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ABSTRACT

The fatigue process under fretting conditions is characterized by small oscillatory movements due to vibrating or
cyclic loads between two surfaces in contact. Two phenomena can arise as a consequence: the surface wear of
the bodies in contact, giving rise to the so-called fretting wear. The second phenomenon concerns crack
nucleation in the contact region, causing a reduction in the fatigue strength of the component subjected to cyclic
loading. This process is called “fretting fatigue”. In the present study, finite element models (2D-FEM) are
provided to demonstrate the effect of pad radius on the contact parameters such as: contact pressure, shear
traction, stresses, sliding, size of contact line and crack nucleation and its location along the contact line of
aeronautical Al2024 alloy under fretting fatigue loading. Six numerical models are utilized to describe the effect
of changing pad radii on contact stresses and damage of crack nucleation. The Ruiz parameter criterion should
be used to predict the location of crack initiation in the contact zone. Comparison of the finite element results
shows that there is a good agreement between the numerical modeling predictions with those analytical results.
The stress field, relative slip, and damage parameters in fretting fatigue loading were highlighted. The pad radius
substantially affects the distribution of contact parameters. Particular attention must be taken into consideration
to this variable when analyzing the structure in fretting fatigue.
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INTRODUCTION

Fatigue can be defined as the continuous degradation process of a material when it is
subjected to dynamic loads that can cause an accumulation of damage to the material, even if
the loads imposed are lower than its yield strength. Fretting fatigue is a special case of fatigue.
The fatigue process under fretting conditions is characterized by the relative motion of low
amplitude (on the order of microns) between two surfaces in contact induced by vibrating
loads or cyclic loads [1]. Among other degradation processes, this slip tends to cause surface
wear that can lead to the premature appearance of micro-cracks in the contact region [2,3]. A
further examination of the subject of fretting fatigue in various applications can be found in
refs [4—6]. Vazquez et al. [7] carried out a series of tests and an analytical and numerical
analysis to study the fretting fatigue behavior of the Al7075-T651 alloy. These authors predict
the lifetime and crack growth path of this material under fretting fatigue loading of constant
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amplitude based on the joint application of the multiaxial fatigue criterion and critical
distance methodology. They have concluded that the initiation of cracks in fretting fatigue and
its growth are perpendicular to the contact surface in the first step, and then they turn towards
the contact zone with an inclination angle equal to about 3°. It seems that this approach gives
better results in terms of crack growth in the contact zone. Luke et al. [8] investigated the
fretting fatigue behavior of EA4T (25CrMo4) material, and they concluded that the fatigue
life of railway axles can be limited by crack initiation in press fitting locations, in particular
within the contact zone between the axle and the wheel. They also revealed that the use of the
multiaxial fatigue parameters provides a consistent correlation with the fretting fatigue crack
initiation for different specimen types and loading conditions and may be potentially
considered in the fatigue assessment of full-scale axles. Pinto et al. [9] developed a numerical
model to study the effect of sequences of variable amplitude shear loading on the level of
contact tractions/stresses of Al 7075-T651 alloy under fretting fatigue loading. These authors
investigated the fretting fatigue behavior of this material using the multiaxial fatigue criterion
and cumulative damage model, again, they found, that the proposed life estimation procedure
was enhanced to include the effect of material loss due to wear. In contacts under fretting,
there are basically two situations identified, which are partial and total slip. The analytical
model for the stresses in the fretting contact area was independently proposed by Cattaneo
[10] and Mindlin [11]. According to these authors, in fretting fatigue, generally, the applied
shear loading is less than the threshold for total slip. Thus, two symmetrical and distinct
regions appear within the contact zone: (i) a region of length 2c, known as the stick zone, in
which there is no relative tangential movement between the corresponding particles of the
bodies in contact; (ii) a peripheral region known as the slip zone, located at the ends of the
contact and the stick zone. Recent work by Dhaka et al. [12] adopted a different contact
configuration in order to study the effect of the radius of the corners of the contact pad and the
length of the flat region on the peak tensile stress under fretting loading. They showed that the
peak tensile stress in the fretting direction decreased with an increase in the contact zone.
Also, Zhang et al. [13] developed a numerical model to investigate the effect of contact
geometry on the frictional behavior of Ti-6Al-4V and showed that the flat geometry can
support a stabilized partial slip solution with an associated wear pattern. Chakherlou et al.
[14] presented an experimental study and anumerical model in order to simulate the effect of
cold expansion of Al-alloy 2024-T3 plates under fretting fatigue. They indicated that the
crack nucleation location is in an area away from the hole. Walvekar et al. [15] proposed a
damage model for fretting fatigue of AISI4140 vs.Ti-6-4 in a cylinder-on-flat contact
configuration, this model replicates the fretting fatigue experiments and estimates the fretting
fatigue life of the structure. Vantadori and Zanichelli [16] used the shot peening treatment on
the contact surface in order to improve the life of fretting fatigue-affected components. In the
same context, the crack growth path in the fretting fatigue specimen repaired by the stop hole
method has been carried out by Deng et al. [17]. They have shown a significant impact on the
fretting fatigue crack propagation lifetime. Zaleski and Skoczylas [18] investigated
experimentally the effects of slide burnishing on the surface roughness, surface layer micro-
hardness, and fatigue life of Ti6AI2Mo2Cr titanium alloy parts, who found that the changes in
the surface layer properties induced by slide burnishing lead to an increased lifetime of the
components. Based on the above, it can be noted that the fretting is a challenging physical
phenomenon, which involves different sciences, i.e. tribology, contact mechanics, fatigue,
fracture mechanics, corrosion, among others [2]. Other parameters can also affect the fatigue
life of structures under fretting fatigue loading. Dobromirski [19] listed more than 50 of them.
Today, the question still remains open, and approaches from data science are beginning to be
used to study the fretting fatigue behavior of materials. These variables were divided into two
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classes, primary and secondary variables, which directly and indirectly affect the fretting-
fatigue behavior of any material. In addition, the large number of interacting variables that
affect fretting fatigue make experimental testing difficult, and the fretting fatigue of materials
is not fully understood and represents a very active research field. These facts led the authors
to focus the current investigation on studying the fretting fatigue of Al 2024-T3 alloy under
fretting fatigue loading. The main purpose of this work is to find the best way to apply
boundary conditions to simulate the fretting fatigue phenomenon using the finite element
method. The effects of the loading magnitude, geometrical parameters, stress/strain, pressure,
shear traction, sliding, and crack initiation on the contact zone were highlighted.

