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Mechanism analysis and improved model for stick-slip friction
behavior considering stress distribution variation of interface

Jingyu Han(¥3%#%57), Jiahao Ding(] F5%), Hongyu Wu(:£%:5), and Shaoze Yan(&4H%)
State Key Laboratory of Tribology, Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China

(Received 8 June 2021; revised manuscript received 12 July 2021; accepted manuscript online 30 July 2021)

Studying the evolution of interface contact state, revealing the “black box” behavior in interface friction and estab-
lishing a more accurate friction model are of great significance to improve the prediction accuracy of mechanical system
performance. Based on the principle of total reflection, a visual analysis technology of interface contact behavior is pro-
posed. Considering the dynamic variation of stress distribution in interface contact, we analyze the nonlinear characteristics
of contact parameters in different stages of stick-slip process using the above-mentioned experimental technology. Then,
we find that the tangential stiffness of the interface is not a fixed value during the stick-slip process and the stress distribution
variation is one of the important factors affecting the tangential stiffness of interface. Based on the previous experimental re-
sults, we present an improved stick-slip friction model, considering the change of tangential stiffness and friction coefficient
caused by the stress distribution variation. This improved model can characterize the variation characteristics of contact
parameters in different stages of stick-slip process, whose simulation results are in good agreement with the experimental
data. This research may be valuable for improving the prediction accuracy of mechanical system performance.

Keywords: stress distribution, tangential stiffness, friction coefficient, stick-slip, friction model

PACS: 46.55.+d, 42.30.Va, 78.20.Ci

1. Introduction

A mechanism generally transfers force or displacement
through friction between contact surfaces of a contact pair. In-
fluence of environment, temperature, oxidation, three-body,
wear and plastic deformation on contact interfaces leads to
complex contact behavior,[1:?! which make it difficult to ac-
curately predict the interface friction.! At present, revealing
the “black box” behavior of friction and establishing more ac-
curate friction model are of great significance in many engi-
neering fields.!!! At the same time, the in-depth study of fric-
tion is also a process for human beings to understand nature,
machinery, structure, transmission and many other unknown
factors. 4]

Friction characteristics are basically reflected in stick-
slip phenomena, such as precursor event,>~’! non-local mem-
ory effect,[®19 maximum static friction,®!!=13]" Stribeck
effect,[1*~17] and friction hysteretic effect.[%!3] In 1939, Bow-
den and Leben proposed the concept of “stick-slip” for the
first time.!'®! The stick-slip is the result of coupling action of
many different mechanisms. These mechanisms depend on the
geometric size, topology, normal load, loading mode, material
characteristics, commensurability, relative displacement of the
contact interface, sliding speed, friction coefficient, molec-
ular film, temperature and lubrication, etc.!'2> This paper
mainly analyzes the stick-slip contact behavior in the dry fric-
tion field. Through the observation of AFM from the micro

scale, %! scholars have found that the stick-slip phenomenon
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is mainly caused by the roughness of the contact interface, and
the stick-slip movement is directly related to the distribution of
asperities on the contact interface.?’~%°]

According to different engineering application back-
grounds, scholars use different theories to explain the internal
mechanism of stick-slip friction. For example, the friction co-
efficient theory is used for explaining the stick-slip mechanism
in vibration, and the modal coupling theory is used for explain-
ing the stick-slip mechanism in a braking system. Although
scholars have made many explanations for the phenomenon
of stick-slip friction,*%-33] it is not enough to accurately pre-
dict the friction between interfaces. For example, under the
assumption of small static and kinetic friction coefficient, the
approximate analytical solution of stick-slip vibration can be

[13

obtained by using perturbation theory.[!'3] However, due to the

34] <

Painleve paradox,[ under certain conditions, Coulomb’s

law of friction and rigid body dynamics are completely con-

»[3536] when scholars

tradictory.” This will lead to “confusion
use a rigid body dynamics model to simulate stick-slip friction
behavior.3”) With the development of measurement technol-
ogy and interface contact mechanics theory, the understand-
ing of interface contact behavior is more in-depth, such as the
load dependence of friction coefficient, 3’3 the characteriza-
tion of stress distribution considering contact morphology and
contact angle.!”-12-3840-451 T recent years, with the develop-
ment of contact visualization technology, analyzing the inter-

nal mechanism of nonlinear contact parameters by considering
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the state evolution of contact area has become a hot research
topic in the field of tribology and control engineering. In this
paper, the dynamic stress distribution and the evolution of mi-
cro contact behavior are considered. The relationship between
the change of stress distribution and the nonlinear characteris-
tics of contact parameters is revealed. Based on this theory, a
stick-slip friction model considering the change of stress dis-
tribution is established, which provides a theoretical reference
for improving the accuracy of dynamic performance predic-
tion in practical engineering structures.

The plan of this paper is given as follows. Section 2 de-
scribes the experimental apparatus of interface contact behav-
ior based on total reflection method, and analyzes the mech-
anism of experiment repeatability. In Section 3, the influence
of tangential force on the contact area is analyzed. According
to the evolution law of contact area during stick-slip process,
the mechanism of interface tangential stiffness change is ex-
plained. In Section 4, considering the evolution of real con-
tact area, the influence of normal force on stick-slip behavior
is analyzed. In Section 5, the mathematical model is estab-
lished, based on the experimental analysis. Then the stick-slip
friction behavior is simulated by considering the stress distri-
bution evolution. Finally, Section 6 provides conclusions.

