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Abstract
When power transmission cables are subjected to oscillatory displacements, due to the wind vibration, fretting fatigue 
phenomenon takes place, being the main prompter of catastrophic failure. In this work, we investigate the behavior of an 
1350-H19 aluminum wire, that is a structural element of the IBIS (ACSR 397.5 MCM) conductor cable, when subjected to 
fretting fatigue. For this, a numerical methodology was developed, in which a three-dimensional finite element model was 
constructed to obtain the maximum Von Mises stresses in the vicinity of the wire-to-wire contact. Thus, a stress-based uni-
axial fatigue approach was implemented, resulting in S–N curves. The effect of mean stresses on fatigue behavior was also 
considered through a series of well-known models. The data generated in this process were validated with experimentally 
obtained S–N curves on a MTS 322.21 machine, especially modified for this purpose. Most of the results were within the 
limits considered, with slightly conservative tendencies. A new value of adjustable material parameter has been proposed 
to be used with Walker’s model, increasing the accuracy of the predictions.

Keywords Fatigue · Fretting · ACSR conductor · Transmission line · Finite element simulation

1 Introduction

When a joint of mechanical components is subjected to 
oscillating forces, relative tangential displacements can 
occur resulting in surface damage, such as fretting wear[1]. 

In addition, due to large stress gradients, cracks may also 
appear and its propagation may result in catastrophic fail-
ure by fretting fatigue[2]. Particularly, this phenomenon has 
been encountered on both steel cables and power transmis-
sion lines. Frequently, these cables operates in regions of 
strong winds, causing a nonstop structural movement. This 
so-called wind vibration is the main cause of small ampli-
tude displacements at the contact areas between wires. Add-
ing the fact that those structures have to carry their own 
weight, since they are frequently suspended, micro-cracks 
may grow causing fretting fatigue problems[3, 4].

Such observations, and the fact that these kinds of struc-
tures often execute a key role in many engineering applica-
tions, led various researchers to investigate ways of solving 
those issues. Among the various contributors, Knapp and 
Chiu[5] played an important role in the study of uniaxial 
fatigue in electrical conductor cables, developing a theoreti-
cal model, supported by experimental analyses. However, 
the authors chose to neglect the fretting fatigue between the 
inner wires, so that the model could only be used in cases 
where the relative displacement of these structures could 
also be neglected. Shortly thereafter, Hobbs and Raoof[6, 
7] proposed a stress-based model to predict the life of 
wire ropes subjected to uniaxial fatigue. In their work, the 
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researchers applied the equations obtained by Thomas and 
Hoersch[8], as summarized by Knapp and Chiu[5], in order 
to find the maximum Von Mises stresses below the cable 
surface, when subjected to axial loads, but in this time con-
sidering the partial slip between the inner layers of wires. 
More recently, Wokem et al.[9, 10] proposed the use of the 
finite element method (FEM) to numerically model entire 
steel cables and wire ropes, obtaining the maximum stresses 
below the surface of these structures. Then, a stress-based 
uniaxial fatigue approach was implemented to predict the 
life.

In this context, and aiming at a better understanding of 
the conditions that cause fretting in the internal components 
of the IBIS (ACSR 397.5 MCM) power transmission cable, 
the present work studies, in a numerical and experimental 
manner, the fatigue life of a 1350-H19 aluminum wire, when 
subjected to contact with another wire of identical consti-
tution. On an experimental perspective, the analysis were 
conducted using a modified MTS 322.21 machine which, 
after simulating the operational conditions of the wires in 
an IBIS cable, generated data that culminated on its S–N 
curves. Then, the numerical analysis was made use of the 
finite element method to obtain the maximum Von Mises 
stresses at the vicinity of the contact that, subsequently, was 
used on the fatigue analysis of the wire. Several well-known 
models were considered in this process to account for the 
mean stress effects. Finally, to validate the numerical meth-
odology, these results were compared with the experimental 
data collected.

