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System Deformation Behavior
of Friction Pair in Fretting Wear
Several criteria for fretting wear behavior evaluation have been established since the pro-
posal and establishment of the fretting loop concept. In this article, system deformation and
system deformation ratio were defined. In addition, the fretting running conditions were dis-
tinguished from the evolution of system deformation with fretting cycles during fretting wear
tests under different applied displacements and loads. In the gross slip regime, the system
deformation was independent of the applied displacement and increased as the load
increased, whereas in the partial slip regime, the system deformation was independent of
the load and increased with the applied displacement. Furthermore, a linear relationship
between the system deformation and the applied load in gross slip regime was found for
the first time. Based on this linear relationship, the system deformation ratio can forecast
the running regime with a given load and displacement. For the titanium alloy fretting
pairs studied in this article, the fretting wear was found to run in the gross slip regime if
the system deformation ratio was smaller than 0.9. Based on these observations, the
system deformation ratio exhibited applicability in assisting the mechanical design of equip-
ment suffering from fretting wear. [DOI: 10.1115/1.4047951]

Keywords: fretting wear, gross slip, partial slip, fretting regime prediction, fretting wear
model, dry friction, stick-slip, tribological systems, wear, wear mechanisms

1 Introduction
Titanium alloy has become an indispensable material in the aero-

space industry because of its excellent comprehensive properties,
such as its high specific strength, wide temperature range, and
good corrosion resistance. However, titanium alloy has poor resis-
tance to fretting wear [1,2]. Fretting wear is a form of damage that
prevails in the nominal relative static mechanical pairs and is caused
by the micro-scale vibration under the normal load [3]. The working
life of the compressor blade in the aircraft engine is greatly reduced
by fretting wear due to the high-frequency vibration, which is a
great hidden danger [4].
Since Mindlin first studied contact mechanics of spheres under

tangential loading [5], several fretting wear models have been

proposed in the last six decades [6,7]. However, early studies
were limited by the test conditions and the level of awareness of
fretting wear, such that the fretting wear models were not thor-
oughly satisfactory. Uhlig [8] quantitatively reported the theoretical
expression of the material loss in fretting wear although the study
only mildly considered the wear debris and partial slip regime.
The third-body effect was only thoroughly investigated in 1984
[9]. Since then, the third-body effect has received the attention it
deserves, and later studies revealed the role of debris [10–14].
The proposal of the fretting loop (tangential force–displacement

curve) introduced the practicality and applicability of the fretting
models. Fouvry et al. [15–17] proposed the relationship between
the dissipated energy and the wear volume in fretting wear. The
area of the closed fretting loop curve was defined as the dissipated
energy during a fretting cycle. A unified energy wear formulation
was then put forward, which could describe both the nonadhesive
and adhesive wear interfaces. Heredia and Fouvry [18] introduced
the % gross slip (%GS), which was defined as the proportion of
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cycles running in theGS regime to the total cycles.With the help of%
GS, the partial slip regime,mixed regime, and gross slip regime could
be quantitatively distinguished. Fouvry et al. [19] studied the sliding
ratio (D) to quantify the fretting behavior based on the Mindlin
hypotheses. The theoretical derivation and test results indicated a
transition of D= 0.26 from partial slip to gross slip. Varenberg
et al. [20] presented a unified approach to fretting based on a dimen-
sionless parameter, namely, the slip index,wherein reciprocal sliding
was observed at slip indexes larger than 11. Similarly, gross slip was
characterized between 0.8 and 10, whereas partial slip was character-
ized between 0.5 and 0.6. However, the complex slip index calcula-
tions required initial fretting loop drawings and elastic loop slope
measurements prior to calculations. Wang et al. [21] defined fretting
scar diameter ratio (α) to characterize fretting running conditions
based on the wear of the paired samples. If α was less than 1.2, it
meant that the fretting was in the partial slip regime; otherwise, it
was in the gross slip regime.
In recent years, wear in the fretting process has been commonly

