, chafing, bruising, gouging,
Operation at elevated temperatures and cracking
Electrical discharge machining

Sounrce: modified from Ref 4

Thermal Residual Stresses

Thermal residual stresses are caused primarily by differential expan-
sion when a metal is heated and contraction when cooled. The changes
that occur in the metal as a result of misfit cause thermally induced re-
sidual stresses.

Formation of thermal residual stresses is the result of two factors:
heat (including lack of heat, or refrigeration) and restraint. Both the
thermal and restraint factors must be present to generate residual
stresses, or to affect the residual stress pattern.

A fundamental principle for understanding thermal residual stresses
is as follows: The metal that cools last is in residual tension (if there is
no hardening transformation) (Ref 5). This principle should be memo-
rized if an understanding of thermal residual stresses is desired.

Thermal residual stresses may be better understood when the follow-
ing examples are considered:

1. A metal bar expands in all directions when heated uniformly to a
subcritical temperature, as shown in Fig. 2(a). That is, its volume in-
creases as a result of thermal expansion, as is shown by the dotted lines.
Assuming that there are no hardening transformations or environmental
effects, the bar will shrink back to the original shape and size when it
cools uniformly to its original ambient temperature. Because heat—but
not restraint—was present, no residual stresses were generated.
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2. If an identical metal bar is gently held between abutments (as in a vise)
and similarly uniformly heated without heat transmittal to the abutments,
the metal bar will again expand to the same volume that it had in the first
example, as shown in Fig. 2(b). However, since it is restrained longitudi-
nally, it cannot increase in length. Therefore, at the elevated temperature,
it yields compressively (or is “upset”) because the modulus of elasticity
and the yield strength are lower at the elevated temperature. Because it
must attain the same volume as the bar in Fig. 2(a), its transverse size
when hot must exceed that in the first example. When cooled to its origi-
nal temperature, it becomes shorter than it was originally and falls from
between the abutments, or vise. As in the first example, no residual
stresses are generated because the bar was restrained during heating but
not during cooling.

3. Now let us make the bar an integral part of the abutments, as shown in
Fig. 2(c). It is now the same as in Fig. 2(b) except that there are no joints,
or interfaces, at the ends of the bar. Again, assume that no heat is transmit-
ted past the ends of the bar section. If the bar is heated to the same ele-
vated temperature, it expands and yields compressively as it did previ-
ously, but during cooling it reacts differently. As it cools to the original
temperature, it shrinks and tries to fall out of the abutments, as it did be-
fore. Now, however, it is axially restrained; therefore, a tensile residual
stress is generated as the bar portion tries to contract away from the abut-
ments. Since the bar is the only part that is heated, it is the last to cool, thus
generating tensile residual stresses when it is restrained from dimensional
change in both directions. If the tensile residual stress exceeds the tensile
strength, the bar may fracture if made from a brittle metal.

To understand distortion resulting from thermal residual stresses,
consider a stress-free plate, as shown in Fig. 3(a). Assume that the up-
per portion is uniformly heated, with no heat transfer to the lower part.
The heated part expands in all directions—Ilength, width, and thick-
ness—but, because it is restrained from free lateral expansion by the
cold, strong lower portion, it causes bowing distortion as in Fig. 3(b).
The upper (convex) surface is compressively stressed at this time be-
cause of the restrained expansion. This compression of the hot, weak-
ened metal causes it to exceed its compressive yield strength; again, in
effect, it is upset, or compressed, parallel to the plate. The lower (con-
cave) surface also is compressively stressed at this time simply because
it has been forced into a concave shape. To maintain equilibrium, there
must be a balancing tensile stress in the interior.

When the heated upper portion is allowed to cool to its original tem-
perature and the thermal gradient with the lower portion disappears, the
plate distorts as shown in Fig. 3(c). The reason for this reversal is that
the lateral compressive plastic deformation of the upper layer when hot
causes it to be shorter than it was originally at the ambient temperature.
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As it shrinks during cooling, it bows the lower portion as shown, forming
a partial spherical shape. This shrinkage causes tensile residual stresses
on the upper, formerly hot layer, because this is the last part to cool. The
lower (convex) surface also is stressed in tension simply because it was
forced to be a convex surface, which forms tensile stresses, whether dis-
torted by thermal or mechanical forces. To maintain equilibrium, there
must be balancing compressive stress in the interior.

In this example the stresses in the thickness direction are ignored for
simplicity, because thickness expansion and contraction were unre-
strained; therefore, they are insignificant and irrelevant in this discus-
sion.

Fig. 3 Deformation caused by thermal residual stresses. (a) Flat, plate-like

metal at uniform temperature. (b) Lateral expansion of upper part on
heating is restrained by cold, strong metal below, causing compressive stress (C)
on upper (convex) and tower (concave) surfaces and tensile stress (T) in the inte-
rior. (c) Reversal of stresses on cooling
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Fig, 4 Thermal residual stresses caused by spot heating. (a) Stress-free plate or

sheet at uniform temperature, {b) When locally through-heated, plate
expands laterally, generating compressive stresses; also bulges in thickness direc-
tion. (¢} When cooled to original temperature, plate contracts laterally, generating
tensile stresses; also contracts in thickness direction
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Now consider a thin, flat plate or sheet (Fig. 4a). When locally and
rapidly heated, as in Fig. 4(b), the heated metal tries to expand laterally.
However, it is restrained by the cold, strong metal surrounding the
heated area; thus, as before, the weaker heated metal yields compres-
sively. Shrinkage upon cooling (Fig. 4c) causes the formerly hot metal
to generate tensile residual stresses parallel to the surface of the plate. It
also contracts in the thickness direction, forming a slight, gentle cavity
where it had been heated. This is the principle involved in the
flame-straightening technique used for thin, flat metal (Ref 6).

Distortion and/or tensile residual stresses in weldments, particularly
those involving large, box-like, closed structures, can be a major source
of problems. This was a contributing factor to brittle fractures of mer-
chant ships during World War II, as discussed in Chapter 8, “Brittle
Fracture.” Careful attention must be paid to the sequence of welding,
with the final welds placed at relatively harmless locations, if possible.
When this is not possible, it may be necessary to thermally stress relieve
the welds by localized heating, or by furnace treating the entire struc-
ture. For additional information on welding distortion, see Ref6 and 7.

Metallurgical Residual Stresses

Metallurgically induced residual stresses are caused primarily by
nonuniform expansion during the hardening process of martensite in
steel. The 3 to 4% volumetric expansion of martensite when it forms
from austenite is responsible for these stresses.

The general principle that applies to steel is as follows: The metal that
hardens last is in residual compression. Volumetric expansion causes
compressive residual stresses when the area that expands is restrained,
as illustrated by the following analogy:

Imagine a small room with rigid walls into which are packed a
large number of people of identical height. All are ordered to ex-
hale so that more people may be packed in before the door is
forced shut. The people stand, wedged together, all completely
exhaled. Then all are ordered to inhale deeply; the expansion of
all the chests creates a compressive stress, at chest level, that
presses outwards against the rigid walls. If the walls were
nonrigid—that is, flexible—a smaller compressive stress would
be generated, for the walls would bulge outward. In other words,
there would be more distortion but less stress, because there is
less restraint.

Because the hardening, or martensitic, transformation occurs during
cooling, the general principles noted for thermal and metallurgical
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residual stresses seem to contradict each other. Both involve the regions
that cool last, in one case (thermal) causing tensile residual stresses, but
in the other (metallurgical) causing compressive residual stresses. It is
difficult to imagine steel shrinking because of thermal contraction and
simultaneously expanding because of metallurgical expansion. In fact,
these changes do occur at the same time in both directions during trans-
formation to hard martensite and are responsible for much of the distor-
tion that occurs during steel heat treating.

Keeping the general principles in mind, it is now easy to understand
why deep-hardening steels, such as high-alloy and tool steels, can crack
if used in relatively small parts or thin sections that are rapidly cooled,
or quenched, during heat treatment. The last part to harden may be in
the center of the section. If this occurs, the center will have compressive
residual stresses, for this is the region that hardens last. However, the
necessity for a balanced residual stress system ensures that surface ar-
eas will have tensile residual stresses, a dangerous situation that can
lead to cracking of the surface if the tensile strength of the steel is ex-
ceeded by the tensile residual stress. Indeed, a part in this condition is
similar to a pressure vessel (or a bomb) ready to fracture (explode) at
any moment. Stress concentrations, such as seams, transverse holes,
threads, and fillets, are likely sources of fracture origin.

It is for these reasons that the hardenability, or depth of hardening, of
steel must be tailored carefully to the size of the part and the type of
quench during heat treatment. Parts that consist of both large and small
sections, or thin regions, must be treated very carefully, both in specifi-
cations of the steel and in its heat treating. Quench cracks, such as de-
scribed here, are serious because they can lead to catastrophic fracture.

Residual stresses caused by the martensitic transformation and ex
pansion discussed above are characteristic of many ferrous metals.
Another type of strengthening and hardening mechanism is the precipitation-
hardening reaction that occurs in certain aluminum, copper, and stainless
steel alloys. This involves precipitation of a cloud of submicroscopic parti-
cles that restrict slippage of the shear planes in the lattice structure. From
an engineering viewpoint, this type of strengthening tends to have little ef-
fect on residual stresses, although there may be a microeffect that can be
measured with certain X-ray and electron diffraction techniques. For prac-
tical purposes, precipitation-hardening reactions seem to have little effect
on residual stresses (Ref 8).

Mechanical Residual Stresses

To understand mechanical residual stresses, let us first examine the
principle of the arch: As shown in Fig. 5, a stone arch is constructed in
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such a way that the critical joints between the inner arch stones are per-
pendicular to the inner contour of the arch. The greater the load of stone
above the arch, the greater are the compressive forces squeezing the in-
ner arch stones together and the more stable and secure is the structure.

The key element here is the compressive stress squeezing the inner
stones together. They cannot slip because the joints are perpendicular to
the compressive stress parallel to the inner contour of the arch. The
same principle is used in many modern bridges and high dams. A sketch
of Hoover (formerly Boulder) Dam, as in Fig. 6, shows that the curved
dam, buttressed by a mountain at each end, has the high pressure of the
waters of Lake Mead trying to force the ends of the dam against the
mountains, putting compressive stresses into the arch-like dam. (Imag-
ine the instability—and absurdity—of the structure if the high pressure
was against the concave, rather than the convex, side of the dam!)

Now, transfer the thinking from blocks of stone or concrete to grains
of metal; if the grains are squeezed together parallel to the surface, a
crack cannot form to separate the grains. (Here the arch analogy breaks
down slightly because the grain boundaries are not necessarily perpen-
dicular to the surface; however, metal grains and grain boundaries have
tensile and shear strength, while adjacent blocks of stone do not.)

The general principle that should be remembered about mechanically
induced residual stresses is as follows: tensile yielding under an applied
load results in compressive residual stresses when the load is released,
and vice versa. This simple principle is of profound significance, for it
is the basis for all mechanical prestressing treatments intended to im-
prove fatigue strength and resistance to cracking from stress corrosion
and from fretting.
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Fig. 5 The principle of the arch. Joints between stone blocks are radial, or per-

pendicular, to the inner surface of the arch. The greater the load above
the arch, the more tightly the inner blocks are squeezed together by compressive
forces, making a very stable structure.
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To illustrate this principle, Fig. 7(a) shows a very hard ball being
pressed into a metal surface. At the moment of deepest penetration, the
curved surface, which was originally flat, is stretched into a partially
spherical shape. It has yielded in tension in all directions parallel to the
surface while the load is applied. At the same time, the metal under the
ball has yielded in compression in the radial directions—that is, perpen-
dicular to the contour of the ball. These are the conditions at the moment
of deepest penetration.

When the load on the ball is released, as shown in Fig. 7(b), elastic re-
covery takes place and the dent is forced outward into a slightly shal-
lower depression than it had at deepest penetration. It is this elastic re-
covery that is of great value, for the surface of the indentation is forced
into a compressive residual stress in all directions parallel to the surface
of the indentation, while the internal (radial) stresses become tensile
perpendicular to the surface. The most significant feature is that the
compressive residual stresses force the grains of metal in the indenta-
tion to squeeze together, exactly as the stones of the arch are pressed to-
gether by the weight of the stone blocks above.

If the entire surface is mechanically dimpled with many small inden-
tations, as shown in Fig. 7(c), it then has compressive residual stress.
This is extremely useful in resisting certain types of cracking, such as
from fatigue, fretting, and stress corrosion. The process just described
is the common process of shot peening (Ref9), in which a large number

\ Lake Mead /

Hoover Dam

Mountain Mountain

Fig. 6 Sketch of an aerial view of Hoover Dam showing arch-like construc-
tion. Again, high pressure is against the convex side.
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of small indentations are made in a surface to compressively prestress
that surface. The same principles apply to other methods of mechanical
prestressing (Ref 10), such as surface rolling of fillets, “ballizing” of
holes, or pressing circular grooves around holes to prevent fatigue
cracks from progressing from the hole. In all cases the principle is the
same: fensile yielding under an applied load results in compressive re-
sidual stresses when the load is released, and vice versa.

Fig. 7 Demonstration of the principle of mechanically induced residual

stresses. (a) A hard ball pressed into a metal surface at point of greatest
penetration. Note that the original surface (dashed line) is stretched (tension) into a
spherical shape by the force on the ball. Radial reaction forces (below the ball) are
compressive at this stage. (b) After the ball is removed, elastic recovery (or
springback) causes a stress reversal: surface residual stresses in the cavity are now
compressive, radial reaction forces are tensile. (c) Creation of numerous small in-
dentations in surface, as by shot peening, forms a compressive residual stress bar-
rier that resists cracking.
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Mechanical prestressing also can be used as a manufacturing or sal-
vage procedure to change the shape of metal parts, for example:

e Shot peening can be used to form convex surfaces on relatively thin
metal, such as aluminum sheet used for the skin of aircraft wings. This
process is called peen forming. Long panels of aluminum are shot peened
with the intensity varied to change the degree of curvature. Integral longi-
tudinal stiffeners, or ribs, may be present on one side, which restricts the
curvature to the transverse direction, rather than both longitudinal and
transverse. The airfoil shape is desired primarily on the upper surface; if
overcurvature occurs in a certain region, it may be corrected by peening
the opposite side. As a side benefit, compressive residual stresses in-
duced on both surfaces resist fatigue cracking during service (Ref 11).

e Surface rolling may be used in a similar manner to straighten bent or
curved shafts. Selective roller pressure must be applied to the concave
side of a curved shaft as it rotates on its axis. Increased compressive re-
sidual stress on the originally concave side tends to straighten the shaft.
However, note that rolling pressure must be varied during each revolu-
tion of the shaft; pressure must be heaviest on the originally concave side,
lightest on the originally convex side. This procedure is used to straighten
very large shafts such as propeller shafts of ships, which commonly are
uniformly surface rolled to prevent fatigue fracture. These shafts may be
as large as 30 in. in diameter and 40 ft or more in length. However, if they
are curved for any reason, the selective roller pressure process may be
used to straighten the shafts (Ref 12, 13).

Chemical Effects on Residual Stresses

Table 1 shows that certain chemical treatments are among the many
factors that can affect residual stresses. Various methods of controlled
corrosion, particularly etching and chemical machining, tend to change
the residual stress pattern by removing metal from the surface. This per-
mits the underlying metal to distort, if the balance of residual stresses is
changed, or sometimes to crack, if high tensile residual stresses are
present.

Surface coatings and platings also can affect the residual stress pat-
tern, generally causing tensile residual stresses in the plated metals.
These may cause cracking to occur in the plated metal, and possibly in
the base metal being plated. Hard chromium plating, in particular, can
be severely damaging to hardened steels. To address this problem, Fed-
eral Specification QQ-C-320B (Amendment 1), for example, requires
steel parts harder than 40 HRC to be shot peened in accordance with
MIL-S-13165 prior to electroplating and then baked for at least one
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Helpful Hints

hour at a temperature of 350 to 400 °F, depending on section thickness,
immediately after plating. Shot peening is intended to help prevent fa-
tigue fracture; baking diffuses hydrogen out of the metal (Ref 14) and
thus helps to prevent fracture due to hydrogen embrittlement.

As mentioned earlier, shot peening is also extremely effective in pre-
venting stress-corrosion cracking, in which a tensile stress must be
present with a metal in a susceptible environment. See Chapter 13,
“Corrosion Failures,” for further discussion of stress-corrosion crack-
ing.

It is sometimes difficult to visualize residual stresses in metals be-
cause they are internal and are not obvious. However, the concept is
greatly simplified if one visualizes tension and compression springs to
represent tensile and compressive residual stresses, respectively. This
spring analogy was first proposed by Heyn (Ref 15) and vividly illus-
trated by Baldwin (Ref 16).

Ilustrations of this spring analogy are shown in Fig. 8. Figure 8(a)
shows a balanced, stable system consisting of two end blocks held to-
gether by a tension spring (or rubber band), while they are kept apart by
two compression springs (or rubber pads). As shown in the adjoining
sketch, this represents a desirable system, with compressive residual
stress on the outside and a balancing tensile residual stress in the inte-
rior.

Figure 8(b) is the reverse of the above, representing undesirable ten-
sile residual stresses on the outside and a balancing compressive resid-
ual stress inside.

Each of these models may be rotated about the central axis to gener-
ate, in imagination, a bar or cylinder; or, they may be moved laterally to
generate, in imagination, a flat plate. One can then visualize that dimen-
sional changes (distortion) will result when part of the structure is re-
moved by machining or chemical removal. Indeed, these are the princi-
ples behind the dissection method of residual stress measurement.

For example, if part of the compressively residual-stressed surface of
a bar is machined off, the resulting smaller-diameter bar tends to get
shorter as the internal tensile residual stress is relieved. If, however, the
center is bored out, then the resulting tube becomes longer than the orig-
inal bar because of the relaxation of the compressive residual stresses.
These examples refer to the stresses in the longitudinal direction; other
dimensional changes also take place in the tangential, or circumfer-
ential, direction and in the radial direction as those residual stresses are
relieved.
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Similarly, if a plate with compressive residual stresses on the surfaces
and balancing tensile residual stresses inside is fastened down to a flat
table and the upper surface is machined off, the ends of the plate tend to
bow upward when the plate is released from the table. The reverse is
true if the plate originally had tensile residual stresses on the surface
and compressive residual stresses in the interior.

Also, it helps to think of internal stresses in other closed systems to
get a better feel for the elusive residual stresses. Two types of wheels
may be used for examples:

-

o -4

L b}/ —

(a) Compressive stresses outside, Residual siress
tensile stress inside diagram

—

Residual stress
{b) Tensile stresses outside, diagram
compressive stress inside

Fig. 8 Residual stress systems illustrated by spring analogy (left illustrations);
and diagrams of corresponding stress systems (right illustrations)
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A bicycle wheel is a very light, strong structure because of the way in
which the components are stressed. Referring to Fig. 9(a), if the wire
spokes are assumed to be radial, tightening the spokes causes tensile
radial stresses. These spokes pull the rim inward, stressing it in
circumferential compression, while pulling the tubular hub outward, try-
ing to pull it apart by circumferential tensile stresses.

Conversely, an old wooden wagon wheel, Fig. 9(b), with a shrunk-on
steel “tire” has a stress system just the opposite of that of the bicycle

A
¥

(a)

(b)

Fig_ 9 Closed stress systems in two types of wheel. (a) Light, strong bicycle

wheel (radial wire spokes) has tensile stressed spokes, compressively
stressed rim (hoop stresses), and tensile hoop stresses in the hub. Longitudinal (ax-
ial) stresses are negligible. (b) Heavy wooden wagon wheel with a shrunk-on steel
tire generates tensile hoop stresses in the tire, compressive radial and hoop
stresses in the wooden rim, compressive radial stresses in the thick wooden
spokes, and compressive hoop stresses in the hub. Longitudinal (axial) stresses are
negligible.
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wheel. The shrinking of the steel “‘tire” creates tensile stresses in the steel,
while it squeezes inward (radially) with compressive stresses in the
wooden rim to press the segments together and in the large wooden
spokes. The hub, in turn, also is squeezed compressively by the radial
forces from the spokes. Note that all the wood is in compression.

In both examples, longitudinal residual stresses, axial to the shafts of
the wheels, are negligible and can be ignored.

Summary

Residual, or “locked-in” internal, stresses are regions of misfit within
a metal part or assembly that can cause distortion and fracture just as
can the more obvious applied, or service, stresses. Residual stresses
may be either extremely dangerous or highly beneficial, depending on
their pattern and magnitude.

Residual stresses can be affected by virtually all manufacturing pro-
cesses and by many service conditions. The principal factors that cause
residual stresses are thermal, metallurgical, and mechanical imbalances
within the metal.

Again, repeating the general principles:

e Thermal residual stresses are induced because the metal that cools last is
in residual tension (if there is no hardening transformation).

e Metallurgical residual stresses are induced because the metal that hard-
ens last is in residual compression.

® Mechanical residual stresses are induced because zensile yielding under
an applied load results in compressive residual stresses when the load is
released, and vice versa.

Visualization and understanding of residual stresses can be aided if
they are considered to be balanced systems made of tension or compres-
sion springs.
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CHAPTER 8

Brittle Fracture

The terms brittle and ductile, as used here and in the following chap-
ter, refer to the extremes of metal behavior in single loading, as follows:
Brittle means little or no permanent deformation prior to fracture, usu-
ally accompanied by high hardness and strength, but with little toler-
ance for discontinuities. Ductile means considerable permanent defor-
mation prior to fracture, usually accompanied by low hardness and
strength, with considerable tolerance for discontinuities.

These terms, brittle and ductile, are opposites, like black and white. For
many parts it is desirable to have metal properties that are predominantly
hard, strong, and wear resistant, accepting the accompanying brittleness.
Examples are gear teeth, antifriction bearings, and various types of cut-
ting and forming tools. However, in many other types of material, it is de-
sirable to have metal properties that are predominantly ductile, accepting
the relatively low hardness, strength and wear resistance. Examples are
household aluminum foil; flat metal that must be shaped; and wire for
cold forming into coat hangers, nails, or wire for wrapping, etc.

However, in a very large number of parts, the most desirable proper-
ties must be shades of gray, rather than the extremes of black or white.
In these cases, neither extreme brittleness nor high ductility, with their
accompanying properties, is entirely desirable; therefore, the properties
must be balancéd to a more desirable blend of behavior characteristics.
Examples are springs, fasteners of various types, shafts, pressure ves-
sels, blades, hand tools, and many other types of parts. These various
conditions can be achieved by proper choice of the metal composition
as well as heat treatment or mechanical deformation to achieve the opti-
mum combination of properties desired for a particular part.

Many nonmetals lack ductility and normally are subject to brittle frac-
ture; examples are chalk, rock, brick, and—under normal conditions of
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use—glass. However, as soon as glass is mentioned, one must be careful
to qualify its brittleness as a function of temperature. Everyone is famil-
iar with the fact that ordinary glass is brittle at ambient temperatures,
but when heated in a flame or a furnace it becomes extremely plastic or
ductile. Then it is readily moldable into an infinite variety of shapes. In-
deed, heating glass is the major method of forming glass bottles, art ob-
jects, and the like.

Brittle metals are in daily use as normal engineering materials, and, as
long as they are properly handled, they are very satisfactory for many
types of service. Hardened tool steels, gray cast iron, and many other
metals are routinely used, within their limitations, with satisfactory re-
sults. However, if a tool such as a metal-cutting file is bent, it will suddenly
snap with a brittle fracture; there will be little or no permanent deformation
and the pieces may be placed back together in perfect alignment.

In general, it is characteristic of very hard, strong, notch-sensitive
metals to be brittle, although research work attempts to raise the useful
strength of these metals without the danger of brittle fracture. Con-
versely, it is generally true that softer, weaker metals usually have duc-
tile behavior. Gray cast iron is an exception. This metal is brittle be-
cause it contains a very large number of internal graphite flakes, which
act as internal stress concentrations and limit the ability of the metal to
flow or deform, which is necessary for ductile behavior.

These and certain other metals are known and expected to be brittle,
but they are normally used satisfactorily in applications that are suitable
for brittle metals, where there is little or no danger of fracture. Certain
other common metals—particularly low-carbon and medium-carbon
steels, which are widely used in industry—are normally considered to
have ductile properties and are normally used in applications where the
ability to adjust by plastic deformation is desired. However, under cer-
tain combinations of circumstances, these normally ductile steels can
fracture in a totally brittle manner. This completely unexpected behav-
ior has been the cause of many disasters in the past, and can still cause
disasters if the lessons of the past are not heeded. Also, it is not neces-
sary to have high applied stresses on the part or structure; brittle frac-
ture can occur solely because of residual tensile stresses, with no ap-
plied load, or with any combination of applied and residual stresses. See
Chapter 7, “Residual Stresses,” and Fig. 1 of that chapter.

Brittle Fracture of Normally Ductile Steels

Brittle fracture of normally ductile steels has occurred primarily in
large, continuous, box-like structures, such as box beams, pressure
vessels, tanks, pipes, ships, bridges, and other restrained structures
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frequently joined with welded construction. This was an extremely seri-
ous problem during World War II, when over 250 ships fractured or
cracked; 19 of these broke completely in two. In some cases, fracture
occurred in new ships that were still being outfitted and had never been
to sea (Fig. 1). Reference 1 has many interesting discussions of ship
fractures, as well as other catastrophic brittle fractures.

One of the most famous brittle fracture catastrophes was the Great
Boston Molasses Tank Disaster in 1919. References 2 and 3 both dis-
cuss it and quote from the original accounts. The following gives a vivid
picture of the tremendous damage that catastrophic brittle fracture can
cause and why it must be guarded against:

On January 15, 1919, something frightening happened on
Commercial Street in Boston. A huge tank, 90 feet in diameter
and about 50 feet high, fractured catastrophically, and over two
million gallons of molasses cascaded into the streets.

Without an instant’s warning the top was blown into the air and
the sides were burst apart. A city building nearby, where the em-
ployees were at lunch, collapsed burying a number of victims,
and a firehouse was crushed in by a section of the tank, killing
and injuring a number of firemen. On collapsing, a side of the
tank was carried against one of the columns supporting the
elevated structure [of the Boston Elevated Railway Co.]. This

Fig. 1 New T-2tanker, the 5.5. Schenectady, which fractured in 1941 atits out-

fitting dock. This ship was one of 19 during World War |l that had com-
pletely brittle fractures; over 200 other ships had partial brittle fractures of the hull.
When tested, the fractured plates had normal ductility, as specified. Source: Ref 1
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column was completely sheared off...and forced back under the
structure... the track was pushed out of alignment and the super-
structure dropped several feet....Twelve persons lost their lives
either by drowning in molasses, smothering, or by wreckage.
Forty more were injured. Many horses belonging to the paving
department were drowned, and others had to be shot (Ref 3).

This storage tank, which was of riveted construction, and the disaster
itself were subsequently the subjects of a long investigation and trial in
which the leading experts of the day tried to prove that: (a) the accident
was the result of structural failure, in which case insurance would cover
the monetary loss, or (b) that the accident was the result of sabotage,
such as by a bomb planted in or near the tank. The latter was areal possi-
bility at the time, because of other sabotage in the area.

Following a lengthy investigation and trial, the court-appointed audi-
tor handed down a decision that the disaster was the result of structural
failure rather than an explosion (Ref 2, 3). His decision reflects the frus-
tration felt by anyone trying to judge two real possibilities, particularly
when each is strongly promoted by the technical authorities of the day.
A fascinating part of his decision follows:

Weeks and months were devoted to evidence of stress and
strain, of the strength of materials, of the force of high explo-
sives, of the bursting power of gas and of similar technical prob-
lems....I have listened to a demonstration that piece “A” could
have been carried into the playground only by the force of a high
explosive. I have thereafter heard an equally forcible demonstra-
tion that the same result could be and in this case was produced
by the pressure caused by the weight of the molasses alone. I have
heard that the presence of Neumann bands in the steel herein con-
sidered along the line of fracture proved an explosion. I have
heard that Neumann bands proved nothing. I have listened to men
upon the faith of whose judgment any capitalist might well rely in
the expenditure of millions in structural steel, swear that the sec-
ondary stresses in a structure of this kind were negligible and I
have heard from equally authoritative sources that these same
secondary strcsses were undoubtedly the cause of the accident.
Amid this swirl of polemical scientific waters it is not strange
that the auditor has at times felt that the only rock to which he
could safely cling was the obvious fact that at least one-half the
scientists must be wrong. By degrees, however, what seem to be
the material points in the case have emerged (Ref 3).

We tend to think of brittle fracture of normally ductile steels as being
related only to welded structures. However, even in a riveted structure
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such as this tank, brittle fracture can result if repetitive loading and
unloading causes fatigue cracks to develop between adjacent rivet
holes. This may ultimately lead to catastrophic brittle fracture.

Although the Great Boston Molasses Tank Disaster was a landmark
case for its era, similar disasters are not uncommon. A more recent brit-
tle fracture disaster was the collapse of the Silver Bridge at Point Pleas-
ant, West Virginia in December 1967, resulting in the loss of 46 lives in
cars that were plunged into the Ohio River. This accident was found by
the National Bureau of Standards to be caused by stress-corrosion
cracking resulting from long exposure to hydrogen sulfide (H,S) in the
air, because abnormal amounts of sulfur were found on the surfaces of
the primary fracture (Ref 3, 4, 5).

The ship disasters during World War II were the impetus for a large
body of research work that has led to what we now refer to as fracture
mechanics, as discussed in Chapter 15, “Fracture Mechanics.” Study has
made it apparent that the problem of brittle fracture of normally ductile
metals results from a combination of circumstances. The absence of any
one of the factors would prevent this type of fracture from occurring.

The factors that must be present simultaneously in order to cause brit-
tle fracture in a normally ductile steel are:

e A stress concentration must be present. This may be a weld defect, a fa-
tigue crack, a stress-corrosion crack, or a designed notch, such as a sharp
corner, thread, hole, or the like. The stress concentration must be large
enough and sharp enough to be a “critical flaw” in terms of fracture me-
chanics.

o A tensile stress must also be present. This tensile stress must be of a mag-
nitude high enough to provide microscopic plastic deformation at the tip
of the stress concentration. One of the major complexities is that the ten-
sile stress need not be an applied stress on the structure, but may be a re-
sidual stress that is completely within the structure. In this case, the stress
is not obvious or easily measured, as is the applied stress. The part or
structure can be completely free of an external or applied load—just ly-
ing on a bench or floor, for example—and still experience instantaneous,
sudden, catastrophic brittle fracture. This type of occurrence is within the
experience of many persons who have worked with metals, particularly
welded, torch cut, or heat-treated steels. Chapter 7, “Residual Stresses,”
explains how tensile residual stresses can form without obvious external
forces.

o The temperature must be relatively low for the steel concerned. The prob-
lem is that the definition of metal/temperature interrelationships is inex-
act, very much subject to the type of test used to try to understand
whether or not a particular steel is actually subject to brittle fracture under
certain conditions (Ref 6). However, regardless of the type of test used to
try to establish the ductile/brittle transition temperature, the general
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results are the same: the lower the temperature for a given steel, the
greater the possibility that brittle fracture will occur. For some steels, for
example, the ductile/brittle transition temperature under certain condi-
tions may be above room temperature.

As noted, the absence of any one of the factors—stress concentration,

high tensile stress, relatively low temperature, susceptible steel—that
contribute to brittle fracture of a ductile steel will prevent this problem
from occurring. For the following reasons, however, the choices are
sometimes limited on what can be done:

Stress concentrations often are present by design, such as in necessarily
sharp corners, threads, holes, and grooves, or in unintentional stress con-
centrations, such as fatigue cracks, stress-corrosion cracks, weld defects,
and arc strikes. Great care can be taken to minimize these stress concen-
trations, but they may occur despite the best safeguards.

Tensile stresses are usually inevitable during service loading, depending
on the type of part or structure. However, care can be taken to ensure that
damaging tensile residual stresses are eliminated or minimized. This is
particularly true when shrinkage stresses from welding are involved.
Temperature can be controlled in certain applications, but not in others.
For example, certain processing equipment may operate continually at
elevated temperatures. In this case brittle fracture may not be a consider-
ation unless there is a damaging environmental factor, such as absorption
of hydrogen or hydrogen sulfide.

In many other applications, exposure to relatively low temperature for
the steel involved may be a real possibility and, thus, a real problem if the
other contributing factors are likely to exist. Therefore, the steel itself
may be the only factor that can be controlled in order to prevent brittle
fracture of normally ductile steel. The metallurgical trends that tend to
decrease the likelihood of brittle fracture of steel are: low carbon content,
moderate manganese content, high manganese-to-carbon ratio, inclusion
of certain alloying elements, fine grain size, deoxidation of steel, and heat
treatment to produce tempered martensitic or lower bainitic microstruc-
tures. This subject is covered in more detail in Ref 6. Prevention of brittle
fracture is entirely possible if advantage is taken of the recent technology
that has led to the development of steels specifically for increased notch

toughness.

Characteristics of Brittle Fracture

Brittle fractures have certain characteristics that permit them to be
properly identified:
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e There is no gross permanent or plastic deformation of the metal in the re-
gion of brittle fracture, although there may be permanent deformation in
other locations where relatively ductile fracture has occurred.

e The surface of a brittle fracture is perpendicular to the principal tensile
stress. Thus, the direction of the tensile stress that caused the fracture to
occur can be readily identified.

e Characteristic markings on the fracture surface frequently, but not al-
ways, point back to the location from which the fracture originated. In the
case of flat steel, such as sheet, plate, or flat bars, and also case-hardened
regions, there are characteristic V-shaped “chevron” or “herringbone”
marks that point toward the origin of the fracture. In many instances,
these marks are extremely fine and very difficult to recognize unless a
strong light is positioned so that it just grazes the projections of the sur-
face texture. See Fig. 2 through 7 for illustrations of these marks. Brittle
fractures of some parts may have a pattern of radial lines, or ridges, ema-
nating from the origin in a fan-like pattern. Again, it may be difficult to
perceive the texture of the fracture surface unless the light is carefully
controlled. See Fig. 8 through 11. Brittle fractures of extremely hard,
fine-grain metals usually have little or no visible fracture pattern. In these
cases, it may be very difficult to locate the origin with certainty.

Note: The preceding discussion of the ductile/brittle transition pri-
marily concerns carbon and alloy steels as well as certain nonaustenitic
stainless steels. Other metals with body-centered cubic crystal struc-
tures behave similarly but are less common. Most nonferrous metals,
such as alloys of aluminum and copper, and austenitic stainless steels
have crystal structures that are not susceptible to the ductile/brittle tran-
sition characteristic of body-centered cubic metals.

See Chapter 3, “Basic Single-Load Fracture Modes,” for other discus-
sion on ductile/brittle fracture.

Fig. 2 Sketch of pattern of brittle fracture of a normally ductile steel plate,

sheet, or flat bar. Note the classic chevron or herringbone marks that
point toward the origin of the fracture, where there usually is some type of stress
concentration, such as a welding defect, fatigue crack, or stress-corrosion crack.
The plane of the fracture is always perpendicular to the principal tensile stress that
caused the fracture at that location.



Fig. 3 Fragment of a thick-wall fractured drum. The fracture, which started at
the right side of the photo, ran rapidly to the left, resulting in a
well-defined chevron pattern. Source: Ref 7

F|g_ 4 Sketch of a fractured case-hardened shaft showing chevron marks

pointing back toward the fracture origin. If brittle fracture continues
completely around the part, the two separate fractures may form a step where they
meet oposite the origin. The interior, or core, is likely to have a ductile fracture
with dimpled rupture on a microscale.
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Microstructural Aspects of Brittle Fracture

Brittle fractures usually propagate by either or both of two fracture
modes, cleavage or intergranular. In most cases it is necessary to study
the fracture surface with an electron microscope. Since very high mag-
nifications are usually not necessary, a scanning electron microscope is
usually preferred to a transmission electron microscope.

Cleavage fractures are characterized by splitting of the crystals, or
grains, along specific crystallographic planes without respect to the
grain boundaries, as shown in Fig. 12. Since the fracture goes through
the grains, this type of fracture is frequently referred to as transgranular,
or transcrystalline. Cleavage fractures are the most common type of
brittle fracture and are the normal mode of fracture unless the grain
boundaries have been weakened by a specific environment or process.

A typical cleavage fracture viewed by the scanning electron micro-
scope is shown in Fig. 13. It will be noted that the pattern is characterized

Fig_ 5 Surface of a torsional fatigue fracture that caused brittle fracture of the

case of an induction-hardened axle of 1541 steel. The fatigue crack
originated (arrow) at a fillet (with a radius smaller than specified) at a change in
shaft diameter near a keyway runout. Case hardness was about 46 HRC at the sur-
face. Note the well defined chevron marks in the two brittle fractures pointing to-
ward the roughly circular fatigue portion of the fracture. Note also that this fracture
is ata 45° angle to the shaft axis, as is typical of fatigue and brittle fracture of shafts
in torsion.
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by the joining together of microscopic ridges, much like the joining of
tributaries of a river system to form the main stream of the river. This
pattern reveals the direction that the fracture ran; the fracture propa-
gated in the same direction that the water in a river flows: downstream.

Intergranular fractures are those that follow grain boundaries weak-
ened for any of several reasons. An analogy may be made to a brick
wall, which fractures through the mortar rather than through the bricks
themselves. The mortar is analogous to the grain boundaries, while the
bricks are analogous to the metal grains. A typical intergranular frac-
ture is shown in Fig. 14,

The reasons for weakened grain boundaries are frequently very subtle
and poorly understood. Under certain conditions some metals are sub-
ject to migration or diffusion of embrittling elements or compounds to
the grain boundaries. The major forms of embrittlement of steel will be

Fig. 6 Fatigue fracture of a 3 in. diam induction-hardened shaft of 1541 steel

after fatigue testing in rotary bending. Fatigue fracture origins A and B
were subsurface due to the steep induction-hardened gradient and lack of an ex-
ternal stress concentration. {See Fig. 9 in Chapter 6.) Fatigue crack A, the larger of
the two, propagated through the core and case regions on the left side; then the
shaft suddenly fractured in a brittie manner around the right side of the case. Note
the chevron marks on the lower right pointing in a clockwise direction toward
fracture origin A.
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discussed briefly here, but are covered in considerably more detail in
various articles in Ref 6 and 9, as well as in other sources.

Strain-Age Embrittlement. Most susceptible to the phenomenon of
strain-age embrittlement are low-carbon rimmed or capped steels that
are severely cold worked during forming processes. Subsequent moder-
ate heating during manufacture (as in galvanizing, enameling, or paint
baking) or aging at ambient temperature during service may cause
embrittlement.

Quench-Age Embrittlement. Rapid cooling, or quenching of
low-carbon steels (0.04 to 0.12% C) from subcritical temperatures
above about 560 °C (1040 °F) can precipitate carbides within the struc-
ture and also precipitation harden the metal. An aging period of several
weeks at room temperature is required for maximum embrittlement.

Blue Brittleness. Bright steel surfaces oxidize to a blue-purple color
when plain carbon and some alloy steels are heated between 230 and
370 °C (450 and 700 °F). After cooling, there is an increase in tensile

Fig, 7 Surface of a brittle fracture in a cold-drawn, stress-relieved 1035 steel

axle tube. Fracture originated at a weld defect (arrow) during testing in
very cold weather. Note well-defined chevron marks clockwise from the arrow
pointing back toward the origin. Note also that the steel around the access hole
below the grease fitting is actually necked down along the tube axis. The upper
side of the tube is deformed and torn in a ductile manner.
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strength and a marked decrease in ductility and impact strength caused
by precipitation hardening within the critical temperature range.
Temper Embrittlement. Quenched steels containing appreciable
amounts of manganese, silicon, nickel, or chromium are susceptible to
temper embrittlement if they also contain one or more of the impurities

ﬁg. 8(a) Catastrophic brittle fracture of a 260 in. diam solid-propellant

rocket motor case made of 18% Ni, grade 250, maraging steel. The
case fractured at a repaired weld imperfection during a hydrostatic pressure test.
Fracture occurred at about 57% of the intended proof stress. All welds of the case
had been carefully inspected by X-ray and ultrasenic inspection. Arrows indicate
origin of fracture.

Fig_ 8(b) Light fractograph of crack origin in the weld-related catastrophic
fracture of the motor case shown in Fig. 8(a). 1%x . A crack was
found beneath a gas tungsten-arc repair weld on the inner surface of the case {sur-
face at top in this fractograph} in the heat-affected zone of a longitudinal sub-
merged-arc assembly weid. The crack was about 1.4 in. long, parallel to and 0.47
in. beneath the outer surface of the case (surface at bottom). Radial marks are visi-
ble that confirm that fracture proceeded to the left and to the right. Source: Ref 8
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antimony, tin, and arsenic. Embrittlement of susceptible steels can
occur after heating in the range 370 to 575 °C (700-1070 °F) but occurs
most rapidly around 450 to 475 °C (840-885 °F).

500 °F Embrittlement. High-strength low-alloy steels containing
substantial amounts of chromium or manganese are susceptible to
embrittlement if tempered in the range of 400 to 700 °F (200-370 °C)
after hardening, resulting in tempered martensite. Steels with micro-
structures of tempered lower bainite also are subject to 500 °F
embrittlement, but steels with pearlitic microstructures and other
bainitic steels are not susceptible.

400 to 500 °C Embrittlement. Fine-grained, high-chromium ferrit-
ic stainless steels, normally ductile, will become embrittled if kept at
400 to 500 °C (750-930 °F) for long periods of time. Soaking at higher
temperatures for several hours should restore normal ductility.

Fig, 9(a) Fracture surface of a large (~5%; x 6 in.) equalizer bar made from

D6B steel heat treated to a hardness of 45-47 HRC. This bar, which
supports the front end of a large crawler tractor, was in service for about 200 h and
was then returned to the laboratory, where it was flexed in high-stress, low-cycle
fatigue, fracturing at 60,000 cycles. Note that the fatigue-crack zone at upper left
has a very fine texture, the result of continual testing. Note also the radial, fan-like
ridges emanating from the fracture origin and the very small shear lips around the
periphery of the brittle fracture. This fracture of a very large, high-strength part re-
leased a large amount of energy in a very short time.
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Fig, 9(b) Sketch of pattern of brittle fracture in a moderately hard, strong

metal. Fracture originated at a sharp stress concentration that grew
to the critical flaw size for that metal. The sharp stress concentration is frequently,
though not always, a fatigue crack or a stress-corrosion crack. Note the fan-shaped
pattern radiating from the origin region in the upper left corner. When viewed un-
der the electron microscope, this type of fracture is likely to reveal a cleavage or
quasicleavage fracture mode.

Fig_ 10 Origin(atarrow) of a single-load brittle fracture that initiated at a small

weld defect. Note also a fatigue fracture in the upper right corner. Ra-
dial ridges emanate from the origin in a fan-shaped pattern. The brittle part of the
fracture is bright and sparkling, in contrast to the dull appearance of the fatigue
zone and the thin shear lips at top and bottom surface.
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Sigma-Phase Embrittlement. Prolonged service at 560 to 980 °C
(1050-1800 °F) can cause formation of the hard, brittle sigma phase in
both ferritic and austenitic stainless steels and similar alloys. Impact
strength is greatly reduced, particularly when the metal has been cooled
to about 260 °C (500 °F) or less.

