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Abstract Fretting fatigue damage occurs in contacting parts when they are subjected to fluctuating loadings
and sliding movements at the same time. This phenomenon may occur in many applications such as
bearings/ shafts, bolted and riveted connections, steel cables, and steam and gas turbines. In this paper,
the effect of elevated temperature on fretting fatigue life of AI7075-T6 is investigated using a new device for
fretting fatigue tests with variable crank shaft mechanism. Also a finite element modeling method was used
to estimate crack propagation lifetime in aluminum alloy, Al7075-T6 specimens at elevated temperature
under fretting condition. In this method, shear and normal stresses that are caused by contact load are
updated at each crack growth increment. Finally, a comparison between the experimental and numerical
results is done in order to evaluate the FE simulation.

The experimental results show that: (i) fretting fatigue life of the material increases with temperature up to
350°C by 180% for low stresses and decreases by 40% for high stresses, (ii) this fashion of variation of
fretting fatigue life versus temperature is believed to be due to degradation of material properties which
occurs by overaging and wear resistance increase due to oxidation of aluminum alloy. While overaging
gives rise to degradation of mechanical strength of material and hence the reduction of its fretting fatigue
life, surface oxidation of the specimens brings some improvement of fatigue behavior of the material.
Metallurgical examination of the specimens reveals that temperature results in precipitation of impurities of
al-7075-T6. The size of precipitated impurities and their distances gets bigger as temperature increases.
This could be a reason for material degradation of specimens which are exposed to heating for longer time
duration.
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1 INTRODUCTION

Fretting is a wear phenomenon that occurs between two contacting surfaces having small amplitude
oscillatory motion [1]. The formation of debris and their entrapment between the contacting surfaces are
thought to be one of the origins of crack initiation and premature failure of the engineering components
under fretting fatigue conditions. Fretting fatigue mechanism is complex and despite the fact that many
attempts have so far been devoted to the study of this process, still there are numerous issues associates
with this phenomenon which have remained to be clarified. This phenomenon is schematically shown in
Figure 1. Fretting fatigue may occur in mechanical components such as fasteners, turbine blades, bearings/
shafts, steel cables, steam and gas turbines [1]. The aviation industry is another area in which fretting
fatigue failures are commonly observed.
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Figure 1. Schematic illustration of fretting fatigue.
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Fretting fatigue in turbine dovetails is shown in Figure 2 [2]. Fretting fatigue may reduce the endurance limit
of a component by half or more, in comparison to the normal fatigue conditions. Wear and fretting cracks
are two direct consequences of fretting fatigue. Figure 3 shows deep pitting in the contact zone of two
specimens under fretting fatigue conditions.

Blade Pressure Face

Figure 2. Fretting fatigue in turbine dovetails [2]. Figure 3. Deep pitting in the contact zone
of two specimens under fretting fatigue
conditions [3].

Figure 4 shows a fracture surface of a specimen after failure by fretting fatigue [3]. The figure clearly
indicates that the fracture surface consists of three deferent regions; a fretting fatigue zone created by
crack propagation, a crack growth zone and a tensile region which gives rise to fracture of specimen when
it is sufficiently weakened by the crack zone development. It is generally thought that crack initiation is
governed primarily by the local contact stresses and slips amplitude, whereas propagation is more related
to the far-field or bulk stresses [1]. A micrograph of fretting crack propagation in a stainless steel alloy is
depicted in Figure 5. The crack trajectory can be explained by stress intensity factors K; and K. Cracks
initially grow oblique to the direction of normal force [4] (see figure 5). At this stage, which corresponds to a
gross slip conditions between contacting surfaces, the effect of friction force prevails and Kj, is the dominant
mode of fracture. After the initial oblique propagation, the angle of crack gradually reduces and finally crack
coincides with normal force direction. This stage corresponds to a state of partial slip in which a
combination of the effects of modes K;and K takes place. In the third stage, crack grows perpendicular to
the normal load direction, due to tensile stress, only by mode K.

