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A B S T R A C T   

This work performs a detailed analysis of the cracks obtained in fretting fatigue tests with cylindrical contact in 
the presence of a small oscillatory rolling of the contact pad. To do so, fretting fatigue tests have been carried out. 
Preliminary observations indicate that the contact area is larger than the theoretical one according to Hertz’s 
theory. This could mean that, due to the contact geometry and the stiffness of the test setup, rolling of the contact 
pad is occurring during tests. To reproduce this phenomenon, a 2D numerical model is developed. The results are 
compared with actual crack profile measurements.   

1. Introduction 

Fretting is a common material damage appearing in mechanical 
contacts under the action of time-varying loads. This material damage 
phenomenon is caused by small oscillatory relative surface displace-
ments –due to the fluctuating loads– and the friction between the con-
tacting surfaces. In many practical applications, the amplitude of the 
relative displacements is on the order of thousandths or hundredths of a 
millimetre, and a partial slip regime, in which the contact zone is 
divided between slip and stick zones, is usually found [1-3]. Both con-
tact loads, normal and tangential, produce a stress field with high values 
and a steep gradient -especially very close to the contact edges- that 
varies in phase according to the relative displacements [3]. These time- 
varying stresses/strains can initiate small surface cracks at the hot-spot 
contact zones, usually located at the edges of the contact areas [2,4-6], 
that can grow through the zone where stresses are high enough. These 
relative displacements are generally produced by fluctuating global 
loads, or displacements, remotely applied to the elements in contact that 
lead to a bulk or global stress in the components [7]. If the amplitude of 
the global stress is high enough, the fretting initiated surface cracks can 
continue growing until the complete fracture of the components. There 
are many examples of mechanical elements suffering from fretting fa-
tigue failure, such as bolted or riveted joints, rotor-blade dovetail con-
nections, metal cables, or shrink-fitted couplings [8]. 

Testing a real component to know the fretting fatigue behaviour of a 
certain material, or treatment, is very unusual, so a simplified test in 

which geometries and contact loads lead to explicitly known stress/ 
strain fields, is often used to replicate this phenomenon in laboratory 
conditions. Using this type of test, it is possible to understand the fretting 
crack initiation and propagation mechanisms via the analytical equa-
tions defining the stress and strain fields [9,10]. 

Among the wide variety of contact pairs used in fretting fatigue tests, 
likely one of the most used is the so called “cylindrical contact” in which 
a flat surface is placed in contact against a cylindrical one. The analytical 
stress fields in this type of contact are well described and this is one of 
the reasons of its common use for research purposes. A complete un-
derstanding of the fretting fatigue phenomenon is still being an impor-
tant challenge due to the considerable amount of agents involved. The 
bibliography has a large number of studies that try to develop the best 
methodology to estimate the lifetime on the fretting fatigue tests and 
propose predicting fretting fatigue models [11-16]. There are many 
agents involved in the fretting phenomenon and little by little they are 
being studied, understood and added to fretting fatigue models to make 
them more robust and accurate. Two examples can be fretting wear or 
the residual stress relaxation in cases with surface treatments [13,17- 
19]. The majority of proposed life assessment models assume that the 
crack is perpendicular to the contact surface, which is a good approxi-
mation in terms of life prediction. However experimental measurements 
show that cracks initiate and propagate with a certain angle. On this 
study the focus is to shed light in a new agent in fretting that is not taken 
into account so far and could affect significantly both crack initial 
orientation and life prediction. 
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One important feature in these type of tests, that is due to the 
compliance of the device with the tangential load, is the small rotation/ 
rolling that can be produced between the contacting surfaces. Rolling 
causes that the contact zone changes during the fretting cycle; tangential 
load fluctuates with time and thus the contact zone as depicts Fig. 1. 

It is clear that the variation in time of the contact zone location leads 
to a different surface contact stress distributions from that obtained 
using the classical Cattaneo-Mindlin approach, [20,21]. In the Author’s 
best knowledge, there is no analytical solution for a transient tangen-
tially loaded rolling contact, for this reason in the present work we 
analyse -by means of a FEM model- the effect on the crack initiation 
behaviour caused by the small rolling in fretting tests. The cyclic rolling 
was quantified indirectly via experimental measurements of the contact 
zone length in fretting tests [22], assuming that the difference between 
the theoretical and the experimental value is due to this phenomenon. 
Then, the inferred rolling is introduced in the FEM model, and the 
resulting stress/strains fields are used to predict the fretting behaviour 
observed in tests. 