THEORY AND FORMULATION

Figure 1 depicts a schematic diagram of the contact problem. The normal force is applied
to the half-body of the cylinder's top surface, and sliding occurs in the same plane in the
horizontal direction. 2a gives the length of the contact area, and R gives the radius of the
cylinder. F is the normal force. The pressure distribution and maximum value can be
predicted using the Hertz formulation [20]. The following is the contact pressure between the
surfaces.

a= 2(%)1/2 (1)

E* = (1;_1’%_'_1;_:%)—1 (2)

Py =2 = £y ®)

P(x) =P, /1 — (g)2 4)
p

Fig. 1. Schematic of fretting contact problem
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P signifies the pressure distribution, while Po denotes the maximum pressure distribution
that occurs in the contact area's center. The elastic modulus and Poison’s ratio are denoted by
E and v, respectively, while shear traction is given by:

q(x) = upo /1—(§)2, if c<|x|<a (5)
aG) = upo [1- 7 —wpo S (1= (5), i Ixl<c ©)

There are two types of fretting based on the magnitude of the horizontal load. Both
surfaces stick together in the central area of contact (c<|x|<b) under low horizontal loads. The
surfaces slide slowly against each other at both ends of the contact area (|x|<c). This is known
as a "partial slip." When the horizontal load is increased, the center of contact area shrinks
and the two surfaces slide against each other. This is a "total slip." The friction force
distribution on the plane, as seen, has a discontinuity at the boundary of the stick/slip zone at
X =+ c. This is the most possible location for vacancy accumulation and crack initiation. This
means that the stress values at these points determine the fatigue life of components under
fretting loads.