Figure 4. Fracture surface of a specimen Figure 5. A micrograph of a fretting
after failure by fretting fatigue [3]. crack propagation in a stainless steel
alloy [4]

Fretting fatigue life can be affected by many parameters such as contact pressure, F, axial stress, g, friction
between the pads and the specimen, pad geometry, sliding amplitude and temperature. The effect of
heating on fretting fatigue has sufficiently been studied by different researchers [5, 6]. Fretting fatigue
behavior of materials at elevated temperatures while being influenced by temperature is not the same for all
materials. Hamdy and Waterhouse [7] have shown that mechanical strength of Ti-6Al—-4V at temperatures
up to 600°C diminishes as temperature increases. Hamdy and Waterhouse [5] reported that fretting fatigue
life of aged Inconel 718 at elevated temperatures up to 600°C was the same as that for normal fatigue at
room temperature. Fretting fatigue life of materials has been examined by different authors such as Mutoh
and Satoh [6] and Jina et al [8].

In this work, the effect of elevated temperature on fretting fatigue life of AI7075-T6 is investigated. Also it is
known that the study of the influence of various parameters on fretting fatigue behavior of materials is costly
and time consuming, numerical simulation is a cheap and easy to use tool by means of which fretting
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fatigue phenomenon can be characterized. Thus, the effect of temperature is studied using numerical
codes such as ABAQUS [9] and FRANC2D/L [10]. Finally, the numerical results are validated by fretting
fatigue tests.

2 EXPERIMENTS

21 Material and specimen

The specimen is machined from aluminum 7075-T6 forged plates by wire electrical discharge method. The
longitudinal tensile properties (along the loading axis) were determined, i.e., the elastic modulus was 70
GPa and yield strength was 502 MPa. The specimen shown in Figure 6 had a width of 14.5 mm, a
thickness of 4.5 mm and a gauge length of 70 mm. The pads are made of stainless steel 410 with yield and
ultimate strength of 420 and 700 MPa, respectively. Each pad has two bases (contacting surfaces) through
which the load is exerted on the specimen. The bases have a thickness of 3.1 mm and a length of 12 mm
(figure 7).
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Figure 6. Flat specimens used for fretting fatigue tests. Figure 7. Pad used in the
experiments.

2.2 Test setup and procedure

The fretting fatigue testing device used in this work has been developed by Majzoobi and Hojjati et al. [11].
A general view of the device and its diagrammatic representation are illustrated in Figure 8. The axial
fluctuating load is applied to the specimen by a variable crank mechanism. The mechanism consists mainly
of a stepped eccentric shaft and two suspension plates [11]. The contact loading system, shown in Figure
9, is completely embedded in the lower cross head which is supported by the two main columns of the
device and can be moved vertically. The contact loading system consists of two pads, two adjusting screws
and two load cells.

The contact load is induced by two adjusting screws and is measured using two load cells. The load cell
readings can ensure that the contact loads produced by tightening screws in two opposite directions are
equal. The contact is of the type of flat on flat. The pads are constrained to move vertically as this may
affect the sliding oscillations between specimen and pads.
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Figure 8. A general view of the testing Figure 9. Contact loading system of the
device [11]. testing device [11].
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Two load cells are mounted between the adjusting screws and the pads (see figure 9) monitor the contact
load on separate digital displays. The frequency of the device can vary using an inverter up to a maximum
of 25 Hz. Two heating blowers on each side of the specimen were used to achieve the test temperature
(Figure 10). The test temperature was measured and controlled using K-type thermocouples attached on
the pad surface and monitored with digital display (Figure 11). Since the temperatures at the contact area
and pads might be different, each test was conducted after measuring temperatures on the specimen and
pads using a temperature calibration specimen. Before each test, the specimen was kept at 260°C for
about an hour to have a uniform temperature distribution over the gauge area of encompassing the contact
area. Further details about test setup can be found in reference [11]. The experiments are conducted for
stress ratio, R=0.1, frequency of 25 HZ at a constant force of F=1200 N, and working stresses of 110, 150,
200, and 280 MPa. Furthermore, in order to validate the fretting fatigue tests results a number of tensile
tests were conducted on specimens at different temperatures and the ultimate strength of material was
measured. For each temperature, the specimens were heated up in a furnace for different time durations.
This is because the duration of fatigue tests depends on stress level and for low stresses; the specimens
are exposed to heating for longer time. Also fractography of fractured surfaces and metallography are
performed using optical microscopy.
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Figure 10. Heating blower Figure 11. Temperature display