2  Materials and methods

2.1  Experimental material and test machine

The material of which the tested specimens were made was 
the 1350-H19 aluminum alloy, whose general properties are 
summarized in Table 1. Here, Sy is the yield tensile strength, 
Sut is the ultimate tensile strength, E is the modulus of elas-
ticity, S′

e
 is the endurance limit and SfB is the true fracture 

strength.
The specimens were taken from a sample of ACSR IBIS 

overhead conductor which had a nominal diameter of 19.88 
mm and consisted of two layers of 1350-H19 aluminum wires, 
with a diameter of 3.139 mm each, being organized in a 16 
outer and 10 inner wires composition. These were wrapped in 
a core formed by seven steel wires of 2.441 mm in diameter. In 

order to avoid torsional stresses when the overhead conductor 
is subjected to tensile forces, it is common that the layers are 
mounted in a helix. Figure 1 shows schematically the cross 
section of an ACSR conductor, with the, respectively, helix 
angles indicated by layer.

The apparatus developed to experimentally simulate the 
fretting fatigue conditions that occur in the ACSR conduc-
tor is inspired by the one used by Hills and Nowell[1] and is 
schematically shown in Fig. 2, with detailed viewing of the 
contact area referred as A. In order to create the cyclic load 
over the specimen, a MTS 322.21 hydraulic servo machine (1) 
was modified. Here, the tangential loads and relative displace-
ments were transmitted by the actuator (2) to the pad (13) by 
the rigid frame (4). The recordings were made by the loading 
cell (3). To apply a cyclic bulk load over the specimen (12), 
the hydraulic actuator (9) was used. The loading cells (5) and 
(8) kept these records. The normal contact forces were applied 
by the actuator (10) over the pad, which had the records kept 
in loading cell (11). The clamping jaws (6) and (7) were used 
to hold the specimen.

2.2  Experimental methodology

In order to properly describe the experimental procedures 
adopted it is important to define the stress ratio, R, as well as 
the alternating, Sa , and mean, Sm , stresses, which are all func-
tions of the maximum, Smax , and minimum, Smin , stresses, as 
shown in Eqs. 1, 2 and 3:

(1)R =
Smin

Smax

,

(2)Sa =
Smax − Smin

2
,

Table 1  General properties of the Al 1350-H19

Sy (MPa) Sut (MPa) E (MPa) S
′

e
 (MPa) SfB (MPa)

165 186 68900 48.3 198.73

Fig. 1  Schematic cross-sectional view of an Ibis ACSR conductor 
illustrating its layers and respective helix angles
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The stress-based fatigue life experimental tests of the 1350-
H19 aluminum wires were performed with the help of a 
computer that controlled an 25 kN electrohydraulic fretting 
apparatus (Fig. 2). Figure 3 shows the schematic proce-
dure adopted in order to impose fretting fatigue over the 
specimen. Two wires were used, Fig. 3a, where the pad was 
responsible to apply the normal load, P, over the specimen. 
Then, fretting fatigue conditions were caused by the cyclic 
micro-slip motion of the specimen due to an imposed bulk 
load, B. An additional tangential load, Q, could also be 
imposed at the far end of the pad. For this experiment, the 

(3)Sm =
Smax + Smin

2
.

specimen diameter was 3.139 mm with length of 220 mm. 
The lag angle between the axes of the pad and specimen was 
chosen to be 29◦ . With R set as 0.1, the P loads varied from 
100 to 1600N.

As a first analysis, no control was established over the Q 
load, being indirectly govern by B. Such approach ensured 
that both charges were in phase throughout the entire 
procedure. Finally, the B load was based on Smax values, 
which varied from 80 to 130 MPa, through the expression 
Smax = B∕A , where A is the cross-sectional area of the speci-
men. Figure 3b shows the side view of the experimental 
scheme, where it is possible to see the fixed pad, which 
applies a reactive load P over the specimen due to its non-
moving condition.

Fig. 2  Schematic view of the fretting rig, with detail viewing of the contact area
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2.3  Numerical methodology

The simulation was performed using ABAQUS/CAE soft-
ware, where the contact problem was modeled considering a 
semi-cylinder of 3.139 mm in diameter and 8 mm in length. 

