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6.1 Introduction

In the present chapter, fatigue properties of materials are described in terms
of the fatigue limit, fatigue curves (S-N curves) and a fatigue diagram.
The properties are restricted to results of constant-amplitude (CA) tests on
unnotched specimens (K, = 1.0) It is generally thought that the results
of these tests reflect the basic fatigue behavior of a material. Mechanical
properties of a material should include fatigue properties, but quite often
reporting of fatigue properties is restricted to the fatigue limit on unnotched
specimens obtained in rotating beam experiments (.S, = 0).

If fatigue has to be considered as part of the design analysis of a structure,
it is well recognized that a stress cycle is characterized by a stress amplitude
(S,) and a mean stress (S,,), see Figure 6.1. Instead of S, and S,,,, a second
equivalent definition is given by Spax and Sy, while a third one uses the
stress range AS (= 2S,) together with the stress ratio R, defined as

Smin
R =

6.1)

Smax
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Fig. 6.1 Characteristic stress levels of load cycle.

Which definition of a stress cycle should be preferred? From a fatigue
mechanistic point of view the obvious choice is Sp,x and Sy, Those are the
stress levels at which the loading direction is reversed, and thus cyclic slip
is reversed. Crack extension in a cycle stops at Sy.x. However, in service,
a structure quite often is carrying a stationary load with a superimposed
cyclic load. The stationary load can be a result of the weight of the structure,
cargo, etc. The stationary load accounts for the mean stress, whereas loads
in service induce cycles with certain stress amplitudes. If the severity of the
cyclic load spectrum can be reduced, the S,-values becomes smaller but S,
remains the same. Another situation occurs if a designer wants to increase
the fatigue life by reducing the design stress level, e.g. by increasing the
cross section of the fatigue critical area. All stress levels are then reduced
with the same ratio. In other words, the stress ratio R remains constant, but
AS is reduced. All three definitions of a stress cycle are used in the literature
on fatigue.

In addition to the stress levels, another characteristic involved in the
definition of a stress cycle is the wave shape of the cycle. The influence
of the wave shape was briefly touched upon in Section 2.5.7. Effects of the
wave shape and cyclic loading rate (i.e. the frequency in cycles per minute)
can be important if a time dependent phenomenon is affecting the fatigue
mechanism. It can be corrosion or creep, and also diffusion mechanisms in
the material. Such effects are not yet considered in the present chapter.

The various ways to describe fatigue properties of a material are discussed
in this chapter. It includes the fatigue limit, S-N curves and fatigue diagrams,
all related to unnotched specimens. This is done in Section 6.2. General
aspects of the fatigue strength are discussed in Section 6.3 which includes
the correlation of the fatigue limit for §,, = 0 with the material ultimate
tensile stress, the effect of the mean stress, different types of loading (tension,
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Fig. 6.2 The length of small cracks as a function of the percentage of life until failure. Results
of unnotched specimens of an Al-alloy, 2024-T3 [1].

bending, torsion) and also combined loading. Low-cycle fatigue is addressed
in Section 6.4. The main items of the present chapter are summarized in
Section 6.5. The fatigue strength of notched specimens and predictions on
the fatigue strength of notched elements are discussed in Chapter 7.

6.2 Description of fatigue properties of unnotched material

Fatigue properties of unnotched specimens are generally supposed to be
material properties, such as S-N curves (fatigue lives until failure N), or
the fatigue limit defined as the horizontal asymptote of an S-N curve. This
information is coming from fatigue tests carried out until failure, or until
a very high number of cycles if failure does not occur, e.g. 107 cycles.
Observations on crack growth are not included. In Chapter 2, it was discussed
that microcracks are nucleated early in the fatigue life which implies that the
fatigue life covers two phases: (i) an initiation period including microcrack
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growth, and (ii)) a crack growth period with macro crack growth, see
Figure 2.1. The second period is relatively short for unnotched specimens.
Mlustrative data are given in Figure 6.2 for unnotched specimens of an
Al-alloy. Cracks as small as 0.1 mm were detected during continuous
observations with binocular microscopes. For the higher fatigue stress levels,
a crack of 0.1 mm occurred at about 40% of the fatigue life until failure.
However, at 95% of the life the crack was still small, in the order of 1.0 mm.
Such cracks cannot be seen with the unaided eye. In other words; the life until
failure is only slightly larger than the crack initiation life, and practically
almost the same.

The results in Figure 6.2 show another noteworthy trend. For low fatigue
stress levels with fatigue lives in the order of 10° cycles and more, the curves
for a constant crack length values go to 100% fatigue life. This illustrates that
it becomes more difficult for microcracks to grow until failure if the stress
level goes down to the fatigue limit. It confirms the threshold character of
the fatigue limit.

