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ABSTRACT
Rolling Contact Fatigue (RCF) is the result of crack initiation and propagation leading to surface dam-
ages. This study proposes a mesoscopic model for RCF crack initiation simulation. Finite Element
Method (FEM) is used to obtain stresses using cubic elasticity. Persistent Slip Bands (PSBs) are mod-
eled using polycrystalline geometry and grain orientations. PSBs can pass through Grain Boundaries
(GBs) if the misorientation of the adjacent grains is lower than a critical angle. The Tanaka-Mura
micromechanical model is then used to calculate the number of loading cycles required to initiate
cracks. The results are compared to previous models and experiments. Initiation depths appear to be
consistent.

1. Introduction
RollingContact Fatigue (RCF) concernsmost of the com-

ponents that endure repeated contact pressure such as rolling
bearings, gears or railway tracks. Historically, the service
life of these components was determined by empirical mod-
els such as Wöhler curves [1] or Coffin-Manson law [2, 3].
ISO 281 is a current standard which is used to predict the
service life of rolling bearings, it is based on Lundberg and
Palmgren’s works [4, 5] which also arise from experimen-
tal results. In the early 1980’s, researchers have started to
adopt deterministic approaches in order to predict service
life based on the actual physical mechanisms that cause fa-
tigue [6]. RCF modeling was then separated into two cate-
gories of models: models treating crack initiation and mod-
els treating crack propagation although some studies com-
bined both [7]. Concerning crack initiation, the role of the
microstructure of the materials is all the more important, as
in this case the deterioration processes are very often associ-
ated with microstructural changes [6]. Physical phenomena
operate at the atomic scalewhichmakes a complete nanoscale
model extremely hard to develop and compute.

Some researchers have nonetheless developed microme-
chanical model based on fatigue physics in order to evaluate
number of cycles to crack initiation (or fatigue crack thresh-
old) as a function of stresses based on simplifying assump-
tions. This is the case of Tanaka and Mura who developed
a fatigue crack initiation law based on the assumption that
crack initiation is a result of dislocation slip and accumula-
tion [8]. As first pointed out by Ewing and Humphrey [9],
dislocations form Persistent Slip Bands (PSBs) which are
preferred locations for plastic strain. Dörr and Blochwitz
[10, 11, 12] and then Zhang and Wang [13, 14, 15] studied
this theory and extended the knowledge concerning fatigue
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crack initiation at PSBs. The Tanaka-Mura model is partic-
ularly interesting because it is physically based and it can be
easily implemented into a numerical model in combination
with stress field computation. Several studies used Tanaka-
Mura to predict fatigue crack threshold for structural fatigue.
Bruckner-Foit et al. [16, 17] studied the fatigue crack thresh-
old onmartensitic steel and Toyoda et al. [18] on thin-walled
high strength steel. Hilgendorff et al. [19] used a bound-
ary element method to compute stresses and Briffod et al.
[20] used a crystal plasticity model in combination with the
Tanaka-Mura model in pure �-iron.

In this study, Tanaka-Mura’s law is used in order to sim-
ulate crack initiation in RCF which differs from structural
fatigue on multiple aspects [6, 21]. In RCF, the stress state
is multi-axial and non-proportional, moreover, stresses are
highly localized at the contact region. These specific condi-
tions are one of the main reasons to model crack initiation at
a mesoscopic length scale to account for the most fundamen-
tal principles of fatigue. Raje et al. developed a mesoscopic
statistical model to estimate life scatter in RCF [22]. This
model use the random nature of the material microstructure
as a cause of the Weibull distribution of fatigue life. They
found very good agreement with experimental data. Starting
from the same idea that mesoscopic modeling is the key to
explain the complexity of RCF, this paper proposes a grain-
scale numerical model. This model focuses on the elemen-
tary principle of fatigue that large scale damages result from
smaller scale defect accumulation and propagation.

In a previous study [23], an isotropic model was devel-
oped using Tanaka-Mura’s approach to predict crack initia-
tion in rolling contact fatigue. This article goes further in
the modeling of the physics of fatigue crack initiation.

In the next section, physics of fatigue crack initiation
and the Tanaka-Muramicromechanical model are described.
Then, the numerical model is presented along with the poly-
crystalline geometry and the anisotropic properties. Finally,
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Figure 1: Persistent Slip Band (PSB) inducing intrusions and
extrusions at the free surface of the material.

shear stress range calculation is detailed and a method to
model PSBs in polycrystals is proposed.

