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Abstract: Inspired by the difference in the friction radii of the pads from the high-speed train brake
system, stick-slip experiments for a disc-block friction system with different friction radii were carried
out via a test device. Based on the test results, the stick-slip vibration characteristics of the disc—block
friction system with variation in the friction radius were analyzed, and the corresponding Stribeck
model parameters in exponential and fractional forms were identified. The experimental results show
that with an increase in the friction radius the vibration amplitude first increased and then decreased
and the frequency of stick-slip vibration increased. The identified Stribeck model parameters show
that the decay factors increased, the static friction coefficient decreased, and the dynamic friction
coefficient decreased first and then increased as the friction radius increased. Moreover, the identified
Stribeck model in an exponential form can more accurately reflect the stick—slip characteristics of
a disc-block friction system than the model in a fractional form. It can be further applied in the
investigation of the dynamic behaviors of high-speed train brake systems.

Keywords: brake system; stick—slip vibration; Stribeck model; disc-block friction system; parame-
ter identification

1. Introduction

High-speed trains play an important role in transportation and the development of the
national economy. With the continuous increase in the operating speed and the complexity
of the operating environment, the status of the brake system in safe operation is becoming
more prominent. The disc brake system is widely adopted in high-speed trains to ensure
safe operation. Braking is realized by disc-block friction to consume the kinetic energy of
the train. However, this friction mode may cause unstable vibration [1-5], which disables
the brake calipers [6,7], damages the brake disc structure [8-10], and reduces the service life
of the brake pad [11-13]. It will even lead to abnormal noise [14-16], which significantly
affects the comfort of passengers and residents near the railway line. Therefore, it is urgent
to investigate the mechanism of friction-induced vibration of high-speed train disc brake
systems.

Modal coupling is when two close modes of the friction system gradually integrate
into a single complex mode with an increase in the friction coefficient [17]. Brake squeal
caused by modal coupling instability usually occurs at high speeds. Many studies have been
conducted to seek effective methods to suppress friction-induced vibration and brake squeal
by taking friction blocks as the object. Methods mainly include punching, changing the
shape, adjusting the installation angle, adding damping components, replacing materials,
grooving and chamfering, etc. Tang et al. [18] studied the effects of friction blocks with and
without holes on braking performance and noise. The results showed that the blocks with
holes could better capture the wear debris and reduced brake noise compared with the
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blocks without perforations. Xiang et al. [19] studied the effect of friction block shape on the
tribological and dynamic behavior of a high-speed train brake system. The results showed
that the contact pressure distribution of the hexagonal friction pad was more uniform,
resulting in the lowest contact stiffness, wear, vibration, and noise. Tang et al. [20] further
conducted vibration and noise experiments by adopting friction blocks with different
shapes, and the results showed that the triangular block had the highest sound pressure
level. Quan et al. [21] performed friction experiments to explore the tribological behaviors
of brake pads with different installation angles. The results showed that the difference in
installation angle affected the behavior of wear debris, the distribution of contact pressure,
and the contact state of the friction interface, thereby affecting the noise performance.
Wu et al. [22] added different damping components to the brake block, which improved
the interface contact state and reduced the friction noise. EL-Tayeb et al. [23] developed new
friction brake pad materials and studied the effects of material properties on the friction
coefficient. The results showed that wear rates were substantially dependent on the type
or ingredient of brake pad materials and the pressure. Li [24] and Abdo [25] performed
chamfering and grooving on the surface of a brake pad, and the results showed that the
depth of the groove and the size of the chamfer had noticeable impacts on the modal
characteristics of the brake pad structure, indicating that the groove or chamfer of the brake
pad had great potential in suppressing braking noise.