2. Experimental campaign 

The contact pair studied in the current work is the usually called 
cylindrical contact in which a cylindrical contact pad of radius, R, is 
pressed against a flat surface. A scheme of the device used to conduct the 
test is show in Fig. 2. This device has been used for large campaigns of 
cylindrical and spherical fretting fatigue test during the last decades 
[6,5,23]. In that test setup, first of all the cylindrical contact pads are 
pressed against the flat surface of a dog-bone type fretting fatigue test 
specimen with a constant normal load, N. Then, a fully reversed cyclic 
axial load of amplitude, Pa, is applied directly to the specimen by means 
of a hydraulic actuator. The tangential load amplitude, Q, appearing as a 
consequence of the contact pair and the axial load P, can be adjusted to 
the desired value, moving the adjustable supports acting as leaf springs 
(see Fig. 2a), and thus modifying device’s stiffness. Main specimen and 
pad parameters are shown in Fig. 2b. 

Both contact pads and test specimens were made in aluminium alloy 
Al 7075-T651, which is widely used in the aircraft industry [24,25]. The 
chemical composition and relevant mechanical properties for this ma-
terial are shown in Table 1 and Table 2. 

Table 3 shows the fretting fatigue tests that are analysed in the 
current work with the corresponding fretting loads. In addition, the 
main theoretical parameters –using the plane strain Hertzian theory for 
elastic contacts- are also shown in the table in order to ease make easier 
the comparison of the fretting conditions among different tests. In that 
table, aH is the Hertzian theoretical contact semi-width and Δσxx is the 
analytical range of the direct/axial stress at the contact trailing edge, 
x = aH. These two parameters are defined by the following equations 
[9]: 

aH =
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Which in turn are obtained by means of N* = N/t (being t the test 

specimen thickness), the amplitude of the test specimen bulk stress, σ =

Pa/A, the maximum surface normal pressure, p0, the contact stick zone 
half-width, c, the eccentricity of the stick zone, e, and the coefficient of 
friction μ; this last parameter is consider equal to 0.75 [6]. The ex-
pressions for the above parameters are [9]: 
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Due to the fretting fatigue device’s flexibility and the contact ge-
ometry, small pad rotations are observed during tests. This preliminary 
observation gives rise to the study developed in this work. According to 
the Hertźs theory the contact semi-width, aH, depends exclusively on the 
normal load, material properties and pad radius, R (see Eq. (1)). To 
confirm the theory some static tests were carried out to the cylindrical 
contact pair applying only a normal load N. Before testing the possible 
contact area was covered with a layer of magnesium oxide powder 
(grain size of 1 μm). After testing the specimen contact area was ana-
lysed and measured in an optical microscope (see Fig. 3). As the contact 
zone is not perfect, the procedure described in the next section was used 
to estimate an average value of the contact semi-width. Noticing that the 
theoretical semi-width, according to Eq. (1) agrees very well with the 
experimental measurements with errors below 5%, thus validating 
Hertz ́s contact width estimation. 

2.1. Fretting scar and crack measurements 

This section explains the actual rotation of the pads during tests and 
the techniques employed to measure the fretting scars and the crack 
profiles of test shown in Table 3. On one hand, Fig. 4a depicts a scheme 
of the traditional contact pair studied thus far, in which the contact 
semi-width, aH, keeps constant along the fretting cycle and depends 
exclusively on the contact pressure, besides the geometrical and mate-
rial parameters. On the other hand, Fig. 4b depicts the actual movement 
of the pad while rolling is occurring. Due to the device stiffness when the 
tangential load is applied, the pad tends to move forward or roll to the 
same direction of the tangential load. Therefore, although at each 
instant between the extremes of the cycle, the contact semi-width con-
tinues to be aH the scar drawn on the contact surface is larger than the 
theoretical one. This is due to the forward and backward movement of 
the pad along each cycle. Therefore, after testing, the measured scars do 
not represent the theoretical value according to Hertźs theory but this 
value displaced in both directions, left and right. Therefore, the actual 
semi-width of the scar, measured after testing, which should be larger 
than the theoretical one, will be called from now on as aR. Besides, in 
Fig. 4b the parameter xc represents the surface coordinate position at 
which crack initiates. This position is determined experimentally and 
will be used in subsequent sections. 

