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Abstract

In this paper, the influence of the heterogeneity in the predicted crack initiation lifetime
under fretting fatigue conditions is analysed for a regular and a random distribution of
micro-voids. A critical plane analysis with two multiaxial damage criteria is performed
to assess the crack initiation lifetime. The predicted initiation lifetime in the
heterogeneous material is compared with the results obtained in the homogeneous case.
The numerical results show that the heterogeneity has a noticeable influence on the
predicted initiation lifetime. Furthermore, the numerical model suggests that a crack may
firstly initiate at the upper edge of the micro-voids located close to the contact edge.
generally leading to a mean reduction of the predicted crack initiation lifetime. However,
in some cases, the introduction of micro-voids reduces the stress intensity at the contact

edge and, so decreasing the predicted crack initiation lifetime.
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1. Introduction

Fretting happens when two or more solids are in contact with some minute relative
displacement [1]. In addition, lifetime of components under fretting conditions is usually
reduced compared to plain fatigue conditions [2], leading to the failure of many
engineering components [3]. Thus, prediction of fretting fatigue lifetime has a great
demand from industry and damage tolerance design approaches. Prediction models
should consider the non-proportionality stress state and severe stress gradients that are
present in components subjected to fretting fatigue. In addition, numerical methodologies
found in the literature usually consider the material as perfectly homogeneous [2,4—12].
However, metals may present some degree of micro-porosity or defects due to
manufacturing as in casting or metal additive manufacturing [13,14]. On the other hand,
thermal spray coatings are usually employed to increase the fretting strength of a
component, although in some cases they may generate some micro-voids on superficial
layers [15]. In this way, the influence of the heterogeneity should be taken into account
for accurate prediction when using numerical methodologies [16].

The damage process of fretting fatigue can be classified into two stages [17]: stage I for
the crack initiation process and stage II for the crack propagation process. Stage I is
usually dominated by the shear stress range (type I crack in stage I) according to Dubourg
et al. [18] although in some cases cracks can be dominated by the normal stress range
(type 2 crack in stage I). Once the crack has reached some critical length, the crack
escapes from the influence of the contact and starts to be dominated by the cyclic axial
load (transition stage I/I1), kinking to the maximum normal stress range.

The lifetime estimation of crack initiation and crack propagation is usually calculated
separately due to damage process classification (stage I and stage II) [12]. Several damage

models and approaches can be found in the literature for the lifetime estimation through



crack initiation. Following the review of Bhatti and Wahab [19], these methodologies can
be classified into: critical plane analysis, stress invariant approaches, fretting specific
parameters and continuum damage mechanics.

On the other hand, lifetime estimation through propagation models of an initial crack or
flaw is usually assessed through linear elastic fracture mechanics (LEFM) and finite
element models (FEM) [6,11]. A few parameters need to be defined such as size, location
and orientation of the initial crack or flaw. Experimental results have shown that cracks
usually grow pointing to beneath the contact zone [20-22]. Furthermore, a crack
orientation criterion for non-proportional loading is necessary to assess the crack path
[22]. Generally, crack propagation lifetime is assessed through stress intensity factors
calculation along the crack path and by the application of a fatigue crack growth law, such
as the Paris law [6].

Few studies have been found regarding the influence of heterogeneity in the fretting
fatigue behaviour. Kumar et al. [23] analysed numerically the influence of heterogeneity
in the stress state under fretting conditions through Direct Numerical Simulations (DNS).
They conclude that the heterogeneity has a relevant effect in the shear stress state, being
more critical than the homogeneous case. Erena et al. [24] studied numerically the
influence of the introduction of voids in plain fretting on the damage severity using a
critical plane approach and a multiaxial damage criterion. The authors showed a decrease
in the damage parameter for certain configurations of the micro-voids and suggest its
employment as a palliative. On the other hand, metals with some degree of porosity or
defects have shown that crack initiation is usually located on the surface or at the vicinity
of porous or defects located close to the surface of the component [25,26]. Therefore, the
crack initiation and propagation stages may be significantly affected under fretting fatigue

as well. In addition, initial crack location and orientation may be also influenced due to



the presence of micro-voids.