2. Experiment of stick-slip considering the stress
distribution variation

2.1. Specimens and experimental apparatus

The visualized contact area is formed by the contact of
an isotropic rough surface and a smooth surface. Under the
coupling action of normal force and tangential force, the dis-
tribution of real contact area on the interface changes, which
leads to the change of stress distribution on the interface, as
shown in Fig. 1(a). The isotropic rough surface is on the spec-
imen 1, and its roughness (Sq) is 3.024 um. The smooth sur-
face is on the specimen 2, and its roughness (Sq) is 0.002 pum.
Specifically, the smooth surface is polished by the 1600 mesh
sandpaper. Specimen 1 is a boss structure cut from the whole
PMMA block. The length x, width y and height z of the boss
structure are 9 mm, 9 mm and 4 mm, respectively, as shown in
Fig. 1(b). Specimen 2 is a transparent glass block with the size
of 30 mm (x), 30 mm (y) and 70 mm (z). Because specimen
1 is fixed, the contact area of the interface always changes in
a certain space during the stick-slip process, which is differ-
ent from Rubinstein’s stick-slip experiment.!>-%! Based on the
principle of total reflection, the image of contact area can be
collected. It should be noted that the change of micro contact

image in space and time has a strong regularity in this exper-

iment, which is convenient to analyze the internal mechanism
of stick slip.

The experimental apparatus shown in Fig. 2 consists of
specimens, normal loading device, tangential loading device,
three-dimensional force sensor, optical fiber sensor and angle
adjuster, etc. Specimen 1, angle adjuster 1 and upper platform
are connected by bolts in turn. The upper platform is fixed
on the base by 8 steel rods with a diameter of 20 mm. The
contact angle of specimen 1 can be adjusted by angle adjuster
1 (range 20°, resolution 0.005°), which is to simulate differ-
ent normal stress distribution. Specimen 2, angle adjuster 2,
three-dimensional force sensor, tangential loading device and
normal loading device are fixed with bolts in turn. The contact
angle of specimen 2 can be adjusted by angle adjuster 2 (range
10°, resolution 0.08°), which is to ensure that the contact sur-
face is level. Normal loading device (stroke 25 mm, resolu-
tion 0.6 um, maximum load 800 N) is to realize the normal
loading of interface at submicron level. Tangential loading de-
vice (stroke 200 mm, resolution 0.32 um) drives the specimen
2 to move along the x direction. MTI2100+RS2032R probe
(range 74 pm, resolution 0.019 um) is used for measuring the
left side displacement D; of the boss and the right side dis-
placement D, of specimen 1. The difference between D and
D; is taken as the relative displacement 0 of the interface. The
tangential force F; and the normal force F, of the interface are

measured by a three-dimensional force sensor.

Specimen 2

-—-_-

Real contact area
distribution

(b) 70 mm
] 9 ]
__ __ &
(=2} [a\]
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— 1=
Ne)
o
<t (&N}
—

Fig. 1. Contact interface and specimen. (a) Interface stress distribution
and contact area distribution. (b) Size of specimen 1; (upper) top view;
(lower) front view.
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(a) Full shade cloth
Upper platform

Angle adjuster 1
Fiber sensor 1

Fiber sensor 2
Laser

Angle adjuster 2

3-dimensional force sensor
Camera

Tangential translation device
Normal loading device

Supporting rod

(b) )
Contact interface
LLLLLLLLLLLLLLLLLLLLLLLL
| | Specimen 1 | | D,
T
T |
Specimen 2 19
&= 5
z

L 33

Fig. 2. Picture of experimental apparatus.

First, the specimen surface is cleaned by the acetone and
an ultrasonic cleaning machine. Then the specimen is cleaned
by the ethanol and dried naturally. Finally, the specimen is
installed in the experimental apparatus. Driven by the normal
loading device, specimens 1 and 2 contact and form contact
spots on the interface. Referring to Rubinstein’s method, ¢!
we first let the normal load be higher than the predetermined
value and then be unloaded to the predetermined value, which
can reduce the influence of aging on the experiment as much
as possible. Driven by the tangential loading device, the stick-
slip motion of specimen 1 occurs at a slower speed relative
to specimen 2. The signal acquisition instrument records the
values of Fi, Fy,, D1 and D, at frequency of 1024 Hz. At the
same time, the camera collects the contact area image at the
frequency of 60 Hz. All the experiments are carried out in an
air-conditioned room with a temperature of 22 °C and a hu-
midity of 30%.

