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Abstract

“Between 80 — 90% of all structural failures occur through a fatigue mechanism.” In order to address this
fact, considerable effort has been applied to bring fatigue analysis technology to the hands of the FE
engineer. A wealth of technical publications are available to describe the process in great mathematical
detail. This paper hopes to make a refreshing change by presenting a very conceptua view of the physics of

fatigue. As such it contains no mathematics at all!

Introduction

According to independent studies carried out by the
Battelle group in 1982, between 80-90% of al
structural  failures occur through a fatigue
mechanism and the estimated annual cost of fracture
and fatigue to the US was 4.4% of GDP.
Furthermore the Battelle Study concluded that this
could be reduced by 29% by application of current
fatigue analysis technology.

In the past, fatigue analysis was largely the domain
of the development engineer, who used
measurements taken from prototype components to
predict the fatigue behaviour. This gave rise to the
traditional “Build it, Test It, Fix It" approach to
fatigue design illustrated in Figure 1. This approach
is known to be very costly as an iterative design
cycleis centred on the construction of real prototype
components. This inhibits the ability to develop
new concepts and reduces confidence in the final
product due to alow statistical sample of tests. Itis
also common to find early products released with
‘known’ defects or product release dates being
delayed whilst durability issues were addressed.

A more desirable approach is to conduct more
testing based on computer  simulations.
Computational analysis can be performed relatively
quickly and much earlier in the design cycle.

Q)i of
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Figure 1 The Build-it, test-it, fix-it method of
design

Confidence in the product is therefore improved
because more usage scenarios can be smulated. It
is not recommended, however, that these
simulations completely replace prototype testing. It
will aways remain desirable to have prototype sign-
off tests to validate the analysis performed and
improve our future modelling techniques. However,
the number of prototype stages, and hence the total
development time, can be reduced.

In this paper we overview the physical behaviour

responsible for fatigue from initiation to final
component failure.
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The Physics of Fatigue

Fatigue is defined as ‘Failure under a repeated or
otherwise varying load which never reaches a level
sufficient to cause failure in a single application.’
Fatigue cracks always develop as a result of cyclic
plastic deformation in a localised area. This plastic
deformation might arise through the presence of a
small crack or pre-existing defect on the surface of a
component, for both cases it is practicaly
undetectable and unfeasible to model using
traditional Finite Element techniques.

August Wohler was the first engineer to study
fatigue failure and propose an empirica analysis
technique. Between 1852 and 1870, Wohler studied
the progressive failure of rallway axles. He
constructed the test rig shown in Figure 2, which
subjected 2 railway axles simultaneoudy to a
rotating bending test. Masses were suspended from
the ends of the axles and the axles rotated till
failure. Wohler then plotted the nominal stress vs
the number of rotations to failure on what has
become known as the SN diagram. Each curve is
still referred to as a Wohler line. The SN method is
still the most widely used today and a typical
example of the curveis shown in Figure 2.

Figure 2 Wohler® Rotating Bending Fatigue Test

Several effects are notable about the Wohler line.
Firstly we note that below the transition point
(approximately 1000 cycles) the SN curve is not

valid because the nominal stresses are now elastic-
plastic. We show below that fatigue is driven by the
release of plastic shear strain energy; therefore
above yield, stress loses the linear relationship with
strain and cannot be used. Between the transition
and the endurance limit (approximately 10" cycles),
SN based analysis is valid. Above the endurance
limit the slope of the curve reduces dramatically and
as such this is often referred to as the ‘infinite life
region. In practice this is not realy the case.
Aluminium aloys do not exhibit infinite life,
although they have a much lower gradient in this
region, and even steel does not exhibit infinite life
when subjected to variable amplitude loading.

With the advent of modern microscopes, fatigue
cracks have been investigated at increasing levels of
detail. We now know that a fatigue crack initiates
and grows as part of a two-stage process. In the
early stages a crack is seen to grow at approximately
456 to the direction of applied load following the
line of maximum shear stress. After traversing two
or three grain boundaries its direction is seen to
change and it then propagates at approximately 90é
to the direction of the applied load. These are known
as Stage | and Stage Il cracks and are illustrated in
Figure 3.

Figure 3 Illustration of Stage | and Stage |1
Crack Growth

If we observe the development of a stage | crack at
high magnification we see that the aternating stress
givesriseto persistent slip bands that form along the
planes of maximum shear. These dide back and
forth rather like diding a deck of cards and this
gives rise to surface extrusions and intrusions. The
surface intrusions essentialy form our ‘embryonic’
crack and are illustrated in Figure 4. The stage |
crack propagates in this mode until it encounters the
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grain boundary where upon it briefly halts until
sufficient energy has been conducted to the adjacent
grain and the process continues.