A similar trend was already observed in the discussion on Figure 2.22
(Section 2.5.5) with the results of rotating beam specimens of mild steel. It
was shown that the fatigue life until a crack of 2.5 mm was large if compared
to the remaining life from 2.5 mm until failure. This was more obvious for
the lower stress amplitude and the longer fatigue life. Although 2.5 mm is
too large to be a microcrack, the trends agree with those of Figure 6.2 for the
Al-alloy. It then seems reasonable to use S-N data of unnotched specimens
for predictions on the crack initiation life of notched elements.

The S-N curve

An S-N curve, also called a Wohler curve, is obtained as a result of a number
of fatigue tests at different stress levels. An example of such results is given
in Figure 6.3 for unnotched specimens of a CrMo steel (SAE 4130). In this
tests S,, = 0, and thus the stress ratio is R = Spin/Smax = — 1. The variable
in Figure 6.3 is the stress amplitude S,. The fatigue life N is usually plotted
on a logarithmic scale. In the literature, the stress amplitude is presented
both on a linear scale and on a logarithmic scale. Here, it is preferred to
adopt the log scale because it frequently leads to an approximately linear
relation between log S, and log N for a substantial range of N-values.
Mathematically, this linear relation can be written as

Sﬁ N = constant (6.2)
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Fig. 6.3 Fatigue test results of unnotched specimens of a low-alloy steel (SAE 4130) [2].

The equation is known as the Basquin relation. The slope of the linear part
is equal to —1/k. Some comments on Figure 6.3 should be made:

(1) Experiments carried out at the same S, do not give the same fatigue life.
Scatter between results of similar tests occurs. Three experiments at low
stress amplitudes were stopped at 2.5 or 5 x 107 cycles without failure
(so-called run outs). Scatter is the subject of Chapter 12.

(i) The number of test results in Figure 6.3 is 25. The tests were run at
a loading frequency of 30 Hz. Testing time for the experiments in the
fatigue machine is in the order of 60 full days. Obviously, the simple
S-N data in Figure 6.3 require an expensive test program.

(iii) In Figure 6.3 the lower horizontal asymptote is the fatigue limit S;.
However, a second horizontal asymptote occurs at the upper side of
the S-N curve. If S« = Sy (the tensile strength of the material), the
specimen will fail in the first cycle as in a tensile test. For §,, = 0,
this occurs if S, = Sy, and for S,, > 01if S, + S,, = Sy. However,
if S, is slightly smaller, the specimen does not fail in the first cycle.
Apparently, the specimen can then survive many cycles in the order of
100 or even more which is a result of strain hardening, see Figure 6.4.
In the first uploading half cycle from O to A, a large plastic strain
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Fig. 6.4 Stress-strain loop of a high-stress amplitude cycle after the first application of Smax.

deformation occurs because Sp.x is exceeding the yield stress. But the
following unloading to B and subsequent reloading to A cause a much
smaller plastic strain amplitude due to plastic strain hardening of the
material, see the hysteresis loop in Figure 6.4. The hysteresis loop can
be sustained a substantial number of cycles before microcracking leads
to failure. As a result, an upper horizontal asymptote is found. The
situation is different if the specimen is not loaded under a constant
stress amplitude, but under a constant strain amplitude as discussed in
Section 6.4.

Fatigue at high amplitudes and fatigue lives up to some 10* cycles is called
low-cycle fatigue (or high-level fatigue), see Figure 6.3. If fatigue covers a
large number of cycles, say 103 cycles or more, it is called high-cycle fatigue
(or low-level fatigue). The boundary between low and high-cycle fatigue
is not exactly defined by a specific number of cycles. The more relevant
difference between the two conditions is that low-cycle fatigue is associated
with macroplastic deformation in every cycle. High-cycle fatigue is more
related to an elastic behavior on a macro scale of the material. Actually,
high-cycle fatigue is the more common case in practice, whereas low-cycle
fatigue is associated with specific structures and load spectra. In Section 6.4,
attention is paid to low-cycle fatigue as a material phenomenon. The topic
returns in some later chapters.
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Fig. 6.5 Fatigue diagram as a cross plot of S-N curves.
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Fig. 6.6 Fatigue diagram of a Ti-alloy with lines for a constant fatigue life.

Fatigue diagrams

The mean stress for the S-N curve in Figure 6.3 is §,, = 0. Different S-N
curves are obtained if fatigue tests are carried out at other S,,-values, see
Figure 6.5a. A higher mean stress will give a lower S-N curve. Cross plots
can now be made to arrive at a fatigue diagram with lines for a constant
fatigue life as illustrated in Figure 6.5b for N = 10* and for the fatigue
limit. Lines for other fatigue lives can be drawn in a similar way in the same
diagram. An example of such a fatigue diagram is given in Figure 6.6 for a
Ti-alloy. All lines for a constant N are converging to the same point on the S,
axis, S,, = Sy for S, = 0 (i.e., no cyclic stress) which theoretically should
be expected. Fatigue diagrams generally suggest that the effect of S, is not
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large, especially if NV is high. It implies the general experience that the stress
amplitude S, has a much larger effect on fatigue than the mean stress. The
trend reflects that fatigue is primarily a consequence of cyclic loads.