In this paper, the effect of heterogeneity has been analysed numerically using DNS on the
crack initiation lifetime under fretting conditions. The heterogeneity has been included as
micro-voids in the specimen. The shape of micro-voids is simplified to a circle. Two
micro-void distributions are considered: regular and random distributions. A critical plane
analysis in combination with the Theory of Critical Distances [27] (TCD) is performed
to predict the crack initiation. The analysis is also performed considering the material as

homogeneous to assess the influence of the heterogeneity on the predicted results.

2. Materials and methods

2.1. Experimental data and materials

The experimental fretting fatigue test published by Hojjati-Talemi et al. [7] is taken as
reference. The test set-up consists in a cylinder-to-plane contact configuration under
constant normal load (P) (see Fig. 1). Two cylinders of 50 mm radius are symmetrically
clamped to a dog bone specimen, both made of AL2024-T3. The specimen is subjected
to a cyclic axial load (oaxial) and the pads are fixed with leaf springs to the platform, given
rise to a cyclic tangential force (Q) between both components (further details about the

test set-up can be found in [7]).
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Figure 1: Sketch of the test configuration.

The Young’s modulus (E), Poisson’s ratio (v), yield strength (oy) and ultimate strength
(ou) of AL2024-T3 are given in Table 1 [7]. The stress ratio of gaxiaand Q is 0.1 and -1,

respectively.

2024-T3 oy[MPa] ou[MPa] E[GPa] v][-]

383 506 72.1 0.33

Table 1: Mechanical properties of 2024-T3 [7].

The coefficient of friction (COF) between pad and indenter was measured by Hojjati-
Talemi et al. [7] under partial slip conditions giving a value of 0.65. Hojjati-Talemi et al.
[7]. The methodology proposed by Araujo and Nowell in [28] allowed for the
measurement of the steady COF under partial slip conditions (after 10° cycles) using the
Digital Image Correlation technique. The total number of cycles (Nr) until complete
fracture was recorded by Hojjati-Talemi et al. [7] for each test condition. The value of
the normal load is kept constant for all the test conditions, being equal to 135.75 N/mm.

The total lifetime for the nine conditions tested is reported in Table 2.

Test condition Oaxial [MPa] Omax [N/mm] Nr[cycles]

1 100 38.79 1407257
2 115 46.56 1105245
3 135 55.93 358082
4 135 48.89 419919
5 160 48.43 245690
6 190 82.54 141890



7 205 80.53 114645

8 220 66.79 99607

9 220 79.46 86647

Table 2: Cycles to fracture for the tests carried out by Hojjati-Talemi et al. [ 7] (maximum value of the
cyclic axial load is reported).

2.2. Numerical model for crack initiation

The finite element (FE) software Abaqus Standard © has been employed to obtain the
stress field under fretting conditions. Inertial effects are not considered so a quasi-static
problem has been analysed. The material has been considered purely elastic (maximum
principal stresses are below the yield strength in all cases). The tangential load has been
introduced through the definition of the cyclic reaction load (oreact) on the other edge of
the specimen as sketched in Fig. 2. The methodology is analogous as in [6,7,23]. Half of
the specimen has been modelled in 2D due to symmetry conditions. The augmented
Lagrange multipliers method has been employed to model the friction with a master-slave
approach. The Multi Point Constraint (MPC) is applied on the top edge of the indenter to
avoid rotations. Both sides of the indenter and bottom of the specimen are restricted in
the x direction and y direction, respectively. Boundary conditions are also detailed in Fig.
2 for the sake of clarity. Plane strain condition is assumed. An element size of 5 microns
is considered in the contact region. The mesh refinement has been decreased gradually as
moving away from the contact area. A two-dimensional, four nodes, plane strain element
with full integration (CPE4) was used. A Coulomb friction model is employed for the
contact between the pad and indenter using the Abaqus formulation for contact between
two surfaces (master-slave) based on Lagrange multipliers. All the tests were performed

under partial slip conditions. Thus, the COF is taken as 0.65.
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Figure 2: Sketch of the numerical model (dimensions in mm).

