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A B S T R A C T   

In the last decades, many catastrophic events due to the rupture of metallic components have been traced back to 
fretting fatigue. In order to avoid failures due to such a contact phenomenon, many researchers have focused on 
fretting fatigue behaviour of different materials. In the present work, an experimental campaign carried out on an 
Al 7075-T6 aluminium alloy is simulated by employing a multiaxial fatigue criterion proposed for fretting fa-
tigue. The configuration simulated is a flat-to-flat bridge-shaped contact, characterised by cyclic normal load, 
with different frequencies, as well as different levels of fatigue loading applied to the specimen.   

1. Introduction 

Many in-service engineering components are affected by fatigue 
damage. In fact, a fatigue loading acting on a structural component is 
able to promote the evolution of cracks, potentially leading to the failure 
of the fatigued component itself. Such cracks may originate in regions 
characterised by high stress levels, in correspondence of stress raisers, 
that is either defects, inclusions, voids, or notches [1–4]. 

Surface cracks may also nucleate due to the relative motion along the 
interface of two bodies in contact [5]. By considering at least one of the 
bodies under contact experiencing a fatigue loading, the above super-
ficial cracks may evolve. Consequently, the failure of the fatigued 
component may occur. This situation is referred to as fretting fatigue 
[6]. 

When the amplitude of the relative motion between the bodies in 
contact is of the order of a few microns, a partial slip regime takes place 
between the contact surfaces. In particular, the contact zone consists of 
an inner stick region, with no relative displacements, and an outer 
micro-slip region, characterised by relative micro-displacements. 

In such a condition, high stress gradients arise in the vicinity of the 
contact surface, which are responsible for the nucleation of superficial 
micro-cracks [7]. On the other hand, the amount of superficial wear is 

negligible in partial slip condition [8]. Consequently, it is widely 
accepted by the scientific community that the considerable reduction in 
lifetime caused by fretting fatigue, with respect to plain fatigue [9], is 
related to the stress concentration and the stress gradient phenomena 
associated with the contact problem. More in detail, the fretting fatigue 
problem in partial slip regime has been compared to the problem of 
fatigued notched components, and a notch stress-based methodology 
has been successfully applied to fretting fatigue in the medium/high 
cycle fatigue regime [10]. 

However, fretting fatigue is a complex phenomenon, which is 
affected by more than fifty parameters [11]. During the last decades, a 
considerable amount of researches have been developed with the aim to 
increase knowledge about fretting fatigue. In particular, numerous 
experimental campaigns have been carried out, and different test ap-
paratuses have been designed. Two categories of fretting fatigue test 
methods can be distinguished: structure-based methods [12–16] and 
material-based methods [17–34]. 

Structure-based fretting fatigue test methods are generally employed in 
order to reproduce in laboratory the fretting fatigue behaviour of a 
specific in-service structural component. In this case, the results ob-
tained are directly correlated to the real engineering problem, thus 
avoiding any extrapolations or generalizations. Many examples of full- 
scale testing are available in the literature. The fretting fatigue 
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behaviour of an aluminium alloy in contact with steel in an oil drill pipe 
connection was analysed by Santus [14]. In terms of fatigue life, a 
reduction by a factor of 2.7 was observed in comparison to the 
aluminium alloy plain fatigue life. Azevedo et al. [15] designed a fret-
ting fatigue test rig for overhead conductors, in order to obtain the S-N 
curve related to middle-high cycle fatigue regime of a steel reinforced 
aluminium conductor. An experimental campaign was carried out by 
O’Halloran et al. [16] with the aim to quantify both friction coefficient 
and wear coefficient of a dynamic flexible marine riser made of a 080 
M40 steel. 

Nevertheless, experimental tests designed to investigate the fretting 

fatigue behaviour of a specific in-service structural component are 
generally expensive and time consuming. Moreover, the influence of the 
different sizes affecting the contact problem (that is, contact dimension, 
relative displacement amplitude, and surface roughness) should be 
taken into careful consideration. As a matter of fact, it is very difficult to 
exactly reproduce the real contact problem and, consequently, it may 
happen that the results related to a test specimen, nominally identical to 
the real component, turn out to be unreliable [5]. 

On the other hand, material-based fretting fatigue test methods are 
typically employed in order to investigate the influence of different 
contact parameters on the fretting fatigue behaviour relatively to a 
specific material. Such parameters include contact geometry [19], sur-
face treatments [20,21], temperature [22], amount of relative 
displacement [23], and loading conditions [24,25]. In this case, the 
results obtained are intended to be extrapolated to a wide range of 
contact problems, even significantly different from those considered in 
the experimental testing. 

