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Abstract

In this paper, experimental and finite element methods are considered for analysis of the
influence of contact pressure on fretting fatigue behavior of Al-Zn-Mg alloy. Based on the
fretting fatigue test apparatus with point contact, a two-dimensional implementation within
the finite element software ANSYS is investigated to analyze stress distribution. A series of
experimental tests are carried out so that the effect of contact pressure on the fretting fatigue
characteristics and fretting fatigue life is emphatically researched. Fretting regions morphology
and fretting fatigue fracture behavior have analyzed the action of fatigue and wear to deter-
mine slip amplitude effects in the fretting process in which contact pressure and tangential
force are revealed as important parameters to determine crack initiation, propagation, and
damage mechanisms. The calculation results indicate that for tension/compression fretting
fatigue, there is a sticking region, sliding region, and opening region on the contact surface
with contact pressure changing while other test parameters are invariable. When the stress
amplitude is 252 MPa, with the increase of contact pressure, the cycles of cyclic softening un-
der tension/compression fretting fatigue loading decrease, and fretting fatigue life decreases
with the increase of contact pressure, which is lower than fatigue life under the same ten-
sion/compression fatigue loading. The numerical simulation reveals the merits of applying
the finite element method to fretting fatigue problems, and it shows good agreement with
experimental results.
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1. Introduction

Fretting fatigue is a surface damage process under
the condition of cyclic loading or mechanical vibra-
tions, and this can significantly reduce the fatigue life
of components [1]. It may lead to the initiation and
propagation of a crack from suffering severe distress
caused by a contact problem in full or partial slip [2].
First, there are many contacting forms of fretting fa-
tigue, which can be divided into a point, line, and
surface contacts [3]. Line and surface contacts have
been studied extensively [4-6]; however, there are a
few reports dealing with the fretting fatigue of com-
ponents under the point contact conditions by the tri-
bology and fatigue research methods. Second, many
studies have shown fretting fatigue phenomenon by
various experimental or numerical test methods [7—
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9]; however, a few studies focused on fretting fatigue
phenomenon of Al-Zn-Mg alloy by the experimental
and numerical studies. Owing to high specific mecha-
nical properties, Al-Zn-Mg alloys are used for struc-
tural applications, which are often under the condi-
tion of cyclic loading or mechanical vibrations in the
aerospace and automotive industry [10]. Third, up to
50 variables might affect the magnitude and rate of
the fretting process, while the coefficient of friction,
contact pressure, and magnitude of slip are consid-
ered to be the primary set of variables [11]. It is very
important to study the influence of contact pressure
on the fretting fatigue behavior of Al-Zn-Mg alloy. In
this study, experimental and finite element analyses of
contact pressure on the fretting fatigue behavior of Al-
Zn-Mg alloy are presented. Based on the experimental
and finite element analysis of the contact pressure on
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Fig. 1. System and specimen for fretting fatigue test: (a) The MTS 809 system, ND; (b) configuration for the test;
(¢) smooth specimen for fretting fatigue test (unit: mm); (d) pad for fretting fatigue test (unit: mm).

Table 1. Mechanical properties of Al-Zn-Mg alloy

Index Young’s modulus Yield strength Tensile strength Shear modulus Reduction of area Elongation
(GPa) (MPa) (MPa) (GPa) (%) (%)
Numerical 70 372 28.6 20 12

the fretting fatigue behavior of Al-Zn-Mg alloy, the
fretting fatigue properties and characteristic of Al-
-Zn-Mg alloy were intensively analyzed by macro-
scopic and microscopic experiments.

2. Experimental materials and methods

The contact pads and the test specimens used
in this study were prepared from Al-Zn-Mg alloy.
The specimens in solution were treated at 500°C and
quenched with water at room temperature. Subse-
quently, they were aged at 150°C for 4 h (referred to
as T6 condition). The test specimens were polished
(Ra < 0.16) with silicon carbide paper and cleaned
with acetone where the residual polishing marks are
oriented along the length of the test specimens. The
room temperature mechanical properties of Al-Zn-Mg
alloy under the T6 conditions are listed in Table 1.