The fretting fatigue crack initiation has been numerically assessed by means of critical
plane analysis using the well-known McDiarmid [29] (MD) and Smith-Watson-Topper
[30] (SWT) criteria. The MD criterion is classified as a stress-based criterion. It predicts
that the crack initiation will happen in the plane of maximum shear stress range (Azmax).
Between the two planes that reach the condition of Azmax, the plane with the highest
maximum normal stress (onmax) 1S chosen. The MD equivalent stress can be calculated
following Eq. 1, being Az the fatigue limit in torsion. The fatigue limit in torsion can be
estimated dividing the uniaxial fatigue limit by v3 [10]. On the other hand, the SWT
criterion is classified among the energy-based criteria. Under non-proportional loading,
the criterion predicts that the crack initiation will happen in the plane normal to the
orientation with maximum product of the amplitude of the first principal strain (Ae/2) and
first principal tensile stress (omax) (Eq. 2) [31]. Both criteria have been chosen to compare
the results in the predicted cracks dominated by mode I (SWT) and mode II (MD). The
predicted number of cycles to crack initiation (Ninipred) for MD and SWT criteria can be
calculated in combination with the Basquin’s equation as reported in Eq. 3 and Eq. 4,
respectively [9]. The fatigue strength coefficient (¢f) and the fatigue strength exponent
(b) are taken from [32], being 1194MPa and -0.133, respectively. These material
constants are measured using smooth specimens. Although, Al2024-T3 has a low
percentage of voids in comparison with other metals, such as those produced in castings
or with metal additive manufacturing, voids can appear involuntarily as defects during
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manufacturing or intentionally through perforation and acting as a possible palliative [24].
Furthermore, due to the lack of experimental data, the same fatigue constants are applied
to assess the crack initiation lifetime at the hot-spots: the contact edges (surface) and voids
(subsurface). However, the fatigue constants may change due to the different conditions

(roughness, environment, etc...) found in the external surface and voids surfaces.
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The area approach of the TCD [27] has been employed as well as the maximum approach.
The maximum approach simply consists in calculating the initiation lifetime with the
maximum value. However, in fretting fatigue, the stress field is not uniform at the vicinity
of the contact edges and the components undergo a severe gradient. Thus, averaging
methods over a process volume or area are employed to take into account the length scale
of crack initiation and to reduce the dependence on the FEM solution [2]. The damage
parameter has been averaged in a semi-circular region centred in the maximum value,
perpendicular to the free surface (edge of the void and top surface of the specimen
depending where is the maximum located) and with radius equal to L/2, where L is the
constant of Al-Haddad [33]. For A12024-T3, the fatigue threshold stress intensity factor
range for long cracks (AKw) is 1000MPa-mm®°[34] and the plain fatigue specimen

strength (o0(10%)) is 263MPa.
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The heterogeneity is included through the representation of micro-voids with circular
shape. First, the specimen geometry (40x5mm) has been divided into cells of 2x1mm
(100 cells). The cell distribution is shown in Fig 3. Furthermore, two distributions of voids
are analysed: a) a regular distribution and b) a random distribution. In the regular
distribution, the voids are equally spaced inside the cells and two void densities are
analysed: a) 4 voids per cell (4 v.p.c.) and b) 1 void per cell (1 v.p.c.). In addition, 5
percentages of Void Surface (VS) are studied for both void densities by changing the void
radius, i.e. 14%, 10%, 6%, 3.5% and 1.5%. These VS are in the range of the initial
porosity fractions and are employed in similar studies found in the literature [35]. Table
3 tabulates all the V'S studied with its corresponding void radius (#v) for each void density.
The FE models are generated through a Python script where all the void coordinates are
introduced a priori. A further mesh refinement is employed around the voids belonging

to the contacting cells, where the element size is 2 microns.

Figure 3: Geometry of the numerical model with 4 voids per cell and 3.5% of void surface.