Then, the body was partitioned at +1 mm and −1 mm with 
respect to the xy plane, and at −0.1 mm with respect to the 
xz plane, as shown in Fig. 4b. This procedure was carried 
out in order to cut and extrude the region that encompassed 
the contact zone. Surely after, a second part, with the exact 
measurements of the empty region, was made so that the 
mesh could be refined locally, Fig. 4a. This technique was 
inspired by the works of Cruzado et al.[11, 12] and was 
executed with the goal of reducing the computational costs 
associated with the contact simulation, since it makes pos-
sible to allocate, at these minor regions, small-sized contact 
elements. Also, in this part, two partitions at 0 and −0.08 
mm with respect to the planes yz and xz, respectively, were 
made, which were necessary to ensure that the finite element 
mesh would be properly structured.

Afterward, both parts were coupled with a tie-constraint, 
generating one main structure. Finally, they were duplicated 
and assembled as the two bodies shown in Fig. 5, where the 
lower structure is the specimen and the upper one is the fret-
ting pad. At this simulation, the lag angle between the axes 
of the pad and specimen was also chosen to be 29◦.

According to ABAQUS User’s manual[13], the soft-
ware is able to distinguish two types of interactions, namely 

Fig. 3  Scheme of application of 
the loads in the experiment, a 
isometric view and b side view

(a) (b)

(a)

(b)

Fig. 4  a Contact region and b major structure

Fig. 5  Boundary conditions 
imposed in the simulation
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equilibrium, in which the solution varies smoothly, or severe 
discontinuity (SDI), where abrupt changes in stiffness occur. 
The most common SDIs involves changes in the establish-
ment of contact and friction regions. By default, ABAQUS 
will continue to iterate until the discontinuities are small 
enough to satisfy the equilibrium tolerances imposed by the 
software. However, the manually initialization of the contact, 
by the imposition of a very small displacement in one body 
toward the other (procedure known as indentation), offers 
an alternative approach in order to significantly reduce or 
completely eliminate severe discontinuities. This simple pro-
cedure stabilizes the contact simulation, decreases the num-
ber of iterations, and consequently, the computational costs 
involved. In addition, it reduces common problems such as 
the occurrence of chattering and pressure inaccuracies.

With this in mind, the process of applying the loads on 
the bodies was carried out in four general static steps, fol-
lowing the sequence: i) application of the average bulk load, 
Bm , ii) initialization of the contact by imposition of small 
displacements, iii) application of the P charge and iv) appli-
cation of the alternating bulk load, Ba . All steps had 1 s 
period and standard automatic increments, except for the last 
one, referring to the application of the alternating bulk load, 
which had fixed increments of 0.025 s, generating 40 itera-
tions. All boundary conditions (loads, displacements and 
restrictions) were applied to reference points (RPs) whose 
were attached, using kinematic coupling, to the free faces of 
the structures, as can be seen in Fig. 5 which also shows the 
efforts, enumerated according to the steps that they appear, 
as well as the restrictions (in italic letters). Here, it is impor-
tant to highlight that the P loads were chosen as 250, 500 
and 1000N at the FEM analysis.

In order to define the interaction between the bodies, 
the surface-to-surface contact algorithm was used and the 
finite displacement formulation was implemented as a rein-
forcement method. Following Cruzado et al.[11], the con-
tact surface of the pad was established as the slave and the 
surface of the specimen set as the master, in order to avoid 
convergence problems in small mesh sizes. The Lagrange 
multiplier algorithm was attributed to the surface contact 
behavior.

To compose the contact regions, continuous first-order, 
fully integrated, hexahedral elements (C3D8) were chosen, 
in order to avoid mesh locking and hourglassing. Then, 
continuous first-order tetrahedral elements (C3D4) were 
adopted to constitute the remaining zones of the solids in 
the simulation. A Python code was written containing all the 
simulation steps and procedures in order to be used directly 
at the ABAQUS/CAE command line interface, facilitating 
the reproducibility of the simulation. This code can be found 
in Appendix section of Pereira[14]. More information about 
the type and size of the elements, as well as the simulation 
outcomes, will be dealt with in Sect. 3.