These research achievements have great significance for improving brake performance,
reducing friction vibration, and suppressing squeal at high speeds. However, the friction
self-excited vibration also becomes prominent at low speeds. Therefore, it is particularly
important to explore the vibration characteristics of the friction brake system at low speeds.
Usually, the unstable vibration when braking at low speeds is stick-slip vibration [26,27].
Stick-slip vibration is a phenomenon of ‘relative motion—static—re motion—re static’
between friction pairs caused by the different values of the dynamic and static friction
coefficients [28]. Research shows that the stick-slip vibration is caused by the negative
slope characteristic of the friction coefficient [29,30]. The stick-slip vibration behavior of
the brake system is affected by the system parameters, brake conditions, friction interface
characteristics, and other factors. Huang et al. [31] carried out a stick-slip vibration test
based on disc and friction block samples processed from an automotive brake system.
The results showed that the normal force and rotational speed affected the stick—slip
vibration characteristics of the friction system. Abdo et al. [32] studied the relationship
among the stick—slip vibration amplitude, vibration frequency, and relative humidity. The
results showed that the reduction rate of the stick-slip amplitude was closely related
to the vibration frequency and relative humidity. Wang et al. [33] studied the stick—slip
behaviors of an automotive disc brake system in ABAQUS. The results showed that an
increase in braking load increased the tangential displacement of the brake pads, reduced
the period of stick-slip vibration, and caused a more obvious brake chatter phenomenon.
Wang et al. [34] studied the influence of alternating positive pressure on stick-slip vibration
characteristics. The results showed that increasing the circular frequency would stimulate
a higher response frequency from the system energy, which was close to a certain natural
frequency of the friction system. Meng et al. [35] proposed a new model to quantify the
stick-slip groaning of an automotive brake system. The results showed that the vibration
shock of the pad-disc system was triggered by stick—slip vibration and was closely related
to the wide-band instability and pulsed stick—slip vibration. Wang et al. [36] analyzed the
dynamic behaviors of a high-speed train disc brake system through numerical simulation.
The results showed that with an increase in the normal braking force, the disc-block brake
system alternately presented periodic and chaotic stick-slip motions.

At present, most of the stick-slip vibration studies have been based on finite element
and numerical simulations. Due to the complexity and randomness of stick—slip vibration,
the disc-block interface characteristics have not been fully considered in the simulation
analyses.
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Hence, experimental investigation is another effective method to reveal the key in-
fluencing factors of stick-slip vibration. In addition, the distance between the friction
block and the rotational center of the brake disc, defined as the friction radius, is different
(as shown in Figure 1), which may affect the stick-slip characteristics of a brake system.
Therefore, in this paper, experiments were carried out to study stick-slip vibration charac-
teristics under different friction radii, adopting a block-on-disc configuration processed
from high-speed train brake materials. Then, the Stribeck model was selected, and the
corresponding parameters were identified to intuitively characterize the stick-slip property.
The result can provide a reference for understanding the dynamic characteristics of the
train braking friction block at different friction radii.

Figure 1. Differences in brake block radii in high-speed train braking system.

2. Experimental Process
2.1. Experimental Device

The experimental device mainly included a friction test system and a signal acquisition
and analysis system, as shown in Figure 2. The friction test system consisted of a small-
scale tribometer (CETR UMT-3) and a computer controller. The tribometer was mainly
composed of a two-dimensional force sensor, a two-dimensional moving platform, two
sample fixtures, and a rotary drive motor. The two-dimensional force sensor was integrated
with the two-dimensional moving platform, and it was used to measure the normal force
and tangential force of the disc-block friction interface. The upper end of the block fixture
was bolted to the two-dimensional force sensor. The lower end of the block fixture fixed the
friction block with bolts. The disc fixture was bolted to the rotary drive motor output device.

The control system was used to control the rotational speed of the rotary drive mo-
tor, the normal force between the friction contact interface, and the size of the friction
radius. The signal acquisition and analysis system mainly included a laser doppler vi-
brometer (Polytec PDV-100), a data acquisition instrument (DH5922N), and a computer
that was adapted for display and analysis. The laser doppler vibrometer was used to
measure the tangential velocity of the friction block, and its frequency response range was
0.5 Hz-22 kHz. The data acquisition instrument was used to acquire the signal, and the
sampling frequency of the signal was set to 20 kHz.

