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Abstract: An experimental method that can quantify relative slip was developed using digital image
correlation (DIC) in order to evaluate the sliding portion. The bridge-type test setup was designed
to establish the fretting contact condition. The relative displacements between the contact surfaces
were determined by DIC methods. Based on the evolution and distribution of relative slip, the
transitions from gross slip to partial slip on the contact surface were found throughout all tests.
This result indicated that the fretting scar was closely correlated to relative slip. The variation of
relative slip corresponding to the stick-slip state was consistent with the tangential force coefficient.
Besides, the load amplitude was an important factor for fretting fatigue damage, which can affect the
stick-slip state.

Keywords: fretting fatigue; digital image correlation; relative slip; tangential contact stiffness

1. Introduction

Fretting fatigue occurs between two solid surfaces in contact with a small relative
displacement (usually less than 100 um) due to the oscillating or cyclic bulk force [1-3].
This condition leads to severe surface degradation and crack initiation, which will reduce
the life of components, such as railway axles [4,5], rivet holes [6,7], bolted joints [8], and
ropes [9]. Especially, the fretting damage at the blade root attachments in the turbine and
compressor has been widely reported, which is caused by centrifugal and aerodynamic
force [10-13]. Thus, more and more researchers’ attentions are focused on the fretting
fatigue at the turbine blade-disk attachments.

Many studies have shown that the fretting behavior largely depends on the slip
amplitude between contact surfaces [14-16]. If the remotely applied relative displacement
amplitude is large enough, all points on the contact surface will undergo sliding, which
is known as the gross slip condition. Conversely, some parts of the contact surfaces
remain stuck when the remotely applied relative displacement amplitude is low. Therefore,
the contact surface includes the slip zone and stick zone, and this is referred to as the
partial slip. At the same time, the damage caused by fretting is closely related to the
slip condition [17-19]. The fretting wear mainly occurs in gross slip, while the fretting
fatigue is more significant in partial slip. Vingsbo [20] pointed out that the number of
load cycles first decreases and then increases with increasing slip amplitude under fretting
experiments. Additionally, the minimum fretting life occurs at the transition from partial
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slip to gross slip. The effect of slip on fretting fatigue life was also observed by Jin and
Mall [21]. In addition, experimental studies have proved that the fretting crack behavior
is usually closely related to the slip or stick state of contact surfaces. For example, the
fracture morphology [22,23] and in situ observation [24,25] have clearly shown that the
fretting cracks nucleate at the stick-slip interface. Thus, the slip amplitude measurement
under fretting tests is still needed in order to distinguish the stick or slip region on the
contact surfaces.

The measurement methods of slip amplitude have been widely reported in the lit-
erature [26-31]. For example, Wittkowsky et al. [26] used an extensometer assembly to
measure the relative displacement between the fretting and specimen. The clip gauge was
installed on the sample and fretting pad to monitor the relative displacement between the
contact surfaces by Pauw et al. [30]. Besides, Ding et al. [31] performed a fretting fatigue
experiment and completed the slip measurement by the linear variable differential trans-
formers (LVDT). However, the results obtained by the above methods cannot reflect the
true relative displacement on both sides of the contact surface. Since the two contact feet of
measuring equipment were connected to the sample and fretting pad, they were at a certain
distance from the contact surfaces. The measurement result only represents the relative
displacement of two points, rather than the distribution of the relative displacement along
the contact surfaces. This not only is remote data but also includes the elastic deformation
of surrounding material. Furthermore, the deformation of the complicated device was
also included in the slip results. In short, it is challenging to accurately measure the small
relative slip between the contact surfaces under fretting conditions.