Graphitization. Formation of graphite may occur in a narrow
heat-affected zone of a weld in carbon and carbon-molybdenum steels
held at temperatures over 425 °C (800 °F) for prolonged periods. The
degree of embrittlement depends on the distribution, size, and shape of
the graphite formed in the heat-affected zone.

Intermetallic-Compound Embrittlement. Long exposure of
galvanized steel to temperatures slightly below the melting point of
zinc (420 °C or 787 °F) causes zinc diffusion into the steel. This results
in the formation of a brittle iron-zinc intermetallic compound in the
grain boundaries.

Fig. 11 Three Charpy V-notch impact test specimens of the same metallurgi-

cal conditions tested at three different temperatures. At the highest
temperature (left), the fracture is virtually all shear. At intermediate temperature
(center), the fracture is combined shear and cleavage. At the lowest temperature
(right), the fracture is virtually complete cleavage. Note increased deformation
with increased temperatures

Fig. 12 Cleavage-fracture model showing fracture direction, cleavage planes,
and low-angle grain or subgrain boundary. Source: Ref 9
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Other types of embrittlement leading primarily to intergranular frac-
ture are caused by environmental factors. These include the following:

Neutron Embrittlement. Neutron irradiation of steel parts in nu-
clear reactors usually results in a significant rise in the ductile/brittle

Fig, 13 Cleavage fracture in hardened steel, viewed under the scanning elec-

tron microscope. Note progression of “river” marks in the direction of
arrow. Grain boundaries were crossed without apparent effect. 2000x; shown
here at 75%

Fig. 14 Intergranular fracture in hardened steel, viewed under the scanning

electron microscope. Note that fracture takes place between the
grains; thus the fracture surface has a “rock candy” appearance that reveals the
shapes of part of the individual grains. 2000x; shown here at 75%
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transition temperature of the steel. Metallurgical factors such as
heat-treating practice, microstructure, vacuum degassing, impurity
control, and steel composition greatly affect susceptibility to this type
of grain-boundary weakening.

Hydrogen Embrittlement. Hydrogen atoms diffuse readily into
steel during processes such as acid pickling, electroplating, arc welding
with moist or wet electrodes, and exposure to hydrogen sulfide. After
stressing, delayed brittle fracture may occur, particularly in
higher-strength steels.

Stress-Corrosion Cracking. Simultaneous exposure to a tensile
stress (applied or residual) and to a relatively mild corrosive environ-
ment may cause brittle fracture in metal parts that may be either inter-
granular or transgranular, depending on conditions. If either factor is
eliminated, stress-corrosion cracking cannot occur.

Liquid-Metal Embrittlement. Certain liquid metals can embrittle
the solid metals with which they are in contact. A tensile stress is also
required for brittle fracture to occur.

Each of the above types of embrittlement is the result of exposure to
one or several environmental factors during manufacture, storage, or
service. Each type is extremely complex and must be considered during
any failure-analysis investigation.

Combined Fracture Modes

It must not be assumed that brittle fracture always occurs solely by the
cleavage or the intergranular fracture mode as described above. In most
cases one mode predominates but is not necessarily the only mode. For
example, in a predominantly intergranular fracture, there probably will
be regions, large or small, in the fracture surface that contain cleavage
fracture as well. The reverse also is true. In other words, the mode of
fracture that occurs at a particular location depends on the local compo-
sition, stress, environment, imperfections, and crystalline orientation of
the grains. There may also be regions of tough, fibrous, dimpled-
rupture fracture, particularly away from the origin of the major frac-
ture.

It should be noted that cast metals generally tend to be less ductile (or
more brittle) than wrought metals of the same composition under the
same conditions. The reason is that various types of casting imperfec-
tions—particularly shrinkage porosity, gas porosity, and certain types
of inclusions—act as internal stress concentrations in castings. In
wrought metals the hot working process refines the microstructure and
changes the shape of many inclusions to long, thin stringers, which are
usually less harmful.
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CHAPTER 9

Ductile Fracture

Before studying this chapter on single-overload ductile fracture, it is
recommended that the reader review the first three paragraphs, at least,
of the preceding chapter, “Brittle Fracture.” This will give an overall
perspective of the very different but closely related subjects of brittle
and ductile fracture.

Ductile fracture results from the application of an excessive force to a
metal that has the ability to deform permanently, or plastically, prior to
fracture. Thus, the property of ductility is simply the ability of the mate-
rial to flow or deform, which may or may not lead to fracture, depending
on the magnitude of the force applied.

The property of ductility is somewhat related to the property of tough-
ness, although the latter is usually measured in the presence of a notch
or other stress concentration. The Charpy V-notch impact test is com-
monly used as a measure of toughness. However, the ability to absorb
energy and deform plastically prior to fracture is characteristic of both
ductility and toughness.

This ability to absorb energy is a valuable property of ductile metals.
For example, many modern automobiles are designed so that in the
event of a front-end collision, the car will not stop instantly but will fold
like an accordion. This absorption of energy serves to slow down the
rate of deceleration of the passenger compartment and lessen the impact
on the occupants of the car.

The property of ductility permits metal parts to be formed without
fracture and to be adjusted in shape. A simple example is familiar to all
persons who wear metal eyeglasses: periodically it is necessary to have
the frames adjusted because of the various stresses that are applied to
the frames during service. The adjustment is possible because of the
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ductility, or formability, of the metal in the frame. If the metal were brit-
tle, adjustment would not be possible, because the frames would frac-
ture. Actually, the ductility works both ways: it enables adjustment of
the frames—but it also permits the distortion that makes adjustment
necessary. Somewhat higher yield strength would prevent initial defor-
mation.

Characteristics of Ductile Fracture

Ductile fractures have characteristics that are different from those of
brittle fractures. However, it must be recognized that many fractures
contain some of the characteristics of both types. Ductile fractures have
the following characteristics (Ref 1).

e There is considerable gross permanent or plastic deformation in the re-
gion of ductile fracture, as shown in Fig. 1. In many cases, this may be
present only in the final rupture region of a fracture that may have origi-
nated with a fatigue or brittle fracture.

e As pointed out in Chapter 3, “Basic Single-Load Fracture Modes,” duc-
tile fractures are those in which the shear stress exceeds the shear strength
before any other mode of fracture can occur. Therefore, the micro-
mechanism of fracture is in the shear direction, but this is not always
obvious on macroexamination. The surface of a ductile fracture is not

Fig, 1 Brittle versus ductile fracture in two 1038 steel bolts deliberately heat
treated to have greatly different properties when pulled in tension. The
brittle bolt {left} was water quenched with a hardness of 47 HRC, but had no obvi-
ous deformation. The ductile bolt (right} was annealed to a hardness of 95 HRB
{equivalent to 15 HRC) and shows tremendous permanent deformation.
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necessarily related to the direction of the principal tensile stress, as itis in
a brittle fracture.

The characteristic appearance of the surface of a ductile fracture is dull
and fibrous. This is caused by deformation on the fracture surface, which
will be discussed in the section on the microstructural aspects of ductile
fracture.

The classic example of a ductile fracture is a tensile specimen that has

“necked down” or deformed to form a “wasp waist” prior to fracture. A
typical fracture of this type, shown in Fig. 2, is the so-called cup-and-cone
fracture characteristic of ductile metals pulled in tension. It is instructive to
study this type of fracture in some detail:

The narrowing, or “necking,” indicates that there has been extensive
stretching, or elongation, of the grains of metal in the reduced area, par-
ticularly near the fracture itself.

As pointed out earlier, shear stress dominates deformation and ductile
fracture. In most cases, the 45° plane of maximum shear stress compo-
nents is not obvious or readily observed. Figure 3, however, shows a
low-carbon cast steel tensile specimen in which there were numerous
casting discontinuities that tend to emphasize the 45° shear aspect of ten-
sile fracture. The diagonal ridges, frequently called “Liiders lines” or
“stretcher strains,” are easily visible in this photograph.

A tensile cup-and-cone fracture originates with many tiny internal frac-
tures called “microvoids” near the center of the reduced area. These voids
occur after the tensile strength has been attained and as the stress (or load
on the test machine) is dropping toward the fracture stress, as shown in
Fig. 4, region (c) (Ref 2).

Fig' 2 Type 302 stainless steel tensile specimen with the typical cup-and-cone
fracture characteristic of ductile metals fractured in tension. In this case

the slant fracture atthe surface of the test specimen was in both directions; in other

instances it may be in only one direction, forming a perfect cup and cone.
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Fig_ 3 Low-carbon cast steel test specimen emphasizing 45° shear aspect of
tensile fracture of a ductile metal. Diagonal ridges are “Liiders lines” or
“stretcher strains”; porosity in steel shows many localized fractures.

Fracture

Stress (ioad)

Strain (etongation)

Fig. 4 Typical stress-strain diagram showing different regions of elastic and
plastic behavior. (a) Elastic region in which original size and shape will
be restored after release of load. (b) Region of permanent deformation but without

localized necking. (c) Region of permanent deformation with localized necking
prior to fracture at X
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e A ductile fracture starts near the center of the reduced section in tensile
loading and then spreads outward toward the surface of the necked-down
area. Before the fracture reaches the surface, however, it suddenly
changes direction from generally transverse to about a 45° angle. It is this
slant fracture—frequently called a “shear lip”—that forms the
cup-and-cone shape characteristic of many tensile fractures of ductile
metal. This slant fracture is useful for study of many fractures, for it rep-
resents the end of the fracture process at that location. Tensile fracture of
a relatively thin section of a ductile metal may be entirely slant fracture.
As the thickness increases, however, the percentage of slant fracture
around the central origin area will decrease, sometimes resembling a
“picture frame,” on a relatively thick rectangular section. The reasons are
discussed in Ref 1 and other references.

Note: Shear is defined as “that type of force that causes or tends to
cause two contiguous parts of the same body to slide relative to each
other in a direction parallel to their plane of contact” (Ref 3).

This term has been used frequently in this work, but it is necessary to
point out that shear can be considered on both a macroscale and a
microscale. Macroshear involves lateral cutting, or shearing, as pointed
out in Chapter 6, “Stress Versus Strength,” as in direct, or transverse,
shear. The cutting action of a pair of scissors (shears) is a common ex-
ample. Microshear involves microscopic sliding on shear planes of the
atomic crystals. Microshear causes plastic, or permanent, deformation,
as discussed in Chapter 3, “Basic Single-Load Fracture Modes.” Duc-
tile fracture may or may not occur, depending on the relative stress and
strength involved.

Microstructural Aspects of Ductile Fracture

It is on amicroscopic scale that the characteristics of ductile deforma-
tion and fracture really become unique. It is necessary to examine both
the changes that are visible with a light microscope and those that can
be examined only with an electron microscope at magnifications unat-
tainable by a light microscope.

Figure 5 shows the behavior that occurs within a typical ductile metal
immediately prior to fracture due to a tensile force. Detailed study of
these three photographs is instructive (Ref 2).

Figure 5(a) is a photograph at low magnification (6x) of the
necked-down portion of a tensile specimen made from hot-rolled 1020
steel immediately prior to fracture. In order to make this study, it was
necessary to stop the test after the maximum load had been attained, in
the region of the stress-strain curve just prior to the fracture at X in Fig. 4.
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{a)

The specimen was sectioned longitudinally and metallographically pre-
pared by polishing and etching to reveal the grain structure.

Note that the major crack is near the center of the reduced section and
that there is a smaller crack close to it nearer the center. Figure 5(b) is a
higher-magnification (50x) view of the center area showing a large
crack and many smaller cracks in the same general area. Many smaller
cracks have joined together to form the major cracks. There is also tre-
mendous vertical (axial) elongation of the original equiaxed
(nondirectional) grains of this hot-rolled steel. Grain distortion of this
kind is characteristic of ductile deformation and fracture and is fre-
quently observed in examination of damaged and failed parts, provided
the plane examined is in the direction of deformation, as in this photo-
graph.

(b}

()

Fig. 5 Photographs at three different magnifications {shown here at 75%) of

fongitudinal section of tensile test specimen of hot-roffed 1020 steel.
Test was stopped immediately prior to fracture (region c of Fig. 4. {a) At 6x magni-
fication, shows internal cracking, reduced section, and severely deformed grain
structure. (b} At 50x magnification, shows one large crack and several smaller
cracks and elongated grains. {c) At 250x magnification, shows lack of fit due to
distortion; also elongated ferrite (light) and pearlite (dark) areas
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Figure 5(c) is a view at still higher magnification (250x) of part of a
crack that had not yet separated completely when the test was stopped.
Note that the opposite sides of the crack do not fit each other because of
the distortion. This is also characteristic of ductile fracture: the opposite
surfaces cannot be fitted closely together as they can in a truly brittle
fracture. Again, note the axial elongation of the grains; the white areas
are soft ferrite, and the dark areas are harder pearlite.

The magnification of these three photographs is too low to reveal the
mass of internal fractures or cracks that developed on the fracture sur-
face during the fracturing process. The analyst must visualize a large
number of individual microareas in the section being pulled apart under
tensile stress. Obviously, the weakest areas, or at least those that contain
some minute imperfection or inclusion, separate first into microvoids,
or tiny cavities. As soon as the first internal fracturing occurs, the cross
section at these locations is slightly reduced, thereby putting a higher
local stress on the surrounding areas, which are then likely to form their
own microvoids. These microvoids coalesce rapidly, and the process
continues until fracture occurs. For this reason, the term frequently used
for this process of formation of tiny voids and their growing together is
“microvoid coalescence.”

The process of microvoid coalescence continues to form larger
cracks, which have approximately half of each cavity on each side of the
fracture surface as a tiny cup or “dimple.” The actual fracture surface of
a ductile metal, therefore, is essentially nothing but a mass of dimples,
or half-voids, which usually can be seen only with the aid of an electron
microscope: this is termed a “dimpled-rupture” fracture surface, as
shown in Fig. 6. Examination of these dimples is exceedingly useful in
studying fractures because the dimples are extremely sensitive to the di-
rection of the stresses that formed them.

A fairly accurate, but exaggerated, analogy to the phenomenon of
microvoid coalescence and plastic deformation on a microscopic scale
involves pizza on a macroscopic scale. When a slice of hot pizza is
pulled away from its neighbor, the hot cheese—an extremely ductile
material—is easily distorted, forming long strings with holes between
them that can be pulled or moved laterally until separation, or fracture,
occurs.

Two-dimensional pizza holes can be compared to the three-
dimensional microvoids that are formed in fractures of ductile metal,
while the strings are analogous to the sides of the dimples. Lateral
movement causes formation of elongated holes (dimples) when separa-
tion (fracture) occurs.

Dimple shapes have been studied extensively and are shown schemat-
ically in an easy-to-understand form in Fig. 7. The three basic modes of
microvoid coalescence shown in the figure are further described as fol-
lows:



Fig. 6 Typical dimpled-rupture fracture surface of a ductile fracture viewed at
a magnification of 2000x (shown here at 75%) and at an angle of about
40-50° to the fracture surface

Fig. 7 Influence of direction of principal normal stress on the shape of dimples
formed by microvoid coalescence. Source: Ref 2
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Tension. As illustrated schematically in Fig. 7(a), the tensile force at
the center of the specimen causes microvoids to form first near the cen-
ter and then to spread to nearby areas that must then carry more stress
because the cross section is now smaller in area. Under an axial force as
shown, the microvoids are not skewed, or tilted, in any particular direc-
tion; thus, the fracture surface consists of equiaxed dimples when
viewed perpendicular to the surface. The angle of view is particularly
important when the dimples are studied in a scanning electron micro-
scope; if they are viewed from an angle, they can appear foreshortened
and not equiaxed.

Shear. As shown in Fig. 7(b), the dimples become elongated at a pure
shear fracture surface, such as that of a torsional fracture of a ductile
metal. The dimples can become so elongated that they no longer closely
resemble dimples except for their C-shaped ends. Also note that the Cs
are in opposite directions on the opposed fracture surfaces because each
represents one end of a dimple that was pulled in opposite directions.
On torsional fractures, these dimples are frequently damaged by rub-
bing from the opposite sides so that the surface observed is simply a
mass of circular rub marks. (These marks must not be confused with fa-
tigue striations, which are discussed in Chapter 10, “Fatigue Fracture.”)

Tensile Tearing. As shown in Fig. 7(c), this mode of fracture is some-
what similar to the pure tension mode shown in Fig. 7(a) except that the
fracture actually originates at the edge of the metal rather than at the
center. This is due to a bending force on the part that causes tensile frac-
ture with equiaxed dimples at the region close to the origin, while the
actual tensile tearing causes the C-shaped dimples to form near the end
of the fracture, opposite the origin.

In addition to these three basic modes of microvoid coalescence and
fracture, there are several others described in Ref 2 and shown in Fig. 8.
The three modes just discussed appear at the upper left of the figure.

The effect of the direction of fracture can be seen dramatically on
many bending fractures of ductile metals, even if the exterior has been
case hardened. Close to the surface on the convex side of the fracture
(the origin surface), the dimples are essentially round and equiaxed be-
cause of the tensile stress at that location, as is shown in Fig. 9(a). In
pure bending, the fracture starts on this convex side and progresses
across the part to the opposite side, which acts as a hinge as the fracture
opens up.

When the fracture approaches the hinge (concave) side of the frac-
ture, the local stress is no longer pure tension, but is in the tensile tear-
ing mode, as shown in Fig. 7(c). At high rates of loading, the dimples
can become extremely elongated, as is shown in Fig. 9(c). Under lower
rates of loading, the dimples are usually not extremely elongated, as in
Fig. 9(c). Also, if there is a tensile force on the part in addition to the
bending force, the dimple elongation will not be as dramatic as it is in
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this sequence of a rapid, pure bending fracture. Note that the closed end
of the elongated dimples points back toward the origin, as is also shown
in Fig. 7(c).

The middle fractograph, Fig. 9(b), is a view of the fracture surface in
the interior of the part where the transition between equiaxed and elon-
gated dimples occurred. Note that on one side of the fractograph the
dimples are equiaxed, while on the other side, they start to become elon-
gated.

Fig’ 8 Fourteen probable combinations of mating dimple shapes, resulting
from different stress states that caused metal at the crack tip to deform by
various modes. Source: Ref 2



Fig. Q Bending fracture. (a) Equiaxed, dimples near origin; 600x. (b) Transition
600x. (c) Elongated, dimples near finish; 600x



114 Understanding How Components Fail

This series of three scanning-electron-microscope fractographs is
from the same fracture surface resulting from an impact in a
high-velocity automotive accident.

Cautions in Interpretation

At this point, it is prudent to insert some cautions about interpretation
of the evidence visible with this type of microscopic examination. The
analyst must be aware of complicating factors extraneous to the fracture
itself:

®  Mechanical damage: The fracture of a metal part is always a violent
event because of the sudden release of energy. Fracture surfaces fre-
quently are rubbed or pounded against each other, causing rub marks,
abrasion, dents, smearing, or other scars of postfracture damage. It is not
unusual for much of the fracture surfaces to be obliterated so that micro-
scopic examination as discussed above is difficult or impossible. The mi-
croscopic features on fracture surfaces are fragile and are easily dam-
aged; when this occurs, one must rely on the macrofeatures of the part or
parts for useful evidence in analyzing the fracture.

®  Chemical damage: Surface pits resembling the dimples of ductile frac-
ture may instead be the result of severe etching with corrosive acids (or
bases, in some metals) or of cleaning techniques used to remove atmos-
pheric corrosion. In other cases, a corrosive film, or layer, may have
formed on the fracture surface and completely obliterated the underlying
character of the surface.

e (Cavities may not be dimples: In certain metals, cup-like cavities may be
present on a fracture surface, but the cavities may not be the dimples
characteristic of ductile fracture. In cast metals and weldments, particu-
larly, this type of rounded cavity may actually be evidence of gas poros-
ity. Gas porosity occurs because the inevitable gases in castings and
weldments (which are actually localized castings) cannot escape to the
atmosphere before the metal solidifies and traps the gas in tiny,
smooth-walled bubbles within the metal. This is particularly true in
welds in metals such as aluminum, which has a high rate of thermal
conductivity. In effect, large, cold members having high thermal conduc-
tivity act as heat sinks, causing rapid solidification of the weld metal and
entrapping gas bubbles before they can escape. In ductile fractures of
metals with extensive gas porosity, it may be quite difficult to determine
which cavities are true dimples and which are evidence of gas porosity.

®  Mixed fracture modes: During study of a fracture surface, one should not
be surprised to find different fracture modes. A predominantly ductile
fracture surface may have certain locations with cleavage or intergranular
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fracture because of differences within the metal. These differences
may result from crystalline orientation with respect to the fracture
stress, or from differences in the microstructure of the metal. A steel
with a partly pearlitic, partly ferritic microstructure, for example, may
fracture with dimpled rupture in the ferrite regions but fracture by
cleavage in the pearlite regions. A notched-bar impact test specimen
may fracture by cleavage in some areas and with dimpled rupture in oth-
ers. A hydrogen-embrittlement fracture may have certain areas with
intergranular fracture and others with dimpled rupture. No true fatigue
striations are possible in a single overload fracture; however, there may
be somewhat similar-appearing parallel ridges resulting from fracture
through pearlite or other lamellar structures, or resulting from mechani-
cal rubbing either during or after the fracture. These spurious marks can
resemble striations that can confuse the analyst, who has a difficult task
even without these complications. Of course, if cyclic loading has in fact
occurred, true fatigue striations may also be present in addition to any or
all of the other fracture modes. See Chapter 10, “Fatigue Fracture,” for
more information.

Summary

Ductile fracture occurs when the shear strength is the limiting factor.

Permanent (plastic) deformation is inherent in ductile fracture and is
usually obvious. The micromechanism of dimple formation and distor-
tion must be understood in order to study electron microscope views of
ductile-fracture surfaces.
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CHAPTER 1 O

Fatigue Fracture

Fatigue fractures are generally considered the most serious type of
fracture in machinery parts simply because fatigue fractures can and do
occur in normal service, without excessive overloads, and under normal
operating conditions. Fatigue fractures are serious because they are in-
sidious; that is, they are frequently “sneaky” and can occur without
warning that anything is amiss. Obviously, if service is abnormal as a
result of excessive overloading, corrosive environments, or other condi-
tions, the possibility of fatigue fracture is increased.

Let us consider the definition of fatigue that is commonly accepted:
The phenomenon leading to fracture under repeated or fluctuating
stresses having a maximum value less than the tensile strength of the
material. Fatigue fractures are progressive, beginning as minute cracks
that grow under the action of the fluctuating stress (Ref 1).

This definition refers to fracture “under repeated or fluctuating
stresses having a maximum value less than the tensile strength.” This is
one of the most interesting—and puzzling—aspects of fatigue fracture.
Many submicroscopic changes take place in the crystalline structure of
the metal under the action of relatively low-level, repetitive load appli-
cations. These minute changes in the structure, as suggested in the sec-
ond part of the definition, may progress gradually to form tiny cracks
that may grow to become large cracks under continued cyclic loading,
and that can then lead to fracture of the part or structure. Once initiated,
the fatigue fracture can propagate by high stresses and low cycles or by
low stresses and high cycles. The final rupture may have characteristics
of brittle and/or ductile fracture modes, depending on the metal in-
volved and the circumstances of stress and environment.
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Stages of Fatigue Fracture

The preceding discussion suggests that there are three stages of fa-
tigue fracture: initiation, propagation, and final rupture. Indeed, this is
the way that most authors refer to fatigue fracture, for it helps to sim-
plify a subject that can become exceedingly complex.

Stage 1: Initiation. Initiation is the most complex stage of fatigue
fracture and is the stage most rigorously studied by researchers. Obvi-
ously, if this stage can be prevented, there can be no fatigue fracture.
The submicroscopic changes referred to previously are difficult to visu-
alize, difficult to describe, and difficult to understand.

The most significant factor about the initiation stage of fatigue frac-
ture is that the irreversible changes in the metal are caused by repetitive
shear stresses. Figure 1 shows schematically these microstructural

LTI
e Il

F|g. 1 Schematic sketch of microstructural changes in crystal structure due to
repetitive shearing forces, Spheres represent atoms and lines represent
attractive and repulsive interatomic forces. An edge dislocation, represented by
the inverted T-shaped symbol, is an imperfection in the crystalline structure.
When repetitive shearing forces (top right) are applied, a simple flip in atomic
bonding makes the dislocation jump one cell to the right. Continued repetitive
shearing forces (bottom) make the dislocation move to the edge of the crystalline
structure. When this action is going on in many other crystals, the dislocations
eventually join to form microscopic cracks. This is stage 1 in the fatigue process.
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changes that occur in the crystal lattice because of shearing, or sliding,
stresses that are repetitively imposed on the structure. A single load ap-
plication makes little change, but the cumulative effect of thousands or
millions of load applications makes many microchanges. Although
each is insignificant by itself, they accumulate to cause very significant
alterations in a few or many crystals that can lead to fatigue fracture. In-
deed, the accumulation of microchanges over a large number of load ap-
plications, called “cumulative damage,” has been the subject of study
over the years (Ref 2). Study of the cumulative damage concept seeks to
predict or estimate fatigue life of a particular part or structure but is
handicapped by complications that will be discussed throughout this
chapter.

The initiation site of a given fatigue fracture is very small, never ex-
tending for more than two to five grains around the origin (Ref 1). At the
location of a severe stress concentration, the initiation site may be ex-
tremely small and difficult to differentiate from the succeeding stage of
propagation, or crack growth. It must also be recognized that there can
be any number of these initiation sites. The number depends on the ge-
ometry of the part as well as on environmental, stress, metallurgical,
and strength conditions, as will become apparent.

Stage 2: Propagation. As repetitive loading continues, the direction
of the tiny crack changes from parallel to the shear stress direction to
perpendicular to the tensile stress direction. It may be necessary to re-
view Chapter 4 on Stress Systems, where both the shear stress and the
tensile stress directions were discussed for different types of loading.

On review, it will be noted that ductile behavior is caused by shear
stress components, whereas brittle behavior is caused by tensile stress
components of the stress system. These same stress components are
those mentioned in the first sentence of the preceding paragraph: the
first, or initiation, stage of fatigue causes a microcrack parallel to the
shear stress component, while the second or propagation stage of fa-
tigue causes the microcrack to change direction and grow perpendicular
to the tensile stress. This is the same direction as taken by a brittle frac-
ture, although fatigue is caused by a different mechanism and by a much
larger number of load applications than is a single-load brittle fracture.

Because the second, or propagation, stage of fatigue is usually the
most readily identifiable area of a fatigue fracture, it is necessary to
briefly mention how the fracture progresses across the section. After
the original crack is formed, it becomes an extremely sharp stress con-
centration that tends to drive the crack ever deeper into the metal with
each tensile stress application, assuming that the maximum cyclic stress
is of a magnitude high enough to propagate the crack. The local stress at
the tip of the crack is extremely high because of the sharp “notch,” and
with each crack opening, the depth of the crack advances by one
“striation” under many (but not all) circumstances. Striations are very
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tiny, closely spaced ridges that identify the tip of the crack at some point
in time. Because striations are normally visible only at high magnifica-
tion with the aid of an electron microscope, they are discussed later in
this chapter in the section “Microscopic Characteristics of Fatigue
Fracture.”

Stage 3: Final Rupture. As the propagation of the fatigue crack con-
tinues, gradually reducing the cross-sectional area of the part or test
specimen, it eventually weakens the part so greatly that final, complete
fracture can occur with only one more load application. This is stage 3,
or the final rupture. From a technical standpoint, this is the stage in a fa-
tigue fracture that is easiest to understand. Actually, stage 3 is not fa-
tigue at all because the fracture mode may be either ductile (with a
dimpled fracture surface) or brittle (with a cleavage, or perhaps even
intergranular, fracture surface) or any combination thereof, depending
factors such as the metal concerned, the stress level, and the environ-
ment. Stage 3 represents the “last straw” that broke the camel’s back, to
borrow a metaphor.

However, the failure analyst must pay careful attention to the size,
shape, and location of the final rupture area because it can greatly assist
in understanding the relation between the stresses on the part and the
strength of the part; they can also indicate imbalance and nonuniform
stresses.

Microscopic Characteristics of Fatigue Fracture

Striations are the most characteristic microscopic evidence of fatigue
fracture, although striations are not always present on fatigue fracture
surfaces, as will be seen.

During stage 2, the crack propagation stage of a fatigue fracture, the
tip of the crack is an extremely sharp notch, or stress concentration.
Actually, it can be considered to be infinitely sharp, for it has zero ra-
dius at the tip. However, each time the crack is opened by a tensile stress
of sufficient magnitude, the crack tip deforms plastically, slightly blunt-
ing the tip on a microscopic scale, which then causes the fracture to ad-
vance, creating a tiny ridge, or striation, on each of the mating fracture
surfaces, as in Fig. 2. The exact process is still being studied, but for
practical purposes, the above description is adequate. Figure 3 shows
electron microscope photos of striations in steel and aluminum.

If the maximum cyclic load remains constant, the striations near the
fatigue origin are extremely small and closely spaced; the crack grows
at a slow rate because the part is still quite strong. However, as the crack
gradually propagates, the spacing between striations increases and the
crack grows at an increasingly rapid rate because the crack greatly
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weakens the section. Eventually, complete final fracture (stage 3) and
separation occur.

Unfortunately, striations are not always visible on fatigue-fracture

surfaces for a variety of reasons:

Striations are usually not present on very hard or very soft metals.
Hardened steels over about 50 HRC develop either poorly formed or no
striations, probably because of their lack of ductility. As hardness in-
creases, striations are more difficult to observe, often resulting in fracture
surfaces that appear to be featureless. At the opposite end of the hardness
scale, extremely soft and weak metals do not form good striations either,
probably because their low strength makes them so vulnerable to dam-
age. Figure 4 shows examples of poorly formed striations at the extremes
of the strength levels.

Artifacts caused by rubbing or other postfracture damage may produce
parallel ridges that resemble striations, as shown in Fig. 5. This kind of
damage also may occur when opposite sides of the fatigue fracture rub
against each other during compression loading of a crack. For example, a
shaft in rotating bending has a tensile stress at one position (convex side)
of the rotating member, while on the opposite (concave) side the com-
pressive stress tends to rub any existing crack surfaces together.

Certain lamellar microstructures in metals, such as pearlite in steel and
cast iron, as well as in eutectic alloys, may have fracture surfaces that also
somewhat resemble fatigue striations. However, careful study in the
electron microscope will reveal that the orientation of the platelets varies

Fig. 2 Highly enlarged schematic cross-sectional sketch of stage 1 and stage 2

fatigue. The edge of the metal is at left. When tensile forces repeatedly
act on the surface, the microstructural changes of stage 1 cause a submicroscopic
crack to form. With each repetitive opening, the crack jumps a small distance (one
striation). Note that the spacing of each striation increases with the distance from
the origin, assuming the same opening stress. The metal at the tip of the fatigue
crack (right) is plastically deformed on a submicroscopic scale.
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(a)

{b)

Fig. 3 (a) Fatigue striations in low-carbon alloy steel (8620). This scanning

electron microscope fractograph shows the roughly horizontal ridges,
which are the advance of the crack front with each load application. The crack
progresses in the direction of the arrow. 2000x; shown here at 90%. (b} Fatigue
striations showing the result of spectrum loading in a laboratory test of aluminum
alloy 7075-T6. in this test, the specimen was loaded 10 cycles at a high stress, then
10 at a lower stress, and alternated with these stresses as the fatigue crack contin-
ued to propagate. This produced 10 large striations, then 10 small striations, alter-
nately, across the fracture surface. 4900x. Source: Ref 4
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randomly from one location to another, whereas true striations are gener-
ally concentric around the origin. Also, the platelets may appear to pene-
trate into the surrounding structure or they may appear to cross, while
true striations do not cross each other.

e  Stretch marks in the fragile replicas used in transmission electron micros-
copy also form parallel lines that can resemble striations. These are not a
problem in scanning electron microscopes, where fragile replicas usually
are not necessary.

(a) (b)

Fig. 4 Fatigue striations. (a) In a fracture surface of soft aluminum alloy 1100.

2000x. (b) Poorly formed (between arrows) on a fatigue-fracture surface
of D-6ac steel with a tensile strength of 1795 to 1930 MPa (260 to 280 ksi). 4900x.
Source: Ref 4

Fig. 5 Rub marks (at arrow) on the surface of a fatigue fracture in aluminum
alloy 7075-T6. 5400x. Source: Ref 4
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Macroscopic Characteristics of Fatigue Fracture

A tremendous amount of information can be learned about a fatigue
fracture with only macroscopic examination. That is, study with the un-
aided eye and relatively low magnification—up to perhaps 25 to
50x—is usually the most important single way to study and analyze fa-
tigue fractures. In most cases, it is not necessary to exceed 15 or 20x
magnification. After all, fatigue fractures were successfully diagnosed
for many years before electron microscopes were invented. However,
these instruments are of great assistance in understanding the micro-
mechanisms of fractures and in analyzing very difficult cases, as we
shall see.

Lack of Deformation

Because initiation of fatigue fracture does not require a high stress,
there is usually little or no deformation in a part or specimen that has
fractured by fatigue. If the maximum stress did not exceed the yield
strength (actually the elastic limit), there can be no gross plastic, or per-
manent, deformation, although the final rupture region may have some
obvious macroscopic deformation. However, if the part has been sub-
jected to repeated high-stress, low-cycle load applications, there may be
deformation depending on the stress-strength relationship. An example
of this is the permanent deformation in a paper clip or wire coat hanger
fractured by “fatigue” in a relatively small number of extremely
high-stress bending applications. Strictly speaking, this is fatigue be-
cause more than one stress application was required for fracture. How-
ever, this is not the typical fatigue fracture that occurs in most load-
bearing parts, which have relatively low-stress, high-cycle loading.

There is no exact dividing line between extremely high-stress,
low-cycle fatigue (such as in the paper clip), and the more common
low-stress, high-cycle fatigue. The change may occur at any number of
load applications up to perhaps 100,000, although this is an arbitrary
number (Ref 1). A practical measure of the relative stress level is the de-
gree of deformation: if obvious deformation occurred, the part was
grossly overloaded (low-cycle fatigue); if plastic deformation is not ob-
vious, a larger number of load applications were required for fracture
and the characteristics of “true” (high-cycle) fatigue probably apply.
The part may still have been overloaded from an infinite-life standpoint,
but at least gross deformation did not occur.

Not only the fracture surface but the entire part should be examined
for deformation. For example, if a unidirectional (one-way) bending
fracture is observed, it is useful to carefully reassemble the pieces to de-
termine if there was gross deformation in the part prior to fracture. This
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would show up as a bent part, either generally or locally, depending on
the design. Of course, the origin of the fracture would be on the convex
side, which is the tension side in bending. Extreme care is necessary in
this reassembly, particularly if electron microscope examination is
planned, because the fracture surfaces are easily damaged.

As pointed out at the beginning of this section, in a “true” high-cycle
fatigue fracture, there will be no deformation in the fatigue region, pro-
vided that there has been no postfracture damage to the fracture surface.
Frequently, projections from the mating fracture surfaces come in con-
tact with each other and are damaged in the process. If the final rupture
region (stage 3) is ductile, the resulting deformation will prevent close
realignment of the fractured pieces; however, if the final rupture region
is a truly brittle fracture, there should be no gross deformation, except
for postfracture damage. A partially ductile/brittle final rupture region
probably will show some degree of deformation.

Beachmarks

Beachmarks are a unique feature found in many fatigue fractures, and
their presence is a positive means of identifying fatigue fractures.
Beachmarks also have been called stop marks, arrest marks, clamshell
marks, and conchoidal marks, all in an attempt to describe their origin
or characteristic appearance. The term beachmarks is the most com-
monly used term but is not really as descriptive as some of the others.

At any rate, this term is used to describe macroscopically visible
marks or ridges that are characteristic of interruptions in the propaga-
tion periods (stage 2) of fatigue fractures in relatively ductile metals.
Beachmarks must not be confused with striations, although they fre-
quently are present on the same fracture surface; there may be many
thousands of microscopic striations between each pair of macroscopic
beachmarks.

Beachmarks appear to be formed in three major ways:

1. Microscopic plastic deformation at the tip of the fatigue crack during rest
periods or when the cyclic stress is not high enough to make the fatigue
crack progress. Figure 2 shows this highly strained zone at the tip of an
advancing fatigue crack. At rest for a period of time, this region appears
to strengthen by work hardening all along the crack tip. Then, when nor-
mal fatigue stressing continues, this strengthened region acts as a tem-
porary barrier to further progression. However, the crack soon breaks
through this barrier and the normal fatigue process of striation forma-
tion continues. This process results in this barrier, or strengthened re-
gion, appearing as a macroscopic ridge, or mark, on the fracture sur-
faces. In effect, it is a giant striation.
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2. Differences in the time of corrosion in the propagating fatigue crack. The
area near the origin(s) is exposed to the environment longer than any
other portion of a progressing fatigue crack. Sometimes these differences
in corrosion form concentric rings or lines emanating from the origin(s).
In some metals and environments the corrosion products are of a different
color from that of the uncorroded metal near the final rupture (stage 3).
This color contrast frequently is of help in determining the location and
number of fatigue origins. However, if one or both fracture surfaces suffer
uniform corrosion after final fracture, then the differences noted above
may be obliterated by the presence of more uniform corrosion products
over the entire surfaces. In some cases it may be possible to clean care-
fully the uniform corrosion products from the fracture surfaces and reveal
the underlying contrast; however, the cleaning also may remove the un-
derlying corrosion products if it is performed too vigorously. In any case,
compare both fracture surfaces, if both are available, to determine differ-
ences in the corrosion patterns.

3. Large changes in magnitude or loading frequency. The most common is
from a large increase in load, which essentially forms giant striations that
may be visible macroscopically. Certain types of parts are subject to large
fluctuations of applied loads that may be visible on the fracture surface.

Ratchet Marks

The term ratchet marks is used to describe features that are very use-
ful in identification of fatigue fractures and in locating and counting the
number of fatigue origins. These marks are essentially perpendicular to
the surface from which fatigue fractures originate. Therefore, in circu-
lar, shaft-like parts, the ratchet marks are essentially radial, pointing to-
ward the center; in flat parts, such as leaf springs, they initially are per-
pendicular to the surface but may curve if the bending is unidirectional.

Ratchet marks are formed as follows: When several fatigue origins
are adjacent to each other, each will start its own fatigue crack propagat-
ing, as in Fig. 6. If the origins are roughly in the same plane, the fatigue
crack growing from one origin will start to overlap the fatigue crack
from another origin. When adjacent cracks overlap, the metal in the
overlap area will then fracture across the short distance between the two
cracks. This “in between” fracturing creates a corner angle perpendicu-
lar to the surface of the part, as shown in Fig. 6. The ratchet marks are
not the origins themselves; each ratchet mark separates two adjacent fa-
tigue fractures. As the cracks become deeper, the cracks from each ori-
gin tend to grow together and become essentially one fatigue fracture
that has numerous origins. The number of ratchet marks equals or is one
less than the number of origins; thus recognition of the number of
ratchet marks is important in determining the number of origins. Figure
7 shows photos of ratchet marks on a short, stubby bolt.



Enlarged
view

Final rupture

(b)

Fig, 6 (@) Formation of ratchet marks in fillet of stepped shaft under uniform

rotating-bending load. (b) Schematic view of fracture surface showing
ratchet marks near periphery and central final rupture (stage 3). O: origins of fa-
tigue fractures. R: ratchet marks between fatigue origins

(b)

(a)

(c)

Fig, 7 Multiple-origin fatigue fracture of a short, stubby %; in. bolt that frac-
tured under tensile fatigue. (a) Numerous fatigue origins separated by
radial ratchet marks. (b} Close-up of several fatigue origins separated by ratchet
marks. Because this bolt was in a continuously operated test machine, there is no
evidence of beachmarks on the fatigue areas. These areas are at a slight angle to
the axis of the bolt, as seen in (c). (c) Fatigue cracks in root of thread (arrows) that
have not yet grown large enough to come close to the neighboring cracks to form
ratchet marks between them. Note slight angle of fatigue cracks that form
ratchet-like appearance upon fracture.
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Similarities between Striations and Beachmarks

Identification of the Tip of the Fatigue Crack. Both striations and
beachmarks identify the position of the tip of the fatigue crack at a given
point in time. Since fatigue cracks grow over a relatively long period of
time, these features can be considered analogous to the growth rings in
the cross section of a tree trunk; each ring shows the size of the trunk at a
given time. By counting rings, it is possible to determine the age of the
tree. Striation counting is usually not practical because of the very large
number, but it could indicate the number of load applications that made
the stage 2 crack enlarge. However, this would provide no clue about the
total number of load applications, because those of stage 1 would not be
recorded.

Expansion from the Fatigue Origin(s). Both striations and beach-
marks expand from the fatigue origin or origins, often in a circular or
semicircular fashion. In addition to the tree growth-rings analogy, this
is similar to circular ripples expanding from the location where a stone
is thrown into still water. Obviously, the ripples in the water rapidly dis-
appear, whereas striations and beachmarks (also tree growth rings)
leave a record, unless they are obliterated by contact with the opposite
side of the crack either before or after final rupture. Corrosion can also
destroy these fragile features.

Similarity of Appearance. Both striations and beachmarks are rela-
tively parallel ridges that do not cross similar features from another ori-
gin. Here the ripple analogy breaks down: two or more stones thrown
into still water simultaneously form circular ripple patterns that cross
each other as they expand. Striations and beachmarks are actually the
tips of fatigue cracks that gradually progress; as such, they do not cross.

Absence from Certain Fracture Surfaces. Some fatigue fracture
surfaces have neither striations nor beachmarks. Extremely hard and
strong metals are not ductile enough to form striations during stage 2 fa-
tigue. At best, striations are difficult to observe, particularly in the early
stages of fatigue-crack growth where striation spacing is extremely
small. Also, near the origin, the crack may have been exposed to corro-
sive atmospheres for the longest period of time. Another problem is that
the two fracture surfaces that form the crack tend to rub against each
other on the compressive part of the stress cycle (if there is one) as the
crack gets deeper, damaging fracture-surface features.

Beachmarks will not be present if the part was operated continuously,
or with only brief interruptions in service. Because laboratory fatigue
testing is usually performed as continuously as possible to save time in
a lengthy test procedure, the fractured test specimen usually will not
have beachmarks unless there were major changes or interruptions in
the cyclically applied load or in the environment during the test. Some
types of equipment—such as ventilating and air conditioning systems,
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power generating stations, and various types of pumping equipment—
frequently run continuously for very long periods of time during normal
service. These would not be expected to have beach marks on any frac-
ture surfaces unless corrosion was also a factor.

Confusion by False Features. Artifacts, or false features, can con-
fuse observation of both striations and beachmarks. Rub marks from
prefracture or postfracture damage can make parallel ridges that some-
what resemble striations when observed in the electron microscope.
However, the orientation of true striations is usually predictable, once
the origin of fracture is determined; the orientation of rub marks is
likely to be different from that of true striations. Also, extremely elon-
gated dimples are present on certain shear fractures, such as the trans-
verse shear fracture of a ductile shaft under a torsional stress. These
highly elongated dimples also make parallel ridges that can be mistaken
for striations in the electron microscope.