According to this kind of test, simple and well-defined contact ge-
ometries are employed in test rigs. More precisely, either cylinder-to- 
flat, sphere-to-flat, or flat-to-flat contact configurations are employed, 
since analytical closed-form solutions for such contacts are available. 
The typical arrangement involves two fretting pads, clamped against a 
flat specimen by means of a constant normal load. Note that either stand- 
alone pads or bridge-shaped pads may be chosen, as shown schemati-
cally in Fig. 1(a) and (b), respectively. Simultaneously, the specimen is 
subjected to a fatigue loading, that can be cyclic either bending or 
tension. 

Nishioka and Hirakawa [26], Bramhall [27], and Nowell [28] car-
ried out experimental tests with cylindrical stand-alone pads by 
employing testing apparatuses equipped with a single actuator devoted 
to the cyclic loading on the specimen, where the tangential load is in- 
phase with the cyclic loading. Even experimental campaigns on flat 
specimens in contact with spherical stand-alone pads are available in the 
literature [29,30]. Bridge-shaped pads have been employed to investi-
gate the fretting behaviour under both flat-to-flat and cylinder-to-flat 
contact configurations [31,32]. 

In order to apply the tangential load independently of the fatigue 
load, a two-actuators fretting device should be employed [33]. More 
recently, a four actuators fretting device has been developed at the 
University of Brasilia [34], with the aim to analyse the influence of each 
load involved in the fretting fatigue problem. 

In the last decades, many researchers have focused on fretting fatigue 
behaviour of different materials, tested by considering both a constant 
normal load and in-phase fretting fatigue loading [35–45]. However, 

Nomenclature 

d average grain size 
E Young modulus 
m slope of the S-N curve under fully reversed normal loading 
m* slope of the S-N curve under fully reversed shear loading 
Na amplitude of the normal stress component acting on the 

critical plane 
Ncal estimated number of loading cycles to failure 
Nexp experimental number of loading cycles to failure 
Nm mean value of the normal stress component acting on the 

critical plane 
Neq,a amplitude of the equivalent normal stress component 

acting on the critical plane 
Na average value of Na 

Nm average value of Nm 

Neq,a average value of Neq,a 

P normal load applied to the pads 
B cyclic axial load applied to the specimen 
t time 
T period 
α orientation of a critical plane candidate 
αcr orientation of the critical plane 
μ friction coefficient 
ν Poisson ratio 
θcal estimated crack orientation 
θexp experimental crack orientation 
σaf ,− 1 material fatigue strength under fully reversed normal 

loading at a reference number N0 of loading cycles 
σB,max maximum value of the cyclic axial bulk stress 
σu ultimate tensile strength 
τaf ,− 1 material fatigue strength under fully reversed shear 

loading at a reference number N0 of loading cycles  

SPECIMEN

PAD

PAD

(a)

SPECIMEN

P

P

B

(b)

PAD

P

P

B

PAD

Fig. 1. Typical arrangements for fretting fatigue testing with: (a) stand-alone 
pads (sphere-to-flat configuration) and (b) bridge-shaped pads (flat-to-flat 
configuration). In each configuration the specimen is subjected to cy-
clic tension. 
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more complex loading conditions generally affect in-service engineering 
components. In such a context, some papers concerning complex loading 
configurations have been recently proposed. Iyer and Mall [46] 
observed a reduction in terms of fatigue life of a Ti-6Al-4V when the 
constant normal load is increased in presence of a low frequency fatigue 
loading (1Hz) acting on the specimen, whereas the opposite occurred in 
the case of a high frequency (200Hz). Lee and Mall [47] and Talemi et al. 
[48] have investigated the effect of a phase angle between axial fatigue 
load and cyclic tangential load on a Ti-6Al-4V and a Al 2024-T3, 
respectively. It was observed that phase shift influenced surface slip, 
crack initiation location, and fatigue life. More precisely, a phase angle 
of 180◦ has been found to promote cracks to nucleate at the edge of the 
contact on the opposite side with respect to the in-phase condition [49], 
whereas when a phase angle of 90◦ was considered the fatigue life 
improved and cracks were able to initiate on both sides of the contact, 
that is either at the trailing edge or at the leading edge [50]. More 
recently, Abbasi and Majzoobi [25,51] published a comprehensive study 
regarding the effect of cyclic normal load and out-of-phase loading on 
fretting behaviour of an Al 7075-T6. In such a work, different fre-
quencies of the normal load have been considered. The fatigue life was 
observed to increase when the normal load and the fatigue load were 
out-of-phase, whereas it was found to decrease for higher values of 

normal load, for each level of fatigue load considered. 
In the present paper, the experimental tests carried out by Majzoobi 

and Abbasi [25] on an Al 7075-T6 aluminium alloy are simulated by 
employing a critical plane-based multiaxial criterion formulated for 
fretting fatigue [52–54]. Such a criterion was previously applied to 
different fretting fatigue problems, on either cylindrical- or spherical-to- 
flat contact configurations, with a constant normal load applied to the 
pads. In this study, instead, the criterion is applied for the first time to a 
flat-to-flat bridge-shaped contact, with a cyclic normal load applied to 
the pads. Moreover, a cyclic axial load applied to the specimen is also 
considered. As a matter of fact, the novelty of the present paper is that to 
check if the criterion is able to simulate the influence of the normal load 
frequency, experimentally observed in the aforementioned campaign 
[25] on both crack initiation and lifetime. 