When a fatigue stress oa is applied, the stick zone will be offset by a distance e, thus
creating an asymmetry between the stick and slip zones. The pressure distribution does not

change according to Cattaneo [10] and Mindlin [11], the distribution of shear stress under
fretting fatigue condition is expressed by the following relationships:

q'(x) = up, fl—(f)2 If —a<l|x|<—-c+e (7
¢ = upo [1- )% — o ,/1— () 1t —cte<ixi<scte (@
¢ = o [1- 2 c—e<lx<a (©)
e

_ 9ra (10)

4ppo

It is known that in fretting fatigue loading, the stress fields in the contact zone are in
general complex and non-proportional, so the use of stress-strain based multiaxial models
becomes more suitable.

According to Ruiz et al. [21], slip amplitude must be included in the damage parameter to
predict crack initiation in fretting fatigue. This author formalized the damage parameter using
the maximum shear tension and the local slip amplitude. Based on dovetail experiments, he
introduced the first damage parameter.

F, =1.d, (11)

It was discovered that the maximum value of damage parameter Fi corresponds
closely to the location of maximum damage discovered experimentally. It also emphasizes the
importance of shear stress as a primary variable in the damage nucleation process. Because a
large number of micro cracks can form during fretting fatigue, the maximum damage
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nucleation location and the actual crack initiation location may differ. Furthermore, they also
observed that the surface damage is converted into a crack due to the presence of tensile stress
oxx. As a result, by multiplying the first damage parameter (F1) with tensile stress at the same
surface location; a new parameter called the initiation parameter F> was developed. This
parameter is derived from experimental results and is given by:

F, = 0,,7d, (12)

NUMERICAL APPROACH

To ensure the life of components affected by fretting fatigue, it is necessary to perform
very long and complex tests in the design process. By means of computer models, it is
possible to simulate and analyze this component, thus reducing the need to carry out extensive
and costly experimental tests and also allowing optimization alternatives. The finite element
method is, in general, an interesting numerical analysis technique for this type of analysis.
The solution process of the fretting fatigue problem is carried out by the finite element model
in the ABAQUS commercial code [22]. In two-dimensional models (plane strain case) for
fretting fatigue problems, they can predict results similar to those of three-dimensional
models, according to Vazquez et al. [23] and in refs [24,25]. In order to reduce the
computational time, only half of the problem was modeled since it is symmetric along the Y
axis. The finite element mesh consists of two-dimensional elements with four nodes (CPE4R).
There are some special formulations for finite elements that allow the possibility of contact
between surfaces to be considered in fretting fatigue analysis. There are two discretization
techniques for contact surfaces: Node to Surface and Surface to Surface. In both cases, a
master and slave surface must be adopted, which, during the simulation, interact with each
other, creating new boundary conditions for the analysis of contact problems. In the contact
line, the mesh was built in a structured way, while in the other regions, the use of coarse
elements allowed to reduce the level of discretization outside the area of interest in order to
reduce the time of calculation (mesh size of 5 um). The geometrical model and loading
conditions are given in Figure 2. The friction coefficient was defined as 0.65. The numerical
method for solving nonlinear Newton-Raphson systems is used to solve nonlinear systems of
equations. This numerical method is preferable because it has a higher convergence rate for
the solution.

10

R=50

10

40
Fig. 2. Geometry of the fretting fatigue model (all dimensions are in mm)

The material of the pad and specimen is an aluminum 2024-T3 alloy. This kind of
material is widely used in the aeronautical industry because of its good fatigue and corrosion
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characteristics. The specific chemical composition of this material is listed in Tab. 1. The
elastic properties at room temperature obtained were: Young’s modulus, E = 72100 MPa,
Poisson’s ratio, v=0.33.