Recently, aside from the conventional methods mentioned above, the relative dis-
placement between the fretting contact surfaces has also been studied by digital image
correlation (DIC). Based on the gray level of the image, the DIC method is a noncontact
full-field deformation optical measurement technique [32,33] Juoksukangas et al. [34,35]
performed cantilever beam bending tests to simulate the fretting contact state. The DIC
technique was used to quantify the local relative displacement field at the fretting con-
tact interface and minimize the effect of test device compliances. Crevoisier et al. [36]
obtained displacement jump in bolted assembly by the DIC method. Additionally, the
in situ frictional properties of a fretting surface, such as friction coefficient and secant
stiffness, were identified. Besides, Kartal [29] and Pauw [30] employed the DIC method to
describe the hysteresis loop during macroscale fretting fatigue tests. These results show
that the tangential contact stiffness depends highly on the normal pressure and contact area.
However, their works were limited to an overall slip value of the entire contact surface.
The distribution and evolution of the slip along the contact surface were rarely reported. It
is impossible to give the stick-slip state of the contact surface under partial slip condition.
Therefore, in order to obtain the ideal displacement data, it is necessary to develop a novel
measurement method based on the DIC technique with a higher pixel and accuracy.

This paper aims to grasp the distribution and evolution of the stick-slip zone between
the contact surfaces under fretting conditions. The DIC technique was employed to measure
the relative displacement field between the contact interfaces. Then a method that can
be used to evaluate the sliding part of the contact surface under fretting fatigue was
established. For this purpose, Section 2 introduces fretting fatigue experiments to simulate
the fretting fatigue behavior of the blade-disk attachments in a turbine engine. Additionally,
a novel optical system was built in Section 2. Section 3 presents the hysteresis loops of
relative displacement and tangential force. The slip values and tangential contact stiffness
during the fretting fatigue tests were determined in Section 4. Then the distribution of
the stick-slip state along the contact surfaces was obtained under the fretting conditions.
Besides, the effect of cyclic load amplitude on fretting properties was investigated. Finally,
the conclusions are summarized in Section 5.
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2. Materials and Experiment

For the experimental work, the bridge-type device was suitable for simulating the
fretting fatigue conditions in the laboratory. A camera was used to implement DIC for the
measurement of the relative displacement between the contact surfaces. In the following
sections, detailed information on the experimental configuration will be given.

2.1. Material and Sample

The material chosen for this paper was SUS410 stainless steel. This alloy is widely
used in a turbine or compressors due to its excellent mechanical properties [37]. The typical
mechanical properties are listed in Table 1, which are obtained from tensile tests based on
the ASTM E08 standard [38]. All specimens and fretting pads were made from the same
plate of stainless steel.

Table 1. Mechanical properties of SUS410 steel in this work.

Young'’s Modulus
(GPa)

Proportionality 0.2% Proof Stress Tensile Strength
Limit (MPa) (MPa) (MPa)

Elongation (%) Poisson’s Ratio

212.31

438.29 539.52 715.44 28.78 0.26

(a)

The geometries of the specimen and fretting pad are shown in Figure 1. These dimen-
sions are prepared according to the JSME standard [39]. As can be seen from the figure, the
fretting pad has two contact feet, and each of which has a 3.1 mm flat surface with rounded
edges of R = 0.2 mm. This foot is in contact with the flat side of the dog-bone specimen (see
Figure 2). The thicknesses of the dog-bone specimen and fretting pad are 6 mm. There are
no edges in the thickness direction to ensure complete contact. Thus, the area of the contact
surface is 3.1 x 6 mm?. All specimens and fretting pads were machined by wire electrical
discharge machining, and the contact surfaces were both ground and polished to reduce
the finish surface roughness (Ra = 0.4 um).
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Figure 1. Dimensions of the (a) specimen and (b) fretting pad (all dimensions are in mm).
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Figure 2. Schematic diagram of (a) the fretting fatigue experimental setup and (b) the contact surface
between the fretting pad and specimen.

2.2. Fretting Fatigue Test

An experimental setup was designed to simulate the fretting contact condition, which
is based on the JSME standard [39]. A schematic of the bridge-type fretting fatigue test
apparatus is shown in Figure 2. Two fretting pads were pressed on the side of the dog-
bone specimen. The proving ring and screw were used to apply the normal contact force
between the specimen and fretting pads. The dog-bone specimen was mounted on the
servo-hydraulic fatigue testing machine (Instron 8801). Then, the upper end of the specimen
was fixed by the chuck, and the cyclic load was applied to the specimen along the length
direction by the movement of the lower gripper. Hence, a total of four flat-on-flat fretting
contact surfaces (Figure 2b) were formed between the specimen and fretting pads. This
is a typical contact form for the fir-tree-type blade-disk attachment in the turbine engine.
Since the contact was in plane strain state, the bending of the fretting pads was ignored.
As shown in Figure 2a, four strain gauges were used to monitor the normal contact force,
which are attached at the proving ring. These results of strain gauges revealed that the
force value was changed only slightly during the testing. A strain gauge was installed
between the fretting pad contact feet, and the tangential force (Ft) was calculated from
the corresponding strain values. More detailed information about measurement methods
can be found in the literature [39,40]. In this fretting fatigue test, these strain values were
collected at a frequency of 1000 Hz.