2.2. Experimental Samples

The experimental samples are shown in Figure 3. The disc test sample had a diameter
of 50 mm and a thickness of 10 mm. Its material was the same as that of the brake disc for a
high-speed train brake system. The chemical composition of the disc test sample is shown
in Table 1. The cross-section of the brake pads commonly used in the high-speed train
brake system had three shapes: circle, pentagon, and hexagon. Considering that the leading
edges of the pentagon and hexagon noticeably affect the system vibration [19], the circle
was selected as the cross-sectional shape of the friction block sample in the experiment. The
friction block was cut from a brake pad of a high-speed train brake system whose diameter
was 10 mm and height was 17 mm. The chemical composition of the block test sample is
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shown in Table 2. The material properties of the disc and block test samples are shown in
Table 3.
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Figure 2. Experimental device.
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Figure 3. Experimental samples: (a) disc and (b) block.

Table 1. Chemical composition of the disc sample.

Element Fe Si Mn C Ni Cr Mo
Content (wt%) Balance 0.25 0.75 0.31 1.8 1.1 0.5
Table 2. Chemical composition of the block sample.
Element Cu Fe Graphite MoS; FeCr SiC Others
Content (Wt%) 45-50 13-15 18-20 4-6 6-8 24 3-5
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Table 3. Material properties of the disc and block test samples.

Sample Density (g/cm?) Young’s Modulus (GPa) Poisson’s Ration
Disc 7.8 178 0.3
Block 47 6.5 0.28

2.3. Experimental Step

In order to identify the Stribeck model parameters and study stick—slip vibration
characteristics under different friction radii at a low speed, four group experiments with
different friction radii were carried out in which the friction radii were selected as 9 mm,
12 mm, 15 mm, and 18 mm.

In order to equalize the pressure between the friction block and the brake disc under
the normal braking force (Fy = 18 kN), the normal force (F;) between the disc sample and
the block sample was scaled in the test according to Equation (1), where 7 is the number of
friction blocks on the brake pad; Sy is the cross-sectional area of the original friction block;
and Sy, is the cross-sectional area of the friction block sample. The calculation result was
about 50 N. Therefore, it was set to 50 N in the experiment. Stick—slip vibration usually
occurs under low-speed braking. After several low-speed braking tests, it was found that
there was an obvious stick—slip vibration when the rotational speed was set to 4 rpm.
Therefore, the rotational speed was set to 4 rpm in the test.

Sm

F=Fo g

M

Before the experiment, the friction radius was set to a preset value by adjusting the
two-dimensional moving platform. Then, the running-in procedure was performed to
obtain good flat contact between the block and the disc. At the beginning of the experiment,
the two-dimensional moving platform drove the block to move down until the normal
force between the disc and the block reached the preset value. Thereafter, the motor drove
the disc to rotate, and the rotational speed of the disc increased steadily from a standstill to
a preset value and remained constant until the end of the experiment. In order to ensure
the reliability and repeatability of the experiment, each group of experiments with different
friction radii was repeated four times, and the time for each test was 2 min. All tests were
guaranteed to be carried out in an environment with a humidity of 50 £ 10% RH and a
temperature of 24 — 27 °C.