VS [%] rv 1 v.p.c. rv4 v.p.c.
[microns] [microns]

14 300 150

10 250 130



6 200 100
3.5 150 70
1.5 100 50

Table 3: Heterogeneous conditions studied and radius for both void surfaces (4 and 1 void per cell).

A random distribution is also considered because of the significant influence of the
relative position between the micro-voids inside the cell [23]. Thus, twelve randomly
distributed cases are studied with a VS of 1.5%. This VS and density of voids are chosen
because the most realistic condition in aluminium alloys is considered among all the cases
studied with regular distribution. The random distribution cases are created through a
MatLab script developed to randomly generate the coordinates of the micro-voids
considering two conditions: two voids cannot be overlapped, and a void cannot be on the
edges. These conditions are imposed to ensure the convergence of the FE model. The
twelve cases are shown in Fig. 4. For each case, the void distribution represented in Fig.
4 is repeated in each cell of the model. As in the normal distribution case, FE models are
generated using a Python script. In a real application where pores or micro-voids are
generated randomly, such as castings, these models are more realistic that the simple
consideration of regularly distributed micro-voids. The generation of a random
distribution of micro-voids will give further information about the influence of the micro-

void positions.

3. Results and discussion

Numerical results are presented and discussed in this section. The section is divided
taking into consideration whether the material is homogeneous, heterogeneous with a
regular distribution of micro-voids or heterogeneous with a random distribution of micro-

voids.
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Case 1 Case 2

Case 3 Case 4

Case 5 Case 6

Case 7 Case 8

Case 9 Case 10

Case 11 Case 12

Figure 4: The twelve random void distributions in a cell studied in this work (cell size 2x1mm).

3.1. Homogeneous material

When the material is considered perfectly homogeneous, the problem is dominated by the
stress concentration produced by the indenter around the contact edge [7]. Fig. 5 shows
the fatigue damage map of SWT and MD in the specimen beneath the contact surface,
circular markers in the figure represent the position of the end of the contact region. The
damage is concentrated at the vicinity of the contact end as in the results obtained by

Hojjati-Talemi et al. [7] and many other previous works found in the literature. Some
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damage can be observed on the left contact edge, although the more critical region is
clearly at the right contact edge. The location of the maximum SWT parameter (cross
marker) is almost coincident with the contact edge while the maximum MD parameter is
approximately located a few tens of microns from the contact edge inside the contact
region. However, the location of the maximum MD parameter is more sensitive to the
ratio between the tangential and axial load. As shown in Fig 5 b) and c), the maximum
location moves towards the centre of the contact when the tangential load is increased
under the same axial load. The same behaviour has been found when comparing the test
conditions FF8 and FF9. On the other hand, it should be noted the high gradient found in

both fatigue criteria damage maps, being more severe in the SWT criterion.

[MPa-mm/mm]

[MPa]

Maximum 60
Contact edge 40
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06 04 -0.2 0 0.2 0.4 0.6
X [mm]

Figure 5: Colour damage map of a) SWT criterion and b) MD criterion for the FF3 test condition and c)
MD criterion for the FF4 test condition in the region of the specimen just beneath the indenter.

The crack plane orientation predicted by the SWT and MD criteria are 95° and 45°
(measured from the specimen top surface clockwise). The predicted crack plane
orientation keeps constant for all the fretting conditions with a variation lower than 1°.
The blue arrows of Fig. 6 show the predicted crack plane orientation in the centroid of

the elements surrounding the right contact edge (circular marker). It is observed that the
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plane orientation remains constant for both criteria. Hojjati-Talemi et al. reported in [7]
an initial crack orientation of 130° after examining the fracture specimens. Thus, the crack

orientation predicted by the SWT criterion is in better agreement than the MD prediction.
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Figure 6: Predicted plane orientation (blue arrows) of a) SWT criterion and b) MD criterion for the FF1
loading case in the centroid of the elements located around the right contact edge (circular marker).