2.2. Repeatability analysis

First, a normal force of 500 N is applied to the contact
surface, and then unloaded. The above process is repeated
three times, which is called the normal loading repeatability
experiment (NLRE). To eliminate the influence of aging, the
time interval of two consecutive experiments is 60 s. Then, the
normal force is set to 300 N, and the tangential loading device
drives specimen 2 to move along the x direction at the speed of
1.3 um/s. Atthe end of the experiment, specimen 2 returned to
its original position. The above process is also repeated three
times, which is called the tangential loading repeatability ex-
periment (TLRE). After all the experiments are completed, we
can obtain the intensity matrix I(x,y,) of gray image of each
frame in the video, x and y denote the positions of pixels in
the matrix. Therefore, the intensity Lyum () of contact image at
time 7 is expressed as

n m

Isum(t): Z ZI(XJ’J), (D

x=1y=1

where m and »n denote the row size and column size of the im-

age intensity matrix, respectively. Figure 3(a) shows the time

history curve of Iy () during loading. In the NLRE, the rela-
tive error of maximum fgy, (¢) is less than 1.31%, which means
that the experiment has good repeatability. When the normal
force is less than 300 N, the relationship between Iy (¢) and
normal force is approximately linear, such as the purple line in
Fig. 3(a). The relative error of linear fitting is less than 5.6%
in the TLRE. Especially, Rubinstein and others usually used
Ium(?) to quantitatively evaluate the real contact area.!!'”) Fig-
ure 3(b) shows the time history of the tangential force in the
tangential loading repeatability experiment. The relative error
of the maximum tangential force is 3.56%, which means that
the experiment has good repeatability. The good repeatability
of the experiment provides a basis to study the evolution of
contact state in the process of stick slip using the change of
contact image.

60
15 —~
(a) b
) Z 5ol P
—~ A o |
< VA V 1%
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z v Cycle 1 = 20
N 5 4 Cycle 2 ) —— Cycle 1
Cycle 3 5 10} / - = Cycle 2
4 —— Fitting line | H / Cycle 3
) 0
% 200 400 50 100
Normal force (N) Time (s)

Fig. 3. Repeatability experiment: (a) normal loading repeatability ex-
periment, (b) tangential loading repeatability experiment.

The power spectral density is used for evaluating surface
morphology before and after the experiment, and the internal
mechanism of the experiment repeatability is also analyzed.
The surface morphology of specimen 1 before and after the ex-
periment is scanned by white light interferometer. Figures 4(a)
and 4(b) show that the surface roughness before and after the
experiment changes from 3.024 pm to 3.982 um. Figure 4(c)
shows the probability distribution of surface height before and
after the experiment. The increase of surface roughness after
the experiment is due to the increase of the number of higher
asperities. In all the stick-slip experiments in this study, the
contact interface pressure is less than 8 MPa, far less than the
yield strength of PMMA 100 MPa.!*?! It is generally believed
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that elastic deformation occurs at the interface. However, by
comparing the surface morphology before and after the experi-
ment, we found that the interface had obvious plastic deforma-
tion. This may be due to the adhesion and interaction between
the asperities at loading. Figure 4(d) shows the power spectral
density (PSD) of the surface profile height before and after the
experiment. The PSD of the low frequency part and the high
frequency part changes before and after the experiment. How-
ever, when the spatial frequency is about 0.02-0.18 um~!, the
power spectrum curve is approximately equal before and after

(c) 0.16f
0.14}
0.12}
0.10}
0.08}
0.06}
0.04}

Probability P (pm~1)

0.02¢

0

—20 - 10 0 1.0
Height h (um)

the experiment, as shown by the black dotted line in Fig. 4(d).
This shows that the contact surface changes little in this length
range before and after the experiment. After multiple stick-slip
motions, the plastic deformation of the contact surface occurs,
and the power spectral density determining the spatial distri-
bution of the contact area is basically stable, which is one of
the reasons for the good repeatability of the experiment. It
should be noted that this conclusion is convenient for us to use

the same surface for comparative analysis when the number of

experiment repetitions is less than 200.

10-3 102 10! 100
Wave vector ¢ (pm~1)

Fig. 4. Surface morphology before and after the experiment: (a) surface morphology before experiment, (b) the surface morphology after
experiment, (c) the probability distribution of rough surface height before and after experiment, (d) power spectrum of rough surface before

and after experiment.

3. Influence of tangential force on interface con-
tact state in stick-slip process

3.1. Variation of contact parameters in stick slip

In stick-slip motion, the tangential force fluctuates in the
positive direction. According to the fluctuation characteristics,
it can be divided into initial stage and stable stage, as shown in
Fig. 5. In the initial stage, the tangential force increases gradu-
ally from 0 N. When the tangential force reaches the threshold
of Coulomb friction, it decreases rapidly. Then, the tangential
force fluctuates stably in a certain range. The process in which
the tangential force increases slowly with time is called the
stick, and the process in which the tangential force decreases
rapidly is called the slip. In stick-slip motion, two important

parameters, which are friction coefficient and tangential stiff-

ness, need to be considered to predict the tangential force. In
this paper, the ratio of the extreme value of the tangential force
to the normal force is defined as the friction coefficient. It can
be found that the friction coefficient of the interface is not a
fixed value. The ratio of the threshold value to the normal
force is called the maximum static friction coefficient s max.
The ratio of the maximum tangential force to the normal force
in the stable stage is called the static friction coefficient .
The ratio of the minimum value to the normal force in the
stable stage is called the kinetic friction coefficient py. It is
generally believed that the fluctuation of friction coefficient is
one of the causes of stick-slip process. Scholars often simu-
late stick slip by setting s and . It should be noted that the

friction coefficient g of the initial stage is larger than that of
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the stable stage due to the aging effect of the interface in our
experiments.