The paper is structured as follows. The experimental campaign 
analysed is described in Section 2, in terms of fretting apparatus, 
specimen geometry, material properties, loading conditions, and 
experimental results. Then, Section 3 is devoted to the description of 
both the finite element numerical model [51], employed for the deter-
mination of the stress state within the specimen, and the aforementioned 
multiaxial criterion [52–54] used to simulate the experimental tests. The 
theoretical results obtained are discussed in Section 4, in terms of both 

Axial loading systemSpecimen

Normal loading system

Control panel: axial load

Control panel: normal load

Servo-motors

Control panel: servo-motors

(a)

(b)

Holder disks

Fig. 2. (a) Fretting apparatus employed for fretting fatigue tests [25] and (b) detail of the holder disks.  
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crack initiation and fatigue life. Finally, conclusions are outlined in 
Section 5. Furthermore, Appendix A contains a detailed presentation of 
the multiaxial criterion for fretting fatigue. 

2. Experimental campaign 

The fretting fatigue tests, carried out by Majzoobi and Abbasi [25] on 
an Al 7075-T6 aluminium alloy, are described in this Section. In more 
detail, such an experimental campaign is illustrated in terms of fretting 
apparatus, specimen geometry, material properties, loading conditions, 
and experimental results. 

2.1. Fretting apparatus 

A fretting apparatus, originally developed by Majzoobi et al. [31] for 
fretting tests under constant normal load, has been modified in order to 
perform fretting fatigue tests under cyclic normal load (see Fig. 2(a)). 

In particular, such a cyclic normal load, P, was characterised by a 
loading ratio R = 0 and could be applied with a maximum frequency 
equal to 200Hz, by means of two servomotors linked to the fretting pads. 
A closed-loop master–slave control method was employed for the syn-
chronization of the normal load applied to each fretting pad. In more 
detail, the master controller provided real-time information to the slave 
one, so that the two servomotors were started and stopped at the same 
time, and kept with both synchronous speed and position for the whole 
experiment. 

Furthermore, the specimen was subjected to a cyclic axial load, B, 
applied independently of the normal load, P, by means of a variable 
crank system. More precisely, a stepped eccentric shaft was connected to 
an eccentric bush bearing, so that a transversal motion, equal to 2mm, 
was obtained for a complete revolution of the shaft. This cyclic trans-
versal displacement for the shaft-bush assembly was converted to a cy-
clic vertical displacement of two horizontal plates, which was 
responsible for the cyclic axial load experienced by the specimen. 

The normal load applied to each fretting pad was monitored during 

the test in order to verify that each side of the specimen experienced the 
same normal pressure in correspondence with a generic time instant. To 
this aim, two piezoelectric load cells were fixed on the pads in order to 
measure the values of the applied normal load. Moreover, a DSCK load 
cell was dedicated to monitoring the applied axial load. The values of 
both the normal load and the axial load, measured from the load cells, 
were collected by means of a Kistler data acquisition system. 

It is important to highlight that the pads were designed in order to be 
characterised by high rigidity. Moreover, rigid holder disks were 
installed on each side of the specimen, as shown in Fig. 2(b), in order to 
avoid the vertical displacement of the pads. In such a way, the rotation 
of the entire contact system was negligible, and a precise alignment of 
the pads was assured. 

2.2. Specimen geometry and material properties 

Dog-bone test specimens, shown in Fig. 3(a), were used [25]. Two 
bridge-shaped pads, shown in Fig. 3(b), were clamped against the inner 
flat part of the specimen by means of the normal load, P. The contact 
surfaces of such pads were characterised by a flat profile and, conse-
quently, the contact type was flat-to-flat. 

The specimens were made of Al 7075-T6 aluminium alloy, whose 
chemical composition was Al 90%, Zn 5.48%, Mg 2.33%, Cu 1.52%, Fe 
0.47%, Cr 0.2%, Si 0.2%, Mn 0.08%, Ti 0.015% (percentages by weight). 
The mechanical properties were determined by Majzoobi et al. [25] by 
testing specimens extracted from the same Al 7075-T6 sheet used for 
fretting fatigue test specimens. Both material fatigue properties and 
grain size were not investigated in the above experimental campaign. 
They have been found in the literature for a similar Al 7075-T6 [55–57]: 
more precisely, the microstructure consists of long strip grain, with 
average dimensions equal to about 100μm and 30μm in the longitudinal 
and transversal directions, respectively. Therefore, an average grain size 
equal to 55μm has been computed as the radius of the circle equivalent 
to the ellipse having axes equal to the material grain dimensions along 
the two orthogonal directions [58]. Both mechanical and fatigue 

1070

R18.42

70 10 70

230

(a)

20

4.5

14
.1

 6 2 14.5 2  6

30.5

20

8
2

(b)

Fig. 3. (a) Test specimen and (b) bridge-shaped pad (sizes in mm).  