In this paper, the fretting fatigue test was carried out at room temperature. These
test parameters are listed in Table 2. The normal contact pressure in the horizontal
direction was chosen to be 90 MPa, according to the deformation of the proving ring,
during which the screw is tightened. This roughly presents the normal contact pressure
in the actual designs of the blade-disk attachment. A sinusoidal cyclic load with a
frequency of 20 Hz was axially applied to the specimen. The stress ratio of the applied
cyclic load was set as —1. In order to investigate the effect of cyclic load amplitude (Fa)
on the fretting fatigue behavior, three different load levels (8.5, 7.3, and 6.5 kN) were
used in our work. The nominal stress amplitudes corresponding to three different load
amplitudes were 283.33, 243.33, and 216.67 MPa. Before the test, all contact surfaces
were cleaned with acetone. Additionally, marks were made in the vertical and horizontal
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directions of the specimen. Then, the specimen position was adjusted in the camera field
of view in order to ensure alignment. Each test was conducted until the specimen broke
or the number of cycles reached 200,000.

Table 2. Loading parameters of the fretting fatigue test in this work.

Stress Ratio

Frequency Waveform Cyclic Load Amplitude (Fa) Average Normal Pressure

-1

20 Hz Sine wave 8.5,7.3,6.5 kN 90 MPa

2.3. Digital Image Correlation (DIC)

The DIC method was used to measure the full-field displacement at the contact region
during the above fretting fatigue testing, which is a well-known established technique in
experimental mechanics [41,42]. The complete test system is shown in Figure 3, which
includes the fretting fatigue setup, optical device, and strain measurement equipment.
It can be seen from the figure that the fretting fatigue setup was installed on the fatigue
testing machine, and was axially loaded with periodical force. Two lights were used to
improve image quality. The speckle pattern was spraying on the surface of the specimen
and fretting pads, and the diameter of one black spot was approximately 50 um. This
change in speckle was monitored during each experiment by a camera with a resolution
of 2448 x 2050 pixels (5 megapixels). Since four contact surfaces were similar, only the
lower contact region (Figure 4a) was observed during the measurement. A rectangular
field of interest was recorded at a rate of 1 Hz. As shown in Figure 4b, a contact surface
was found in this observation view. The frequency of the fretting fatigue test was reduced
from 20 to 0.05 Hz during DIC measurement. Therefore, about 20 image data points were
measured in each fatigue cycle. The tangential force was measured at two frequencies
(20 and 0.05 Hz). The results show that the difference in tangential force was relatively
slight. Then, the displacement field can be calculated by the correlation algorithms based
on the deformed image. Table 3 summarizes the postprocessing parameters. A subset of
101 x 101 pixels was used in this work, and the step was set as 15 pixels. Before the formal
test, two images were continuously recorded when the fretting fatigue setup was at rest in
order to determine the displacement measurement accuracy. Then, repeated measurements
were carried out for the same static state. Based on the above postprocessing parameters,
the measurement error of vertical displacement is less than 1 pm.

The view of
observation

Figure 3. Photograph of the complete experimental setup in this study (The magnified area of the red
wireframe is the field of view observed by the camera).
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Figure 4. (a) Schematic diagram of the observation field for the DIC measurement and (b) observation
field captured by the camera during the test.

Table 3. DIC measurement parameters used in this work.