Table 1. Chemical composition of the Al2024-T3 [26]

Al2024-T3 Al Si Fe Cu Mn Mg Cr Zn Ti Others
Max % Base 0.5 0.5 4.9 0.9 1.8 0.1 0.25 0.15 0.05
Min % 3.8 0.3 1.2

Abaqus used a pure Master/Slave algorithm. This means that the nodes of the slave
surface cannot penetrate the master surface. On the other hand, the master surface can
penetrate the slave surface. In general, one will choose as a slave surface the one having the
finest mesh or the one forming part of the softest body. Rigid surfaces can only be master
surfaces. Two algorithms exist to track the relative motion of surfaces. The finite sliding
option is chosen. Normal contact and friction can be modeled by the penalty method or the
Lagrange multiplier method. In order to correctly simulate fretting fatigue conditions, the
loads were divided into three stages, where each stage constitutes a step of the model. In the
first step, the top of the pad was pressed against the specimen surface by a normal load of
F=543 N, and this compressed condition was held constant until the end of the cycle. Then, a
tangential force of Q = 155 N was applied to the sides of the specimen (the ratio of Q is —1).
Finally, in the third loading step, axial stresses were applied to the specimen (ca = 100 MPa
where (the ratio of oa is 0.1). As shown in Figure 3, in the contact region, two partitions were
made to improve the mesh refinement.

Fixed

A A A A A

Constrained displacement in Y direction (Y=0)

Fig. 3. Finite element detail for the assembled model and loading conditions

The mesh is made with a two-dimensional element with four nodes with an edge size of 5
um in the contact region. In Figure 4, it is possible to observe how the load conditions vary as
the simulation time advances.
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Fig. 4. Simulation of loading condition in fretting fatigue
RESULTS AND DISCUSSION

Validation of the finite element model

The finite element models are verified with the analytical solution using a plane strain
analysis. To compute the analytical solution, the reader may refer to [27,28]. A mesh size of 5
um is used near the contact interface to fulfill the plane strain condition. Figures 5 and 6
depict the comparison between the analytical and the model for contact pressure and shear
stress at the contact interface using the literature's data set. These comparisons between the
numerical result and the analytical solution of Hills and Nowell [28], where p(x) is the normal
contact stress, q(x) is the tangential contact stress.

400 Contact pressure along the contact zone
[ conactpressure siong | ]
350 / \\

300 / \

250

200
] [ Analytical ‘\%
FEA
100

Contact pressure (MPa)

-1,0 -0,5 0,0 0,5 10

xla
Fig. 5. Comparison of contact pressure along the contact line; numerical and analytical results
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Fig. 6. Comparison of shear stress along the contact line; numerical and analytical results

In general, a good correlation is observed between analytical and finite element solutions
(Figures 5 and 6). The percentage error between analytical peak shear traction and finite
element solution is less than 5%, and the percentage error in semi-contact width is less than
2% for all the models. The results show agreement in relation to the analytical solution,
despite some difference when the tangential stress q(x) reaches its maximum value. It can be
noted that different regions correspond to different physical mechanisms that control the
process of fretting fatigue. The zone of low shear traction corresponds to the absence of
relative sliding of the surfaces in contact (stick zone). In the partial slip zone, which
corresponds to the contact state in which the high level of shear traction is observed, fatigue
cracks form on the contact areas and, as a result of repeated deformations, wear particles
separate. From a practical point of view, the knowledge of the wear mechanism by fretting is
interesting to evaluate the service life of a contact connection. The shortest life is expected for
connections operating under conditions of transition from partial slip to severe slip. This fact
can be explained by the fact that in this range of relative tangential displacements, the
formation of wear particles occurs quite intensively, but their removal from the contact zone
remains difficult.

Stress analysis

Figure 7 shows the distribution of Von Mises (Svm) stress contours at the contact
interface during a fretting cycle for different loading levels.

Figure 7a shows the results of equivalent stress (Svm) at a maximum normal loading
level (step 1). Figure 7b-c shows the surface stress in terms of the von Mises stress at the full
fretting fatigue cycle, when the horizontal displacement acts on the pad in the correct
direction at step 2 (Figure 7b), and finally when the horizontal displacement is acting to the
left at step 3 (Figure 7c). This behavior is in accordance with Mindlin [11]; the micro-slip
begins at the periphery of the contact. This micro-slip zone can be considered as a ring with
an interior radius and an exterior radius. When the bulk stress is applied, there is sliding with
friction. On the other hand, the non-slip hypothesis dominates. The sliding surface in fretting
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can be broken down into two domains called stick and slip. At the center of the contact, there
Is a constant so-called stick zone. It is surrounded by a zone where slippage is significant
(slip zone). The same conclusions have been found by other authors [3,6].
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Fig. 7. Distributions of Von Mises stress. a) Stepl (contact hertz). b) The second step (fretting wear) ; and c)
step 3 (fretting fatigue)