To corroborate the aforementioned hypothesis, the fretting scars of 
test in Table 3 are measured from pictures obtained with an optical 
microscope and compared with theoretical values. Obviously fretting 
marks are not perfect and the contact area is irregular as can be seen in 
Fig. 5a. Therefore, to obtain an accurate value of the actual contact area 
a CAD software is used to draw the experimental contact profile and thus 
obtaining the actual area (see Fig. 5a). Dividing the true scar area by the 
actual scar thickness, ts, an average value of the contact width is ob-
tained, 2aR, approximating thus the contact area to a rectangle as depicts 
Fig. 5b. Before drawing the CAD profile that defines the true scar area it 
is important to note that at the bottom part of the scar (see Fig. 5a) there 
are several scratches that could be confused with the contact area. 

Fig. 1. Scheme of the fretting pad movement and its evolution in function of 
the bulk load. 
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However, these scratches are produced at the last cycle of the test, that is 
when the specimen completely fractures, and are produced by the 
specimen due to the sudden failure. Notice that this measurement is 
done on the pad surface since the specimen surface is broken into two 
parts. Although the pad profile is curve, the pad radius is large enough if 
compared with the contact width to neglect the effect of the curvature 
(see Fig. 6). 

Then, once the rolling semi-width, aR, is known it is possible to 
obtain the crack initiation surface position, xC, by analysing the spec-
imen contact surface. To do so, the same procedure carried out in the last 
paragraph is now applied to the specimen surface. Fig. 5c shows a mi-
croscope photo obtained joining the broken parts, where the crack can 
be easily seen. The area covered from the non-damaged contact edge 
(leading edge) up to the crack is obtained by means of the CAD software. 
If the obtained area, called AC, is divided by the true scar thickness, tS, 
we obtain an average value that indicates the distance from the leading 
edge up to the crack. Finally, considering as reference the leading edge 
(top edge in Fig. 5a and c) it is possible to draw the approximated 
rectangles obtained for the true scar area and the new one. Both with one 
side superimposed, as the leading edge is the same, and thus obtaining 
the crack surface initiation position, xC, considering the x-axis origin at 
the middle of the contact width. 

The described procedure is applied to the tests and the results are 
shown in Table 4. The theoretical and experimental semi-widths are 
compared in Table 4, corroborating that the experimental fretting scars 
are larger than the theoretical ones. 

The arc length of the new surface that comes into contact due to 
rolling, s, could be obtained from the difference between the experi-
mental semi-width and the theoretical one, as shown in Table 4 and 
Fig. 5. Then, knowing the arc length and also the pad radius (R = 100 
mm) the rotated angle, α, could be obtained (see Table 4). Besides, the 
crack initiation surface position measured, xC, corroborates that cracks 
initiate slightly inside of the actual contact zone and not at the trailing 
edge as hertzian theory states. 

The crack surfaces are also measured by means of a confocal mi-
croscope to obtain three-dimensional maps, specifically, close to the 
contact surface. An example is shown in Fig. 7 where an area of 0.4 mm 
by 0.24 mm is shown. As the obtained map is 3D it is possible to intersect 
some parallel planes to obtain crack profiles at different z-coordinates. 
These planes intersect with the 3D map obtaining thus the 2D crack 
profiles. These cutting planes will be around points where the cracks 

Fig. 2. a) Scheme of the fretting fatigue device used in the experimental campaign; b) main geometric characteristics –in mm- for the “dog bone” type fretting fatigue 
test specimens and contact pads. 

Table 1 
Chemical composition (% weight) for the Al 7075-T651 [18].  

% Al Zn Mg Cu Fe Si Mn Cr Ti Others 

Max  91.4  6.1  2.9  2.0 0.5 0.4 0.3  0.28 0.2 0.05 
Min  87.1  5.1  2.1  1.2 – – –  0.18 – –  

Table 2 
Main mechanical and fatigue properties for the Al 7075-T651.  

