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Temperature change and fatigue crack initiation associated
with local cyclic slip deformation in a single crystal
material
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Japan Evaluating the fatigue limit by measuring temperature changes via infrared
thermography has attracted significant interest because of its potential for rapid
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Ni-base superalloy with different crystallographic orientations are subjected to

deformation is quantified using crystal plasticity finite element analyses. It is
found from the experimental and analytical results that the distribution of the
temperature change and the local slip deformation (a plastic shear strain on the
most active slip system) are affected by the crystallographic orientation. However,
the correlation between the plastic shear strain and the second harmonic
amplitude, as well as the threshold values of these parameters for crack initiation,
is independent of the crystallographic orientation.
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« Fatigue tests are conducted using a single crystal material.

« Crack initiation and temperature changes via infrared thermography are
investigated.

» Local slip deformation is quantified using crystal plasticity finite element
analyses.

« Correlations between slip deformation and temperature change are
examined.
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1 | INTRODUCTION

The fatigue limit is a crucial feature in structural designs.
Determination of the fatigue limit by conventional
fatigue testing is commonly time-consuming and costly.
Therefore, since the beginning of the 20th century,
methods based on temperature changes resulting from
self-heating have been developed to rapidly determine
the fatigue limit."”” These temperatures arise from the
thermoelastic effect at stresses lower than the fatigue
limit and from irreversible plastic deformation at stresses
above the fatigue limit.*’

In the work of Geraci et al'® and Luong,"' an energetic
approach was initially investigated to describe the self-
heating mechanism correlated with energy dissipation
using infrared thermography. These studies were based on
experimental observations of increasing surface tempera-
tures in materials undergoing cyclic loading. In addition,
Krapez et al,* Bremond et al,"* and Sakagami et al'® used
the temperature increase resulting from plastic deformation
and analyzed it in the frequency domain. In this method,
the double frequency component is used to evaluate the
irreversible energy dissipation. This measurement method
is called the 2f lock-in thermography method. Ly et al'**®
conducted a numerical analysis to simulate the temperature
change for fatigue limit evaluations considering heat
conduction as well as the stress concentration effect. The
evaluated results were quantitatively compared with a
thermography experiment at a macroscopic scale. Even
though estimations of the fatigue limit empirically coincide
with the determined temperature change, the physical
backgrounds and validity of the estimated fatigue properties
remain unclear.

The mechanisms of energy dissipation under fatigue
loading have also been investigated. Bodelot et al'’ ™ simul-
taneously measured the strain and temperature fields at the
grain scale in austenitic stainless steel under both monotonic
tensile and cyclic loading using the digital image correlation
technique and infrared thermography, respectively. Shiozawa
et al”® investigated the mechanism of energy dissipation con-
cerning the formulation of slip bands in austenitic stainless
steel by observing the slip bands under optical and atomic
force microscopes. This study revealed that the dissipated
energy corresponds to the activation of the slip band, which
is based on the number of slip bands and the slip distance.
Akai et al* performed dissipated energy measurements at a
grain-size scale in austenitic stainless steel and compared
them with slip band observations. They suggested that the
dissipated energy is associated with the activation of the slip
bands, which resulted in fatigue crack initiation. Some stud-
ies have employed crystal plasticity analysis to estimate the
dissipated energy and resultant local fatigue damage by com-
puting the resolved shear stress and the resolved shear strain
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on the slip system.”>*> Wan et al** and Chen et al®*°
predicted fatigue crack nucleation sites in polycrystalline
materials using the stored energy calculated from the accu-
mulated slip, stress, and geometrically necessary dislocation
density. They revealed that the proposed stored energy can
be used to estimate the number of cycles required for crack
nucleation under different testing conditions.

Even though many studies have attempted to
understand the mechanism of the dissipated energy on
the fatigue behavior, these studies have employed
polycrystalline materials composed of multiple grains
with different crystallographic orientations. Therefore,
the anisotropic cyclic deformation in each grain made it
difficult to capture the correlation between the measured
dissipated energy and the local slip deformation. In
addition, the inhibition of slip deformation at the grain
boundaries and the associated pile-up of dislocation led
to complexity when correlating the temperature change
with the slip deformation within the grains. Various
studies have confirmed that the grain properties and
crystallographic orientations of materials strongly affect
the fatigue behavior and fatigue crack initiation.
Primary microstructural features associated with internal
crystallographic fatigue crack initiation have been
identified as large grain sizes, twin boundaries, and
grains with a high Schmid factor.”’