2.4  Life estimate

A common approach to estimating the effect of mean stress 
on fatigue life is to express the S–N curve using Eq. 4:

where Sar is the equivalent fully reversed stress amplitude, 
A and b are fitting constants obtained under reverse loading 
conditions and N is the fatigue life. The equivalent fully 
reversed stress amplitude should be understood as a cor-
rected stress that considers not only the presence of the mean 
stress, but also its effect on the behavior of the material. 
Although there are several models developed to explain the 
effect of average stress on fatigue behavior, only the most 
commonly used models[15, 16], presented in Table 2, are 
evaluated in this study.

The estimation of the parameters A and b of the S–N 
curve can be performed based on experimental data or from 
the approximation of the S–N diagram in the high cycle 
region[15, 17–20]. These authors report that assuming a 
situation in which the S–N curve passes through the points 
( 103, S103 ) and ( Nend, S

′
e
 ), the parameters A and b can be 

obtained using the relations presented in Eqs. 5 and 6:

where Nend is the fatigue life corresponding to the endurance 
limit, S′

e
 . Lee et al.[15] comment that even though aluminum 

alloys do not have a true fatigue limit, a common practice 
is to take the fatigue strength at 5 × 108 cycles as the endur-
ance limit (also referred as the pseudo fatigue limit value). 
The S103 value for the Al 1350-H19 is obtained from Kauf-
man[21] and is 210 MPa.

(4)Sar = ANb,

(5)b =

log
(

S103

S�
e

)

log
(

103

Nend

) ,

(6)A =
S103

103b
,

Table 2  Fatigue models 
considered in this work[15, 16]

a
� is an adjustable material 

parameter

Model Expression

Goodman S
ar
=

S
a

1−(S
m
∕S

ut
)

Gerber S
ar
=

S
a

1−(S
m
∕S

ut
)2

Morrow S
ar
=

S
a

1−(S
m
∕S

fB
)

Smith–Wat-
son–Topper

S
ar
=
√

S
a
S
max

Walkera S
ar
= S

1−�
max

S
�

a
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In order to consider the service conditions of the wires 
in the conductive cables, Raoof[6], Knapp and Chiu[5] 
suggest that S′

e
 must be reduced, using Eq. 7, to account for 

the effects of surface finishing and the presence of stress 
raisers:

where Se is the reduced endurance limit, Ka is the surface 
finish factor and Kf is the fatigue notch factor. The Ka factor 
depends on the surface finish and tensile strength, and can 
be found from the literature[15, 17–20]. The surface finish is 
more critical for high-strength steel and at high-cycle fatigue 
lives, where crack initiation dominates the fatigue life[15]. 
The estimate of Ka was obtained from the available relations 
between this factor and the surface roughness, Ra[17]. In this 
sense, measurements of the surface roughness were made on 
the wire, which indicated a value of Ra equal to 0.1527 μm . 
Thus, considering this roughness and the tensile strength 
limit of the aluminum wire, we adopted a value of 0.9 for the 
surface finishing factor. According to Bannantine et al.[17] 
the estimate of Kf can be made using the empirical formula 
proposed by Neuber, Eq. 8:

In Eq. 8, Kt represents the elastic stress concentration factor, 
√

� is the Neuber’s constant which, according to Kalombo 
et al.[22] for 1350-H19 aluminum alloys, is equal to 1.517 
mm, and r is the notch root. Typically, under uniaxial load 
conditions, the calculation of Kt is performed considering 
the ratio between the maximum stress at the discontinuity, 
Smax , and nominal stress, Snom . However, as the stress field 
generated in the notch is also caused by the stresses resulting 
from the wire-to-wire contact, Knapp and Chiu[5] proposed 
to redefine Kt calculation considering the relation presented 
in Eq. 9:

(7)Se =
KaS

�
e

Kf

,

(8)
Kf = 1 +

Kt − 1

1 +

√

�

√

r

.

where max(Smises) correspond to the maximum Von Mises 
stress at the contact region. Because of the complex shape 
of the notch resulting from the contact process between the 
wires, it is more appropriate to estimate the Kt value and 
the notch root from the results obtained in the finite ele-
ment modeling. Thus, max(Smises) was obtained through the 
analysis of the Von Mises stress field and Snom was estimated 
considering the maximum longitudinal stress, Szz , acting on 
the wire contact region.