Lifetime prediction to crack initiation is performed using the maximum approach and
area averaging approach of the TCD as explained in Section 2.2. Lifetime results of crack
propagation are taken from [6], where crack propagation lifetime is calculated using FEM
and LEFM from an initial planar crack of 50 microns (further details in [6]). Fig. 7 shows
the lifetime prediction to total fracture for the 9 conditions tested with both approaches
and damage parameters. It can be shown that both approaches and damage criteria predict
less conservative results at low loads (longer lives) as shown in Fig. 7. The maximum
approach gives more conservative results and little difference can be found between both
damage criteria. In order to compare the accuracy and dispersion of the predicted results,
a quantitative study is presented in Table 4 following the methodology proposed by
Navarro et al. in [9]. The dispersion (SD) and mean ratio (X) are presented using a
logarithm scale. The following equations are employed (i represents each test condition

and N is the total number of tested conditions):

i = Zlog Ny 6)
N predicted i
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Figure 7: Predicted and experimental results of total lifetime with the maximum approach (left) and area
approach (right), dashed lines indicate scatter bands of #2N.

A good prediction results in a mean ratio close to 1. As expected, the maximum approach
gives more conservative results (see Table 4). The predicted results obtained with the
criterion of MD and SWT using the area approach are within the scatter bands (dashed
lines) with factor equal to 2. A better agreement is obtained with the SWT criterion,
whereas a lower deviation of the results is obtained for the MD criterion. The differences
between experimental and predicted results may be due to the scatter in the experimental

data. However, the predictions are acceptable as concluded in similar works [36,37].
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McDiarmid Smith Watson Topper

x SD x SD
Maximum approach 1.82 1.12 1.96 1.13
Area approach 0.90 1.49 0.94 1.56

Table 4: Statistical quantitative comparison of the predicted and experimental cycles to total fracture.

3.2. Normal distribution of micro-voids

When the material is considered heterogeneous in the numerical model, there is a
competition of crack initiation between the stress concentration produced at the right
contact edge and at the neighbouring micro-voids. The introduction of the micro-voids
changes the contact stress distribution between indenter and specimen [23], and therefore
it completely changes the mechanics of the problem. Thus, it is expected that the predicted
results in crack initiation will be affected as well.

a) SWT
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Figure 8: Colour damage map of SWT (top) and MD (bottom) parameters on the two cells located just
beneath the indenter for the FF1 test condition, 1 v.p.c. and 14% VS.

The damage map for MD and SWT criteria with different VS and density for FF1 loading
conditions are presented in Fig. 8 to Fig. 11. These figures contain the damage map

information of the two cells just beneath the indenter (circular marks represent the end of
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the contact zone). When the VS is higher than 1.5%, the location of the maximum value

changes from the contact edge to the upper edge of the micro-void as shown in Fig. 10

and in Fig. 11.

[MPa-mm/mm]

150

100

Figure 9: Colour damage map of SWT (top) and MD (bottom) parameters on the two cells located just
beneath the indenter for the FF1 test condition, 4 v.p.c. and 14% VS.

Furthermore, the maximum location of SWT and MD does not coincide in some cases,
changing from different micro-voids (see Fig. 9) or from the contact edge to the micro-
void as shown in Fig. 11. In some cases, the maximum global damage point is located at

the micro-void upper edge, but the damage gradient is lower at the fretting contact edge

(see Fig. 11).
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Figure 10: Colour damage map of SWT (top) and MD (bottom) parameters on the two cells located just
beneath the indenter for the FF1 test condition, 1 v.p.c. and 1.5% VS.
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Figure 11: Colour damage map of a) SWT criterion and b) MD criterion on the two cells located just
beneath the indenter for the FF1 test condition, 4 v.p.c. and 1.5% VS.