Young’s modulus [26] E 71 GPa 
Poisson’s ratio [26] ν 0.33 
Yield strength* σy 503 MPa 
Tensile strength* σu 572 MPa 
Grain size* d 50 µm  

* Data obtained in our laboratory. 

Table 3 
Fretting fatigue loads and related Hertzian parameters for analysed tests.  

Test N 
(N) 

Q 
(N) 

σ 
(MPa) 

aH 

(mm) 
p0 

(MPa) 
Δσxx (x 
= aH) 

Nf (Cycles) 

1 4217 1543 110  1.30  258.6  810.7 88216–89376 
2 5429 971 150  1.47  293.4  1086.3 47737–51574 
3 5429 1543 150  1.47  293.4  1026.3 50268–39202  

Fig. 3. Static test mark with magnesium oxide layer.  
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possibly initiated. The obtained profiles will be shown in the results 
section, where comparisons with predicted paths will be also included 
and commented. 

3. Numerical model 

The aforementioned test configuration is modelled in ANSYS® soft-
ware. Taking advantage of the symmetry of the test setup, only one of 
the two contact pair is modelled. Boundary conditions and most sig-
nificant dimensions for that model are shown in Fig. 8a. To reproduce 
the test performance, loads are applied in six steps (see Fig. 8b). The 
increments in all loading steps is very small to capture the steep contact 
surface distribution with the highest fidelity and confidence. The first 
step applies the normal load, N* = N/t (t = 8 mm), and it is kept constant 
during the remaining steps. The second step applies at the same time a 

Fig. 4. (a) Scheme of the cylindrical contact without rolling; (b) Scheme of the cylindrical contact with rolling.  

Fig. 5. Procedure to experimentally obtain the contact semi-width with rolling, aR, and crack surface position, xC.  

Fig. 6. Scheme of the procedure to obtain the rolling distance and angle.  

Table 4 
Fretting fatigue rolling parameters.  

Test aR 

(mm) 
aH 

(mm) 
s = aR- 
aH 

aR/ 
aH 

α = s/R 
(◦) 

xc xc/ 
aR 

xc/ 
aH 

1  1.64  1.30  0.34  1.26  0.19  1.41  0.86  1.08 
2  1.74  1.47  0.27  1.18  0.15  1.54  0.89  1.05 
3  1.80  1.47  0.33  1.22  0.19  1.48  0.82  1.01  
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tensile bulk stress, a tangential force to the left, Q*=Q/t, and a counter 
clockwise rotation to the pad, α. The third step returns to the initial state, 
but maintaining the normal load. In the fourth state, loads are applied in 
the same manner as step 2 but in opposite directions. The step 5 returns 
to a state equal to step 3 and finally step 6 repeat loads from state 2. 
Loads Q* and N* and the rotating angle α, are applied to a master node, 
located at the geometrical centre of the pad, that transfer these loads to 
all nodes lying on the top of the pad (see Fig. 8a). The rotation of the 
master node is restricted in the no-rolling cases. 

The element type used for modelling the components is the 
PLANE182, which is a 2D plane element, with 2 degrees of freedom at 
each node, linear formulation, and 2 possible element shapes: triangular 
and quadrilateral. Due to the pads and test specimens’ dimensions, it is 
suitable to use a plane strain formulation [27]. Due to the strong gra-
dients appearing on the contact surface, the mesh size was carefully 
studied in order to faithfully capture them. After a convergence analysis 
we decided that an element size of 5 µm, for the elements surrounding 
the contact zone, was the perfect balance between accuracy and 
computational time. The rest of the model is meshed with triangular 
elements as can be seen in Fig. 9. Elements CONTA171 and TARGE169 
are used to model the contact pair. The contact formulation used is the 
augmented Lagrange method because of its good behaviour when fric-
tion is contemplated. 