For the characterization, the notch radius was assumed 
that its value was associated with an arc of an imaginary 
circumference that intersected the points d1 and d2 , which 
defined the smaller semi-axis of the projected ellipse on the 
xz plane (see Fig. 6a), and the point d3 , which defined the 
depth, d, of the contact mark (see Fig. 6b). From these con-
siderations, the value of r was obtained from the calculation 
of the hypotenuse of the triangle rectangle with sides ( r − d ) 
and b.

2.5  Life prediction: iterative procedure

Once the procedures for modeling the contact problem and 
the characterization of the S–N curve have been defined, 
it was possible to predict the fatigue life of the analyzed 
test specimens by means of an iterative approach. Hence, 
MATLABⓇ codes and ABAQUS/CAE procedures were 
developed based on the methodologies reported in Sects. 2.3 
and 2.4. Figure 7 depicts a scheme of the strategy required 
to estimate the life of the wire under contact conditions. 
The first step is to define the conditions of the experimental 
test such as efforts, wire characteristics and stress ratio and 
obtain the experimental life. At this point, it is also possible 
to determine the alternating and mean stress components 
(respectively, Sa , and Sm ) and calculate the equivalent fully 
reversed stress amplitude, Sar , according to a specific model 
(equations presented in Table 2). The loading and boundary 
conditions are the inputs of the finite element model (Fig. 7 

(9)Kt =
max(Smises)

Snom
,

Fig. 6  a Top view marks gener-
ated by wire–wire contact and b 
schematic representation of the 
cross-sectional plane with the 
definition of the notch radius

(a) (b)



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:419 

1 3

Page 7 of 13 419

ramification (a)). In order to analyze the validity of the mesh, 
a convergence study needs to be made (Fig. 7 ramification 
(b) and (c)). In the refinement process, it used the technique 
of manual mesh adjustment at the contact region and the 
maximum Von Mises stress ( max(Smises) ) is adopted as a 
metric to evaluate the level of mesh convergence. Once the 
optimum mesh refinement condition is reached, the post-
processing module is used to obtain the nominal stress, Snom , 
and the notch radius, r, generated by the contact (Fig. 7 rami-
fication (d)). With this information and knowing the material 
properties, it is possible to estimate the values of Kt (using 
Eq. 9) and Kf (using Eq. 8) and thus calculate the parameters 
of the Wohler’s curve (using Eqs. 5 and 6) considering the 
reduced endurance limit, Se . Finally, it is possible to predict 
the fatigue life by replacing Sar in the Wohler’s curves (Eq. 4) 
and then solve for N.

3  Results

3.1  Experimental results

The S–N curves, shown in Fig. 8a, present the results 
obtained by Díaz[23] for the fretting fatigue experimental 
tests carried out in 1350-H19 aluminum wires, consid-
ering normal loads of 250, 500 and 1000N . To allow a 
more detailed analysis, the results that describe the mate-
rial behavior, obtained with R = 0.1 under uniaxial con-
ditions, are also given. All failures from 5 × 104 to 107 
cycles were processed in the statistical analysis, assuming 

a log-linear distribution. The equations that represent the 
trend curves (solid lines) were estimated, considering the 
average geometric life (represented by the cross-shaped 
marks) observed for each stress level, by the application of 
the fitting technique. These expressions were introduced in 
a general form as Eq. 4 and are shown, for the respectively 
normal loads applied, in Eqs. 10, 11 and 12. Figure 8b 
shows the relations between the normal contact pressure, 
p, the projected indentation area, A, and several P loads 
observed during the study. The analysis of the correla-
tions between p, A and P, as well as discussions about the 
experimental S–N curves, will be made in Sect. 4:

3.2  Numerical results

Regarding the size of the elements in the mesh, a con-
vergence analysis was performed, where the maximum 
Von Mises stresses and contact pressures were observed 
for several different elements, as shown in Fig. 9. It was 
noticed that for sizes of 40 μm, 35 μm and 30 μm , the Von 

(10)Sar =790.2N
−0.147,

(11)Sar =1687.4N
−0.207,

(12)Sar =576.7N
−0.118.

