10FATIGUE AS A PHENOMENON IN THE MATERIAL

In a specimen subjected to a cyclic load, a fatigue crack nucleus can be initiated
on a microscopically small scale, followed by crack grows to a macroscopic size, and
finally to specimen failure in the last cycle of the fatigue life. The fatigue phenomenon
will be discussed as a mechanism occurring in metallic materials, first on a microscale
and later on a macroscale.

Understanding of the fatigue mechanism is essential for considering various
technical conditions which affect fatigue life and fatigue crack growth, such as the
material surface quality, residual stress, and environmental influence. This knowledge is
essential for the analysis of fatigue properties of an engineering structure. Fatigue
prediction methods can only be evaluated if fatigue is understood as a crack initiation
process followed by a crack growth period.

The fatigue life is usually split into a crack initiation period and a crack growth
period. The initiation period is supposed to include some microcrack growth, but the
fatigue cracks are still too small to be visible. In the second period, the crack is growing
until complete failure. It is technically significant to consider the crack initiation and
crack growth periods separately because several practical conditions have a large
influence on the crack initiation period, but a limited influence or no influence at all on

the crack growth period.

10.1 Different phases of the fatigue life

Microscopic investigations in the beginning of the 20th century have shown that
fatigue crack nuclei start as invisible microcracks in slip bands. After more microscopic
information on the growth of small cracks became available, it turned out that
nucleation of microcracks generally occurs very early in the fatigue life. Indications
were obtained that it may take place almost immediately if a cyclic stress above the
fatigue limit is applied. The fatigue limit is the cyclic stress level below which a fatigue
failure does not occur. In spite of early crack nucleation, microcracks remain invisible

for a considerable part of the total fatigue life. Once cracks become visible, the
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remaining fatigue life of a laboratory specimen is usually a small percentage of the total
life. The latter percentage may be much larger for real structures.

After a microcrack has been nucleated, crack growth can still be a slow and
erratic process, due to effects of the microstructures, e.g. grain boundaries. However,
after some microcrack growth has occurred away from the nucleation site, a more
regular growth is observed. This is the beginning of the real crack growth period.
Various steps in the fatigue life are indicated in Figure 5.1. The important point is that
the fatigue life until failure consists of two periods: the crack initiation period and the
crack growth period. Differentiating between the two periods is of great importance
because several surface conditions do affect the initiation period, but have a negligible
influence on the crack growth period. Surface roughness is just one of those conditions.
Corrosive environments can affect initiation and crack growth, but in a different way for
the two periods. It should already be noted here that fatigue prediction methods are
different for the two periods. The stress concentration factor K is the important
parameter for predictions on crack initiation. The stress intensity factor K is used for

predictions on crack growth.
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Fig. 5.1 Different phases of the fatigue life and relevant factors

10.2 Crack initiation

Fatigue crack initiation and crack growth are a consequence of cyclic slip. It
implies cyclic plastic deformation, or in other words dislocation activities. Fatigue
occurs at stress amplitudes below the yield stress. At such a low stress level, plastic

deformation is limited to a small number of grains of the material. This microplasticity



preferably occurs in grains at the material surface because of the lower constraint on
slip. At the free surface of a material, the surrounding material is present at one side
only. The other side is the environment, usually a gaseous environment (e.g. air) or a
liquid (e.g. sea water). As a consequence, plastic deformation in surface grains is less
constrained by neighbouring grains than in subsurface grains; it can occur at a lower
stress level.

Cyeclic slip requires a cyclic shear stress. On a microscale the shear stress is not
homogeneously distributed through the material. The shear stress on crystallographic
slip planes differs from grain to grain, depending on the size and shape of the grains,
crystallographic orientation of the grains, and elastic anisotropy of the material. In some
grains at the material surface, these conditions are more favorable for cyclic slip than in
other surface grains. If slip occurs in a grain, a slip step will be created at the material

surface, see Figure 5.2a.
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Fig. 5.2 Cycle slip leads to crack nucleation.

A slip step implies that a rim of new material will be exposed to the environment.
The fresh surface material will be immediately covered by an oxide layer in most
environments, at least for most structural materials. Such monolayers strongly adhere to
the material surface and are not easily removed. Another significant aspect is that slip

during the increase of the load also implies some strain hardening in the slip band. As a
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consequence, upon unloading (Figure 5.2b) a larger shear stress will be present on the
same slip band, but now in the reversed direction. Reversed slip will thus preferably
occur in the same slip band. If fatigue would be a fully reversible process, this book
would not have been written. We have to mention two reasons why fatigue cannot be
fully reversible. First, the oxide monolayer cannot simply be removed from the slip
step. Secondly, strain hardening in the slip band is also not fully reversible. As a
consequence, reversed slip, although occurring in the same slip band, will occur on
adjacent parallel slip planes. This is schematically indicated in Figure 5.2b. The same
sequence of events can occur in the second cycle, see Figures 5.2¢ and d.