2.3 Testresults

The results of fretting fatigue tests on heated specimens and variation of fretting fatigue life versus
maximum stress in each temperature is illustrated in Figures 12 and 13. It can be clearly observed that
fretting fatigue life increases with temperature for low stresses and decreases for high stresses. This
fluctuation in fretting fatigue life versus temperature is thought to be basically due to degradation of material
properties which occurs by overaging and wear resistance increase due to oxidation of aluminum alloy.
This can be explained more by the fact that aluminum comes in heat-treatable and non-heat treatable
alloys. Heat treatable aluminum alloys get their strength from a process called ageing. While the workability
index in the 7075 alloy is improved approximately 50% by over-aging, significant decrease in tensile
strength can occur when aluminum is subjected to over-aging.
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Figure 12. Maximum stress versus fretting fatigue life for different temperatures
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Figure 12. Maximum stress versus fretting fatigue life for different temperatures

After process of heating the material is ductile, since no precipitation has occurred. After a time the solute
material precipitates and hardening develops. As the composition reaches its saturated normal state, the
material reaches its maximum hardness. The precipitate, however, continues to grow. The fine precipitates
disappear. They have grown larger, and as a result the tensile strength of the material decreases. This is
called overaging. The tensile strength variation during aging and overaging are shown in Figure 14. While
overaging gives rise to degradation of mechanical strength of material and hence the reduction of its fretting
fatigue life, surface oxidation of the specimens brings about improvement of fatigue behavior of the
material. From the tensile tests the variation of the ultimate strength shows that strength of material
decreases as temperature rises (Figure 15).
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Figure 14. The effect of ageing on strength of Figure 15. Stress versus strain curve for deferent
aluminum temperatures

Optical examination of the specimens in Figure 16 reveals that temperature results in precipitation of
impurities of al-7075-T6. The size of precipitated impurities and their distances gets bigger as temperature
increases. This could be a reason for material degradation of specimens which are exposed to heating for
longer time duration. However, to the best of authors’ belief, the ageing phenomenon can be recognized as
the most effective parameter and responsible for the reduction of fretting fatigue life of specimens at high
stresses and at low stresses oxidation of aluminum alloy at contact surface of specimen and pad plays as a
lubricant role that causes a significant rise in fretting fatigue life.
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Figure 16. The microstructure of the material (a) at 20°c, (b) at 150°,
(c) at 250°c and (d) at 350°c for 12 hours (magnification x 1000)

Fractured surfaces of tested specimens were examined using optical microscopy. Some typical results are
illustrated in Figures.17 and 18 for different temperatures at different stresses. As the figures suggest, the
fracture surfaces typically consist of two different regions; a fatigue zone created by crack propagation and
a tensile region which gives rise to fracture of specimen when it is sufficiently weakened by the crack zone
development.