A schematic illustration of the contact configu-
ration and the test device are presented in Fig. 1.
The Hertzian point contact, as shown in Fig. 1, was
achieved using a test specimen and a pad with a spher-
ical contact profile. The normal force on the pads was

generated by screw bolts and pad support, and the
cyclic loading on the test specimen was applied us-
ing an MTS 809 system. Contact pressures were 0, 90,
180, 270, and 360 MPa with cyclic loading stress am-
plitude of 252 MPa, frequency of 9 Hz, sine waveform,
and a stress ratio of —1 in a normal laboratory atmo-
sphere. All the pads and test specimens were carefully
cleaned with a solvent in an ultrasonic cleaner before
and after the testing. The damage of the surface was
characterized using a Quanta 200 FEG-SEM machine.

3. Results and discussion

3.1. Effect of contact pressure on the contact
surface partition and stress distribution

For unidirectional tension and compression fret-
ting fatigue test, according to the test specimen and
test load symmetry, a quarter of the structure was
taken to set up a finite element analysis model. For
two-dimensional analysis, the nominal contact pres-
sure P is acting on the finite element nodes by a
linear distribution in which P = Py(1 — £/L) and
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Fig. 2. (a) Micro bridge nominal stress method and (b) a finite element model for two-dimensional fretting contact analysis.
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Fig. 3. Sliding distance changing with the stress amplitude variation curve and contact stress distribution curve: (a)
sliding distance changing with the stress amplitude variation; (b) tensile stress distribution curve; (c) compressive stress
distribution curve; (d) shear stress distribution curve.

po = 2P/L, where L is the length of the fretting pad.
Cyclic loading is evenly distributed in the endpoint
element boundary nodes. The specific schematic dia-
gram is shown in Fig. 2.

The finite element method was considered for in-
vestigating point contact fretting fatigue problem.
A two-dimensional implementation was carried out
by the finite element software ANSYS. Plane strain
quadrilateral element PLANE42 model was used to
set the model for the specimen and fretting pad, and

the minimum size of the contact area grid was 4.57 X
10~*mm. In total, the number of specimen units is
19 800, and nodes are 20 096; bridge units and nodes
are 11 167 and 11 409, respectively, and contact ele-
ments are 592.

The effect of cyclic loading on the local point fret-
ting contact stress distribution was studied by two-
dimensional finite element analysis model, where the
fretting contact surface of the adhesion area and slide
and open distribution of the contact stress were calcu-
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Fig. 4. SEM results of the fretting scars and fractures (o = 252 MPa, p = 180 MPa): (a), (b) SEM results of the fretting
scars; (c) crack initiation of fracture; (d) fracture characteristic.

lated at a cycle loading of 252 MPa and the coefficient
of sliding friction of 0.4 (u = 0.4), while the contact
pressure was 90, 180, 270, and 360 MPa [12]. In this
way, the effect of nominal contact pressure on the local
fretting contact pressure can be discussed.

Figure 3 shows that the apparent contact surface
can be divided into three regions: sticking region, slid-
ing region, and opening region. With increasing con-
tact pressure from 90 to 360 MPa, the sticking region
increases while the sliding region decreases, and the
opening region increases first and then decreases. At
the junction of slipping and sticking regions, a change
in tensile stress and shear stress can cause crack initi-
ation.

Figure 3a reveals sliding distance changing with
contact pressure variation, indicating that under dif-
ferent contact pressure, sliding distance distribution
on the entire contact edge is similar. With increas-
ing contact pressure from 90 to 360 MPa, the sliding
distance of the entire contact edge reduces gradually.
Figures 3b—d show tensile stress, compressive stress,
and shear stress distribution, respectively. For small
contact pressure, tensile stress and shear stress have
a break between the sticking and sliding regions, in-
dicating that the scalability crack can easily initiate
at the junction of the sticking and sliding regions [13].
With increasing contact pressure, the junction of the
sticking and sliding regions moves to the outer space

of the contact surface, suggesting that the crack ini-
tiation position moves outside with increasing con-
tact pressure. However, when the contact pressure in-
creases to a certain value, the tensile stress and shear
stress have a break between the sliding and opening
regions, indicating that the scalability crack can eas-
ily initiate at the junction of the sliding and opening
regions. These results indicate that crack can easily
initiate at the junction of the sliding region and stick-
ing region or opening region.