2.4. Stribeck Model

The Stribeck model, also known as the Stribeck effect, is mainly used to describe the
friction behavior in a low-velocity range, where the coefficient of friction is defined as a
function of relative velocity with a negative slope [37,38]. The expressions of the Stribeck
model generally have two forms: exponential [39] and fractional types [40,41], as shown
in Figure 4, and these two forms of the Stribeck model are adopted to characterize the
negative friction-velocity slope of the disc-block friction system with different friction radii
in experiments. The relationship between the friction coefficient and the relative velocity of
the exponential-type Stribeck model is expressed as follows [39]:

u(or) = [+ (s — e |sign(vy) @

A fractional expression including the coefficients of dynamic and static friction was
proposed in [42], and the expression of the fractional-type Stribeck model is written as
follows [42]:

(ps — 1)

u(or) = {#k + 1+,B|Ur|} sign(vr) 3)
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where 5 and iy represent the static friction coefficient and the kinetic friction coefficient; «
and p are the fractional decay factor and the exponential decay factor, which are used to
control the degree of negative slope; and v, represents the relative speed between the disc
and the block, which is calculated as follows:

Uy = Wr — vy 4)

where w is the rotational speed of the disc; r is the distance from the geometric center of
the block to the rotational center of the disc; and v}, is the tangential speed of the block.
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Figure 4. Curves of the Stribeck model in two forms.

3. Experimental Results and Discussion

The parameters of the Stribeck model contain the relative velocity, friction coefficient,
and decay factor. Therefore, the relative velocity, which can reflect stick—slip vibration
characteristics, was analyzed first. Then, the friction coefficient signal was processed to
obtain the kinetic and static friction coefficients. Finally, the relationship between the
relative velocity and the friction coefficient was explored, and the corresponding Stribeck
model parameters were identified by the MATLAB function fitting toolbox.

3.1. Analysis of Stick—Slip Vibration

Figure 5 shows the root-mean-square values and the error bars of tangential velocity
signals for the friction block in four groups of repeated tests under different friction radius
conditions. Obviously, it was found that the error bars of the results under the four working
conditions were all small, which indicates that the experiment had good repeatability and
reliability. Thus, the experimental results could be further analyzed. Additionally, with
the friction radius increases, the tangential velocity of the friction block first increased and
then decreased. When the friction radius was 15 mm, the tangential velocity reached its
maximum.

The rotational speed of the disc and friction radius were defined in the tests, and the
tangential velocity of the block was measured by the vibrometer. Then, the disc—block
relative velocity could be calculated according to Equation (4). Figure 6 shows the time-
domain responses of disc-block relative velocity under four working conditions with
friction radii of 9 mm, 12 mm, 15 mm, and 18 mm. Within one second, the numbers of
stick-slip vibrations were 3, 4, 5, and 6, respectively, and the amplitudes of the disc-block
relative velocities were 56.5 mm/s, 66.2 mm/s, 83.9 mm/s, and 72.7 mm/s, respectively.
This indicates that with the increase in the friction radius, the period of stick—slip vibration
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decreased and the amplitude of stick—slip vibration increased first and then decreased.
When the friction radius was 15 mm, the vibration intensity was the highest.
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Figure 5. RMS values and error bars of tangential velocities under four friction radius conditions.
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Figure 6. Time-domain responses of the disc-block relative velocity at different friction radii:
(a) 9 mm, (b) 12 mm, (¢) 15 mm, (d) 18 mm.
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The frequency-domain responses of the disc-block relative velocity under these four
friction radius conditions were further analyzed, as shown in Figure 7. The results show that
the fundamental frequencies of the system were 3.662 Hz, 4.272 Hz, 4.883 Hz, and 5.493 Hz,
respectively, which illustrates that the stick-slip vibration frequency increased with the
increase in the friction radius. The energy amplitudes at the fundamental frequencies were
1.284, 1.526, 2.640, and 2.432, which also indicates that the intensity of stick-slip vibration
increased first and then decreased with the increase in the friction radius.
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Figure 7. Frequency-domain responses of the disc-block relative velocity at different friction radii:
(a) 9 mm, (b) 12 mm, (c) 15 mm, (d) 18 mm.