| Initial stage

Stable stage
60— :

e
j j I
Threshold |

»l
>
.
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Stick Slip

40¢
| —.— -r-
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|

30
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. 5th |

I n L[] . P L
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o

Fig. 5. Variation of tangential force with time in stick slip process.
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The curve of tangential force changing with relative dis-
placement between interfaces is shown in Fig. 6(a). There are
two characteristics of the curve in the initial stage and the sta-
ble stage. The slope of the curve is called the instantaneous
stiffness K1 = AF;/Ad. In the initial stage, the curve gradually
bends and the instantaneous stiffness gradually decreases, as
shown in Fig. 6(b). In the stable stage, the curve is approxi-
mately linear and the instantaneous stiffness is basically stable,
as shown in Fig. 6(c). The slope of the initial linear stage of
the i cycle curve is defined as the tangential stiffness K (i) of
the interface in the i/ cycle, as shown in Fig. 6(d). The stable
stage K (i) is almost equal, but the value in the initial stage is

larger than that in the stable stage.

50
b
(b) ,
= 40} /
& /
9 /
- L
:o 30 ,I
= /
2 20t !
g /
5
£ 10t
A0
0

0 0.5 1.0 1.5 2.0 25
Relative displacement (107> m)

(d)

Tangential stiffness K (i) (10° N/m)

1 2 3 4 5
Number of cycles i

Fig. 6. The relationship between tangential force and displacement in stick slip: (a) tangential force and relative displacement in whole stick
slip process, (b) tangential force and relative displacement in the first cycle, (c) tangential force and relative displacement in the fifth cycle, (d)

k(i) versus the number of cycles.

3.2. Evolution analysis of interface dynamic stress distri-
bution

Because both the global and local contact image intensi-
ties have a good linear relationship with the normal force, ']
the change of the contact image intensity distribution is ap-
proximately consistent with the change of the real contact area
distribution in the stick-slip process. It is found that the change
of the contact area in the stick-slip process is mainly in the x
direction. The intensity distribution 7(x,¢) in the x direction is

obtained by summing the intensity of the contact image in the

y direction, as shown below:

M=

I(x,1) = ) 1(x,y,1). @

1

y

The I(x,t) is used for characterizing the change of contact area
distribution in x direction.

If the real contact area linearly changes with the change
of normal force, the distribution of contact area on the inter-
face can approximately represent the distribution of interface

stress. The equivalent stress distribution P(x,?) along the x
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direction of the interface is expressed as

p(x I) _ Z;”zll(x,y,t)
’ ;”:11()6,}),0).

The change of P(x,t) during the stick-slip process is

3)

shown in Fig. 7(a), where the ordinate is the time 7, the ab-
scissa is the normalized length x of the contact area, O is the
back end of the contact area, and 1 is the front end of the con-
tact area. The intensity of the local contact area image repre-
sents the magnitude of the stress. The brighter the image of
the local area is, the greater the stress is. With the increase
of tangential force, the stress in the back end decreases gradu-
ally and then disappears, which indicates that the interface in
this area is separated. The stress at the back end of the inter-
face does not change obviously during the stick-slip process.
It should be noted that the stress mutation occurs near x = 0.4—
0.5, which is also found in Rubinstein’s experiment.!'?! In the

initial stage, the stress changes in a large range, but in the sta-

X
(c)
1.6 l
1.4 ‘[ r ' ‘ “
1.2 1wkl ‘”\\“ |
L A
= 10| | w:f”ﬂ‘f‘[ ““w!\'\(‘“
S 1.0; WR'M‘\'%“M\“ ‘H
B \ Wiy
T 0.8 \‘ | L
0.6 ]
\ —— F,=33N
0.4 \ F,=38 N |
0.2 “‘Lj\.%?»:; F =43 N ]
%02 02 06 08 10
xT

ble stage, the stress changes periodically in a small range. The
change of stress distribution is consistent with the change of
tangential force.

In the initial stage, P(x,t) is calculated when F is O N,
10 N, 20 N and 30 N, respectively, as shown in Fig. 7(b). In
the stable stage, P(x,t) is calculated when F; is 33 N, 38 N
and 43 N, respectively, as shown in Fig. 7(c). In the initial
stage, it can be found that the stress distribution at the back
end of interface decreases rapidly, but the change of the stress
distribution at the front end of interface is small. In the stable
stage, the stress distribution changes little in the whole inter-
face. Combining Figs. 6(b) and 6(c), we can find an interest-
ing phenomenon, namely, when the stress distribution changes
greatly, the instantaneous stiffness also changes greatly, on
the contrary, the instantaneous stiffness is stable. This finding
provides an experimental basis for us to improve the friction

model considering the stress distribution.

