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FRACTURE

Simple fracture is the separation of a body in two or more pieces in response 
to an impose stress that is static (i.e. constant or slowly changing with time) 
and at temperatures that are low relative to the melting point of the material.

Two fracture modes are possible: ductile and brittle.  Ductile materials 
exhibit substantial plastic deformation with high energy absorption before 
fracture.  Brittle fracture occurs when there is little or no plastic deformation 
with low energy absorption.

Any fracture process involves two steps—crack formation and 
propagation—in response to an imposed stress.  The mode of fracture is 
highly dependent on the mechanism of crack propagation.  Ductile fracture 
is characterized by extensive plastic deformation in the vicinity of an 
advancing crack.  Furthermore, the process proceeds relatively slowly as the 
crack length is extended.  The crack resists any further extension unless 
there is an increase in the applied stress.  In addition, there will ordinarily be 
evidence of appreciable gross deformation at the fracture surfaces.  On the 
other hand, for brittle fracture, cracks may spread extremely rapidly, with 
very little accompanying plastic deformation.  Such cracks may be said to be 
unstable, and crack propagation, once started, will continue spontaneously 
without an increase in magnitude of the applied stress.

FIGURE 9.1 (a) Highly ductile 
fracture in which the 
specimen necks down to a 
point.
(b) Moderately ductile 
fracture after some necking. 
(c) Brittle fracture without 
any plastic deformation.
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DUCTILE FRACTURE

The most common type of tensile fracture profile for ductile metals is that 
represented in Figure 9.1b, which fracture is preceded by only a moderate 
amount of necking. The fracture process normally occurs in several stages

FIGURE 9.2 Stages in the cup-and-cone fracture. 
(a) Initial necking.
(b) Small cavity (microvoids) formation.
(c) Coalescence of cavities to form an elliptical crack (long axis 

perpendicular to stress direction).
(d) Crack propagation in the direction parallel to its major axis by 

microvoid coalescence.
(e) Final shear fracture at a 45º angle relative to the tensile direction.



MATERIALS SCIENCE 3 MATERIAL FAILURE

FIGURE 9.3 (a) Cup-and-cone fracture in aluminum. (b) Brittle fracture in 
mild steel.

BRITTLE FRACTURE

Brittle fracture takes place without much deformation, and by rapid crack 
propagation. The direction of crack motion is very nearly perpendicular to 
the direction of the applied tensile stress and yields a relatively flat fracture 
surface, as indicated in Figure 9.1c.

For most brittle crystalline materials, crack propagation corresponds to the 
successive and repeated breaking of atomic bonds along specific 
crystallographic planes. This type of fracture is said to be transgranular, 
because the fracture cracks pass through the grains. Macroscopically, the 
fracture surface may have a grainy or faceted texture (Figure 9.3b).

In some alloys, crack propagation is along grain boundaries; this fracture is 
termed intergranular. Figure 9.6b is a scanning electron micrograph 
showing a typical intergranular fracture, in which the three-dimensional 
nature of the grains may be seen.
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FIGURE 9.5 (a) Photograph showing V-shaped ‘‘chevron’’ markings 
characteristic of brittle fracture. Arrows indicate origin of crack. 
Approximately actual size. (b) Photograph of a brittle fracture surface 
showing radial fan-shaped ridges. Arrow indicates origin of crack. 
Approximately 2.
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FATIGUE

Fatigue is a form of failure that occurs in structures subjected to dynamic 
and fluctuating stresses. Under these circumstances it is possible for failure 
to occur at a stress level considerably lower than the tensile or yield strength 
for a static load. The term ‘‘fatigue’’ is used because this type of failure 
normally occurs after a lengthy period of repeated stress or strain cycling.

Fatigue failure is brittle-like in nature even in normally ductile metals, in 
that there is very little, if any, gross plastic deformation associated with 
failure. The process occurs by the initiation and propagation of cracks, and 
ordinarily the fracture surface is perpendicular to the direction of an applied 
tensile stress.
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CYCLIC STRESSES

In general, three different fluctuating stress–time modes are possible.

FIGURE 9.23 
Variation of stress 
with time that 
accounts for fatigue 
failures. (a) 
Reversed stress 
cycle, in which the 
stress alternates 
from a maximum 
tensile stress (+) to 
a maximum 
compressive stress 
(-) of equal 
magnitude. (b) 
Repeated stress 
cycle, in which 
maximum and 
minimum stresses 
are asymmetrical 
relative to the zero 
stress level; mean 
stress σm, range of 
stress σr , and stress 
amplitude σa are 
indicated. (c) 
Random stress 
cycle.
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THE S–N CURVE

The fatigue properties of materials can be determined from laboratory 
simulation tests.  A schematic diagram of a rotating-bending test apparatus, 
commonly used for fatigue testing, is shown in Figure 9.24; the compression 
and tensile stresses are imposed on the specimen as it is simultaneously bent 
and rotated.

A series of tests are commenced by subjecting a specimen to the stress 
cycling at relatively large maximum stress amplitude (σmax), usually two 
thirds of the static tensile strength; the number of cycles to failure is 
counted.  This procedure is repeated on other specimens at progressively 
decreasing maximum stress amplitudes.  Data are plotted as stress S versus 
the logarithm of the number N of cycles to failure for each of the specimens.

FIGURE 9.24 Schematic diagrams of fatigue testing apparatus for making 
rotating-bending tests.
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FIGURE 9.25 Stress amplitude (S) versus logarithm of the number of cycles to 
fatigue failure (N) for (a) a material that displays a fatigue limit, and (b) a 
material that does not display a fatigue limit.
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Two distinct types of S–N behavior are observed, which are represented 
schematically in Figure 9.25. 