2. Physics of Fatigue Crack Initiation
Sangid’s review article [24] provides extensive explana-

tion on fatigue crack initiation. Themain physical aspects on
which the following numerical model is based are described
in this section. Fatigue is characterised by series of forward
and reverse loading. This repeated loading induces stresses
in the material which may cause micro-plasticity at certain
favorable locations [24], and shear stress is widely recog-
nized to be the primary cause [21]. In order to minimize
the energy of the material structure exposed to shear stress,
dislocations form, move via slip and accumulate forming
more stable configurations [25]. These phenomena are the
core principles of plastic deformation in metals. In crys-
talline materials, the dislocation slip can be concentrated
into Persistent Slip Bands (PSBs) [9] because they consti-
tute preferred locations for slip due to softening [26]. Even
though PSBs appear only under certain conditions, they have
been observed in most face-centered cubic (fcc) and body-
centered cubic (bcc) materials [27]. PSBs seem to not oc-
cur at very high temperature (above one-half of the melting
temperature [28]) and only for a nearly symmetrical loading
[27]. However, they still constitute the most common loca-
tion for fatigue crack initiation in polycrystalline materials
[24, 26, 27]. PSBs under contact fatigue conditions have
been observed by Forster et al. [29] in steel and by Medina
et al. [30] in bronze.

In single crystals and surface grains of polycrystals, a
PSB ends on the specimen surface in intrusions and extru-
sions (see Figure 1). This is due to close-enough positive
and negative dislocations annihilating via cross-slip (for the
screw components) or climb (for the edge components), which
produces vacancies [24]. PSBs are composed of multiple
parallel layers which are induced by inter-dislocation attrac-
tive and repulsive forces.

In polycrystallinematerials, dislocation arrangements are
similar to those in single crystals, except that the disloca-
tions are impeded by the Grain Boundaries (GBs) resulting
in pile-up [24].

Crack initiation can also occur within a grain (not at the
GB), although this is generally the case for materials with
defects, inhomogeneities or large grain size. In superalloys,

improvements in processing have led to a significant reduc-
tion in material defects and therefore reduced intra-granular
initiation [31]. It has been experimentally shown that during
initiation, micro-cracks can develop along the GB, along the
PSB or along both depending on the angles formed by the di-
rections of the GB, of the PSB and the loading direction [32].

Tanaka and Mura developed a micromechanical model
for fatigue crack initiation [8]. Their theory is based on dis-
location pile-up at the PSB-GB interface. Forward and re-
verse plastic flow is modeled by dislocations with different
signs moving on two closely located layers, and it is assumed
that their movement is irreversible.

Each cycle induces an increase of the plastic strain en-
ergy per unit width in each layer of the PSB:

ΔU =
�(1 − �)
8G

(Δ� − 2k)2d2 (1)
Where Δ� is the shear stress range, k is the frictional stress,
d is the PSB length, � is the Poisson’s ratio andG is the shear
modulus. Frictional stress is the critical stress that needs to
be overcame in order to let the dislocations slip.

The definition of crack initiation depends on the length
scale being considered [33]. From a microscopic point of
view, a crack corresponds to the local overcoming of inter-
atomic cohesive forces and thus, the creation of new sur-
faces. From a mesoscopic scale, an initiation can be consid-
ered when a crack reaches a significant size compared to the
grain size order. At this length scale, crack propagation de-
pends on microstructural features such as grain orientations
and grain boundaries [33]. This is no longer the case at a
macroscopic length scale where the material can be consid-
ered as homogeneous and thus crack propagation rate can be
modeled by Linear Elastic Fracture Mechanics (LEFM) for
example.

Tanaka and Mura originally considered that a crack ini-
tiation occurs when the accumulated energy at layer I and
layer II reaches specific fracture energy of a crack of the
same length as the PSB. This leads to:

UI + UII = 2NiΔU = 2dWs (2)
With Ni the fatigue crack threshold (number of cycles) and
Ws the specific fracture energy for a unit area.