Camera Pixel Field of View Sampling Rate Subset Step

5 megapixels

2 . . .
(2448 x 2050) 8.8 X 6.6 mm 20 images/cycle 101 x 101 pixels 15 pixels

3. Experimental Results
3.1. Fretting Scar

As a result of the fretting damage, fretting scars were observed on all contact surfaces
of the specimen and fretting pad after the experiment. Notice that the marks on the left and
right contact surfaces were similar due to the symmetry of the fretting fatigue experimental
setup. Therefore, only the fretting scar on the left contact surface is shown in Figure 5.
For the 6.5 kN case, the contact surface includes the stick and slip zone, as illustrated
in Figure 5c. The center of the contact surface remains sticky. Additionally, the severe
wear marks only exist at the edge of the stick zone, which is obviously in partial slip
condition. In addition, it can be seen that the severe wear marks exist on the entire contact
surface under the cyclic load amplitude of 8.5 and 7.3 kN, which is known as the gross
slip condition. These fretting scars indicate that the reduced load amplitude is an effective
measure to improve the fretting fatigue properties. Similar results were found by Cortez
and Massingham [43,44].

©)

Specimen Specimen

Figure 5. Fretting scar on the specimen and fretting pad for (a) Fa = 8.5 kN, (b) Fa = 7.3 kN, and
(c) Fa=6.5kN.
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3.2. Tangential Force Coefficient

The tangential force coefficient (TFC) is a significant parameter as it affects the fretting
response [45]. It was calculated using Equation (1):

TEC = Tn 1)
where Ft is the tangential force amplitude and Fn is the normal contact force. They were
obtained according to the strain during the test.

Figure 6 shows the evolution of the TFC during the test. In all load amplitude cases,
the TFC at the initial stage was low, and their values were 0.1-0.2. This indicates that the
slip occurs between the contact surfaces, which is caused by the high surface quality at
the original state. Then, the TFC increases rapidly as the number of cycles increases. This
large range of variation reveals that the wear appeared on the surface and the roughness
deteriorated due to the slip on the contact surfaces at the beginning of the test. When
the number of cycles reached about 1000, the TFC was gradually stabilized. This result
reflects that the contact condition has become a stable state. On the other hand, the effect
of cyclic load amplitude on the TFC response was also discussed in this paper. When the
Fa reduced from 8.5 to 7.3 kN, the steady-state value of the TFC did not change, and their
values were both between 0.71 and 0.72. However, as the load amplitude reduced to 6.5 kN,
the steady-state value of the TFC was 0.5. Hence, for the 6.5 kN case, the contact surfaces
were in a partial slip state. In turn, the gross slip condition appeared at the 8.5 kN case. It is
worth noting that, based on the TFC alone, the state of the slip plane cannot be determined.
However, according to the fretting scar, the gross slip occurred at the 6.5 kNN test.

B Fa=85KkN
® Fa=73kN
081 4 Fa=65kN -
= ] o] [ | 20
0.6- ., |
Q
&3
F A
0.4 1 ] 4
N
ry
024 . .
¢ o o
10 [ A

LA LRI AL | LU | LR
1 10 100 1000 10,000 100,000
Number of cycle (N)

Figure 6. Evolution of TFC with the cycle number during the test.

3.3. Displacement Field

The vertical displacement (v) field of the observation area obtained by DIC postpro-
cessing is depicted in Figure 7a. The cyclic load value was 7.3 kN. As shown in the figure,
the dog-bone specimen was located on the right side of the area, and the fretting pad
appeared on the left side. Thus, the contact surface was observed in this area. As expected,
a bandlike form displacement field appeared in the observation area of the specimen. Since
the cyclic load was applied to the specimen through the movement of the lower chuck,
the vertical displacement near the lower side was higher. There is a nondata area near
contact surfaces due to the divided calculation area and the limitation of a postprocessing
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algorithm. Besides, the vertical displacement of the fretting pad is lower than that of
the specimens.

- + I T T I T I T
= y=3.25mm
e y=1.75mm =1
4 y=0.25mm 'y e
RD 1
Location of contact surface
30 T T T ‘I/ T T T T T
Sheb ~4.5-4.0-3.5-3.0-2.5-2.0-1.5-1.0-0.5 0.0 0.5

X (mm)

Figure 7. (a) Vertical displacement cloud of the observation area and (b) distribution of vertical
displacement along the x-direction for the 7.3 kN case (cycle 1).