In this study, crack initiation tests are conducted under
cyclic loading both below and above the fatigue limit to
investigate the temperature dissipation associated with
anisotropic slip deformation. Here, a single crystal material
is employed to eliminate the effect of grain boundaries,
which simplifies examinations of the relationship
between the in-grain temperature variation and the local
fatigue damage. In addition, specimens with different
crystallographic orientations are employed to study the
effect of the crystallographic orientation on the temperature
variation. Furthermore, the local fatigue damages are
analyzed and compared using the crystal plasticity finite
element (CPFE) method, which can consider the elastic
anisotropy of the material and localized slip deformation.

2 | EXPERIMENTAL PROCEDURE

2.1 | Material and specimen preparation
The material employed in this study is a second-generation
single crystal Ni-base superalloy, CMSX-4. The chemical
composition of this material is 9.7Co—6.5Cr-6.4W-5.7Al-
1.0Ti-6.6Ta-0.6Mo-3.0Re-Bal Ni [wt.%]. For this material,
heat treatments were conducted as follows: solution
treatments at 1277°C for 2 h, 1288°C for 2 h, 1296°C for
3 h, 1304°C for 3 h, 1313°C for 2 h, 1316°C for 2 h, and
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1277°C for 2 h followed by aging treatments at 1140°C for
6 h and 871°C for 20 h.

Compact (C(T)) specimens were cut from cast ingots
of CMSX-4 using wire electric discharge machining
techniques. The geometry of the specimens is shown in
Figure 1. The surfaces were polished with several grades of
emery papers up to #2000. Buff polishing was additionally
performed on one side for microscopic observations. Two
types of specimens were prepared by changing the combi-
nation of the primary (loading direction) and secondary
(crack propagation direction) orientations, as shown in
Figure 2. Here, the first and second Miller indices for the
specimens are the primary and secondary orientations,
respectively. This rule for the Miller indices is identical
to that in previous studies.”®*' For example, (100)(110)
specimen has its loading direction along the (100)

30
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FIGURE 1 Geometry of the specimens employed in this study

in [mm)].

(110)(110)

specimen

(100)(110)

specimen

FIGURE 2 Schematic illustration of the octahedral slip planes
in the two types of specimens. [Colour figure can be viewed at
wileyonlinelibrary.com]
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crystallographic orientation and its crack propagation
direction along the (110) orientation.

2.2 | Fatigue crack initiation tests

Fatigue crack initiation tests were conducted at room
temperature using an electrohydraulic machine. During
the tests, the specimen front surfaces were observed using
a digital microscope (KEYENCE VHX-5000) to optically
identify the slip deformation and detect crack initiation.
The variation over time of the temperature on the back
surfaces of the specimens was simultaneously measured
using a quantum-type thermography (Cedip Infrared Sys-
tems, JADE III). Here, the back surfaces were coated by a
black spray to improve the thermal emissivity. Spatial
resolutions of the thermography of up to 110 pm/pixel
were achieved. The frame rate of the thermography was
set to 50 Hz. The test system was covered by a black sheet
to block reflections from the surrounding environment.

Two different loading conditions were applied to the
fatigue tests. The first fatigue test was designed to observe
crack initiation when applying several different loading
amplitudes to the specimens with different crystallographic
orientations. These fatigue crack initiation tests were
conducted by applying up to 300,000 constant-amplitude
cyclic loadings to each specimen. The loading ratio and
loading frequency were 0.4 and 10 Hz, respectively. A total
of nine specimens were tested with loading amplitudes P,
of 150, 240, 330, 480, and 600 N for (110)(110) specimens
and loading amplitudes of 240, 330, 480, and 600 N for
(100)(110) specimens. During the cyclic loading, the tests
were paused to observe fatigue crack initiation after a
specific number of cyclic loading intervals.

The second fatigue test was conducted using a single
specimen to measure the temperature changes during the
cyclic loading. Tests were conducted for both (110)(110)
and (100)(110) specimens with the loading amplitude P,
starting from 240 N with a loading amplitude increment
of 30 N. Here, 6000 loading cycles were applied to the
specimens for each loading increment. The loading ratio
and loading frequency were same as in the first test. The
spatial resolution of the thermography was fixed to
160 pm/pixel for this second fatigue test.