Substituting Equation 1 into Equation 2 and rearranging
gives:

Ni =
8GWs

�(1 − �)d(Δ� − 2k)2
(3)

Improvements of the model have been proposed byMura
and Nakasone [34, 35] who used Gibb’s free energy. Other
authors proposed variants of this model with the use of ad-
ditional parameters such as Burgers vector [36] or the PSB
width [37]. The original model has nevertheless received
great popularity within the scientific community because it
captures the essence of crack initiation via slip and accumu-
lation of dislocations. Several studies have been able to cor-
relate the Tanaka-Mura fatigue crack initiation model with
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Figure 2: Dislocations moving along Persistent Slip Bands,
piling-up at High-Angle Grain Boundaries (HAGBs) and pass-
ing trough Low-Angle Grain Boundaries (LAGBs).

experimental results [17, 38, 39, 40, 41]. Cheng and Cheng
compared the same type of model with experimental results
in RCF conditions [42, 43].

At first, GBs were considered as impenetrable [10] but
later, Blochwitz et al. showed that misorientation of adjacent
grains have an influence on PSB-GB interaction [11]. Zhang
and Wang [13, 14, 15] showed that PSBs can pass through
Low Angle Grain Boundaries (LAGBs). Therefore, crack-
ing does not occur at these GBs. LAGBs are defined as a
misorientation between adjacent grains of less than �c = 15°
[24]. Concerning High Angle Grain Boundaries (HAGBs),
dislocations pile-up at the PSB-GB interface, building up
stress concentration over the repeated loading cycles, even-
tually leading to crack initiation (see Figure 2).

As discussed, fatigue crack initiation results from the
accumulation of plastic strain due to dislocation slip along
PSBs and interacting with the microstructure. In the next
section a numerical model for crack initiation in RCF is pre-
sented.

3. Model
Two variables need to be calculated in order to use Tanaka-

Mura’s law for crack initiation. The first one is shear stress
range Δ� which has been previously calculated according to
different methods in an isotropic model [23]. In this present
paper, the use of cubic elasticity in a 2D polycrystallinemodel
opens new perspectives. Secondly, PSB length d which has
been previously approximated by the grain size can now be
calculated in the relevant directions and eventually allowing
PSBs to pass through LAGBs.

The numerical model used in this study is similar to the
previous one [23] on multiple aspects. It uses a moving con-
tact pressure to simulate the rolling contact onto the surface
of the material. A loading cycle is represented by the dis-
placement of the contact pressure from x = −4a to x = 4a,
with contact half-width a (see Figure 3). The simulation is
performed for dry contact, in order to analyze the most se-

vere case of damage [44]. In order to initiate surface and
sub-surface cracks, two surface conditions are simulated:
- Smooth contact surface (p = pℎertz)- Dented contact surface (p = pℎertz + Δpdent)
pℎertz is calculated usingHertz contact theory [45] andΔpdentis calculated using Coulon et al. [44, 46]. The contact char-
acteristics are given Table 1.

Table 1
Contact and dent characteristics.

Characteristic Notation Unit Value

Half-width a [�m] 615
Max contact pressure p0 [MPa] 2100
Dent diameter � [�m] 250
Dent depth dtℎ [�m] 37

Stresses are calculated by FEM computation with quasi-
static conditions for each incremental position of the con-
tact pressure (274 increments). Stress components �x, �y,
�z and �xy are obtained with plane strain assumptions. An
area of analysis with a width of 2.5a is embedded into a
wider body, large enough to behave as a semi-infinite body
(see Figure 3). The polycrystalline geometry of the area of
analysis has been generated using the open access software
package Neper [47, 48, 49] which uses Voronoi tessellation
algorithms. The mean grain size is equal to 25�m and the
size distribution follow a log-normal law with a standard de-
viation of 11�m. Each grain is meshed into quadratic quad-
rangles.

In this study, the anisotropic character of each crystal of
the model is based on Noyel [50]. Applying crystal elasticity
to each grain with random crystal orientations allows to pre-
serve the material macroscopic isotropic behavior. With a
large enough number of randomly oriented grains, themacro-
scopic behavior of the locally-anisotropic mesoscopic model
converges to the behavior of an isotropic material. It has
been previously verified that the values used in this paper
are relevant for both local and global considerations [51].
Even though RCF models could be applied to rolling ele-
ment bearings, gears or railway tracks that can be composed
of several material constituents, Noyel considered the main
material constituent: �-iron. The crystal coordinate system
(xg , yg) is aligned with the atoms of the crystal lattice of the
grain (see Figure 4).