Table 1 
Mechanical and fatigue properties of Al 7075-T6 alloy [25,56] and SS 410 stainless steel [25].  

Material E [GPa] ν σy[MPa] σu[MPa] σaf,-1[MPa] m τaf,-1[MPa] m* No[cycles] 

Al 7050-T6 71  0.33 520 580 178  7.12 103  7.12 2 106 

SS 410 210  0.3 420 700 –  – –  – –  
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properties of Al 7075-T6 are listed in Table 1. 
The fretting pads were made of SS 410 stainless steel. Such a material 

was selected due to its high resistance against oxidation and abrasion, 
with the aim to avoid that superficial debris, due to the wear of the pads, 
may affect the contact problem. The mechanical properties of SS 410 are 
summarised in Table 1 [25]. 

Note that typical values of friction coefficient between Al 7075-T6 
aluminium alloy and SS 410 stainless steel range from 0.38 to 0.44 [59]. 

2.3. Loading conditions and results 

Four groups of tests were performed in order to experimentally 
investigate the effect of the normal load frequency [25]:  

- a reference group (specimens from No. R1 to No. R5 in Table 2) 
characterised by a constant normal load equal to 1200N;  

- and three groups (specimens from No. T1 to No. T15 in Table 3) 
characterised by a cyclic normal load (with a loading ratio R = 0 and 
maximum value equal to Pmax = 1200N), and with a frequency fP 
alternatively equal to 1Hz (specimens from No. T1 to No. T5 in 
Table 3), 5Hz (specimens from No. T6 to No. T10 in Table 3) and 
10Hz (specimens from No. T10 to No. T15 in Table 3). 

For each of the above groups, five different levels of the maximum 
value of the cyclic axial bulk load, Bmax, were considered (with loading 
ratio R = 0 and frequency equal to 10Hz), so that the specimen experi-
enced a maximum value of the cyclic axial bulk stress, σB,max, equal to 
130, 150, 180, 200 and 260MPa. 

For the specimens from No. T1 to No. T15, Fig. 4 shows the time 
history of both the cyclic normal load and the cyclic bulk axial load, 
normalised with respect to Pmax and Bmax, respectively. 

It is worth noticing that, due to the above loading condition the 
nucleation of cracks is promoted in correspondence to the two trailing 
edges closest to the applied cyclic bulk axial load (see Fig. 1(b)) that is, 
the crack nucleation sites are potentially two. 

In the examined experimental campaign, cracks always initiated in 
correspondence of the upper trailing edge [25], as it is shown in Fig. 5. 

The experimental crack initiation direction was detected for some 
specimens by employing a scanning electron microscope (SEM). The 
experimental cracks for test specimens No. R3, T3, T8, and T13 are 
shown in Fig. 6(a)-(d), respectively. 

The crack initiation direction, θexp, ranging from 27◦ to 41◦ inward 
the contact region, was measured with respect to a line perpendicular to 
the contact surface (a positive value is assumed within the contact zone). 

No significant correlation between the experimental crack initiation 
direction and the normal load frequency was observed. 

It is important to highlight that all the tests were characterised by a 
partial slip condition. In fact, optical microscopy images of the wear 
scars on the contact surface have proved the presence of both an inner 
smooth region, corresponding to the stick region, and an outer rough 
region, corresponding to the slip region [25]. The slip region was wider 
in the case of cyclic normal load with respect to constant normal load 
and, consequently, larger relative displacements arose in tests No. T1- 
T15 with respect to tests No. R1-R5, particularly in case of a low 
normal load frequency, fP. Accordingly, for a given value of σB,max, it was 
observed that the specimens subjected to cyclic normal loading (see 
Table 3) were characterised by lower values of fatigue lifetime (that is 
Nexp) with respect to those related to the reference group (see Table 2), 
and Nexp generally increased by increasing fP. 

Moreover, by taking as the reference lifetime that related to a con-
stant normal load, the absolute value of the relative difference in terms 
of Nexp, computed with respect to the above reference value, was more 
severe by decreasing the value of σB,max, as shown in Fig. 7, and such a 
difference generally decreased by increasing fP. 

Table 2 
Loading parameters, experimental and estimated fretting fatigue life for the 
specimens No. R1-R5 (named reference group), subjected to a constant normal 
load, P = 1200N. The ratio between Ncal/Nexp is also reported.  

TEST 
No. 