Figure 4 shows the SEM results of Al-Zn-Mg al-
loy under the fretting scar and fracture at different
contact pressures with an applied stress amplitude of
252 MPa. At too high contact pressure, the sticking
region of the fretting fatigue contact area increases,
leading to elastic deformation of the asperity, main-
taining the increase in the contact state, so that the
real contact area of the fretting pad and the test spec-
imen increases, finally reducing the real contact pres-
sure. At too low contact pressure, the fretting fatigue
contact area shows overall slipping and more severe
wear at the surface of the slipping area, which can lead
to active particle surface spalling and wear that may
be formed in the elimination of micro-cracks while re-
ducing the crack possibility of nucleation. When the
contact pressure is in a certain range, the partial slip
contact surface area of the fretting pad and the test
specimen is very narrow, and the contact pressure
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Fig. 5. Fretting fatigue hysteresis loop of Al-Zn-Mg alloy specimens under different stress amplitude: (a) o = 252 MPa,
p1 = 90 MPa; (b) o = 252 MPa, p; = 180 MPa; (c) o = 252 MPa, p3 = 270 MPa; (d) o = 252 MPa, ps = 360 MPa.

at the junction between the slipping area and non-
slipping area is highly concentrated to prompt crack
initiation. The results under different contact pres-
sures show that with increasing contact pressure, the
elastic deformation of the fretting pad and the speci-
men increases, thus decreasing the slipping area of the
relative slip amplitude and completely changing the
contact state from partial slipping to complete slip-
ping.

The finite element simulation results show that
at constant stress amplitude of the fretting pad and
the specimen, the compressive stress and shear stress
change with changing contact pressure, and the max-
imum shear stress increases with increasing contact
pressure, easily procuring the surface microcrack.
Such high contact pressure can easily form fretting fa-
tigue crack source or cause subsurface defects through
the surface and become the source of cracks at the
fretting contact region [14]. The finite element simu-
lation results show that fretting fatigue crack initiates
in the fretting-mixing region and can be explained by
the friction cyclic stress mechanism to illustrate the
characteristics of the fretting scar and fracture.

3.2. Effect of contact pressure on the behavior
of fretting fatigue

The effect of contact pressure on the elastic-plastic
deformation characteristics of Al-Zn-Mg alloy was in-
vestigated by the fretting fatigue cyclic stress-strain
curves of Al-Zn-Mg alloy under different contact pres-
sures, as shown in Fig. 5. The figure shows that
when the stress amplitude is 252 MPa, the stress-
strain curve is surrounded by a smaller area. It illumi-
nates Al-Zn-Mg alloy, which has been under an appar-
ent plastic deformation [15]. With increasing contact
pressure, the stress-strain curve does not show any
significant change, indicating that Al-Zn-Mg alloy is
more evidently under plastic deformation.

To study the effect of contact pressure on the fret-
ting fatigue properties of Al-Zn-Mg alloy, the cyclic
characteristics of Al-Zn-Mg alloy are shown in Fig. 6,
indicating that with increasing contact pressure from
90, 180, 270 to 360 MPa, the displacement amplitude
is stable at 0.4 mm after loop stability. Within the first
10 cycles, displacement amplitude increases rapidly
with increasing number of cycles and then becomes
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Fig. 6. Displacement amplitude-cycle curve of Al-Zn-Mg alloy specimens under different stress amplitude: (a) o = 252 MPa,
p1 = 90 MPa; (b) 0 = 252 MPa, ps = 180 MPa; (c) o = 252 MPa, ps = 270 MPa; (d) o = 252 MPa, p, = 360 MPa.