Figure 17. Fracture surface of specimen at Figure 18. . Fracture surface of specimen at
stress of 110 MPa and 350°c stress of 280 MPa and 250°c

3 NUMERICAL SIMULATIONS

3.1 Finite element analysis

A commercial finite element code, ABAQUS [9], was used to analyse the specimen without crack under a
given loading condition as a first step. This analyse was done in order to predicate location of initial crack
for crack propagation analyse, since previous studies suggests that the location of fretting fatigue crack
initiation corresponds with a maximum value of g, [1, 12]. The finite element model for flat pad is shown in
Figure 19. Note that only one-quarter of the test configuration is considered due to double symmetry with
respect to the X and Y axes. Along with the “master-slave” interfacial algorithm developed for contact
modelling in the finite element code, ABAQUS, the four-node plane strain elements were utilized. The
Lagrange multiplier of friction was used. First, specimens were analyzed using the contact force, F/2 and
the axial stress, 0,,;. These were applied to the finite element model in the three steps. In the first step, the
contact force, F/2 was applied to establish contact between pad and specimen. In the second and third
steps, either the maximum bulk stress, oy.x or the minimum bulk stress, oy, were applied, respectively. In
order to have more accurate results, the finite element mesh was refined in the contact region. An
acceptable element size was determined to be at least 9 ym x 9 ym in the refined contact zone from the
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convergence study [13]. The fretting fatigue crack propagation was thereafter conducted using the finite
element code, FRANC2D/L [10]. For this purpose, the same geometry and boundary conditions as used in
ABAQUS code including the contact interface was modeled. The contact was defined with a gap element
using a new material at interface of pad and specimen, with coefficient of friction equal to 0.5. This means
that in each step for crack propagation the effect of contact pad was considered and the stress intensity
factors were updated after each crack increment. This proposed technique would solve most problems in
previous studies where sub-modeling was used for crack propagation [13]. Then, the temperature
distribution also was generated on material-by-material basis which has capability to assign different
coefficient of thermal expansion and one temperature for the entire model [10]. Finally, an edge crack was
inserted in the model considering the contact to perform the crack growth analysis by FRANC2D/L code,
which has capability for incremental crack growth using fracture mechanics principles as elaborated later.
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Figure 19. The schematic illustration of finite element model of fretting Fatigue assembly.

3.2 Crack propagation analysis

The crack propagation needs the location, length and orientation of the initial crack. As mentioned above
the location of initial crack extract from the FE model using ABAQUS code where the maximum value of o,
takes place, the length and the orientation of the crack propagation path was represented by a curvilinear
path consisting of, S, straight segments, as shown in Figure 20. In the first step, an initial crack of length, (/y
=0.01 mm), with an orientation, (8,=45%) from the y-axis was introduced on the contact surface which is
observed from previous experimental studies results [14]. The analysis was then performed with a crack
length increment of Al. The incremented crack kinked at the tip of the initial crack at (x,,)») to produce a
new crack at a slope of &, in the second step of the analysis, and this process was continued.

In FRANC2D/L, the mesh is modified in each incremental step using the Suhara-Fukuda algorithm [15]; the
algorithm generates a mesh of triangular elements as shown in Figure 21, and the new crack geometry is
represented at each incremental step to reflect the current crack configuration. Along with other theories,
the code uses the maximum tangential stress theory, proposed by Erdogan and Sih [16], to determine the
crack growth direction. The crack angle, &; at the ith step was computed by

2
4| K - \/K + 8K IIMax
ei _ Hi—l +2tan 1| ™ IMax IMax 1)

4K [IMax

Where K.y and Kyuax are the maximum stress intensity factors at the ith step corresponding to the two
crack propagation modes, Mode | and Mode Il, at the maximum load. In this way crack trajectory was
developed incrementally for a given loading condition using maximum tensile stress criterion. Further, the
crack growth rate was assumed to be governed by the Mode | stress intensity factors, Kjy.x and K, [17].
The modified crack closure integral technique of Rybicki and Kanninen [18] was used to calculate these
stress intensity factors. These values were then used with the sigmoidal crack growth model to determine
the crack propagation life. Al was considered 0.1 mm for crack propagation. Final failure occurs when the
value of stress intensity factor, K, tends to its critical value, Kic.
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Figure 20. Trajectory of crack growth Figure 21. An initial crack in FRANC2D/L
and triangular elements around the crack.