The darkened pattern of a quench crack, seam, or other discontinuity
may be mistaken for a beachmark or fatigue area after fracture, thus
leading to incorrect diagnosis. Careful study of the surface of the dis-
continuity, depending on its condition, and also of a metallographic sec-
tion of the edge of the metal perpendicular to the discontinuity may lead
to the conclusion that it is not fatigue but rather a seam or forging lap,
for example, with decarburization on its surface. In all such cases, do
not leap to conclusions. Make a careful study before deciding the true
cause of the problem.

Differences between Striations and Beachmarks

Size is the most obvious difference between striations and beach-
marks. Striations are extremely small ridges, visible only with an elec-
tron microscope. On a given fracture surface, the striation size and spac-
ing are smallest near the origin and gradually increase as the crack
depth increases and the part becomes weaker, assuming that there has
been no change in the fluctuating load on the part.

Beachmarks are much larger than striations. If they are present, they
are normally visible to the unaided eye. Beachmarks will not be present,
however, if there were no significant interruptions of service, as hap-
pens frequently in fatigue testing and with some types of continuously
operating equipment.

Cause. The other difference between striations and beachmarks, as
previously mentioned, is the factors that cause them. Striations repre-
sent the advance of the crack front by one load application in many duc-
tile metals, whereas beachmarks locate the position of the crack front
when repetitive, fluctuating loading was stopped for a period of time,
differential corrosion was present on the fracture surface, or a large in-
crease in load occurred.
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Fig' 8 Schematic, highly enlarged sketch of a typical fatigue-fracture surface.

Sketch shows three origins (stage 1) at O; thousands of microscopic,
closely spaced fatigue striations (stage 2) at $; a few beachmarks, or arrest lines, at
B; and two ratchet marks at R where fatigue cracks growing from the origins join as
the cracks become deeper.

Figure 8 is a schematic, highly enlarged sketch of a typical fatigue
fracture surface showing several origins, striations, beachmarks, and
ratchet marks. Only a few striations are shown between the beachmarks,
not the thousands or millions that may exist in an actual fracture sur-
face. The opposite, or mating, fracture surface is a mirror image of this
sketch. The same features are present; however, when there is a projec-
tion on one surface, there is a depression on the opposing surface.

Relationship of Stress to Strength in Fatigue

In understanding fatigue and in diagnosing fatigue fractures, the rela-
tionship between stress and strength assumes utmost importance. Upon
this relationship depends the survival or failure of a part. Since the



Fatigue Fracture

13

number of fatigue origins in a given fatigue fracture depends on this
relationship, the analyst must determine the number of fatigue origins.

Figure 9(a) is a schematic drawing of a two-diameter shaft rotating
under a bending stress. This is a very common situation, but the sketch
could be of any configuration that has a critically stressed zone. The
part shown in Fig. 9(a) has its critically stressed zone in the rather small
radius fillet where the small diameter joins the larger shaft.

This critical fillet has a large number of grains, or crystals. For the
purpose of this explanation, let us assume that it has one million grains.
As the shaft rotates, each grain will successively follow the path of
grain number 1, as shown in Fig. 9(a). It starts at the neutral axis where
the applied stress is zero, as shown in Fig. 9(b). With the loading as
shown, the maximum applied tensile stress is at the top, while the maxi-
mum applied compressive stress is at the bottom. When grain number 1
reaches the top, it is stressed in maximum tension; then, as it continues
torotate, it reaches the neutral axis (zero stress) on the opposite side. At
the bottom it is in maximum compression; then it returns to the neutral

One million grains

around fillet .
Max tensile (T) stress §,,S,. or S,
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Fig. Q Schematic sketch of a two-diameter shaft rotating under a bending

stress. (a) General shape of a critical stress region in such a part. (b} The
stress imposed on each grain, such as number 1, as it rotates with the top of each
sine wave representing the maximum tensile stress. (c} Strength of each of a large
number of grains in the critical area and three stress levels (S;, S,, and S;) which are
the maximum cyclic tensile stress to which the grains are subjected. Successively
higher stresses autoratically cause more fatigue origins to form.
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axis where it started. Each grain in succession goes through the same se-
quence and each traces out a sinusoidal (or wave-like) curve as shown in
Fig. 9(b). In this type of loading, the mean applied stress is zero, and the
maximum applied tensile and compressive stresses are equal.

Each of the one million grains in the fillet has a different strength with
which to resist the applied tensile stresses (actually shear stress compo-
nents) that are repetitively loading the individual grains as they progress
through their sinusoidal stressing with the rotation of the shaft. The
strength of each grain is different due to different orientation of the cell
structure within the grain, different discontinuities within the grain
(Fig. 1), different inclusions in the metal in each grain, and different lo-
cal microstructure, among other factors.

Figure 9(c) represents some of the one million grains in this critical
zone. The jagged, saw-tooth line connects the strength of the first and
last grains adjacent to our starting grain number 1. It will be noted that
grain number 1 is at both the extreme left and the extreme right, for we
have come full circle. The individual points represent the strength of the
adjacent grains.

If the shaft rotates with no applied stress, obviously there is no ap-
plied stress on the grains. Now, if the maximum applied tensile stress is
increased up to level S, there still is no effect on the shaft because it is
still below the fatigue strength of the weakest grain, number 40 of those
shown here.

If the maximum applied tensile stress level is increased to the level S,
there is the strong possibility that submicroscopic changes will take
place in the crystalline structure of grain number 40 if rotation at this
stress level is continued. This could lead to a fatigue fracture with one
origin at grain number 40, of those shown here. If this is, in fact, the
weakest grain of all of the one million, this would be a single-origin fa-
tigue fracture that would progress very slowly over many millions of
stress cycles because the stress level is so low that it affected only this
one grain.

However, if the maximum applied tensile stress level is increased to
the level S5, an entirely different, more serious situation arises. Now the
stress level is above the fatigue strength of many grains—about eleven
of those shown here, including the weakest one, number 40, which
would start fatigue action first. Because there are so many fatigue ori-
gins, the shaft would not survive nearly as long as it would have at level
S,. Examination of the fracture surface would reveal many fatigue origins
quite close together, with ratchet marks separating individual fatigue ar-
eas that usually grow together to form a nearly circular fatigue crack.

If the load on the rotating shaft is well balanced, the maximum ap-
plied tensile stress will be uniform around the fillet. Also, the final rup-
ture region will be located in the center of the shaft and will be quite
large because of the high applied stress. If the load on the rotating shaft
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is unbalanced, the maximum applied stress will not be uniform around
the periphery, and the fatigue will start on the side where it is highest,
with most of the origins in that region; the final rupture will be offset to-
ward the low-stress side, where there may have been no fatigue action,
as in Fig. 10.

Now, the practical question arises: How can the fatigue life (or
strength) of this part be increased? Obviously, there are only two op-
tions: increase the strength or reduce the applied stress, but there are
several ways to do either one. The strength can be increased by at least
two means: increasing the hardness (strength) level by more effective
heat treatment or using a higher-quality metal with fewer internal dis-
continuities, such as a vacuum-treated steel. The resultant stress level
can be decreased by redesigning to permit a more generous radius in the
fillet, or, if that is impracticable, by putting an undercut radius into the
shoulder, or by mechanically prestressing the fillet with shot peening or
surface rolling. See Chapter 7, “Residual Stresses,” for more information.

Fig.‘]  Surface of a fatigue fracture in a 1050 steel shaft, with hardness of about

35 HRC, that was subjected to rotating bending. Presence of numerous
ratchet marks (small shiny areas at surface) indicates that fatigue cracks were initi-
ated at many locations along a sharp snap-ring groove. The eccentric pattern of
oval beachmarks indicates that the load on the shaft was not balanced:; note final
rupture area (stage 3) near left side.
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Either shot peening or surface rolling, when properly performed, induces
compressive residual stresses at the surface to neutralize the cyclic tensile
applied stresses that cause fatigue cracks to form and propagate. This me-
chanical prestressing can be considered either as increasing the general
strength level or as decreasing the maximum cyclic tensile applied stress
level. In either case, the result is the same: improved fatigue performance.

Laboratory Fatigue Testing

Percentage of fracture strength

Anyone who has performed laboratory fatigue testing of parts or of
test specimens can attest to the fact that this can be a frustrating proce-
dure because there are often not enough test specimens or parts, fatigue
test machines, time, and/or money to conduct significant testing. And
there are sometimes too many variables to evaluate, too much scatter in
test results, and too many specimens that do not fracture in the desired
manner because of problems with the test fixtures and/or the specimens
themselves.

Study of Fig. 11 and the following discussion may help the uninitiated
to appreciate some of the problems of fatigue testing and of the fatigue
process itself.
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Fig_ 11 Typical fatigue (S-N) diagram of laboratory fatigue testing of medium-
strength ferrous metal
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Note: The test procedure described below usually is not fol-
lowed in actual laboratory fatigue testing, but is shown in this man-
ner for illustrative purposes only. Actual laboratory fatigue test
procedure will differ, depending on the purpose of the fatigue test.

First note the scales of the diagram. The vertical axis is either load or
stress, depending on how much is known about the critical location of
the test specimens and on the available instrumentation. The load or
stress considered is the maximum value attained during the cycle, at the
peak of the sinusoidal curve shown in Fig. 9(b). The horizontal axis
consists of the number of cycles of load application to cause fracture.
Because of the very large numbers that are encountered, this scale is
logarithmic, starting with one at the left and going to one million, five
million, ten million, or even higher, depending on the metal involved
and the purpose of the tests. This type of diagram is usually called an
S-N (for stress-number) diagram, with the resulting curve the S-N
curve, plotted on “semilog” graph paper.

If the single-load fracture strength of the specimens is considered to
be 100%, then for purposes of illustration this is the starting place, be-
cause the specimens can sustain no higher load without fracture. If ten
specimens are fractured, the results are placed as points at the top of the
left axis at one load application.

Intuitively we know that if the maximum load (or stress) is lowered to
90% of the tensile strength, it will require more than one load applica-
tion to fracture the specimens. The ten points shown in the diagram at
90% represent the possible life to fracture of each of the ten specimens.
Because the scale is logarithmic, the points appear to be relatively
close, but in fact the scatter in life from longest to shortest is on the or-
der of more than 2 to 1. At this high stress, plastic deformation of the
test specimen is likely to be great, such as in bending a paper clip or wire
coat hanger to make it fracture. Actual parts are not intentionally de-
signed to operate in this regime, and normal fatigue fractures have no
obvious plastic deformation.

If we drop the load to 80% of the single-load fracture strength and test
ten more specimens, we will find that they will run longer with a fatigue-
life scatter of perhaps 3 to 1, which is not unusual, even for theoretically
identical specimens (which, of course, they are not). When the load is
dropped to 70%, the lives get longer and the scatter in fatigue life in-
creases to perhaps 5 to 1. Again dropping the load, now to 60% of the
single-load fracture strength, the fatigue lives again increase, as does
the scatter from longest to shortest life. Invariably, in actual fatigue
testing, there is at least one specimen that inexplicably fractures far ear-
lier than any of the others in the same group. One such specimen is
shown at the 60% level fracturing at about 150 cycles, while the other
supposedly “identical” specimens or parts had lives of from about 1,000
to 10,000 cycles. The cause of such an early “anomaly” is often sought
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in vain. Although it is possible that some metallurgical reason, such as a
large inclusion on the surface, might be found. Frequently, this lone
early fracture specimen is simply ignored.

Dropping now to 50% of the single-load fracture strength, the fatigue
lives increase dramatically, as the S-N curve starts to flatten out. This
flattening out is characteristic of ferrous metals of low and moderate
hardness; many nonferrous metals and some very high-hardness ferrous
metals tend to continue their downward path at very large numbers of
cycles. Now, the problem is when to stop the tests. The test machine will
be needed for another test specimen after a very long test time, depend-
ing on the rate of loading, or cycles per minute. If ten million is selected
as the end point, the test must be stopped at that figure even if a speci-
men is unbroken, and the point shown with an arrow pointing to higher
values, for it did not actually fracture. Frequently, five million, or even
one million, cycles is selected as the end point, depending on the metal,
purpose, and urgency of the tests. However, five hundred million cycles
is sometimes used in the aluminum industry.

The region below the lowest portion of the S-N curve is called the infi-
nite-life region, because specimens that are tested at stresses below the
curve should run indefinitely; that is, they should have infinite life. The
leveling of the S-N curve is the fatigue limit, characteristic of ferrous
metals but not of most nonferrous metals. However, the region to the left
of the sloping part of the S-N curve is called the finite-life region, be-
cause at the higher stress levels, the test specimens or parts will eventu-
ally fracture in fatigue. This is typical of certain structural parts in air-
craft that have their histories carefully recorded so that they can be
inspected and/or replaced as their fatigue lives are used up in service.
Also, growing fatigue cracks must not be permitted to exceed the criti-
cal flaw size characteristic of the metal and the stress state. This is the
purpose of fracture mechanics: to predict the maximum-size flaw {or
crack) that can be tolerated in a given metal part without causing com-
plete fracture. See Chapter 15, “Fracture Mechanics.”

Other Types of Fatigue

Subsurface-Origin Fatigue. This subject was covered in Chapter 6,
“Stress Versus Strength,” and is sketched in Fig. 9 of that chapter. Pho-
tographs of typical examples of fracture resulting from subsurface-
origin fatigue are shown in Fig. 12(a) and (b). Subsurface fatigue can
also originate from rolling contact, as is discussed in Chapter 12, “Wear
Failures—Fatigue.”

Fatigue Under Compression Forces. A seemingly puzzling type of
fatigue crack is one that grows in a part, or a region of a part, that is
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Fig. 12 (a) Subsurface fatigue origin (white arrow) on a rotating bending fa-

tigue specimen of carburized low-carbon alloy steel. Test was stopped
because fatigue crack went about one third of the way around the 0.250 in. diam
test specimen, after being continuously tested at a maximum bending stress of
150,000 psi for 9,300,000 cycles. Crack penetrated partway through the core
(black arrow) but was left for many months until the specimen was deliberately
broken open (light-colored area). The dark color of the original fatigue fracture area
is the result of corrosion from the atmosphere in the laboratory. 12x. (b) Subsurface-
origin fatigue fracture in an induction-hardened 3.25 in. diam 1541 steel axle that
was continupusly tested in rotating bending fatigue in the laboratory. The primary
fatigue fracture originated at A, while a smaller crack was progressing at B. Note
that no beachmarks are visible because of the continuous testing and thatboth ori-
gins are near the inner edge of the induction-hardened zone. The larger fatigue
crack (from A) was in the left third of the fracture before it triggered a brittle fracture
in the case (notice the chevron marks at lower right) and ductile fracture in the
core. Source: Ref 4
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stressed in compression when the part is under load. However, it is not
really difficult to analyze this phenomenon if one understands the me-
chanical formation of residual stresses. Review of Chapter 7, “Residual
Stresses,” is recommended, particularly the section “Mechanical Resid-
ual Stresses.”

It may be recalled that the general principle of mechanically induced
residual stresses is that “fensile yielding under an applied load results in
compressive residual stresses when the load is released, and vice versa.”
Fatigue under nominal compressive loads is explained by the “vice
versa” part of the above statement; that is, “compressive yielding under
an applied load results in tensile residual stresses when the load is re-
leased.” This type of fatigue fracture can be illustrated with the example
of the Belleville spring washer, a hardened spring steel washer that is
cone shaped in order to give high spring rates in limited space, as shown
in Fig. 13.

When this type of spring washer is pressed flat, the upper surface and
corner of the hole are heavily compressed in a triangular pattern around
the hole, as shown by the shaded area in Fig. 13(b). The compressive
stress may be so high that the metal yields compressively around the
hole. That is, the circumferential compressive stress on the upper side of
the plate at the hole forces the metal to yield compressively when the
spring washer is pressed flat. When the fatigue load is released, the
washer springs back to its original position and the upper surface now is
stressed in residual tension as a result of compressive yielding when the
load was applied. This is in accordance with the “vice versa” part of the
mechanical residual stress principle quoted above. Consequently, the
fatigue action causes the necessary tensile stress at this location when
the load is released, not when it is applied. With continued operation,
radial fatigue cracks will form at the upper corner, as shown in Fig.
13(b) and (c). These cracks are innocuous and do not affect operation
because they will not progress to cause fracture. In time, however, nor-
mal fatigue cracks form at the lower corner of the hole that may eventu-
ally cause complete fracture, because this location is stressed in tension
when the load is applied.

The solution for this “compression” type of cracking often lies in the
field of design, as well as in heat treatment to increase yield strength. In
the case of Belleville spring washers, they are frequently made with ra-
dial slots from the hole outward, so that a series of “fingers” are the
springs that carry the axial compressive force. The slots interrupt the
continuity of the circular hole and prevent circumferential compressive
and tensile yielding. Shot peening is commonly used on these and many
other springs to prevent fatigue fractures.

Other parts that develop fatigue cracks under nominal “compressive”
loads should be studied with an eye for reducing the possibility of yield-
ing when the compressive load is applied. The point to remember is that
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compressive yielding can result in tensile residual stresses that can
cause fatigue cracking when the load is released. The cracks may be
harmless to service operation, but they certainly are not desirable and
should be prevented.

Thermal Fatigue. A somewhat similar type of fatigue fracture is
caused not by repetitive mechanical stresses but by cyclic thermal
stresses. Review of the section “Thermal Residual Stresses” in Chapter 7,

Fatigue cracks

(c)

Fig. 13 Sketch of a Belleville spring washer showing how fatigue cracks can

form in a nominally compressive stress area. The spring, actually a
cone-shaped spring steel washer, is shown in the (a) free condition and (b) in the
flattened condition. When flat, the corner of the hole on the convex (upper) side
becomes compressively yielded, causing tensile residual stresses when the load is
released. Repetitive loading to the flat condition causes radial fatigue cracks to
form on the convex side (b) and (c), but the cracks do not cause fracture. Even-
tually, independent fatigue cracks may form on the lower (concave) surface that
will lead to complete fracture.
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“Residual Stresses,” will help the analyst understand how thermal resid-
ual stresses are formed.

The basic principle to recall is that the metal that cools last has tensile
residual stresses; also, for thermal residual stress to occur, it is neces-
sary to have both heat and restraint. If, for example, a sharp edge of a
part is repetitively heated and cooled while the restraining bulk of the
part remains relatively cool, the sharp edge expands when heated and
contracts when cooled. That is, the sharp edge develops compressive
forces and yields compressively when hot because of the lower strength
and lower modulus of elasticity at the elevated temperature. When the
edge is cooled, tensile residual stresses form; if this action is repeated
many times, thermal fatigue cracks develop and tend to grow each time
the metal is cooled from the elevated temperature, for it is at that time
that the tensile residual stress is again applied. When the metal is hot,
the cracks tend to close, although this is probably resisted by an accu-
mulation of oxide scale or other products of combustion from the
high-temperature atmosphere. In fact, these products in the crack can
act as a wedge and increase the compressive yielding when hot, so that
the tensile residual stress that forms on cooling is increased.

Because both heat and restraint are necessary for thermal residual
stresses to occur and repetitive thermal cycling is necessary for thermal
fatigue, the methods to prevent such fracture should become obvious. If
restraint is internal within the part, as described above with the sharp
edge, it may be possible to reduce the restraint by permitting the part to
expand more uniformly when it is heated, instead of having just the
sharp edge expand. If this is not practical, it may be possible to blunt the
sharp edge by changing the shape so that this action is not concentrated
on a thin section. Or it may be possible to reduce the thermal gradient
within the part by permitting more of the metal to be heated or to design
curves into the part so that expansion and contraction forces simply
change the shape of the part instead of developing potentially destruc-
tive tensile residual stresses. This is the reason that expansion loops are
designed into high-temperature piping, such as steam lines. It is also the
reason that expansion joints are necessary in bridge and road design.
See Ref 3 and Chapter 14, “Elevated-Temperature Failures,” for more
information on thermal fatigue.

As in so many types of metal failure, once the principles behind a
problem are understood, then one can identify the problem and cre-
atively seek ways to eliminate it.

Corrosion Fatigue. As if fatigue itself were not a complicated
enough type of failure, it is further complicated by the addition of a cor-
rosive environment. Corrosion fatigue is the combined simultaneous
action of repeated or fluctuating stress and a corrosive environment to
produce surface-origin fatigue cracking. In one sense, all fatigue frac-
tures should be considered as corrosion fatigue fractures, for the action
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of the environment within the fatigue crack is critical to the success or
failure of the part involved. The fatigue strength of a part or metal in an
inert environment, where there is no corrosion, is higher than that of the
same part in an aggressive environment where corrosion may play a sig-
nificant role.

Both corrosion and fatigue are complex subjects that must be under-
stood separately before they can be understood in combination. For this
reason, the subject of corrosion fatigue will be studied further in Chap-
ter 13, “Corrosion Failures.”

Bolt Fatigue. Assuming that a bolted joint is properly designed and
assembled, and that the mechanical properties of the bolt and nut are
normal, fatigue fracture of the bolt cannot occur unless the cyclic sepa-
rating force exceeds the clamping force of the bolt. This can occur if the
cyclic separating force is too high or the clamping force is too low, or
both. This principle is true no matter how the joint is loaded. It is sim-
plest to illustrate with a model that assumes a tensile separating force,
as shown in Fig. 14 and explained in the following discussion.

A bolt is really a very stiff spring, because all metals are elastic. Fig-
ure 14(a) shows a typical bolted joint, in which a tensile force in the
bolt, O, and tightened nut, P, squeeze parts R and S with a clamping
force at the joint, as shown by the arrows. The tensile force in the bolt,
caused by tightening of the nut, obviously is equal to the clamping force
holding the joint together.

This principle can be demonstrated by replacing the stiff-spring bolt
with a soft-spring scale in a jointed frame. Figure 14(b) shows a 25 Ib
spring scale, T, which can be adjusted with a wing nut, U, to clamp the
joint together. The separating force is provided by another spring scale,
V, which can be pulled to various steady or cyclic loads by the handle.

If the clamping force is set at 20 Ib, the joint cannot separate nor can
the force in the “bolt” (spring scale) exceed 20 ib if the cyclic separating
force does not exceed 20 1b, as shown in Fig. 14(c), cycling between 5
and 15 Ib.

However, if the cyclic separating force is raised to a range of 15 to 25
Ib, the actual force on the “bolt” spring scale increases to 25 Ib because
the forces are in series, as shown in Fig. 14(d). When this happens, the
joint actually separates and the “bolt” undergoes a cyclic force that
could lead to fatigue fracture.

Similarly, if the clamping force drops to 10 b, cyclic forces in the
“bolt” again can occur, although at a lower level, as shown in Fig. 14(e).
When the actual force on the “bolt” exceeds the clamping force, the
joint separates and the “bolt” again is subject to fatigue fracture. This
principle is also discussed in some detail in Ref 1.

Fatigue in Riveted Thin-Wall Pressure Vessels. In riveted thin-wall
pressure vessels, such as certain types of tanks and aircraft fuselages,
repetitive pressurizing and depressurizing can cause fatigue cracks to
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Pounds

develop between the edges of adjacent rivet holes. It must be realized
that each rivet hole is a stress concentration; also that the fatigue can be
aggravated by corrosion of the metal in many types of environments.
This problem includes the riveted thin-wall aluminum pressure ves-
sels of many aircraft fuselages; each flight means one more pressuriza-
tion, therefore another fatigue cycle. Actually, bonded adhesive seal-
ants are applied between the overlap joints both to distribute the stress
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Fig. 14 Demonstration of fatigue of a bolted joint. See text.
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by helping the rivets resist the pressurization force and also to seal the
joints.

Statistical Aspects of Fatigue

’

In discussion of laboratory fatigue testing, the term “scatter” was
used to describe the variability of results, or the fact that not all speci-
mens tested at a given load, or stress, fracture at the same life, or num-
ber of stress cycles. Supposedly, the specimens are identical; actually,
however, they cannot be identical even though they have the same nomi-
nal dimensions, chemical composition, and heat treatment, to name a
few factors. The reason is that each specimen is composed of a very
large number of different grains, or crystals, each of which has different
orientation and imperfections. Before the fatigue test, we have no idea
where or when fatigue will originate and propagate to fracture.

Let us try to explain this variability with a simple analogy. Assume
that the critical area has a million grains, as was done earlier when dis-
cussing fatigue origins, or that we have a population of a million “iden-
tical” parts to operate at one load or stress level. Compare these “identi-
cal” grains or parts with a million “identical” kernels of popcorn, which
are actually miniature pressure vessels. When all kernels are placed in
the same environment (hot air or hot oil), the internal pressure in each
kernel increases as the moisture turns to steam. Eventually, the internal
pressure (or stress) will equal the strength of the hull, the strong exterior
of the pressure vessel. When this happens, the hull will fracture, the
steam is released, and we say that a kernel has “popped.”

However, note the way in which the kernels fracture, or “pop.” The
million kernels do not go “bang” all at the same time, but instead one
pops first, then another, and another, until they are popping furiously.
Gradually, the popping tapers off until a few are left that do not fracture
(and we throw them away!).

The “random” sequence of popping (actually fracturing) can be ex-
plained as follows: The first kernel to pop is the one in which the inter-
nal pressure first reaches the fracture strength of the hull. The next one
to pop is the next in the sequence, and so on. The kernels that do not pop
at all are those in which, for some reason, the moisture content is low,
the strength of the hull is high, or the hull had a hole or crack that per-
mitted the steam to leak out without building up pressure to the fracture
stress.

The point is that there is no way that we can determine in advance
which kernels will pop first, which will be in the main group, or which
will not pop at all. The popping occurs in a rough distribution curve of
the entire “pop”-ulation, although there are some “runouts” that do not
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fracture, as in fatigue testing near the fatigue limit. The variation in time
to pop is analogous to the scatter in cyclic fatigue life of a group of spec-
imens that are as supposedly identical as are the popcorn kernels.

Because of the scatter in fatigue-testing results and in parts subject to
fatigue loading in service, there have been many statistical methods
used to try to describe and control this problem. All have limitations in
trying to predict the fatigue behavior of a group of parts. Some of the
suggested references contain statistical information that is beyond the
scope of this work.

Examples of Fatigue Fracture

Because there are a very large number of types of parts and materials
that can undergo fatigue fracture, it is impossible to show examples o.
all combinations. However, a few of the most common types are shown
schematically in Fig. 15 and 16 and in the photographs, Fig. 17 to 33,
that follow. Many others are shown in Fatigue and Fracture, Vol 19,
ASM Handbook, and many of the other publications devoted to the sub-
ject of fatigue and fatigue fracture.
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Fig_ 15 Schematic representation of fatigue-fracture surface marks produced

in smooth and notched cylindrical components under various loading
conditions. Note that the final rupture zones (fast-fracture zones) on the left half of
the figure, which had a high nominal stress, are considerably larger than the corre-
sponding final rupture zones on the right half, which had low nominal stresses.
The individual lines in the sketches represent the general configuration of the pro-
gression of the fatigue crack, as recorded by possible submicroscopic striations
and macroscopic beachmarks. The long dashed lines in reverse and unidirec-
tional bending indicate the bending axes. Also note the radial ratchet marks be-
tween origins of the high nominal stress fractures. In the torsional fatigue fractures
(bottom row) note that unidirectional fatigue (left) is at an approximate 45°angle to
the shaft axis, while reversed torsional fatigue of a cylindrical shaft (second from
right) has an X-shaped pattern with the origin in either the longitudinal or the trans-
verse direction. Torsional fatigue cracks in stress concentrations tend to be very
rough and jagged because of many 45° cracks. Modified from Ref 4
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Fig. 16 Schematic representation of fatigue-fracture surface marks produced

in components with square and rectangular cross sections and in thick
plates under various loading conditions. Note that the final rupture zones
(fast-fracture zones) on the left half of the figure, which had a high nominal stress,
are considerably larger than the corresponding final rupture zones on the right
half, which had low nominal stresses. The individual lines in the sketches repre-
sent the general configuration of the progression of the fatigue crack, as recorded
by possible submicroscopic striations and macroscopic beachmarks. The long
dashed lines in reverse and unidirectional bending indicate the bending axes.
Note that fatigue origins at corners of rectangular shapes or at ends or drilled holes
are quite common in this type of part. Also, multiple fatigue origins are quite com-
mon with parts under high nominal stress; ratchet marks perpendicular to the sur-
face separate adjacent fatigue areas. Modified from Ref 4



Fatigue Fracture 147

Fig_ 17 Large axle shaft of medium-carbon steel with fatigue fracture across

most of the cross section before final rupture. Note smooth origin re-
gion (arrow) and gradually coarsening fracture surface as the fatigue crack pro-
gressed. Note that there was a thread groove running around the periphery and
thatthe fracture origin is in the root of the thread. However, the nominal stress was
quite low because the part was still intact and operating even though the fatigue
crack had gone nearly all the way through the section. This indicates that only a
slightimprovement in the thread groove would be necessary to prevent this type of
long-term fracture.
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(a)

{b)

Fig‘ 18 (a) Fracture surface of a 3.6 in. diam axle housing tube showing four

major fatigue-fracture origins {arrows) at the bottom. (b) Origin areas
at higher magnification. Beachmarks are clearly seen. Small areas of postfracture
damage are present, but in general, the fracture is in excellent condition after care-
ful cleaning. This part was subjected to unidirectional bending stresses normal for
the operation. The metal was a medium-carbon steel with a hardness of 217-229
HB. From the origin areas at the bottom, the fatigue cracks progressed up both
sides of the tube and joined at the small final rupture area at the top. Note the in-
creasing coarseness of the fracture surfaces as the cracks grew from bottom to top.
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Fig‘ 19 Reversed bending fatigue of a 1.6 in. diam shaft of 1046 steel with a

hardness of approximately 30 HRC, Note the symmetrical fatigue pat-
tern of beachmarks on each side, with the final rupture on the diameter. This indi-
cates that each side of the shaft was subjected to the same maximum stress and to
the same number of load applications. The C-shaped marks are postfracture dam-
age.
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F|g. 20 Reversed bending fatigue of an alloy-steel steering knuckle at a hard-

ness level of 30 HRC with nonuniform application of stresses. The
multiple-origin fatigue at the bottom was caused by the tendency of normal wheel
loading to bend the spindle {lower right) of the knuckle upward. The fatigue on the
upper side (smaller area) of the fracture was caused by turning maneuvers in
which the wheel acts as a lever to bend the spindle downward. Note the many ra-
dial ratchet marks on the fatigue surfaces. The part had been overloaded during
service.
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Fig. 21 Reversed bending fatigue of a flat }; in. plate of a high-strength

low-alloy steel test specimen, designed with tapered edges to prevent
fatigue origin at the corners. Note the many separate origins on each side and the
very thin final rupture region separating the two fatigue areas on each half. Many
other fatigue cracks were present in the reduced section, for this was designed to
have a relatively uniform stress in the reduced section.
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Fig. 22 Rotating bending fatigue fracture of a keyed shaft of 1040 steel, ap-

proximately 30 HRC. The fatigue crack originated at the lower left
corner of the keyway and extended almost through the entire cross section before
final rupture occurred. A prominent beachmark pattern is visible, appearing to
swing counterclockwise on this section because the rotation was in a clockwise
direction.
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Fig. 23 Rotating bending fatigue fracture of a 2 in. diam 1035 steel shaft, hard-

ness 143 HB. The part was designed with a large radius joining the
shaft to the shoulder, butit was machined with a sharp tool mark in the fillet. Multi-
ple-origin fatigue around the periphery proceeded uniformly into the shaft, finally
fracturing with a final rupture region in the center of the shaft.



154 Understanding How Components Fail

Fig. 24 Rotating bending fatigue fracture in a 4817 steel shaft, carburized and

hardened to a surface hardness of 60 HRC. The fracture started in six
fillet areas around the periphery, near the runouts of six grooves. The six fatigue ar-
eas penetrated separately, but uniformly, to final tupture at the center. The bright,
shiny, flat areas are regions of postfracture rubbing against the opposite surface.
Grinding damage in the fillet was the cause of this fracture.
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Fig_ 25 Bending fatigue fracture through the cheek of a diesel engine crank-
shaft. The very prominent steps and beachmarks were the result of se-
vere overloading during starting and clutching with a very aggressive friction
material in the clutch. Though this was a laboratory test, it was not operated con-
tinuously and thus more closely resembles fracture from actual vehicle service.
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Fig. 26 Tensile fatigue fracture starting near the center of an 8 in. diam piston
rod of a forging hammer, made of low-carbon alloy steel hardened to
24 HRC at the surface and 17 HRC at the center. In an axially loaded part such as
this, fatigue fracture can start anywhere in the cross section. In this case, a forging
“flake” caused fatigue to start near the center of the section and to grow outward in
a circular fashion until it was about 5.2 in. in diameter, at which time final rupture
occurred in one load application. At no time did the fatigue crack reach the sur-
face of the large shaft. Use of a vacuum-degassed steel would have prevented the
flake that caused this type of fatigue failure, which occurred many years ago.
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ﬁg‘ 27 Torsional fatigue fracture of a 1050 steel axle shaft induction-
hardened to about 50 HRC. The arrow indicates the longitudinal
shear fatigue origin, which then changed direction and grew to the small circular
beachmark, or “halo.” Final brittle fracture (note chevron marks in case) caused
complete separation with the characteristic 45° brittle fracture in torsion.



Fig. 28 Close-up of a reduced area on a medium-carbon steel drive shaft

showing the X-shaped crack pattern characteristic of reversed tor-
sional fatigue. Reversed torsional fatigue causes approximately 45° spiral fatigue
cracks on opposite diagonals. The original shear crack was in the longitudinal
shear plane; then each pair of torsional fatigue cracks developed at a 45° angle to
the shaft axis.

Fig. 29 Characteristic X-shaped crack pattern in a 1045 steel crankshaft after

testing in reversed torsional fatigue in a special machine, notin an en-
gine. In this case, the original crack was in the transverse shear plane, not in the
longitudinal shear plane as in Fig. 28.
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Fig. 30 Reversed torsional fatigue of a 6% in. diam spline shaft showing the

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 fatigue cracks that pen-
etrate nearly to the center of the shaft. This type of fatigue progresses at each loca-
tion where a shaft enters an internal spline, and is repeated if there is an internal
spline at another location on the shaft. These cracks surround portions of the
metal, forming essentially wedge-shaped segments, somewhat like those of an or-
ange.



Fig‘ 31 A’starry” spline fracture similar to that in Fig. 30 due to reversed tor-

sional fatigue on a 13 in. diam spline. Torsional fatigue has caused
many of the surrounded segments to fall out of the shaft. Note that the longitudinal
cracks penetrated nearly to the center of the shaft. This part is made from
low-carbon alloy steel with a hardness of 24 HRC in the shaft area.

Fig. 32 Torsional fatigue fracture in a 33 in. diam keyed tapered shaft of 1030

steel characterized by “peeling” that progressed around the shaft. The
fatigue crack originated in the corner (A} of the keyway from pressure of the key
aligning a large hub to the shaft. The fatigue crack progressed completely around
the shaft, under the keyway, and started around again, all in a clockwise direction,
before final separation occurred and nearly broke off the “wing” at left. The only
thing necessary to prevent this type of fracture is to make sure that the large nut that
forces the hub to fit tightly against the tapered surface does not come loose. If the
nut is loose, the key and keyway, rather then the frictional fit of the conical joint,
carry the torsional force.
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Fig_ 33 Bending fatigue fractures in several teeth of an 8620 steel spur gear,

carburized and hardened to 60 HRC in the case. It can be seen that
tooth A fractured first, for it has the largest fatigue area, originating in the fillet on
the arrow side of the tooth. Gear teeth are carefully shaped cantilever beams and
can be diagnosed in this way. Fracture of the first tooth caused abnormal loading
on the adjacent teeth and they also rapidly fatigued, for the mating gear did not
now mesh properly with them. Considerable smashing and battering of adjacent
teeth is normal after gear-tooth fracture.

Summary

Fatigue fracture is a progressive type of fracture that can occur under
normal service operation in three stages:

1. Initiation, by a submicroscopic shear, or slip, mechanism that causes irre-
versible changes in the crystal structure of the metal

2. Propagation, by an increasingly rapid progression of the tip of the fatigue
crack in microscopic advances

3. Final rupture, which is final separation, or fracture, into two or more parts
by a single load application.

Fatigue fractures have several microscopic and macroscopic features
that may enable them to be properly identified. These include lack of
permanent deformation in the origin area, striations, beachmarks, and
ratchet marks. Unfortunately, these features are not always present or
readily observable on the fracture surfaces, depending on the character-
istics of the metal itself, the type of operation to which it was subjected,
and possible obliteration by pre- or postfracture damage by mechanical
and/or chemical action.

Compression fatigue and thermal fatigue are understood most easily
with the aid of residual-stress principles.
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CHAPTER 1 1

Wear Failures—
Abrasive and Adhesive

Wear is usually defined as the undesired removal of material from
contacting surfaces by mechanical action (Ref 1). Although it is not
usually as serious a service problem as is fracture, wear is an enor-
mously expensive problem. This has both good and bad aspects: mak-
ing replacement parts and mechanisms for those that have “worn out”
provides employment to millions of people. If all wear could be elimi-
nated, the repercussions in the economy of the nation would be tremen-
dous. The tire, clothing, automotive, and shoe industries, for example,
would be devastated, because a large part of their business is to supply
replacements. On the other hand, the users of the tires, clothes, automo-
tive vehicles, and shoes would be delighted to have no wear problems
and, therefore, no replacement problems. There is no danger of this hap-
pening, however, for—like death and taxes—wear will be with us al-
ways.

Wear usually is a foreseeable type of deterioration. We expect various
rubbing surfaces in any machine—as well as those products previously
mentioned—to eventually “wear out.” In many cases this type of deteri-
oration can be minimized by proper lubrication, filtering, materials en-
gineering, and proper design, among other factors.

In many respects wear is similar to corrosion. Both have many types
and subtypes, of which usually at least two are progressing simulta-
neously. Both are somewhat foreseeable unless the environment
changes. Both are extremely difficult to test and evaluate in accelerated
laboratory or service tests, with rankings of materials subject to change
depending upon seemingly minor changes in the test conditions.
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Abrasive Wear

Finally, both are of enormous economic importance. When studying
any failure where wear is known or suspected, it is necessary to have a
good understanding of the history and operation of the part or mecha-
nism involved. In many cases, it is not possible to conduct a good inves-
tigation by simply examining the worn part itself. Because wear in-
volves the interaction of other parts and/or materials, these must be
studied also; because wear is also a surface phenomenon, anything that
affects the surface is likely to affect the wear behavior.

Because the definition of wear is quite broad and the various catego-
ries or types of wear are not precisely defined, authors on the subject
may organize the different types in different ways. This author has cho-
sen to organize the rather overwhelming subject of wear into the follow-
ing categories, not all of which are conventional:

Chapter 11

e Abrasive wear
» Erosive wear
¢ Grinding wear
* Gouging wear

® Adhesive wear

e Fretting wear

Chapter 12

e Contact stress fatigue
e Subsurface-origin fatigue
o Surface-origin fatigue
e Subcase-origin fatigue
e Cavitation fatigue

Two of the above categories—fretting wear and cavitation fatigue—
usually are included in the subject of corrosion. There is some justifica-
tion for this grouping, because both involve some chemical changes.
However, since both are primarily the result of “undesired removal of
material from contacting surfaces by mechanical action”—which is the
definition of wear—we have chosen to include them with other wear
phenomena.

The general category of abrasive wear can be characterized by a sin-
gle key word: cutting. Abrasive wear occurs when hard particles sus-
pended in a fluid or projections from one surface roll or slide under
pressure against another surface as shown in Fig. 1, thereby cutting the
other surface. Indeed, machining would fall into the category of abra-
sive wear except that it is usually not “undesired,” which is a condi-
tion of the wear definition. A machine tool, even a hand file, sliding
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under pressure across a softer metal cuts the metal, usually causing mi-
croscopic distortion of the surface structure and forming a distorted
chip or fragment of the metal removed. Another very important charac-
teristic of abrasive wear is the heat that is generated by friction between
the two materials.

In general, abrasive wear may sometimes be reduced or dealt with by
any of several methods, which may or may not be practical in individual
circumstances:

Fig. 1 Idealized representations of the two types of force applications on abra-

sive wear particles. (a) Represents the cutting or plowing action of a con-
tained particle under pressure. That is, the particle is not free but is under pressure
from other particles or a solid object. This is characteristic of grinding and gouging
abrasion, in which the hard particles are forced to scratch or cut the metal surface.
{b) Represents the cutting or plowing action of a loose particle flowing across the
metal surface after impinging upon the surface. This is characteristic of erosive
wear, in which free particles strike the surface atan angle, then slide across the sur-
face. Source: Ref 1
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o Increase surface hardness: This is a rather obvious solution to abra-
sive-wear problems; however, it may not always be the answer to a spe-
cific problem (Ref 2). In cutting tools, such as various types of knives,
blades, and the like, increasing the hardness may indeed make the cutting
tool more resistant to dulling of the sharp edge. However, increasing the
hardness also increases the chance of brittle fracture of the cutting tool it-
self. Brittle fracture would be a much more serious problem than the dull-
ing from abrasive wear, for the dull tool can always be resharpened and
reused, while the broken blade may cause injury to persons or to ma-
chines after fracture.

®  Remove foreign particles: If hard, abrasive foreign particles are causing
abrasive wear, it again seems obvious that if the particles are trapped and
removed, the wear cannot take place. This is exactly the reason that filters
for air, water, and oil are used in various types of mechanisms. An auto-
motive engine is a typical example in which air, oil, and fuel filters are al-
ways used to prevent entry of external foreign particles and to trap and
collect internal foreign particles before they can damage the engine. In
heavy-duty engines, filters for the cooling system also are used to mini-
mize abrasive wear of various parts, particularly the impeller that circu-
lates the coolant. In other cases, the foreign particles cannot be removed,
this is particularly true with erosive wear, where many high-speed parti-
cles slide and roll across a metal surface.

e Replace worn part: One of the most practical ways by which we live with
wear is simply to design parts and assemblies that are subject to abrasive
wear in such a way that they may be replaced when they are worn out.
This is one of the simplest and most common ways of dealing with the
problem. However, replacement may not be practical in a given situation
because of inaccessibility, excessive labor cost or downtime, unavailabil-
ity of replacement parts in an emergency, or other problems.

It may be seen that the general solutions mentioned may or may not be effec-
tive, depending on the circumstances of the particular wear problem. Now let
us look more closely at the characteristics of the major categories of abrasive
wear.

Erosive wear (or erosion) occurs when particles in a fluid or other
carrier slide and roll at relatively high velocity against a surface. Each
particle contacting the surface cuts a tiny particle from the surface. Indi-
vidually, each particle removed is insignificant, but a large number of
particles removed over a long period of time can produce staggering de-
grees of erosion. The classic example is the Grand Canyon of the Colo-
rado River. Whenever the dirt particles carried by the river current come
in contact with the relatively soft rock of the riverbed, small amounts of
the rock are removed. Over millions of years this giant chasm has been
cut through the rock by the erosive action of dirt particles in the river,
which flows rapidly in some places but is more placid in others.
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Erosive wear can be expected in metal parts and assemblies where the
above conditions are present. Common problem areas are found in
pumps and impellers, fans, steam lines and nozzles, the inside of sharp
bends in tubes and pipes, sand and shot blasting equipment, and similar
areas where there is considerable relative motion between the metal and
the particles.