4. Results 

4.1. Contact surface results 

Tests from Table 2 are reproduced with the numerical model. Step 4 
and 6 are used to analyse a representative cycle of the fretting fatigue 
test. The contact surface stresses along the fretting cycle are depicted in 
Fig. 10 for each test. The first row of graphs shows the contact pressure 
distribution, the second row the shear stress, the third row the axial 
stress and the last one the range of axial stress. The contact pressure 
distribution shows the displacement of the contact zone when rolling is 
considered, to the right when the load Q is positive and to the left when 
load Q is negative. In the case without rolling, the directions of the 
tangential load do not influence the contact surface, as it only depends 
on the normal load, N. It is noteworthy how different are the shear stress 
distributions from the classical Cattaneo ones when rolling is consid-
ered. As a consequence of the above, the axial stresses on the contact 
surface differ substantially from those cases in which there is no rolling. 
It is remarkable how the maximum and minimum values are displaced 
from the theoretical edge of the contact zone. In order to better appre-
ciate the evolution along the fretting cycle of the axial and shear stresses 
at the contact surface, Fig. 11 has been included. It should be noted that 
the extreme values of the axial stress are found when the tangential load, 
Q, is maximum and minimum. Although the fretting phenomena is 
strongly multiaxial, specially below the near contact surface material, 
the study of the Δσxx surface stress is a good and easy approximation to 
the surface crack initiation process. The Δσxx graphs show two plotted 
lines; the black is the no-rolling case in which it can be seen that the hot 

Fig. 7. Crack surface measurements using a confocal microscope.  

Fig. 8. (a) Scheme of the cylindrical contact pair and boundary conditions; (b) 
Loading steps. 

Fig. 9. FEM mesh and contact zone detail.  
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spot is at the contact trailing edge, i.e. as the theory states. The green line 
represents the configuration with rolling, and in this case it cannot be 
said that there is a clear point of maximum values for the axial stress 
range, instead there is a zone (some kind of plateau) of high stress levels 
in which the values are almost constant. 

These preliminary numerical results are in very good agreement with 
the crack initiation surface coordinate position measured, xC. Although 
simulations show that there is not a clear point for crack initiation, the 
maximum values of Δσxx are found in a range approximately between 
0.8aH and 1.2aH. These values are in line with experimental cracks 
which were observed inside this range (between 1.01 aH and 1.08 aH) 
and not at the contact edge as Hertz theory states. Moreover, as the 
trailing edge is not fixed in the case of rolling, it moves as the loads are 

applied, the maximum axial stress range is lower than the case without 
rolling. These preliminary results suggest that rolling should be taken 
into account when tests are carried out in laboratory conditions for some 
fretting machines that allow some pad rotations. 

In previous authorś works the SWT parameter has demonstrated its 
potential to estimate both, the contact surface hot-spot and the initiation 
and propagation crack path, for non-rolling cases [28]. With the aim of 
analysing the hot-spot point at the contact surface for the rolling case, 
the hot spot point is studied by means of the SWT parameter. The 
traditional SWT parameter for uniaxial loading is shown in Eq. (6). 
However due to the multiaxial characteristics of the loading states in 
fretting, Eq. (7) is more adequate, which is an extension of the original 
one for the case of non-proportional loading states and proposed by 

Fig. 10. Contact surface FEM results.  

Fig. 11. Contact surface axial stress evolution for Test 1.  
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Marquis & Socie [29]. 

SWT = σmax
Δε
2

(6)  

SWT =
(

σn
maxΔε

2

)

max
(7) 

In the above equations, σ and Δε are the stress and the range of the 
strain normal to the material plane and over the loading cycle. The 
difference between both formulations of the parameter is the definition 
of the critical plane, in Eq. (6) the critical plane is defined by that 
producing the maximum strain range and then is scaled by the normal 
stress at the same plane. In the case of Eq. (7) the critical plane is defined 
by that producing the maximum value of the product. As it is well 
known, the stress/strain field in fretting are non-proportional. However, 
at the contact surface and close to the trailing edge the stress/strain non- 
proportionality is negligible, this could be corroborated analysing 
Fig. 11. For this reason, as the results are similar, the hot spot point at 
the contact surface will be obtained only with Eq. (7). Later, in the crack 
orientation section both formulations will be compared, since in this 

analysis the stress/strain fields below the contact surface are important 
and at these depths the non-proportionality is not negligible. 