FRANC2D/L CRACK GROWTH (N40_F2DL_CG) code was used in order to predict the crack growth life
time curve. This program, realized by Domenico [19], calculates crack growth life in generic 2D layered
structures. The core of the program is Franc2D/L (based on Franc2D, Copyright (C) Paul 'Wash'
Wawrzynek and Tony Ingraffea) [10], which is used to extract stress intensity factors (SIF) history files for
generic geometries and sets of loads. N40_F2DL_CG imports SIF history files and integrates the material
da/dN equation (NASGRO model) for calculating crack growth for variable amplitude spectrum of loads.
FRANC2D/L CRACK GROWTH code is able to show the amount of Kl, KIl aK in every increment of
crack propagation and it is designed to deal with Forman NASGRO material models (equation 2). The
elements of the NASGRO crack growth rate equation were developed by Forman and Newman at NASA,
and it has been implemented in FRANC2D/L CRACK GROWTH as follows [20]:

da _ C{(l_f)AK T (l‘Af;th (2)

p
Kcrit

Where C, n, p and g are empirical constants, which are obtained by curve fitting the test data and f is
the ratio of crack opening SIF to maximum SIF. The value of f is related to stress (load) ratio, flow stress
and the plane stress/strain constraint factor. These values are provided by the FRANC2D/L CRACK
GROWTH material database for each material. It is worth mentioning that AKj, is not a simple threshold
stress intensity range for long crack, but it includes the effect of short crack by involving ‘intrinsic crack
length’, and the parameter f. Also C=6x10"° and n=2.51 was used as fatigue ductility exponent [21], hence
number of the cycles (dN) for a crack grow (da) in each increment, can be computed. Finally, the specimen
fracture life was obtained.

3.3 Finite element results and the effect of temperature on crack propagation

Figure 22 reveals the stress contours for Von-Mises stress. It is interesting to note that the maximum von-
Mises stress occurs near the sharp edge contact between the pad and the specimen. The simulations were
validated by making a comparison between the number of cycles as predicted by numerical simulations in
this work and the experimental measurements using replica. The results are shown in Figure 23 for
different stress at temperature 150°C. As the results suggest a maximum of 22% difference is observed
that is quite normal in fatigue context.
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Figure 22. von-Mises equivalent stress distribution of fretting pairs
(0axia=280 Mpa and F= 1200)
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Figure 23. A comparison between experimental and numerical crack growth

4. CONCLUSIONS

The experimental results reveal that fretting fatigue life of the material increases with temperature by 180%
for low stresses and decreases by 40% for high stresses This fashion of variation of fretting fatigue life
versus temperature is believed to be due to degradation of material properties which occurs by overaging
and wear resistance increase due to oxidation of aluminum alloy. While overaging gives rise to degradation
of mechanical strength of material and hence the reduction of its fretting fatigue life, surface oxidation of the
specimens brings about improvement of fatigue behavior of the material. The variation of the ultimate
strength versus temperature that is obtained from the tensile tests reveals the same trend as observed for
fretting fatigue life versus temperature at different stress levels. Metallurgical examination of the specimens
reveals the size of precipitated impurities and their distances gets bigger as temperature increases. This
could be a reason for material degradation of specimens which are exposed to heating for longer time
duration.

Numerical simulation of fretting fatigue was performed using Abaqus and FRANC2D/L codes. The former
predicts the normal and tangential contact stress distributions and the latter calculates the number of cycles
required for a known crack propagation rate at elevated temperature. The calculation of cycles is based on
Forman NASGRO equation when AK is computed by FRANC2D/L then it is possible to predict the cycles
for a specific value of crack growth. The results indicate that the numerical simulations are capable of
prediction the crack growth cycles and orientation at different stresses and temperatures. The computed
crack propagation lives were compared to the results of experimental study where total fatigue life was
measured.
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