modeled on the finite element method (FEM) due to its efficiency
and applicability [7,22,23]. With the help of FEM, the effects of
roughness [24], debris [14,22], and coefficient of friction (COF)
[25] have been revealed during the fretting wear process. Pereira
et al. [24] presented a multiscale methodology to consider the
roughness effect in fretting wear simulations and found that rough-
ness minimally affected the normal load under fretting wear in a
gross sliding condition. Yue et al. [14] developed a plane strain fret-
ting wear model with a debris layer to investigate the effects of
debris on the fretting wear damage. The results indicated that at
the beginning of the fretting wear cycles, the debris layer protected
the contact surface and reduced the wear volume compared to the
results of the model without the debris layer. In addition, after
18,000 cycles, more wear damage was observed when considering
the effects of the debris layer. Yue et al. [25] studied the effect of the
variable COF in gross sliding and partial slip conditions on fretting
wear. The results showed that in the gross sliding condition, a var-
iable COF had little effect during the steady-state stage but pre-
sented a larger effect in the partial slip or running-in stage of
gross sliding.

Unfortunately, neither the models acquired from experimental
tests nor the FEM models could predict the fretting running condi-
tions without testing, which is generally very helpful for the
mechanical design. For example, a designer could initiate the
mechanical parts to run in a preferred fretting condition based on
the working conditions of the prediction model. In this article, we
conducted an in-depth study on the fretting wear with a ball-on-flat
contact geometry of the Ti-6Al-4V alloy at a high frequency of
100 Hz. The system deformation and system deformation ratio
were proposed based on the fretting loops. The given load and
the displacement results aided in the prediction of the fretting
running conditions.

2 Experiment
2.1 Materials and Test Procedures. The experiment adopted

a ball-on-flat geometry (Fig. 1(a)), wherein the upper sample was a
ball and the lower sample was a plate (Fig. 1(b)). In this article, both
the ball and plate samples were composed of the Ti-6Al-4V alloy.
The upper ball specimen exhibited a radius of 5 mm. The lower
cylindrical plate presented a radius of 12 mm and a thickness of
8 mm, such that at least ten were conducted on the lower plate
sample (Fig. 1(b)). Prior to the experiment, the lower specimen
was ground with sandpaper with roughness grades of No. 600,
No. 800, No. 1000, No. 1200, No. 1500, and No. 2000 and then pol-
ished with a SiO2 polishing solution for 20 min. Prior to the test, the
ball and the plate samples were placed in acetone and ultrasonically
cleaned for 15 min.
The test equipment is the Rtec fretting machine (Fig. 2). The left

and right cylinder parts represent two large thrust high-frequency
electromagnetic drive motor transmissions. Driven by the electro-
magnetic motor, the upper ball specimen carried by a rigid cantile-
ver beam was able to make small displacement reciprocating
motions. The reciprocating displacement was monitored by an
linear variable differential transformer (LVDT) sensor with a reso-
lution of 0.1 µm. The vertical load was applied on the upper ball
specimen through a spring by a servo motor. When loading, a
deflection was observed on the right end of the cantilever beam
and the upper ball was pressed on the lower plate. At this time,
the Fz sensor recorded the load and returned the feedback to the
loading servo motor.
The frequency was maintained constant at 100 Hz for 100,000

cycles. According to the Hertz contact stress formula and the
mechanical property of the Ti-6Al-4V alloy [5,26], the load-
generating material yielded at a spherical/plane contact of 120 N.
Therefore, to study the influence of the load, the contact stress was
controlled within the elastic limit of the material, and the loads
were set to 15 N, 20 N, 30 N, 40 N, 50 N, 60 N, 70 N, 80 N, 90 N,
and 100 N. The displacements were set to 20 µm, 30 µm, 40 µm,
and 50 µm. Two equivalent tests were conducted under each test
parameter. After the tests, fretting loops under cycle number 4500,

Fig. 1 (a) Illustration of the ball-on-flat specimen configuration
applied in the fretting tests and (b) the lower sample

Fig. 2 Schematic of the Rtec fretting machine
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14,500, 24,500, 34,500, 44,500, 54,500, 64,500, 74,500, 84,500, and
94,500 were drawn under each test parameter. The system deforma-
tions were then calculated from the fretting loops.