(b)
1.6f

1471
1.2¢
1.0
0.8}
0.6
0.4}
0.2}

P(x,t)

I,(3) (10%)

1 2 3 4 5
Number of cycles 1

Fig. 7. The evolution of interface dynamic stress distribution is as follows: (a) evolution of P(x,t) in the whole stick-slip process, (b) evolution
of P(x,t) in initial stage, (c) evolution of P(x,t) with time in stable stage, (d) I, (/) versus number of cycles. Here x is the normalized length in

the contact area.

It is generally believed that the tangential stiffness is pos-
itively correlated with the real contact area. To analyze the
reason for the decrease of the tangential stiffness of the stable
interface, the change of the image intensity is used for charac-

terizing the change of the real contact area. Here the average

value I, (i) of the contact image intensity in the corresponding
time is taken to calculate the K(i). Iy (i) is called the average
contact strength,

“

In(i) = mean(ZtK(i) Isum(t)) )
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where #g ;) is the time when K (i) is calculated. /(i) decreases
with the increasing number of cycles, as shown in Fig. 7(d). In
the stable stage, the value of I, (i) is almost unchanged. This
is consistent with the change of tangential stiffness K (i) in
Fig. 6(d). Considering the positive correlation between I, ()
and the real contact area, we think that the decrease of the real
contact area is one of the important reasons for the decrease of
the tangential stiffness of the stable stage.

3.3. Evolution analysis of interface micro contact behavior

In our previous research,#! an identification and quanti-
tative analysis method of interface micro contact behavior is
proposed. In this section, this method is used for analyzing
the interface micro contact behavior in the stick-slip process.
First, we let the tangential force increase from Fin; t0 Fi fin,
where Ft pro is between Fyj,; and £ 5,. Meanwhile, the images
with tangential forces of Ft ji, Fipro and F g, are extracted, re-
spectively, and the real contact spots in the three images are
extracted by weighted filter superposition (WSM), and then
these contact spots are superimposed together. In this paper,
blue, green and red are used for representing the contact spots
corresponding to the three tangential force. Here, sky blue,
purple, yellow and black are used for representing different
superposition combinations. The primary color superposition
diagram (CSI) is drawn as shown in Fig. 8(a).[*®) When the

graphs of three kinds of tangential forces are superimposed
together, different colors indicate different contact behaviors
in the process of tangential force growth. Blue indicates that
the initial contact point disappears, green indicates that the
new contact point disappears with the increase of tangential
force, sky blue indicates that the initial contact point grows
and then disappears, and purple, yellow and black indicate that
the contact area growth. Black means that the initial contact
area grows and always exists. The above process is called the
black region growth, which is the key to bear the normal and
tangential forces and is of great significance for the evolution
of interface contact behavior. By counting the number of col-
ors in CSI, we can quantitatively analyze many micro contact
behaviors of interface under a certain extent. By combining
WSM and CSI, we realize the visual analysis of micro con-
tact behavior under different loads, which is called the visual

analysis method of contact behavior.

(a)

| | P
HEN-....

Fig. 8. Visual analysis method of contact behavior: (a) principle of CSI, (b)
CSI diagram of local contact area.
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Fig. 9. Based on the CSI chart, the evolution of contact behavior in different stick-slip stages is characterized: (a) and (b) CSI of initial stage
Fiini = O N, Fipro = 17 N and Fi 5, = 25 N and their corresponding pie charts; (c) and (d) CSI of initial stage Fgini = 25 N, Fipro = 36 N and
Fifin = 47 N and their corresponding pie charts; (e) and (f) CSI of stable stage Fginj = 32 N, Ft pro = 37 N and Fy s, = 42 N and their corresponding

pie chart.
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By drawing the CSI diagram, we analyze the evolution
law of contact behavior in different stick-slip stages. First, we
let the corresponding tangential forces of frames 254, 938 and
1932 be Fijni = 0 N, Fpro = 17 N and F; 5, = 25 N, respec-
tively. The CSI diagram is drawn, as shown in Fig. 9(a), which
shows the change of interface micro contact behavior when the
tangential force in the initial stick-slip stage increases from
0 N to 25 N. Then, we let the corresponding tangential forces
of frames 254, 938 and 1932 be £ jn; = 25 N, { pro = 36 N and
F, fin = 47 N, respectively. The CSI diagram is drawn as shown
in Fig. 9(c), which shows the change of interface micro con-
tact behavior when the tangential force increases from 25 N to
47 N in the initial stick-slip stage. Next, the images of frames
3189, 3299 and 3563 in the video are extracted, and the tan-
gential forces are F jnj = 32 N, F pro = 37 N and Fy 5, =42 N,
respectively. The CSI diagram is drawn as shown in Fig. 9(e),
which shows the change of micro contact behavior when the
tangential force increases from 32 N to 42 N in the stable stick-
slip stage. The pie charts in Figs. 9(b), 9(d), and 9(f) show
the proportion of micro contact behaviors corresponding to the
three CSI diagrams.