Erosive wear can be recognized by any or all of the following condi-
tions, depending upon the parts involved:

o General removal of soft surface coatings or material: This is a common
form of wear for fan and propeller blades. In automotive applications,
for example, the paint on the rear, or concave, side of the blade is usu-
ally removed by the scouring or cutting action of dust and dirt parti-
cles in the air. The concave side of a rotating fan blade has a positive
pressure, while the convex side has negative pressure; the positive
pressure forces the particles against the surface, thus leading to ero-
sive wear.

®  Grooving or channeling of the material: This type of erosive wear is

common in assemblies involving fluids (liquids or gases), where the de-
sign of the parts is such that the fluid flows faster or is changed in direc-
tion at certain locations. Examples are in pumps or impellers in which
vanes push the particle-laden fluid into various passages. The inside of
tubes or pipes is often damaged at curves because the inertia of the parti-
cles and the fluid forces them against the outer side of the curve. Obvi-
ously, sudden, sharp curves or bends cause more erosion problems than
gentle curves. In textile machinery even high-velocity thread or yarn can
cause erosion; a sudden change in direction of yarn caused the grooving
and erosive wear in the eyelet in Fig. 2.
Grooving and channeling are also quite common in various types of
nozzles where high-speed or high-pressure fluids scour and cut
their way through the metal. Liquid droplets can lead to erosive
wear, as is frequently seen on the leading edges of high-speed air-
craft.

®  Rounding of corners: Erosive wear can change the shape of impellers,
turbine blades, and vanes in such a way as to cause substantially impaired
operating efficiency. An example of this type of damage is shown in Fig.
3 with “before and after” views. If service had been continued, the vanes
would have been completely eroded away, leading to zero efficiency in
pumping liquid.

For suggested solutions to erosive wear, see the general solutions at the be-
ginning of the “Abrasive Wear” section.

Grinding Wear. The principal characteristics of grinding wear are
that it is caused primarily by particles under high stress that cut, or
plow, many very small grooves at relatively low speed across a metal
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surface. This high-stress, low-speed operation is characteristic of till-
age tools (plows, cultivators, rakes, etc.) and other ground-contact
parts, such as bulldozer track shoes, cutting edges of blades, and the
like. There are many other operations in other industries that have simi-
lar effects on the metal parts. These tend to dull cutting edges, changing
their shape to make them perform their function less efficiently or not at
all and generally causing unsatisfactory service.

Thus, grinding wear can be recognized if the type of service that
caused it is known and if the wear occurs at high-stress locations, partic-
ularly points and edges, causing a general change in shape of the part or
parts concerned. When two hard metal surfaces slide against each other,
frequently in the presence of a lubricant, each may tend to smooth the
other, particularly if fine abrasive particles are present. When properly
controlled, this process may be very useful as a lapping, or polishing,
process in which there is only one metal surface together with the fine
abrasive material that is used for the polishing operation, such as in
preparation of metallographic specimens for microscopic examination.

When considering means to prevent grinding wear, increase of hard-
ness is always an obvious thought. As pointed out earlier, however, this

Fig, 2 Abrasive wear of a yarn eyelet made of hardened and tempered 1095
steel, Grooving was caused by a sharp change in direction of the yarn as
it came out of the hole. Service life was improved by changing the eyelet material
to M2 high-speed tool steel, which contains spheroidal carbides in a matrix of
martensite. Service life probably could have been improved also by changing the
angle of exit or by rounding the corner to make a bell-mouth hole. Source: Ref 1
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(a)

(b)

Fig. 3 Erosive wear of a gray cast iron water pump impeller. The sharp corners

of the (a) new impeller have been (b) completely rounded off by the
abrasive wear of sand in the cooling system. The change in shape of the vanes re-
duces the efficiency of the pump; if abrasive wear were to continue long enough,
the vanes—and efficiency—would be completely gone.
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may lead to more serious problems in certain types of parts. However,
the judicious use of certain hardening methods and of surface coatings
may lead to some improvement in managing the wear situation.

Hard facing by welding, metal spraying, or other means of deposition
is frequently used to improve resistance to grinding wear. Usually the
deposits contain large quantities of alloy carbides, such as those of
tungsten, titanium, chromium, molybdenum, vanadium, and others. In
certain applications, oxides, borides, or nitrides may be more satisfac-
tory, for the conditions of the service and the environment are extremely
important in selecting the best alternative (Ref 2, 3).

In many cases diffusion treatments, such as carburizing, carbo-
nitriding, nitriding, chromizing, or boronizing, are sufficient for the
purpose. The economics and practical aspects of the situation are usu-
ally overriding factors in the choice of a method of improving wear re-
sistance.

Evaluating the best type of coating or diffusion treatment for a given
application can be fraught with frustration, because simulated labora-
tory tests—usually accelerated to reduce testing time—often give mis-
leading results. Actual service testing is usually the best way to evalu-
ate, or rank, wear resistance of various materials or processes. Even this
can be misleading, because the combination that is best in one type of
abrasive environment may perform poorly in another type of environ-
ment. The same abrasive material used under different environmental
conditions may produce contradictory results because of differences in
packing and thermal characteristics. Sand, for example, tends to cool a
cutting edge better when wet than does the same material when dry.
Therefore, a cutting edge with greater hot hardness may be more effi-
cient, depending on the local frictional temperatures reached at the cut-
ting edge.

Slight, controlled grinding wear may sometimes be used to advantage
to maintain a self-sharpening behavior in certain cutting tools. By judi-
cious use of the rat’s-tooth principle, hardened surfaces may be used
with soft surfaces to keep the tool sharp.

The front tearing teeth of rats (actually all rodents) have very hard
enamel on the front convex surface but relatively soft dentine on the rear
concave side, as shown in Fig. 4. When the rodent gnaws and tears with
its teeth, the high-stress surface is the rear of the teeth, while the front
receives little or no stress or wear. Since the rear is the high-stress area,
this soft material wears more rapidly than does the hard, low-stress
front. Since rodents’ teeth grow continuously, the tip of the hard enamel
is always sharp because of the gradual wearing away of the softer
dentine. The tip of the brittle enamel breaks off, keeping the teeth the
proper length. The teeth are, in effect, self-sharpening, and cannot be-
come too long, as long as the animal can gnaw.
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This same principle can be applied to certain cutting tools. For ex-
ample, plowshares (the cutting edges of plows) can be made self-
sharpening if the front, high-stress surface is soft and the rear,
low-stress side is hard faced with an appropriate material. During service,

Continuous
growth
Soft dentine
Low-stress
High-stress side
side
Worn away Hard enamel

Fig. 4 Diagram of self-sharpening rodent tooth. See text. Source: Ref 5

Softer
steel

Direction

of travel
*————

High-stress
side

Low-stress side
Worn, softer steel

Hard-facing alloy

Fig 5 Diagram of self-sharpening plowshare using the same principle as in the
rodent tooth shown in Fig. 4. As the plowshare cuts through the soil from
the right to left, the relatively soft steel on the forward, high-stress side is gradually
worn away, but the hard facing applied to the rear, low-stress side is continually
exposed at the sharp tip. Eventually, of course, the part must be replaced, but ser-
vice life may be very long in certain types of soil, particularly those without rocks.
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the soft, high-stress surface is worn, the hard surface remains rela-
tively undamaged, and the plowshare stays sharp, as shown in Fig. 5.

Electric carving knives, which have two blades sliding back and forth
against each other, are sometimes hard surfaced on the outer, low-stress
sides. As the blades slide back and forth against each other while cut-
ting, slight metal wear occurs on the soft, high-stress inner surfaces,
keeping the blades sharp.

In the mining industry, digging tools are sometimes hard faced on
only one side to maintain the same self-sharpening action, as is shown
in Fig. 6 (Ref 6).

Gouging Wear. This type of wear is caused by extremely high-stress
battering or impact that tends to cut or gouge large wear fragments from
the surface of the metal. This service is encountered in certain applica-
tions in the fields of earthmoving, mining, quarrying, oil-well drilling,
steelmaking, cement and clay product manufacture, railroading, dredg-
ing and lumbering, and undoubtedly other industries. When hard, abra-
sive products are crushed, battered, or pounded under extremely high
stress, rapid deterioration of the contact surfaces can be expected unless
specific steps are taken to prevent this problem.

In certain cases, it may be more economical to use replaceable parts,
such as the teeth for backhoe buckets. Figure 7(a) shows gouging wear
on a tooth made of moderately hard medium-carbon alloy steel on the
flat, originally sharp point. Battering against rock in digging eventually
changed the shape to that shown in Fig. 7(b).

In other cases, parts are not easily replaceable and must be made from
a more resistant material. A type of steel invented over one hundred
years ago by Sir Robert Hadfield in England has been used successfully

Both sides
hard-faced

One side
only

Biunt tooth

Fig, 6 Self-sharpening of a digging tooth from ground-contact equipment by

controlled wear through selective hard facing. The pattern of hard fac-
ing can be varied to suit the condition, but note that the blunt tooth is hardened on
bo;h sides, while the self-sharpening tooth is hardened on only one side. Source:
Ref 6
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in many applications, such as railway crossing frogs and switches, rock
crushers, grinding mills, dredge buckets, power-shovel buckets and
teeth, and pumps for handling gravel and rocks (Ref 2, 3).

This specialty steel, usually called Hadfield’s steel, is an austenitic
manganese steel normally used either in the form of castings or welded
to a steel base (Ref 2, 3). It is machinable only with difficulty, for the
machining operation work hardens the austenitic steel, as does the nec-
essary battering during high-stress service. In some cases, it is possible
to preharden this material by submitting it to heavy battering or ham-
mering before putting it into service. This type of steel is not intended
for resistance to erosive wear or most kinds of grinding wear.

In any case, the remedies for gouging abrasive wear, as with other
types, usually come down to a combination of economics, availability,
accessibility, and design. Frequently, there are several ways to improve
a product, but only one is chosen because it provides the optimum prop-
erties at lowest cost.

Adhesive Wear

Like abrasive wear, adhesive wear can also be characterized by a
single word. In the case of adhesive wear, the word is welding or, more

(@) {b) (e}

Fig, 7 Tooth for a backhoe bucket. (a} Original condition. (b) The soft top of the

tooth, made of 1010 steel, wore considerably more during operation in
rocky, frozen soil than did {(c) the flat opposite side of 8640 medium hard steel. The
tooth is a replaceable part that is pinched over a stub to hold it in position.
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precisely, microwelding. The actual micromechanism is well described
by the term adhesive wear. Other terms are sometimes used—for exam-
ple, scoring, scuffing, galling, and seizing—but these do not accurately
characterize the mechanism of failure and should be avoided.

Figure 8 is an exaggerated view of two surfaces that are sliding with
respect to each other. They may or may not be separated by a lubricant.
When a peak, or asperity (from a Latin word meaning “rough”), from
one surface comes in contact with a peak from the other surface, there
may be instantaneous microwelding due to the frictional heat, as shown
in Fig. 8(a). Continued relative sliding between the two surfaces frac-
tures one side of the welded junction, as shown in Fig. 8(b), making the
asperity on one side higher and the asperity on the other side lower than
the original height. The higher peak is now available to contact another
on the opposite side, as shown in Fig. 8(c).

The tip may either be fractured by the new contact or rewelded to the
opposite side, and the cycle repeated. In either case, adhesive wear fre-
quently starts out on a small scale, but rapidly escalates as the two sides
alternately weld and tear metal from each other’s surfaces. Also, the de-
bris may be carried by the lubricant, if one is present, to other parts of
the mechanism. Extreme wear may result, as shown in Fig. 9 and 10;
complete failure of the mechanism may result. In severe adhesive wear,
the debris is composed of free metallic particles; in mild cases, the
much finer particles can react with the environment to form debris that
is largely free oxide particles.

As should be apparent, the interface between two sliding surfaces is
an extremely complex system, consisting of two metal surfaces (each
with its own metallurgical, mechanical, chemical, and topographical
characteristics) and usually a lubricant, which also is an extremely com-
plex blend of physical and chemical characteristics that change with the
temperature. In other words, there are both good and poor combinations
of metals, and also good and poor lubricants in a given application. The
various modes of lubrication are discussed in Ref 1 and will not be

Bonded junction

Sheared asperity

©

Fig‘ 8 Schematic illustration of one process by which a particle of wear debris

is detached during adhesive wear. As the surfaces slide across each
other, (a) a bonded junction is (b) torn from one peak, or asperity, then is (c)
sheared off by impact with a larger, adjacent peak to form a particle of wear debris.
The peaks are greatly exaggerated in this sketch, but the principle is accurate;
metal also may be transferred from one surface to another by the microwelding
process. Arrows indicate direction of sliding. Source: Ref 1



Wear Failures—Abrasive and Adhesive 175

covered here except to point out that the ideal situation is for the lubri-
cant to achieve complete separation between every part of the two metal
surfaces. Because this, unfortunately, does not always occur, there may
be problems with adhesive wear.

Fig. g Severe adhesive wear on a stationary shaft upon which a planetary gear

rotated in the presence of an inadequate lubricant. Because the radial
force was on only one side of the shaft, the adhesive wear was only on one side.
However, the entire bore of the gear was damaged by adhesive wear. Both parts
were carburized and hardened steel.

Fig. T Destructive adhesive wear of a differential cross following fracture of

one severely worn trunnion. This vehicle was operated primarily in
forward speeds; consequently only the forward-drive side was damaged severely
by the rotation of differential pinions on the trunnions. The lubricant was inade-
quate for this application. The differential cross, or spider, and the differential pin-
ions were made of carburized and hardened steel
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The heat generated by friction is, locally, high enough to cause
microwelding, as described. This means that the temperature also is
high enough to cause unintended local heat treatment of the surface
metal. Adhesive wear is quite similar to grinding burn in that both can
cause tempering of the subsurface regions and actual rehardening of
steel microstructures, resulting in white, untempered martensite, which
is extremely susceptible to cracking because of its brittleness. These
cracks can lead to either brittle fracture or fatigue fracture, depending
on the part and the application.

A very practical way of checking for the presence of adhesive wear in
hardened steels is to use the Tarasov etching technique, as detailed in
Ref 7. The two etching solutions described give a high-contrast, nonde-
structive means of checking for adhesive wear (and grinding burn) in
hardened steels. Of course, other etchants, such as the conventional
nital (a weak solution of nitric acid in alcohol) also may be used, but the
contrast and sensitivity are usually not as good as with the Tarasov etch-
ing solutions. Of course, metallographic examination on a cross section
of the surface also will show evidence of adhesive wear when studied at
moderate to high magnification, depending on the amount of thermal
damage.

Prevention of adhesive wear usually can be achieved by use of any or
all of the following methods:

* Because adhesive wear is caused by locally high temperatures, the bulk
temperature of the lubricant must be kept relatively cool. This is the rea-
son for the use of transmission oil coolers in racing cars. Obviously, the
lower the bulk oil temperature, the lower the interfacial temperature
should be.

¢ Use contacting metals that are insoluble in each other. Because adhesive
wear is a microwelding process, it follows that if two metals are not
weldable to each other, there can be no adhesive wear. This is exactly the
principle that is used in developing alloys for sliding bearings: we do not
use steel against steel in sliding bearings (at least, not intentionally).
However, there are many applications where steel is used against steel in
gears, cams, and the like, and special precautions must be taken against
adhesive wear. The antiwelding principle frequently is used in very
high-speed gears by plating one of the gears with silver or gold. Since
these metals are not soluble in steel, thin plates are usually sufficient to
prevent adhesive wear with reasonable lubrication. For obvious eco-
nomic reasons, use of this type of plating is limited, but it may be ex-
tremely useful in preventing downtime in plant equipment.

»  Use smooth surfaces, because if there are no projections to penetrate the
lubricant film, there is a reduced probability of adhesive wear. If two
smooth surfaces are separated by a thin oil film, they will essentially
glide across each other without contact. However, if one of the surfaces
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has projections to rupture the lubricant film, adhesive wear is more likely.
In some cases, however, some roughness or waviness may be desirable so
that the depressions can act as reservoirs to retain lubricant.

e Contaminate surfaces to keep them chemically “dirty.” Chemical films
frequently are used to prevent the like-metal-to-metal contact that leads
to adhesive wear. Phosphate coatings help separate metal surfaces, partic-
ularly during the early phases of operation. During the “wearing in” or
“breaking in” period, the projections (or asperities) are removed from
mating surfaces; phosphate coating crystals help to retain the lubricant.
Eventually, however, the phosphate crystals may be gradually worn, or
polished, away and the parts should enter a long period of service without
problems. Special oils and other lubricants have been developed over
many years to form monomolecular surface films on steel surfaces.
These are the extreme-pressure (EP) lubricants that are used in applica-
tions where there are high sliding velocities, such as in hypoid gear sets in
automotive axles. These lubricants form extremely thin compounds on
the surfaces to prevent metal-to-metal contact.

Fretting Wear

Fretting wear is quite similar to adhesive wear in that microwelding
occurs on mating surfaces. The difference is that adhesive wear is re-
lated to interfaces that are sliding across each other, while fretting wear
is related to interfaces that are essentially stationary with respect to
each other. However, when minute elastic deflections or slight motion
actually occurs, the cyclic motion of extremely small amplitude is
enough to cause microwelding on both surfaces, as is shown in Fig. 11.
Fretting wear is also known as fretting corrosion, false brinelling, fric-
tion oxidation, chafing fatigue, and wear oxidation (Ref 1).

Fretting frequently occurs in “stationary” joints that are “fixed” from
shrinking or pressing by interference fits or by bolts, pins, rivets, or
other mechanisms, and also at the various contact points in antifriction,
or rolling-element, bearings. This means that nonrotating antifriction
bearings that are subject to vibration over a period of time may have
fretting wear wherever a ball or roller contacts a raceway under load. If
the bearings subsequently rotate in normal service, they may be noisy
because of the wear patterns and small indentations that are present in
the raceways and the corresponding flat spots on the rolling elements.
The term false brinelling is sometimes used to describe the indenta-
tions. However, the mechanism of failure actually is fretting wear.
Fretting also is a serious problem on parts such as shafts, where it can
initiate fatigue cracking on the contacting surfaces. In fact, many fa-
tigue fractures of shafts are caused directly by fretting. Since fretting is
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extremely difficult to prevent, special means must be taken to prevent
fracture resulting from the fretting, which can occur in the most unex-
pected and unlikely locations, as shown in Fig. 12.

Because fretting wear is essentially a stationary phenomenon, the de-
bris that is formed is retained at or near the location where it was
formed. The debris usually consists of oxides of the contacting metals;
with ferrous metals, it is brown, reddish, or black, depending on the
type of iron oxide formed. For this reason, with ferrous metals the de-
bris is sometimes called “cocoa” or “red mud” when it is mixed with oil
or grease. Aluminum alloys form a black powder when fretting wear is
present.

Prevention of fretting wear is not easy. However, its damage can
sometimes be minimized with one or more of the following measures:

F|g 71 Fretting wear on a steel shaft at the interface with the hub intended to

be a press fit. The same fretting also appeared an the bore of the hub.
This is typical of damage in a joint that is nominally stationary but in reality has
slight movement between the hub and the shaft. About ~2.5x
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s Eliminate or reduce the vibration: This can sometimes be accomplished
with the aid of vibration damping pads or by stiffening certain members
to increase the natural frequency of vibration. Occasionally, however,
neither of these measures is effective, and movement must be increased
greatly to improve lubrication.

(a)

(b) (c)

Fig_ 12 Severe fretting wear of a splined shaft that led to fatigue fracture. This

shaft, though it normatly rotates, was being tested in reversed bending
by clamped collets on the outside diameter. (a) Dark areas in lower view are areas
of severe fretting; fracture occurred at small arrows. This is an example of the sur-
prises that frefting wear can cause, for the expected location of fatigue fracture was
the fillet (large arrow in upper view) shown on a new shaft. However, this area had
been strengthened by induction hardening; the fracture location was transferred
to the fretting on the outside diameter of the spline. Close-ups of the fracture show
(b} the fatigue origins at the outside diameter and {c) multiple fatigue cracks, of
which one on each side led to the actual fracture.
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Summary

Eliminate or reduce the slip at the interface: This can sometimes be ac-
complished by trying to “lock” rough mating surfaces together by in-
creasing the pressure between them. However, if the slip is not com-
pletely eliminated, the fretting wear may increase because of the
increased contact stress between the mating surfaces.

Use an elastomeric material in the joint: Complete redesign of the joint
to include an elastomeric bushing or sleeve may be necessary. Vibration
and minute movement still may be present, but the elastomeric material
absorbs the motion and prevents metal-to-metal contact.

Lubricate the joint: Because the joint is essentially stationary, liquid lu-
bricant cannot flow through the interface as it can where there is contin-
ual sliding motion. Certain greases, solid film lubricants (such as molyb-
denum disulfide), and oils are intended to reduce or delay fretting, as is
shown in Ref 1.

Prevent fracture: Fracture resulting from fretting wear may be prevented
by inducing compressive residual stresses or by certain heat treatments,
although these probably will not eliminate the fretting. One of the most
effective means of preventing fatigue fracture is the use of mechanical
prestressing by shot peening, surface rolling, or any other method of
prestressing. Because fatigue cracks cannot propagate easily through a
compressive residual stress barrier, these methods may be used to prevent
fracture unless the part is used at a temperature high enough to stress re-
lieve the material. In another process, the elements diffused into the metal
by proprietary salt bath or gaseous nitriding methods form compounds
resistant to adhesive and fretting wear. Epsilon iron nitride is one of the
most effective surface compounds in preventing fretting wear and possi-
ble fatigue fracture.
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CHAPTER 1 2

Wear Failures—Fatigue

Recalling from Chapter 11 “Wear Failures—Abrasive and Adhesive,”
that wear is broadly defined as the undesired removal of material from
contacting surfaces by mechanical action, there are certain types of
metal removal, or wear, that are not caused directly by sliding action. In
this chapter, we consider different reasons for metal removal, such as
fatigue that produces cavities, or pits, in either of two surfaces that con-
tact each other primarily by rolling and/or sliding action, or—in the case
of cavitation pitting fatigue—in a metal surface in contact with a liquid.

The cavities themselves are serious because they frequently act as
stress concentrations that can cause fracture of the major part. This is
particularly true with respect to gear teeth. Also, the metal removed
from the cavities usually is very hard and brittle. Thus, it is readily
crushed and fragmented into much smaller particles, which can cause
abrasive wear as well as other damage when carried by the lubricant to
other parts of the mechanism. Subject to this type of damage are both
rolling and sliding types of bearings, gears, and parts, such as pumps,
impellers, and propellers.

Fatigue, as discussed here, is the same mechanism that results from
cyclic slip under repetitive load applications for many thousands or mil-
lions of load cycles. The only difference is that, instead of causing gross
fractures of parts, only fragments of the surface are removed, at least
initially. These fragments, when lost, result in pits or cavities in the sur-
faces. This type of pitting wear, or contact stress fatigue, frequently is
the limiting factor in load-carrying ability.

The pits that occur on the surfaces of contacting parts as a result of
contact stress fatigue seem to have three different types of behavior.
Some start as microscopic cavities and may stay microscopic throughout
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the life of the part. They cause only a dull, frosted appearance on an oth-
erwise bright surface. The second type starts the same way: micro-
scopic. These pits gradually become larger, however, under continued
service of rolling and sliding under load. Pits of the third type are large
to start with and rapidly become even larger. The latter two types are
completely destructive of the surfaces of hardened steel gears, rolling-
element bearings, roller cams, and other parts or assemblies where there
is a combination of rolling and sliding motion.

The parts subject to this type of failure generally have two convex, or
counterformal, surfaces in contact under load. Typical are gear teeth
and various types of antifriction bearings. However, the same type of
failure can occur where a convex shape fits within a concave shape, such
as a shaft within a sliding bearing or balls in a ball-bearing race. These
situations are shown in Fig. 1. The reason that pitting fatigue occurs on
one or both mating surfaces under compressive load is that the contact
areas are concentrated into either a line or point contact, depending on
the geometries concerned. Actually, there will be either a broadened
line or an elliptical contact area. Since the instantaneous-contact areas
may be quite small under heavy loads, the compressive and shear
stresses that are formed may be extremely high. This subject has been
well covered in the literature, starting with Hertz’s first analytical work
over acentury ago (Ref 1).

When dealing with contact stress fatigue, it is necessary to understand
the difference between pure rolling and rolling plus sliding contact.
Pure rolling of metals under compressive load is quite elusive and is dif-
ficult, if not impossible, to achieve because of the elasticity of the met-
als.

As pointed out in Chapter 5, “Mechanical Properties,” all metals are
elastic and deform elastically under load. In fact, the harder and strong-
er metals, such as those typically used in gears and rolling-contact
bearings, can deform elastically to a greater degree than can relatively
soft, less strong metals. This is shown graphically in Fig. 2 of Chapter 5,

{a) {b)

Fig, 1 (@) Sketch of counterformal, or convex, surfaces in contact; examples

are gear teeth and roller or needle bearings rolling on a shaft, an inner
raceway, or a flat surface. (b) Sketch of conformal surfaces, where a convex surface
is in contact with a concave surface; examples are ball bearings in contact withan
inner or outer raceway, roller or needle bearings in contact with an outer raceway,
and a shaft in contact with a sliding bearing or on a flat surface
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in which metals A and B, the hardest and strongest of those sketched,
have the longest straight-line, or elastic, portions of the typical
stress-strain curves.

Elasticity under heavy compressive loads results in sliding, or shear-
ing, forces at the interface between the contacting metals. This sliding
under load generates heat that must be dissipated, usually by a lubri-
cant. Elasticity under load also causes internal friction within the met-
als, generating additional heat. In fact, heat dissipation is one of the pri-
mary functions of a lubricant, in addition to reduction of friction at the
interface.

Because of the many variations in rolling and sliding contact, as well
as in metallurgical and geometrical variables, there are several types of
fatigue failure that can occur in rolling/sliding elements. In a real sense,
there is a competition between the different modes of failure to deter-
mine which mode will dominate and cause failure of the element, the as-
sembly, and sometimes the entire mechanism, depending on the degree
of failure. It is, in fact, a race to failure, for all modes are progressing si-
multaneously; usually only one mode causes total failure.

As pointed out in Chapter 6, “Stress Versus Strength,” elastic convex
surfaces under heavy pressure deform elastically to form a bulge at the
ends of contact. Also, surfaces in contact have the maximum shear
stress a short distance below the surfaces when the members are either
stationary or rolling with respect to each other. Since fatigue fractures
are caused by shear stresses, this location is of primary concern in rolling-
element components.

Contact Stress Fatigue

All of the different types of fatigue discussed herein lead to the same
final result: complete destruction of the original surface. However, the
factors that cause this are very different, as are the various ways of try-
ing to prevent this type of failure. The general term used for the type of
fatigue that we are concerned with here is contact stress fatigue. The
fractures that occur cause pieces of metal to separate from the surface,
leaving cavities, or pits, in the surface. Contact stress fatigue will be
covered as follows:

Subsurface-origin fatigue

Surface-origin fatigue

Subcase-origin fatigue (“spalling” fatigue)
Cavitation fatigue

bl o oo
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Subsurface-Origin Fatigue. Pitting in hardened steel as a result of
subsurface-origin fatigue occurs during essentially pure rolling motion
of one element across or around another. This is most common in
antifriction, or rolling-element, bearings such as ball and roller bearings,
needle bearings, and roller cams, but is also found on gear teeth. As pointed
out above, “pure rolling” is really a misnomer, for there is always some
degree of sliding—due to elastic deflection—of the parts under load.

Also, because the maximum shear stress is located a relatively short
distance below the surface, this is the normal location for fatigue frac-
ture to originate. Stress concentrations slightly below the surface are
the usual origins. Since most geometrical stress concentrations are at
the surface of metal parts, the most common geometrical stress concen-
trations within the metal are various types of inclusions inherent in the
steel. There are many types of inclusions, but the most serious are the
hard, brittle inclusions that are often angular in shape. Since inclusions
are distributed at random within the steel, only those within the high
shear stress region are likely to cause subsurface-origin pitting fatigue.

Figure 2(a) shows two rolling elements under pressure, each of which
has the same contact (compressive) stress at the surface. However, the
depth of the maximum shear stress may differ, depending on the relative
geometry of the parts involved. Any damaging inclusions within the
high shear stress region can cause fatigue cracks to originate within the
metal parallel to the surface. However, continued rolling across the

(b)

F|g 2 Subsurface-origin pitting fatigue. (a) Sketch shown usual origin slightly

below the surface where the shear stress is high. The fatigue cracks,
which usually originate at stress concentrations such as hard, brittle inclusions,
propagate parallel and perpendicular to the surface. When a small volume of
metal is surrounded by cracks, it falls from the surface, leaving a cavity or pit with
steep-sided walls and a flat bottom, until continued operation breaks down the
sides of the walls. (b) Micrograph showing fatigue cracks parallel to the surface,
and perpendicular cracks going to the surface of the specimen. The total depth of
this crack system was about 0.007 in., and the metal was case-hardened steel with
a surface hardness near 60 HRC. The specimen was a 1 in. diam. roller, tested at a
calculated compressive stress of 425,000 psi in pure rolling
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damaged area will eventually cause cracks to reach the surface. The
same procedure may be occurring at several locations within the steel,
and eventually a volume of metal will be surrounded by cracks. When
this happens, the particle of metal is lost from the surface and an irregular-
shaped cavity, or pit, is left in the surface. At first, the pit has sides perpen-
dicular to the surface, but continued operation under the pressure of the
mating roller rapidly causes the sides to fracture and break down each time
the mating member rolls across the pit. Thus, the pit does not stay in the
original steep-sided shape very long, unless the rolling action is stopped.
Figure 2(b) shows the enlarged cross section through a pit in formation, as
a metallographic specimen. The horizontal crack was about 0.007 in. be-
low the surface and the vertical crack went up to the surface, but a volume
of metal had not yet been surrounded by cracks. It is very difficult to locate
the inclusions that cause this behavior: the chances of finding them in a
random cut through the metal are very slight, and they may fall out during
cutting or preparation. Figure 3 shows such a pit, in which the 1 in. diame-
ter test roller was stopped immediately after the pit was formed.

Since hard, brittle inclusions or other internal stress concentrations
are often the cause of this type of pitting, one may wonder why the
antifriction bearing industry does not use cleaner steel to minimize
subsurface pitting and permit higher service loads. The answer is that
they do use cleaner steels! This problem has been recognized for many
years and the bearing industry is always alert to use high-quality, vacuum-
melted steels to try to eliminate the problem. However, each time
that an advance is made in eliminating inclusions and providing

Fig. 3 A subsurface-origin pit in a carburized and hardened alloy steel test

roller caused by fatigue in the manner shown in Fig. 2. When this speci-
men was tested in essentially pure rolling, a steep-sided, irregularly shaped pit was
formed and the test was stopped. The extremely high force needed to cause
subsurface pitting is shown by the plastic deformation at the sides of the wear track
formed by the mating roller, which was 5 in. in diameter.
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better-quality steel, the load and speed ratings are increased by each
company that uses the improved metal. Customers are told that they can
(a) use a higher load on the same size bearing, (b) use a smaller bearing
to do a certain job, (c) use higher speeds with the same size bearing, or
(d) all of the above! This means that if the users do these things, the
problem will always be with us, for it is impossible to eliminate all of
the offending particles and other imperfections from the steel. Positive
identification of subsurface-origin fatigue can be made only by
metallographic examination. The microstructure at the surface is not
distorted and there are frequently many cracks a short distance below
the surface. It is also necessary to point out, as in Ref 1, that:

...arolling element bearing does not have an unlimited life, a
fundamental fact that does not appear to be generally appreci-
ated. Even if a bearing is run under the recommended conditions
of load, speed, and lubrication, and is protected against adverse
external influences that otherwise would tend to reduce its life,
failure will ultimately result by some process such as fatigue,
wear, or corrosion.

Also, there are many other types of failure of antifriction bearings, so
Ref 1 or other references should be used in studying the failure of rolling-
element parts.

Surface-Origin Fatigue. Surface-origin pitting of hardened steel
surfaces also is destructive of the surface, and, in the case of gear teeth,
may also cause bending fatigue fracture of the gear teeth. When sliding
is added to the rolling action previously described, an entirely different
and complicating set of circumstances arises. The maximum shear
stress is no longer located below the surface of the steel, but is brought
up to the surface because of the influence of sliding friction and the as-
sociated traction forces.

In order to understand the state of stress at the surface of a rotling/
sliding interface, it is necessary to analyze separately the relative mo-
tions of rolling and sliding.

Rolling is shown schematically in Fig. 4, in which a small roller ro-
tates counterclockwise against a larger roller rotating clockwise. There
will be pure rolling (ignoring elastic deformation) if the surface veloci-
ties (not rpm) of the two rollers are identical. Points A, B, and C on each
roller come into contact successively, as shown in Fig. 4(a). However,
the same motion relative to the small roller can be achieved if it is held
stationary and the large roller rolls around it with a clockwise planetary
motion, as in Fig. 4(b). Again, points A, B, and C successively come
into contact. Thus, the rolling direction—the direction of the contact
point—is to the right, or clockwise, on the small roller in each example.
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It must also be noted that the direction of rolling is opposite to the di-
rection of rotation. That this is always true may be shown by an analogy:
Consider the “contact point” of the sun as it “rolls” around the earth.
(The “contact point” is that part of the earth directly closest to the sun,
i.e., high noon.) The earth actually rotates from west to east, but the con-
tact point “rolls” around the earth from east to west—in the opposite di-
rection.

The above discussion assumes that there is only pure rolling between
the two elements. The situation becomes more complicated if the rollers
do not have the same surface velocity—that is, if there is also sliding at
the interface. Assume that the larger roller is rotating with a higher sur-
face velocity than is the smaller roller, as is shown in Fig. 5(a). The dif-
ference in the sliding tends to drag the surface of the small roller to the
left, or counterclockwise, while the surface of the larger roller is
dragged to the right, also counterclockwise on that roller. But note that
the direction of sliding is opposite to the direction of rolling on the
small roller, while the rolling and sliding directions are the same on the
larger, faster roller.

The term “negative sliding” is used when rolling and sliding are in op-
posite directions, as on the small roller in this example; “positive slid-
ing” occurs when the rolling and sliding directions are the same, as on
the larger roller. Since the surface of the small, negative-sliding roller
is, in effect, rolling in one direction and simultaneously being dragged
in the opposite direction, the frictional, thermal, and shear stresses tend
to be higher in this member than in the larger, positive-sliding roller. In
addition, the smaller member has more load applications on each sur-
face point than does the larger member. Therefore, in this example, the

Fig, 4 Schematic of pure rolling (ignoring elastic deformation). (a) When two

rollers of different sizes but the same surface velocity (not rpm) contact
in pure rolling, point A will contact point A’, then point B will contact B’, point C
will contact point C’; other points around the periphery will contact in succession.
However, note that the direction of rotation is toward the left and that the direction
of rolling (or of the point of contact) is to the right, in the opposite direction to that
of rotation. (b) This concept may be simplified by stopping one roller, such as the
lower rolter, as shown. If the mating roller rolls around the lower roller in a plane-
tary motion, as shown, again point A, B, and C contact successively the corre-
sponding points on the other roller. The effect on each rolier is the same as before,
for the relative motion is the same.
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small roller is far more likely to undergo destructive surface-origin pit-
ting than is the larger roller.
As is pointed out in Ref 1:

In devices that undergo combined rolling and sliding, knowl-
edge of the relative velocities and directions of rolling and sliding
is necessary for definition of the wear mechanism. The direction
of rolling is defined as the direction in which the point of contact
moves; the direction of rolling is always opposite to the direction
of rotation of a rolling element. On a given surface a condition of
positive sliding exists if the direction of sliding is the same as the
direction of rolling. Negative sliding occurs on the mating sur-
face, where the directions of rolling and sliding are opposite to
each other. Most surface fatigue failures originate in regions of
negative sliding, because the shear stresses there are usually
more severe than in regions of positive sliding. Negative sliding
occurs on the dedenda of gear teeth, on the cam follower riding
on a cam and in other devices, on the part that has the lower sur-
face velocity in a rolling-sliding system.

Characteristic Lower roller Upper roller
Surface velocity Slower Faster

Rotation Counterclockwise Clockwise
Rolling Clockwise Counterclockwise
Sliding Counterclockwise Counterclockwise
Positive/negative sliding Negative Positive

Fig‘ 5 Schematic of rolling/sliding contact. (a) The situation shown in Fig. 4

changes drastically if the rollers are externally driven and forced to ro-
tate with different surface velocities. In this figure, the upper roller is driven at a
higher surface velocity than the lower roiler, which introduces sliding into the in-
terface. Now there is rolling-sliding contact, which greatly complicates the situa-
tion compared with the pure rolling shown in Fig. 4. (b) A closer look at the
interface of (a) after heavy compression forces are applied to the two rollers shows
that the faster upper roller tends to drag the surface of the slower lower rofler to the
left, increasing the bulge on that side, and reducing the bulge on the opposite side
of the slower roller. However, the surface of the faster upper roller is itself held
back by the action of the slower lower roller, increasing the bulge on the right side
of the upper roller and reducing the bulge on the opposite side of the upper roller.
The elastic deformation of each roller progresses like a wave around them, alter-
nately applying shear stresses to and removing them from the surface of each.
However, in the slower roller, the rolling and sliding are in opposite directions,
creating the condition of negative sliding which is most likely to cause surface pit-
ting fatigue.
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The reasons for the severe stress conditions in negative sliding be-
come obvious with study of Fig. 5(b). Note that the lower, slower roller
is being dragged to the left, making a bulge on the exit side of the con-
tact; at the same time the point of contact of the upper roller is moving to
the right, trying to make a bulge on the entrance side of contact at the
right. The complex stress conditions that result from this negative slid-
ing are the reasons why the maximum compressive stress that can be
carried is less in a rolling/sliding situation than in a pure rolling situa-
tion. In other words, the addition of sliding reduces the load-carrying
capacity. According to Ref 2, at about 65% rolling and 35% sliding,
hardened steels commonly pit at 20 to 30 million stress cycles when the
calculated contact stress is about 350,000 psi. When rolling alone is in-
volved, the calculated contact stress must be 600,000 to 650,000 psi to
cause pitting in the same number of stress cycles.

Figure 6(a) shows a metallographic section through a nearly complete
surface pit in a case-hardened steel roller test specimen. In this view the
direction of rotation and sliding is to the left, while the direction of roll-
ing is to the right, the condition of negative sliding. Note that the surface
has several small, diagonal surface-origin fatigue cracks slanting to-
ward the lower right, for the surface was dragged to the left. The major
crack system has progressed inward to a depth of about 0.010 in. and
has started to come back toward the surface.

Meanwhile, the view from outside the roller shows that the surface,
which usually has a “frosted” appearance to the unaided eye, actually
has many tiny V-shaped cracks when examined in a metallurgical mi-
croscope, as seen in Fig. 6(b). The Vs point in the direction of rotation
and are actually the outer view of the small diagonal cracks seen on the
cross section in Fig. 6(a). These are potential origins of continuously
growing fatigue cracks that may form larger-size pits. Each time the
mating roller rolls across from left to right, the lubricant is forced down
into the crack and may act as a hydraulic wedge to help push the fatigue
crack deeper, in addition to the cantilever beam effect that exists. As the
crack expands in the V shape on the surface and gradually becomes
deeper, a V-shaped volume of metal falls out, leaving an arrowhead-
shaped pit pointing in the direction of rotation, as shown in Fig. 7. With
continued battering and high-stress contact from the mating surface,
however, this V shape rapidly breaks down; thus these shapes are not of-
ten seen in actual operating parts that have run for some time after the
original pit is formed.

Gear teeth are the principal hardened steel parts subject to surface-
origin pitting. In essence carefully shaped cantilever beams, gear
teeth have complex rolling/sliding motions, as shown in Fig. 8 and sum-
marized in Table 1. It is significant that the dedenda (i.e., the regions be-
low the pitch line) of all gear teeth are in negative sliding. This means
that this is where surface-origin pitting is most likely to occur, other
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(b}

Fig, 6 () Cross section through a nearly complete surface pit {max depth about

0.010in.) in a rofler test specimen. The negative-sliding member (lower
and slower roller in Fig. 5(b} forms small diagonal cracks from the surface inward
at an angle. Some of these cracks may proceed deeper into the hardened steel, as
seen in this section. The orientation is the same as in Fig. 5b), in which the sliding
is to the left and the rolling is to the right, producing negative sliding. (b} Highly
magnified view (1000x) of the surface of a negative-sliding roller. The many small,
V-shaped cracks are the outer view of diagonal surface cracks like those seen in
Fig. 6(a). As a crack progresses deeper into the steel, the V widens on the surface.
Eventually a V-shaped volume of metal becomes totally surrounded by crack, falls
out, and leaves an arrowhead-shaped pit, which rapidly changes shape under
continued loading. Sliding direction is to the left, rolling to the right.



Fig_ 7 Two views of a roller, showing typical arrowhead-shaped surface pit.

The arrows indicate the direction of rotation; the direction of rolling of
the mating roller is to the right, while the direction of sliding is to the left. The up-
perview is a normal photograph of the pitted area, while the lower view shows the
entire surface "unwrapped” by a special photographic method. This specimen
was tested at a calculated compressive stress of about 450,000 psi and ran for
14,229,000 revolutions prior to pitting failure. This was a carburized and hard-
ened alloy steel, with a surface hardness near 60 HRC.

Driven gear

Driven gear

Driving gear
Driving gear

(@ b

Fig. 8 Schematic of rolling-sliding action inherent in gear teeth. As gear teeth

contact, rolling (R) and sliding (S} stresses are formed by the relative
movement. Pure rolling occurs only at the pitch line, and on each gear the direc-
tion of sliding reverses at the pitch line. Analysis of the relative motions of gears re-
veals that on both the driving and driven gears there is negative sliding below the
pitch line and positive sliding above the pitch line. Since negative sliding is more
likely to cause surface-origin pitting, damage is most likely to occur below the
pitch line on the smaller gear, which is usually the driving gear. {a) Beginning of
contact. (b) End of contact.

Table1 Movements in mating gears

Sliding direction(a)
On dedendum On addendum
Gear Rolling direction(a} (below pitch line}(h) {above pitch line){c) ‘With resect to pitch line
Driving Up Down Up Away
Driven Down Up Down Toward

(a) Up, toward top; down, toward root. (b) Negative sliding: rolling and sliding are in opposite directions. (¢) Positive sliding: rolling
and sliding are in the same direction.
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conditions being equal. Pure rolling occurs only on the pitch line of
spur, bevel, and helical gears, but not at all on worms, spiral bevel, and
hypoid gears and pinions. In fact, the direction of sliding undergoes a
reversal at the pitch line, as shown in the table.