The higher the magnitude of the stress, the smaller the number of cycles the 
material is capable of sustaining before failure. For some ferrous (iron base) 
and titanium alloys, the S–N curve (Figure 9.25a) becomes horizontal at 
higher N values; or, there is a limiting stress level, called the fatigue limit 
(also sometimes the endurance limit), below which fatigue failure will not 
occur.

Most nonferrous alloys (e.g., aluminum, copper, magnesium) do not have a 
fatigue limit, in that the S–N curve continues its downward trend at 
increasingly greater N values (Figure 9.25b). Thus, fatigue will ultimately 
occur regardless of the magnitude of the stress. For these materials, the 
fatigue response is specified as fatigue strength, which is defined as the 
stress level at which failure will occur for some specified number of cycles.

Another important parameter that characterizes a material’s fatigue behavior 
is fatigue life Nf . It is the number of cycles to cause failure at a specified 
stress level.

CRACK INITIATION AND PROPAGATION

Cracks associated with fatigue failure almost always initiate (or nucleate) on 
the surface of a component at some point of stress concentration. Crack 
nucleation sites include surface scratches, sharp fillets, keyways, threads, 
dents, and the like. In addition, cyclic loading can produce microscopic 
surface discontinuities resulting from dislocation slip steps which may also 
act as stress raisers, and therefore as crack initiation sites.

The region of a fracture surface that formed during the crack propagation 
step may be characterized by two types of markings termed beachmarks and 
striations.

Beachmarks are of macroscopic dimensions (Figure 9.30), and may be 
observed with the unaided eye. These markings are found for components 
that experienced interruptions during the crack propagation stage—for 
example, a machine that operated only during normal work-shift hours. Each 
beachmark band represents a period of time over which crack growth 
occurred.
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Fatigue striations are microscopic in size and subject to observation with the 
electron microscope see Figure 9.31. Each striation is thought to represent 
the advance distance of a crack front during a single load cycle. Striation 
width depends on, and increases with, increasing stress range.

Although both beachmarks and striations are fatigue fracture surface features 
having similar appearances, they are nevertheless different, both in origin 
and size. There may be literally thousands of striations within a single 
beachmark.  Often the cause of failure may be deduced after examination of 
the failure surfaces. The presence of beachmarks and/or striations on a 
fracture surface confirms that the cause of failure was fatigue. Nevertheless, 
the absence of either or both does not exclude fatigue as the cause of failure

FIGURE 9.30 Fracture surface 
of a rotating steel shaft that 
experienced fatigue failure.  
Beachmark ridges are visible 
in the photograph.
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FIGURE 9.31 Transmission 
electron fractograph showing 
fatigue striations in 
aluminum.

FIGURE 9.32 Fatigue failure 
surface. A crack formed at the 
top edge.  The smooth region 
also near the top corresponds 
to the area over which the 
crack propagated slowly.  
Rapid failure occurred over 
the area having a dull and 
fibrous texture (the largest 
area).
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FACTORS THAT AFFECT FATIGUE LIFE
STRESS CONCENTRATION
Fatigue strength is reduces by the presence of stress raisers such as notches, 
holes, keyways, or sharp changes in cross sections.

SURFACE ROUGHNESS
In general, the smoother the surface finish on the metal sample, the higher 
the fatigue strength.  Rough surface create stress raisers which facilitate 
fatigue crack formation.

SURFACE CONDITION
Since most fatigue failures originate at the metal surface any major change 
in the surface condition will affect the fatigue strength of the metal.  For 
example, surface-hardening for steels such as carburizing and nitriding 
which harden the surface increase fatigue life.

ENVIRONMENT
If a corrosion environment is present during cyclic stress of metal, the 
chemical attack greatly accelerates the rate at which fatigue cracks 
propagate.
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CREEP

Materials are often placed in service at elevated temperatures and exposed to 
static mechanical stresses.  Deformation under such circumstances is termed 
creep. Defined as the time-dependent and permanent deformation of 
materials when subjected to a constant load or stress, creep is normally an 
undesirable phenomenon and is often the limiting factor in the lifetime of a 
part.  It is observed in all materials types; for metals it becomes important 
only for temperatures greater than about 0.4Tm (Tm = absolute melting 
temperature).

GENERALIZED CREEP BEHAVIOR

A typical creep test consists of subjecting a specimen to a constant stress
while maintaining the temperature constant; deformation or strain is 
measured and plotted as a function of elapsed time.

Consider creep of a metal at a temperature above ½ Tm.  When the change of 
length of the specimen over a period of time is plotted against time 
increments, a creep curve, such as the one shown in Figure 9.40 is obtained.
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FIGURE 9.40 Typical creep curve of strain versus time at constant stress and 
constant elevated temperature. The minimum creep rate Δ/Δt is the slope of 
the linear segment in the secondary region. Rupture lifetime tr is the total 
time to rupture.

1) An instantaneous elongation of the specimen, o.
2) The specimen exhibits primary creep in which the strain rate 

decreases with time.  The slope of the creep curve is designate creep
rate.

3) A second stage of creep occurs in which the creep rate is essentially 
constant and is therefore also referred to as steady-state creep and 
minimum creep rate. Creep resistance is highest.

4) A third or tertiary stage of creep occurs in which the creep rate rapidly 
increases with time up to the strain at fracture.

The shape of the creep curve depends strongly on the applied stress.