With the increase of tangential force, the contact separa-
tion (blue frame) area increases gradually. The contact areas
in Figs. 9(c) and 9(e) are smaller than those in Fig. 9(a), which
indicates that the decrease of the real contact area is the rea-
son for the decrease of the instantaneous tangential stiffness of
the initial stage and the reason for the decrease of the interface
tangential stiffness of the stable stage. Comparing Figs. 9(b),
9(d), and 9(f), we find that the increasing new contact point
and region play a role in resisting the tangential force. When
the tangential force increases, the proportion of black area
growth (black proportion) in Figs. 9(d) and 9(f) is greater than
that in Fig. 9(b), which indicates that the tangential force will
lead to the increase of local stress and the increase of wear
probability.

4. Influence of normal force on interface contact
state in stick-slip process

4.1. Variation of contact parameters in stick-slip process

The normal forces of 150N, 175 N, 200 N, 250 N, 300 N
and 350 N are applied to carry out the subsequent research, re-
spectively. In addition, the tangential loading device drives
specimen 2 to move along the x direction at the speed of
1.3 um/s. Figure 10(a) shows the evolution of tangential force
with time under different normal forces. The increase of nor-
mal force will lead to the decrease of tangential force fluctua-
tion frequency. It should be noted that the stick-slip motion de-
creases gradually at 200 N, which may be caused by the large
dry friction damping of elastic materials. With the continuing
decrease of normal force, stick-slip motion disappears finally.

Figure 10(b) shows the effect of normal force on the friction
coefficient. It can be found that the maximum static friction
coefficient is weakly related to the normal force, but in the sta-
ble stage, the kinetic friction coefficient and static friction co-
efficient increase with the increasing normal force. Therefore,
the friction coefficient in the stable stage is positively related
to the normal force in this experiment. Figure 10(c) shows the
relationship between the tangential stiffness of the interface
and the normal force. The tangential stiffness is positively re-
lated to the normal force, and its growth rate slows down with
the increasing normal force, which is consistent with the ex-
perimental and theoretical analysis results of Raffa er al.[*7:43]
Here the above phenomenon is called the nonlinear charac-
teristic of the tangential stiffness, which is closely related to
the elastic-plastic deformation, structural deformation, strain
hardening and other factors of interface. Figure 10(d) shows
the change trend of tangential stiffness at different cycles. It
can be found that the normal force mainly affects the tangen-
tial stiffness of the initial stage, but has little influence on the
tangential stiffness of the stable stage.

4.2. Evolution analysis of interface dynamic stress distri-
bution

In the initial stage, the equivalent stress distribution
P(x,t) with tangential force of 20 N is first extracted, and the
corresponding P(x,t) with normal force of 150 N, 250 N and
350 N is shown in Fig. 11(a). The change of stress distri-
bution is positively related to the tangential stiffness of inter-
face. Moreover, the larger the normal force is, the smaller the
change of stress distribution is, and the larger the tangential
stiffness of interface is. On the contrary, the interface stiff-
ness decreases. The increase of tangential stiffness of inter-
face mainly depends on the normal force which restrains the
decreasing trend of stress distribution in the initial stage. In
the stable stage, the equivalent stress distribution P(x,t) at
the maximum value of F; is extracted, and the correspond-
ing P(x,t) with normal force of 150 N, 175 N, 200 N, 250 N,
300 N and 350 N is shown in Fig. 11(b). When the normal
force increases, it mainly affects the change of stress distribu-
tion in the initial stage, and has little influence on the change
of stress distribution in the stable stage. Using the method
in Subsection 3.2, we calculate the corresponding I,(1) when
the normal forces are 150 N, 175 N, 200 N, 250 N, 300 N and
350 N, as shown in Fig. 11(c). The average contact strength is
related to the increasing normal force, and the change trend
is consistent with the tangential stiffness of interface. Fig-
ure 11(d) shows the relationship between I, (1) and K(1) un-
der different normal forces. Ip,(1) is positively related to the
tangential stiffness of the interface. This shows that the in-
crease of real contact area is the main reason for the increase of
interface tangential stiffness with the increasing normal force.
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4.3. Evolution analysis of interface micro contact behavior

In the initial stage of stick slip, the contact images corre-
sponding to the frame numbers of tangential forces F; ji = O N,
Fipro = 10 N and F; , = 20 N are extracted, and the CSI dia-
grams and pie diagrams of different normal forces are drawn,
as shown in Fig. 12. Comparing Figs. 12(a), 12(c) and 12(e),
we can find that with the increase of load, the area of contact
separation becomes obviously smaller, and the growth range
of black area gradually expands, which is consistent with the
conclusion in Subsection 4.2. The increase of normal force re-
strains the tendency of contact separation at the rear end, and
further restrains the tendency of stress distribution decreasing.
Comparing Figs. 12(b), 12(d) and 12(f), we find that with the

increase of normal force, the proportion of black area growth

gradually increases, which indicates that the local stress in-
creases and the wear probability increases. It should be noted
that when the normal force increases from 150 N to 250 N,
the proportion of contact area increases, which indicates that
the new contact points and area growth play an important role
in resisting the interfacial shear force. However, when the nor-
mal force increases from 250 N to 350 N, the proportion of the
contact area decreases, and the resistance to interfacial shear
stress mainly depends on the growth of the area. To sum up,
we believe that in the process of resisting the increase of tan-
gential force, the new contact points mainly play a key role
under light load. With the increase of normal force, the region
growth will play a leading role, and the local stress of interface
will also increase. This phenomenon explains why the proba-
bility of wear increases with the increasing normal force.
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Fig. 12. The real contact area evolves with time: (a) and (b) CSI and its pie chart of the initial phase when F, = 150 N; (c) and (d) CSI and its
pie chart of the initial stage when F;, =250 N; (e) and (f) CSI and its pie chart of initial stage when F, = 350 N.