The driving gear is usually the smaller of the pair of gears and re-
ceives many more load applications per tooth, depending on the ratio
between the gears. For this reason, the dedendum of the smaller gear is
where pitting fatigue will originate if the parts have the same metallur-
gical properties. For this reason, the smaller gear often is made slightly
harder than the larger gear to compensate for the difference in the num-
ber of load applications.

Since sliding is always present in the operation of gears, the lubricant
is of extreme importance for the survival of any set of heavily loaded
gears. In addition to the adhesive-wear problem discussed in the preced-
ing chapter, the reduction of surface friction is of critical importance in
the effort to resist pitting fatigue. Because of the difficulty in increasing
the life and/or load-carrying capacity of gear systems, the development
of pits usually represents the limit of gear service, unless some obvious
reason can be found. Extensive research with roller test specimens
(Ref 3-5) has indicated that optimum conditions for long-term resis-
tance to pitting fatigue on gears are provided with a surface hardness
near 60 HRC, smooth surface finishes, and at least 10 to 20% retained
austenite on the surface of case-hardened steel. The function of the re-
tained austenite apparently is to permit some degree of plastic deforma-
tion by increasing the contact area in order to reduce the actual com-
pressive stress. Bending fatigue strength, however, is reduced by
excessive retained austenite.

Figures 9(a) through (c) show the damage that surface-origin pitting
fatigue can cause to operating gear teeth.

Another type of surface-origin pitting fatigue occurs on conformal
surfaces, such as a shaft rotating within a sliding bearing. Fatigue fail-
ure of sliding bearings is usually the result of long, hard service under
severe repetitive, compressive forces, such as occur on the upper half of
engine connecting rod bearings (which transmit the explosive forces to
the crankshaft) or the lower half of the main crankshaft bearings (which
resist bending of the crankshaft due to the explosive forces). Locations
of highest stress are about 35° on each side of top center of the upper
halves, and about 35° on each side of the bottom center of the lower
halves (Ref 6). From these origins, the fatigue pits usually spread out to
wider locations on the bearings until the bearings are completely de-
stroyed. In addition to the explosive forces imposed on the bearings,
there are also centrifugal and inertial forces that, together, cause the to-
tal load spectrum on the individual bearings.

Fatigue of soft, nonferrous bearing metals, such as tin-base or
lead-base babbitts, copper-lead alloys, bronzes, aluminum alloys, certain
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ﬁg’ Q Surface-origin pitting fatigue. (a) Typical surface deterioration due to pit-

ting fatigue on gear teeth. In a standard gear system the pitch line is near
the center of the height of the teeth. Pitting fatigue usually starts slightly below the
pitch line, then rapidly spreads to adjacent areas, causing complete surface deteri-
oration. This heavily loaded gear was made of case-hardened alloy steel, with a
surface hardness near 60 HRC. (b) Heavily loaded final drive pinion with surface
pitting near the pitch line, which was low on this gear tooth. The rippling shown is
plastic deformation caused by the sliding action under heavy contact pressure and
is a warning that the metal is close to failure. The paralle! diagonal marks are tool
marks resulting from the shaving operation and are not involved with the service
in any way. (c) Fracture of gear tooth at pitch line. Another consequence of pitting
fatigue on the active profile of gear teeth is the fact that the pit itself is a stress con-
centration that can cause abnormal bending fatigue fracture of gear teeth, which
are really carefully shaped cantilever beams. This gear tooth pitted just below the
pitch line, then fractured as a result of bending fatigue. The normal location for
bending fatigue fractures of gear teeth is at the root fillet, not midway up the tooth,
as in this example, This gear was made from a medium-carbon steel, induction
hardened to about 55 HRC.
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powder-metal alloys, and trimetal bearings (consisting of three layers of
metals) normally originates at the surface because that is where the shear-
ing stresses are highest because of the sliding action on the surface. The
lubricant system and geometrical characteristics of the bearing and of the
mating surface are critical so that the proper lubricant film thickness is
maintained. Obviously, if an oil film can prevent the surfaces from con-
tact, neither fatigue failure, nor other problems associated with sliding
contact, can occur. Reference 1 gives guidance in identifying and solving
failures encountered by sliding bearings.

Subcase-origin fatigue damage to case-hardened rolling/sliding sur-
faces, such as gear teeth and certain roller mechanisms, also can com-
pletely destroy the contacting surfaces. In this type of failure, very large
pieces are suddenly lost from the surface and extensive damage may re-
sult. However, this type of failure is relatively easy to prevent, once it is
identified.

Attention is called to Chapter 6, “Stress Versus Strength,” particu-
larly Fig. 9(d), which shows the principle behind subsurface-origin
failures in bending fatigue. It will be noted that fatigue failure at the
base of the hardened case of any part is possible if the stress exceeds the
strength at that location. The same principle holds for contact stress fa-
tigue.

Subcase-origin fatigue also is known as “spalling” fatigue or “case
crushing” (Ref 7). However, the term “subcase fatigue” is more descrip-
tive of the mechanism involved and is preferred. “Case crushing” im-
plies static fracture, which may be accurate in instances of severe over-
loading, but this is not a fatigue mechanism.

As shown in Fig. 10, subcase fatigue is somewhat similar to
subsurface fatigue, discussed earlier in this chapter. However, the dif-
ference is in the scale of magnitude: subsurface fatigue resulting in pits
originates a few thousandths of an inch from the surface, whereas
subcase fatigue may originate at much deeper regions, usually slightly
below the case depth, which may be 0.040 in. or more from the surface,
depending on the heat treatment of the particular part. At any rate, fa-
tigue can originate deep within the part as a result of contact stress fa-
tigue, causing fatigue cracks parallel and perpendicular to the surface.
These cracks tend to be very long, as shown on the hypoid rear axle pin-
ions in Fig. 10. Surface cracking is the first obvious indication of the
subsurface fatigue, although hidden cracks could be detected by ultra-
sonic instrumentation if suspected. Continuing service rapidly leads to
the severe destruction shown, in which the long, undermined pieces
have come out as large fragments. These leave large, long, gouged-out
cavities which completely destroy the surfaces involved.

Correction of this type of problem is relatively simple, because this
type of failure indicates that the shear strength is inadequate below the
case. The strength can be raised and the failures prevented by increasing
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(a)

(c)

{b)

{d)

Fig. 10 Subcase-origin fatigue. {a) As the name implies, subcase fatigue

cracks originate deep within the steel at the region below the case,
where the core metal is comparatively soft in relation to the case itself. The fatigue
cracks spread laterally, parallel to the surface, then join and cause cracks that
come out to the surface. By the time surface cracks are observed, however, the fa-
tigue is well developed within the gear teeth. Large chunks can come from the sur-
face at one time; deterioration is not gradual as in surface-origin fatigue. (b}
Hypoid pinion with many long cracks on the surface and tips of the teeth. Al-
though the teeth in this photograph appear to be relatively intact, they are actually
undermined with fatigue cracks. The cracks themselves are several inches long.
(c) Hypoid pinion similar to that shown in {b). Long, finger-length pieces of metal
have come out of the surface, leaving a longitudinally ridged and gouged appear-
ance. The ridges are the locations where two adjacent fatigue cracks joined and
sent a crack through the case to the surface. This and the gear in (b) were made of
low-carbon alloy steel, case carburized to a surface hardness near 60 HRC. {d}
Cross section through a gear tooth showing subcase-origin fatigue cracks similar
to those sketched in (a). The original fatigue cracks are those parallel to the surface
below the dark-etched case. When these cracks join, the cracks to the surface then
complete removal of the large fragments of metal. Core hardness was low on this
gear, contributing to this type of failure.
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the case depth and/or the core hardness (and strength) by using a steel
with higher carbon or alloy content. However, any metallurgical
changes must be made judiciously and carefully, because if the case
depth or core hardness is increased too much, the teeth could be through
hardened, which could lead to brittle fracture, depending on the shape
of the teeth and other regions of the part. Also, the residual stress pat-
tern would be changed drastically, potentially causing additional prob-
lems.

Table 2 summarizes the characteristics of contact stress fatigue on
mating metal surfaces.

Cavitation Fatigue. Since the general title of this section is “Contact
Stress Fatigue,” it seems appropriate to include a type of pitting fatigue
that is caused by vibration and movement in various liquids, of which
water is the most common. Since many liquids are corrosive in some
ways to most metals, the problem of environmental reaction becomes
entwined with the problem of contact stress fatigue.

Cavitation pitting fatigue can be a serious problem in marine propel-
lers of all sizes, diesel-engine cylinder liners, pump impellers, hydrau-
lic pumps and equipment, turbines, torque converters, and miscella-
neous other parts that contact or vibrate in various liquids (Ref 1, 7).
The pits can range in size from very small to very large, from pinhead
size to golf ball size, or even larger in some cases. The pits can com-
pletely penetrate the thickness of the metal, which may be several
inches thick; obviously, this can result in catastrophic damage to the
structure, in addition to destroying the functional efficiency of the parts
involved. Figure 11 shows typical examples of cavitation pitting fa-
tigue.

Cavitation pitting is characterized by the fact that it appears to be pit-
ting fatigue sometimes aggravated by corrosion and occurs in
low-pressure regions at a rapidly vibrating liquid-metal interface. Cavi-
tation pitting fatigue can be visualized by studying Fig. 12 and
imagining that the events shown are taking place in ultraslow mo-
tion. Actually, they occur in microseconds, depending on the vibration
frequency of the parts involved and the vapor pressure of the liquid.

Table2 Characteristics of contact stress fatigue

Characteristic Surface pitting Subsurface pitting Subcase fatigue

Location of origin Surface, often at Short distance below Near case-core boundary in
“micropits” surface, usually at a case-hardened parts

nonmetallic inclusion

Initial size Small Small Large

Initial area:depth ratio Small Small Large

Initial shape Arrowhead, then irregular  Irregular Gouged and ridged

Crack angle withrespect  Acute Roughly parallel at bottom, Roughly parallel at bottom,

to surface perpendicular at sides perpendicular at sides

Apparent occurrence Gradual Sudden Sudden




{c)

(a)

{b)

{d)

Fig‘ 11 Cavitation pitting fatigue. (a) Cavitation pitting on a gray cast iron die-

sel-engine cylinder sleeve. The pitted area is several inches long, and
the pits nearly penetrated the thickness of the sleeve. Note the clustered appear-
ance of the pits at preferred locations. (b} Cavitation pitting on another gray cast
iron diesel-engine cylinder sleeve unwrapped by a specia! photographic process.
Again, note the clustered locations, with the most severe pitting on the thrust side
of the sleeve, against which the piston slides on the power stroke of the combus-
tion cycle. The lighter pitting at left is on the opposite, or antithrust, side of the
sleeve. (c) Cavitation pitting at preferred locations on the vanes of a gray cast iron
water-pump impeller. This impeller rotated in a clockwise direction; the arrows
show some of the pits that were formed in the metal on the suction side of the
vanes. (d) Cavitation pitting that perforated this steel freeze plug from a gasoline
engine, causing leakage of coolant that could have damaged the engine. Vibration
of the wall of the engine block at this location caused this type of damage on the
coolant side.
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Assume that the metal vibrates from side to side, with the liquid to the
right of the metal wall.

In Fig. 12(a) the metal wall is moving to the right, against the inertia
of the liquid. In (b) the metal has reached the end of its travel to the
right, but the liquid is still being pushed to the right. As the metal moves
back to the left in Fig. 12(c), the liquid is still moving to the right be-
cause of its inertia. Small cavities, or negative-pressure “bubbles,” form
in the liquid at the interface with the metal as the two materials momen-
tarily move away from each other. At Fig. 12(d) the metal reaches the
end of its travel to the left, pulling the cavities along with it. In Fig.
12(e) the metal is again moving to the right, but collides with the liquid
moving to the left. The cavities collapse violently, or “implode,” be-
cause of the inertia both of the metal and the liquid as they move toward
each other.

{A)]

F|g. 12 Mechanism of cavitation pitting fatigue. Serial sketches show a metal

wall vibrating to right and left against a liquid, which in all cases is to
the right of the wall. The events shown can occur in a very short time, on the order
of microseconds. {a) The metal moves to the right against the stationary liquid,
which resists movement because of its inertia. (b} The metal reaches the end of its
travel, but the inertia of the liquid causes it to continue to move to the right. {c) The
metal starts moving toward the left, away from the liquid, which cannot catch up
to the wall because of its inertia. Consequently, cavities or voids are formed in the
liquid on the surface of the metal. These are essentially negative-pressure bubbles.
{d} The metal reaches the end of its travel to the left and the liquid tries to catch up
to the metal and collapse the cavities. (e} The metal starts moving to the right as the
cavities collapse violently, or implode, against the metal. As the vibration of the
metal continues, the formation and collapse of these cavities in the liquid can
cause pitting fatigue on the surface of the metal. If the pounding continues at the
same locations on the metal, pits will eventually lead to complete perforation of
the metal wall,
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The collapsing cavities implode on the metal with compressive
stresses estimated at several hundred atmospheres, equivalent to many
thousands of pounds per square inch. Since the geometry of the vibrat-
ing system and the properties of the liquid are relatively constant, the
cavities form in clusters at certain preferred locations. With constant
repetition of the pounding, the fatigue mechanism progresses until pits
form in the metal surface at these locations.

Corrosion may enter the picture if surface films are formed on the
clean, unprotected, virgin metal in the pit when the system is at rest.
Then, when the motion resumes, any surface film is rapidly destroyed
by the very high compressive forces encountered; corrosion then be-
comes a factor in the pitting process. However, even glass and ceramics
can have cavitation pitting in inert liquids. Apparently, corrosion is not
necessary for cavitation pitting fatigue.

It is not easy to prevent cavitation fatigue in a liquid-metal system.
The reason is that cavitation pitting fatigue is a function of metal prop-
erties, design of the part and vibrational characteristics of the entire
mechanism, and the pressure and flow characteristics of the liquid.

Some possible ways to try to reduce the cavitation fatigue problem are
as follows, in no particular order:

o Increase the stiffness of the part: This should reduce its amplitude of vi-
bration and increase the natural vibration frequency of the part. It may be
possible to increase wall thickness or to add stiffening ribs to change its
vibration characteristics.

o Increase the smoothness of the surface: Because the cavities tend to clus-
ter in certain low-pressure areas, the effect may be dispersed if there are
no surface peaks and valleys.

e Increase the hardness and strength of the metal: Because cavitation pit-
ting is essentially a fatigue phenomenon, the metal properties are impor-
tant, though an increase in hardness and strength may only delay the
problem, not prevent it. Gray cast iron is a frequent victim of cavitation
pitting; because of its softness it has poor resistance to pitting but is often
used in parts subject to this type of failure.

o Streamline the fluid flow: It may be possible to eliminate corners on trail-
ing edges or in low-pressure regions that could cause cavitation pitting,
This has obvious relevance to the design of marine propellers, which may
pit in the low-pressure regions, usually near the trailing edge on the for-
ward side. In a closed system like a diesel engine; for example, it may be
possible to increase the coolant flow around cylinder sleeves to disperse
the cavities so that they collapse on different locations of the surface.

® Increase the pressure on the liquid or use inhibitors to increase the vapor
pressure on the liquid: If the cavities (or “bubbles™) cannot form in the
liquid, they cannot cause damage to the metal.
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Summary

e Live with the problem: If none of the above possible solutions is practical
for a given application, it may be necessary to simply live with the prob-
lem and replace pitted parts during regularly scheduled maintenance.
This is the way that we live with other inevitable fatigue and wear prob-
lems such as occur in bearings, tires, shoes, and the like.
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CHAPTER 1 3

Corrosion Failures

Defined as the deterioration of a metal due to chemical or electro-
chemical reactions with its environment (Ref 1) corrosion is of enor-
mous economic cost to society. In 1978 the National Bureau of Stan-
dards estimated that the cost of corrosion and of corrosion prevention in
the United States during 1975 was approximately 4.2 percent of the
gross national product (now the gross domestic product, or GDP) (Ref
2). Similar percentages have been estimated by other countries. Ap-
plying this percentage to the 1996 GDP (about $5.6 trillion), corrosion
and corrosion prevention during 1990 would have cost approximately
$218 billion in the United States alone. Although these numbers may
not now be accurate and change constantly, the staggering figures show
that corrosion is an enormously costly type of failure. Although corro-
sion usually is not catastrophic from a safety standpoint, corrosion can
be disastrous if it results in fracture.

This chapter outlines the major types of corrosion, their interactions,
their complicating effects on fracture and wear, and some possible ways
to prevent these types of corrosion. There is a massive body of literature
on the subject; selected references are given at the end of the chapter.

Anyone who has worked with corrosion and corrosion testing will
agree that slight changes in metals, their design, or their environment
can make significant differences in the corrosive behavior of the metals.
Sometimes baffling corrosion problems are encountered in which the
actual conditions and interactions are not known or understood. For this
reason, it is extremely important to try to obtain as much first-hand in-
formation as possible about the circumstances of a corrosion problem or
of the corrosive effect complicating a fracture or wear problem, because
the various modes of failure are frequently combined. The failure analyst
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must be very careful that the corrective measures taken are truly correc-
tive; in some cases, they may make the problem worse rather than better.
As in all failure analysis work, it is well to “make haste slowly” in order
to properly understand and identify the problem before means of pre-
vention can be put into practice.

One of the complicating factors in studying corrosion is that there are
many types of corrosion, and usually at least two different types are pro-
gressing simultaneously. For this reason, it is vital to recognize each of
the types of corrosion and to understand how to control them.

Life Cycle of a Metal

Corrosion is a natural process that tries to reverse the chemical action
of the refining process. In their natural, chemically stable state metals
are found primarily either as oxides or as sulfides in the ores. The addi-
tion of large amounts of energy during the refining process to strip away
the oxides or sulfides produces relatively pure metals in a less chemi-
cally stable state. These refined metals can be used for various purposes
either alone or by alloying with other metals. However, the process of
reversion to the natural, chemically stable condition progresses inexo-
rably unless prevented by deliberate actions. To illustrate for a common
metal, iron is found as iron oxide (rust) in the ore, refined to iron {or
steel) to be used for some purpose, but eventually will revert to iron ox-
ide (rust). To paraphrase a well-known saying: “ashes to ashes, rust to
rust.”

Figure 1 is a schematic showing the life cycle of a typical metal; the
vertical scale is the energy level, while the horizontal scale is time. The
ore at the lower left is in the natural condition, at a low energy level. The
thermal or electrical energy added during the refining process strips
away the oxides and/or sulfides from the metal (Fig. 1a), changing the
metal into an unnatural, somewhat chemically unstable condition at a
higher energy level (Fig. 1b). The refined metal may be remelted and
cast, hot or cold formed, or machined into useful shapes to serve some
purpose in the manufacture of an end product. However, the refined
metal will tend to deteriorate at some rate (Fig. 1c) and revert to the
original chemically stable ore-like condition, thereby releasing energy.
We sometimes take advantage of the energy released by corrosion to
convert it into electrical energy, such as in an ordinary dry-cell battery.
However, most energy that is generated by corrosion is dissipated and
wasted without being harnessed for useful purposes. Of course, recy-
cling or remelting is an efficient way of bypassing deterioration due to
corrosion and reusing the metal, as shown by (Fig. 1d).
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From a philosophical standpoint, understanding this inexorable, inev-
itable process of corrosion makes it easier to understand the problems in
preventing corrosion and to be more aware of the tricky nature of the
problem. Corrosion will win—eventually—unless all possible means
are taken to prevent its occurrence. Attempts to prevent corrosion may
be compared to sticking a finger into a hole in the dike to prevent a leak;
it may be possible to stop that leak, but inevitably there will be other
leaks.

Basic Nature of Corrosion

The definition of corrosion in the first sentence of this chapter refers
to “chemical or electrochemical” reactions with the environment. The
chemical reference is to relatively simple chemical dissolution of a
metal, such as when hydrochloric acid dissolves iron. However, the pur-
ist will say that even this is an electrochemical reaction of a metal with a
highly aggressive environment. Thus, it is generally agreed that all cor-
rosion is electrochemical in nature and that an understanding of the
electrochemical reactions involved is necessary to understand the basic
nature of corrosion.

Galvanic Corrosion

Galvanic corrosion, caused by differences in contacting metals and/or
their environment, is one of the most serious and technically challeng-
ing forms of corrosion.
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The basic principles of the electrochemical reactions that cause gal-
vanic corrosion are identical to those of a simple battery, as shown in
Fig. 2. Three components are needed: two different metals (or one may
be a metal, the other graphite) either physically contacting or electri-
cally contacting in an electrolyte, which is an electrically conductive
liquid or paste. If these conditions are met, one of the two materials will
be corroded, the other will be protected and will release hydrogen, and
an electric current will be generated. The material that is corroded is
called the anode; the other is the cathode, which does not corrode.

The various metals (and graphite, a nonmetal) are usually listed in a
sequence that has the most anodic (easily corroded) metals at one end
and the most cathodic (easily protected) metals at the other end. For
practical purposes, the electrolyte for this sequence is seawater, or ap-
proximately 3 to 5% sodium chloride and other salts dissolved in water.
This sequence is called the galvanic series and is shown in Table 1 for
many pure metals and certain alloys.

The position of a given metal, or of a pair of dissimilar metals, in the
galvanic series is of great importance in determining their corrosion
properties. The usual sequence has the most-anodic metals at the upper
end. These are the most active or most readily corrodible metals. The
least active or least corrodible metals are at the lower end. Because
these include gold, platinum, silver, and other precious metals, they are
also known as the “noble” metals, which strongly resist corrosion.

F|g, 2 Galvanic cell showing the basic principles of the electrochemical na-
ture of corrosion
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When two metals make electrical contact in an electrolyte, the farther
apart they are in the galvanic series, the more likelihood there is that the
more-anodic metal will corrode. For example, aluminum in contact
with gold in seawater will be rapidly corroded, while aluminum in con-
tact with iron (steel) will corrode less rapidly. An ordinary dry-cell bat-
tery consists of a zinc anode separated by an electrolytic paste from a
manganese dioxide cathode. When the circuit is closed the electric

Table1 Galvanic series in seawater at 25 °C (77 °F)

Anodic end (most easily corroded)

Magnesium

Magnesium alloys

Zinc

Galvanized steel or galvanized wrought iron
Aluminum ailoys

5052, 3004, 3003, 1100, 6053, in this order
Cadmium

Aluminum alloys

2117, 2017, 2024, in this order

Low-carbon steel

Wrought iron

Castiron

Ni-Resist (high-nickel cast iron)

Type 410 stainless steel (active)

50-50 lead-tin solder

Type 304 stainless steel (active)

Type 316 stainless steel (active)

Lead

Tin

Copper alloy 280 (Muntz metal, 60%)
Copper alloy 675 (manganese bronze A)
Copper alloys 464, 465, 466. 467 (naval brass)
Nickel 200 (active)

Inconel alloy 600 (active)

Hastelloy B

Chlorimet 2

Copper alloy 270 (yellow brass, 65%)
Copper alloys 443, 444, 445 (admiralty brass)
Copper alloys 608, 614 (aluminum bronze)
Copper alloy 230 (red brass, 85%)

Copper 110 (ETP copper)

Copper alloys 651, 655 (silicon bronze)
Copper alloy 715 (copper nickel, 30%)
Copper alloy 923, cast (leaded tin bronze G)
Copper alloy 922, cast (feaded tin bronze M)
Nickel 200 (passive)

Inconel alloy 600 (passive)

Monel alloy 400

Type 410 stainless steel (passive)

Type 304 stainless steel (passive)

Type 316 stainless steel (passive)

Incoloy alloy 825

Inconel alloy 625

Hastelloy C

Chlorimet 3

Silver

Titanium

Graphite

Gold

Platinum

Cathodic end (least easily corroded)

Source: Ref |
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current that is generated corrodes the zinc anode. When the zinc is de-
pleted, the electric current ceases and the battery is dead.

The “standard” galvanic series may be limited by several factors:

A given metal may be either high or low in the series depending on the
nature of the surface film. For example, many stainless steels may be ei-
ther active (anodic) or passive (cathodic) depending on whether the chro-
mium in the surface metal is alloyed with the iron or is in the form of a
complex metal oxide. The latter compound is the actual corrosion-
resisting material and is usually formed by a nitric acid “passivating”
treatment, which also removes foreign metal particles that could impair
corrosion resistance.

The sequence of two metals may be reversed by the area effect. For ex-
ample, if a large “anode” metal is connected to a small “cathode” metal in
an electrolyte, there may be little or no corrosion of the anode because the
electrical effect is spread out, or dissipated, over a large area. However, if
a small anode metal contacts a large cathode metal in an electrolyte, the
reverse is true: the anode metal may corrode rapidly, for it essentially be-
comes an electrical stress concentration.

The galvanic series should be used as a starting place in a particular cor-
rosion study, but it should not be considered highly accurate because of
variations in the metals, in the electrolyte, and in their relative size.

Galvanic corrosion may be prevented, or minimized, by any or all of

the following measures:

Prevent electrical current flow by physical separation or by insulating the
dissimilar metals from each other by using nonconductive, nonabsorbent
materials such as plastics, waxy coatings, certain heavy greases, paint,
and the like.

Try to eliminate the electrolyte; if it is not present there can be no galvanic
corrosion. This is the reason there is little or no galvanic corrosion in dry,
desert atmospheres. If the humidity is below approximately 30 to 35%,
atmospheric corrosion of carbon steel usually cannot occur.

If different metals must be used together, choose those that are close to-
gether in the galvanic series. For example, contact between aluminum
and steel in an electrolyte may cause gradual pitting and deterioration of
the aluminum. However, if brass or copper replaces the steel, deteriora-
tion of the aluminum will be much more rapid in the same environment.
Use a large anode metal and a small cathode metal to take advantage of
the area effect. For example, plain steel rivets through aluminum sheet or
plate may be satisfactory, but aluminum rivets through steel will corrode
rapidly in an electrolyte. Similarly, copper rivets in steel plate may be sat-
isfactory, but steel rivets through copper plate will corrode rapidly in an
electrolyte.
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¢ Inaclosed system, it may be possible to use corrosion inhibitors in the
electrolyte. This is the principle used in automotive-engine antifreezes,
for the cooling system of an automotive engine may contain such dissim-
ilar metals as gray cast iron, aluminum, copper, brass, tin-lead solder, and
steel. The antifreezes periodically should be drained and replaced, for the
inhibitors tend to become less effective with time. Plain water should
never be used as an engine coolant except in an emergency, and then only
for as short a time as possible.

¢ The principle of galvanic corrosion can be used to protect a structural
metal by contact with a sacrificial (expendable), more anodic metal. The
most common example is the use of zinc to protect iron or steel. The steel
may be dipped into molten zinc (galvanized), electroplated with zinc, or
coated with a zinc-rich primer or zinc-rich polymeric coating. In any
case, the zinc is gradually corroded, or sacrificed, in order to protect the
steel. Other active metals, such as aluminum and cadmium, also tend to
protect iron or steel from corrosion but are used less frequently for vari-
ous reasons. Coatings of aluminum and aluminum-zinc alloys on steel,
however, are widely used for resistance to both high temperatures and
corrosion, as are required in automotive exhaust systems, for example.
The same cathodic protection principle is used with magnesium anodes
buried in the ground to protect steel pipelines from corrosion. The anodes
must be replaced periodically, since they are sacrificed to protect the
steel. Magnesium anodes are also used within glass-lined water heaters in
order to help retard corrosion of the steel shell if the glass lining is
cracked. Replaceable zinc anodes are attached to the hulls of steel ships
for protection of the steel in the same way.

Uniform Corrosion

The most common variety of corrosion is ordinary uniform corrosion,
such as rust on iron or steel. Other metals also corrode uniformly, that
is, without obvious galvanic couples. Aluminum, copper, brass, and
many other metals may form either protective or nonprotective films on
the surfaces, depending on the nature of the metal and of the environ-
ment.

The term “uniform corrosion” is really a misnomer, however, for the
corrosion actually occurs as a result of microscopic galvanic cells in the
surface of the metal. That is, because of local chemical differences and
impurities in the metal, there are microscopic anode and cathode areas
ready to start corroding if an electrolyte is present. Thus, the corrosion
is “uniform” only on a macroscale, not on a microscale.
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Since uniform corrosion is the most common form of corrosion, it is

of the most economic significance and damages the greatest tonnage of
metal.

From a technical standpoint, however, uniform corrosion is fairly pre-

dictable and is relatively easy to live with, provided other types of cor-
rosion are not present. Controls for uniform corrosion are the relatively
simple measures that follow:

1.

Use a more suitable material, such as a more noble metal or stainless

steel. However, other considerations, such as mechanical or physical

properties of the metal, as well as economics and availability, are usually
the controlling factors in choice of material.

Use coatings of various types to protect the metal. These may be:

a. Paint or another type of coating to prevent contact of the environment
with the metal surface. Painting is a time-honored method of corrosion
protection and is remarkably effective as long as the paint film is intact.
However, if corrosion originates on the opposite, unprotected side of
thin, painted sheet steel, repainting the painted side will have no
long-term benefit.

b. Various oxide coatings are frequently used for improved corrosion re-
sistance. An example is anodized aluminum, which is essentially alu-
minum with a relatively thick aluminum oxide film formed on the sur-
face. A thin oxide film naturally forms on aluminum when exposed to
air but is easily removed and destroyed, although it will reform. Vari-
ous types of oxide coatings are frequently applied to steel for decora-
tive and corrosion-resistance purposes. However, like certain other
coatings, oxides are ineffective if damaged and are subject to pitting by
certain environments, particularly chlorides and other halides.

c. Plating with a more active sacrificial metal has been previously dis-
cussed and is usually quite effective for relatively long periods. Plating
with a less active (more cathodic) metal can be very effective provided
that the base metal is completely and uniformly coated without pin-
holes, cracks, scratches, abrasions, and the like. For example, plating
steel with lead or tin is very effective in corrosion resistance, unless the
coating has some locations that are open to the base metal. If an elec-
trolyte can reach the steel through a small opening, the steel will cor-
rode rapidly because the steel now is the anode and also because of the
small anodic area exposed to the electrolyte.

d. Cladding of one flat metal with a different alloy is another method of
protection that is very effective in certain cases. Cladding may consist
of two or three metals flat rolled together, as in coins that consist of two
nickel-alloy outer layers on each side of a copper alloy, in a “sand-
wich” construction. Two aluminum alloys of different properties are
frequently rolled together; a layer with better corrosion resistance may
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be joined to another layer which may have better mechanical proper-
ties.

3. Another way to cope with the relatively predictable nature of uniform
corrosion is to let the part corrode. This may be the most economical way
of handling the problem. Railroad rails, for example, are not protected
from corrosion by painting, plating, or the like, but may become covered
with an oily or greasy coating that tends to resist rusting on the sides and
bottom. However, the upper contact surface remains completely unpro-
tected because of the heavy contact stress of the steel railway car wheels
on the steel rails.

Crevice Corrosion

Crevice corrosion is another variation of galvanic corrosion that is
very difficult to combat without careful control of design, materials, en-
gineering, and quality. Crevice corrosion is the commonly used term for
differential oxygen-concentration cell corrosion, a more descriptive
(but unwieldy) term for this corrosion mechanism. It is also called
“poultice corrosion,” referring to accumulations of moist or wet parti-
cles, such as dirt, sand, and the like.

Since most corrosion is caused by oxidation of reactive metals, areas
of high oxygen concentration would be expected to corrode more
readily than those of lower oxygen concentration. However, this is not
the case. A crevice, or joint, between two surfaces, or the metal under a
poultice of moist dirt or debris, is more likely to corrode than the more
exposed metal outside the joint or pile of dirt. The contact region, where
there is little oxygen, is anodic and will corrode, while the region ex-
posed to the higher oxygen content is cathodic and is protected. Con-
cealed metal at the edge of the joint or under debris tends to pit and
eventually perforate the metal thickness. See Fig. 3, which shows a very
large hole in Y in. thick steel plate caused by crevice corrosion under a
pile of debris.

The practical problems caused by crevice corrosion are enormous.
This is the major cause of auto-body corrosion, which originates within
the concealed joints and panels of the steel body. When a brown, rusty
stain appears on a rocker panel, door, hood, fender, or trunk lid, it is al-
ready too late. Corrosion has already occurred in crevices, joints, or un-
der dirt and debris in the presence of moisture—frequently laden with
salt from de-icing or from sea air. When this corrosion reaches the exte-
rior surface, it first stains the paint and eventually perforates the metal,
leaving holes with which we are all too familiar. Painting the outside
stain does not stop the underlying corrosion. In addition, the corrosion
greatly weakens thin steel structural members such as box frames, cross



Fig_ 3 A4y in. long hole caused by crevice corrosion Y in. thick steel plate.

The photograph (at ¥x) shows the inside of the lower right corner of a
large steel box (see sketch) that acted as a heat exchanger or panel to cool ex-
tremely hot exhaust gases in a steel mill. Cold water entered at the lower left cor-
ner, and the heated water left at the upper right corner of the panel, tilted about
45°. The recirculating mill water contained many particles of rust, dirt, etc., which
gradually accumulated in the dead corner at lower right, opposite the inlet. The
pile of particles apparently caked together to form a large cement-like plug (dark
area around hole in photograph) over the gradually corroding steel underneath.
The corroded hole, with very thin edges, grew to the very large size shown without
leaking. Eventually, however, the plug could not support the water over the hole; it
then burst, releasing a large volume of water.
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members, and rocker panels, which are intended to provide strength and
stiffness to the vehicle.

Crevice corrosion may also occur under fasteners, such as bolted or
riveted joints, if moisture can penetrate and remain. This can occur even
if both metals are the same, but is aggravated with dissimilar metals in
contact because galvanic corrosion may also become a factor, particu-
larly with a small anode and large cathode to bring the area effect into
play. Aluminum and steel are frequently joined without consideration
of the crevice, galvanic, and area-effect corrosion problems that may be
caused. Figure 4 shows galvanic corrosion combined with crevice cor-
rosion in an application where the corrosion pits that were formed re-
sulted in fatigue fractures.

Fig. 4 Typical example of galvanic corrosion combined with crevice corrosion

on a 5052-H34 aluminum-alloy engine fan blade that had been riveted
between two steel “spiders.” The outline of the spider on the engine side of the fan
blade is shown by the corrosion products and the pitting that resulted from both
galvanic and crevice corrosion from road salt and moisture around the edge of the
spider. Bending fatigue fracture originated at pits on other blades and all along the
arrowed edge of the spider on this blade.
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The Statue of Liberty in New York Harbor had been in bad condition
because the copper exterior (cathode) was held in place with a steel
framework and bolts (anode) which had corroded seriously at the joints
after almost 100 years of exposure to sea air. After several years of res-
toration, the steel framework has been replaced with stainless steel
parts, along with other controls to keep this magnificent symbol alive
for many years to come.

Once the insidious nature of crevice corrosion is understood, the pre-
vention methods become rather obvious, even though they may not be
easy to put into practice. Consider the following possible solutions:

e Avoid bolted or riveted joints unless the metals are coated, ideally both
before and after joining. However, if the alternative is some form of weld-
ing, the heat of welding may destroy the coated surfaces. In either case it
may be necessary to spray or dip the completed assembly with paint or a
waxy or greasy corrosion-resistant material that has the ability to flow
and cover any uncoated areas. Or a sacrificial anodic metal may be used
to protect the structural metal.

¢ Close or seal existing crevices, because if moisture or another electrolyte
cannot reach the crevice, there can be no corrosion. In many cases, how-
ever, it is impossible to keep moisture from entering the crevices. Then it
is necessary to provide drain holes, tubes, etc., to continuously or periodi-
cally drain the moisture.

e Inspect and remove deposits frequently; if foreign particles such as dirt,
rust, sand, etc., are not present, they cannot cause crevice corrosion. An-
other possible solution is to use filters, traps, or settling tanks to remove
particles from the system. However, all of these require periodic mainte-
nance to remove the debris that accumulates.

¢ Use solid nonabsorbent gaskets or seals, such as those made from solid
rubber or plastic. These tend to seal a joint and keep the electrolyte out.
Obviously, the surfaces must be smooth to promote sealing, and the
clamping force must be adequate for the application.

As can be seen from the above possible solutions, there is no single
way in which crevice corrosion can be eliminated; prevention differs
with the individual case and the conditions.

Stress-Corrosion Cracking

The phenomenon of stress-corrosion cracking is a great problem in
many industries and types of parts because it may result in brittle frac-
ture of a normally ductile metal. It is defined as cracking under com-
bined action of corrosion and tensile stresses; the stresses may be either
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applied (external) or residual (internal). The stress-corrosion cracks
themselves may be either transgranular or intergranular, depending on
the metal and the corroding agent. As is normal in all brittle fractures,
the cracks are perpendicular to the tensile stress. Usually there is little
or no obvious visual evidence of corrosion.

The classic example of stress-corrosion cracking is the so-called sea-
son cracking of brass cartridge cases, as shown in Fig. 5. The term arose
during the Indian campaigns of the British army during the 1800s, when
serious problems resulted from spontaneous cracking of the thin-wall
necks of cartridge cases (which were stored in ammunition dumps near
the horse corrals!) during the monsoon seasons. High temperature and
humidity, plus traces of ammonia in the air, caused this stress-corrosion
cracking in the severely deformed thin sections, locations which were
subjected to high tensile hoop stress when the bullets were inserted. We
now know that most zinc-containing copper alloys, such as the 70%
copper, 30% zinc alloy called cartridge brass, are susceptible to
stress-corrosion cracking when the surface is tensile stressed and is in
the presence of certain chemicals, such as moist ammonia, mercurous
nitrate {see ASTM B-154), and amines.

Stress-corrosion cracking is a progressive type of fracture, somewhat
similar to fatigue. The crack or cracks grow gradually over a period of
time until a critical size is reached; the stress concentration may then
cause a sudden brittle fracture of the remaining metal. In other instances,
as in a cartridge case, the crack will grow away from the high-stressed
origin, then stop when it is no longer highly stressed in tension.

Although there is no generally accepted theory of its mechanism (Ref 3),
stress-corrosion cracking has several unique characteristics:

e Fora given metal or alloy, only certain specific environments contribute
to this type of failure, with no apparent general pattern.

Flg. 5 stress-corrosion crack in thin neck of a cartridge case
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e Pure metals are much less susceptible to stress-corrosion cracking than
are impure metals, but pure binary alloys, such as copper-zinc, copper-
gold, and magnesium-aluminum alloys, generally are susceptible.

e Cathodic protection has been successful in preventing initiation of
stress-corrosion cracking. Propagation of cracking that has already pro-
gressed to a substantial extent can be slowed but can progress to complete
fracture nevertheless.

* Addition of soluble salts containing certain chemicals can inhibit the
crack-producing effect of a given environment on a given alloy.

¢ Certain aspects of the metallurgical structure of an alloy (such as grain
size, crystal structure, and number of phases) influence the susceptibility
of the alloy to stress-corrosion cracking in a given environment.

Nearly all metals are susceptible to stress-corrosion cracking in the
presence of tensile stresses in specific environments. Ordinary carbon
and alloy steels are subject to caustic embrittlement when exposed to
sodium hydroxide at relatively low tensile stresses. Austenitic stainless
steels, such as those of the 200 and 300 series, are subject to
stress-corrosion cracking from chlorides (and other halides) when un-
der tensile stress. A more complete list of environments that may cause
stress-corrosion cracking in many common metals is shown in Table 2.

Because stress-corrosion cracking is the result of the combination of a
static tensile stress and a particular environment, let us examine some of
the ways that tensile stresses may be generated. It is usually felt that ten-
sile residual stresses (including assembly stresses) are more often the
cause of stress-corrosion cracking than are tensile applied stresses. (Ref
3, 4). Residual stresses (covered more thoroughly in Chapter 7) are fre-
quently the result of welding.

Tensile stresses are also generated in other ways, such as in shrink
fits, bending or torsion during assembly, crimping, and the like. The
only requirement for stress-corrosion cracking is that there be a tensile
stress on the surface of a metal in a critical environment. The stress need
not exceed the yield strength of the metal, but the higher the stress, the
less critical the environment, and vice versa.

In certain metals, particularly many austenitic stainless steels, the
heat of welding causes sensitization, or depletion of chromium due to
formation of complex chromium carbides in the grain boundaries. Be-
cause chromium is the major element that makes “stainless steels” cor-
rosion resistant, stress-corrosion cracking can occur alongside the car-
bides in the grain boundaries, where there is little or no chromium. In
order to solve this problem, it is necessary to do one of two things: use a
stainless steel of very low carbon content (0.03% or less) so that there is
little or no carbon to deplete the chromium from the grain boundaries or
use a stainless steel containing an element that forms carbides even
more readily than does chromium. Those commonly used are titanium,
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or niobium (columbium) plus tantalum, which are the bases for the type
321 and type 347 variations, respectively, of the standard type 304 stain-
less steel.

Preventing stress-corrosion cracking should be simple: remove either
the tensile stress or the corrosive environment, since both are required
for the problem to occur. In the real world, of course, this is easier said
than done. One way that has been found to be very effective is to form
compressive residual stresses on the surface of the part by mechanical
methods, such as shot peening, surface rolling, and the like. This will
increase resistance to cracking and ultimate fracture. If a tensile resid-
ual stress is high, it may be possible to stress relieve the part or assembly
by a thermal treatment. In fact, warming to subcritical temperatures, de-
pending on the metal involved, usually is all that is necessary.

Identification of stress-corrosion cracking is not always easy, for it
may be confused with another type of fracture. For example, Fig. 6
shows a stress-corrosion crack in a high-strength steel part that has a frac-
ture pattern that could be mistaken for fatigue fracture, for it appears to

Table2 Some environments that can cause stress-corrosion
cracking of metals and alloys under certain conditions

Material : Envi

Aluminum alloys NaCl-H,0, solutions
NaCl solutions
Seawater
Air, water vapor
Copper alloys Ammonia vapors and solutions
Amines
‘Water, water vapor

Gold alloys FeClj solutions

Acetic acid-salt solutions
Inconel Caustic soda solutions
Lead Lead acetate solutions

Magnesium alloys

Monel

Material
Nickel
Carbon and alloy steels

Stainless steels

Titanium

Source: Ref 4

NaCl-K,CrOy solutions

Rural and coastal atmospheres

Distilled water

Fused caustic soda

Hydrofluoric acid

Hydrofluorosilicic acid

Environment

Fused caustic soda

NaOH solutions

NaOH-Na,Si0, solutions

Calcium, ammonium, and sodium nitride solutions
Mixed acids (H,SO4HNOj3)

HCN solutions

Acidic H,S solutions

Moist H,S gas

Seawater

Molten Na-Pb alloys

Acid chloride solutions such as MgCl, and BaCl,
NaCl-H, 05 solutions

Seawater

NaOH-H,S solutions

Condensing steam from chloride waters
Red fuming nitric acid
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have fatigue beachmarks. However, because the part had not been cycli-
cally stressed, it could not be fatigue (Ref 5). The beachmark-like pat-
tern observed is the result of differences in the rate of penetration of cor-
rosion on the surface as the crack advanced. As frequently happens, the
crack progressed relatively slowly until it reached the critical size then
fractured suddenly in a brittle manner. The texture of the fracture sur-
face is sometimes helpful in differentiating a stress-corrosion fracture
from a fatigue fracture, because the surface texture in a fatigue fracture
usually is quite smooth in the origin region, gradually becoming
rougher toward the final rupture. This change is usually not seen in a
stress-corrosion fracture.