Fig. 7  Flow diagram summarizing the numerical procedures applied to predict the fatigue life
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Mises stresses stabilized in 2250 MPa and the maximum 
pressures around 3700 MPa, as can be seen in Fig. 9a. 
Now, looking at the contact pressures, Fig. 9b, it was 
found that the data for 35 μm, 30 μm and 20 μm were close 
to the analytical Hertz model. It is also worth mention-
ing that, in this paper, a standard computer1 was used in 
order to make the simulation accessible to most engineers, 

since the fatigue problem is of great importance to both 
the academic and industrial sectors. With this in mind, the 
computational costs were observed for 35 μm, 30 μm and 
20 μm elements. For the first one, 2.5 hours were spent in 
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Table 3  Analytical and numerical data comparison: P = 250 N

P = 250 N Hertz FEM Error (%)

a (mm) 0.5891 0.5279 10.39
b (mm) 0.0916 0.1104 20.63
p
0
 (MPa) 2213.4 2269.0 2.51

1 IntelⓇCoreTM i5-337U CPU @ 1.80GHz, 2 cores, 4 logic proces-
sors, 6.00 GB of RAM and NVIDIA GeForce GT 720M graphics 
card with integrated memory of 2 GB
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order to full simulate the contact problem. For the second 
one, 6.5 hours were spent (2.6 times higher then the first). 
For the final one, 16 hours (6.4 times higher then the first) 
were consumed. All in all, due to its good correspondence 
to analytical data (Fig. 9b), stabilization of Von Mises 
stresses (Fig. 9a), relatively small errors (Tables 3, 4, 5) 
and lower computational costs, 35 μm elements were cho-
sen to be used at the contact zone.

As specified in Sect. 2.3, the contact zones were com-
posed of C3D8 elements and the remaining regions of 
C3D4, in order to complete the solid. In these structures, ele-
ments of 35 μm were implemented close to the contact zones 
and of 500 μm at the far boundaries of the solids. This was 
made in order to prescribe a biased seed along the edges, 
completing the meshing process. This configuration gave 
rise to the data presented in Tables 3, 4 and 5, which brings a 
comparison between the ellipsoid contact marks, with major 
and minor semi-axis a and b, respectively, and the maximum 
pressure, p0 , obtained in the numerical (FEM) and analytical 
(Hertz) approaches, for P loads of 250N, 500N and 1000N , 
respectively.

Additionally, the smaller the P load, applied to the 
wire-to-wire contact, is, the greater are the relative errors 
regarding a and b, which represents a decrease in the size 
of the contact mark, as well as a decrease in its resolution. 
This fact makes it difficult to know precisely were the 
mark starts and finishes, introducing errors in the meas-
ures of a and b. In addition, the central node of the con-
tact mark changes, being also difficult to identify where 
the value of p0 should be taken. All of these remarks 
indicate that a more refined mesh should be employed 
in cases where small values of P are considered. Despite 
that, it can be seen that the relative errors were, for the 
most part, lower than 10%. Figure 10a shows the assem-
bly and mesh details of the FE model with expansion 
of its respective contact regions. In addition, Fig. 10b 
presents mesh details of the tie-constraint region of one 
of the bodies. Finally, Fig. 11 brings an example of the 
deformed mesh, with the contact mark highlighted by the 
pressure distribution along the body for P = 1000N.

Tables 6, 7 and 8 show the maximum Von Mises stresses 
at the contact region, and the corresponding maximum and 
nominal stresses obtained, which are vital information in 
acquiring the fatigue life as informed in Sect. 2.4. From 
the FE simulation, the depths, d, of the contact marks were 
obtained for P loads of 250N, 500N and 1000N , respec-
tively. Then, the notch radius was calculated using the pro-
cedure stated also in Sect. 2.4, generating the results pre-
sented in Table 9, where the values of b were repeated for 
convenience.