S. Stick-slip friction model considering stress
distribution variation

5.1. Characterization method of stick slip behavior

At present, the spring-damping-mass units are gener-
ally used for describing the stick-slip mechanism. Although
this method can well explain precursor events in the initial
stage,337) it cannot describe the whole stick-slip process

completely.3>! On the one hand, the tangential stiffness in the

initial stage is not necessarily constant. On the other hand,
due to the difficulty of solving nonlinear dynamic equations,
there are always large errors when the above model is used
for describing the stable stage. Recently, more and more ex-
periments and theories have found that the change of inter-
face stress has a significant effect on the contact behavior. To
simulate the stress distribution using the discrete mathemati-
cal model, the contact area is divided into 10 parts along the

x direction, and the intensity proportion of local contact im-
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age is calculated as the equivalent stress distribution P(k,t),
k=1,2,...,10. Figure 13(a) shows the equivalent stress dis-
tribution of the interface when the initial tangential forces are
O N, 27 N and 46 N, respectively. Figure 13(b) shows the re-
lationship between tangential force and displacement of the
initial stage. The range of stress distribution in the initial
stage is large, and the instantaneous stiffness (curve slope) de-
creases gradually. Figure 13(c) shows the relationship between
the tangential force and displacement of the stable stage, and
Fig. 13(d) shows the equivalent stress distribution of the inter-

face when the tangential force of the stable stage is 31 N, 36 N
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and 42 N, respectively. The change range of stress distribution
in the stable stage is small, and the corresponding instanta-
neous stiffness is basically unchanged. This shows that the
instantaneous stiffness is very sensitive to the change of stress
distribution. Then, the tangential force curve for the stick-
stage process is divided into 10 equally spaced intervals, as
shown in Figs. 13(b) and 13(d). Two equivalent stress distri-
bution functions can be used for describing the different char-
acteristics of the tangential force in the initial and stable stage.
The concrete form of the equivalent stress distribution function

will be explained in the next section.

0 05 10 15 20 25

Relative displacement (1075 m)

(d) 44

42f é’
40} 1
38+

361

Tangential force (N)

1.2 1.4 1.6 1.8 2.0
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Fig. 13. The relationship between the stress distribution and stick slip behavior: (a) P(k,?) at the initial stage, when the tangential forces are
0N, 27 N and 46 N, respectively; (b) tangential force versus displacement in the initial stage; (c) P(k,?) at the initial stage when the tangential
forces are 31 N, 36 N and 42 N, respectively; (d) tangential force versus displacement in the stable stage.

5.2. Mathematical model of stick-slip behavior consider-

ing stress distribution variation

The mathematical model of stick-slip behavior consider-
ing the stress distribution variation is shown in Fig. 14. The
model consists of two parts: driving unit and contact unit. The
driving unit includes an external point Dy with a velocity v, a
spring and a damping between Dy and the contact unit, where
the spring stiffness is Ky and the damping coefficient is Cp.
The contact element consists of specimen 1, specimen 2 and
contact interface, and specimens 1 and 2 are regarded as rigid

bodies here. The contact behavior is simulated by a contact in-

terface composed of N Jenkins elements. N Jenkins elements
simulate the local normal and tangential forces exerted on the
local area, and w; is the normal force exerted on the /™ Jenkins
element. Each Jenkins element is composed of normal spring
and tangential spring with stiffness k, and k, respectively, and
damping slider D; with coefficient 7; in series, where 7 is the
critical friction. In this model, we assume that k, and k; are
mutually independent. Here, y; is the compression of the nor-
mal spring under the action of w;, and x; and f; are the dis-

placement and friction of D;, respectively.
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Fig. 14. The mathematical model of stick-slip friction considering stress distribution.

The friction F; of the interface is the sum of the friction f;
of all D;,

N
F=Y fi 5)
i=1

The critical friction F; of the interface is the sum of the critical
friction 7; of all D;,

FC = Ti. (6)

=

I
-

l

According to the variation characteristics of tangential force in
different stages in Fig. 8, we assume that the distribution func-
tion of equivalent stress in the initial stick-slip stage is linear,

N—i

Plinear(i) = m

@)
Furthermore, the distribution function of equivalent stress in
the stable stick-slip stage is regarded as uniform distribution,

1

Puniform(i) = N (8)

