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Abstract:

Experimental tests and numerical simulations are performed to explore the influence of
damping components with slotted surface structures into a friction system on the dynamical
instability. The damping components with slots at different depths are designed, combined with a
special tribological test apparatus to evaluate their ability to stabilize the friction system. The
experimental results show that slotted-structured damping components can dramatically reduce the
vibration response of the system and the energy level at the dominant frequency, thus stabilizing the
friction system. Specifically, the system containing shallow slots on the leading edge than that of
the trailing edge can eliminate the tangential partial wear and show the greatest potential on reducing
the unstable vibration. It can be further verified by finite element analysis. Moreover, it is found that
the contact inclination angle between the disc and the pad plays an important role on the generation
of instability of the system, which can be further explained through a two DOF-model with a contact
inclination angle.
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1. Introduction

Sliding friction is a considerably common physical concern in most mechanical systems and
everyday life. Friction occurs in the joints of robots, meshing of gears in power transmission systems,
between the disc and the pad in brakes, between the shoes and the ground when people walk, and
other situations involving moving parts in contact [1-5]. Sliding friction often generates vibration at
the contact interface, referred to as friction-induced vibration [6-8]. This vibration can lead to
instability of the friction systems and emission of noise, consequently harming the mechanical
equipment and the surrounding environment. This occurrence leads to fatigue damage of mechanical
structures, excessive wear and failure of machine parts, and hearing damage. These adverse effects
arising from instability of the systems can substantially shorten the service life of machine parts,
and severely affect productivity and safety [9-11]. Therefore, the excitation of the instability of the
systems needs to be elucidated and an improved approach to reducing instability is valuable.

Numerous studies using experimental tests, theoretical analysis, and the finite element method
have thus far been conducted on the mechanism that allows friction-induced vibration to cause
instability [12-15]. Factors affecting the instability of friction-induced vibration vary and involve
complexity, such as loading conditions, material properties of the friction pair, contact interface
characteristics, and damping and stiffness, among others [9, 16-18]. Several classical theories have
also been proposed, aiming to explain the progress by which friction-induced vibration leads to
instability. These mechanisms include for instance, stick-slip, Negative Friction-Velocity Slope and
Mode lock-in.

As increasing interest is directed toward instability induced by sliding friction and its harm,
various approaches to suppressing friction-induced unstable vibration have been proposed in recent
decades. These approaches can be broadly classified as “direct” , where vibration energy is reduced
at its source, and “indirect” , where vibration propagation is impeded [19-21]. At present, many
studies believe that the unstable vibration of contact interface leads to the friction induced vibration.
The typical direct method is to modify the contact interface, by introducing the slotted-structures
and changing the brake materials [22, 23]. Lin et al. predicted the instability of a brake system,
including various disc modifications by complex eigenvalue analysis, suggesting that relevant

modification of the disc surface could greatly reduce instability and brake noise [24]. Oberst and



Lai evaluated numerically the effect of cutting a slot on the pad surface on the instability propensity
using acoustic power calculation. They pointed out that a single vertical slot achieved the highest
potential for suppressing unstable vibration [25]. Moreover, Kim et al. used a pad-on-disc apparatus
to examine the friction-induced vibration characteristics of different automotive brake friction disc
materials [26]. Gweon et al. demonstrated that the short glass fibre dispersion in brake friction
materials significantly influenced friction instability of brake applications; the friction material with
chopped glass fibres performed much better than that with milled glass fibres in reducing the
unstable vibration [27]. Ahmed et al. indicated that the coated and non-coated discs markedly varied
in instability generation; the coated disc particularly generated a weaker vibration [28].

Many other scholars believe that the friction induced vibration is due to the fact that the energy
transmitted by the friction is greater than the energy dissipated during the friction process [29, 30].
Damping components are widely used in friction systems to reduce vibration because of their
excellent energy dissipation ability. Damping components (damping shim) do not directly contact
with friction contact interface, which is an indirect method to reduce the instability of the system.
Nakra demonstrated the effect of unconstrained and constrained viscoelastic damping treatments on
vibration control [31]. Triches Jr et al. found that the system could be stabilized by using the
constrained layer damping integrated into the disc brake system to reduce vibration at resonance
and dissipate the energy of the system [32]. Wang demonstrated that a slotted rubber block was
capable of reducing the highest contact pressure concentration at the pad surface, thereby
suppressing stick-slip oscillation [33]. Kang numerically examined the relationship between the in-
plane modes of the disc and damping shims by using the finite element method, indicating that the
damping shims could suppress the excitation of in-plane modes and reduce the propensity of the
associated instability [34].