Afterward, the models used to calculate the mean stress 
on fatigue behavior (see Table 2) were also considered in 
the numerical prediction of life. The outcome of this proce-
dure was plotted against the experimental life, in a log–log 
scale, which can be seen in Fig. 12. It is important to note 
that, in all the graphs, two line deviations from the mean, 
of factor 3, were used in order to facilitate the comparison 
of the data. Finally, three values of P load were considered 
( 250N, 500N and 1000N ), being also presented in Fig. 12. 

Table 4  Analytical and numerical data comparison: P = 500 N

P = 500 N Hertz FEM Error (%)

a (mm) 0.7422 0.6725 9.39
b (mm) 0.1154 0.1276 10.62
p
0
 (MPa) 2788.6 2899.0 3.96

Table 5  Analytical and numerical data comparison: P = 1000 N

P = 1000 N Hertz FEM Error (%)

a (mm) 0.9351 0.8510 8.99
b (mm) 0.1453 0.1577 8.48
p
0
 (MPa) 3513.5 3694 5.14

Fig. 10  a Complete assembly 
with expansion of the contact 
regions, b tie-constraint region
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The detailed discussion about the influence of each mean 
stress model in the numerically predicted fatigue life, as well 
as the analysis of the experimental data, is addressed in the 
next section.

4  Discussion

4.1  Experimental analysis

The analysis of the results presented in Fig. 8a clearly 
shows a tendency of the fretting fatigue curves to approach 
the material fatigue curve as the life decreases. Muñoz 
et al.[24], when studying the aluminum alloy 7075-T6 
under fretting conditions, also observed such character-
istics. According to these authors, for lives shorter than 
106 cycles, a variation in the applied loads has less influ-
ence on life in fretting than on life in plain fatigue. This 
characteristic is also observed by Adriano et al.[25] and 
Martínez et al.[26] when studying the notch effect on the 
fatigue strength of alloy 6201; however, the authors did not 
make any observations regarding such behavior.

Considering that fretting fatigue damage will be assessed 
according to the notch analogue concept[27, 28], this behav-
ior can be explained by the presence of high levels of defor-
mation that occurs near the notches, in short and intermedi-
ate life regions, causing a blunting effect, which in turn leads 
to a local loss of sensitivity[15, 17]. In addition to the effect 
of increasing plasticity near the notches, it is also observed 
that although the normal loads are very different (250, 500 
and 1000N ), the normal contact pressures (calculated by the 
ratio between the normal force and the projected area of the 
indentation) have the same order of magnitude.

Fig. 11  Example of deformed 
mesh (uniform deformation 
scale factor of 10) with the 
contact mark highlighted by the 
pressure distribution along the 
body when P = 1000N

Table 6  Results obtained from the FEM: P = 250N

Smax (MPa) Max (Smises) (MPa) Snom (MPa)

80 1431 240.25
90 1443 248.11
100 1457 256.58
110 1550 265.06
120 1649 273.67
130 1693 289.93

Table 7  Results obtained from the FEM: P = 500N

Smax (MPa) Max (Smises) (MPa) Snom (MPa)

80 1752 301.09
90 1761 318.11
100 1770 302.61
110 1779 307.85
120 1790 313.77
130 1801 320.94

Table 8  Results obtained from the FEM: P = 1000N

Smax (MPa) Max (Smises) (MPa) Snom (MPa)

80 2227 321.63
90 2234 324.66
100 2241 320.73
110 2249 323.14
120 2257 317.56
130 2264 325.76

Table 9  Values of depth and notch radius

P (N) b (mm) d (mm) r (mm)

250 0.1104 0.0097 0.6301
500 0.1276 0.0142 0.5817
1000 0.1577 0.0209 0.6058
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Figure 8b shows the effect of the normal force, P, on 
the projected indentation area, A, and on the normal con-
tact pressure, p. From the figure, it is possible to infer 
that the contact area tends to grow in a quadratic man-
ner, mainly due to the intense permanent plastic defor-
mation that occurs in the contact regions (see Fig. 6a). 
As the coefficient that multiplies the quadratic term is 
much smaller than the other two, the normal pressure 
tends to increase until reaching the maximum value of 
220 MPa for a contact force of 500 N. Only then, the 
decrease starts.