P[N]  σB,m[MPa]  σB,a[MPa]  Nexp[cycles]  Ncal[cycles]  Ncal

Nexp  

R1 1200 65 65 2.05 E+05 4.01 E+05  1.95 
R2 1200 75 75 1.83 E+05 2.26 E+05  1.24 
R3 1200 90 90 1.33 E+05 1.13 E+05  0.85 
R4 1200 100 100 1.19 E+05 8.11 E+04  0.68 
R5 1200 130 130 6.79 E+04 3.89 E+04  0.57  

Table 3 
Loading parameters, experimental and estimated fretting fatigue life for the specimens No. T1-T15, subjected to a cyclic normal load, P. The ratio between Ncal/Nexp is 
also reported.  

TEST No. Pm[N]  Pa[N]  fP[Hz]  σB,m[MPa]  σB,a[MPa]  Nexp[cycles]  Ncal[cycles]  Ncal

Nexp  

T1 600 600 1 65 65 9.84 E+04 2.66 E+05  2.70 
T2 600 600 1 75 75 9.36 E+04 1.55 E+05  1.66 
T3 600 600 1 90 90 7.58 E+04 8.45 E+04  1.11 
T4 600 600 1 100 100 7.29 E+04 6.24 E+04  0.86 
T5 600 600 1 130 130 4.88 E+04 3.06 E+04  0.63 
T6 600 600 5 65 65 1.03 E+05 1.55 E+05  1.50 
T7 600 600 5 75 75 9.76 E+04 1.60 E+05  1.63 
T8 600 600 5 90 90 8.92 E+04 1.49 E+05  1.67 
T9 600 600 5 100 100 8.03 E+04 1.21 E+05  1.51 
T10 600 600 5 130 130 4.99 E+04 5.00 E+04  1.00 
T11 600 600 10 65 65 1.22 E+05 1.21 E+05  0.99 
T12 600 600 10 75 75 1.10 E+05 1.20 E+05  1.10 
T13 600 600 10 90 90 8.77 E+04 7.24 E+04  0.83 
T14 600 600 10 100 100 8.19 E+04 5.54 E+04  0.68 
T15 600 600 10 130 130 5.29 E+04 3.33 E+04  0.63  

TIME, t [sec]
0.0

0.5

1.0

1.5

2.0
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1
5
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0.50.0

Fig. 4. Time history of both the cyclic normal load and the cyclic bulk axial 
load, normalised with respect to Pmax and Bmax, respectively, for different values 
of fP (that is, 1, 5, and 10 Hz). 
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3. Fretting fatigue assessment 

3.1. The finite element numerical model 

A finite element numerical model [51] was used in order to compute 

the stress field produced within the specimen in the above fretting fa-
tigue tests. Note that, such a stress field, in addition to the data listed in 
Table 1, are the input data required by the criterion employed for the 
fretting fatigue assessment (see Appendix A). 

A bi-dimensional finite element numerical model was developed by 
employing the commercial software ABAQUS. The model discretisation 
is shown in Fig. 8. Note that, only one quarter of the contact test 
configuration was considered in the simulation, due to the fact that the 
problem was assumed to be symmetric, as previously presented in Sec-
tion 2.1. Moreover, a plane strain condition was assumed. Four-node 
quadrilateral elements (CPE4R type elements) were used in the 

Fig. 5. Crack initiation site at the contact trailing edge of the specimen.  

100 m 100 m

(a)

(c) (d)

(b)

36°

36°

29°

35°

100 100 mm

Fig. 6. Experimental crack initiation direction for tests No.: (a) R3, (b) T3, (c) T8 and (d) T13.  
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Fig. 7. Relative variation of Nexp versus the normal load frequency, fP, 
computed with respect to the reference lifetime, by varying the maximum value 
of the axial cyclic stress, σB,max. 

Fig. 8. FE model employed to compute the specimen stress state, where ux and 
uz represent the displacement along X and Z, respectively. 
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simulations. A total number of finite elements equal to 48,264 were 
employed. 

The numerical model was characterised by a very refined mesh close 
to the contact surface for the first microns in depth, with elements 
having a maximum edge size of about 10μm. Such a fine mesh was 
defined after a convergence procedure carried out by considering the 
maximum principal stress within the specimen along the contact surface 
(that is, − 1⩽x⩽1mm). In particular, according to the convergence pro-
cedure detailed in Ref. [51], the convergence of the FE solution was 
assumed to be achieved when the results difference between two suc-
cessive steps was less than 2%. Therefore, a high level of accuracy was 
assured, and the high stress gradients in the vicinity of the contact 
surface were properly captured. 

Regarding the modelling of the contact interface, a master–slave 
interaction algorithm was used to describe the interaction between the 
specimen and the pad. More in detail, the contact surface of the fretting 
pad was defined as the master surface, whereas the contact surface of the 
specimen was defined as the slave one. Additionally, the Lagrange 
multiplier approach was included for the evaluation of friction in the 
contact region. The friction coefficient was taken equal to 0.4, in 
accordance with experimental observations [59]. 

A bilinear elastoplastic behaviour with kinematic hardening was 
assumed for the specimen, whereas an elastic model was considered for 
the pad. 