The fatigue diagram in Figure 6.6 is usually referred to as a Goodman
diagram. Another way to present such data is offered by the Smith diagram
where both S,.x and Sy, are plotted as a function of the mean stress S,,, see
Figure 6.7. The two lines apply to one specific fatigue life, in many cases to a
high fatigue life, e.g. 107 cycles, in order to represent the fatigue limit. Three
load cycles for different S, -values are indicated, A, B and C. In case A for a
positive mean stress both S,,x and S, are positive. However, in case B for
a lower S, the minimum stress is negative (compression) although the larger
part of the load cycle occurs still in tension. In case C with a negative mean
stress, the larger part of the load cycle occurs in compression. A fatigue crack
is closed under compression, and the negative part of the cycle should thus
be expected to be non-damaging. Reversed loading is significant in view
of reversed (crack tip) plasticity, but crack opening is necessary for crack
extension and for reversed plasticity in the crack tip plastic zone. If a negative
S, 1s present, crack opening requires a larger S,. In practice, it implies that
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fatigue is rarely a problem for a negative mean stress. As a consequence,
fatigue diagrams are usually given for positive mean stresses only.

Perhaps it should be recalled from Chapter 2 that compressive cyclic
stresses can produce microcracks at the material surface as a result of cyclic
slip. Cyclic slip primarily depends on the shear stress amplitude, and not
on the tensile stress along the surface of the material. Some microcracking
in slip bands at the material surface can occur. Under a cyclic compressive
fatigue load, these cracks are not effectively opened at Spax. As a result,
microcracks will be non-propagating.

6.3 Some general aspects of the fatigue strength of unnotched
specimens

Extensive literature is available on the fatigue strength of a material and how
it is affected by various characteristics of the material and testing conditions.
Some general aspects covered in this section are primarily discussed in
relation to the effects on the fatigue limit. These effects are significant for
the nucleation period and less important for the crack growth period. With
reference to Figure 6.3, it can also be said that these effects are larger
for high-cycle fatigue and relatively small for low-cycle fatigue. This is
especially true for surface effects as discussed already in Section 2.5.5, see
Figure 2.23.
Some classical topics associated with fatigue properties are:

e Relation between the fatigue limit, usually S, for S,, = 0, and the
strength of the material, in general the ultimate tensile strength, Sy .
Mean stress effect.

Size of the unnotched specimen.

Type of loading; tension, bending, torsion.

Combined loading, e.g. tension and torsion, or bending and torsion.
Low-cycle fatigue.

6.3.1 Relation between Sy and Sy

An old idea is that the fatigue limit Sy can be increased by raising the
strength of a material, either by the chemical composition of the alloy, or by
a heat treatment which increases the hardness. Results for different C-steels
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and low-alloy steels were already presented in Section 2.5.2. Figure 2.11
illustrates a systematic increase of Sy for an increasing Sy, but a good deal
of scatter is present. Similar graphs are presented here in Figures 6.8 for cast
iron, Al-alloys and Ti-alloys. They show a similar proportionality between
Sr and Sy again with considerable scatter. If the proportionality is written as

Sf = O(SU (63)

then Figures 2.12 and 6.8 indicate o =~ 0.5 for steel, cast iron and Ti-alloys,
but a lower value o ~ (.35 applies to the Al-alloys. In comparison to the
tensile strength, Al-alloys are more fatigue sensitive. The «-value can be
adopted to make a first estimate of S, for unnotched material (K; = 1) at
S» = 0. In view of the scatter shown in Figures 2.12 and 6.8, Equation
(6.3) gives a first estimate only. Moreover, it should be kept in mind that the
fatigue limit of unnotched specimens with S,, = 0 is not necessarily a good
measure for the fatigue resistance of a material. It does not give an indication
of the fatigue sensitivity if notches are present. This problem is discussed in
Chapter 7.

It is noteworthy that the fatigue limit in Equation (6.3) is related to the
tensile strength. It seems to be more logical to relate S to the yield stress
So.2. The tensile strength is depending on the strain hardening of the material
after substantial plastic deformation has occurred. The yield stress is more
characteristic for the small plastic strain behavior. Although an increased
Sy is usually attended by a higher Sj,, the correlation between the yield
stress and the tensile strength is not a proportional relation. The origin of the
relation Sy = aSy is of a historical nature, but the reader should be aware
that its physical meaning is limited.