Cubic elasticity stiffness matrix [C] (Equation 4) is de-
scribed by three independent constants C11, C12, and C44.The values defined by Courtney [52] are used in this study
(see Table 2).
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Figure 3: Model dimensions and polycrystalline geometry.

Figure 4: Global coordinate system (x, y), grain local coordi-
nate system (xg , yg), slip local coordinate system (xPSB , yPSB).

Table 2
Stiffness matrix components of �-iron [50].

C11 C12 C44
237 GPa 141 GPa 116 GPa

The same type of crystal cubic elasticity has been used in
RCF mesoscopic models in previous works [53, 54, 55, 56].

An in-plane orientation is assigned to each grain. These
orientations are defined by random angles � varying between

Figure 5: Distribution of grains orientations �.

Figure 6: Orthogonal shear stress �xy for a centered contact
pressure in smooth surface condition for (a) isotropic proper-
ties, (b) cubic elasticity properties.

0° and 90° which represents the rotation angle around z axis
between the global coordinate system (x, y) and the grain
local coordinate system (xg , yg) (see Figure 5).FEMcomputation provides stress distribution at each point
of the meshed geometry and for each position of the moving
contact pressure. In order to illustrate the effect of cubic
elasticity on the stress field, Figure 6 shows the orthogonal
shear stress �xy for a centered contact pressure under smooth
surface condition for (a) isotropic properties and (b) cubic
elasticity properties.

Next section develops fatigue crack initiation simulation
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in RCF using the previously addressed model and single-
grain PSBs.

4. Crack Initiation with Single-Grain PSBs
The Tanaka-Muramicromechanicalmodel considers shear

stress range Δ� as a variable influencing crack initiation. As
discussed in section 2, shear stress produces dislocations, in-
duces slip and is therefore the cause of strain energy accu-
mulation. Multiple options exist concerning the calculation
of the shear stress: maximum shear stress, orthogonal shear
stress, octahedral shear stress, etc. These different possibil-
ities are compared and discussed in a previous study [23].
Since grain orientations are considered in this paper, a more
physical approach is possible: calculate shear stress range
directly in the slip directions. This is called resolved shear
stress.

In this study, only in-plane slip systems are considered.
Since stress components are calculated for a bcc material,
the possible slip systems are positioned at +45° and −45°
from the grain local coordinate system (see Figure 4).

After changing coordinate system, it can be shown that
resolved shear stress along xPSB is given by:

�xPSB = �xy sin 2� +
1
2
(�x − �y) cos 2� (5)

�xPSB is the opposite of �yPSB for each contact pressure
incremental position. Therefore, resolved shear stress range
Δ� is identical for every PSBs inside a grain whether the
PSB is oriented according to xPSB or yPSB .

Δ� is calculated using the maximum and minimum of
�PSB during the displacement of the moving contact pres-
sure:

Δ� = max(�PSB) − min(�PSB) (6)
�x, �y, and �xy correspond to averaged values of each ele-
ment of a grain and � is the grain orientation angle which
has already been used is the FEM anisotropic computation.

Figure 7 shows the resolved shear stress rangeΔ� for the
smooth contact and the dented contact.

Material parameters can take different values depending
on bearing steel grades. Material property values that are
used in the present study [23] are in Table 3. The value of
Ws was determined by Tryon et al. [38] and the value of k
can be found in Kamimura et al.’s review [57].

Table 3
Tanaka-Mura model parameters for bearing steel.

Parameter Notation Unit Value

Shear modulus G [GPa] 80
Poisson’s ratio � [−] 0.3
Fracture energy [38] Ws [kJ∕m2] 440
Frictional stress [57] k [MPa] 390

Figure 7: Resolved shear stress range for (a) smooth surface,
(b) dented surface.

Several crack initiation criteria can be considered de-
pending on the length scale and the physics considered in
a model. Tanaka and Mura choose to consider a grain-scale
(i.e. mesoscopic) criterion for crack initiation. This results
in initiation of cracks of the same length as the PSBs that
contributed to strain energy accumulation. In other words,
they predicted that a PSB converts into a crack when suffi-
cient energy is piled-up. Other models could arguably con-
sider other hypotheses concerning the length scale of the ini-
tiated cracks, however, this study proceeds with the initial
mesoscopic hypothesis.