Stress-corrosion cracking is also frequently confused with hydrogen-
embrittlement cracking. In fact, Ref 6 states:

It is difficult and sometimes impossible to distinguish with cer-
tainty between hydrogen-induced and stress-corrosion cracking
failures that have occurred in service by exposure to hydrogen
gas, hydrogen sulfide, and water and dilute aqueous solutions.
Several basic characteristics to be observed in investigating fail-
ures of these types are (a) history of the metal or part, (b) cracking
origin, (c) crack pattern (d) evidence of little or no corrosion on
the fracture surfaces, and (e) microscopic features.

The complexity of stress-corrosion cracking and of the many factors
such as alloy, heat treatment, microstructure, stress system, part geome-
try, time, environmental conditions, and temperature makes it obvious
that suspected instances of environment-related fractures must be

Fig. 6 Stress-corrosion crack in a high-strength steel part; 4x. Fracture surface

appears to have the characteristic beachmark pattern of a fatigue frac-
ture. However, this was a stress-corrosion fracture in which the pattern was
caused by differences in the rate of corrosion penetration. Final fracture was brit-
tle. Source: Ref 5



Corrosion Failures 221

carefully studied and analyzed, taking into consideration all available
information before deciding on the dominant failure mode.

Corrosion Fatigue

While stress-corrosion cracking is the result of a static, or steady,
stress, corrosion fatigue is essentially fatigue fracture aggravated by the
effects of the environment. Reference 1 defines corrosion fatigue as:

Effect of the application of repeated or fluctuating stresses in a
corrosive environment characterized by shorter life than would
be encountered as a result of either the repeated or fluctuating
stresses alone or the corrosive environment alone.

In general, we think of the corrosion that occurs during cyclic stress-
ing as reducing fatigue life, as pointed out above. Even air can affect the
behavior of fatigue fracture in certain alloys compared with its behavior
in vacuum. Figure 7 shows the tendency of 2024-T3 aluminum to form
normal fatigue striations when tested in air, but to have a relatively flat
and featureless fracture region when tested in vacuum (Ref 5). This im-
plies that air was necessary for the formation of fatigue striations, at
least under the conditions of the test.

In real life, the type of cyclic stressing strongly influences the life un-
der aggressive corrosion conditions (Ref 1). The longer and more fre-
quently a fatigue crack is opened to the corrosive environment, the
more severe will be the effect of the environment on shortening the

Fig. 7 Fatigue fracture in aluminum alloy 2024-T3 tested first in vacuum {re-
gion A) and then in air (region B). Arrow at lower right indicates direc-
tion of crack propagation; 7500x . Note flat, featureless fracture surface (region A)
with no correlation between fracture appearance and the cyclic nature of the im-
posed loading. In contrast, the regular fatigue striations formed while testing in air
(region B) correlate with the crack advance of each loading cycle. Source: Ref 5
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fatigue life. In many cases, fatigue is initiated from small pits on the
corroded surface, which act as stress concentrations (see Fig. 8 and
9). In other cases, it appears that the fatigue crack initiates first and
then is made to grow more rapidly by the moisture or other corrodent
that enters the crack by capillary action. Probably a combination of
the two mechanisms is most common.

Identification of corrosion-fatigue fractures uses the same techniques
and thought processes used in all failure analyses. However, the com-
plicating effect of the environment affects the fracture and makes the
analysis more difficult. The origin area of a fatigue fracture is most
likely to be the most severely corroded because it has been exposed to

Fig. 8 (a) Scanning electron photograph of corrosion pits on the surface of a

gas turbine airfoil showing both large and small pits (arrows} that led to
fatigue fractures. The material is the precipitation-hardening stainless steel
17-4PH. 300x; shown here at 75%. (b} Photomicrograph of a polished and etched
section through a pit like those shown in Fig. 8(a). Note the start of a fatigue crack
growing from the bottom of the pit. Pitting was caused by continued operation in a
seawater environment. 500x; shown here at 75%
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the environment the longest time. Thus discoloration from severe corro-
sion frequently makes the location of the origin easier to identify; at the
same time, however, this corrosive film can obscure the origin and make
detailed study much more difficult. Of course, as noted above, there
may be many origins, rather than just one. A complicating factor, on this
or any other type of fracture surface, is that corrosion will occur over all
the fracture surface if the broken part is not removed from the corrosive
environment, immediately cleaned, and protected from further corro-
sive and mechanical damage. Comparison of the two mating fracture
surfaces, if both are available, may give some insight into when the cor-
rosion occurred.

Prevention of corrosion fatigue is rather straightforward in theory but
frequently much more difficult to put into practice. It is usually imprac-
tical simply to use a higher-strength metal without addressing the corro-
sion issue. The corrosion will probably occur just as rapidly and frac-
ture actually may be more rapid because of the increased sensitivity of

Fig. 9 First-stage compressor blades that fractured due to corrosion fatigue

originating in corrosion pits like those shown in Fig. 8. Note that (a) had
one fatigue origin (arrow) on the mid-pressure side. 5x; shown at 70%. Arrows in
(b) show fatigue origins on both the suction (A) and the pressure (B) sides. These fa-
tigue fractures in cast 17-4PH material are ambient-temperature fractures. Pitting
was caused by seawater corrosion. 6.5x; shown at 70%
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Summary

higher-strength metals to stress concentrations. More effective mea-
sures include the following:

e Reduce or eliminate corrosion by any of the conventional means such as
painting or plating, if these are practical for the application. Or it may be
possible to reduce the aggressiveness of the environment by adding inhibi-
tors or by changing the concentrations of the solution in a closed system.

¢ Change the material to one more resistant to the environment, such as a
stainless steel, or a different nonferrous alloy system. However, this
should be done only as a last resort, for many other potential problems
arise, such as economics, availability, general engineering suitability, and
manufacturing difficulties.

¢ Reduce the resultant tensile stress that is causing the fatigue problem. In
some cases, it may be possible to reduce the applied stress by decreasing
the load applied to the part. In other cases it may be necessary to redesign
the part to increase the section size, but again, this is a major decision.

¢ Reduce the resultant tensile stress by increasing the compressive residual
stresses on the critical surface(s). As discussed in Chapter 7, “Residual
Stresses,” there are many ways in which this may be accomplished. Some
of the simplest ways involve using mechanical prestressing, such as shot
peening or surface rolling. Shot peening puts into compression a rela-
tively shallow layer below the surface (usually several thousandths of an
inch), which may be inadequate if the corrosion makes pits that penetrate
this layer. Deeper penetration may be accomplished by surface rolling or
by pressing of grooves in critical areas. However, both of these are lim-
ited by geometry. Surface rolling, for example, is usually done on propel-
ler shafts of ships at the location where the hub for the propeller fits. This
is a critical location because the rotating propeller hub must be separated
from the stationary rear support or bearing by a sealing system, which of-
ten does not work properly. As a result, water, often seawater, corrodes
the steel shaft, sometimes resulting in corrosion fatigue that could mean
disastrous loss of the propeller at sea.

As with most types of failures, corrosion-fatigue problems may be
solved by a variety of approaches. The particular solutions chosen de-
pend upon the individual situation, the critical nature of the part, current
and proposed metals, availability, engineering and manufacturing prob-
lems, and economics.

As can be seen, the subject of corrosion failure is extremely complex
and cannot be covered easily by one chapter. However, corrosion must
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be considered in every failure analysis, for it is not always obvious. In
fact, corrosion has a subtle influence on many types of failure, particu-
larly those involving fracture and/or wear.

The types of corrosion considered here are galvanic, uniform, crevice,
stress-corrosion cracking, and corrosion fatigue. There are other cate-
gories and subcategories that also reflect the environmental influence
on metal failures. The list of references for further study should be con-
sulted for more complex problems.
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CHAPTER 1 I

Elevated-Temperature
Failures

Elevated-temperature failures are perhaps the most complex type of
failure, for all of the modes of failures discussed previously can occur at
elevated temperatures (with the obvious exception of low-temperature
brittle fracture). Elevated temperatures greatly complicate both the
analyses of the failures that occur and the possible solutions. Therefore,
these failures must be examined and considered very carefully because
many of the different failure modes tend to interact.

The term elevated-temperature needs definition. Normally the useful
static strength of a metal is limited by its yield strength, as discussed in
Chapter 5, “Mechanical Properties.” However, as the temperature is in-
creased, the useful static strength of a metal is limited by the time-de-
pendent factor of creep, which is time-dependent strain occurring under
stress (Ref 1). Each metal or alloy must be considered individually be-
cause of differences in their properties. Approximate values for the
lower limit of elevated-temperature behavior for several metals and al-
loy systems are shown in Table 1.

In service at elevated temperature, the life of a metal component is
predictably limited, whether subject to static or dynamic loads. In con-
trast, at lower temperatures, and in the absence of a corrosive environ-
ment, the life of a component in static service is unlimited, if the opera-
tional loads do not exceed the yield strength of the metal.

The principal types of elevated-temperature failure are creep,
low-cycle or high-cycle fatigue, thermal fatigue, overload, and combi-
nations of these as modified by environment. Generally, the type of fail-
ure is established by examination of fracture surfaces and comparison
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Creep

Table1 Approximate values for the lower limit of elevated-temperature
behavior for several metal and alloy systems

Temperature
Metal °F °C

Aluminum alloys 400 205
Titanium alloys 600 315
Carbon and low-alloy steels 700 370
Austenitic, iron-base high-temperature alloys 1000 540
Nickel-base and cobalt-base high-temperature alloys 1200 650
Refractory metals and alloys 1800-2800 980-1540

Source: Ref 1

of operating conditions in which the failure occurred with available data
on creep, stress rupture, tension, elevated-temperature fatigue, and ther-
mal-fatigue properties. This analysis is usually sufficient for most fail-
ure investigations, but more thorough analysis may be required when
stress, time, temperature, and environment have acted to change the
metallurgical microstructure of the component.

By definition, creep is time-dependent strain, or gradual change of
shape, of a part that is under stress. It usually is considered the result of
tensile stress, but creep can and does occur under all types of stress.

Creep is not limited to metals. Three analogies may illustrate the
point: old, tightly stretched rubber bands can creep over a relatively
long period of time to the extent that they are virtually useless. Also,
creep is the reason that old shoes are more comfortable than new shoes,
for the materials have had an opportunity to adjust over time to the
shape of the feet. Finally, wooden parts, such as some beams and fence
rails under bending loads, will gradually sag over relatively long peri-
ods of time. Gradual change of shape under compressive, torsional,
bending, and internal-pressure stresses may or may not lead to fracture.
In the following discussion, creep is assumed to be caused by tensile
stress.

Creep usually is considered to occur in three stages, as shown sche-
matically in Fig. 1, which plots strain, or elongation, due to tensile
stress against time at fixed values of temperature and stress. Following
initial elastic strain resulting from the immediate effects of the applied
load, the metal undergoes increasing plastic strain at a decreasing strain
rate. This is the primary, or first, stage of creep, occurring within the
metal during the first few moments after the load is applied. However,
the creep rate usually slows as crystallographic imperfections within
the metal undergo realignment, leading to secondary creep.
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Stage two, or secondary creep, is essentially an equilibrium condition
between the mechanisms of work hardening and recovery. The metal is
still stretching under tension, but not as rapidly as in the first stage. The
duration of secondary creep depends upon the temperature and stress
level on the metal, as shown in Fig. 2. Here a steel alloy was tested at a
specific temperature under four different stress levels, which cause

) Fracture
Total elongation

/

First stage

True elongation
Ly

Second stage

: initial load strain

Fig. 1 Schematic tension-creep curve, showing the three stages of creep.
Source: Ref 1
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Fig. 2 Creep curves for a molybdenum-vanadium low-alloy steel under ten-
sion at four stress levels at 600 °C (1112 °F). Source: Ref 1
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different types of behavior. The lowest stress level causes little strain,
or change in shape, while successively higher stress levels rapidly lead
to fracture.

Stage three, or tertiary creep, is the gradual increase in strain prior to
fracture. It may result from metallurgical changes within the metal that
permit rapid increases in deformation, accompanied by work hardening
that is insufficient to retard the increased flow rate of metal. In tension,
tertiary creep may be accelerated by a reduction in cross-sectional area
resulting from cracking or localized necking. Environmental effects,
such as oxidation or corrosion, also may increase the tertiary creep rate.

Under certain conditions, some metals may not exhibit all three stages
of plastic deformation. For example, at high stresses or temperatures,
the absence of primary creep is not uncommon, with secondary creep
or, in extreme cases, tertiary creep following immediately upon load-
ing. At the other extreme, notably in cast alloys, no tertiary creep may
be observed and fracture may occur with only minimum extension.
Both of these phenomena are shown in Fig. 3.

Identification of failures caused by creep is usually relatively easy,
primarily because of the deformation frequently involved. However, de-
pending upon the alloy, creep fracture may be macroscopically either
brittle or ductile. Brittle fracture is intergranular and occurs with little
or no elongation or necking. Ductile fracture is transgranular and typi-
cally is accompanied by discernible elongation and necking. The type
of fracture depends not only on temperature but also on strain rate. At
constant temperature, the occurrence of either transgranular or intergran-
ular fracture depends on strain rate. Conversely, at constant strain rate,
the type of fracture depends on temperature. In general, lower creep

No primary
Y creep
No tertiary creep
/
7]
-0

Time ——p»

Fig, 3 Creep curves showing no primary creep and no tertiary creep. Source:
Ref 1
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rates, longer rupture times, or higher temperatures promote intergranu-
lar fracture. Figures 4 to 6 show examples of high-temperature fractures
of tubing.

Stress rupture is identical to creep fracture, except that in a test condi-
tion, only stress, temperature, time to fracture, and total elongation are
recorded—insufficient data for plotting the complete curve.

Elevated-Temperature Fatigue

The effect of temperature on fatigue strength is marked: fatigue
strength decreases with increasing temperature. However, the precise
relationship between temperature and fatigue strength varies widely,
depending on the alloy and the temperature to which it is subjected.

In some cases the part may operate at elevated temperature with alter-
nate steady-state and fatigue-type (cyclic) stressing. In this case, the
combined creep-fatigue loads result in substantially decreased life at

Fig_ 4 Type 321 stainless-steel (ASME SA-213, grade TP321H) superheater
tube that failed by thick-lip stress rupture. (a) Overall view of rupture, a
typical “fishmouth” rupture. ~¥;x. (b) Macrograph of an unetched section from lo-
cation between arrows in (a) showing extensive transverse cracking adjacent to
the main fracture (at right). ~4 1;x. (c) Micrograph of a specimen etched electrolyti-
cally in 60% HNO; showing intergranular nature of cracking. 100x. Source: Ref 1
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Fig_ 5 Thick-lip “fishmouth” failure of a 2 in. diam superheater tube. The tube

bent away from the fracture due to the reaction force of the escaping
steam. The material was ASME SA-213 T22(0.15 max C, 1.90-2.60Cr, 0.87-1.13
Mo). Hardness was 96-98 HRB. Scale about 0.012 in. thick is present on the in-
side, tending to prevent heat transfer and causing overheating to about
1525-1575 °F

Fig_ 6 Thin-lip rupture in a boiler tube caused by rapid overheating. This rup-

ture exhibits a “cobra” appearance as a result of lateral bending under
the reaction force imposed by escaping steam. The tube was a 2); in. outside di-
ameter, 0.250 in. wall boiler tube made of 1.25Cr-0.5Mo steel (ASME SA-213).
Source: Ref 1
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elevated temperatures compared with that anticipated in simple creep
loading, and this effect must be considered in failure analysis. If oxi-
dation on the fracture appears to be maximum near the surface of the
part, the fracture is primarily due to fatigue; however, if oxidation ap-

pears to be relatively uniform on the fracture surface, steady-state or

static loads may have been more significant. However, other fail-
ure-analysis observations must also be made, such as deformation or
its absence and the patterns on the fracture surface.

Thermal Fatigue

Fatigue may be caused either by cyclic mechanical stressing or by cy-
clic thermal stressing. Thermal fatigue cracks are the result of repeated
heating and cooling cycles, producing alternate expansion and contrac-
tion. When the metal cools, it contracts, causing residual tensile stresses
if it is restrained from moving freely. If this alternate expansion and
contraction continues, fatigue cracks will form and will propagate each
time the metal is cooled, as in the engine exhaust valve in Fig. 7. See
Chapter 7, “Residual Stresses,” for more information on thermal resid-
ual stresses.

Thermal cycles may be caused by friction, as in brake drums and
clutch plates, where the surface is frequently heated and expanded by
the friction but is prevented from expanding freely by the colder, stron-
ger metal below the surface. Compressive yielding occurs in the hot

Fig. 7 Thermal fatigue crack in the hard facing alloy on an exhaust valve from

a heavy-duty gasoline engine. Advanced burning originated from the
large crack. Additional thermal fatigue cracks are also present on the valve face.
Engine efficiency rapidly deteriorates from increasing loss of compression when
very hot exhaust gases blast through the open passage (also called “blow-by”).
Macrograph ~21;x
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surface layer, causing tensile residual stresses when the metal contracts
during cooling. This condition frequently causes thermal fatigue
cracks, usually called “heat checking.” This network of multiple cracks
on the friction surface may be harmless unless the cracks wear the mat-
ing surface or unless one or more cracks progress to cause complete
fracture.

Engine-exhaust manifolds also are subject to thermal fatigue, particu-
larly on heavy-duty engines. They may become literally red-hot under
certain conditions, then cool down when the engine is stopped. If the
manifold is not permitted to “float” or move freely in an axial direction,
tensile residual stress may be generated when it cools, eventually caus-
ing fatigue fracture if repeated often enough.

Thermal fatigue may be prevented in many parts by designing curves
rather than straight lines into the system. When this is done, heating and
cooling cycles simply cause distortion of the curves, rather than form-
ing tensile residual stresses upon cooling. Expansion loops and bellows
in elevated-temperature piping and tubing systems operate on this prin-
ciple.

Metallurgical Instabilities

Stress, time, temperature, and environment may act to change the
metallurgical structure during testing or service and thereby contribute
to failure by reducing strength. These microstructural changes are re-
ferred to as metallurgical instabilities. Sources of instabilities include
transgranular-intergranular fracture transition, recrystallization, aging
or overaging, intermetallic-phase precipitation, delayed transformation
to equilibrium phases, order-disorder transition, general oxidation,
intergranular corrosion, stress-corrosion cracking, slag-enhanced cor-
rosion, and contamination by trace elements. These are well described
in Ref 1 and will not be covered here.

Environmentally Induced Failure

A critical factor in the performance of metals in elevated-temperature
service is the environment and resulting surface-environment interac-
tions. In fact, the most important source of elevated-temperature failure
requiring premature replacement of a component is environmental deg-
radation of material. Control of environment or protection of materials
(by coatings or self-protective oxides) is essential to most elevated-
temperature applications.
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General oxidation can lead to premature failure; grain-boundary oxi-
dation may produce a notch effect that also can limit life. Some environ-
ments may be more harmful than others: attack of fireside surfaces of
steam-boiler tubes by ash from vanadium-bearing fuel oils can be quite
severe. Vanadium-ash attack and hot corrosion in general are equally
harmful in gas turbines.

In all elevated-temperature failures, the characteristics of the environ-
ment must be carefully considered. These include not only the tempera-
ture itself, but also whether the elevated temperature is steady or fluctu-
ating, the rate of temperature change (which will affect differential
expansion and contraction), the thermal conductivity of the metals in-
volved, the characteristics of the fluids (both liquids and gases) that are
in contact with the surfaces, and the way in which the fluids contact the
metal surfaces. The last-named consideration is most important in cer-
tain types of parts that have high gas or liquid flow rates at elevated tem-
perature, which can cause erosion problems.

Corrosion and Corrosion-Erosion. Certain types of parts function
in environments where high rates of fluid flow at high temperature are
normal. Typical of those in gaseous environments include engine ex-
haust valves, blades and vanes in the hot sections of gas and steam tur-
bine engines and generators, certain locations (particularly inlets and
outlets) in various types of furnaces, and many ducts and pipes that con-
duct hot gases. See the engine exhaust valves in Fig. 8 and the turbine
blade in Fig. 9. Typical parts in high-temperature liquid environments
are certain piping systems, pumps, rotors, propellers, nozzles, and the
like, that experience high rates of fluid flow.

The problem with these parts is that the combination of high tempera-
ture and high-velocity fluid flow often results in erosive wear at critical
locations that frequently destroys the efficiency of the parts and their as-
semblies. Chapter 11, “Wear Failures—Abrasive and Adhesive,” points
out that erosive wear is caused by high-speed, low-stress particles that
tend to cut, or erode, any materials that they slide, or impinge, against.
In general, elevated temperatures reduce metal strength and hardness.
Thus, any part that changes the direction of high-temperature,
high-velocity fluids is subject both to increased erosion from mechani-
cal action and to increased corrosion from the chemical action of the
fluid on the part.

Elevated-temperature corrosion and corrosion-erosion problems are
usually difficult to prevent. Possible solutions include development of
special alloys that can resist elevated-temperature corrosion-erosion,
use of protective coatings, and use of cooling techniques to lower the
temperature of operating parts. Frequently, protective coatings of vari-
ous types may be very useful, particularly if they diffuse into the base
metal and form corrosion- and wear-resistant compounds. Various
types of aluminum-rich coatings are frequently used, as are alloys with
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Fig, 8 Severe localized erosion-corrosion of two gasoline-fueled engine ex-
haust valves made from a nickel-base superalloy operating between

1400 and 1500 °F. The exhaust gas damage in the underhead radius and stem was

identified as lead oxide corrosion, aggravated by bromine from the gasoline

Fig. 9 High-temperature erosion-corrosion in a turboprop engine blade. Most

of the 1% in. long blade had been damaged by sulfidation, or hot corro-
sion caused by excessive sulfur in the fuel. This uncoated INCO 713 turbine blade
was one of many such rotary blades subjected to this type of high-temperature erosion-
corrosion. Nickel aluminide coatings are sometimes applied to the nickel-base al-
loy in order to improve the life of the blades.
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cobalt, nickel, or chromium. It is vital to have testing equipment suit-
able to reproduce the types of failures encountered in service.

General Oxidation. In certain applications, the major elevated-
temperature problem is general oxidation, or scaling. This is particu-
larly true when the metal is subjected to repetitive heating and cooling
cycles, in which scale (a layer of oxidation products) forms because of
exposure at high temperature to an oxidizing atmosphere, usually air.
The scale flakes off when the metal cools because of differences in the
thermal expansion and contraction characteristics of the scale and of the
base metal. Since the scale is not a metal, but a metal-oxide compound,
the properties may be completely different.

As a group, the ferritic stainless steels are usually considered to be su-
perior in oxidation resistance to many other iron-base alloys. In fact,
Ref 2 states that:

The main advantage of ferritic stainless steels for high-
temperature use is their good oxidation resistance, which is com-
parable to that of austenitic grades. In view of their lower alloy
content and lower cost, ferritic steels should be used in prefer-
ence to austenitic steels, stress conditions permitting. Oxidation
resistance of stainless steel is affected by many factors, including
temperature, time, type of service (cyclic or continuous), and at-
mosphere. For this reason, selection of a material for a specific
application should be based on tests that duplicate anticipated
conditions as closely as possible.

Because of the need for good oxidation resistance in automotive ex-
haust systems and in their catalytic converters, as well as in many other
applications, the standard ferritic stainless steels—particularly type
409—are widely used, along with some other steels developed specifi-
cally for their superior oxidation resistance. Under favorable condi-
tions, these steels form a tightly adhering oxide scale that expands and
contracts with the base metal, thus proving suitable for the application,
provided that there is no need for high strength at the elevated tempera-
tures. In the latter case, it is necessary to consider highly specialized al-
loys with the necessary properties.

Carburization. The problem of carburization of steel—particularly
carburization of stainless steels used in elevated-temperature furnace
environments—is common to many industrial applications. Typical is
the carburization, with or without oxidation, of stainless steel resis-
tance-heating elements and various components and fixtures of
heat-treating furnaces. Simultaneous carburization and oxidation of
stainless steel heating elements results in a form of attack sometimes re-
ferred to as “green rot.”” This form of attack is common to nickel-
chromium and nickel-chromium-iron alloys.
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The basic problem with carburization of elevated-temperature materi-
als is that the added carbon rapidly combines with chromium to form
various types of chromium carbides. Thus carburization depletes chro-
mium—a major high-temperature and corrosion-resisting ele-
ment—from the grain boundaries, sometimes resulting in intergranular
fracture. In addition, the carbon changes the density and thermal expan-
sion characteristics of the metal, tending to cause residual stresses.

Carburization of austenitic stainless steels and elevated-temperature
alloys may be easily detected by changes in their magnetic properties.
Austenitic stainless steels are normally nonmagnetic; however, when
carbon is added by diffusion at elevated temperature, the alloy becomes
magnetic as the chromium in the matrix of the base metal is depleted by
combination with carbon to form the chromium carbides previously
mentioned.

Liquid-Metal Contact. Failure as a result of liquid-metal contact is
not limited to temperatures that we normally consider to be high. Mer-
cury is a liquid metal that can cause severe stress-corrosion cracking
problems by room-temperature contact with many high-strength steels
and with copper, aluminum, nickel, and titanium and their alloys.

Many high-temperature alloys frequently cannot be used in contact
with liquid (or molten) metals used in coating and in other industrial
processes. Molten lead, however, can be contained in some high-
temperature alloy vessels provided that it is covered with a protective
layer of powdered charcoal; this prevents formation of lead oxide,
which is highly corrosive to most high-temperature alloys (Ref 1).

Molten zinc, used in hot-dip galvanizing of fabricated parts, is com-
monly contained in tanks or vats made from plain carbon boilerplate
steel. Aside from strength, the principal requirement of a galvanizing-
tank material is the ability to resist the corrosive attack of molten zinc.

The reason that high-temperature alloys are frequently undesirable
for use in contact with liquid metals is that the temperature causes pre-
cipitation of chromium carbides in the grain boundaries, or sensitiza-
tion. As mentioned previously, this depletes the surrounding areas of
chromium; grain-boundary corrosion, cracking, and fracture then can
occur in the presence of the liquid metal.

A common problem with molds used to die cast zinc, aluminum, mag-
nesium, and copper is heat checking, or thermal-fatigue cracking of the
surfaces in contact with the liquid metal being cast. This condition re-
sults in raised ridges in the casting because the liquid metal flows into
the cracks in the molds. It is necessary to keep the temperature of the die
itself quite high so that there is little differential expansion and contrac-
tion that can cause tensile residual stresses and ultimate cracking on the
surfaces. The dies need to be preheated when starting up; then the tem-
perature is controlled by water flowing through cooling passages in the
dies.
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Cooling Methods

The cooling techniques mentioned earlier are potential means of pre-
vention of elevated-temperature failures. In gaseous-flow mechanisms,
it 1s often desirable and possible to have cool air or other gases flow
through or past the parts involved to reduce the temperatures. This is
commonly done in the hot sections of gas turbines where tremendous
airflow is available; some of the incoming air is routed through holes in
the airfoil-shaped blades and vanes, as shown in Fig. 10.

Internal combustion engines may be cooled by either liquid or air.
However, no cooling system can function effectively if its heat-transfer
properties are impaired for any reason. An effective cooling system is
critical to engine operation; severe damage, such as exhaust valve burn-
ing, can occur if it does not function properly (see Fig. 11a and 11b).

If exhaust-valve problems are encountered in liquid-cooled engines,
it is desirable to inspect the integrity of the cooling system by sectioning
the cylinder head to determine if the liquid-coolant passages are
blocked or dammed. This can occur if the sand cores that form the cool-
ant passages were cracked prior to casting. Molten metal can flow into
the cracks, effectively damming the passages. Also, the casting should
be cut along the section lines shown on the engineering drawing to de-
termine if the foundry is making the cores (and cooling passages) too
small and the metal walls too thick. Foundries may tend to do this in or-
der to reduce foundry problems and also, incidentally, to increase the
tonnage of metal produced and shipped.

Fig_ 10 Hollow, air-cooled stationary vane in an aircraft turboprop engine.

Note that the trailing edge is also air cooled by the air that blows be-
tween the two thin metal surfaces. The metal is the nickel-base casting alloy INCO
713. Damage on trailing edge is secondary, caused when a foreign object was
sucked into the engine during service.
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Similarly, air-cooled engines cannot function properly if the cooling
system does not operate properly. Air-cooled engines may overheat if
the cooling fins on the outside of the engine are clogged with dirt,
leaves, or other debris. It does not take much dirt or insulating deposit
on cooling surfaces to greatly reduce the thermal conductivity and
heat-transfer capabilities of the metal.

(a)

(b)

Fig. 11 (@ Incipient burning on the valve face of an automotive engine ex-

haust valve caused by microporosity in the hard facing alloy.
Macrograph ~2¥;x. (b) Severe, destructive burning (or “guttering”) in an automotive-
engine exhaust valve. Macrograph ~2x. The very hot exhaust gases (or “blow-by”)
rushing through the cavity removed the underhead deposits adjacent to the
burned area, as shown by the arrows. Continued operation of the valve in Fig. 11(a)
would ultimately lead to this type of damage.
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Certain mechanisms that operate in very high temperatures can sur-
vive only with the aid of their cooling systems. Two spectacular exam-
ples are the oxygen lances used in basic-oxygen steelmaking converters
and water-cooled cupolas used in making various types of cast iron. The
oxygen lances are essentially double-walled tubes that are inserted di-
rectly above the liquid metal in the converter. The oxygen blast into the
molten metal causes extremely high temperatures at the lance. Only the
recirculating cooling water in the tube prevents the lance itself from
melting. Similarly, plate steel is sometimes used to make cupolas for
melting cast iron. Again, the only thing that keeps the molten iron from
damaging the steel shell is the external water-spray cooling system. Ob-
viously, it is critical that the cooling system operates properly to extract
heat from the steel shell, which is otherwise unprotected from the mol-
ten metal within it.

Summary

Identification and prevention of elevated-temperature failures can be
extremely complex and require the best and most searching study. To
summarize the principal types of elevated-temperature failure:

e Creep: gradual change of shape while under stress

e Elevated-temperature fatigue: reduced fatigue life at elevated tempera-
ture

e Thermal fatigue: repetitive changes in temperature on the surface when
there is not necessarily any applied external force

¢  Metallurgical instabilities: changes in the microstructure of the metal
during elevated-temperature service

®  Environmentally induced failure: reactions of the environment with the
metal components.

®  Corrosion and corrosion-erosion: combinations of environmental effects
that are frequently critical

®  General oxidation: scaling, which may be a major problem under certain
conditions

®  Carburization: diftusion of carbon, causing metallurgical changes in the
metal that can lead to failure by erosion or fracture

¢ Liquid-metal contact: thermal and metallurgical changes caused by con-
tact with liquid, or molten, metal. Common in certain industries

Note: Much of the text in this chapter was taken from Ref 1.
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CHAPTER 1 5

Fracture Mechanics

E.J. Kubel, Jr.

Fracture mechanics can provide helpful quantitative information on
the circumstances that led to a failure, and it can be used to prescribe
preventive measures to avoid the recurrence of failures in similar com-
ponents.

A full fracture mechanics analysis usually is not required to under-
stand failures that have occurred and to prevent similar failures, particu-
larly in cases where the costs are relatively low, people have not been in-
jured, and even when litigation is involved. Many failures can be
prevented by specifying proper design and appropriate material proper-
ties, along with careful attention to manufacturing and quality control
procedures and with other factors.

However, there are occasional failures involving high costs, extensive
damage, and injuries where it is not clear whether the best fracture-
control technology was used. Fracture mechanics can be used to deter-
mine:

e  Whether the structure or operating component was properly inspected
periodically to detect potentially critical cracks

e If cracks were found, whether a proper analysis was performed to deter-
mine if continued safe operation was possible and, if so, for how
long

e What modifications need to be made to similar structures or components
to promote safe operation

Studying fracture-mechanics evaluations of actual past failures can help an-
swer such questions.
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Fracture mechanics is a well-developed approach to the study of fail-
ures. However, there is a gap between theory and practice because it is
often difficult to obtain exact values for many of the inputs of the analy-
sis when a structural failure occurs. Fracture mechanics can work well
if the failure conditions are well understood, the material is uniform,
and the geometry is relatively simple. However, in many situations,
conditions are far less than ideal and fracture mechanics can only pro-
vide a reality check.

When fracture mechanics analysis indicates that failure should not
have occurred based on the measurement of flaw size, material proper-
ties, and operating conditions, other factors that may have altered any of
these conditions at the failure region must be investigated more thor-
oughly.

Toughness and Fracture Mechanics

Toughness is the capacity of a material to absorb energy by deforming
plastically before fracturing. A tough material resists the propagation of
flaws through processes such as yielding and plastic deformation. Most
of the deformation occurs at the tip of the flaw. One measure of tough-
ness is the area under a standard tension stress-strain curve taken to
specimen fracture; this is a measure of the energy absorbed by the mate-
rial during the tensile test. For example, the toughness of steels shown
in Fig. 1 increases progressively from very brittle steel A to very soft
and ductile steel E. Fracture occurs in the brittle steel with little or no
elongation or plastic strain. On the other hand, the ductile steel sustains
a lower load with high strain before breaking.

The tension test gives only a rough estimate of toughness because the
loading rate for the tension test, which is relatively slow, does not simu-
late impact conditions found in actual service. Therefore, toughness is
more commonly measured under high-strain-rate loading conditions.
Tests such as the Charpy impact test use a standard notched-bar speci-
men, which is broken at a known temperature in a single-blow pendulum-
type impact machine. Figure 2 illustrates a Charpy testing machine and
a standard ASTM type A Charpy impact test specimen. Notch-toughness
results are reported in joules or foot pounds of energy absorbed by the
test specimen. However, notch-toughness test results cannot always be
correlated with service experience and cannot be used directly in engi-
neering design calculations.

The inadequacy of tests such as the Charpy impact test to character-
ize fracture properties in design-significant terms became apparent
around the time of World War II. Notch toughness became the focus of
attention when a number of catastrophic failures occurred as a result of
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brittle fracture of plates in some 250 welded transport ships, 19 of
which broke in two. (See example in Fig. 1 of Chapter 8, “Brittle Frac-
ture.”) The investigation of these brittle fractures led to new methods to
evaluate notch toughness.

A o = normal stress
B € = strain
X = point of fracture

Stress (load)
Q

T

Strain (elongation)

Fig_ 1 The area under a stress-strain curve taken to specimen fracture gives a
rough estimate of the toughness of steels. in general, toughness varies
inversely with strength

275

Pendulum

ety

_‘!_I \ / ]

]

* | I
0.25R [
Cross section

of notch

Fig. 2 Typical Charpy testing machine and Charpy V-notch specimen used to

determine notch toughness in accordance with ASTM E 23 (dimensions
in millimeters). The test coupon is chitled to the desired temperature then quickly
placed into the anvil to be broken.
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New tests had the same limitations as earlier notched-bar impact
tests—the parameters are not material constants, but are affected by
specimen size and shape, as well as the shape of the notch. A material
constant was needed that represented the toughness of the material in-
dependent of geometry, and that could predict fracture loads and critical
crack sizes through appropriate stress analysis. In other words, what en-
gineers needed was a toughness value that could be determined using a
simple laboratory test and could be used to predict the flaw size at
which fracture would occur in flawed parts of any geometry. Con-
versely, for a given flaw size, it would be possible to predict the maxi-
mum safe operating stress.

Through the concepts and application of fracture mechanics, a new
parameter called fracture toughness was developed, which is a material
property, as is yield strength. Fracture toughness is defined by the
American Society for Testing and Materials (ASTM) as “a generic term
for measures of resistance to crack extension.” A general definition of
fracture toughness is the ability of a material to withstand fracture in the
presence of cracks.

Linear-Elastic Fracture Mechanics

Two categories of fracture mechanics are linear-elastic fracture me-
chanics (LEFM) and elastic-plastic fracture mechanics (EPFM). LEFM
is used if the crack tip in a body is sharp and there is only a small amount
of plastic deformation at or near the crack tip. Some materials that are
designed using LEFM concepts are high-strength steels, titanium, and
aluminum alloys. EPFM is used when the crack tip is not sharp and
there is some crack-tip plasticity (blunting). EPFM is used to design
materials such as lower-strength, higher-toughness steels.

The LEFM approach to fracture analysis assumes a part or specimen
contains a crack or other flaw, the crack is a flat surface in a linear-
elastic stress field, and the energy released during rapid crack propaga-
tion is a basic material property and is not influenced by part size.

Most structures contain defects of various types as shown in Table 1.
Cracks and crack-like flaws often are present in sizes below the limit of
sensitivity of nondestructive inspection tests. It is not practical or eco-
nomical to fabricate defect-free structures, so the only thing that realis-
tically can be done is to limit the defect size by quality control in fabri-
cation and by appropriate inspection. Development of fatigue cracks
can be controlled using proper fatigue design practices and in-service
inspection.
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Table1 Typical “defects”in alloys

M g A ucture Processing defects Operations defects
Inclusions (oxides, sulfides, constituents) Casting pores Corrosion pits
Large precipitates (carbides, intermetallics, Powder contaminants Wear/fretting damage
dispersoids} (hairs, ceramics, other metals)
Clusters or bands (inclusions, precipitates) Weld defects Surface oxidation and
carburization
Brittle surface coatings Forging/extrusion “cracking” and Hydrogen attack
geometry discontinuities

Local “soft spots™ (precipitate-free zones) Tool marks and dents Creep voiding/cracking
Local “hard spots” (solute-enriched phases) o .

Note: In this table, the term “defect” is defined as “a feature, sized between 1 pum and 1 mm, that impairs the me-
chanical integrity and performance of a component.”

A crack in a loaded part or specimen generates its own stress field
ahead of a sharp crack, which can be characterized by a single parame-
ter called stress intensity (X).

K represents a single parameter that includes both the effect of the
stress applied to a sample and the effect of a crack of given size in the
sample. It can have a simple relation to applied stress and crack length,
or the relation can involve complex geometry factors for complex load-
ing, various configurations of real structural components, and varia-
tions in crack shapes.

Rapid crack propagation is controlled solely by a material constant,
called the critical stress-intensity factor (K;) where crack propagation
becomes rapid. The greater the value of K, the higher the stress re-
quired to produce rapid propagation and the greater the resistance of the
material to brittle fracture. The critical stress-intensity factor is deter-
mined using relatively simple laboratory specimens.

Modes of Loading

Figure 3 defines three modes of loading: Mode I, opening, or tensile,
mode; Mode II, sliding, or shear, mode; and Mode III, tearing mode.
Fracture mechanics concepts are essentially the same for each mode.
However, the great majority of all actual cracking and fracture cases are
Mode I problems. A crack in the very early stage of development will

r4 F4 z

Mode | Moda It Mode lit

Fig. 3 Modes of loading. Mode | (opening mode): tension stress in the y direc-

tion, or perpendicular to crack surfaces. Mode 1 {edge-sliding mode):
shear stress in the x direction, or perpendicular to crack tip. Mode It (tearing
mode): shear stress in z direction, or parallel to crack tip
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turn into a direction in which it experiences only Mode I loading, unless
it is prevented from doing so by geometrical confinement. For this rea-
son, fracture mechanics is generally confined to Mode I.

The nomenclature for K is modified to include the loading mode. For
example, K| is the critical stress-intensity factor or fracture toughness
under Mode I loading. The vast majority of testing to determine fracture
toughness is performed in Mode I; therefore, most of the published fracture-
toughness values are Kj,..

Plane Strain and Plane Stress

In practice, a two-dimensional state of stress is assumed in a bulk ma-
terial when one of the dimensions of the body is small relative to the
others. A two-dimensional state of stress called plane strain develops
when plastic deformation at the crack tip is severely limited. This is pro-
moted by thick sections, high strength, and limited ductility. In contrast,
a two-dimensional state of stress called plane stress develops when
much more plastic deformation occurs around the crack tip. This is pro-
moted by low-strength ductile materials and very thin sections of
high-strength materials. The difference between plane strain and plane
stress is based on the presence or absence, respectively, of transverse
constraint in material deformation in the vicinity of the crack tip. Real
structures do not contain either completely plane-strain or plane-stress
conditions, but this assumption makes it possible to perform a
two-dimensional stress-field analysis on a three-dimensional problem.
Material thickness is linked with plane stress and plane behavior due to
its dependence on the stress state at the crack tip.

In general, increasing specimen thickness decreases the fracture
toughness to a limiting (critical) value. Figure 4 shows that at some
specified thickness (which is different for each material and
heat-treated condition), crack propagation is governed by plane-strain
conditions, and the critical stress-intensity factor reaches a minimum
value designated as the critical plane-strain stress-intensity factor (Kj,).
This factor is extremely important in materials evaluation because, un-
like other parameters, it is essentially independent of specimen dimen-
sions, provided that plane-strain conditions are met.

Plane-strain conditions also govern initiation of slow crack growth, so
K| characterizes both total fracture in thick sections and indicates the
stress at which cracks propagate in thinner sections. Using K| in design
and materials selection improves the likelihood of selecting the right
material, properly evaluating the potential danger from the presence of
a flaw, and preventing catastrophic failure.
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Fig. 4 Effect of section thickness of 18% maraging steel (2 GPa, or 300 ksi min-

imum yield strength) on measured values of critical stress-intensity fac-
tor, Ki.. At thicknesses greater than about 15 mm (0.6 in.), the critical
stress-intensity factor, K, (the value of K at which crack propagation becomes
rapid) drops to the critical plane-strain stress-intensity factor.

Factors Affecting Fracture Toughness

In general, fracture toughness decreases with increasing strength.
One possible way to increase toughness while maintaining acceptable
strength levels is to manipulate microstructure and/or chemistry.
Microstructural factors that improve fracture properties include fine
grain size, low volume fraction of widely spaced inclusions, and special
features, such as transformation-induced plasticity (TRIP) in steels and
crack-deflection mechanisms in aluminum-lithium alloys.

Figure 5 shows the inverse relation between strength and fracture
toughness of several different types of steels. Development of a good
combination of strength and toughness in these steels is linked to size
and distribution of carbide and nitride precipitates, relative amounts of
martensite and austenite phases, and grain size. Table 2 summarizes the
effects of microstructure on toughness.

Even if the microstructure is exactly as desired, processing and fabri-
cation methods affect fracture toughness, can degrade toughness prop-
erties, and are even more important for fatigue properties. Processing
frequently involves hot mechanical working, such as forging, extru-
sion, and hot pressing, which can produce highly directional grain
structures and texturing. Fracture toughness is affected by both of these
types of directionality, and fracture-toughness values usually are listed
in terms of the orientation relative to the principle direction of working.
Six standardized (by ASTM) orientations are: L-S, L-T, S-L, S-T, T-L,
and T-S, where L is length, or longitudinal rolling direction, extrusion
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direction, or axis of forging; S is thickness, or short transverse; and T is
width, or long transverse. As shown in Fig. 6, the first letter denotes the
direction of the applied load and the second letter denotes the direction
of crack growth. Welding can cause microcracking and also can alter
the microstructure in ways that usually result in lower fracture tough-
ness.