Furthermore, both normal and axial loads were applied incremen-
tally at different loading steps, according to the test procedure, in order 
to take into account possible kinematic effects at the contact interface. 

The stress field in close proximity of the contact surface, that is 
− 1.5⩽x⩽1.5mm and z = 0, is plotted for the specimen No. R1 (Fig. 9) 
and No. T1 (Fig. 10) at different time instants during the fretting cycle 
which period is equal to 0.1sec and 1 sec, respectively. 

3.2. The multiaxial criterion for fretting fatigue 

The multiaxial criterion for fretting fatigue proposed by Carpinteri 
et al. [52–54] is here employed in order to simulate the experimental 
campaign described in Section 2. In Appendix A, a detailed description 
of the multiaxial criterion for fretting fatigue is reported. 

Once the stress field is computed along the longitudinal middle-cross 
section of the specimen, by means of the FE numerical model described 
in Section 3.1, the material point S (verification point), where to perform 
the fatigue life evaluation, needs to be located within the specimen. 

Firstly, the point on the contact surface, named hot-spot, H, is looked 
for. Then, the critical plane orientation is determined according to the 
Critical Direction Method proposed by Araújo et al. [60], and both the 
amplitude, Na, and the mean value, Nm, of the normal stress component 
related to the critical plane, are computed in S, lying on such a plane. 
Note that the orientation of the critical plane is assumed to be corre-
spondent to the crack initiation plane. 

Then, by employing Na and Nm, the amplitude of an equivalent 
normal stress component, Neq,a, is computed by means of the following 
equation: 

Neq,a = Na + σaf ,− 1

(
Nm

σu

)

(1) 

being σaf ,− 1 the material fatigue strength at a reference number of 
loading cycles, N0, under fully reversed normal loading, and σu the ul-
timate tensile strength of the material. Moreover, the amplitude, Ca, of 
the shear stress component lying on the critical plane is computed in S, 
by employing the Maximum Rectangular Hull method [61]. 

The number of loading cycles to failure, Ncal, may be computed 
through the following equation, by employing an iterative procedure: 
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Fig. 9. Specimen No. R1: stress field in close proximity of the contact surface 
( − 1.5⩽x⩽1.5mm and z = 0) at different time instants during the fretting cycle 
period equal to 0.1sec. 
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̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

N2
eq,a +

(
σaf ,− 1

τaf ,− 1

)2(Ncal

N0

)− 2/m( N0

Ncal

)− 2/m*

C2
a

√

= σaf ,− 1

(
Ncal

N0

)− 1/m

(2) 

where τaf ,− 1 is the material fatigue strength at a reference number of 
loading cycles, N0, under fully reversed shear loading, and m and m* are 
the slopes of the S-N curve under fully reversed normal and shear 
loading, respectively. 

4. Theoretical results and discussion 

The experimental tests listed in Tables 2 and 3 are simulated by 
means of the criterion described in Section 3.2, allowing to:  

i) estimate the crack initiation direction, θcal;  
ii) estimate the number of loading cycles to failure, Ncal. 

4.1. Crack initiation direction 

For each test simulated, the computed hot-spot, H, coincides with the 
trailing edge of the contact, in accordance with the experimental ob-
servations. In Fig. 11, the time history of σ1 is plotted for five material 
points located along the contact surface ( − 1⩽x⩽1mm and z = 0, see 
Fig. 8) for both the specimen No. R1 and No. T1. 

The crack initiation direction, θcal = αcr, ranges from 0◦ to 10◦, for all 
the tests examined. In more detail, the value of θcal is equal to:  

- 5◦ for test No. R3, characterised by constant normal load;  
- 5◦ for test No. T3, characterised by cyclic normal load with fP = 1Hz;  

- 10◦ for test No. T8, characterised by cyclic normal load with fP =

5Hz;  
- 5◦ for test No. T13, characterised by cyclic normal load with fP =

10Hz. 

The cracks are predicted to initiate with a direction inward the 
contact region. This is in quite good agreement with the experimental 
findings, since the crack orientations were inward the contact region, 
even if lower values of crack initiation direction are estimated. More-
over, no significant correlation may be highlighted between estimated 
crack initiation direction and normal load frequency, in accordance with 
the experimental results. 

4.2. Fretting fatigue lifetime 

The values of the estimated fretting fatigue lifetime, Ncal, are listed in 
Tables 2 and 3 for each test simulated. 

For a given value of σB,max, it can be observed that the specimens 
subjected to a cyclic normal loading (see Table 3) are characterised by a 
lower value of Ncal with respect to those related to the reference group 
(see Table 2), with the exception of the specimens under σB,max =

200MPa and 260MPa, where Ncal reaches its maximum value in corre-
spondence of fP = 5Hz. The value of Ncal increases by increasing fP, with 
the exception of the specimens under σB,max = 200MPa and 260MPa, 
where Ncal reaches its maximum value for fP = 5Hz. 