As the location of the maximum value in the damage parameters is changing, the crack
may initiate first at the micro-void edge or at the contact edge. In some cases, multiple
cracks are predicted to initiate simultaneously at both spots. The area approach is
employed to predict the crack initiation lifetime at the local maximum near the two spots:
the fretting contact edge and the micro-void. Figs. 12 and 13 show the normalized values
of the fretting fatigue initiation lives predicted with the MD and SWT for the FF1 loading

case with 1 and 4 voids per cell. Each value is normalized to the predicted initiation
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lifetime with the same damage parameter obtained for the homogeneous case with the
same effective section. In other words, the introduction of micro-voids will directly
produce a reduction of the net section of the specimen and, thus, it will increase the
nominal axial stress and obviously reduce the crack initiation lifetime. In order to isolate
the effect of the micro-voids introduction, the predicted initiation lives employed in the
homogeneous case for the normalization has been calculated using a maximum axial
stress corresponding to the same effective section. In this way, it can be compared directly
the reduction or increment in the initiation lifetime when considering the material
heterogeneous in the numerical model. The initiation lifetime is calculated at the local
maximum near the fretting contact edge and the micro-void. In the regular distribution
with 1 v.p.c., the predicted crack initiation lifetime at the contact edge spot is lower than
in the homogeneous case for all the studied cases. In addition, the numerical model
predicts that the crack grows firstly in the micro-void when the VS is lower than 3.5%.
The lifetime predicted by the MD criterion is usually higher than the one predicted by the

SWT at the micro-void and contact edge hot-spot.

" Contact edge — _ Micro-void
I VD
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Figure 12: Bar charts of the predicted normalized lives for initiation with the MD and SWT criteria for
the FF1 loading case with 1 void per cell calculated at the contact edge and micro-void.
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As shown in Fig. 13, the predicted lifetime at the contact edge spot by the MD criterion
is lower than the predicted by the SWT, contrary to the 1 v.p.c. case. In addition, the crack
initiation is predicted to start at the micro-void spot for VS higher than 6%. On the other
hand, it is shown that the predicted lifetime by the SWT criterion is not affected at the
contact edge spot for VS lower than 3.5%. This effect will be further described in the
random distribution. In the case of regular distribution of 1 v.p.c., voids have a larger
radius than in the 4 v.p.c. case for the same VS, but they are located at a larger distance
to the contact edge in the y and x axis. Further, it must be noted that as decreasing the size
of micro-voids, the upper edge of the micro-void moves away from the contact edge
although the effective strength section is increasing. When comparing the results obtained
between the two regular distributions, it can be concluded that the position of the micro-

voids has a significant influence in the lifetime prediction as well as its relative size to the

right contact edge.
19 Contact edge 12 _ Micro-void
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Figure 13: Bar charts of the predicted normalized lives for initiation with the MD and SWT criteria for
the FF1 loading case with 4 voids per cell calculated at the contact edge and micro-void.
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3.3. Random distribution of micro-voids

As commented in the previous section, the micro-void distribution plays a crucial role in
the predicted initiation life. Furthermore, materials usually show a random distribution of
micro-voids. For these reasons, the study of a random distribution is a must to obtain
more realistic conclusions. The results shown in this section are obtained using a random
distribution of 4 v.p.c. with 1.5% of VS. This case is selected as the most realistic one
between the studied cases in the regular distribution because it has the lower micro-void
radius. Fig. 14 shows the damage map obtained for the case 1 of the random distribution
and FF1 loading condition. It is observed again that the SWT criterion predicts its
maximum at the upper micro-void edge, but the MD criterion does not. It has been
observed in all cases that the maximum of both damage criteria is always predicted at the
right contact edge when the micro-void is at a distance higher than 0.4mm from the right
contact edge for both criteria. In addition, micro-voids located at the right side of the right
contact edge are potentially more dangerous for both crack initiation criteria, because as
shown in the damage map of the homogeneous case (see Fig 5), the right side of the right