6.3.2 Mean stress effects

If S, is increased and S, remains the same, then S,x becomes larger. As
a result, a larger stress is present to open microcracks or macrocracks. A
shorter fatigue life and a lower fatigue limit should thus be expected as
illustrated by the fatigue diagram in Figure 6.6. Two simple equations have
been proposed for the constant N lines in a fatigue diagram which in the
literature are labeled as the modified Goodman relation and the Gerber
parabola, see Figure 6.9. As should be expected, the fatigue strength is
reduced to zero if the mean stress is increased to the ultimate tensile stress
Sy. Any small S, cycle at S,, =~ Sy should immediate lead to failure
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Fig. 6.8 Correlation between the fatigue limit and the tensile strength for different materials,
see Figure 2.11 for steel [4].

because Spax

> Sy. The modified Goodman relation assumes a linear

decrease of the fatigue strength for an increasing S,,. In many cases this
approximation is conservative which is true for the Ti-alloy in Figure 6.6.
However, exceptions occur, especially for high-strength alloys with a low
ductility, see Figure 6.10 for AISI-4340 steel heat treated to the very high Sy
of 1830 MPa. The fatigue strength drops more rapidly then according to the
modified Goodman relation. This may well be due to the presence of small
inclusions as discussed in Section 2.5.2.
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Fig. 6.10 Fatigue diagram for a low-alloy steel heat treated to three different S;-values [3].

The Gerber parabola has its vertical axis along the S, axis (S,, = 0). The
parabola also passes through S,, = Sy for S, = 0. Denoting the fatigue
strength for a certain fatigue life by Sy, the Gerber parabola is

2
Sy (S—’") 6.4)
(SN $n=0 Su

For the Ti-alloy in Figure 6.6 the Gerber parabola is unconservative. But for
AISI4340 the parabola is a reasonable approximation in Figure 6.10 for the
alloy heat treated to lower Sy-values. In general, the Gerber parabola reflects
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the effect of the mean stress better for ductile!' materials and high N-values,
thus also for the fatigue limit S;. However, high-strength alloys with a low
ductility are more sensitive for the mean stress. Schiitz [5] analyzed this
sensitivity for a variety of materials for which the fatigue limit was available
at S,, = 0and at R = 0 (S, = S,,). With these two fatigue limits, he defined
the mean stress sensitivity as the initial average slope of constant N lines,
see Figure 6.11:

(Sn)s,=0 — (Sn) r=0
(Sn)r=0

A larger M implies a higher S, sensitivity. Schiitz collected data for
unnotched and notched specimen and for different N-values including a high
N-value associated with the fatigue limit. A systematic S, sensitivity was
observed for different groups of materials. The average curves of Schiitz
are presented in Figure 6.11. It clearly shows the increased mean stress
sensitivity for materials with a higher tensile strength.

M = tanp = (6-5)

6.3.3 The size effect for unnotched specimens

A size effect implies that larger specimens may have a lower fatigue strength.
A size effect on the fatigue limit of unnotched specimens has indeed been
observed in experimental programs. As an example results of fatigue tests
are shown in Figure 6.12a for three steel grades. A higher S is found for
rotating bending specimens with a smaller diameter. Another example for a
Cr-steel is given in Figure 6.12b with the same trend for rotating bending. It
also shows a significantly lower S for cyclic tension/compression (S, = 0).
As pointed out in Chapter 2, the fatigue limit is primarily a question of
some specific weak spots for crack nucleation at the material surface (or just
below the surface). It is a matter of scatter of favorable sites for microcrack
nucleation. The probability of having such weak spots is larger for a larger
material surface area carrying the maximum stress cycle. In other words; it
sounds logical that a size effect is present, and that larger specimen will
exhibit a lower fatigue limit. Also, the critical material surface area of
an unnotched tension specimen loaded under cyclic tension/compression is
relatively large if compared to a cantilever rotating bending specimen. It thus

1 A material is referred to as being ductile if it allows substantial plastic deformation without
failure. The ductility is associated with a reasonable elongation until failure in a static tensile
test. The opposite of ductile is “brittle”.
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Fig. 6.11 Effect of the tensile strength on the influence of S;; on the fatigue strength Sy [5].

may be expected that the fatigue limit for cyclic tension in Figure 6.12b is
lower than for cyclic bending.

Actually, the problem is more complex. Possible shapes for a flat and
a cylindrical unnotched specimen are given in Figure 6.13. An unnotched
specimen with K; = 1 can theoretically be obtained in a prismatic specimen.
However, specimens have to be clamped at both ends to transmit the load
of the fatigue machine into the specimen. As a consequence, a stress
concentration at the ends cannot be avoided. But the transition from the
clamping area to the test section should be made as smooth as possible to
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keep K, close to 1.0. The K,-values for the two shapes shown in Figure 6.13
are 1.10 and 1.07 respectively. The round specimen in Figure 6.13 has a
large cylindrical part, but the nominal stress in this part is about 10% lower
than the peak stress in the two cross sections A. The peak stress in the
flat specimen, 1.07Spominal, Occurs in the minimum section A only. Fatigue
failure will occur near this section A.