The model which is developed in this paper is varied into
three different combinations of hypotheses. These model
variants are defined in Table 4. Model A is obtained with
the simplest hypotheses, grain properties are isotropic,Δ� is
calculated in the direction that maximizes it and PSB length
is approximated by grain size. This first model has already
been used in the previous study [23]. Model B differs from
previous one because grains are considered as anisotropic
and crystal orientations are randomly distributed. This al-
lows computation of Δ� in the slip directions as described
in section 3. At this point, there is no multi-grain PSB. PSB
lengths are approximated by grain size by finding the longest
segment in the direction of Δ� of each grain. Model C,
which considered more advanced hypotheses, is discussed
in the next section.

Figure 8 shows a comparison between models A and B
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Table 4
Hypotheses of the different models.

Model A B C

Grain properties Isotropy Cubic elasticity Cubic elasticity
Δ� direction Maximizes (Δ�meso) Slip direction (Δ�PSB) Slip direction (Δ�PSB)
PSB length Grain size Grain size Multi-grain PSB

Figure 8: Fatigue crack threshold for (a,b) model A, (c,d) model B, in the case of (a,c) smooth surface, (b,d) dented surface.

on the number of cycles required for crack initiation. Model
A is more critical than model B. This is consistent since in
model A, shear stress range Δ� is calculated in the direction
that maximizes it [23]. In model A,Ni distribution basicallydepends on the grain position. For instance, in the case of the
smooth surface, the value of Ni is highly influenced by the
depth of the grain. Grain size differentiates adjacent grains
that are at the same depth. Ni distribution has more of a
random aspect in model B since crack initiation depends not
only on grain size, but also on grain orientation which can be
very favorable or very unfavorable towards crack initiation.
This leads to a more scattered distribution both in the case
of the smooth surface and in the case of the dented surface.

Thus far, PSB length d was approximated by grain size.
In the next section, it is proposed to model multi-grain PSBs
in order to get a more physically based approach.

5. Crack Initiation with Multi-Grain PSBs
It is possible to estimate the length of real PSBs by taking

into account themisorientations between grains. As Tanaka-
Mura’s equation implies (see Equation 3), PSB length as
an influence on fatigue crack initiation. Longest PSBs are
more critical for material due to the larger amount of ac-
cumulated dislocations. This statement is consistent with
the Hall-Petch relationship. As previously described in sec-
tion 2, if the misorientation angle of two adjacent grains is
small enough, dislocations can cross the GB which is there-
fore called a LAGB (see Figure 2). This phenomenon leads
to the formation of multi-grain PSBs. In this section, an al-
gorithm to model multi-grain PSBs in polycrystals is pro-
posed.

A grid is generated inside each grain, following the two
possible slip directions xPSB and yPSB of the slip local coor-
dinate system (see Figure 4). In the algorithm, the number of
PSBs per grain and per direction can be control by parameter
nPSB . When a line of the grid crosses a GB, the intersection
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Figure 9: PSB passing though GBs for (a) nPSB = 10, (b)
nPSB = 100.

Figure 10: PSB field in the polycristalline geometry of the area
of analysis using nPSB = 100.

point is found, both adjacent grains are identified and if their
misorientation is lower than the critical misorientation an-
gle �c = 15° [24], the line passes through the GB following
the new slip direction. A PSB which has been generated fol-
lowing the direction xPSB of the first grain can be extended
following either xPSB or yPSB of a second grain as long as
the angular difference between the first and the second direc-
tion is lower than �c . Figure 9 shows the algorithm applied
to one grain only: in case that nPSB = 10 (a), in case that
nPSB = 100 (b). In the second case, more PSB paths are
considered as an additional grain can be reached, leading to
longer PSBs.

When the algorithm is applied to each grain of the analy-
sis area, a PSB field is generated (see Figure 10). Each PSB
is colored according to its length. In the present case, the
longest PSB equals 220�m which corresponds to around 9
grains.

The number of cycles required for crack initiation can be
calculated from the Tanaka-Mura model (Equation 3) using
resolved shear stress range Δ�, PSB length d and the mate-
rial properties. The multiple segments of the PSBs are used
in this calculation. Each segment contributes to the energy
that is accumulated in a PSB. Building from Tanaka-Mura’s
principle, the total accumulated energy per cycle in a PSB

Figure 11: Accumulated strain energy per unit width per cycle
for (a) smooth surface, (b) dented surface.

crossing n grains is:

ΔUPSB =
�(1 − �)
8G

n
∑

g=1
(Δ�g − 2k)2d2g (7)

With Δ�g the mean resolved shear stress range in the grain
of the PSB segment g, and the length of the PSB segment dg .Accumulated energy per cycleΔU is shown Figure 11 for (a)
smooth surface conditions and (b) dented surface conditions.