Fig. 12a depicts the SWT values at the contact surface for the rolling 
cases applying Eq. (7). The critical plane orientation is not represented 
as it is not relevant for the estimation of the surface hot-spot position. 
The cases without rolling are not included to not blurring the figure, in 
these cases the maximum value of the parameter is always obtained at 
the trailing edge. The curves of Fig. 12a show a maximum of the 
parameter in the range x/aRi = [0.5–0.7], values that are far from the 
experimental crack initiation position, xc (included in the figure with 
vertical dotted lines). Therefore, the SWT is not able to assess the crack 
initiation point when rolling is taken into account. To look for an 
explanation, the parameters used to calculate the SWT are represented 
individually. These parameters are the normal strain, Δε, and the 
maximum normal stress to the critical plane (the plane maximising the 
product), depicted in Fig. 12b and Fig. 12c respectively. Analysing 
Fig. 12b, it is difficult to define a maximum value but a zone of 
maximum values. The same could not be said with the normal stress of 
Fig. 12c, which shows a maximum value at the same points of Fig. 12a. 
Therefore, this is the reason why the SWT parameter is not able to detect 
the actual hot-spot. Up to now, the SWT parameter has been applied to 
numerical results obtained from simulations without rolling, where all 
contact points were always at the same position. In the non-rolling cases 
the maximum of both stress and strain is always at the contact trailing 
edge and therefore also the SWT parameter. In the no-rolling cases, the 
contact edge is always at the same position. However, with rolling the 
trailing edge is at a different position along the cycle due to the move-
ment as rigid solid of the pad (see Fig. 4b). This is the reason why the 
strain range does not have a clear peak, but a kind of plateau. Then this 
strain range is scaled by the maximum normal stress that is found when 
the tangential load is minimum, -Q. This causes an erroneous maximum 
value to appear at the same position where the normal stress is at its 
maximum. These numerical and experimental results suggest that in the 
case of rolling, the strain range may be a better indication of the most 
unfavourable point of the contact surface, which in reality is more a zone 
prone to crack initiation than a point. 

4.2. Crack initiation prediction 

In this section the crack initiation path is assessed and compared 
with actual measurements from the confocal microscope. Fig. 13 shows 
a schematic representation of the method proposed based on the SWT 
parameter with some modifications. At first, it is necessary to define a 
point at the surface where potentially a crack could nucleate which will 
be called hot-spot, the most common way is to consider that point at the 
contact edge or at the point where some multiaxial fatigue parameter is 
maximum. This critical point is considered to be the origin of different 
material planes distributed homogeneously betweenθi = 90◦ andθi =

− 90◦ for a fixed radius r*, defining the size of the influence area (see 
Fig. 13). The orientation, θi represents all possible directions of the 

Fig. 12. Surface distribution: (a) SWT parameter; (b) Range of axial strain; (c) 
Axial maximum stress. Fig. 13. Crack initiation criteria.  
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nucleated crack. Now, the SWT parameter is calculated along each of 
these lines (defined by θi), but with the novelty that, the orientation of 
the material plane considered to evaluate the parameter is not the 
critical one, i.e., according to Eq. (6) and Eq. (7), but the one that co-
incides with the orientation imposed by θi. For example, for the 0◦ plane 
(vertical) the stresses and strains used to obtain the SWT parameter are 
σxx and εxx (perpendicular to the material line/plane), which potentially 
could produce a crack in vertical direction. With this procedure a SWT 
distribution (Fig. 13) is obtained along each material line/plane. Next, 
the mean value of the SWT distribution along each line is calculated 
(SWT). Based on the results of the former section in which the range of 
axial strain produces better results than the SWT in terms of crack 
initiation prediction, the explained procedure is also applied for the 
range of normal strain. 

For the no-rolling cases the critical point on the contact surface is 
considered at the trailing edge x/aH = 1 as theory states and numerical 
model confirms. For the rolling cases the critical point is considered at 
the predicted crack initiation position (see Fig. 12). For the SWT 
method, the hot-spot points are those maximum values observed in 
Fig. 12a (Independently of the use of Eq. (6) or Eq. (7)). In the case of 
the proposed Δεmax method, there is not a clear hot-spot, for this reason 
two points are evaluated. These points are the extremes of the plateau 
(the two local maximums) of Fig. 12b. Note that these values have been 
chosen as a representation of the zone of maximum values. However, as 
said before, all points in this kind of plateau are candidates for crack 
initiation as the difference between them are minimum. The radius of 
the influence area, r*, considered in the current work is 50 μm, value in 
accordance with the grain size of the material. Although crack initiation 
prediction procedure is nearly independent of this length as was 
observed in former works [30,31]. 