Another difference between the two specimens in Figure 6.13 should also
be recognized. In the round specimen, the peak stress occurs all around the
two cross sections A. However, in the flat specimen it occurs at the edges in
cross section A. In the rectangular cross section, cracks often nucleate at the
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corners because the restraint on cyclic plasticity is minimal at those corners.
It must be concluded that the fatigue strength, and in particular the fatigue
limit is depending on the size and the shape of the specimen. It implies
that the fatigue limit of unnotched specimens, which is considered to be a
fundamental property of a material, is not really such a well defined property.
The question may then be raised for which practical reasons should we be
interested in fatigue properties of unnotched specimens? Several reasons for
a limited significance of the fatigue limit can be mentioned.

(1) Material selection. Because fatigue properties of unnotched specimens
depend on the size and the shape of the specimen, material fatigue data
of these specimens can only be used to obtain approximate ideas about
the fatigue resistance of a material. But it should be kept in mind that
basic data for unnotched specimens do not give indications about the
fatigue notch sensitivity of a material.

(i) Comparative testing. Because the fatigue properties of unnotched
specimens depend heavily on the surface conditions of the specimens,
comparative testing can certainly be done on unnotched specimen,
e.g. to compare different surface treatments, e.g. nitriding of steel.
Care should still be taken that the size and the shape of the specimen
are sufficiently representative for the intended practical application of
a surface treatment. In other words, a more relevant approach is to
perform comparative tests on specimens with a notch geometry and a
surface quality representative for the practical application.

(ii1) Prediction of fatigue properties of notched elements. The old idea is
that fatigue properties of notched elements can be predicted starting
from the fatigue properties of unnotched specimens as basic material
data. It assumes that the conditions for crack nucleation in notched
elements and in unnotched specimens can be similar. In view of the
preceding discussion on size and shape effects, this is no longer so
obvious. Predictions of the fatigue properties of notched elements is
a most relevant question for designing against fatigue. This topic is
addressed in Chapter 7.

6.3.4 Type of loading, tension, bending, torsion

In the previous sections it was tacitly assumed that fatigue occurs under
cyclic tension or cyclic bending. Fatigue under cyclic tension and under
cyclic bending are not that much different. The critical stress of an unnotched
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Table 6.1 Fatigue limit ratios.

Material Mean value of 77 /Sy
Steel 0.60
Al-alloys 0.55
Cu and Cu-alloys 0.56
Mg-alloy 0.54
Ti 0.48
Cast iron 0.90
Cast Al- and Mg-alloys 0.85

specimen in both cases is cyclic tension in the surface layer of the material.
The stress gradient perpendicular to the material surface is different for
tension and bending, but as discussed in Section 3.3 the more important
stress gradients occur along the material surface.

The occurrence of fatigue under cyclic torsion was mentioned in
Chapter 2, see Figures 2.31 and 2.32. Classical examples of fatigue under
cyclic torsion are associated with axles and spiral springs. Nucleation of
the first microcrack again occurs in slip bands carrying the maximum shear
stress. This shear stress amplitude in an unnotched specimen loaded in
tension is equal to half the tensile stress, or t, = §,/2. For an unnotched
specimen, loaded under cyclic torsion, the maximum shear stress is equal to
the shear stress on the specimen. As a first estimate, one might expect that the
fatigue limit under cyclic torsion, s, is half the fatigue limit S; under cyclic
tension in agreement with the Tresca yield criterion. However, as indicated in
Figure 2.31, such slip bands under cyclic tension are also loaded by a tensile
stress perpendicular to the slip bands, whereas this tensile stress is absent
for cyclic torsion. As a result, the conversion of cyclic slip into a microcrack
may be more difficult under cyclic torsion, and 7y may be larger than S /2.
Data from the book of Forrest [4] are given in Table 6.1.

The 7;/S ratios for the wrought alloys, ignoring the value for Ti, are
close to the ratio predicted by the Von Mises criterion (0.577 = 1/+/3).
Actually, physical reasons why that criterion should be applicable are
questionable if crack nucleation is associated with cyclic slip. A noteworthy
result is the high 7,/§; ratios for the cast alloys. Consider grey cast iron
with the graphite flakes as the starter notches for microcracks. The flakes are
depicted in Figure 6.14 as very flat defects with some random orientation. It
implies that the maximum peak stress at the ends of the flakes will have an
equivalent character for pure tension and for pure torsion. The fatigue limits
Sy and 7, might then be equal. The /S ratio of 0.9 is indeed close to 1.