4.2  Numerical analysis

In Goodman’s model, Fig. 12a, it is possible to see that 
most part of the data is out of the range imposed by the 
deviation lines, except for P loads of 500N which has only 
9% of the data out of the lines. This configuration is also 
quite similar to the ones obtained when Morrow’s and 
Smith-Watson-Topper’s (SWT) models are considered, 
Fig. 12c, d, respectively. However, the tendency of the 
data is to be in the upper part of the mean line, which 
suggests that the numerically predicted results are, for the 
most part, conservative.

When looking at Fig. 12b, which shows Gerber’s model, 
it can be noticed that almost all the data are inside the 
delimited zone, fact that indicates a good relation between 
the numerical and experimental data. On the other hand, 
for high fatigue lives, the results for 500 and 1000N tend 
to get out of the deviation lines, with 14% and 9% of the 
data, respectively, out of the zone. In addition, the progres-
sion of these data seems to happen in opposite direction, 
which turns this model unpredictable to be used with other 
values of P.

In Walker’s model, Fig. 12e, f, two values of � were 
studied. First, � was set to be 0.65, since the works of 
Dowling et al.[16] pointed that this value could be used 
with lower strength alloys like 6061-T6 and AlMg4.5Mn, 
for example. So, as the Al 1350-H19 is on the same range 
of ultimate tensile strength of these both alloys, the value 
of 0.65 was considered. However, it is observed that the 
data tend to the conservative side of the plot, especially for 
P = 1000N , with 72% of the data above the upper devia-
tion line. Then, � was enhanced for 0.75, which shifted, 
in a factor of 1.5, all the results to the non-conservative 
side, fitting most of the data inside the range imposed by 
the deviation lines. Since the values of � vary with the 
material and knowing that are no studies that provide the 

exact values of � to be used with Al 1350-H19 in Walker’s 
model, it is recommended that this model, combined with 
� = 0.75 , should be used with the methodology proposed 
in order to optimize the predictions.

5  Conclusions

The effect of contact between two 1350-H19 aluminum 
wires, on both experimental and numerical approaches, has 
been studied for three different values of normal load. The 
conclusions are as follows: 

1. The experimental results show a tendency of the fretting 
fatigue curves to approach the material fatigue curve as 
the life decreases. For lives shorter than 106 cycles, a 
variation in the applied loads has less influence on life 
in fretting than on life in plain fatigue, which can be 
explained by the presence of high levels of deformation 
that occurs near the notches, in short and intermediate 
life regions. In addition, it is also observed that although 
the normal loads are very different, the normal contact 
pressures have the same order of magnitude.

2. Since the contact area tends to grow in a quadratic 
manner and its initial values are small, due to the small 
coefficient that multiplies the quadratic term, the nor-
mal pressure tends to increase until a maximum value 
of 220 MPa for a contact force of 500 N. Only then, the 
decrease starts.

3. The numerical results shows that, for the Goodman’s 
model, as well as Morrow’s and SWT’s, part of the data 
is over the range lines imposed by a factor of 3, indicat-
ing that these models can be used to predict the fatigue 
lives of the Al 1350-H19 wires under fretting conditions, 
but the conservative results should be expected.

4. The Gerber’s model presents a good prediction of the 
experimental results for the values of P considered in 
this work; however, due to its unpredictable behavior 
related to 500 and 1000N data, it is indicated that this 
model cannot be used with general values of P.

5. Walker’s model present, the most successful predic-
tions, since most of the data fit inside the deviation lines. 
Moreover, in consideration that the adjustable material 
parameter has not yet been established for 1350-H19 
aluminum alloy, it is recommended that this model, 
combined with � = 0.75 , should be used for the meth-
odology proposed in order to optimize the occurrence 
of the predictions.
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