Of course Figure 5.2 offers a simplified picture, but there are still some important
lessons to be learned:

1. A single cycle is sufficient to create a microscopical intrusion into the material,
which in fact is a microcrack.

2. The mechanism occurring in the first cycle can be repeated in the second
cycle, and in subsequent cycles and cause crack extension in each cycle.

3. The first initiation of a microcrack may well be expected to occur along a slip
band. This has been confirmed by several microscopic investigations, see Figure 5.3. A
slip band seen in Figure 5.3a is actually a microcrack as confirmed in Figure 5.3b after
the band is opened by applying a 5% plastic strain to the material. A part of this slip

band was already visible after no more than 0.5% of the fatigue life.




(a) Slip lines are clearly visible (b) Microcrack opened, see arrow

Fig. 5.3 Development of cyclic slip bands and a microcrack in a pure copper specimen.

G, =0,0,=775MPa, N=2 x 10°.

4. In Figure 5.2 the small shift of the slip planes during loading and unloading is
leading to an intrusion. However, if the reversed slip would occur at the lower side of
the slip band, an extrusion is obtained, see Figure 5.2e. However, from a potential strain
energy point of view, the intrusion is the more probable consequence of cyclic slip in a
slip band.

5. The simple mechanism of Figure 2.2, and even if it would be different or more
complicated, implies disruption of bonds between atoms, i.e. decohesion occurs, either
by tensile decohesion, shear decohesion, or both. It occurs if a slip step penetrates
through a free surface. It can also occur at the tip of a growing fatigue crack. The
disruption of bonds at the crack tip might also be caused by a generation of dislocations
from the crack tip. It should be expected that the decohesion can be accelerated by an
aggressive environment.

The lower restraint on cyclic slip at the material surface has been mentioned as a
favorable condition for crack initiation at the free surface. However, more arguments for
crack initiation at the material surface are present. A very practical reason is the
inhomogeneous stress distribution due to a notch effect of a hole or some other
geometric discontinuity. Because of an inhomogeneous stress distribution, a peak stress
occurs at the surface (stress concentration). Furthermore, surface roughness also
promotes crack initiation at the material surface. Other surface conditions with a similar
effect are corrosion pits and fretting fatigue damage both occurring at the material
surface. These technical conditions are discussed later. The most important conclusion
to be drawn here is:

In the crack initiation period, fatigue is a material surface phenomenon.

10.3 Crack growth
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As long as the size of the microcrack is still in the order of a single grain, the
microcrack is obviously present in an elastically anisotropic material with a crystalline
structure and a number of different slip systems. The microcrack contributes to an
inhomogeneous stress distribution on a microlevel, with a stress concentration at the tip
of the microcrack. As a result, more than one slip system may be activated. Moreover, if
the crack is growing into the material in some adjacent grains, the constraint on slip
displacements will increase due to the presence of the neighbouring grains. Similarly, it
will become increasingly difficult to accommodate the slip displacements by slip on one
slip plane only. It should occur on more slip planes. The microcrack growth direction

will then deviate from the initial slip band orientation.
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Fig. 5.4 Cross section of microcrack

In general, there is a tendency to grow perpendicular to the loading direction, see
Figure 5.4. stress concentration at the tip of the microcrack. As a result, more than one
slip system may be activated. Moreover, if the crack is growing into the material in
some adjacent grains, the constraint on slip displacements will increase due to the

presence of the neighbouring grains. Similarly, it will become increasingly difficult to
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accommodate the slip displacements by slip on one slip plane only. It should occur on
more slip planes. The microcrack growth direction will then deviate from the initial slip
band orientation. In general, there is a tendency to grow perpendicular to the loading
direction, see Figure 5.4.

Because microcrack growth is depending on cyclic plasticity, barriers to slip can
imply a threshold for crack growth. This has been observed indeed. Illustrative results
are presented in Figure 5.5. The crack growth rate measured as the crack length
increment per cycle decreased when the crack tip approached the first grain boundary.
After penetrating through the grain boundary the crack growth rate increased during
growth into the next grain, but it decreased again when approaching the second grain
boundary. After passing that grain boundary, the microcrack continued to grow with a

steadily increasing rate.
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Fig. 5.5 Grain boundary effect on crack growth in an Al-alloy. The crack length was

measured along the material surface.