2.2 Introduction of System Deformation. Several basic
parameters were previously defined for a typical fretting loop
[27]. As shown in Fig. 3, Δ* represents the applied displacement
in the test, δ* represents the actual contact slip displacement
between the specimens, Δ and Fx represent the continuous record-
ing displacement and load during the whole test, and S is the slope
of the line and represents the stiffness of the system. In this article,
the deviation between the applied displacement and the slip displa-
cement was defined as the system deformation δs, which could be
calculated by

δs = Δ∗ − δ∗ (1)

In other words, the applied displacement (Δ∗) was realized by
two parts in each fretting test, namely, through the slip displacement
(δ∗) and system deformation (δs).
System deformation is a physical quantity that can reflect the

extent of material deformation in a fretting loop. For example, as
shown in Eq. (1), a larger system deformation indicates a smaller
slip displacement when the applied displacement remained constant.
As a consequence, adhesion area increased. In other words, the
system deformation can reflect the relationship between the slip
and stick, as well as between the gross slip regime and the partial
slip regime.

3 Results
Figure 4 shows the evolution of system deformation with the

fretting cycles under different test parameters. In Fig. 4 (20 µm),
the aforementioned seven curves (loads from 40 N to 100 N)
were combined together. Associated with the images of the top
view of the fretting wear scars (Fig. 5), it was indicated that a
load greater than 30 N presented sticking in the central region of
the wear scar and only the edge region experienced sliding wear.
These observations indicated that fretting was in the partial slip
regime. According to Fig. 5, under the resting loads of 15 N,
20 N, and 30 N, the whole contacting area experienced wear, indi-
cating that the fretting was under the gross slip regime. The sticking
phenomenon was also observed in the central region of the wear
scar under the applied displacements of 30 µm and 40 µm, which
correspond to the load reaching 70 N and 90 N, respectively
(marked with a dotted box in Fig. 4 (30 µm and 40 µm)). Based
on these observations, fretting was concluded to run in the partial
slip regime when the system deformation remained invariable
with the increased loads.
At an applied displacement of 50 µm, a sticking region was not

observed in the wear scars tested under different loads ranging from

Fig. 3 Schematic diagram of the three parameters in the fretting
loop

Fig. 4 Evolutions of system deformation under different loads ranging from 15 N to 100 N under the applied displacements of
20 µm, 30 µm, 40 µm, and 50 µm when rubbed with a Ti-6Al-4V ball
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15 N to 100 N (Fig. 6). Correspondingly, the system deformation
increased evenly with the loads (Fig. 4 (50 µm)). However, for the
fretting run in the mixed fretting regime, the shape of the fretting
loops changed as the fretting cycles changed, suggesting that the
system deformation also changedwith the fretting cycles. According
to Fig. 4, under some test parameters, specifically 20 µm/30 N,
30 µm/50 N, and 40 µm/90 N, the system deformation increased at
the beginning and then stabilized as the fretting cycles increased.

These observations indicated that the stick and slip state changed
during the test, and these test conditions generated fretting runs in
the mixed fretting regime. As a result, the partial slip regime, mixed
fretting regime, and gross slip regime were easily distinguished
from the system deformation evolutions under different loads.
According to Fig. 4, after approximately 50,000 cycles, the

system deformation remained somewhat constant with the fretting
cycles. Therefore, the system deformations of the last 50,000

Fig. 5 Top view images of the fretting wear scar under an applied displacement of 20 µm
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cycles in each test were averaged to be the system deformation of
this test; all of the averaged system deformations are shown in
Fig. 7. According to Fig. 4, the gathered points in Fig. 7 represented
the tests running in the partial slip regime. Conversely, the scattered
points in Fig. 7 corresponded to the tests in the gross slip regime. In
the mixed fretting regime, the system deformation also stabilized as
the fretting cycles changed, and the stable state entered either partial
slip or gross slip, and the mixed fretting regime was no longer

separately discussed. It could be found that, in the gross slip
regime, the system deformation was mainly dependent on the
applied load and the applied displacement has little effect. The
system deformation increased as the load increased.
When the applied displacement was constant, the fretting running

conditions changed from the gross slip regime to the partial slip
regime as the load increased. In this process, the system deforma-
tion first increased and then remained stable. When the fretting