In service under fretting fatigue loading, it is known that the contact between two
surfaces generates multiaxial stresses in the subsurface of the material. This stresses fields,
which are responsible for the nucleation of cracks that cause the failure of structures. Figure
8a-c illustrates the different normal and shear stress contours. In Figure 8a, there is a plastic
deformation generated by the axial stress (ox) at the contact surface, but only a small layer of
plastic deformation at a distance from the contact zone. In Figure 8b, the distribution of
normal stress (cy) shows that the tension stress does not occur due to the high level of contact
pressure in this direction. According to Figure 8c, the specimen is under tension and
compression stresses in the contact zone. The stress field is important to the contact area, and
particularly at the edge of the contact area (oxy) that requires special attention. This field of
stress is concentrated in an inclined plane with respect to the plan of application of the cyclic
load. As a result, the high stress gradient in this orientation increases the risk of nucleation
and crack growth, which confirms the experimental observation of Vazquez et al. [7].

From Figure 8, it can be noted that the sign of all the stress components in the center
of the contact zone is negative. This is obviously due to the effect of the contact pressure,
which generates concentrations of compressive stresses at the edge of the contact zone, which
can initiate cracks at this location. From the point of view of the phenomenon of
concentration in mechanics, the node which corresponds to a position defined by a maximum
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constraint along the zone of contact is the most critical position because the component of the
stress which sets off the crack initiation and its growth in the specimen has reached its
maximum value. This point will be the first to fail if a critical load is reached. These results
are very consistent with experimental observations [7,8] where crack initiation occurs in the
contact zone. The experimental results show that the fretting under mixed mode loading
occurs because the stress field at the contact zone is multiaxial.
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Fig. 8. Stress distribution a) oxx (S11); b) ayy (S22) and c¢) oxy (S12)

Pad radius effect

The effects of pad radius on the level of contact pressure and shear traction along the
contact line are shown in Figures 9 and 10, respectively. Six values of pad radius were taken
in the numerical modeling (R =50, 60, 70, 200, 500 and 1000 mm). These results (Figure 9)
show that the shape of any contact pressure or shear stress along the contact line is similar
with respect to the size of the pad radius. It can be noted, that the peak of the contact pressure
decreases with increasing pad radius whereas the contact width decreases, indicating that the
maximum contact pressure is at the minimum contact radius. This behavior may be explained
by the fact that the decreasing of the pad radius leads to a narrow line of contact, and
consequently, which also leads to a higher stress level at the contact zone. In other words, a
transfer of higher contact pressure level from the pad to the specimen through the contact
phenomenon, leads to a decrease in specimen stiffness and, consequently, to the failure of the
fretting fatigue life of mechanical components in service.
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Fig. 9. Evolution of contact pressure under various pads radii

Figure 10 shows the evolution of shear stress q(x) along the contact line at different
values of the pad radius mentioned above. It is noticed that the slip zone evolves according to
the pad radius while the peak value of the shearing stress decreases. The same conclusion was

found previously (Figure 9).
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Fig. 10. Evolution of shear stress under various pads radii

Mechanically, a smaller pad radius produces less contact surface as well as higher contact
pressures for the same normal loading. This agrees with the previous hypothesis that higher
contact pressures cause higher shear stress values and a lower size of contact area. This can be
explained by the fact that the lower radius imposes higher contact pressure and shear stress,
which reduce the size of the contact zone. The contact shear stresses become zero in the
region where contact between the pad and the specimen does not occur, but fretting fatigue
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occurs when mechanical components in contact experience relative oscillatory motion
between the contact surfaces due to cyclic loading.
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Fig. 11. FE results for R=50 mm and R=1000 mm:a) normal stress; b) shear stress; c) relative slip; and d) Ruiz
parameter F2

The application of methodologies to estimate the crack nucleation and its location under
fretting fatigue loading is generally based on the determination of the cyclic stress and strain
fields in the contact region.