158 Chapter 6

Tension Shear

Fig. 6.14 Peak stress at flat material defects in cast iron (graphite flakes). Similarity between
tension and shear, same peak stress.

Fig. 6.15 Fatigue failure obtained under cyclic torsion (7, = 150 MPa) in a round specimen
with a fillet notch, material carbon steel (0.45%C). Factory roof type fracture surface [9].

Similarly, the high /S ratio of the cast light alloys may also be associated
with defects in the material.

The mean stress under cyclic torsion, 7, should not be expected to have a
significant influence on cyclic slip. If this is true, 7, should not affect crack
nucleation. As a consequence, the fatigue limit, 7, should hardly depend on
the mean stress 7,,. Experiments, noteworthy by Smith [8], have confirmed
this behavior. However, a problem arises as a finite life is involved. Fatigue
cracks grow preferably in a direction perpendicular to the main principal
stress. This leads to a spiral crack growth in a cylindrical bar as shown in
Figure 2.32. The crack started from a surface defect.
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A fatigue failure in a non-cylindrical specimen starts in the minimum
cross section where the nominal shear stress has its maximum. Spiral crack
growth then would imply that the crack front will move away from the
minimum section to areas with a lower nominal shear stress. Moreover, crack
growth in the depth direction is also difficult in view of the decreasing shear
stress. The problematic crack growth stimulates crack nucleation at other
places in the root area of the notch. As a result of more simultaneously
growing fatigue cracks a so-called factory roof failure is observed. An
example is shown in Figure 6.15. Due to the geometrical shape of the radial
ridges, some interlocking between the two fracture surfaces occur under
torsional load. The complexity of the phenomenon obstructs a reasonable
approach to predictions of fatigue lives.

6.3.5 Combined loading

Fatigue under combined loading is a complex problem. A rational approach
might be considered again for fatigue crack nucleation at the material
surface. The state of stress at the surface is two-dimensional because the
third principal stress perpendicular to the material surface is zero. The most
simple combination of loads is biaxial tension which occurs in pressurized
vessels. It consists of two perpendicular tensile stresses. Such a loading case
cannot be easily simulated on simple specimens, especially for unnotched
material.

Another relatively simple combination of different loads is offered by an
axle loaded under combined bending and torsion. This combination can be
simulated in experiments, and test programs were reported in the literature.
Early tests were carried out by Gough et al. [10]. They considered the fatigue
limit and found a systematic effect of the combination of a bending stress
amplitude and a torsional stress amplitude for which they proposed the
elliptical quadrant criterion:

s 12

S? + r]% =1 (6.6)
In this equation, S and 7, are the fatigue limits for single load cases, i.e.for
pure tension and pure torsion respectively. They are supposed to be material
constants. The criterion apparently agreed with test results for different
materials. Results for some types of steel are presented in Figure 6.16.
Equation (6.6) was less successful for cast alloys.
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Fig. 6.16 The fatigue limit under combined tension and torsion (zero mean stress) [11].

The Von Mises criterion also predicts an elliptical quadrant equation for
the 2D condition at the material surface. Actually, Equation (6.6) would
become in full agreement with the Von Mises criterion if the ratio 7;/Sy
would agree with the Von Mises prediction (ratio 0.577). As said before, this
is approximately true for several materials.

Combined loading in experimental programs has also been simulated
by using tubular specimens which were loaded simultaneously in tension,
in torsion and by internal pressure. Problems were encountered because
the material used was not always isotropic. Tubular specimens are usually
made of rod material which in many cases have a fibrous structure with
elongated grains and impurities. Crack nucleation is sensitive to this kind
of anisotropy. Secondly, crack growth observations were usually not made
in such experiments. The test result was the number of cycles until failure
or until a crack had penetrated through the full thickness of the wall of
the tubular specimen. It should be realized that stress functions to account
for combined stress conditions can only work for crack nucleation, i.e.
for the fatigue life until the first microcrack has been created. As soon as
crack growth occurs beyond the crack nucleation period, the stress condition
becomes essentially different. Only if the crack growth period is very small
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compared to the crack nucleation period, functions like Equation (6.6) can
be meaningful.

In the previous paragraphs it was tacitly assumed that the combined cyclic
loads occur with the same frequency and phase angle. This obviously is true
for the biaxially loading of a pressure vessel. However, a different situation
can apply to dynamically loaded components subjected to two different types
of cyclic loads. As an example consider an axle transmitting a torsional
moment with slow variations of the magnitude of this moment. The same
axle is simultaneously loaded by a high frequency bending moment. A case
which may be relevant for axles of propellers. Other complex combinations
can occur in several structures, e.g. motor cars.