Moreover, by taking as the reference lifetime that related to a con-
stant normal load, the absolute value of the relative difference in terms 
of Ncal, computed with respect to the above reference value, is the most 
severe for σB,max = 130MPa and the less severe for σB,max = 260MPa, 
although a non-monotonic trend is noted by increasing fP, as it is shown 
in Fig. 12. 

Such different trends with respect to those experimentally observed 
(see Section 2.3) may be due to the fact that in the numerical model (see 
Section 3.1) the friction coefficient has the same value for each value of 
fP examined. A more realistic numerical model should implement a 
relationship of such a coefficient as a function of fP, in order to take into 
account the different contact surface damage experimentally observed 
by increasing fP [25]. Another possible reason for such different trends 
could be attributed to the fact that, the effect of compliance of the 
contact system has not been considered in the numerical simulation. As 
a matter of fact, the compliance of the contact system is a dominant 
factor controlling the fretting response and plays a key role in the correct 
estimation of the main variables at the contact interface [62]. 

The comparison between the experimental number of loading cycles 
to failure and the estimated one is shown in Fig. 13(a)-(d), for each test 
subjected to a constant normal load (tests No. R1-R5 in Table 2), and a 

0.00    0.02     0.04     0.06    0.08    0.10
-800

-400

0

400

800

M
AX

IM
UM

 P
RI

NC
IP

AL
 S

TR
ES

S,
1

[M
Pa

]

x  [mm]
-1.0
-0.8
-0.1
0.1
0.8

(a)

1.0

0.00    0.20     0.40     0.60     0.80   1.00
TIME, t [sec]

-800

-400

0

400

800

M
AX

IM
UM

 P
RI

NC
IP

AL
 S

TR
ES

S,
1

[M
Pa

]

(b)

x  [mm]
-1.0
-0.8
-0.1
0.1
0.8
1.0

Fig. 11. Time history of σ1 in five material points located along the contact 
surface ( − 1⩽x⩽1mm and z = 0, see Fig. 8) for the specimen (a) No. R1 and (b) 
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cyclic normal load with frequency equal to 1Hz, 5Hz, and 10Hz (tests 
No. T1-T15 in Table 3), respectively. Note that, the dashed lines define 
the scatter band 2, whereas the dot-dashed lines define the scatter band 
3. 

The estimated fatigue life can be considered in quite good agreement 
with the experimental results since 95% of the estimations fall within 
the scatter band 2 and all the results fall within the scatter band 3. 

As far as the ratio Ncal/Nexp (listed in Tables 2 and 3) is taken into 
account, it may be highlighted that conservative estimations (i.e. 
Ncal/Nexp < 1) are provided for almost half of the simulated cases. In 
particular, it can be noticed that the results tend to become less con-
servative as the experimental fatigue life increases, that is by decreasing 
σB,max. 

Furthermore, the accuracy of the criterion can be quantified by 
employing the root mean square error method [63,64]. In particular, the 
value of the root mean square error, TRMS, is calculated as: 

TRMS = 10ERMS (3) 

where: 

ERMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑20

i=1
log2

(
Ncal

/
Nexp

)

i

20

√
√
√
√
√

(4) 

In the present work, the TRMS value is equal to 1.54, remarking the 
quite good accuracy of the criterion employed in terms of fretting fatigue 
lifetime estimations. As a matter of fact, a TRMS value equal to 1 corre-
sponds to a perfect correlation between estimated values and experi-
mental results. 

5. Conclusions 

In the present paper, both crack initiation direction and fatigue 

lifetime of fretting fatigue experimental tests, carried out on an Al 7075- 
T6 aluminium alloy, have been estimated. In particular, such tests are 
carried out in partial slip regime, by employing flat-to-flat bridge-shaped 
fretting pads, which are pushed against the specimen by means of either 
a constant or a cyclic normal load. Different frequencies of such a cyclic 
load have been considered, as well as different levels of the cyclic axial 
load applied to the specimen. 

The experimental campaign has been simulated by employing a 
multiaxial fatigue criterion proposed for fretting fatigue, where the 
stress state within the specimen, which represents one of the input data 
for such a criterion, is computed by means of a bi-dimensional FE nu-
merical model. 

The crack initiation location is estimated in correspondence to the 
trailing edge of the contact for each test analysed, in accordance with the 
experimental observations. 

Relatively to the estimated crack initiation direction, the results are 
in quite good agreement with the experimental observations, since 
experimental cracks were observed to grow inward the contact region, 
although the experimental cracks were characterised by higher values of 
crack initiation orientation as compared to the estimated ones. More-
over, no significant correlation has been highlighted between estimated 
crack initiation direction and the normal load frequency, in accordance 
with the experimental results. 

Relatively to fatigue lifetime estimation, satisfactory theoretical re-
sults have been obtained, since almost all the results fell into scatter 
band 2, with about half of conservative estimations. 