3.2. Analysis of Friction Coefficient

Figure 8 shows the time-domain responses of the disc-block friction coefficient at the
friction radii of (a) 9 mm, (b) 12 mm, (c) 15 mm, and (d) 18 mm. The time range is consistent
with that of Figure 6. When stick—slip vibration occurred, the disc-block relative velocity
was almost zero, and the friction coefficient was increased in the stick state. When the
friction coefficient rose to a certain maximum value, the relative velocity was variable and
the friction coefficient decreased rapidly, indicating that the system moves into the slip
state. In a stick-slip vibration period, the maximum friction coefficient in the stick state
is defined as the static friction coefficient, and the minimum friction coefficient in the slip
state is defined as the dynamic friction coefficient. The static friction coefficients were 0.521,
0.512, 0.509, and 0.500. The dynamic friction coefficients were 0.388, 0.375, 0.318, and 0.355.



Vehicles 2023, 5

49

o
n
W

(a)

s 2 =
= &

o
[
O

Friction coefficient

1
27.3 274 275 27.6 27.7 278 279 28 28.1 28.2 28.3
Time (s)
0.55 T T T T T T T T T
0.5 - R=12 mm-
0.45 N

(b)

S
'S

0.35

1 1 1 1
27.3 27.4 27.5 27.6 27.7 27.8 279 28 28.1 28.2 28.3
Time (s)

e
[

Friction coefficient y

0.55 T T T T T T T T

(c)

i
tn

e
9%

Friction coefficient x
(=1
s

273 27.4 275 27.6 27.7 278 279 28 28.1 28.2 28.3
Time (s)

0.55 T T T T T T T T T

(d)

<
U

g
s

1 1 1 1 1 1 1 1 1 1
27.3 27.4 275 27.6 27.7 27.8 279 28 28.1 28.2 28.3

Time (s)

Friction coefficient u

Figure 8. Time-domain responses of the disc-block friction coefficient at different friction radii:
(a) 9 mm, (b) 12 mm, (¢) 15 mm, (d) 18 mm.

The variation trends of the dynamic and static friction coefficients at the friction radii
of (a) 9 mm, (b) 12 mm, (c) 15 mm, and (d) 18 mm were further analyzed, as shown in
Figure 9. The results display that with the increase in the friction radius the static friction
coefficient always decreased, while the dynamic friction coefficient decreased first and then
increased. The differences between the dynamic and static friction coefficients were 0.131,
0.137,0.191, and 0.144 at the friction radii of 9 mm, 12 mm, 15 mm, and 18 mm, respectively.
The amplitude of the stick-slip vibration was positively related to the difference between
the dynamic and static friction coefficients. With the friction radius increases, the difference
increased first and then decreased. When the friction radius was 15 mm, the difference
reached its maximum. Therefore, the variation trend of the RMS of the tangential velocity
in Figure 5 was consistent with that of the differences between the dynamic and static
friction coefficients in Figure 9.

The velocity of the friction interface was proportional to the friction radius. With the
increase in the friction radius, it is possible that the dynamic friction coefficient decreased
first and then increased while the static friction coefficient decreased. Finally, at a higher
velocity, there was no stick—slip. Instead, there was pure sliding, and the dynamic and
static friction coefficients converged into a single friction coefficient.
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Figure 9. Dynamic and static friction coefficients at different friction radii.

3.3. Stribeck Model Parameter Identification

To explore the relationship between the disc—block relative velocity and the friction
coefficient, the relative velocity was set as the horizontal coordinate, and the corresponding
friction coefficient was set as the vertical coordinate. The results are shown in Figure 10 (the
disc-block relative velocity is from Figure 6, and the friction coefficient is from Figure 8).
Obviously, there was a negative correlation between the disc-block relative velocity and
the friction coefficient, which is consistent with the Stribeck effect. Thus, the Stribeck model
parameters were identified to reveal the friction characteristics of the disc—block friction
system. The dynamic and static friction coefficients were obtained in Section 3.2. To acquire
the exponential and fractional forms of the Stribeck model, the exponential decay factor
and the fractional decay factor needed to be further determined. Taking the exponential
decay factor and the fractional decay factor as unknown parameters, the exponential
and fractional forms of the Stribeck model were set as the objective functions. Then, the
experimental results and the two types of Stribeck models were fitted in MATLAB. The
fitting curves of the exponential and fractional forms of the Stribeck model are shown in
Figures 10 and 11.