contact edge shows a higher intensity of the damage field.
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Figure 14: Colour damage map of a) SWT criterion and b) MD criterion on the specimen located just
beneath indenter for the case 1 of the random distribution and FF1 loading condition.
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Fig. 15 shows the predicted lives for the 12 random distributions and FF1 loading case at
the contact edge and micro-void spots. Initiation lifetimes are shown normalized to the
initiation lifetime predicted for the homogeneous case as well as for the regular
distribution. The high scattering of the predicted initiation lifetime at the micro-voids is
observed. Only two cases have been found that crack will firstly start at the micro void.
In addition, the micro-void needs to be very close (below 0.4 mm distance) to the right
contact edge. In this way, it is expected that both crack initiate at the same time. Yi et al.
[25] observed experimentally a high scattering in the plain fatigue life of a porous
aluminium. Further, they also observed that large pores located near the specimen surface
were responsible for crack initiation. Our results are in line with the conclusions obtained
by Yi et al. [25] under plain fatigue. However, under fretting fatigue conditions, the stress
concentration produced at the vicinity of the contact edge dominates the damage
initiation. In the numerical model, only micro-voids located very close to the contact edge
will decrease the initiation lifetime. On the other hand, it is observed a mean reduction of
3% and 9% in the predicted initiation lifetime for the MD and SWT criterion,
respectively. The predicted lives at the fretting contact edge by the MD criterion are

higher than the predicted with the SWT criterion.
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Figure 15: Bar charts of the predicted normalized lives for initiation with the MD and SWT criteria for
the FF1 loading case with random distribution 4 calculated at the contact edge and micro-void.

Four cases can be observed (cases 2, 7, 8 and 11) for which the predicted life by the SWT
criterion at the contact edge is higher than in the homogeneous case. The reason of this
increase in the predicted lifetime is due to their singular micro-void distribution, slightly
decreasing the stiffness of the component at the right side of the contact area. Therefore,
increasing the contact area and decreasing the stress intensity at that region. Fig. 16 shows
the contact pressure distribution along the contact area between the indenter and specimen
for the homogeneous case and the random distribution case 2. The contact pressure
distribution is almost identical on the left side of the contact. However, a small variation
can be observed on the right side. This slight change in the contact pressure distribution
is due to the loss of stiffness caused by the particular micro-void distribution and results
in the increase of the crack initiation lifetime. This result is in line with the results
obtained by Erena et al. [24], where the introduction of voids beneath the contact surface
in a fretting wear numerical model decreases the damage severity for crack initiation.
Nevertheless, further experimental tests should be performed to obtain firmer

conclusions.
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Figure 16: Contact pressure along the contact area for the homogeneous case and case 2 of the random

distribution.

4. Conclusions

In this work, a numerical analysis has been performed in a homogeneous and

heterogeneous material to compare the results in terms of the predicted initiation lifetime.

A critical plane analysis with the McDiarmid and Smith-Watson-Topper criteria in

combination with the theory of critical distances has been employed to assess the

initiation lifetime. The main conclusions obtained are:

1.

The location predicted in the homogeneous material by MD and SWT criteria is
at the right edge of the contact. In some cases, the location changes to beneath the
indenter for high tangential loads.

A better agreement with the experimental results has been obtained with the SWT
criterion in terms of initiation lifetime. In addition, the crack orientation reported
by Hojjati-Talemi et al. [7] is more in concordance with the results obtained with
the SWT criterion.

Predicted crack initiation lifetime usually decreases when the material has been
considered heterogeneous with regular distribution for severe void surface
percentage. However, a large scattering in the predicted lifetime has been obtained
for the studied random distributions, in some cases leading to an increase of the
predicted fretting fatigue lifetime by MD and SWT criteria.

The numerical model shows that a crack may initiate firstly at the micro-voids
located close to the right contact edge. However, it has been shown that the stress
concentration produced by the fretting contact edge dominates the crack initiation

since cracks need to be very close to it. The initiation lifetime predicted by the
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SWT criterion is lower than the initiation lifetime predicted by the MD at the
micro-void hot-spot.

5. In the following order of severity, size, distribution and density of micro-voids
have shown a significant influence on the predicted initiation lifetime compared
to the predicted results in the homogeneous case.

Future work will seek the 3D modelling and the study of different micro-void shapes. The
2D problem simplification adequately models the plane-to-cylinder contact
configuration, but the presence of micro-voids will generally produce a 3D variation of
the flow stress due to the material discontinuities. In addition, the shape of micro-voids
is also a significant parameter to be considered. However, this research represents a
starting point to analyse the effect of micro-voids before performing a 3D analysis.
Finally, more experimental validation will be fundamental to draw firmer conclusions.
These tests may involve specimens made by metal additive manufacturing.
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