Theories for combined fatigue loads with different frequencies and phase
angles are discussed in the literature, see e.g. [12, 13]. If fatigue failures
should not occur, a fatigue limit criterion must be adopted again. It may
be recalled that the fatigue limit is associated with crack nucleation due to
cyclic slip. Cyclic shear stresses at the material surface have to be considered.
In theory, these stresses can be calculated for combined loading systems.
However the orientation of the most critical slip plane for out-of-phase
fatigue loads is not a priory known. Furthermore, a critical shear plane will
not carry a cyclic shear stress only, but also a tensile stress which need not
be in phase with the cyclic shear stress. This tensile stress can affect the
nucleation of a microcrack in a slip band. Fatigue crack initiation under
out-of-phase fatigue loads is still a topic of research which unfortunately
is not easily validated by experimental data.

As soon as a fatigue crack has been initiated, the loading system for crack
growth is significantly affected. The fatigue crack may be expected to grow
perpendicular to the main principle stress, but unfortunately this stress can
have a varying direction The prediction of crack growth becomes a complex
problem.

6.4 Low-cycle fatigue

Low-cycle fatigue as a phenomenon has received much attention since the
early work of Coffin and Manson in the fifties and the sixties. It became
clear that low-cycle fatigue is a problem which is different from high-cycle
fatigue. As pointed out before, the high-cycle fatigue mechanism on a
macro scale occurs as an elastic phenomenon. However, in low-cycle fatigue,
macroscopic plastic deformation occurs in every cycle.
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Low-cycle fatigue can be relevant to structures that are subjected to small
numbers of load cycles in their economic life. If it would be required to
keep all stress levels below a fatigue limit, the structure may become very
heavy without this being necessary. An example of a structure for which
low-cycle fatigue can be important is a pressure vessel that is pressurized
only a small number of times in many years. Other examples are power
generator structures with an elevated operation temperature and significant
thermal stresses. The number of on/off conditions can be low and low-cycle
fatigue should be considered. Moreover, if thermal stresses occur due to
differential thermal expansions, the nature of the loading is cyclic strain
rather than cyclic stress.

Under low-cycle fatigue, failure can occur in a small number of cycles,
say 1000 cycles or less. Small cracks are usually nucleated immediately.
In view of the high stress level, final failure will occur when the cracks
are still small. Periods of visible crack growth are hardly present. In the
discussion on Figure 6.4, it was pointed out that low-cycle fatigue under
constant-amplitude loading leads to a high plastic deformation in the first
cycle followed by much smaller strain amplitudes in subsequent cycles. For
that reason, it is instructive to study the low-cycle fatigue process in the
laboratory by imposing constant strain cycles on a specimen. In general,
this loading condition is also representative for the low-cycle conditions in
structures. Such tests can be performed on closed-loop fatigue machines with
a feedback signal obtained from the strain in the specimen.

The stress amplitudes under constant strain cycles can vary during
successive cycles. This is illustrated in Figure 6.17. In the upper part of
this figure, the strain cycles require an increasing stress amplitude. Cyclic
strain hardening occurs which is more common for initially soft materials.
In the lower part of Figure 6.17 the opposite occurs. The strain cycle can be
maintained with a decreasing stress amplitude which is referred to as cyclic
strain softening. It primarily occurs in materials which are already hardened
to a significant level, either by a heat treatment or a deformation process. If
cyclic deformations are applied to such a material, it can trigger structural
changes which lead to some relaxation of the potential energy in the matrix
of the material. The material becomes softer. In general, both cyclic strain
hardening and cyclic strain softening stabilize to a constant level after a
number of cycles, usually a low number compared to the fatigue life until
failure. Some materials are practically stable almost immediately, which
applies to several high-strength materials if the high strength is obtained by a
heat treatment. Stabilizing is less predictable for soft materials and materials
strain hardened by a deformation process.
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Fig. 6.17 Stress-strain loops during constant &, cycles of low-cycle fatigue, and the stress
history for cyclic strain hardening and softening.

Coffin and Manson (independently) observed that the fatigue life under
low-cycle fatigue conditions plotted as a function of the strain amplitude,
€4, indicates a linear relation if plotted on a double logarithmic scale, see
Figure 6.18. The relation can be written as:
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Fig. 6.18 Low-cycle fatigue curves, N-Aepsilon p; (Aep; = 2e4 pp) [16-18].

e,NP =constant =C or ¢, =CN~* (6.7)

This equation is known as the Coffin—Manson relation. As shown by
Figure 6.18, the relation appears to be satisfactory for several materials with
two exceptions in the lower right graph. The exponent 8 quite often is in the
order of —0.5.

It is noteworthy that the upper horizontal asymptote of the S-N curve at
Smax = Sy (see Figure 6.3) is no longer present in the e-N diagrams. It thus
seems logical to correlate low-cycle fatigue life to the strain amplitude. Note
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Fig. 6.19 Total strain range as the sum of the plastic and the elastic strain range. Material:
AISI 4340 (annealed) [19]. (Range Ae = 2¢,)

the similarity between the Coffin-Manson relation and Basquin equation
(Equation 6.2). Physical arguments underlying the Coffin—Manson relation
appear to be questionable.