Alternating Stress A
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Crystal surface

Slip bands form
aong planes of
maximum shear
givingriseto
surface extrusions
and intrusions

vy
Figure 4 Illustration of persistant dlip bands

After traversing two or three grain boundaries we
notice that the direction of crack propagation now
changes into a stage Il mode. In this stage the
physical nature of the crack growth is seen to
change. The crack itself now forms a macroscopic
obstruction to the flow of stress that gives rise to a
high plastic stress concentration at the crack tip.
Thisisillustrated in Figure 5. It should be noted that
not all embryonic stage | cracks evolve through to

T
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Figure 5 High plastic stress concentration at the
tip of astage Il crack

To appreciate the stage Il growth mechanism we
need to consider what happens at the cross section
of acrack tip during astress cycle. Thisisillustrated
in Figure 6.

The fatigue cycle starts when the nominal stressis at
point ‘a’. As the stress increases in tension through
point ‘b’ we notice the crack tip now opening giving
rise to local plastic shear deformation while the

crack extends into the virgin metal at point ‘c’. As
the tensile stress now decreases through ‘d we
observe the crack tip closing and the permanent
plastic deformation gives rise to a distinctive saw
tooth profile known as a ‘striation’. On completion
of the cycle at point ‘€', we observe that our crack
has now advanced through length Da, and has
formed an additiona striation. We can aso
appreciate that the extent of crack growth is
proportional to the range of elastic-plastic crack tip
strain applied. Higher cycle ranges give rise to
greater Da.

Striations
\

Figure 6 Illustration of Stage Il crack growth

This mechanism of crack growth forms the classical
patterns observed on the failure surface of afatigued
component. This is shown in the photograph in
Figure 7. The dark semi-circle at the top of the
photograph is the starting notch that was machined
into the specimen to create a stress concentration. At
this scale we cannot see the stage | cracks but we
can see the region of stage |1 growth depicted by the
distinctive ‘beachmarks. Beachmarks are created
by an optical effect of the striations. The striations
themselves are too small to see but their varying
intervals and the way light is reflected from the
surface gives rise to the pattern seen. This is a
similar effect to viewing the surface of a vinyl
record. In this photograph we see how a stage Il
crack has advanced through the specimen in a semi-
eliptica profile. When the crack has propagated
sufficiently far, the remaining uncracked material is
incapable of sustaining the applied load and the
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specimen fails through fast fracture.

Beachmarks due to crack
propagation

Fast fracture

Figure 7 Photograph of the fatigue failure surface
on afatigue test specimen

Factors Affecting the Rate of
Fatigue Crack Growth

In this section we investigate and explain
conceptually the effect of the following parameters
on fatigue crack growth rate:

Stress or Strain Range

Mean Stress

Surface Finish and Quality

Surface Treatments

Sequence effects

. Overload effects

We see that Stress or Strain range has the most
important influence.

OUAWN R

Stress or Strain Range

From the previous description we notice that in both
stage | and stage Il growth, crack development
arises through plastic shear strain on a microscopic
scale. Consider, therefore, the plastic shear strain
forming along the stage | dip planes or at the tip of
astage Il crack as aresult of the nominal stresstime
history shown in Figure 8.

Strain Range

@ (b) (©)

Figure 8 Elastic-plastic stress and strain along a
dip plane and at the root of a crack

In Figure 8a, we see the nominal stress rise with
time. On a microscopic level, in the presence of a
crack or pre-existing defect, the stress and strain
become plastic and can be plotted in the stress vs
strain diagram shown. Figure 8b now shows what
happens when the nominal stress is reduced and
then raised again by a smaler amount. Again the
local stress vs strain can be plotted showing the
effect of local yielding. Finaly Figure 8c shows
another reduction in the nominal stress. From the
stress vs strain plot we now see the formation of a
hysteresis loop. A loop in the stress vs strain plot
indicates release of strain energy where the total
energy released is equal to the area of the loop.
Essentially we have released a quantity of shear
strain energy and this has been expended in sliding
the dlip planes or advancing the stage |1 crack.

From this illustration we therefore see that a
‘quantum’ of shear strain energy is released when
the nominal stress is cycled into tension and then
back again. Also, the larger the stress cycle, the
greater the energy released. From the SN curve
shown in Figure 2, we see that fatigue life drops
exponentialy as the stress cycle range increases.

Mean Stress

The mean stress (or residual stress) will also affect
the rate of fatigue damage. Viewed conceptually, if
a mean tensile stress is applied to a stage 1l crack
then the crack is being forced open and any stress
cycles applied will therefore have a more
pronounced affect. Conversely, if a mean
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compressive stress is applied then the crack will be
forced shut and any stress cycle would first of all
have to overcome the pre-compression before any
growth could ensue.

A similar visualisation can be made for a stage |
crack. Here a mean compressive stress would
increase the frictional resistance between the dip
planes requiring more strain energy to propagate the
crack. Conversely, a tensile mean stress would
reduce the frictional resistance.

Research into the effect of mean stress gave rise to
the Haigh diagram shown in Figure 9. This plots the
stress cycle amplitude vs the mean stress for a
number of tests whose fatigue lives were constant. It
shows that for a certain tensile mean, the stress
range would have to be reduced proportionaly in
order to achieve the same fatigue life.