Specimen-loading rate and test temperature also affect fracture
toughness. ASTM E 399 for plane-strain fracture toughness testing rec-
ommends a specific range of loading rate because many materials, such
as steels, produce different fracture-toughness values at different load-
ing rates. In general, at higher temperatures, the crack tip blunts, the
material yield stress decreases, and there is a larger plastic zone (as well
as K|.). Conversely, at low temperatures, the crack tip is sharp, the yield
stress is high, and the plastic zone (as well as K}.) is small. K, measure-
ments are determined using standard procedures and test specimens de-
scribed in ASTM E 399.
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Fig. 5 Fracture toughness versus yield strength for some structural steels. TRIP,
transformation-induced plasticity

Table2 Effects of microstructural variables on fracture toughness of steels

Microstructural parameter Effect on toughness

Grain size Increase in grain size increases Kj in austenitic and ferritic steels

Unalloyed retained austenite

Alloyed retained austenite

Interlath and intralath carbides
Impurities (P, S, As, Sn)

Sulfide inclusions and coarse carbides
High carbon content (>0.25%)
Twinned martensite

Martensite content in quenched steels
Ferrite and pearlite in quenched steels

Marginal increase in Kj by crack burning

Significant increase in K, by transformation-induced toughening
Decrease K| by increasing the tendency to cleave

Decrease K| by temper embrittlement

Decrease Ky by promoting crack or void nucleation

Decrease K by easily nucleating cleavage

Decrease Kj¢ due to brittleness

Increase Kjc

Decrease K| of martensitic steels
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and short transverse directionality. Six possible specimen designations
are: L-S, L-T, S-t, S-T, T-L, and T-S. The first letter denotes the direction of the ap-
plied load; the second letter denotes the direction of crack growth.

Crack Growth

Some consider the single most prevalent initiator of brittle fracture to
be the fatigue crack, which conservatively accounts for at least 50% of
all brittle fractures in manufactured products.

Conventional fatigue data generally are obtained with small labora-
tory specimens and are plotted as S-N (total-life fatigue analysis)
curves, but the absolute value of the stress required to produce fracture
at a given number of cycles depends on specimen configuration. (Refer
to Chapter 10, “Fatigue Fracture,” for an explanation of S-N testing.)

Use of $-N and &-N techniques (crack-initiation fatigue analysis) is
satisfactory in situations where a component or structure can be consid-
ered a continuum (no cracks present). However, they are not valid if
crack-like discontinuities exist.

Fracture mechanics, on the other hand, can be used to aid in the design
and predict service life of pressure vessels and other engineering struc-
tures in which subcritical flaw growth or time-dependent fractures,
such as those stemming from stress-corrosion cracking or fatigue, are
important. An adequate fracture mechanics analysis of a structure sub-
Jected to cyclic loading, a hostile environment, or both requires data on
the rate of growth at which a subcritical-size flaw will grow to critical
size under prescribed loading and environmental conditions.

There are three distinct stages (as discussed in Chapter 10) that occur
during the fatigue life of a structure: (1) crack initiation, (2) crack prop-
agation, and (3) final rupture. The presence of a preexisting flaw (crack)
reduces or eliminates the initiation stage. For many design consider-
ations, the second stage, fatigue-crack growth, is of primary impor-
tance.
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If fatigue data are expressed in terms of the stress-intensity factor (K)
as a function either of cycles to fracture or of crack growth rate, the ba-
sic curve obtained is independent of specimen configuration.

The advantage of the fracture mechanics approach to crack-growth
studies is that the variables—applied load and crack length—can be in-
corporated into the parameter AK, which describes the stress-intensity
conditions corresponding to a given crack growth rate under cyclic
loading. This allows application of crack growth-rate data to a wide va-
riety of initial crack lengths, applied loads, specimen shapes, and stress
patterns.

Crack growth can be caused by cyclic stresses in a benign environ-
ment (fatigue), sustained loading in an aggressive environment (stress
corrosion), or the combined effects of cyclic stresses and an aggressive
environment (corrosion fatigue). Environmentally induced acceleration
of fatigue-crack growth increases with increasing yield strength and is
related to the stress-corrosion-cracking threshold, Ky, of the environment-
material system under consideration. This emphasizes the need to con-
duct fracture-toughness and fatigue-crack growth-rate tests in environ-
ments that may be encountered in actual service.

Because fracture mechanics deals only with crack growth, it does not
consider the initiation phase of stress-corrosion cracking. Therefore,
fracture mechanics is most useful to evaluate resistance to the growth of
stress-corrosion cracks in materials that contain preexisting flaws or for
research ou crack-growth kinetics.

Case History: Hydrotest Failure of a Carbon Steel Pressure Vessel

The following case history illustrates the use of fracture mechanics in
failure analysis.

A carbon steel pressure vessel failed while being hydrotested in the
fabricating shop. The origin of the failure was determined to be a small
surface flaw at the toe of a nozzle weld. The preexisting thumbnail
crack was about 1.5 mm (0.06 in.) deep and 15.2 mm (0.60 in.) long (see
Fig. 7). Upon reaching a pressure of 14 MPa (2000.psi), the vessel frac-
tured, ejecting two large sections of the wall. The temperature of the
water being used for the hydrotest was 15 °C (60 °F), and the ambient
temperature was about 10 °C (50 °F).

The pressure vessel, about 760 mm (30 in.) in diameter and 4.6 m (15
ft) long with a 33.3 mm (1%, in.) wall thickness, was intended for use at
an oil-production facility. It was fabricated from ASTM A 515 grade 70
steel plate, in accordance with the ASME Boiler and Pressure Vessel
Code, Section VIII, Division 1. The steel was in the as-rolled condition,



Fig. 7 Hydrotest failure of a carbon steel pressure vessel. (a) Schematic of pres-

sure vessel that failed during hydrotesting showing the location of the
origin of the failure and the path of the propagating fracture. A and B indicate sec-
tions of the vessel selected for examination. {(b) Inside surface of specimen A show-
ing the fracture origin at the toe of a nozzle weld (arrow). (c) Macrograph of the
fracture origin showing the thumbnail crack on the fracture surface
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and the vessel was not required to be stress relieved after welding. A
515 pressure vessel plate is carbon steel made to a coarse-grain practice
(silicon killed) and is intended for elevated-temperature use. However,
the code permitted the alloy to be used to -30 °C (20 °F), the minimum
design metal temperature of the vessel.

Failure analysis included visual examination, macrofractography,
microstructural examination, mechanical testing (hardness, tensile, and
Charpy V-notch), and stress analysis.

Fracture toughness was estimated from the Charpy toughness; the
critical stress-intensity factor is roughly 15.5 times the square root of
the Charpy value on the lower shelf. The value for Kj, at the failure
temperature, obtained in this manner was 37.4 MPavm (34 ksiﬁ).

The nominal stress roughly perpendicular to the fracture surface at
the origin in the vessel wall corresponding to the internal pressure at the
time of failure was calculated to be 79 MPa (11.5 ksi). However, several
factors existed that contributed to the presence of a much higher stress
at the origin:

¢ No postweld heat treatment or stress relief heat treatment resulting in re-
sidual stresses

¢ Steep weld-toe angle causing a stress concentration factor of 4 to 5

¢ The possibility of the multiaxial stress state resulting from overall and lo-
cal geometries allowing stress at the failure origin to approach uniaxial
yield strength without being relieved by plastic flow

Considering these factors, it was assumed that a local stress level of
415 MPa (60 ksi) existed at the origin at the time of failure.

A stress-analysis calculation was made using the estimates of the
stress and the measured preexisting crack size at the arc strike. A O
value (geometry factor) of 0.75 was used for the 10:1 ratio of crack
length to depth. A value of the critical stress intensity (X) at failure of
33 MPa - m (30 ksi - in.) was calculated.

The chemical analysis and tensile tests on the steel used to make the
pressure vessel met the requirements of A 515 grade 70. The fabrication
and testing of the vessel were in accordance with the ASME Boiler and
Pressure Vessel Code in effect at the time. However, the toughness of
the steel was low, which is not unusual for as-rolled A 515 plate. A
rough estimate of the fracture toughness of the steel and of the stress in-
tensity at a small flaw at the toe of the nozzle weld had very good agree-
ment—within 10%. This agreement indicated that, under the conditions
existing at the time of the hydrotest, the flaw could have initiated a brit-
tle fracture of the vessel. Failure could have been prevented by eliminat-
ing the flaw, lowering the stresses, or increasing the toughness of the
steel.
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Summary

The fundamental basis for designing a structure or mechanical com-
ponent to be fracture resistant is to study the interrelationship among
the important elements in fracture. The most basic fracture prevention
model contains three elements: (1) applied stress, (2) crack length, and
(3) fracture toughness. Stated another way, the basic fracture prevention
model should account for the applied stress (analysis), crack length (de-
tection), and fracture toughness (design criteria).

Currently, the stress-intensity factor, K, is most commonly used as a
basis for the design and analysis of structures or mechanical compo-
nents that contain cracks. The stress-intensity factor is calculated and
used in design much the same as an applied stress, except that the calcu-
lation now takes into consideration the effects of a crack.

For a more detailed discussion of fracture mechanics concepts, see
the following appendix.

Appendix:
Fracture Mechanics Concepts

The concepts of fracture mechanics were introduced in the 1920s by
A A. Griffith (often called the father of fracture mechanics) when he de-
veloped a quantitative relationship for fracture in flawed brittle solids.
Griffith said the driving force to extend a crack is the difference be-
tween the energy that could be released if the crack is extended and the
energy needed to create new surfaces. Based on Griffith’s work, G.R.
Irwin later developed the concept of the energy release rate, G, as the
driving force for crack propagation. Energy release rate can be com-
pared to material resistance to crack propagation, which depends on the
elastic and plastic work required to produce two new surfaces.

Linear-Elastic Fracture Mechanics

There are fundamentally two categories of fracture mechanics: linear-
elastic fracture mechanics (LEFM) and elastic-plastic fracture mechan-
ics (EPFM). LEFM can be used as long as the crack tip is sharp and
there is only a limited amount of plastic deformation occurring at or
near the crack tip. When plastic deformation is more excessive, the
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Summary

The fundamental basis for designing a structure or mechanical com-
ponent to be fracture resistant is to study the interrelationship among
the important elements in fracture. The most basic fracture prevention
model contains three elements: (1) applied stress, (2) crack length, and
(3) fracture toughness. Stated another way, the basic fracture prevention
model should account for the applied stress (analysis), crack length (de-
tection), and fracture toughness (design criteria).

Currently, the stress-intensity factor, K, is most commonly used as a
basis for the design and analysis of structures or mechanical compo-
nents that contain cracks. The stress-intensity factor is calculated and
used in design much the same as an applied stress, except that the calcu-
lation now takes into consideration the effects of a crack.

For a more detailed discussion of fracture mechanics concepts, see
the following appendix.

Appendix:
Fracture Mechanics Concepts

The concepts of fracture mechanics were introduced in the 1920s by
A A. Griffith (often called the father of fracture mechanics) when he de-
veloped a quantitative relationship for fracture in flawed brittle solids.
Griffith said the driving force to extend a crack is the difference be-
tween the energy that could be released if the crack is extended and the
energy needed to create new surfaces. Based on Griffith’s work, G.R.
Irwin later developed the concept of the energy release rate, G, as the
driving force for crack propagation. Energy release rate can be com-
pared to material resistance to crack propagation, which depends on the
elastic and plastic work required to produce two new surfaces.

Linear-Elastic Fracture Mechanics

There are fundamentally two categories of fracture mechanics: linear-
elastic fracture mechanics (LEFM) and elastic-plastic fracture mechan-
ics (EPFM). LEFM can be used as long as the crack tip is sharp and
there is only a limited amount of plastic deformation occurring at or
near the crack tip. When plastic deformation is more excessive, the
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assumption of elastic behavior results in unacceptable errors in the cal-
culations, and EPFM is used in the stress analysis.

The LEFM approach to fracture analysis includes three major as-
sumptions:

o Cracks and similar discontinuities are inherently present in parts or speci-
mens.

e The crack is a flat, internal free surface in a linear-elastic stress field (a
purely elastic stress field in a featureless solid).

¢ The quantity of stored energy released from a cracked specimen or part
during rapid crack propagation is a basic material property, independent
of specimen or part size.

The results of many failure analyses of parts and components verify
the first assumption.

The second assumption allows a mathematical description of the
stress in the vicinity of the crack tip. A crack in a loaded part or speci-
men generates its own stress field, and it is possible to calculate the
stress field using the coordinate system shown in Fig. 8. Fracture me-
chanics is based on the theoretical principle that the stress field ahead of
a sharp crack can be characterized by a single parameter called stress in-
tensity, K, which is related to energy release rate. One crack-tip stress
field differs from another only by a stress-intensity factor, X. The
stress-intensity factor represents how much the stress intensifies at the
crack tip, as shown in Fig. 9, which allows describing external-loading
and geometry factors that influence fracture on a uniform basis.

The third assumption states that rapid crack propagation is controlled
solely by a material constant. This constant, called the critical stress-
intensity factor (K) is the value of the stress-intensity factor (X) at
which crack propagation becomes rapid. The critical stress-
intensity factor, also called plane-strain fracture toughness, is generally

Crack{

L.oad

Fig_ 8 Arbitrary body and coordinate system used to calculate a stress field at
the tip of a crack under Mode | loading
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Fig. Q Crack-tip stress distribution. The stress field ahead of a sharp crack is

characterized by a single parameter, K (or Ky for Mode | loading). Under
linear-elastic conditions, the K| stress field increases from the nominal stress, ap-
proaching infinite magnitude at the crack tip (=0)

expressed in units of MPa \/5 (ksi \/1_11‘) and is directly related to the
energy release rate for rapid crack propagation by the formula:

K = EG, (Eq 1)

where E is the elastic modulus (in MPa or ksi) and G, is the critical
strain-energy release rate for unstable crack propagation (in MJ/m?, or
in.-Ib/in.2). The existence of a relationship between G and X is very important
in the fracture-mechanics technology of today because it allows engineers to
use K, which is mathematically analyzable, to perform structural sizing and
failure analysis.

When the region of plastic deformation around the crack is small
compared with the size of the crack (which often is the case with large
structures and with high-strength materials), the magnitude of the stress
field around the crack commonly is expressed as the stress-intensity
factor:

K=Ky = f(g)o Jna (Eq 2)

where 6 is remote applied stress, a is characteristic flaw-size dimension, and
f(g) is a function that accounts for crack geometry and structural configura-
tion.

Plane Strain and Plane Stress

A two-dimensional state of stress is assumed when one of the dimen-
sions of a body is small relative to the others. For a very thick part, lat-
eral constraint is very high and plane-strain conditions prevail. For a rel-
atively thin component (or test specimen), there essentially is no lateral
constraint (in the direction of the thickness), and plane-stress
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Fig. 10 Solid mechanics-type approach to describing stress and strain using a

stress cube, (a) Expanded stress cube depicting normal (perpendicular
to respective planes) stresses (6). and strains (g). (b} Schematic of a plate with a
crack under Mode 1 loading. The cylinder of material in front of the crack tip repre-
sents the plastic zone, which varies in size and shape with plate thickness (the
plastic zone is not cylindrical in actual components).

conditions dominate. Using either of these constraints in stress-field
analysis allows two-dimensional solutions of three-dimensional prob-
lems.

The effects of plane strain and plane stress can be explained using a
stress cube shown in Fig. 10 (where © is stress and € is strain). For a
thick part, 6y, Oy, 0, &, and &, have values, but €, is essentially zero.
This is a plane-strain condition (g, and €, have a magnitude and are “in
plane”). In the plane-strain state, a material is at its lowest point of resis-
tance to unstable fracture. Conversely, for a thin specimen, G, is essen-
tially zero, and o, and Gy, and &,, €, and €,, all have a magnitude, or
value. This is a plane-stress condition (0, and 6, have magnitude and
are in plane).

Fracture Toughness Testing

For K, measurements, ASTM E 399 describes procedures using test
specimens like those shown in Fig. 11. The crack-tip plastic region is
small compared with crack length and to the specimen dimension in the
constraint direction. A compact-type (CT) specimen, shown in Fig.
11(d), often is used to experimentally determine fracture toughness and
other fracture properties. From a record of load versus crack opening
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and from previously determined relations of crack configuration to
stress intensity, plane-strain fracture toughness can be accurately mea-
sured if all the criteria for a valid test are met.

Today, laboratory testing for fracture toughness relies more on
servohydraulic equipment, which consists of mechanical test apparatus
with sophisticated computer data acquisition and controls. Compliance-
based fracture testing uses a crack-mouth opening displacement
(CMOD) gage. Direct current signals are amplified and conditioned to
control and monitor the test, as shown schematically in Fig. 12. Gen-
erally, the load is monitored using a load cell mounted within the test
frame in the load train.

1 —D
{1

r r F_MQ
!

=

{a) Single edge-notched bend SE{B)

(b) Compact specimen, C(T)

(¢) Arc-shape tension specimen, A(T) (d) Disk-shape compact specimen, DC(T)

(e} Arc-shape bend specimen, A(B)

Fig, 11 Specimen types used in plane-strain fracture-toughness (K.} testing
(ASTM A399)
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F|g. 12 Common fracture-toughness testing setup showing the interaction of

the test specimen with the control and data acquisition instruments. A
crack-mouth opening displacement gage is mounted in the compact-type (CT)
specimen. Current systems generally use servohydraulic test systems

Crack Growth: The Fracture Mechanics Approach to Fatigue

As previously mentioned, the three stages that occur during the fa-
tigue life of a structure are crack initiation, crack propagation, and final
rupture. The second stage, fatigue-crack growth, or propagation, is of
primary importance.

Crack growth testing is performed on samples with established Kj
versus crack length, a, characteristics. Under a specified controlled
load using two dynamic variables, crack length is measured at succes-
sive intervals to determine the extension over the last increment of cy-
cles. Crack length measurement can be done visually, mechanically, or
electronically. The phenomenon of fatigue-crack propagation in which
the crack extends at each applied cycle is shown in Fig. 13. The amount
of crack growth (Aa) per stress cycle is denoted as da/dN (or Aa/AN).
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The generation of da/dN versus AK data is considerably more involved
than either S-N or e-N testing.

Features at each end of the da/dN versus AK curve are shown in Fig.
14. At the upper limit of AK, it reaches the point of instability, and the
crack growth rates become extremely large as fracture is approached.
The lower end of the AK range where crack growth rates essentially de-
crease to zero is identified as the fatigue-crack growth threshold, AKyy,.
The threshold behavior at low AK values is somewhat analogous to the
fatigue limit of some ferrous materials in the S-N test.

Modeling of the central portion of the da/dN versus AK curve is fre-
quently done using the Paris equation:

dafdN = C,(AK )" (Eq 3)

where da/dN is the fatigue-crack growth rate; C, and n are constants that de-
pend on material, relative average load, and frequency of loading; and AK
(sometimes expressed as AK() is the range of the stress-intensity factor during
one loading cycle.

Fig. 13 Typical scanning electron microscope fractograph showing fatigue-

crack propagation. Each striation, or ridge, on the fracture surface
corresponds to one fatigue load cycle. The arrow indicates the crack propagation
direction.
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Fig. 14 Atypical fatigue-crack growth-rate curve consists of three regions: a

slow-growing region (threshold), a linear region {the middie section of
the curve), and a terminal region toward the end of the curve where AK ap-
proaches K. The Paris power-law equation, da/dN = C(AK)", describes fa-
tigue-crack growth rate in the middle, or power-law, region. in other words, there
is a linear relationship {in log-log scale) between da/dN and AK.

Applications of Fracture Mechanics

It is important to know whether a part can operate at the intended
stresses given a particular flaw size, or whether it is necessary to de-
rate the operating stress to a safe level. The following examples show
how fracture mechanics can be used to solve design and operating prob-
lems.

Example 1: Calculation of the Maximum Safe Flaw Size.
Maraging steel (350 grade) has a yield strength of approximately 2450
MPa (355 ksi) and a fracture toughness of 55 MPavm (50 ksi«/iI). A
landing gear is to be fabricated from this material and the design
stresses are 70% of the yield strength (1715 MPa, or 248.6 ksi). As-
suming that the flaws must be 2.54 mm (0.1 in.) to be detectable, can the
part operate safely at this stress? Assume that edge cracks are present.
The stress-intensity parameter for this crack geometry is:

K=1120Vna (Eq 4)

where © is applied stress and a is the crack size.
Solution. The flaw size at which fracture occurs is calculated by rear-
ranging the equation and noting that at fracture, K = K.

2 2
ar :(1797/7;[5&} = 0‘797(-2-5-—-) =0.26 mm (0.01in.) (Eq 5)

o x| 1715
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The critical flaw size (the size that can lead to fracture) is smaller than the
minimum detection limit. Therefore, even though the design tensile stresses
for the part are below the yield strength, the stress is too high to ensure safe
operation of the landing gear. Operating stress must be reduced to the point
at which the critical flaw size is greater than the minimum detectable crack
size of 2.54 mm (0.1 in.).

Example 2: Calculation of the Maximum Stress to Fracture. Sup-
pose the fracture toughness of a titanium alloy is 44 MPa+v/m and a cir-
cular crack of diameter 16 mm (0.63 in.) is located in a thick plate that
will be used in uniaxial tension (Mode I loading). If plane-strain condi-
tions are assumed and material yield stress is 900 MPa (130 ksi), then
the maximum allowable stress without fracture is calculated as follows.
The stress-intensity parameter for a circular crack is:

K = 2{%}1/2 (Eq 6)

where a is the crack length and ¢ is the applied stress.
Solution. At fracture, K = K. Rearranging the equation and substi-
tuting appropriate values gives:

o= K/2(1|:/a)‘/2 = 44/2 (v/0.008)/? (Eq7)

;=436 MPa (Eq 7a)

Therefore, fracture will occur well below the yield strength of the material.
This calculation shows that there is no guarantee that fracture will not occur
simply because the nominal applied stresses are below the yield strength.

Fracture Mechanics in Fatigue Loading. It is important to know the
maximum load that can be applied without failure when assuming that
there is a preexisting crack. However, a more typical situation is that
there is a preexisting crack and cyclically applied loads are present
whose magnitude is below that which would cause immediate fracture.
In this case, the repeated application of a load (such that K < Kj.) causes
the crack to grow, slowly at first, but more rapidly as the crack increases
in length. How many cycles can be applied before the crack becomes so
long that complete separation occurs?

To determine the number of cycles, the crack growth rate as a function
of the stress-intensity parameter is required. This is usually available
for materials of engineering interest in the form:

= rax) (Eq 8)

where N is the number of cycles and AK = K, — K;p.i,,. In this equation, AK
is known as the stress-intensity parameter range, which characterizes the
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cyclic stresses and strains ahead of the crack tip. The Paris equation describes
crack growth behavior over a fairly broad range of AK.

The cyclic life is computed by integration of the crack growth-rate
equation or by numerical integration of crack growth-rate data. This is
illustrated by integration of the Paris equation, as shown below.

Example 3: Estimation of Fatigue Life Using Paris Equation. The
crack growth rate of 7075-T6 aluminum is given by:

%=5x10‘°(AK)“ (Eq 9)

where AK is given in units of ksi - in. and da/dN is given in units of in./cycle.
Assume that a part contains a center crack that is 5 mm (0.20 in.) long. The
stresses vary from 0 to 207 MPa (0 to 30 ksi) and the fracture toughness is
27.5 MPavm (25 ksi\/;n_.). For this crack geometry, the stress-intensity pa-
rameter is given by:

K=0Jna (Eq 10)

AK = Aovra (Eq 10a)

Solution. Using the information given in the problem statement and
the above expression, the crack growth rate is given by:

da 10 5,304 2 22 3,
E{—\;SX]O %307 xn” x2° =4x10™ in/cycle (Eq 11)

This equation can be integrated from the initial condition of N=0and a =gqy
= 2.54 mm (0.10 in.) to the final condition of N = Ny and a = ay. The final
crack length (ay) is the crack length at which fracture occurs, and it corre-
sponds to the condition K,, = Kjc; Kyax corresponds to the value of K at
maximum stress. Integrating and rearranging terms gives the following ex-
pression:

s[4 da
Ny =250[ < (Eq 12)

Integration of the right-hand side of the equation gives:

=50 L_ L
R } (Bq 13)

The next step is to compute the crack length at failure. Final crack
length (a5) depends on the fracture toughness, and for the geometry be-
ing considered, this is given by the expression:

1Ko Y (25} :
afz_g(_arﬁ] =(§) =0.22in. (5.6 mm) (Eq 14)
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Substituting ay into the expression for life (Vp) gives:

1 1
Ny =250(a—a§5j=1363 cycles (Eq 15)

Therefore, based on the information given, the part would be expected to last
over 1300 cycles.
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Glossary

addendum. That portion of a gear
tooth between the pitch line and
the tip of the tooth. Plural is “ad-
denda.”

ambient. Surrounding. Usually used
in relation to temperature, as “am-
bient temperature” surrounding a
certain part or assembly.

anode. The electrode at which oxida-
tion or corrosion occurs. It is the
opposite of cathode.

anodizing. Forming a surface coating
for wear protection or aesthetic
purposes on a metal surface.
Usually applied to aluminum, in
which an aluminum oxide coating
is formed in an electrolytic bath.

applied stress. The stress appliedtoa
part or assembly as a result of ex-
ternal forces or loads.

arc strike. The location where a
welding electrode has contacted a
metal surface, melting a small vol-
ume of metal.

asperity. A peak or projection from
one surface. Used as a term in wear
technology or tribology.

austenite. An elevated-temperature
parent phase in ferrous metals from

which all other low-temperature
structures are derived. The normal
condition of certain types of stain-
less steels.

axial. Longitudinal, or parallel to the
axis or centerline of a part. Usually
refers to axial compression or axial
tension.

bainite. An intermediate transforma-
tion product from austenite in the
heat treatment of steel. Bainite can
somewhat resemble pearlite or
martensite, depending on the
transformation temperature.

beachmarks. Macroscopic (visible)
lines on a fatigue fracture that
show the location of the tip of the
fatigue crack at some point in time.
Must not be confused with stri-
ations, which are extremely small
and are formed in a different way.

body-centered cubic. See cell.

brittle. Permitting little or no plastic
(permanent) deformation prior to
fracture.

carbonitriding. An elevated-
temperature process (similar to



268

Understanding How Components Fail

carburizing) by which a ferrous
metal absorbs both carbon and nitro-
gen into the surface when exposed
to an atmosphere high in carbon
and nitrogen. The carbon and nitro-
gen atoms actually diffuse, or flow,
into the metal to form a high-
carbon, high-nitrogen zone near
the surface.

carburizing. An elevated-
temperature process by which a
ferrous metal absorbs carbon into
the surface when exposed to a
high-carbon environment. Carbon
atoms actually diffuse, or flow,
into the metal to form a high-
carbon zone near the surface.

case. In a ferrous metal, the outer por-
tion that has been made harder than
the interior, or core. The case is
usually formed by diffusion of
other atoms—particularly carbon
and/or nitrogen—into the metal,
but may also be formed by local-
ized heat treating of the surface, as
by flame or induction hardening.

case crushing. See subcase fatigue.

case depth. The depth of the case, or
hardened surface region, of a
metal, usually steel. Since there are
many ways of determining case
depth, the method used should be
stated.

cathode. The electrode at which re-
duction (and practically no corro-
sion) occurs. It is the opposite of
anode.

cathodic protection. Reduction or
elimination of corrosion by mak-
ing the metal a cathode by means
of an impressed direct current or
attachment of a sacrificial anode
(usually magnesium, aluminum, or
zinc).

caustic embrittlement. Cracking as a
result of the combined action of
tensile stresses (applied or resid-
ual) and corrosion in alkaline solu-
tions (as at riveted joints in boilers).

cavitation pitting fatigue. A type of
pitting fatigue in which cavities, or
regions of negative pressure, in a
liquid implode, or collapse inward,
against a metal surface to cause
pits or cavities in the metal surface
if repeated often enough at the
same points on the surface.

cell. (1) A “building block” forming a
grain or crystal. The cell (or “unit
cell”) is composed of a small num-
ber of atoms arranged in any of
several different configurations,
depending on the metal. The most
common are cubic (with an atom at
each corner); body-centered cubic
(same as cubic, but also has an
atom at the center of the cube);
face-centered cubic (same as
cubic, but also has an atom at the
center of each face, or side); hexago-
nal; and tetragonal. (2) An elec-
trical circuit consisting of an anode
and a cathode in electrical contact
with a solid or liquid electrolyte.
Corrosion generally occurs only at
anodic areas.

charpy test. An impact test in which a
V-notched, keyhole-notched, or
U-notched specimen, supported at
both ends, is struck behind the
notch by a striker mounted at the
lower end of a bar that can swing as
a pendulum. See Chapter 15, Fig.
2. The energy that is absorbed in
fracture is calculated from the
height to which the striker would
have risen had there been no speci-
men and the height to which it ac-
tually rises after fracture of the
specimen.

chromizing. An elevated- temperature
process by which a ferrous metal
absorbs chromium into the surface
when exposed to a high-chromium
environment. Chromium atoms ac-
tually diffuse, or flow, into the
metal to form a high-chromium
surface layer.
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circumferential. Around the circum-
ference, or periphery, of a circle or
a cylinder like a wheel or a shaft.
Also called tangential or hoop
when referring to stresses.

clad metal. A composite metal con-
taining two or three layers that
have been bonded together. The
bonding may have been accom-
plished by rolling together, weld-
ing, casting, heavy chemical depo-
sition, or heavy electroplating.

cleavage fracture. Splitting fracture
of a metal along the edges of the
cells but across the grains, or crys-
tals. This is a brittle transgranular
fracture, contrasted to a brittle
intergranular fracture, in which
the fracture is between the grains.

clevis joint. A U-shaped part with
holes for a pin to hold another part
between the sides of the U.

cohesive strength. The force that
holds together the atoms in metal
crystals. Analogous to tensile
strength, but on a submicroscopic
scale.

cold heading. Axial compression of
the end of a metal cylinder to en-
large the cross section. Used to
form the head of a nail or bolt.

cold shut. (1) A discontinuity that ap-
pears on the surface of cast metal
as a result of two streams of liquid
metal meeting but failing to unite.
(2) Alap on the surface of a forging
or billet that was closed without fu-
sion during deformation. Same as
forging lap.

cold work. Permanent deformation
caused by application of an exter-
nal force to a metal below its re-
crystallization temperature.

compressive. Pertaining to forces on
a body or part of a body that tend to
crush, or compress, the body.

compressive strength. In compres-
sion testing, the ratio of maximum
load to the original cross-sectional

area. Fracture may or may not oc-
cur, depending on the applied
forces and the properties of the ma-
terial.

concentration cell. A cell involving
an electrolyte and two identical
electrodes, with the electrical po-
tential resulting from differences
in the chemistry of the environ-
ments adjacent to the two elec-
trodes.

conformal. Describing two surfaces
that conform to each other; that is,
they nest together, as does a con-
vex surface that fits within a con-
cave surface. Example: a bearing
ball within an inner or outer race-
way. Compare counterformal.

core. In a ferrous metal, the inner por-
tion which is softer than the exte-
rior, Or case.

corrosion. Deterioration of a metal
by chemical or electrochemical re-
action with its environment.

corrosion fatigue. The combined ac-
tion of corrosion and fatigue (cy-
clic stressing) in causing metal
fracture.

counterformal. Describing two con-
vex surfaces that are in contact but
do not nest together. Examples:
two gear teeth; also, a roller bear-
ing against an inner raceway. Com-
pare conformal.

crack growth. Rate of propagation of
a crack through a material due to a
static or dynamic applied load.

crack opening displacement (COD).
On a Kj. specimen, the opening
displacement of the notch surfaces
at the notch and in the direction
perpendicular to the plane of the
notch and the crack. The displace-
ment at the tip is called the crack
tip opening displacement (CTOD),
at the mouth, it is called the crack
mouth opening displacement
(CMOD).
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crack size. A lineal measure of a prin-
ciple planar dimension of a crack.
This measure is commonly used in
the calculation of quantities de-
scriptive of the stress and displace-
ment fields. In practice, the value
of crack size is obtained from pro-
cedures for measurement of physi-
cal crack size, original crack size,
or effective crack size, as appro-
priate to the situation under consid-
eration.

crack-tip plane strain. A stress-
strain field near a crack tip that ap-
proaches plane strain to the degree
required by an empirical criterion.

creep. Time-dependent strain occur-
ring under stress. Or, change of
shape that occurs gradually under a
steady load.

crevice corrosion. Localized corro-
sion resulting from the formation
of a concentration cell in a crevice
between a metal and a nonmetal, or
between two metals.

crystal. A three-dimensional array of
atoms having a certain regularity in
its internal arrangement. The crys-
tal is composed of many cells, or
lattices, in which the atoms are ar-
ranged in a given pattern, depend-
ing on the metal involved. Another
name for crystal is grain, which is
more commonly used in practical
metallurgy.

crystallographic. Pertaining to the
crystal structure of a metal.

cyclic load. Repetitive loading, as
with regularly recurring stresses
on a part, that sometimes leads to
fatigue fracture.

cyclic stress. Same as cyclic load.

decarburization. Loss of carbon
from the surface of a ferrous
(iron-base) alloy as a result of heat-
ing in a medium that reacts with the
carbon at the surface.

dedendum. That portion of a gear
tooth between the pitch line and
the root of the tooth. Plural is “de-
denda.”

deflection. Deformation within the
elastic range caused by a load or
force that does not exceed the elas-
tic limit of the material. Temporary
deformation, as that of a spring.

deoxidized metal. Metal that has
been treated, when in the liquid
state, with certain materials that
tend to form oxides, thus removing
the oxygen from the metal.

dimpled rupture fracture. A frac-
tographic term describing ductile
fracture that occurs by the forma-
tion and coalescence of microvoids
along the fracture path. Seen at
high magnification as tiny cups, or
half-voids.

distortion. Change in the shape of a
part due to the action of mechani-
cal forces. Excludes removal of
metal by wear or corrosion.

ductile. Permitting plastic (or perma-
nent) deformation prior to eventual
fracture.

ductility. The ability of a material to
deform plastically (or perma-
nently) prior to eventual fracture.

dynamic. Moving, or having high ve-
locity. Frequently used with im-
pact testing of metal specimens.
Opposite of static, or essentially
stationary, testing or service.

elastic. Able to return immediately to
the original size and shape after be-
ing stretched or squeezed; springy.

elasticity. The property of being elas-
tic.

elastic limit. The maximum stress to
which a material may be subjected
with no permanent deformation af-
ter release of the applied load.

elastic-plastic fracture mechanics.
A design approach used for materi-
als that fracture or behave in a
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“plastic” manner, such as lower
strength, high-toughness steels.
elastomer. A material with rubberlike
properties—that is, quite elastic,
returning to its original size and
shape after being deformed.

electrochemical. Pertaining to com-
bined electrical and chemical ac-
tion. Deterioration (corrosion) of a
metal occurs when an electrical
current flows between cathodic
and anodic areas on metal surfaces.

electrode. An electrical conductor,
usually of metal or graphite, that
leads current into or out of a solu-
tion (electrolyte).

electrolyte. A material, usually a liq-
uid or paste, that will conduct an
electric current.

endurance limit. See fatigue limit.

€-N curve. Plot of strain versus num-
ber of load cycles indicating fa-
tigue behavior of a metal test speci-
men, which takes into account both
elastic and plastic responses to ap-
plied loadings.

eutectic alloy. An alloy having the
composition indicated by the rela-
tively low melting temperature on
an equilibrium diagram of two
metals.

face-centered cubic. See cell.

failure. Cessation of function or use-
fulness of a part or assembly. The
major types of failure are corro-
sion, distortion, fracture, and wear.

false brinelling. Fretting wear be-
tween a bearing ball and its race-
way. Makes a dark depression in
the race, similar to that made by an
indentation from a Brinell hard-
ness test. Properly called fretting
wear.

fatigue. The phenomenon leading to
fracture under repeated or fluctuat-
ing stresses having a maximum
value less than the tensile strength
of the material. Fatigue fractures

are progressive, beginning as mi-
nute cracks that grow under the
action of the fluctuating stresses.
fatigue life. The number of cycles of
stress that can be sustained prior to
failure for a stated condition.
fatigue limit. The maximum stress
below which a material can pre-
sumably endure an infinite number
of stress cycles. If the stress is not
completely reversed, the value of
the mean stress, the minimum
stress, or the stress ratio should be
stated.
fatigue strength. The maximum
stress that can be sustained for a
specified number of cycles without
failure, the stress being completely
reversed within each cycle unless
otherwise stated.
ferrite. Essentially pure iron in the
microstructure of an iron or steel
specimen. It may have a small
amount of carbon (less than 0.02
wt%). Also called alpha iron.
ferrous. Describing a metal that is
more than 50% iron, such as steel,
stainless steel, cast iron, ductile
(nodular) cast iron, etc.
fillet. A radius (curvature) imparted
to inside meeting surfaces; a
blended curve joining an internal
corner to two lateral surfaces.
fractographic. Pertaining to photo-
graphic views of fracture surfaces,
usually at high magnification.
fracture. A break, or separation, of a
part into two or more pieces.
fracture mechanics. A quantitative
analysis for evaluating structural
behavior in terms of applied stress,
crack length, and specimen or ma-
chine component geometry.
fracture toughness. A generic term
for measures of resistance to exten-
sion of a crack. The term is some-
times restricted to results of frac-
ture mechanics tests, which are
directly applicable in fracture con-
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trol. However, the term commonly
includes results from simple tests
of notched or precracked speci-
mens not based on fracture me-
chanics analysis. Results from
tests of the latter type are often
useful for fracture control, based on
either service experience or empirical
correlations with fracture mechan-
ics tests.

free-body diagram. A rectangle rep-
resenting a theoretical point on the
surface of a part under stress which
shows, in a simplified way, the
stresses and components of stress-
es acting on the part.

fretting wear. Surface damage to a
metal part resulting from micro-
welding due to slight movement in
a nearly stationary joint. Also
called fretting corrosion.

galvanic corrosion. Corrosion asso-
ciated with the current of a gal-
vanic cell consisting of two dissim-
ilar conductors in an electrolyte or
two similar conductors in dissimi-
lar electrolytes. Where the two dis-
similar metals are in contact, gal-
vanic corrosion may occur.

galvanic series. A series of metals
and alloys arranged according to
their relative corrosive tendency in
a given environment. The most
common environment is seawater
or other concentrations of salt in
water.

gas porosity. A cavity caused by en-
trapped gas. Essentially a smooth-
sided bubble within the metal,
where the metal solidified before
the gas could escape to the atmo-
sphere. Also called gas pocket.

gradient. A slope, such as a tempera-
ture gradient across a part in which
one side is hotter than the other.

grain. The more common term for
crystal, a three-dimensional array
of atoms having a certain regular-

ity in its internal arrangement. The
grain is composed of many cells, or
lattices, in which the atoms are ar-
ranged in a given pattern, depend-
ing on the metal involved.

grain boundary. The boundary be-
tween two grains.

graphitization. Formation of graph-
ite in iron or steel, caused by pre-
cipitation of carbon from the
iron-carbon alloy.

halides. A group of compounds con-
taining one of the halogen ele-
ments—bromine, chlorine, fluo-
rine, or iodine—that are sometimes
damaging to metals. One of the
most common halide compounds is
sodium chloride, or ordinary salt.

hardness. Resistance of metal to
plastic deformation, usually by in-
dentation. However, the term may
also refer to stiffness or temper, or
to resistance to scratching, abra-
sion, or cutting. Indentation hard-
ness may be measured by various
hardness tests, such as Brinell,
Rockwell, Knoop, and Vickers. All
indentation hardness tests employ
arbitrary loads applied to arbi-
trarily shaped indentors, or pene-
trators.

HB. Abbreviation for “Hardness,
Brinell,” a hardness test. The num-
ber relates to the applied load and
to the surface area of the perma-
nent impression in a metal surface
made by a hardened steel or car-
bide ball. Also known as “BHN” or
Brinell hardness number.

heat treatment. Heating and cooling
a metal or alloy in such a way as to
obtain desired conditions or prop-
erties.

high-cycle fatigue. Fatigue that oc-
curs at relatively large numbers of
cycles, or stress applications. The
numbers of cycles may be in the
hundreds of thousands, millions, or
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even billions. There is no exact di-
viding line between low- and
high-cycle fatigue, but for practi-
cal purposes, high-cycle fatigue is
not accompanied by plastic, or per-
manent, deformation.

Hooke’s law. Stress is proportional to
strain. This law is valid only up to
the proportional limit, or the end of
the straight-line portion of the
stress-strain curve.

hoop. See circumferential.

hot heading. Axial compression of
the end of a metal cylinder at an el-
evated temperature to enlarge the
cross section. Also called upset-
ting.