In order to describe the relative displacement between the contact surfaces, the dis-
tribution of vertical displacement along the x-direction is shown in Figure 7b. It can be
seen that the displacement variation of the fretting pad along the x-direction was lower
than the specimen. Additionally, the vertical displacement increases with the y-coordinate
increases, which is consistent with the cyclic load applied by the movement of the lower
chuck. Besides, there is a value jump due to the contact surface. Despite the lack of data
near contact surfaces, the displacement still exhibits a linear law, as shown in Figure 7b.
Therefore, the vertical displacement of the specimen and fretting pad on the contact surfaces
can be determined by linear fitting. Furthermore, the relative displacement (RD) between
the contact surfaces can be obtained in this study as follows:

RD = Uspecimen — Upad 2)

where Ugpecimen and vp,q are the vertical displacement of the specimen and fretting pad on
the contact surfaces, respectively.

At the same time, the displacement field was obtained along the thickness direction,
but the displacement change was smaller than that of the contact surface. Consider that
this work focuses on the fretting state of the contact surface. Therefore, the distribution in
the thickness direction was not discussed in detail.

3.4. Hysteresis Loops

Figure 8 shows the hysteresis loops of relative displacement and tangential force
during the experiment for the 8.5 kN case. The tangential force was measured by the strain,
and the relative displacement was determined based on the DIC measurement results
mentioned above. As shown in Figure 8c, the tangential stiffness was defined as the slope
of the hysteresis loop at the stick stage, which is as follows:

k = AFt/ARD 3)

where AFt and ARD are the increments of tangential force and relative displacement.
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Figure 8. Hysteresis loops of tangential force (Ft) in a function of relative displacement (RD) for the
8.5 kN case: (a) N=1, (b) N =10, (¢) N =100, (d) N = 1000, (e) N = 10,000, and (f) N = 50,000.

For cycle 1, the contact surface was in gross slip condition due to the parallelogram-like
hysteresis loops at different positions. When the tangential frictional force was reduced to
zero, the relative displacement cannot be fully recovered. With the increasing number of
cycles, the tangential force gradually increased and stabilized at 1175 N after 10,000 cycles.
Additionally, note that the hysteresis loops change from parallelogram to elliptical. In
addition, the relative displacement between the contact surfaces increases when the y-
coordinate increases. This reveals that the movement closer to the lower chuck was greater.
Especially, the curve-enclosed area of the hysteresis loop represents the frictional energy
loss during the experiment. It is worth noting that severe wear occurred during the early
stage of the experiment. Subsequently, the energy loss decreases and stabilizes as the
number of cycles increases.

The effect of cyclic load amplitude on the hysteresis loop was also explored in this
paper. Figures 9 and 10 show the hysteresis loops for the 7.3 and 6.5 kN cases. For all
three cases, the hysteresis loops exhibit the transformation from a parallelogram to an
ellipse with the increasing load cycle. Additionally, these loops have a similar evolution
process at different heights, as shown in Figures 9 and 10. However, for the 6.5 kN
case, the shape of hysteresis loops became a straight line after 10,000 cycles. Further, the
tangential force amplitude was stabilized at 950 N, which was lower than the 1175 N
for other load conditions. These results reflect that the local contact surface was in stick
condition. In addition, since the fretting pad cannot be completely symmetrical, self-
equilibrium will occur on the contact surface, which leads to complicated changes in the
relative displacement in the early stage. As such, the mean value of the RD was positive
during the first 10 cycles and then became negative for the 7.3 kN case, as shown in
Figure 9a,b. However, in all cases, the mean values were all negative at the stable stage.
This is consistent with previous works [29,34].
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Figure 9. Hysteresis loops of tangential force (Ft) in a function of relative displacement (RD) for the

7.3 kN case: (a) N=1, (b) N =10, (c) N =100, (d) N = 1000, (e) N = 10,000, and (f) N = 50,000.
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Figure 10. Hysteresis loops of tangential force (Ft) in a function of relative displacement (RD) for the
6.5kN case: (a) N =1, (b) N =10, (c) N =100, (d) N = 1000, (e) N = 10,000, (f) N = 30,000, (g) N = 50,000,
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4. Discussion and Analysis
4.1. Definition of Slip Value and Tangential Stiffness