3 | EXPERIMENTAL RESULTS

3.1 | Fatigue crack initiation

Figure 3 demonstrates the relationship between the
loading amplitude P, and the number of cycles to crack
initiation for each specimen. This result was obtained
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FIGURE 3 Relationship between the loading amplitude P, and
the number of cycles to crack initiation. [Colour figure can be
viewed at wileyonlinelibrary.com|

from the first fatigue test applying cyclic loadings with
constant amplitude. Open symbols correspond to the
specimens in which no crack initiation was observed
until 300,000 cycles. We see that the crack initiation
cycles of (110)(110) specimens are shorter than those of
(100)(110) specimens at the same P,,.

Figure 4 shows microscopic images at the notch
tip for all the loading conditions in (110)(110) and
(100)(110) specimens. No cracks were detected until
300,000 cycles when P,=150N and 240N for
(110)(110) specimen and P,=240N and 330N
for (100)(110) specimen. In the cracked specimens, the
crack initiation sites differ between (110)(110) and
(100)(110) specimens; that is, cracks were observed near
the 0° position on the notch tip for (110)(110), while
cracks initiated at the 30° position for (100)(110).
These crack initiation sites, depending on the crystallo-
graphic orientations, should be determined by the
strong anisotropies of the stress concentration and
slip deformation in single crystal material. This is
numerically discussed in Section 4 based on a crystal
plasticity analysis.

3.2 | Thermography measurements

The reversible temperature change resulting from the
thermoelastic effect can be observed during the cyclic
loading. This temperature change T; can be expressed
as a function of the change in the sum of the principal
stresses Ao such that

SAKAGUCHI ET AL.

a
AT, =———TAg, (1)
PCp

where a, p, and C, are the coefficient of thermal expan-
sion, mass density, and specific heat at constant pressure,
respectively. The irreversible energy dissipation, which is
caused by the local plastic deformation, occurs at the
maximum and minimum loadings. Here, the increase in
the temperature resulting from irreversible energy dissi-
pation occurs twice during a single loading cycle; the fre-
quency of this temperature component is two times
greater than that of the loading frequency. Accordingly,
the time-series temperature change on the specimen sur-
face measured via infrared thermography was analyzed
in the frequency domain using a Fourier transformation,
in which the products are called the fundamental
harmonic amplitude and the second harmonic amplitude
for T; and T, respectively. The experimental results
for T; and T, from several loading intervals were
averaged to reduce the noise from the obtained infrared
thermography.

Figure 5 summarizes the distribution of the funda-
mental harmonic amplitude T; measured by infrared
thermography at P, = 240, 330, 480, and 600 N for
(110)(110) and (100)(110) specimens. A Gaussian filter
was applied to the temperature field to improve the dis-
torted values in some pixels by considering the mean
values of the surrounding pixels. Even though the abso-
lute values of T; increased with the loading amplitude,
the distributions are similar for all the loading conditions
for both (110)(110) and (100)(110) specimens. In
(110)(110) specimens, the maximum values of T, are
located at @ = 0°, while they are located at approximately
0 = +30° for (100)(110) specimens. Figure 6 shows the
distribution of the second harmonic amplitude T, for
(110)(110) and (100)(110) specimens measured for all
the loading conditions. The distribution of T, becomes
larger when P, increases. This implies that the plastic
deformed area becomes larger with increasing P,.

Figure 7 plots the value of T, along the notch tip
obtained from the second fatigue test for (a) (110)(110)
and (b) (100)(110) specimens. Here, the results under the
four loading amplitudes are compared. Because of
the symmetry condition, only data from the upper half of
the specimens are taken into consideration. The overall
values of T, tend to increase with increasing P,. For
(110)(110) specimens in Figure 7A, the values of T, are
largest at @ = 0° and decrease with the angle along the
notch tip under all loading amplitudes. Conversely, for
(100)(110) specimens in Figure 7B, the values of T, are
largest at approximately # = 30°. Comparing (110)(110)
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FIGURE 4 Microscopic (110)(110) specimen (100)(100) specimen
observations at the notch tips of each
type of specimen. [Colour figure can be =90 .
viewed at wileyonlinelibrary.com] o 0=45

P,=150N 0-0°

1 V=5
0 =-90°
No cracking
P,=240N
1 mm

After
159,900

330N cycles

o
Il

™o
I

480 N

=
Il

600 N

and (100)(110) specimens, we see that the absolute
values of T, for (110)(110) are higher than those for
(100)(110) for the same loading amplitude.