Considering the initiation of a crack of the same length
as the PSB, the energy criterion is:

2Ni,PSBΔUPSB = 2dWs (8)
WithNi,PSB the number of cycles required to initiate a crack
along the PSB, d the multi-grain PSB length andWs the spe-cific fracture energy for a unit area. This leads to:

Ni,PSB =
8GWs
�(1 − �)

∑n
g=1 dg

∑n
g=1 d2g (Δ�g − 2k)2

(9)

The assumption that a crack is initiated when the energy
level reaches the requirement for cracking the entire PSB is
still considered here. Even though an initiated crack is gener-
ally smaller than a PSB and then grows into a full PSB length
[33], it is more convenient to start with Tanaka-Mura’s origi-
nal hypothesis as this model operates at a mesoscopic length
scale.

L. Fourel et al.: Preprint submitted to Elsevier Page 7 of 10



Towards a Grain-scale Modeling of Crack Initiation in Rolling Contact Fatigue - Part 2: Persistent Slip Band Modeling

Figure 12: Fatigue crack threshold for (a,b) model B’, (c,d) model C in the case of (a,c) smooth surface, (b,d) dented surface.

Figure 12 compares twomodels: models B’ andC.Model
B’ is equivalent to model B but the representations are dif-
ferent. Contrary to model B in Figure 8 where only the value
of the longest PSB is displayed, in model B’ each PSB is dis-
played in order to compare it to model C. Hence model B’
simulates the presence of PSBs without allowing for pass-
ing through GBs. In model C, passing through LAGBs is al-
lowed, so that multi-grain PSBs are simulated. nPSB = 100has been found to be the convergence criterion to not have
results depending on the number of PSBs per grain and per
direction.

As expected, contact surface conditions have a predomi-
nant influence on fatigue crack threshold with either single-
grain PSBs or multi-grain PSBs. A damaged surface highly
decreasesNi,min.There is a slight difference between the predictions of
model B’ (single-grain PSBs) andmodel C (multi-grain PSBs).
Model B’ is more critical (lowerNi,min) than model C. This
can be explained by the fact that energy accumulation needs
to reach a level which is proportional to the PSB length in or-
der to initiate a crack. Even though longer PSBs accumulate
more energy than smaller PSBs (at the same stress level),
they also need more energy to be entirely cracked.

Average depth of early crack initiation (Ni < 10×Ni,min)in the case of a smooth surface (Hertzian contact pressure)
is equal to:
- ym = −0.62a for model A

- ym = −0.56a for model B
- ym = −0.57a for model C

Chen et al. found experimentally an average value of
ym = −0.522a [58, 59]. This experimental value was ob-
tained with only 13 measurements of crack depth but aver-
ages are still similar. This agreement between experimental
and numerical results for Hertzian type contacts allows a rea-
sonable confidence in the method developed in the present
study and in its application to other surface conditions.

6. Conclusions
In this study, a 2D polycrystalline model has been de-

veloped using crystal anisotropy in order to compute realis-
tic stress distribution in the surface of a material exposed to
rolling contact pressure. Two independent cases have been
considered: smooth and dented surface conditions. These
cases could be combined by summing the different accumu-
lated energies. Benefits of these assumptions over a previous
isotropic model on crack initiation are shown using Tanaka-
Mura’s approach in order to account for the fundamental me-
chanics of fatigue, i.e. strain energy accumulation through
dislocation formation and slip.

The main interest of this paper lies in the modeling of
multi-grain PSBs, allowing a more realistic simulation in
agreementwith experimental observations showing PSBs pass-
ing through low angle grain boundaries.
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As material parameters are still an important source of
uncertainty, validation of the model could be made by com-
paring the results with experiments. These correlationswould
provide more confidence, in particular concerning fracture
energy Ws and frictional stress k. Further improvements
could be made concerning the material behavior by model-
ing crystal plasticity or material heterogeneities. Grain size
variation depending on depth could be considered as well as
macroscopic anisotropy induced by crystal orientation tex-
ture. Concerning the surface, friction and roughness could
be modeled. In-plane grain orientations are also a question-
able assumption. A 3D model would help to solve this issue
along with modeling the PSBs in a 3D space.
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