For the convenience of analysis, the identified Stribeck model parameters at different
friction radii are listed in Table 4. It can be seen that the decay factors of the fractional and
exponential Stribeck models both increased with the increment of the friction radius.

Table 4. Stribeck model parameters at different friction radii.

. . Static Friction Dy.n atie Exponential Fractional
Friction Radius . Friction
Coefficient . . Decay Factor Decay Factor
Coefficient
9 mm 0.521 0.388 0.03237 0.05265
12 mm 0.512 0.375 0.04161 0.07548
15 mm 0.509 0.318 0.05214 0.09533
18 mm 0.500 0.355 0.05377 0.10580

In order to compare the fitting degree between the identified Stribeck friction model
and the test results, an error analysis of the fitting results under different friction radii was
carried out. The expression of the relative error (e) is written as follows:

Htest — Hfit
Htest

©)
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where Jites; is the friction coefficient obtained from the test and y Fit is the friction coefficient
obtained by fitting.
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Figure 11. Experimental results and fitting curves of the fractional Stribeck model at different friction
radii: (a) 9 mm, (b) 12 mm, (c) 15 mm, (d) 18 mm.
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The error curves under different friction radii were calculated and are shown in
Figure 12. The results show that the errors of the fractional and exponential Stribeck models
were each less than 0.08 under the four friction radius conditions, indicating that these
two forms of Stribeck models can accurately reflect the relationship between the friction
coefficient and the relative velocity. Additionally, it can be observed that, although the
errors of the two forms of Stribeck model were both small, the error of the fractional Stribeck
model was relatively higher than that of the exponential form. Therefore, the identified
exponential Stribeck friction model was more in agreement with the experimental results.
(a) 008 . . (b) 008 . . .
— Exponential form — Exponential form
Fractional form Fractional form
0.06 F 0.06 F
5 0.04f 5 004} /1
5 , 5 S/
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Figure 12. Relative errors of the exponential and fractional forms of the Stribeck model at different

friction radii: (a) 9 mm, (b) 12 mm, (c) 15 mm, (d) 18 mm.

4. Conclusions

In this paper, the stick-slip vibration characteristics of a disc-block friction system
under different friction radii were analyzed based on a CETR-UMTS3 tribometer. The
specific parameters of the Stribeck friction model with two different expressions were
identified, and the relationship among the friction radius, stick—slip vibration, and the
parameters of the Stribeck friction model was revealed. The following conclusions were

drawn:

(1). The disc-block friction systems with four different friction radii all experienced stick—
slip vibration. As the friction radius increased, the period of stick—slip vibration
decreased and the amplitude of stick—slip vibration first increased and then decreased.
The amplitude was lowest when the friction radius was 9 mm. The fundamental
frequency increased and the corresponding amplitude increased and then decreased,
which was consistent with the time-domain response results.

(2). With the increase in the friction radius, the static friction coefficient decreased gradu-
ally and the dynamic friction coefficient decreased first and then increased. Further-
more, the variation trend of the difference between the dynamic and static friction
coefficients was consistent with that of the stick—slip vibration amplitude.
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(3). Both the exponential and fractional Stribeck friction models could effectively reflect
the negative slope characteristics between the disc-block relative velocity and the
friction coefficient, and the decay factors in the exponential and fractional forms
increased with the increase in the friction radius. Moreover, the identified Stribeck
model in its exponential form was more coincident with the stick—slip characteristics
of the disc-block friction system than the model in its fractional form.

(4). The severity of stick-slip vibration varied with the friction radius. In the real high-
speed train braking system, to suppress or reduce its vibration, adjusting the friction
radius is an option.
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