Figure 8 shows the results of the second fatigue test,
where the loading amplitudes were gradually increased
from P, = 240 N. Here, the maximum values of T, for
two crystallographic orientations are plotted as a function
of the loading amplitude. The plots corresponding to the
cracked condition in the first fatigue test (P, > 330 N for
(110)(110) and P,>480N for (100)(110)) are

No cracking

After
117,000

represented with solid symbols and are distinguished
from the uncracked loading condition, which are plotted
with open symbols. The results demonstrate that the
magnitude of T, for (110)(110) specimen is larger than
that for (100)(110) specimen. This indicates that the crys-
tallographic orientation affects the temperature change
behavior during cyclic loading. Note that the value of T,
for the cracked conditions is larger than 1.0 mK, which is
common to both (110)(110) and (100)(110) specimens.
This implies that the crystallographic orientation affects
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(110)(110) specimen

P,=240N
P,=330N
P,=480N
P,=600N

FIGURE 5

viewed at wileyonlinelibrary.com]

the temperature change but does not affect the threshold
value of T, for fatigue crack initiation.

4 | CRYSTAL PLASTICITY
ANALYSIS

The irreversible energy dissipation that occurs twice
during each loading cycle, that is, T,, is caused by local
plastic deformation."? In face-centered cubic (FCC) mate-
rials, including the single crystal Ni-base superalloys
employed in this study, the plastic deformation is primar-
ily associated with dislocation motion along the octahe-
dral slip system. The plastic deformation is recognized as
slip, that is, a plastic shear strain along each slip system.

SAKAGUCHI ET AL.

(100)(110) specimen

70

40
20

—

130

Distribution of the fundamental harmonic amplitude T; in (110)(110) and (100)(110) specimens. [Colour figure can be

To precisely evaluate the anisotropic plastic deforma-
tion in a single crystal material with the aim of examin-
ing the temperature change behavior, it is preferable to
quantify all the activities of the slip systems. Here, a finite
element analysis incorporating the crystal plasticity
theory provides the most appropriate assessment. This is
because CPFE can capture the three important factors
that determine the temperature change in a single crystal
material: (1) the anisotropic elastic property, (2) the stress
concentration around the notch tip, and (3) the aniso-
tropic plastic deformation localized along the octahedral
slip systems. The authors have previously shown that a
CPFE analysis considering the actual geometry of a crys-
tallographic crack can provide a reasonable explanation
for the effect of the crystallographic orientation on
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FIGURE 6
wileyonlinelibrary.com]

the cracking path and propagation rate in a single crystal
Ni-base superalloy.”®**>! A similar analytical framework
is applied here to quantify the localized slip deformation
around the notch tip.

41 | CPFE model

The single crystal Ni-base superalloy exhibits FCC
structure that includes four types of {111} slip planes and
12 slip systems, as shown in Figure 9. Here, the blue,
purple, red, and yellow slip planes represent slip planes
1, 2, 3, and 4, respectively. The slip planes and slip
directions are defined in the local coordinate system,
which is established with X-, Y-, and Z-axes in the [100],

ﬁi qu Eﬂ'gi?n”;ﬁnz‘ii';ﬁﬂs & Structures _Wl L EYJ7—0“2
(10

Distribution of the second harmonic amplitude T in (110)(110) and (100)(110) specimens. [Colour figure can be viewed at

[010], and [001] directions, respectively. The global coor-
dinate system, which is kept the same under the different
crystallographic orientations, is the reference for the rota-
tion of the defined local coordinate system. Here, the X-,
Y-, and Z-axes are defined to be the crack propagation,
loading, and thickness directions, respectively. The
crystallographic orientations can be obtained by rotating
the crystal in the global coordinate system in the local
coordinate system. (100)(110) specimen can be obtained
by rotating the crystal around the Y-axis by —45°, and
(110)(110) specimen can be obtained by rotating around
the Z-axis by 45° in the global coordinate system.