Many studies have confirmed that slip amplitude and tangential contact stiffness are
important parameters of contact properties. For example, Madge et al. investigated the
effect of slip amplitude on fretting fatigue life [46,47]. Allara et al. used contact stiffness
to evaluate the fretting fatigue response of turbine blades [48]. Meanwhile, lip value and
tangential stiffness can be determined through the hysteresis loop, and their definitions
can be found in Figure 8c. In this paper, these parameters were calculated by the hysteresis
loops under different test conditions mentioned above.

4.2. Evolution of Relative Slip with the Cycle Number

Relative slip is an important factor that characterizes the properties of fretting contact
surfaces, and it is helpful to determine whether the contact point is stick or slip state. To
illustrate the evolution law of relative slip, its change with the cycle number during the
experiment at different cyclic load amplitudes is shown in Figure 11. It can be seen that
there is a large relative slip at the beginning of the experiments. Then, for the 8.5 kN
case, these values decrease sharply and stabilize as the number of cycles increases. This
phenomenon indicates that the larger slide occurred in the initial stage. Additionally, with
the further cycles, the slide between the contact surfaces decreases rapidly. This is because
the debris adheres to the interface surfaces, which deteriorates the surface quality. When
the state of the contact surface is stable, the variation of relative slip with the number of
cycles becomes smaller. This is consistent with the evolution law of the TFC described
above (see Figure 6). In addition, three curves of relative slip at different height positions
(y-direction) are also shown in Figure 11a. Although the relative slip at y = 0.25 mm was
lower than others, the evolution law of relative slip was still similar for the three curves. A
more detailed discussion about the distribution of relative slip along the contact surfaces
can be found later in Section 4.3.
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Figure 11. The evolution of relative slip with the cycle number during the test for the (a) 8.5 kN,
(b) 7.3 kN, and (c) 6.5 kN cases.

In order to investigate the effect of the load amplitude on the fretting fatigue behavior,
the relative slips at the 7.3 and 6.5 kN cases were also compared in Figure 11b,c. Obviously,
there is a similar evolution law of relative slip as the cyclic load amplitude decreases. In
all tests, the relative slip started from a relatively high value, but decreased rapidly and
stabilized. However, this figure also reflects the difference in relative slip between the
three tests. For instance, the relative slip at the beginning of the experiments for the 8.5 kN
case was between 24 and 30 um, values that were highest in both cases. When the load
amplitude decreased, the relative slip at 1 cycle was reduced from about 28 to 10 pm.
The highest relative slip at the initial stage indicates that there is more severe wear between
the contact surfaces at 8.5 kN. This result is consistent with the fretting scar (see Figure 5)
on the contact surfaces. It should be noted that the relative slip was no longer decreased
when the load amplitude was reduced to 6.5 kN, and their values remained at about 10 um
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in cycle 1. However, the relative slip was stable after 100 cycles for the 6.5 kN case, instead
of 10,000 cycles in the 7.3 kN case. Hence, a longer period of slide occurred on the contact
surfaces, since the cyclic load amplitude increased from 6.5 to 7.3 kN. At the same time, it
is worth noting that the relative slip increased slightly at the beginning of the experiment,
as shown in Figure 8b. It is possible that self-equilibration occurred early in the experiment
because of the incomplete symmetry of the fretting pad. Nonetheless, the overall trend
is clear.

4.3. Distribution of Relative Slip along the Contact Surface

Figure 12a shows the distribution of relative slip along the y-direction throughout all
tests at 8.5 kN in order to further recognize the slip or stick state of the contact position.
It can be seen from the figure that all relative slips increase as the y-coordinate increases.
Before 100 cycles, the relative slip of the contact surfaces all exceeded 5 pm. This indicates
that all points on the contact surfaces were in a slip state, which is known as gross slip
condition. It provides an explanation for the dramatic increase in TFC at the beginning of
the experiment. Then, the relative slip decreased rapidly as the experiment ran. Since the
higher relative slip was near the lower chuck (y = 3.25 mm), the upper side of the contact
surface (y = 0.25 mm) became stuck earlier. In contrast, other positions on the contact
surfaces were still in a slip state. Therefore, the contact condition changes from a gross slip
to a typical partial slip at this moment. Furthermore, when the number of cycles was higher
than 10,000, the relative slip of all points on the interface surfaces was less than 2 um, as
shown in Figure 12a. This result shows that the entire surface was in a sticky condition
after 10,000 cycles.
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Figure 12. Distribution of relative slip along the contact surface for the (a) 8.5 kN, (b) 7.3 kN, and
(c) 6.5 kN cases.