Fig. 6 Top view images of the fretting wear scar under an applied displacement of 50 µm
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running condition was in the partial slip regime, the system defor-
mation was independent of the load and was only related to the
applied displacement, such that the system deformation increased
with the applied displacement.
Figure 8 presents the evolutions of system deformation with the

load to clearly define the relationship between the system deforma-
tion and the load. It could be found that at applied displacements of
20 µm, 30 µm, and 40 µm, the system deformation increased at the
initial stage with increasing loads and then stabilized. The critical
load under which the system deformation became stable differed
with the applied displacement. The system deformation in the
steady stage meant that the fretting running condition was in the
partial slip regime. However, under an applied displacement of
50 µm, the fretting running condition was still in the gross slip
regime even at a load of 100 N. Therefore, extra tests under the
loads of 110 N and 120 N were added. The results indicated that
the system deformation under an applied displacement of 50 µm
also reached a steady value when the load reached 110 N.
The system deformations of the fretting tests running in the slip

regime under different applied displacements were averaged given
that the system deformation in the gross slip zone was independent
of the applied displacement and was only decided by the load. In
addition, its relationship with the load is plotted in Fig. 9,
wherein the scatter points presented a linear fit.
The system deformation exhibited a very good linear relationship

with the load and was defined by the following equation:

δs = 3.337 + 0.360 × Fz (2)

where Fz is represented in the units of N and δs is represented in the
units of µm. The equation was well comprehended that when the
load increased, tangential force also increased, which resulted
with larger deformation.

4 Discussion
4.1 Fretting Tests on Other Friction Pairs With Different

Ball Materials. The fretting wear behaviors were quite different
with different friction pair materials [28–31]. To verify the applica-
bility of the system deformation against other materials, extra fret-
ting tests were also performed, wherein the Ti-6Al-4V plate was
rubbed with a ceramic ball and a SAE52100 ball. The test condi-
tions are summarized in Table 1.
Following the experimental runs, the data were processed in a

similar way to that the method illustrated in Sec. 3. Similar linear
relationships were observed when the fretting was run in the
gross slip regime (Fig. 10). These observatoins indicated that the
linear relationship between the system deformation and the load
was also observed in the fretting of the Ti-6Al-4V plate that was
rubbed with the ceremic ball and SAE52100 ball.
Interestingly, the slopes of the three fitted lines were almost

equal, but the intercepts of the fitted lines differed. This observation
indicated that different upper ball materials more significantly influ-
enced the intercept rather than the slope. However, the explicit
meaning of the slope and the intercept, as well as their relationship
with the friction pair materials, requires further examination.

Fig. 7 Evolutions of system deformation with the applied dis-
placements under different loads ranging from 15 N to 100 N
when rubbed with a Ti-6Al-4V ball

Fig. 8 Evolutions of system deformation with the load under dif-
ferent applied displacements when rubbed with a Ti-6Al-4V ball

Fig. 9 Average system deformation variation as a function of
the load when rubbed with a Ti-6Al-4V ball

Table 1 Summary of the fretting test conditions rubbed with a
ceramic ball and a SAE52100 ball

Ball Si3N4 SAE52100
Normal load (Fz) (N) 15, 20, 30, 40, 50, 60, 70,

80, 90, 100
20, 40, 60, 80,
100

Applied displacement
(Δ∗) (µm)

40, 50

Frequency (Hz) 100
Test duration (cycles) 100,000

121702-6 / Vol. 142, DECEMBER 2020 Transactions of the ASME



4.2 System Deformation Ratio as a Criterion for Fretting
Running Condition Prediction. As the system deformation was
only related to the applied displacement in the partial slip regime,
a system deformation ratio was proposed. The system deformation
ratio (γ) was defined as the quotient of system deformation and the
applied displacement as follows:

γ =
δs
Δ∗ (3)

Figure 11 presents the evolutions of the system deformation ratio
with the load. The system deformation ratio increased with the load
at the initial stage and then remained stable under the applied dis-
placements of 20 µm, 30 µm, 40 µm, and 50 µm. The tested material
system exhibited a critical system deformation ratio of 0.9. These
results suggest that the fretting running condition was in the gross
slip regime when γ< 0.9. Conditions for all other γ were in the
partial slip regime. However, when fretting was in the mixed fret-
ting regime, the system deformation ratio initially changed with
the fretting cycles and then remained stable. However, the mixed
fretting regime was not discussed in this section given that
Fig. 11 only presents the stable value.
The system deformation exhibited dependence on the load in the

gross slip regime (Eq. (2)). Combining Eqs. (2) and (3), the system
deformation ratio (γ) and the load (Fz) as well as the applied displa-
cement (Δ∗) can be defined as follows:

γ =
δs
Δ∗ =

3.337 + 0.360 × Fz

Δ∗ (4)

By using the definition of the experimental conditions, specifi-
cally the load and applied displacement, we can forecast the fret-
ting running conditions without additional testing due to their
relationship with γ. A γ of less than 0.9 indicated that the fretting
running condition under the test parameter was in the gross slip
regime; otherwise, it was in partial slip regime. Equating γ= 0.9
in Eq. (4), the relationship between Fz and Δ∗ could be defined
as follows:

Fz = 2.500 × Δ∗ − 9.269 (5)

The curve of Eq. (5) represents the division of the Fz − Δ∗ coor-
dinate plane into two parts (Fig. 12). The upper left region was exe-
cuted in the partial slip regime, and the bottom right region was in
the gross slip regime. The test points are also drawn in Fig. 12. The
tested points in the correct region corresponded well to the fretting
running conditions. With the help of Fig. 12, the fretting running
conditions of the Ti-6Al-4V alloy/Ti-6Al-4V alloy friction pairs
were able to more intuitively and conveniently forecast the
conditions.

5 Conclusions
In this study, fretting tests between a Ti-6Al-4V plate and a

Ti-6Al-4V ball as well as a ceramic ball and a SAE52100 ball
were performed, to which the system deformation concept was pro-
posed. System deformation is a physical quantity that reflects the
extent of material deformation in a fretting loop. Based on the
system deformation, some conclusions were generated:

• In the gross slip regime, the system deformation was indepen-
dent of the applied displacement and was only related to the
load, such that it increased as the load increased. In the
partial slip regime, the system deformation was independent
of the load and was only related to the applied displacement,
such that it increased with the applied displacement.

• The system deformation in the gross slip regime exhibited a
very good linear relationship with the load. The linear relation-
ship was δs= 3.337+ 0.360 ×Fz. Notably, the equation was
only applicable for Ti-6Al-4V/ Ti-6Al-4V ball-on-flat
contact geometry.

Fig. 10 Average system deformation variation as a function of
the load in the gross slip regime, which was rubbed with balls
of different materials

Fig. 11 Evolutions of system deformation ratio with the load
under different applied displacements when rubbed with a
Ti-6Al-4V ball

Fig. 12 Curve of Eq. (5), which divided the test parameters
under different fretting running conditions into two parts
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• A linear relationship between the system deformation and the
applied load was also observed when the Ti-6Al-4V plate was
rubbed against a ceramic ball or a SAE52100 ball. The slopes
were nearly equal to that of the Ti-6Al-4V ball, yet different
intercepts were observed. Further studies are needed to
verify the applicability of this linear relationship with other
materials.

• The system deformation ratio (γ), which could be calculated
with the given normal load (Fz) and applied displacement
(Δ∗) when the fretting was running-in gross slip condition,
was proposed to predict fretting running conditions. For
Ti-6Al-4V/ Ti-6Al-4V ball-on-flat contact geometry, when
γ < 0.9, the fretting running condition was in the gross slip
regime; otherwise, it was in the partial slip regime.
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