The crystal plasticity theory employed in this study
is based on the theoretical framework of Asaro.*”* The
constitutive equation is given as follows:
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specimens obtained from the second fatigue test. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Relationship between the maximum value of T,

and the loading amplitude P, for (110)(110) and (100)(110)
specimens obtained from the second fatigue test. [Colour figure can
be viewed at wileyonlinelibrary.com]

n
Vo=C:D— Z(C:Pk+Wk-0—aoWk)7k. (2)
k=1

Here, Vo is the Jaumann rate of the Cauchy stress, o
is the stress, C is a tensor of the elastic moduli, and D is
the deformation rate tensor. P* and W* are the stretching
and spin tensors, respectively, for a slip system k such
that

1
P* zi(nk@)bk +b*@n"), (3)

1
wh = 3 (n*®b* —b*@n*). (4)

Here, n* and b are the unit direction vectors of the
slip plane normal and slip direction, respectively. 7* in
Equation (3) is the shear strain rate of a slip system k, as
given in the following kinetic law:

1/m
Tk/

k- *
Y =YoS80| —
To/ |To

Here, 7X is the resolved shear stress along the slip
system k; y, and 7o are the reference shear strain
rate and the yield shear stress, respectively; and m is a
rate-dependent parameter. These constitutive equations
are incorporated in Abaqus for an implicit analysis with
a user-defined material subroutine UMAT for single
crystal plasticity. The material parameters m, 7y, and 7,
were set to m=0.01, 7o =360MPa, and y, =1 x 107 to
reproduce the stress—strain relationship in the tensile test
at room temperature. Because the single crystal Ni-base
superalloy shows elastic-perfectly plastic behavior at
room temperature,* strain hardenings of the slip systems
were not considered.

Finite element models were established by following
the specimen geometry shown in Figure 1. Because of the
symmetry condition, only a quarter of a specimen was
modeled to optimize the time and cost of the analysis.
The numbers of elements and nodes in the models were
approximately 100,000 and 475,000, respectively. The
minimum mesh size in the vicinity of the notch tip was
10 pm, which was confirmed to be sufficiently fine for

(5)
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stable calculations based on convergence and sensitivity
studies. The element type was C3D20R to ensure the high
precision of the calculation results. An external load was
applied by a point force to the reference point at the
center of the loading hole, simulating the maximum load
in the experiments. The displacement in the horizontal
direction of this reference point was constrained, and the
distance between the reference point and the upper half
surface of the loading hole was kept constant to allow
rotation of the specimen during loading. The anisotropic
elastic moduli for CMSX-4 at room temperature
were set to C;; = 248.8 GPa, C;, =158.5 GPa, and
Cu = 129.8 GPa according to Sieborger et al.>* The
crystallographic orientation was defined by setting the
axis directions of the global and local coordinate systems.

4.2 | Numerical results of the CPFE
analysis
42.1 | Fundamental harmonic amplitude T;

Figure 10 shows the sum of the principal stresses Ac
obtained from the CPFE analysis for (110)(110) and
(100)(110) models. Here, the distribution at P, = 480 N
was chosen for the comparison, where crack initiation
can be observed in both specimens. Comparing the
computed contours of As with the measured temperature
distribution T; shown in Figure 5, the distributions of Ac
are clearly similar to those of T; for each crystallographic
orientation. For (110)(110) model, the computed Ac
(Figure 10A) and measured T; (Figure 5) are both highest
at @ = 0°. Conversely, these parameters are dominant at
approximate 6 = +35° in (100)(110) model. This shows
that the CPFE analysis can simulate the anisotropic stress
distributions in this study around the notch tip.
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\ — 00
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FIGURE 10 Contours of the change in the sum of the
principal stresses where P, = 480 N for (A) (110)(110) and
(B) (100)(110) models. [Colour figure can be viewed at
wileyonlinelibrary.com]

422 | Second harmonic amplitude T,

Figure 11 shows the distribution of the plastic shear
strain obtained from the CPFE analysis for (a) (110)(110)
and (b) (100)(110) models where P, = 480 N. The most
dominant plastic shear strains in the 12 slip systems
are represented, because crack initiations should be
controlled by the most active slip system according to the
critical plane approach.’® The octahedral slip planes are
given at the bottom left of each figure to indicate the
dominant slip system in a similar perspective viewing
direction to the finite element model. Here, the dominant
plastic shear strains in (110)(110) and (100)(110) models
are along slip system numbers 3 and 10, respectively. The
plastic shear strain is concentrated around the 8 = 0°
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FIGURE 11 Contours of the plastic shear strain on the most
active slip system where P, = 480 N for (A) (110)(110) and

(B) (100)(110) specimens. [Colour figure can be viewed at
wileyonlinelibrary.com]

and 6 =35° positions in (110)(110) and (100)(110)
models, respectively. The locations of the highest plastic
shear strain correspond to the experimental observations
in Figure 4, where cracks were initiated at approximately
0 =0° and 6 = 30° in (110)(110) and (100)(110) speci-
mens, respectively. In addition, the computed contours of
the plastic shear strain in both models are similar to the
T, distribution, even though the generated contour in
(110)(110) model had a slightly different configuration.
This result is thought to be due to the heat conduction
effect in the specimen, which is not considered in this
study.