Our previous studies showed that the slotted damping components perform even better in
stabilizing the friction system. It was found that the angle of the structure and the number of the
slots can significantly affect the unstable vibration [35, 36]. However, the design criteria of the
damping component are still not comprehensive, which requires further exploration. Therefore,
damping components with slots of different depth is introduced to the friction systems to investigate

the influence of slot depth on the instability of friction systems, and the relationship between



damping components and friction and wear on the contact surface is established. The research
results can be learnt to design damping components with excellent performance in stabilizing
friction systems, which has certain practical values.

In the current study, the dynamic instability phenomenon of a self-developed tribological test
apparatus is studied in which damping components with different structures are introduced.
Damping components having slots in different depths are designed, and their potentials to reduce
vibration and modify the friction interface are evaluated. An experimental study on their instability
of the system from the perspectives of dynamics and tribology simultaneously is performed.
Subsequently, a simple finite element model is established to support the existence of contact
inclination angle during sliding. Finally, a two-DOF model with contact inclination angle is
proposed to verify the experimental occurrences.

2. Experimental description
2.1 Details of the test apparatus

To evaluate the abilities of different damping components in the vibration reduction, a special
tribological test apparatus is developed to simultaneously acquire force and vibration acceleration
signals. Fig. 1 presents a schematic of the test apparatus, which mainly consists of a tribological
testing subsystem, a driving subsystem, and signal acquisition and analysis subsystems. A disc
sample driven by a 3 kW AC servo motor rotates at a constant speed. A pad sample is mounted on
the fixture which connects the 2-D force sensor and the axle. The measurement ranges of the force
sensor from 0-2500 N, and the resolution is 1%o0 F-S. In the initial stages of the test, the cylinder
pushes the axle to together with the connector and the 2-D force sensor downloaded, then to make
the pad sample rub the rotating disc sample, generating sliding friction at the contact interface
between the two components. The 3-D acceleration sensor is mounted in front of the fixture with the
following parameters, measurement range up to 125 g, frequency range, 0.5 Hz to 7 kHz, sensitivity,
42 mV/g, and mass, 13 g. These sensors are connected to a 16-channel data acquisition instrument.
The coordinate system is established. The x-direction and y-direction are tangential direction and
normal direction, respectively. Additional details on this test apparatus are provided in our previous

study [36].
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Fig. 1 Schematic of the test apparatus
2.2 Experimental samples

The sample pad is mainly prepared by hot pressing of a copper-based powder metallurgy
composite. The pad sample has a height of 20 mm and is a rectangular area of 60 mmx40 mm. This
rectangular area is the apparent contact area of the friction pairs. The disc sample is made from
Q345 steel, whose dimension parameters are an external diameter, 316 mm, an internal diameter,
80 mm, and a thickness, 15 mm.

Cutting the slots on the one of contact surface of damping components is a relatively simple
and convenient method to better suppress friction-induced vibration, and each at a different depth
is investigated their ability to reduce vibration. The damping component are inserted between the
fixture and the pad, with the slotted surface in close contact with the back plate of the pad, as shown
in Fig. 2 (a). With its design based on the shape of the pad sample, the damping component has a
height of 5 mm and a rectangular area of 60 mm x 40 mm, and is made from Styrene Butadiene
Rubber (SBR). The reason for selecting SBR as the damping material is that it is the most common
vibration isolation components for various structures. Figs. 2 (b) and 3 present schematic views of
damping components with parallel slots in different depths. The geometric parameters of the
damping components are listed in Table 1.

To conveniently distinguish damping components without slot and with slot depths of 1-mm,
2-mm and 3-mm (Fig. 2 (b)), the components are designated as DO, and D1, D2 and D3. The

corresponding friction system is referred to as the DO, D1, D2, and D3 system. In addition, in order
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to further study the effect of slots with different depths on the instability of the systems, three
additional damping components, each having slots in two different depths of 1 mm and 3 mm are
fabricated, D-1-3, D-3-1 and D-C, as shown in Fig. 3. Corresponding friction systems are also
defined as previously described, such as the D-1-3 system. The purpose of having three specifically

slotted damping components is clarified in Section 3.1.3.