HRB, HRC. Abbreviations for “Hard-
ness, Rockwell B” and “Hardness,
Rockwell C” respectively. The
Rockwell B and C scales are two
indentation hardness scales com-
monly used with metals. All
Rockwell scales measure the depth
of penetration of a diamond or
hardened steel ball which is
pressed into the surface of a metal
under a standardized load.

hydrostatic. Describing three-
dimensional compression similar
to that imposed on a metal part im-
mersed in a liquid under pressure.

hypoid. A type of bevel, or conical,
gear in which the teeth are ex-
tremely curved within the conical
shape. The teeth of the pinion, or
driving gear, are more curved than
a spiral bevel pinion, tending to
wrap around the conical shape.

implode. Burst inward, such as in a
collapsing cavity, or negative-
pressure region, during cavitation
pitting fatigue.

inclusions. Nonmetallic particles,
usually compounds, in a metal ma-
trix. Usually considered undesir-
able, though in some cases, such as
in free machining metals, inclu-

sions may be deliberately intro-
duced to improve machinability.
induction hardening. A method of
locally heating the surface of a
steel or cast iron part through the
use of alternating electric current.
It is usuvally necessary to rapidly
cool, or quench, the heated volume
to form martensite, the desired
hard microstructure.
interface. The boundary between two
contacting parts or regions of parts.
intergranular fracture. Brittle frac-
ture of a metal in which the fracture
is between the grains, or crystals,
that form the metal. Contrasted to
transgranular fracture.
intermetallic phase precipitation.
Formation of a very large number
of particles of an intermediate
phase in an alloy system.

keyway. A longitudinal groove, slot,
or other cavity usually in a shaft,
into which is placed a key to help
hold a hub on the shaft. The key
and keyway are used for alignment
and/or mechanical locking.

lamellar. Plate-like; made of a num-
ber of parallel plates or sheets.
Usually applied to microstructures.
The most common lamellar micro-
structure is pearlite in ferrous met-
als.

lateral. In a sideways direction.

lattice, lattice structure. Same as
cell.

linear elastic fracture mechanics. A
method of fracture analysis that
can determine the stress (or load)
required to induce fracture insta-
bility in a structure containing a
crack-like flaw of known size and
shape.

longitudinal. Lengthwise, or in an
axial direction.

low-cycle fatigue. Fatigue that occurs
at relatively small numbers of cy-
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cles, or stress applications. The
numbers of cycles may be in the
tens, hundreds, or even thousands
of cycles. There is no exact divid-
ing line between low- and high-
cycle fatigue, but for practical pur-
poses, low-cycle fatigue may be
accompanied by some plastic, or
permanent, deformation.

macroscopic. Visible at magnifica-
tions up to about 25-50 times.

martensite. The very hard structure
in certain irons and steels that is
usually formed by quenching
(rapid cooling) from an elevated
temperature. Martensite may or
may not be tempered to reduce
hardness and increase ductility and
toughness.

martensitic transformation. Forma-
tion of martensite.

matrix. The principal phase of a
metal in which another constituent
is embedded. For example, in gray
cast iron, the metal is the matrix in
which the graphite flakes are em-
bedded.

mechanical properties. The proper-
ties of a material that reveal its
elastic and inelastic (plastic) be-
havior when force is applied,
thereby indicating its suitability
for mechanical (load-bearing) ap-
plications. Examples are elonga-
tion, fatigue limit, hardness, modu-
lus of elasticity, tensile strength,
and yield strength.

metal. An opaque, lustrous elemental
chemical substance that is a good
conductor of heat and electricity
and, when polished, a good reflec-
tor of light. Most elemental metals
are malleable and ductile and are,
in general, heavier than the other
elemental substances.

metallographic. Pertaining to exami-
nation of a metallic surface with
the aid of a microscope. The sur-

face is usually polished to make it
flat, and may be etched with vari-
ous chemicals to reveal the micro-
structure.

microscopic. Visible only at magnifi-
cations greater than about 25-50
times.

microstructure. The structure of pol-
ished and etched metals as re-
vealed by a microscope at a magni-
fication greater than 25-50 times.

microvoid. A microscopic cavity that
forms during fracture of a ductile
metal. A very large number of
microvoids form in the region with
the highest stress; some of them
join together to form the actual frac-
ture surface, each side of which
contains cuplike half-voids, usu-
ally called dimples.

mode. One of the three classes of
crack (surface) displacements ad-
jacent to the crack tip. These dis-
placement modes are associated
with stress-strain fields around the
crack tip.

modulus of elasticity. A measure of
the stiffness of a metal in the elas-
tic range—that is, the degree to
which a metal will deflect when a
given load is imposed on a given
shape. Also called Young’s modu-
lus.

monomolecular. Describing a film or
surface layer one molecule thick.

monotonic. Pertaining to a single
load application in a relatively
short time, as in a monotonic ten-
sile test. Same as static.

necking. The reduction in cross-
sectional size that occurs when a
part is stretched by a tensile stress.
nitriding. An elevated-temperature
process (but lower than carburiz-
ing or carbonitriding) by which a
ferrous metal absorbs nitrogen at-
oms into the surface when exposed
to a high-nitrogen environment.
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Nitrogen atoms actually diffuse, or
flow, into the metal to form a
high-nitrogen surface layer.

nonferrous. Describing a metal that
is less than 50% iron, such as alu-
minum, copper, magnesium, and
zinc and their alloys.

normal stress. See stress.

notch. See stress concentration.

notched-bar impact test. A stan-
dardized mechanical test in which
a metal test specimen with a speci-
fied notch is struck with a stan-
dardized swinging pendulum
weight. The type of fracture and
the energy absorbed by the fractur-
ing process can be determined
from the specimen.

notch toughness. An indication of
the capacity of a metal to absorb
energy when a notch, or stress con-
centrator, is present.

pancake forging. Plastic deforma-
tion of a very ductile material un-
der axial compressive forces be-
tween flat, parallel dies. The sides
bulge outward, while the other sur-
faces become essentially flat and
parallel.

Paris equation. A generalized fa-
tigue-crack-growth rate exponen-
tial-power law that shows the de-
pendence of fatigue-crack-growth
rate on the stress-intensity factor,
K, and has been verified by many
investigations.

pearlite. A lamellar, or platelike,
microstructure commonly found in
steel and cast iron.

physical properties. The properties
of a material that are relatively in-
sensitive to structure and can be
measured without the application
of force. Examples are density,
melting temperature, damping ca-
pacity, thermal conductivity, ther-
mal expansion, magnetic proper-
ties, and electrical properties.

pitch line. The location on a gear
tooth, approximately midway up
the tooth, that crosses the pitch cir-
cle, or the equivalent-size disk that
could geometrically replace the
gear.

plastic deformation. Deformation
that remains after removal of the
load or force that caused the defor-
mation, or change of shape. Same
as permanent deformation.

polycrystalline. Pertaining to a solid
metal composed of many crystals,
such as an ordinary commercial
metal.

polymeric. Pertaining to a polymer,
or plastic.

poultice corrosion. Same as crevice
corrosion, but usually applies to a
mass of particles or an absorptive
material in contact with a metal
surface that is wetted periodically
or continuously. Corrosion occurs
under the edges of the mass of par-
ticles or the absorptive material
that retains moisture.

prestress. Stress on a part or assem-
bly before any service or operating
stress is imposed. Similar to inter-
nal or residual stress.

primary creep. The first, or initial,
stage of creep, or time-dependent
deformation.

proportional limit. The maximum
stress at which strain remains di-
rectly proportional to stress; the
upper end of the straight-line por-
tion of the stress-strain or load-
elongation curve.

psi. Abbreviation for pounds per
square inch, a unit of measurement
for stress, strength, and modulus of
elasticity.

quasi-cleavage fracture. A fracture
mode that combines the character-
istics of cleavage fracture and dim-
pled rupture fracture. An interme-
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diate type of fracture found in
certain high-strength metals.

raceway. The tracks or channels on
which roll the balls or rollers in an
antifriction rolling-element bearing.
The inner race fits around a shaft,
while the outer race fits within a
hole in a larger part.

radial. In the direction of a radius be-
tween the center and the surface of
a circle, cylinder, or sphere.

ratchet marks. Ridges on a fatigue
fracture that indicate where two
adjacent fatigue areas have grown
together. Ratchet marks usually
originate perpendicular to a sur-
face and may be straight or curved,
depending on the combination of
stresses that is present.

reactive metals. Metals that tend to
react with the environment, usu-
ally those near the anodic end of
the galvanic series.

recrystallization. (1) The change
from one crystal structure to an-
other, such as occurs on heating or
cooling through a critical tempera-
ture. (2) The formation of a new,
strain-free grain structure from
that existing in cold-worked metal,
usually accomplished by heating.

residual stress. Internal stress; stress
present in a body that is free from
external forces or thermal gradi-
ents.

root (of a notch). The innermost part
of a stress concentration, such as
the bottom of a thread or groove.

rupture. Same as fracture.

service loads. Forces encountered by
a part or assembly during operation
in service.

shear. A type of force that causes or
tends to cause two regions of the
same part or assembly to slide rela-
tive to each other in a direction par-
allel to their plane of contact. May

be considered on a microscale
when planes of atoms slide across
each other during permanent, or
plastic, deformation. May also be
considered on a macroscale when
gross movement occurs along one
or more planes, as when a metal is
cut or “sheared” by another metal.

shear fracture. Fracture that occurs
when shear stresses exceed shear
strength before any other type of
fracture can occur. Typical shear
fractures are transverse fracture of
a ductile metal under a torsional
(twisting) stress, and fracture of a
rivet cut by sliding movement of
the joined parts in opposite direc-
tions, like the action of a pair of
scissors (shears).

shear lip. A narrow, slanting ridge,
nominally about 45° to the surface,
along the edge of a fracture surface
where the fracture emerged from
the interior of the metal. In the
fracture of a ductile tensile speci-
men, the shear lip forms the typical
“cup-and-cone” fracture. Shear
lips may be present on the edges of
some predominantly brittle frac-
tures to form a “picture frame”
around the surface of a rectangular
part.

shear stress. See stress.

shot peening. A carefully controlled
process of blasting a large number
of hardened spherical or nearly
spherical particles (shot) against
the softer surface of a part. Each
impingement of a shot makes a
small indentation in the surface of
the part, thereby inducing com-
pressive residual stresses, which
are usually intended to resist fa-
tigue fracture or stress-corrosion
cracking.

shrinkage cavity. A void left in cast
metals as a result of solidification
shrinkage, because the volume of
metal decreases during cooling.
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Shrinkage cavities usually occur in
the last metal to solidify after cast-
ing.

sintered metal. Same as powdered
metal. Type of metal part made
from a mass of metal particles
which are pressed together to form
a compact, then sintered (or heated
for a prolonged time below the
melting point) to bond the particles
together.

slant fracture. A type of fracture ap-
pearance, typical of ductile frac-
tures of flat sections, in which the
plane of metal separation is in-
clined at an angle (usually about
45°) to the axis of the applied
stress.

S-N curve. A plot of stress (S) against
the number of cycles to failure (N).
The stress can be the maximum
stress (Spax) Or the alternating
stress amplitude (S,). The stress
values are usually nominal stress;
that is, there is no adjustment for
stress concentration. For S, a linear
scale is used most often, but a log
scale is sometimes used. Also
know as S-N diagram.

spalling fatigue. See subcase fatigue.

spiral bevel gear. A type of bevel, or
conical, gear in which the teeth are
curved within the conical shape,
rather than straight, as in a bevel
gear. Compare hypoid.

spline. A shaft with a series of longi-
tudinal, straight projections that fit
into slots in a mating part to trans-
fer rotation to or from the shaft.

static. Stationary, or very slow. Fre-
quently used in connection with
routine tensile testing of metal
specimens. Same as monotonic.
Opposite of dynamic, or impact,
testing or service.

strain. A measure of relative change
in the size or shape of a body. “ Lin-
ear strain” is change (increase or
decrease) in a linear dimension.

Usually expressed in inches per
inch (in./in.), or millimeters per
millimeter (mm/mm).

strength gradient. Shape of the
strength curve within a part. The
strength gradient can be deter-
mined by hardness tests made on a
cross section of a part; hardness
values are then converted into
strength values, usually in pounds
per square inch (psi), or mega-
pascals (MPa).

stress. Force per unit area, often
thought of as a force acting through
a small area within a plane. It can
be divided into components, per-
pendicular and parallel to the
plane, called normal stress and
shear stress, respectively. Usually
expressed as pounds per square
inch (psi), or megapascals (MPa).

stress concentration. Changes in
contour, or discontinuities, that
cause local increases in stress on a
metal under load. Typical are
sharp-cornered grooves, threads,
fillets, holes, etc. Effect is most
critical when the stress concentra-
tion is perpendicular (normal) to
the principal tensile stress. Same as
notch or stress raiser.

stress corrosion. Preferential attack
of areas under stress in a corrosive
environment, where such an envi-
ronment alone would not have
caused corrosion,

stress-corrosion cracking. Failure
by cracking under combined action
of corrosion and a tensile stress,
either external (applied) or internal
(residual). Cracking may be either
intergranular or transgranular, de-
pending on the metal and the corro-
sive medium.

stress cube. A finite volume of mate-
rial used to depict three-dimensional
states of stress and strain (displace-
ment) distributions at a crack tip.
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stress field. Stress distribution gener-

ated ahead of a sharp crack present
in a loaded part or specimen. The
stress field is characterized by a
single parameter called stress-
intensity, K.

stress-field analysis. Mathematical
analysis of an assumed two-
dimensional state of stress (plane-
strain condition) at a crack tip in
linear-elastic fracture mechanics.

stress gradient. Shape of a stress

curve within a part when it is under
load. In pure tension or compres-
sion, the stress gradient is uniform
across the part, in the absence of
stress concentrations. In pure
torsion (twisting) or bending, the
stress gradient is maximum at the
surface and zero near the center, or
neutral axis.

stress-intensity factor. A scaling fac-
tor, usually denoted by the symbol
K, used in linear-elastic fracture
mechanics to describe the intensi-
fication of applied stress at the tip
of a crack of known size and shape.
At the onset of rapid crack propa-
gation in any structure containing a
crack, the factor is called the criti-
cal stress-intensity factor, or the
fracture toughness. Various sub-
scripts are used to denote different
loading conditions or fracture
toughnesses:

Ky, Plane-stress fracture tough-
ness. The value of stress 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 nor-
mal to the crack plane (also known
as the opening mode of deforma-
tion).

Ky, Plane-strain fracture tough-
ness. The minimum value of K, for
any given material and condition,
which is attained when rapid crack

propagation in the opening mode is
governed by plane-strain condi-
tions.

Kjq. Dynamic fracture toughness.
The fracture toughness determined
under dynamic loading conditions;
it is used as an approximation of
K, for very tough materials.
Kiscc. Threshold stress intensity
factor for stress-corrosion crack-
ing. The critical plane-strain stress
intensity at the onset of stress-
corrosion cracking under specified
conditions.

K. Provisional value for plane-
strain fracture toughness.

K. Threshold stress intensity for
stress-corrosion cracking. The crit-
ical stress intensity at the onset of
stress-corrosion cracking under
specified conditions.

AK. The range of the stress-
intensity factor during a fatigue cy-
cle.

stress raiser. See stress concentra-

tion.

striations. Microscopic ridges or

lines on a fatigue fracture that
show the location of the tip of the
fatigue crack at some point in time,
They are locally perpendicular to
the direction of growth of the fa-
tigue crack. In ductile metals, the
fatigue crack advances by one
striation with each load applica-
tion, assuming the load magnitude
is great enough. Must not be con-
fused with beachmarks, which are
much larger and are formed in a
different way.

stringers. In metals that have been

hot worked, elongated patterns of
impurities, or inclusions, that are
aligned longitudinally. Commonly
the term is associated with elon-
gated oxide or sulfide inclusions in
steel.

subcase fatigue. A type of fatigue

cracking that originates below a
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hardened case, or in the core.
Large pieces of metal may be re-
moved from the surface because of
very high compressive stresses,
usually on gear teeth. Also called
spalling fatigue and case crushing.

tangential. See circumferential.

tensile. Pertaining to forces on a body
that tend to stretch, or elongate, the
body. A rope or wire under load is
subject to tensile forces.

tensile strength. In tensile testing,
the ratio of maximum load to the
original cross-sectional area.

thermal cycles. Repetitive changes in
temperature, that is, from a low
temperature to a higher tempera-
ture, and back again.

through hardening. Hardening of a
metal part, usually steel, in which
the hardness across a section of the
part is essentially uniform; that is,
the center of the section is only
slightly lower in hardness than the
surface.

torque. A measure of the twisting
moment applied to a part under a
torsional stress. Usually expressed
in terms of inch pounds or foot
pounds, although the terms “pound
inches” and *“pound feet” are tech-
nically more accurate for torsional
moments,

torsion. A twisting action applied to a
generally shaft-like, cylindrical, or
tubular member. The twisting may
be either reversed (back and forth)
or unidirectional (one way).

toughness. Ability of a material to ab-
sorb energy and deform plastically
before fracturing. Toughness is
proportional to the area under the
stress-strain curve from the origin
to the breaking point. In metals,
toughness is usuvally measured by

the energy absorbed in a notch im-
pact test.

transgranular fracture. Through, or
across, the crystals or grains of a
metal. Same as transcrystalline and
intracrystalline. Contrasted to
intergranular fracture. The most
common types of transgranular
fracture are fatigue fractures,
cleavage fractures, dimpled rup-
ture fractures, and shear fractures.

transverse. Literally “across,” usu-
ally signifying a direction or plane
perpendicular to the axis of a part.

underbead crack. A subsurface
crack in the base metal near a weld.

undercut. In welding, a groove
melted into the base metal adjacent
to the toe, or edge, of a weld and
left unfilled.

wear. The undesired removal of mate-
rial from contacting surfaces by
mechanical action.

worm gear. A type of gear in which
the gear teeth are wrapped around
the shaft-like hub, somewhat as
threads are wrapped around a bolt
Or SCrew.

yield point. The first stress in a mate-
rial, less than the maximum attain-
able stress, at which an increase in
strain occurs without an increase in
stress. Not a general term or prop-
erty; only certain metals exhibit a
yield point.

yield strength. The stress at which a
material exhibits a specified devia-
tion from proportionality of stress
and strain. The specified deviation
is usually 0.2% for most metals. A
general term or property, preferred
to yield point.

Young’s modulus. Same as modulus
of elasticity.
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Crack propagation
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Crack propagation (continued)
formula......cccoveiieiiice 257
governed by plane-strain

CONAILIONS ..voviicicice e
stage two in fatigue failure....

Crack size, definition................

Crack sizeor length (a).......cccoeuenee.
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definition ... 269
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Dimpled-rupture fracture .........
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Distortion, definition
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Ductile behavior
effect of
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Ductility, definition .........c.ccccevviennn. 103, 270
Dynamic, definition ..., 270
Dynamic fractur e toughness (K;¢) .......... 262

definition ..o 278

Edge dislocation ..........ccccceevvvvciinnnnns 118(F)
Edge-sliding mode...........cccccovvviriinnnnne 247(F)
Elastic, definition ..........cccovviviviiiiiiciinnnns 270
Elastic deformation ................... 22, 39-42(F)
Elasticity
definition .....cocoeevevicieice e, 270, 274
distortion failure.........ccocooiiiiiniiiiie 19
in contact stress fatigue .........c.cccceeeeeneen. 185
modulus of (E)................. 40, 42-43(F), 257
temperature effect........c.cccccoeeeene. 44-46(F)
Elastic limit ... 40-41(F)
definition ... 270
Elastic-plastic fracture mechanics
(EPFM) ...ceine. 246-247, 255-257(F)
definition ... 270-271
Elastic stress distributions..............

bending.............

compression

convex surfaces in contact ............ 53-54(F)

direct shear........cccoovvvviiciininn, 54-56(F)

interference fit......ccocoovvvviiininnn, 52, 53(F)

subsurface-origin fractures............ 56-59(F)

TENSION (oo 50, 51(F)

thin-walled pressure vessels................ 56(F)

TOrSION oot
Elastomer, definition...............

Electrical arcing, localized
Electrical current flow, prevention to

prevent galvanic corrosion................. 210
Electrical discharge machining
producing residual stresses ................. 65(T)
Electrochemical, definition...........cccoe.... 271
Electrode, definition ..........ccoceeeevevineinnnne 271
Electrolyte
definition ... 271
elimination to prevent galvanic
COITOSION ..ot 210

Electron diffraction
to measure residual stresses ....

Electr on miCrosCopy .......ccocvervreererereiennes
Electroplating

producing residual stresses................. 75-76
Elevated-temperature

definition ..o 227

effect on tensile and

compressive properties........ 44, 45-46(F)

Elevated-temperature failures 227-241(F,T)

(o] (=TT RS SURTR 227, 228-231(F)

elevated-temperature fatigue ....231-233(F)
environmentally induced
failure ..o 234-238(F)

lower limit values of
elevated-temperature behavior

for metal and alloy systems .......... 228(T)
metallurgical instabilities ..................... 234
prevention through cooling
Methods .......ccoovevviiiieiee, 239-241(F)
thermal fatigue..........ccoevrenene 233-234(F)
tYPES Of oo 227-228
Elevated-temperature fatigue......... 231, 233

definition ... 241
Embrittlement

in brittle fracture ..........ccccoeevvvennn. 92-99(F)

in ductile fracture ........ccocoeevceniiiicine 115
Embrittlement, 400-500 °C

in brittle fracture .......ccocoooveviiiiiiiicees 95
Embrittlement, 500 °F

in brittle fracture ........ccocoeviiiniiies 95
Environmentally induced failure

definition ... 241
Environmentally induced failure,

high-temperature................. 234-238(F)
carburization ........c.cccoceeveieiiniennn
characteristics ......c.ccooevveiiciiennn
COITOSION ..o
corrosion-erosion
general oxidation
liquid-metal contact ...........ccceceevrireinnne 238

Epsilon iron nitride
surface compound to prevent

fretting Wear ... 180
Epsilon-number (e-N) techniques........... 251
definition ... 271
Erosion-corrosion
definition ... 241
elevated-temperature ................. 235-237(F)
PreveNtion . ... 235
Erosive wear ........... 166-167, 168(F), 169(F)
CharacCteristiCs. ... 167
examples of ..., 166-167
grooving or channeling
of material .........ccocoevveieiiennnn 167, 168(F)
rounding of corners ................... 167, 169(F)
removal of soft surface coatings
or material ... 167
Etching
producing residual stresses ................. 65(T)
Eutectic alloy, definition ...........cccccooevenene. 271
Explosive stressing
producing residual stresses ................. 65(T)

F

Fabrication with heat
producing residual stresses ....
Failure, definition ..........cccoovevvviiecieieenn,
Failure analysis
investigative techniques .........c.ccoceevevenis
principles to be followed........
procedure for investigation
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False brinelling. See also Fretting wear.

definition ... 271
Fast-fracture zones................. 145(F), 146(F)
Fatigue .....oooiiiee e 37

definition ... 271

fracture mechanics used to predict

structure service life ..o 251

relationship of stress to strength 130-134(F)
resistance from mechanically

induced residual Stresses .............coe..... 73
tyPes Of .o 136-143(F)
Fatigue-crack growth-rate
CUIVE oot 261, 262(F)
Fatigue-crack growth threshold (AKy,) 261
definition ... 278
Fatigue fracture........... 3, 25, 29, 117-162(F)
bolt fatigue ......cocovvevveiiie, 141, 142(F)
brittle fracture .........ccccoceeeennnne. 91(F), 92(F)
corrosion fatigue ....... 140-141, 221-224(F)
crevice corrosion with galvanic
COITOSION ..ot
definition ........
double-shear
due to subsurface-origin fatigue ............ 186
example of Belleville spring washer
under compression forces .....138-139(F)
examples Of ... 144-161
fatigue under compression forces.......... 136
final rupture.............. 120, 121, 126, 127(F),
145-149(F), 151-154(F)
fretting wear as cause........ 177-178, 179(F)
initiation of ... 117, 118-119(F)
in riveted thin-wall pressure
VESSEIS...ooviiiiiiee e 141-142
lack of deformation............cccouevuee. 124-125
macroscopic characteristics ......124-130(F)
Macroshearing .......cc.ccoeeveerieenienns 54-55(F)
mechanical prestressing ................. 133, 134
microscopic characteristics....... 120-123(F)
Propagation..........c.covveienieneinienins 119-120
ratchet marks.........ccovvieiinenne 126-127(F)
relationship of stress to
strength in fatigue................. 130-134(F)
shear or sliding........cccovveivrinnnn 54-56(F)
shot peening as preventative .................... 76
Stages Of ...voveeviiecc ..118
statistical aspects of .........ccccccvevennn. 143-144
subsurface-origin fatigue .......... 136, 137(F)
surface subjected to rotating
bending stress ........cccoeveene. 132-134(F)
tensile.....cocooeveenenne
thermal fatigue
torsional........cccocoeoviiiicinnnne

typical surface
Fatiguelife
definition ..o 271
estimation using Paris equation .....264-265
stages Of ..o 251, 260

Fatigue limit

definition ..o 271

in stress-number diagram ...........c.ccceevne 136
Fatigue strength, definition...........c.......... 271
Fatigue testing

example of laboratory testing ...134-136(F)
SCAEY cuvvviiiviicece e
Ferrite, definition
Ferritic stainless steels

oxidation resistance .........c.ccoceeeeeieneenne. 237
Ferrous, definition .......cccceeveeeiiiciinecinens 271
Fillet, definition ........cccocoveeeeccii e 271
Final rupture

stage three in fatigue fracture ........ 120, 121
Finite-liferegion

in stress-number diagram........... 134(F), 136
Flame cutting

producing residual stresses ......... ....65(T)
Flame-straightening technique................ 70
Flow charts, use of........cccooviciiniinciennnns 3-4
Fluid flow, streamlined to

prevent cavitation fatigue................... 201
Fractographic, definition...........c.cccooeene. 271
Fracture

adjacent parts

aSSEMBIY .o

CUP-and-CoNe tYPe ....cooveereeeeerieeeieeeieee

definition ...

environmental reactions ............cc.o....
geometry and design .........c.cccu...
manufacturing and processing

normal location of ........cccccevvviiininns

prevention through mechanical

PrestresSiNg....cvevveeeereeiseeee e 180

properties of material.............cccccooevviinnnne 8

questions to ask about.............ccceevenennne 6-10

residual and applied stress relationship.....8

service CONAitioNS.......ccooevrereieiiensesieeees 9

Shear TP .o

slant fracture.......cooveeeeeereiccceeceeee

surface of ........c........

surface of part
Fracture mechanics........... 87, 243-265(F,T)

applications of ..., 262-265

CONCEPLS....eevevirieererieee s 255-265(F)

crack growth.............. 251-252, 260-262(F)

definition ... 271

factors affecting fracture

toughness......cccoveevveeciennen 249-251(F,T)
hydrotest failure of a carbon

steel pressure vessel .............. 252-254(F)
in fatigue loading.........cccccovveviiennas 263-264
linear-elastic fracture

Mechanics.......c.covvveeririninnen. 246-247(T)

loading, modes of ..........cccue.ee. 247-248(F)

maximum stress to fracture .................... 263

plane strain and plane stress .....248-249(F)

PUIPOSES ..ottt 243
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teStING vovvveece e 244-246(F)
toughness and...........c.ccccevrvvenne. 244-246(F)
Fracture modes
FatiQUe ..o
in brittle fracture .
intergranular ...........ccovenne.
mixed, in ductile fracture................ 114-115
quasi-Cleavage .......ccocoevverveevcniereee e 25
single-load ...........ccccovnee. 21-27, 29-37(F)
Fractureorigins
modification of .........c.cccevvviiiiinnns 58-59
subsurface-origin 56-59(F)
SUITACE .o 57-58(F)
Fracture toughness
definition.............. 246, 271-272
factors affecting 249-251(F,T)
microstructural variables’ effects.....250(T)
tESTING vovvveeee e 258-260(F)
testing specimen types......c.cccceevrvnee. 259(F)
versus yield strength
Free-body diagrams.....
definition ...
Fretting, resistance from mechanically
induced residual stresses................ 72,73
Fretting corrosion. See Fretting wear.
Frettingwear ...........ccoccvviiinnnns 177-180(F)
compared with adhesive wear ................ 177
definition ... 272
formation of debris . .178
prevention of ... 178
Where 0CCUIS ......coovveveveireiiiennan, 177-180(F)
Frictional heat ..o 10
Friction oxidation. See Fretting wear.
G
Galvanic corrosion..........c....... 207-211(F,T)
area effect
definition
galvanic series in seawater ....208-211(F,T)
prevention or minimization of ....... 208, 210
principles of ... 208(F)
used to protect structural metals ............ 211
Galvanic series, definition ........cc.ccveuveenee. 272

Galvanic seriesin seawater ....208-211(F,T)
choose metals close together in series to

prevent galvanic corrosion......... 209, 210
limitation factors.........ccccovvecviiiiiiiinnns 210
Galvanization..........ccovveernieeinsees 211

Gaskets or seals

nonabsorbent, use to prevent

CreviCe COMrOSION .......ccevvvverieresieeeieen, 216

Gas por osity

definition ...
Gears

contact stress fatigue ................. 183, 184(F)
General oxidation

definition

Gouging
producing residual stresses ................ 65(T)
GOoUgIiNG WEAN ......ocveviiiiiiiriine 172-173(F)
use of Hadfield’s steel.........c.......... 172-173
Where 0CCurs ..o
Gradient, definition
Grain, definition........ccccoeeeeveie e,
Grain boundary, definition ...................... 272
Graphitization, definition
in brittle fracture
Gray cast iron..........
cavitation fatigue
cavitation pitting fatigue ....

ErOSIVE WEAN ..o 169(F)

nonlinear stress-strain curves........ 43-44(F)
Great Boston Molasses Tank

DiSaster ......cooveiiiiieeec e 85-87

Green IOt .o 237
Grinding

damage from ... 10

producing residual stresses ................. 65(T)
Grindingwear ........c.cccoeevvevriennnn.

characteristics ........ccccovvvvivvrnencnn.

examples......cccoveeieeinncns

rat’s tooth principle

resistance provided by .........cccoveiiniinnns 170
H
Hadfield' ssteel ... 172-173

Half-voidS ... 23
Halides, definition..........ccccovevviieiieinenn, 272
Hammer peening

producing residual stresses ................. 65(T)
Hard chromium plating

producing residual stresses............cccceuene 75
Hardening

producing residual stresses ................. 65(T)
Hard facing

prevention of grinding wear......170, 172(F)
Hardness, definition...........cccoeveveevveinennn, 272

increase to prevent cavitation fatigue....201
Hardness, Rockwell B (HRB)

definition ..o 273
Hardness, Rockwell C (HRC)

definition ... 273
Hardness testing .......cccoeeveveiieneieneneenienae 2
HB, definition
Heat checking
Heat treatment

definition .....ccoveeiieiccec

effect on tension loading

producing residual stresses
Herringbone marksin brittle fracture.

See also Chevron marks......89(F), 90(F),
91(F), 92(F), 93(F)

High-cycle fatigue, definition........... 272-273
HOOKE STaW ...t 43
definition ..o 273
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Hot forming
producing residual stresses .................
Hot heading, definition..............cccccovenne
Hydrogen embrittlement.............cccccoveene.
baking to prevent fatigue fracture....
in brittle fracture ..o
in ductile fracture ........coooceevvvvieiniicnn
Hydrogen sulfide stress-corrosion

CraCking ..o 87
Hydrostatic, definition ...........c.cccooevvienne 273
Hydrotest failure of a carbon

steel pressurevessel............. 252-254(F)
Hypoid, definition .........ccccooevviiiiicnnnnns 273
I
Implode, definition..........ccccoeeeiviiiiienennns 273
Inclusions

definition ...

in subsurface-origin fatigue
Induction hardening, definition .............. 273
Infinite-life region

in stress-number diagram.......... 134(F), 136
Initiation, stage one in

fatigue fracture .............. 117, 118-119(F)
Interface, definition ..........cccoevvevviveiinennne 273
Interferencefitting

producing residual stresses ................. 65(T)

Intergranular fracture
definition ...

in brittle fracture ............... 91, 92-93, 98(F)

in ductile fracture.........cccccoevvevvivincnns 115
I nter metallic-compound embrittlement

in brittle fracture ........c.ccoovvevviiiine 97-98
Intermetallic phase precipitation

definition ..o, 273
J
Joints

lubrication to prevent fretting wear ....... 180

use of elastomeric material to prevent

fretting Wear ... 180

K
Keyway, definition .........ccccceevvveniieiinnn 273
L
Lamellar, definition ..........ccocveeveeviiineinnenne 273
Lamellar microstructure

instead of striations...........cccccceevne. 121-123

Lateral, definition
Linear-elastic fracture mechanics
(LEFM)..coenne 246-247(T), 255-257(F)
ASSUMPLIONS ... 256
coordinate system for stress field
calculation ... 256(F)

defects in alloys .......ccoceovvevvienieninnn,

definition .......c.ccceeeens

quality control used
Liquid-metal contact, definition.............. 241
Liquid-metal contact failure................... 238

contact of high-temperature alloys

with liquid metals ........cccoovvvcieninns 238

MEICUIY .ottt

molten lead

molten zinc
Liquid-metal embrittlement

in brittle fracture ..o
Loading, modes of ...........ccceeeneee.
Longitudinal, definition

Low-carbon steels........ccoovveiniciiiiicnn,
L ow-cycle fatigue, definition............ 273-274
Lubricants

keeping cool to prevent adhesive wear..176

to delay or reduce fretting wear ............. 180

to dissipate heat in contact

stress fatigue.......ccoooveeeiincciecie, 185
to prevent surface-origin
fatigue in gears.......ccocvvireiencicice 194

Lubricants, EP (extreme-pressure)

to prevent metal-to-metal contact.......... 177
Liderslines

in ductile fracture .........ccceeee. 105, 106(F)
M
Machining

producing residual stresses ................. 65(T)
M acr oscopic

definition ... 274

EXAMINALION ... 2
Macroshear ................ e ——— 32, 107
Magnesium anodes..........cccccoeeevrennennne 211
Martensite, definition.........c.ccceovicieninnns 274
Martensitic transformation

definition ... 274
Matrix, definition.......cc.cccveevevveciiincienn, 274
M echanical damage

instead of ductile fracture...........c.c........ 114
Mechanical prestressing

to reduce corrosion fatigue..................... 224
M echanical properties

definition .....oovveeee e, 39, 274
M echanical surface treatments

producing residual stresses ................. 65(T)
Mechanical testing ........cccoceovireienenncnenas

Medium-carbon steels
Mer curous nitrate

causing stress-corrosion cracking.......... 217
M etal

definition ... 274

life cycle Of oo 206-207(F)
Metallographic

analysis .............

definition
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Metallurgical instabilities............c.......... 234
causes
definition ... 241

M etal-to-metal contact
adhesive wear..........cccccoveveivennane. 173-177(F)

Microcracking ....
Microdimples

Microprobe analysiS.........ccccoevvveriieiieiesrenas 2
Microscopic
definition ....cooeeeiecceece 274
EXAMINALION L..ocvviiiie e 2
Microshear .........cccocvvvvviieinen. ....107

Microstructure, definition..........coceeeveeeee 274
Microvoid coalescence
in ductile fracture.... 109-114(F)
Microvoids................. 109-114(F)
definition ..o 274
in ductile fracture 105, 106(F), 109-114(F)
Microwelding

adhesive wear........c.ccccceeereenne. 173-177(F)
Mode, definition .........ccoevvevieiieciecen, 274
Modulus of elasticity. See also Elasticity.

definition ...ccooeeiiececec e 274
Moisture, seal crannies to

prevent crevice Corrosion ................... 216
Monomolecular, definition ...........c..c........ 274
Monotonic, definition ........cccccevviiieiiinenns 274

National Bureau of Standards
NECKIiNG ...covvviiiciccee
definition .................
in ductile fracture .......
in ductile materials
Neumann bands.........cccccceevevviveive i 86
Neutron embrittlement
in brittle fracture ......c.cccevvevveveicineennn,
Newton’s Third Law of Motion
Nickel alloys, carburization.......................
Nickel aluminide coatings...................

Nitric acid passivating treatment ........... 210
Nitriding

definition ... 274-275

producing residual stresses........... 64, 65(T)
Nitrocarburizing

producing residual stresses........... 64, 65(T)
Noble metals.........oooviiiiiiiies

Nondestructive testing....
Nonferrous, definition......
Nonlinear behavior
in stress-strain Curves.........ccoueun..
in stress-strain curves of
cold drawn steel bars..........c.c.........
gray Cast iroN.......ccovvvevirinneenns
sintered metals .................
Notch, in fatigue fracture.....
Notched-bar impact tests
definition ...cccoeveicecce e

Notch effect ....ccocvevveeiecc e,
Notch toughness, .
definition ..o

(o
Opening mode..........ccccoeveeneenne. 247(F), 248
Operation at elevated temperatures

producing residual stresses ................. 65(T)
Orientations

ASTM standardized .......... 249-250, 251(F)
Oxidation. See General oxidation at

elevated temperatures.

Oxidation resistance

factors affecting in stainless steels ........ 237

of ferritic stainless steels.............cooeene. 237
Oxide coatings

for protection from uniform corrosion ..212

P

Painting
to control uniform corrosion ................. 212
to prevent corrosion fatigue
Pancake forging
definition .....cccvveiiic
Paris power-law equation................
definition ...
for fatigue life estimation
Passivation..........cccoceeiiiciinnas
Pearlite, definition .........c.ccccoevvviieeveeiieenen,
Peen forming......cococeoeieineinececeee

Physical properties, definition........... 39, 275
Pitch line, definition ..........ccccoceviiiinnnes 275
Pits. See also Cavities.

in corrosion fatigue...........ccc...... 222-223(F)
Pitting

in subsurface-origin fatigue ................. 184,

186(F), 187(F)
surface-origin fatigue in gear teeth....... 194,

195(F)
Planestrain ............. 248-249(F), 257-258(F)
Plane-strain fracture toughness.
See Critical stress-intensity factor.
Plane-strain fracture toughness,
provisional value for (Kg)
definition ... 278
Planestress.............. 248-249(F), 257-258(F)
Plastic deformation............ccccceveuenne 39-42(F)
definition ... 275
Plastic zoNne........cccooeoiiieiiicc e 250

Plating
for protection from uniform corrosion ..212
producing residual stresses.....65(T), 75-76
to prevent corrosion fatigue ................. 224
Polishing
producing residual stresses
Polycrystalline, definition.........
Polymeric, definition ............ccoceovieininnnn,
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Poultice corrosion. See also Crevice corrosion.

definition ..o 275
Pressure, on liquid, increased
to prevent cavitation fatigue............... 201
Pressur e vessel

carbon steel, hydrotest failure of 252-254(F)
Prestress

definition ... 275

to prevent fracture........ocecevveevciecennennn, 180
Primary creep. See also Creep.

definition ... 275
Product litigation cases

precautions in teStS......ccovvviieieiiiienienns 2,3
Propagation

stage two in fatigue fracture .......... 119-120
Proportional limit ........ccccccoviviviiiinnne, 40(F)

definition
Psi, definition......c..cccoeevevvececceccece e 275
Q
Quality control.......cccoceveienennieneccee

Quasi-cleavage fractures
definition ........cocovvvvnine,
in brittle fracture .......ccooovevniviienns
Quench-age embrittlement
in brittle fracture .................
Q value (geometry factor)

Raceway, definition ..o 276
Radial, definition..........ccocveevvveeviiiiiiecieee 276
Radial lines in brittle fracture......89, 94(F),

95(F), 96(F)

Ratchet marks......c.ccccevvevvececceceene
definition ...........
formation of ..........
in fatigue failure
in fatigue fracture........ 126-127(F), 145(F),
146(F), 150(F)

Remote applied stress (o)
Residual stresses..45-46, 49-50, 61-79(F,T)

DalanCe.......coccovveiiiieceecee 63, 71
chemical effects on........... 64, 65(T), 75-76
closed stress systems in two

types of wheel........ccocviinne. 77-79(F)
COMPIESSIVE ..o 63, 64, 68(F),

70-77(F), 79, 138

definition ...,
effect of foreign atoms....
factors that affect.........c.c.......
IMPOrtanNCe ..o
in brittle fracture ...
increased to prevent corrosion

FALIQUE . 224

in subsurface-origin fatigue
lattice scale .......cccoevvevevcienenn,

MACTOSCAIE....c.viviieiiiiirieeeceee
mechanical ............. 64, 65(T), 71-75(F), 79
metallurgical ...........cccooeeenne. 64, 70-71, 79
MICIOSCAIE ..o 64
spring analogy........cccccevevrienen. 76-77(F), 79
subsurface- and surface-origin
Fractures ... 58-59
tensile............. 63, 67-68(F), 71, 73, 75-76,
79, 138-140
thermal.........ccocovevvienennns 64, 65-70(F,T), 79
three-dimensional............ccccocovieniiiinins 63
torch cutting as fracture cause ......61, 62(F)
Riveted joints, avoidance to
prevent crevice corrosion .................. 216
Root (of a notch), definition
Rub marks, instead of striations.............. 121,
123(F), 129
Rupture, definition ...........cccocevvvenieniinnn 276
S
Salts, soluble, added to inhibit
stress-corrosion cracking.................... 218
Scatter
in fatigue-testing results................. 143, 144
Seals. See Gaskets or seals, nonabsorbent.
Seawater corrosion.............. 222, 223(F), 224
Secondary creep. See Creep.
SeNSItiZation ........ccceeiiieeee e
Service loads, definition
Service overloads
producing residual stresses ................. 65(T)
Servohydraulic equipment ......... 259, 260(F)
Shear, definition......c...cccoecvvevvieecnnnne. 107, 276
Shear fracture, definition .........cc.cocveneen. 276
Shear lip
definition .......ccccooveeinnne ...276
in ductile fracture ........ccocooveiiiiciien 107
Shear mode........ccocoevvvvniiinene. 21, 247(F)
compared to cleavage mode....22-23(F), 24
in microvoid coalescence............. 110-111(F)
Shear Stresses........occoevevveneienieenns
compression loading
convex surfaces in contact................... 54(F)
in fatigue fracture.........c.ccoevveincinen 119
torsional loading .........cccccevevvevenane. 32-34(F)
Ships
brittle fracture in World War 11 ....84-87(F)
Shot peening .......ccoceevvvvveieniciens 180, 219
Belleville spring washer ..........ccoccovene 138
definition ... 276
prior to electroplating .........ccccooeeveuennee 75-76
producing residual stresses ................ 65(T),
residual stress patterns............cccoceeevenenne.
to modify fracture origin
to prevent fatigue fracture ............. 133, 134
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to reduce corrosion fatigue.................... 224
Shrinkage cavity, definition............. 276-277
Shrink fitting

producing residual stresses ................. 65(T)

Sigma-phase embrittlement

in brittle fracture ...
Silver Bridge collapse
Simulation teStiNg.......ccoveeieenicinseie
Single edge-notched bend (SE)

SPECIMEN ... 258, 259(F)
Sintered metal, definition .............ccoce.e. 277
Slant fracture .

definition ..........
Sliding mode........
Slip

CYCHC et 183
interface, elimination or reduction to
prevent fretting wear..........ccoceeevene. 180

Smoothness, surface

increase to prevent cavitation fatigue....201
S-N curve, definition
Sodium hydroxide.........cccooceovienniencrenne.
Spalling fatigue. See also Subcase-origin

fatigue.
definition ..o 277
Specimen-loading rate............ ..250
Spiral bevel gear, definition ... 277
Spline, definition ........cccoevvveiiincieccne, 277

Spot heating
as cause of residual stresses.......... 69(F), 70
Stainless steels, carburization ........... 237-238

Static, definition..............c.......
Statistics, in fatigue fracture ...
Steels, carburization ........cccoceveeveveeicnesnen.
Stiffness

increase to prevent cavitation fatigue....201
Stop marks. See Beachmarks.
Straightening

producing residual stresses
Strain, definition ........cccoceveeeeviccice e,
Strain-age embrittlement

in brittle fracture .......cccoceeeveieiecrcrc, 93
Strength
definition......ccov v, 49

increase to prevent cavitation fatigue....201
relationship to stress in fatigue .....49-59(F)

Strength gradient, definition.................... 277
Stress
definition ..o 277

relationship to strength in fatigue 49-59(F)
Stress concentration

definition ..o, 277
effect on fatigue properties and

tensile strength.........ccocvvinen. 47-48(F)
effect on hardness and tensile

Strength ... 46-47(F)

in brittle fracture .... ....87, 88, 96(F), 99
in fatigue fracture........cccoeevveviciicnnn, 120

in stress-corrosion cracking.................... 217
in subsurface-origin fatigue................... 186
pits in corrosion fatigue ............ 222-223(F)
Stress corrosion, definition...........cc.co...... 277
Stress-corrosion cracking 10, 216-221(F,T)
by liquid Mercury ......ccocoovvvveiiiiienienas 238

characteristics of...........c.c...... 217-218, 220
confused with fatigue fracture ..219-220(F)
confused with hydrogen-embrittlement

CraCKIiNg voveveieecieeeee e 220
definition.......ccocevevvieiiiees 216-217, 277
environments that cause in metals

and alloys ......ccoccvveveieiceiece, 219(T)

example of .......... 217(F)
fracture mechanics used to predict

structure service life ........ccccvvcinnnn 251
generation of tensile stresses.................. 218
in brittle fracture.................. 99, 217, 220(F)
prevention of ........ccoccoveiiiiiiencns 218, 219
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