Some results obtained applying the described procedure are shown 
in Fig. 14 as a function of the θ orientation. The specific orientation 
where the curves achieve their maximum are depicted in Table 5 for all 
possible combination. 

Finally, the real crack profiles measured via confocal microscope are 
represented in conjunction with the values of Table 5. Fig. 15a depicts 
the samples measured and the mean value obtained for each group of 
samples. It can be seen the wide variety of crack surface profiles for the 
same specimen. In Test 1 this variety is more marked than the profiles of 
Test 2 and 3 which follow approximately the same orientation. Fig. 15b 

shows the mean profiles and the orientations predicted, see Table 5. It 
should be noted that in Fig. 15 we have plotted the initiation from the 
same point for all curves to be able to easily compare the slopes, how-
ever the exact position of initiation of the crack on the contact surface is 
indicated in Table 6 for the rolling cases (non-rolling cases are evaluated 
at the theoretical contact edge). Analysing Table 6 it is clear that the 
predicted hot-spot position obtained applying the SWT parameter is not 
precise. In the case of the Δεmax method, as the critical zone is a range, 
the experimental crack position measured lies inside this range which is 
in more agreement with reality, as cracks are expected to initiate at 
several points and not at an exact position. 

Regarding the crack slope, first of all, it is clear that, independently 
of the prediction method used, the cases without rolling predict cracks 
almost perpendicular to the surface which is not in agreement with 
experimental results and thus corroborating the importance of rolling. 
The slopes predicted with both SWT formulations throw coherent re-
sults. Nevertheless, as the hot spot is not well predicted the results are 
not consistent. Finally, the results obtained with the Δεmax method, 
although it does not yield a unique and concrete value, are reasonable 
and in good agreement with experimental results in all senses, hot spot 
region prediction and initial crack slope. 

5. Conclusions 

The first conclusion is that the fretting fatigue bridges can produce an 
effect of rolling on the contact pads which increases the contact zones 
and this results in different contact stress and strain fields. It has been 
observed through the experimental measurements that the cracks initi-
ations do not appear at the contact trailing edge but within the contact 

Fig. 14. Average parameter distribution in function of the initial orientation: (a) max(Δεxx) method, (b) SWT method.  

Table 5 
Crack initial predicted orientations.   

No Rolling Rolling 

Test SWT6 (Eq. 

(6)) 

SWT7 (Eq. 

(7)) 

Δεmax SWT6 (Eq. 

(6)) 

SWT7 (Eq. 

(7)) 

Δεmax 

1 4◦ 3◦ 4◦ 24◦ 14◦ 24◦–10 
◦

2 3◦ 2◦ 3◦ 22◦ 13◦ 22◦–10◦

3 3◦ 2◦ 3◦ 30◦ 20◦ 30◦–14◦
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zone, in special at the slip zone, and this is verified by the criteria 
applied in this work. The SWT multiaxial fatigue parameter has been 
studied to predict the surface hot-spot by means of two formulations, the 
traditional one and the adaptation to non-proportional loading states. 
Independently of the formulation, good results are obtained for the 
simulated no rolling cases but not for the rolling ones if compared with 
experimental measurements. Due to this observation, the range of the 
normal strain has been used to analyse the hot-spot for the rolling cases 
obtaining results more in accordance with the experimental ones. 

Finally, the crack initiation angle has been calculated by means of 
both SWT and a strain range based method. The angles have been 
compared with the specimen crack profiles measurements. By this 
comparison, it is possible to see that, if rolling is considered, better crack 
initiation angles are predicted if compared with a non-rolling case 
independently of the method used. However, if the maximum strain 
range method is considered for the no rolling cases better crack initial 
orientations are obtained if compared with the SWT method. Corrobo-
rating thus the importance of the rolling effect in the fretting fatigue 
phenomenon. 
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