constant and stabilizes after ~ 10 cycles. Then, from
10 cycles to 30 cycles, with an increasing number of cy-
cles, the displacement amplitude still increases; how-
ever, the rate of increase is less than before as the dis-
placement amplitude increase is mainly due to cyclic
softening. After 30 cycles, the amplitude can be stable
and maintains at a constant value. However, the re-
sults show that with increasing contact pressure, the
number of cycles required to maintain a constant value
of the displacement amplitude decreases because the
fretting friction increases with increasing contact pres-
sure. Meanwhile, friction changes dramatically during
cycles, with increasing contact pressure fretting fric-
tion faster entering into the stable region. Because the
relationship between the displacement amplitude and
cycles is related to the cyclic softening of Al-Zn-Mg
alloy, the fretting friction affects the displacement am-
plitude.

At stress amplitude of 252 MPa, with increasing
contact pressure, the fretting fatigue life of Al-Zn-Mg
alloy is shown in Fig. 7, indicating that the fretting
fatigue life of Al-Zn-Mg alloy is sensitive to the con-
tact pressure. With increasing contact pressure, the
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Fig. 7. Fretting fatigue life of Al-Zn-Mg alloy under differ-
ent stress pressure.
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fretting fatigue life of Al-Zn-Mg alloy shows a general
decline trend under different contact pressure ranges,
and the fretting fatigue life decreases with increased
contact pressure with different amplitudes. In the pro-
cess of fretting fatigue, specimens are subjected to
cyclic loading and contact pressure results in the joint
action of fretting wear and fretting fatigue, increasing
damage to the specimen. Simultaneously, the fretting
wear continues to accumulate with an increasing num-
ber of cycles. With increasing stress amplitude, micro-
crack initiation and propagation increases, which re-
duces the fretting fatigue life. At the same time, the
specimens were also compared under different contact
pressures and without contact pressure, and the re-
sults show that the specimens’ life is far below their
fatigue life. When the contact pressure changes from
90 to 180 MPa, the fretting fatigue life reduction mag-
nitude is far less than that of the contact pressure
change from 270 to 360 MPa.

In the fretting fatigue process, specimens are sub-
jected to cyclic loading and the contact pressure. The
joint action of the fretting wear and fretting fatigue
increases the damage of the specimens, changing the
contact zone status with increasing contact pressure.
At the higher stress amplitude level, the specimens
are in the joint action of the fretting wear and fret-
ting fatigue for only a short time, and thus the cu-
mulative damage effect is not apparent. At a con-
tact pressure of 90 MPa, the fretting zone is in a par-
tially slipping zone or slipping zone, and fretting wear
dominates when the fretting wear and fatigue are in
the joint action [16]. When the contact pressure is
270 MPa, the fretting fatigue life of Al-Zn-Mg alloy
is relatively short, and the fretting zone in the ad-
hesion area fretting dominates under the joint action
of fretting wear and fatigue. Simultaneous effects of
the fretting wear due to the gap effect can change
the fretting fatigue life magnitude to a greater ex-
tent.

4. Conclusions

1. The finite element calculation results indicate
that for tension/compression fretting fatigue, there
are a sticking region, sliding region, and opening re-
gion on the contact surface with changing contact
pressure keeping other test parameters invariable. The
joint action of the fretting wear and fretting fatigue
causes accumulation of damage on the specimens,
changing the contact zone status with increasing con-
tact pressure.

2. At a stress amplitude of 252 MPa, with increas-
ing contact pressure, the cycles of cyclic softening un-
der tension/compression fretting fatigue loading de-
crease, and the fretting fatigue life decreases with in-
creasing contact pressure and is lower than the fatigue
life under the same tension/compression fatigue load-
ing.