The effect of load amplitude on the slide or stick state is also clearly shown in Figure 12.
Despite that the relative slip at the same number of cycles was reduced, the upward trend
along the contact surfaces was also observed at 7.3 and 6.5 kN. Besides, the fretting contact
condition changes from the initial gross slip to a partial slip when the number of cycles
increases. For example, when the load amplitude was reduced to 6.5 kN, the relative slip at
different locations was below 5 um after 100 cycles. This indicates that the contact surface
was in gross slip for a shorter time at 6.5 kIN, compared with the 7.3 kN case. Besides, it
should be noted that all points on the surfaces became sticky when the relative slip was
stabilized below 2 pm.

4.4. Tangential Contact Stiffness

In order to further explore the contact properties under the fretting fatigue condition,
the tangential contact stiffness obtained from the hysteresis loops is shown in Figure 13.
Clearly, the tangential stiffness increased with the number of cycles at Fa = 6.5 kN during
the experiment, as shown in Figure 13a. One of the possible reasons for this effect was the
increase in contact area throughout the test. Figure 13b shows the variation in tangential
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stiffness versus the y-coordinate for the 6.5 kN case. It can be seen from the figure that there
was a higher tangential stiffness at y = 0.25 mm (near the lower chuck). This nonuniform
distribution of stiffness can reflect the variation of contact pressure along the interface
surface. In detail, the contact pressure decreases as the y-coordinate increases. This is
consistent with the increase in relative slip along the contact surfaces for all tests. These
results about tangential contact stiffness were also investigated by Kartal et al. [29].
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Figure 13. (a) Evolution of tangential stiffness with the number of cycles and (b) distribution of
tangential stiffness along the contact surface for the 6.5 kN case.

5. Conclusions

In this study, an experimental method for accurately measuring the relative dis-
placement between contact surfaces under the fretting fatigue condition was developed.
The displacement field between the contact surfaces was measured by the DIC method.
Through the distribution of displacement along the x-direction, it can be found that there
was a value jump in the vertical displacement on the contact surface. Thus, the relative
displacement between the specimen and fretting pad was determined by the linear fitting.
The hysteresis loops of relative displacement and tangential force started from a parallel-
ogram, then turned into an ellipse and stabilized into a straight line throughout all tests.
Consequently, the DIC method was a feasible approach to acquire the distribution and
evolution of relative slip in the fretting fatigue condition.

At the beginning of the test, the higher relative slip indicates that severe wear occurs
on the contact surfaces, which is obtained from the hysteresis loops. Additionally, it was
found that the value decreases markedly and stabilizes as the number of cycles increases.
At the same time, the fretting condition of the contact surface exhibits a transition from
gross slip to partial slip. Besides, the decreases in surface quality caused by wear lead
to an increase in TFC. Hence, the evolution rule of the relative slip is in good agreement
with the TFC. In order to investigate the effect of cyclic load amplitude on fretting fatigue
properties, tests were carried out for three load amplitudes. Results show that the relative
slip at the initial stage dropped sharply when the load amplitude was reduced from 8.5 to
7.3 kN. Compared with the 7.3 kN case, the partial slip condition appears earlier on the
contact surface at Fa = 6.5 kN, even if they have a similar relative slip at the initial stage.
Therefore, the reduction of cyclic load amplitude plays an important role in the mitigation
of fretting fatigue damage, which can affect the stick or slip state of the contact surfaces.
The tangential contact stiffness obtained from hysteresis loops indicates the variation of
contact pressure along the interface surface, which is consistent with the distribution of
relative slip along the contact surface for all tests.
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