Then the critical friction 7; at the point D; can be expressed as

FillsmaxP(i) initial stage,
T, =< FuuP(i) stick in stable stage, 9
FasP(i) slip in stable stage,

where P(i) is the equivalent stress distribution function,
Plinear (f) denotes the P(i) in the initial stage, and Pypiform (i)
denotes the P(i) in the stable stage;  is the friction coefficient
of the interface, which is related to the interface motion state.
The friction coefficient is the maximum static friction pgmax
in the initial stage. In the stable stage, the friction coefficient
is divided into static friction coefficient s and kinetic friction
coefficient Uy according to the two states of stick and slip. Ac-
cording to the different states of the initial stage and the stable
stage, the tangential stiffness K; of the interface is divided into

the tangential stiffness Kjy of the initial stage and the tangen-
tial stiffness Kis of the stable stage, and the friction f; at point
D, is also expressed in the following:

| Ky 1initial stage,
K= { Kis stable stage, (10)
fio ki(vt —Xirey) + firee  When fi < 7i(t), an
! 7,(t) when f; > 7(1),

where x; rey and f; rev are the values at the speed of 0 in the last
motion state.

According to the analysis model, the dynamic equation of
specimen 2 is given as follows:

MX +CoX + KoX = Kovt+Cyv — F,, (12)

where X, X and X denote the displacement, velocity and ac-
celeration of specimen 2, respectively. M denotes the mass of
specimen 2.

5.3. Calculation process and experimental verification

The parameters to be identified in the model include the
number N of Jenkins elements, the mass M of specimen 2,
the driving speed v, the driving stiffness Ko, the driving damp-
ing Cp, the tangential stiffness K, the maximum static friction
coefficient Us max, the kinetic friction coefficient gy, the static
friction coefficient L, and the normal force F;. In this exper-
iment, Pinear and Ppiform represent the equivalent stress dis-
tribution functions of the initial and stable stage of stick slip,
respectively, and they can be adjusted according to the exper-
imental conditions. According to formula (11), the friction f;
of D; at time ¢ can be calculated, and the tangential force F; of
the interface at time ¢ is obtained by summation. The ode45
solver is used for solving the nonlinear equation, and the dis-
placement x; of each element at the next time is obtained. The
above steps should be repeated until the end of the calculation.

Here the experiment in Subsection 3.1 is taken as an ex-
ample to illustrate our calculation method. Through parameter
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identification, the interface parameters are obtained as follows:
F,=300N,v=1x10""m/s, M =0.048 Kg, Co =4 N-s/m,
Ko = 1.475 x 10° N/m, Kis = 0.9 x 10% N/m, fsmax = 0.2,
Us = 0.15, e = 0.1.
force are compared with the experimental data, as shown in

The calculation results of tangential

Fig. 15. The model can describe the process that the instan-
taneous tangential stiffness gradually decreases in the initial
stick-slip stage, and can also characterize the characteristic
that the tangential stiffness is smaller than the initial stage in
the stable stage, which is basically consistent with the experi-
mental results.
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Fig. 15. Verification of simulation results.

6. Conclusion

By using the experimental apparatus of friction behavior
based on total reflection principle, we carry out the experi-
mental research about the stick-slip friction contact behavior.
Moreover, the corresponding theoretical analysis is also car-
ried out. Especially, the above works consider the influence of
stress distribution variation. Then, the following conclusions
are obtained.

(1) The tangential stiffness of the interface is not a fixed
value during the stick-slip process. The change mode of tan-
gential stiffness is different for the different stages. In the
initial stage, the instantaneous tangential stiffness decreases
gradually. In the stable stage, the instantaneous stiffness is
relatively stable.

(2) The change of tangential stiffness is consistent with
that of stress distribution. When the stress distribution changes
greatly, the instantaneous stiffness also changes greatly. On
the contrary, the instantaneous stiffness is relatively stable.

(3) The increase of tangential stiffness of interface mainly
depends on the normal force which restrains the decreasing
trend of stress distribution in the initial section. The average
contact strength is positively related to the tangential stiffness
of the interface, and the increase of the real contact area is the
main reason for the increase of the tangential stiffness with the
increasing normal force.

(4) The mathematical model of stick-slip behavior con-
sidering the stress distribution variation can describe the pro-

cess of gradual decrease of instantaneous tangential stiffness
in the initial stick-slip stage. Furthermore, the above model
can also characterize the characteristic that the tangential stiff-
ness in the initial stage is larger than that in the stable stage.
The simulation results of our model are in good agreement
with the experiment data.

All analysis results illustrate that the stress distribution is
an important factor affecting the tangential stiffness of the in-
terface. The model in this paper is based on the experimen-
tal analysis of the interface contact type of the experimen-
tal device. The model can be used to analyze the nonlinear
change of contact parameters caused by the change of stress
distribution. Considering the change of stress distribution is
of great significance to improve the accuracy of friction pre-
diction. Next, we will consider the contact angle and contact
morphology of the interface to further analyze the influence
of stress distribution variation on the tangential stiffness of the
interface. It should be noted that the above conclusions are
obtained from the experimental analysis of the specific inter-
face contact type of this experimental apparatus. The inter-
face contact is a complex multi-physical behavior. When the
contact conditions change, the contact characteristics may also
change, and even the opposite conclusion may be obtained.
Therefore, the complex “black box” behavior in interface con-
tact mechanics needs to be further explored.
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