Figure 9 Haigh diagram showing the effect of
mean stress on fatigue life

Surface finish

Fatigue cracks usudly initiate from a pre-existing
defect at the surface of a component. Therefore the
quality of the surface will greatly influence the
chance of a crack initiating and hence evolving into
afull stage Il crack. Most material specimens tested
have a high quality mirror polished finish and
therefore achieve the best fatigue lives. In practice
our components are seldom as good and therefore it
is necessary to modify the fatigue properties.
Surface finish has a more significant effect on the
fatigue of components subjected to low amplitude
stress cycles. The effect of surface finish can be
modelled by multiplying the SN curve by the
surface correction parameter at the endurance limit
as shown in Figure 10. This has the effect of
revolving the SN curve so low amplitude stress
cycles show the greater effect. The amount of
reduction is obtained from the empirical curves

shown in Figure 10. Note that these tables only refer
to steel aloys, no data exist for the effect on
aluminium alloys.

x surface factor

Figure 10 The effect of surface quality of fatigue
life

Surface Treatments

Surface treatments can be applied to improve the
fatigue resistance of a component. These usually
work by inducing a residual compressive stress at
the surface. Figure 11 illustrates this effect by
showing the stress distribution through a bar
subjected an oscillating bending moment. Under
low amplitude cycles the stresses at the surface are
significantly lower or even reman compressive.
Therefore the fatigue life is greatly improved. We
note, however, that this effect is only true for
components subjected to low amplitude stress
cycles. If large amplitude cycles were applied then
these would start to overcome the pre-compression
and therefore the beneficial effect would soon be
lost. In conclusion, surface treatments can be used to
improve the fatigue performance of a component
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subjected to low amplitude cycles but becomes less
effective for those with high cyclic stresses.

- (o) (o

Compression | Tension Compression | Tension

Compression . Tension
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Resulting surface stress

never goes into tension

therefore surface crack
doesn't initiate

Surface Compression Oscillating bending
Stress Stress

Figure 11 Illustration showing the effect of
residual compression at the surface

The effect of surface treatments can be modelled in
the same way as surface quality, i.e. by multiplying
the SN curve by an appropriate value at the
endurance limit. The values typically used for the
most popular steel treatments are given in Table 1.
These have the effect of rotating the SN curve
upwards. It should be noted, however, that some
surface treatments have a negative effect.
Electroplating, for example, induces tensile stresses
at the surface.

Finish Shot Cold Nitrided
Peened Rolled
Polished 1.15 1.50 2.00
Ground 1.20 N/A 2.00
Machined 1.30 1.70 2.00
Hot Rolled 1.40 N/A 2.00
Cast 1.40 N/A 2.00
Forged 2.00 N/A 2.00

Table 1 The effect of surface treatment on the
endurance limit

Sequence effects

The sequence in which cycles are ordered can
influence the fatigue life. Consider the two time
histories shown in Figure 12. Both appear to consist
of two cycles having the same range and mean
stresses. However, if we plot the eastic-plastic
response we see that the smaller cycle has a tensile
mean in the first example and a compressive mean
in the second. Therefore the first example will create
more damage than the second.

For most practical analyses, sequence effects are
insignificant because the probability of one

sequence occurring is equal to that of the other.
However, it is worth bearing in mind when planning
some simplified and idealised loading sequences.

S Hanging L oop
\N g7
% Tensile mean =
V t ﬂ / €  moredamage

S S Standing Loop
\/\ / / 7 Compressive mean =
V t less damage
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Figure 12 Illustration showing the effect of cycle
sequence

Overload effects

During stage Il crack growth, tensile overloads can
have a very positive effect on fatigue life. During
the overload the high crack tip strain induces a large
region of plastic deformation ahead of the crack.
This results in a plastic volumetric expansion that
acts to close the crack. Any subsequent cycles have,
first of al, to overcome the cracks pre-compression
before causing damage. Therefore the crack growth
rate isretarded. Thisisillustrated in Figure 13.

Asthe crack isforced
open alarge zone of
plasticity forms at the tip
resulting in aplastic
volumetric change in the
material

Figure 13 lllustration of plastic volumetric
expansion at the crack tip during atensile
overload

This effect is known as crack retardation. The effect
retards the crack growth rate until it has effectively
propagated through the affected zone, after which it
continues normally.

In some circumstances a complete crack arrest can
occur where the smaller cycles never get sufficiently
large to overcome the volumetric pre-compression.

In an attempt to reinforce an understanding of this
phenomenon, a popular fable was sited: when
noticing a crack in the wing of an airliner you
should instruct the pilot to roll the aircraft therefore
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inducing crack arrest. While this may be true you
should also be aware that if you accidentally exceed
the UTS you might have more immanent concerns
than fatigue!

While crack retardation can be used to good affect it
has also been the cause of many serious fatigue
oversights. In the early days of pressurised aircraft,
for instance, overload tests were routinely carried
out prior to fatigue testing. As the production
aircraft did not undergo testing prior to flight they
did not benefit from the overload and a number of
fatal in-service failures occurred.

Conclusions

In this paper we have looked at the physics behind
fatigue analysis in a conceptual and visual way. The
main effects that influence fatigue development
have been discussed. Hopefully this paper has
helped to form a clear picture in the mind of the
reader as to what's actually happening within the
fatiguing component. And there was no
mathematics!
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