Therefore, it can be concluded that the multiaxial criterion employed 
provides results characterised by a satisfactory accuracy in terms of both 
crack initiation direction and lifetime. 

In order to obtain more accurate results, a relationship of the friction 
coefficient as a function of the frequency of the normal load, fP, could be 
implemented in the future in the numerical model, in order to take into 
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account the different contact surface damage experimentally observed 

by increasing fP. Moreover, the implementation of parameters, such as 
compliance of the contact system as well as the material removal due to 
wear (which have been neglected in the numerical model), would 
improve the estimated results accuracy. 
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Appendix A 

The criterion employed in the present paper to analyse both crack initiation direction and fatigue lifetime of each test specimen is that proposed by 
Carpinteri et al. for fretting fatigue [52–54]. The main steps of the criterion are hereafter summarised. 

Once the stress field is computed, and some material fatigue properties are set (see Table 1), the critical plane orientation is computed by exploiting 
the Critical Direction Method [59]. More precisely, let us consider the flat-on-flat geometry shown in Fig. A1, representing the middle plane of the 
tested specimen. 

Firstly, the hot-spot H is looked for on the contact surface (that is, − c⩽x⩽c). The point H is that experiencing the maximum value of the maximum 
principal stress, σ1, during the period. 

Then, the reference frame Hrα, shown in Fig. A1, and a segment from the point H with an orientation α are considered. The length segment is 2d, 
where d is the average grain size of the material. Note that such a segment is the two-dimensional representation of a critical plane candidate. 

Now, by applying the Critical Direction method [59], the value of a fatigue parameter is computed, where such a parameter is represented by an 
average stress/strain quantity calculated along the above segment. Here, the averaged value of an equivalent normal stress amplitude, Neq,a, is taken as 
the fatigue parameter, that is: 

Neq,a(α) = Na(α)+ σaf ,− 1

(
Nm(α)

σu

)

(A1) 

where Na is given by: 

Na(α) =
1

2d

∫ 2d

0
Na(r, α) dr (A2) 

whereas Nm is given by: 

Nm(α) =
1

2d

∫ 2d

0
Nm(r,α) dr (A3) 

where Na and Nm are the amplitude and the mean value of the normal stress with respect to the critical plane candidate. Moreover, σaf ,− 1 is the 
material fatigue strength at a reference number of loading cycles N0 (generally assumed equal to 2⋅106 cycles) and σu the ultimate tensile strength of 
the material. 

Note that, Eq. (A1) is based on the well-known linear interaction between the normal stress amplitude and the normal stress mean value, described 
by the diagram of Goodman. As a matter of fact, when a tensile mean stress is superimposed to an alternating stress, a detrimental effect is generally 
observed. On the other hand, it has been observed that a compressive mean stress may have a beneficial effect on the fatigue strength of several steels 
and aluminium. Consequently, the Goodman relationship may be extrapolated also for negative values of the mean stress [52]. It is important to 
highlight that such an extrapolation is allowed, provided that the stress level remains beneath the material yielding stress. 

Finally, the critical plane orientation is taken as that orientation maximising the fatigue parameter, as dictated by the Critical Direction method. 
Therefore, the critical plane is here taken as that plane with an orientation, αcr, that maximizes Neq,a, that is: 

Neq,a(αcr) = max
− 90◦⩽α⩽90◦

{
Neq,a(α)

}
(A4) 

Note that, in order to perform such a maximisation, a suitable angular increment has to be fixed so that, by starting with a value of α = 0◦ and up to 
values of ±90◦, the whole specimen region is investigated. 

Once the critical plane is determined, fretting fatigue assessment is performed on such a plane. More precisely, the material point S (Fig. A1) where 
to perform such an assessment is far 2d from the hot-spot H. At such a point, both the amplitude, Na(2d,αcr), and the mean value, Nm(2d, αcr), of the 

Fig. A1. Multiaxial criterion for fretting fatigue [52–54]: determination of the 
critical plane. 
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normal stress are computed, together with the amplitude of the shear stress, Ca(2d,αcr).

Note that Na and Nm can be readily computed since the direction of the normal stress is fixed with respect to time, whereas the definition of Ca can 
be different, due to the fact that the shear stress describes a closed path on the critical plane during a loading cycle. Therefore, the computation of Ca 
according to the Maximum Rectangular Hull method [60] is implemented in the criterion. 

The lifetime is worked out by solving the following equation with an iterative procedure: 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

Na(2d,αcr) + σaf − 1

[
Nm(2d, αcr)

σu

]}2

+

(
σaf ,− 1

τaf ,− 1

)2(Ncal

N0

)− 2/m( N0

Ncal

)− 2/m*

C2
a(2d, αcr)

√

= σaf ,− 1

(
Ncal

N0

)− 1/m
(A5) 

where m and m* are the slopes of S-N curves for fully reversed normal and shear stress, respectively, and τaf ,− 1 is the material fatigue strength at a 
reference number of loading cycles N0. 
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