The Coffin—Manson relation can obviously not apply to high-cycle
fatigue. The lower horizontal asymptote, i.e. the fatigue limit, is not covered
by Equation (6.7).However, Manson and Hirschberg [15] considered also
the elastic strain amplitude by a similar exponential relation to the fatigue
life which lead to

Eatotal = Eapl + Eat = CINP' + C,N™F2 (6.8)

Figure 6.19 shows the result for a stainless steel. The curve for &, (otal
becomes non-linear with a tendency to bend towards a more horizontal
direction at high endurances where the elastic strain amplitude predominates.
Note that the description of the ¢-N curve now asks for four material
constants. Note also from Figure 6.19 that the elastic component ¢,; for
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Fig. 6.21 Cyclic creep.

low lifetimes is negligible compared to the plastic one. Equation (6.8) might
give a reasonable description of the e-N curve of unnotched material if a
fairly rapid stabilization of cyclic plasticity occurs. The question remains
how useful it can be for prediction problems.

Plastic shake-down and cyclic creep

Two phenomena closely related to the occurrence of macroscopic cyclic
plasticity should be mentioned here. Plastic shake-down can occur under
cyclic plastic deformation if a positive mean strain is present, see
Figure 6.20. During the cyclic deformations, the mean stress decreases,
possibly to zero. This stress relaxation can occur because of dislocation
rearrangements enabled by active cyclic slip. Residual stresses in a surface
layer of a material can vanish if cyclic plastic deformation occurs in that
layer. It generally requires relatively high cyclic stress levels.

A related phenomenon is cyclic creep occurring under a high cyclic
stress with a positive mean stress, see Figure 6.21. The cyclic plastic
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deformations are partly used for permanent tensile deformations. As a
dislocation mechanism, it is related to plastic shake-down because the cyclic
slip tries to invoke plastic shake-down. However, under a cyclic tensile
stress with a positive mean value, shake-down of the mean stress cannot
be successful. The material becomes longer; creep occurs. If cyclic strain
hardening is effective, as suggested in Figure 6.21, creep will stop after a
number of cycles. If strain hardening does not occur, it may well lead to
continued creep until failure.

6.5 Main topics of the present chapter

1. Fatigue limits and S-N curves for unnotched specimens are generally
supposed to be basic material properties. However, it should be
recognized that these properties depend on the size and the shape
of the unnotched specimens used, and also on the surface finish of
the specimens. This is especially relevant to the fatigue limit because
this property is mainly controlled by nucleation of microcracks at the
material surface.

2. For a group of similar alloys, the fatigue limit of unnotched specimens
(Sf1) for S,, = O increases with the ultimate tensile strength of
a material if the higher strength is obtained by changing the alloy
composition or an other heat treatment. As a first estimate for the fatigue
limit, the linear relation Sy = aSy can be used with a characteristic
a-value for a group of similar materials.

3. A large part of the S-N curve can be approximated by the Basquin
relation, S’;N = constant, a linear relation on a double log scale.

4. The fatigue properties on unnotched material can be described by
fatigue diagrams. Lines for constant fatigue lives in such a diagram can
be approximated by the Gerber parabola or by the modified Goodman
relation. The Gerber parabola agrees more with the results of materials
with a reasonable ductility whereas the modified Goodman relation is
more applicable to the high-strength low-ductility materials.

5. The effect of the stress amplitude is more significant for the fatigue
properties of a material than the effect of the mean stress, especially
for high fatigue lives and the fatigue limit. The mean stress effect for
different materials can be characterized by the slope factor M defined
by Schiitz (Figure 6.11). It indicates an increasing mean stress effect for
an increasing strength of a material.
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Fatigue is less significant for a compressive mean stress.

Fatigue under cyclic tension and cyclic bending is a similar
phenomenon. However, under cyclic torsion it is different, both for
crack nucleation and crack growth. The fatigue limit under cyclic
torsion hardly depends on the mean shear stress.

For combined loading cases, e.g. cyclic bending and torsion, the fatigue
limit can be described by an empirical relation. Complex problems are
offered if combined loadings occur out of phase.

High-cycle fatigue and low-cycle fatigue refer to a significantly
different behavior of the material. Under high-cycle fatigue, the material
response is still macroscopically elastic. The fatigue life of specimens
then is largely dominated by the crack initiation period while the crack
growth period is relatively short. For low-cycle fatigue, macroscopic
plasticity occurs in every cycle. Fatigue cycles should then be expressed
in terms of strain amplitudes instead of stress amplitudes.
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