References

[1] Flicek, R., Hills, D. A., Dini, D.: Fatigue & Fracture of
Engineering Materials & Structures, 34, 2011, p. 974.
do0i:10.1111/7.1460-2695.2012.01694.x

[2] Hills, D. A.: Wear, 175, 1994, p. 107.
do0i:10.1007/978-94-015-8281-0

[3] Witkowsky, B. U., Birch, P. R., Dominguez, J.,
Suresh, S.: Materials & Structures, 22, 1999, p. 307.
d0i:10.1046/7.1460-2695.1999.00145.x

[4] Zhang Dekun, Ge Shirong: Mocaxue Xuebao/Tribo-
logy, 24, 2004, p. 355. (In Chinese)
doi:10.3321/j.issn:1004-0595.2004.04.015

[5] Liu, B., He, G., Jiang, X., Zhu, M.: Materials & Struc-
tures, 34, 2011, p. 974.
doi:10.1111/3.1460-2695.2011.01586.x

[6] Neslddek, M. Spaniel, M., Jurenka, J., Ruzicka, J.,
Kuzelka, J.: International Journal of Fatigue, 44, 2012,
p. 61. doi:10.1016/j.ijfatigue.2012.05.015

[7] Zhu, Y., Kang, G., Ding, J., Zhu, M. H.: Fatigue &
Fracture of Engineering Materials & Structures, 36,
2013, p. 127. doi:10.1111/j.1460-2695.2012.01705.x

[8] Fadel, A. A., Rosa, D., Murga, L. B., Fereira, J. L.
A., Araujo, J. A.: International Journal of Fatigue,
42, 2012, p. 24. doi:10.1016/].iifatigue.2011.03.007

[9] Noraphaiphipaksa, N., Kanchanomai, C., Mutoh, Y.:
Engineering Fracture Mechanics, 112-113, 2013, p. 58.
d0i:10.1016/j.engfracmech.2013.10.007

[10] Werenskiold, J. C., Deschamps, A., Bréchet, Y.: Mate-
rials Science and Engineering A, 293, 2000, p. 267.
doi:10.1016/S0921-5093(00)01247-8

[11] Madge, J. J., Leen, S. B., McColl, I. R., Shipway, P.
H.: Wear, 262, 2007, p. 1159.
d0i:10.1016/j.wear.2006.11.004

[12] Jian Hai-gen, Jiang Feng, Wen Kang, Long Jiang,
Hong-Feng Huang, Li-Li Wei: Transactions of Non-
ferrous Metals Society of China, 19, 2009, p. 1031.
doi:10.1016/S1003-6326(08)60402-1

[13] Madge, J. J., Leen, S. B., Shipway, P. H.. In-
ternational Journal of Fatigue, 30, 2008, p. 1509.
doi:10.1016/].ijfatigue.2008.01.002

[14] McCarthy, O. J., McGarry, J. P., Leen, S. B.: Wear,
305, 2013, p. 100. doi:10.1016/j.wear.2013.05.012

[15] Renard, A., Cheng, A. S., De La Veaux, R., Laird, C.:
Materials Science and Engineering, 60, 1983, p. 113.
do0i:10.1016/0025-5416(83)90180-5

[16] Ferré, R., Fouvry, S., Berthel, B., Ruiz-Sabariego, J.-
A.: International Journal of Fatigue, 54, 2012, p. 56.
doi:10.1016/j.ijfatigue.2013.03.005



http://dx.doi.org/10.1111/j.1460-2695.2012.01694.x
http://dx.doi.org/10.1007/978-94-015-8281-0
http://dx.doi.org/10.1046/j.1460-2695.1999.00145.x
http://dx.doi.org/10.3321/j.issn:1004-0595.2004.04.015
http://dx.doi.org/10.1111/j.1460-2695.2011.01586.x
http://dx.doi.org/10.1016/j.ijfatigue.2012.05.015
http://dx.doi.org/10.1111/j.1460-2695.2012.01705.x
http://dx.doi.org/10.1016/j.ijfatigue.2011.03.007
http://dx.doi.org/10.1016/j.engfracmech.2013.10.007
http://dx.doi.org/10.1016/S0921-5093(00)01247-8
http://dx.doi.org/10.1016/j.wear.2006.11.004
http://dx.doi.org/10.1016/S1003-6326(08)60402-1
http://dx.doi.org/10.1016/j.ijfatigue.2008.01.002
http://dx.doi.org/10.1016/j.wear.2013.05.012
http://dx.doi.org/10.1016/0025-5416(83)90180-5
http://dx.doi.org/10.1016/j.ijfatigue.2013.03.005