Figure 12 shows the distribution of the plastic shear
strain y,,., along the most active slip systems as a
function of the angle along the notch tip 6. Here, the
computed results for P, = 330 N and 480 N are plotted
for (110)(110) model, while the result for P, = 480 N is
shown for (100)(110) model, with the plastic shear strain
under P, = 330 N being relatively lower. In Figure 12,
the highest plastic shear strain is generated near 8 = 0°
in (110)(110) model under both P, conditions, while it is
near § = 35° in (100)(110) model. For (110)(110) model,
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FIGURE 12
the most active slip system and the angle along the notch tip.

Relationship between the plastic shear strain on

[Colour figure can be viewed at wileyonlinelibrary.com|

the computed value of y,,,,, under P, = 480 N is 10 times
larger than that under P, = 330 N. Comparing the two
sets of data at P, = 480 N for the two models, the values
of the plastic shear strain significantly differ, with the
plastic shear strain being larger in (110)(110) model
under the same loading amplitude. This result indicates
that the crystallographic orientation strongly affects the
magnitude and distribution of the anisotropic plastic
deformation around the notch tip. The highest values of
Ymax 10 (110)(110) model wunder P,=330N
and (100)(110) model under P, =480 N are nearly
comparable at approximately y,,,x = 0.3%, even though
the locations of these maximum values are different. Note
that the crack initiation lives under these two conditions
are comparable, namely, 159,900 cycles and 117,000
cycles for (110)(110) specimen under P, =330 N and
(100)(110) specimen under P, = 480 N, respectively.
Figure 13 shows the relationship between the second
harmonic amplitude T, and the maximum values of y,,4,
along the most active slip system for each loading
amplitude. The data plots are distinguished by solid and
open symbols for the cracked and uncracked specimens,
respectively. The values of y,,q, in both (110)(110) and
(100)(110) models increase with the measured values of
T,. Note in Figure 13 that the plots between T, and y,,ax
for both specimens align in a single trendline, while the
T, values for the two specimens are different when they
are plotted as a function of the loading amplitude, as
shown in Figure 8. The threshold value of T, for
crack initiation was approximately 1 mK for both
(110)(110) and (100)(110) specimens, as in Figure 8.
The corresponding value of y,,,, for this threshold is
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FIGURE 13 Relationship between the maximum value of the
plastic shear strain for each loading amplitude and T, at the
corresponding location. [Colour figure can be viewed at
wileyonlinelibrary.com]

approximately 0.15% for both models. This indicates that
the threshold value for crack initiation is independent of
the crystallographic orientation when evaluating based
on ¥,,4, as well as T,. The intercept value of the T, axis in
Figure 13, approximately 0.7 mK, is presumed to be due
to the thermoelastic effect and the noise of the testing
system, which should be further investigated to clearly
understand the temperature change mechanisms during
cyclic loading. The gradient between T, and y,q. in
Figure 13 also needs to be quantified, considering the
micro-mechanisms of slip deformation associated with
dislocation motion, the relevant energy dissipation, and
the effect of heat conduction.

5 | CONCLUSIONS

To examine the in-grain temperature change and the
fatigue crack initiation during cyclic loading, fatigue tests
were conducted on a single-crystal material to eliminate
the effect of grain boundaries. The conclusions can be
summarized as follows.

1. Fatigue tests were conducted on two types of specimens
with different crystallographic orientations. The location
of crack initiation, number of cycles to crack initiation,
and magnitude of the temperature change were different
for these specimens.

2. Crystal plasticity finite element analyses were conducted
to investigate the plastic deformation, namely, the slip,
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of an octahedral slip system near the notch tip. The
plastic shear strain on the most active slip system can
rationalize the temperature change with respect to the
crystallographic orientation.

3. The distribution of the plastic shear strain and second
harmonic amplitude are affected by the crystallographic
orientation. However, the correlation between the plas-
tic shear strain and the second harmonic amplitude, as
well as the threshold values of these two parameters at
the fatigue limit, is independent of the crystallographic
orientations.
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