In the literature, several observations are reported on initially inhomogeneous
microcrack growth, which starts with a relatively high crack growth rate and then slows

down or even stops due to material structural barriers. However, the picture becomes



different if the crack front after some crack growth passes through a substantial number

of grains, as schematically indicated in Figure 5.6.
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Fig. 5.6 Top view of crack with crack front passing through many grains.

Because the crack front must remain a coherent crack front, the crack cannot
grow in each grain in an arbitrary direction and at any growth rate independent of crack
growth in the adjacent grains. This continuity prevents large gradients of the crack
growth rate along the crack front. As soon as the number of grains along the crack front
becomes sufficiently large, crack growth occurs as a more or less continuous process
along the entire crack front. The crack front can be approximated by a continuous line,
which could have a semi-elliptical shape. How fast the crack will grow depends on the
crack growth resistance of the material. Two important surface aspects are no longer
relevant. The lower restraint on cyclic slip at the surface is not applicable at the interior
of the material. Secondly, surface roughness and other surface conditions do not affect

crack growth. This leads to the second important conclusion:
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Crack growth resistance when the crack penetrates into the material
depends on the material as a bulk property. Crack growth is no longer a surface

phenomenon.

The initiation period is supposed to be completed when microcrack growth is

no longer depending on the material surface conditions.

It implies that the crack growth period starts if the crack growth resistance of the
material per se is controlling the crack growth rate. The size of the microcrack at the
transition from the initiation period to the crack growth period can be significantly
different for different types of materials. The transition depends on microstructural
barriers to be overcome by a growing microcrack, and these barriers are not the same in
all materials.

The crack initiation period includes the initial microcrack growth. Because the
growth rate is still low, the initiation period may cover a significant part of the fatigue
life. This is illustrated by the generalized picture of crack growth curves presented in
Figure 5.7 which schematically shows the crack growth development as a function of
the percentage of the fatigue life consumed (= n/N), with n as the number of fatigue
cycles and N as the fatigue life until failure. Complete failure corresponds to n/N =1 =
100%. There are three curves in Figure 5.7, all of them in agreement with crack
initiation in the very beginning of the fatigue life, however, with different values of the
initial crack length. The lower curve corresponds to microcrack initiation at a “perfect”
surface of the material. Here, the mechanism of Figure 5.2 could be applicable. The
middle curve represents crack initiation from an inclusion. The upper curve is
associated with a crack starting from a material defect which should not have been

present, such as defects in a welded joint.
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Fig. 5.7 Different scenarios of fatigue crack growth

Figure 5.7 illustrates some interesting aspects:

1. The vertical crack length scale is a logarithmic scale, ranging from 0.1
nanometer (nm) to 1 meter. Microcracks starting from a perfect free surface can have a
sub-micron crack length (<1 pm = 10—6 m). However, cracks nucleated at an inclusion
will start with a size similar to the size of the inclusion. The size can still be in the sub-
millimeter range. Only cracks starting from macrodefects can have a detectable
macrocrack length immediately.

2. The two lower crack growth curves illustrate that the major part of the fatigue
life is spent with a crack size below 1 mm, i.e. with a practically invisible crack size.

3. Dotted lines in Figure 5.7 indicate the possibility that cracks do not always
grow until failure. It implies that there must have been barriers in the material which

stopped crack growth.
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10.4 SUMMARY

1. The fatigue mechanism in metallic materials should basically be associated
with cyclic slip and the conversion into crack initiation and crack extension. Details of
the mechanism are dependent on the type of material.

2. The fatigue life until failure comprises two periods, the crack initiation period
and the crack growth period. The crack initiation period includes crack nucleation at the
material surface and crack growth of microstructurally small cracks. The crack growth
period covers crack growth away from the material surface.

3. In many cases the crack initiation period covers a relatively large percentage of
the total fatigue life.

4. Fatigue in the crack initiation period is a surface phenomenon, which is very
sensitive to various surface conditions, such as surface roughness, fretting, corrosion
pits, etc.

5. In the crack growth period, fatigue is depending on the crack growth resistance
of the material and not on the material surface conditions.

6. Microstructurally small cracks can be nucleated at stress amplitudes below the
fatigue limit. Crack growth is then arrested by microstructural barriers. The fatigue limit
as a threshold property is highly sensitive to various surface conditions. At high stress
amplitudes, and thus relatively low fatigue lives, the effect of the surface conditions is
much smaller.

7. Aggressive environments can affect both crack initiation and crack growth.
The load frequency and the wave shape are then important variables.

8. Predictions on fatigue properties are basically different for the crack initiation
life and for the crack growth period.

10. The various characteristics of fatigue fractures can be understood in terms of
crack initiation and crack growth mechanisms. These characteristics are essential in
failure analysis, but they are also relevant to understand the significance of technically

important variables of fatigue properties.
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