The influence of pad radius on the distribution of stresses along the contact line can be
seen in Figures 11a and 11b and its main effect is to increase the level of these components of
stress at locations in the contact zone close to the point characterized by x/a = —1. These
graphs shown above present the expected profile and are in agreement with what is found in
the literature. Figures 11c and 11d show the variation of the slip components and Ruiz
parameters along the contact line, note that F2 is maximum at the contact surface. The
maximum absolute value of the Ruiz parameter indicates the location of crack nucleation in
the contact zone [21]. The peak value of the Ruiz parameter in the case of the pad with
R=1000 mm is smaller than the peak value of the pad with R=50 mm, so in this case the crack
initiation starts in the model with the smaller pad radius.

The results of the size of the contact line are shown when the pad radius is varied as
illustrated in Figure 12, the lower pad radius leads to a decrease in the size of the contact line.
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Fig. 12. Comparison of analytical and FEA contact widths as a function of radius

This can be explained by the fact that higher values of pad radius (R) produce lower rated
stresses under the contact zone for the same loading condition. On the other hand, for lower
pad radii, a maximum contact pressure leads to a reduced size of the contact zone and
therefore accelerates the crack nucleation in the contact zone. Similar behaviors are found in
other analysis.

Figure 13, in turn, illustrates, for the same material and under the same condition of
loading, the effects of varying the pad radius on the peak of contact pressure (Figure 13a).
The evolution of peak pressure (Po) versus pad radius (R) quite an hyperbolic form, which
means the increase in pad radius reduces the level of stress in the contact surfaces, which in
turn avoids the risk of crack initiation. Figure 13b illustrates, the responses obtained from the
finite element modeling terms of the peak of contact pressure versus the size of the contact
line. From a qualitative point of view, the evolution presents similar behaviors. The FEA
model agrees well with the analytical model with a 2% margin of error.
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Fig. 13. Evolution of maximal contact pressure as function of: a) pads radii; and b) contact width
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It is of great importance to map these variables and understand the effect of pad radius on
the peak of contact pressure and on the size of the contact line in fretting fatigue loading.
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Firstly, the contact pressure distribution will be evaluated over the entire area of the contact
line, considering the following three axes, along the x axis: the pad radius, along the y axis:
the size of the contact line; and finally, along the z axis: the peak of contact pressure.
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319,5
284,0
248,5
213,0
177,5
142,0
106,5

71,00

Contact pressure (MPa)

35,50

0,000

Fig. 14. Stress distribution and contact width in various pads radii

Figure 14 shows the graph of the effect of pad radius on the contact pressure and on the
contact line. The level of maximal contact pressure (355 MPa) is localized in the model with
the minimum pad radius and the minimum contact width. This means that the model with a
smaller pad radius causes stress concentration on a small contact width (less than 2 mm), and
that as the pad radius increases, the stress concentration decreases. Therefore, in this case, it
can be said that the model with the largest pad radius (1000 mm) has the most suitable pad
radius for various models because it has the lowest stress concentration.

CONCLUSIONS

The aim of this study was to validate the present numerical results with the analytical
results on the one hand, and to study the effect of pad radius of aeronautical Al2024 alloy on
the behavior of contacts in multiaxial fretting fatigue conditions. The effect of pad radius on
stress fields, crack nucleation, and its location in the contact zone were predicted using the
Ruiz parameter. From these numerical results, we can deduce the following conclusions:

— The development of a finite element modeling approach to simulate the fretting fatigue of
materials.

— A good correlation was found between the FEM simulations and the analytical results.

— The peak of contact pressure and the stresses are related to the pad radius.

— Pad radius has a great effect on the size of the contact line and on the crack location of
the component under fretting fatigue.

— The change in geometrical parameters has significantly changed the contact stress fields.

— The relative slip across the contact line is related to the level and the distribution of the
contact stress fields.
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10.

11.

12.

13.

14.

15.

The relative slip decreases significantly with the decreasing of pad radius.

The maximum stress field is located at the stick-slip interface along the contact line.
Apply the Ruiz parameter in fretting fatigue to estimate crack nucleation along the
contact zone.

In this study, the crack initiation starts in the model with the smaller pad radius.
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