DO damping component D1 damping component
D2 damping component D3 damping component

Fig. 2 Mounting location of the damping components (a) and structural drawing of the damping

components (b)

Table 1 Geometric parameters of the damping components

Damping components Pitch d (mm) Width w (mm) Depth 2/ (mm) Depth 42 (mm)

DO 13.3+£0.2 6.7+0.2 / /
D1 13.3+£0.2 6.7+0.2 1+0.2 /
D2 13.3+£0.2 6.7+0.2 2+0.2 /
D3 13.3+0.2 6.7+0.2 3+0.2 /
D-1-3/ D-3-1/ D-C 13.3+0.2 6.7+0.2 1+0.2 3+0.2
D-1-3 damping component D-3-1 damping component D-C damping component
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Fig. 3 Structural schematic view and the mounting location of two different depth slots of the
damping components
2.3 Experimental preparation

Before formal tests are conducted, several pre-tests are performed under different normal loads
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and disc rotation speeds. When the speed is selected as 25 rpm and the constant load is 500 N by
pre-tests, the friction system (Original system) without damping component generates considerably
strong vibration. Therefore, the following formal tests are performed under those same parameters
to evaluate the abilities of damping components of different structures to reduce the vibration. All
signals acquired by sensors are set to a sampling rate of 10000 Hz.

In this work, each test is performed not less than four times to ensure good reliability and
repeatability of the experimental results. At the start of each test, all contact surfaces of the disc and
the pad samples are cleaned with alcohol and then dried by blowing air. Each test is conducted at
intervals of 20 min to dissipate heat generated from friction. The experimental environment of all
tests in this study is strictly controlled that the ambient humidity is 60%+10% RH, and the
temperature is 24 1~27[1. After each test, the wear morphology of the pad sample is observed using
a Bruker Contour GT white light interferometer.

3. Results and discussions
3.1 Experimental results and analysis
3.1.1 Analysis vibration characteristics

To evaluate the performance of the damping components having slots with different depths in
reducing the vibration, normal and tangential vibration acceleration signals of each friction systems
acquired using the 3-D acceleration sensor are analyzed (Fig. 4). Time histories while testing from
50 s to 80 s are shown, that is, the period during which signals have become steady. For the Original
system, visible oscillation and large amplitude of acceleration signals are observed in both normal
and tangential directions, indicating that vibration induced friction is generated during sliding. For
the damping systems, the vibration amplitude shown in the time-domain is significantly reduced,
and oscillation fluctuation also decreases, suggesting that the damping components are conductive
to reduce the unstable vibration of the friction system. Further comparison of the vibration
accelerations of the systems having the damping components with slots in different depths indicates

lower vibration amplitudes and considerably weak oscillation for the D2 system.
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Fig. 4 Time history records of normal (a) and tangential (b) vibration accelerations for different

systems
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The root-mean-square (RMS) values of normal and tangential vibration accelerations from 50
to 80s are selected and calculated to intuitively compare the ability of different damping components

to suppress unstable vibration. The calculating formula of the RMS is shown in equation (1), where
a, represents the amplitude of the i-th point collected by the acceleration sensor, and n represents

the data length. The results are presented in Fig. 5. The RMS values of the Original systems is
markedly great than those of the other four systems. Specifically, D2 system shows the minimum
RMS values in both normal and tangential directions. Therefore, introducing the damping
components can help to reduce the vibration response of the friction system, and the damping
components with slots at different depths, such as the D2 damping component, exhibit increased
potential for suppressing vibration.

Modal tests are performed to obtain the natural frequency of the system. The disc is at a
stationary state, on which a 500 N normal force is applied through the cylinder. Then we strike the
fixture in the friction direction using a hammer. The modal test result shows a natural frequency of
67.1 Hz.

Moreover, power spectrum density analysis (PSD) of vibration acceleration in the tangential
direction is performed to study the of vibrational energy distribution of the systems in the frequency

domain. As shown in Fig. 6, the energy of the Original system is mainly concentrated at the
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dominant frequency of 61.0 Hz and a series of harmonics. One can note that there is a slight
difference between the dominant frequency of the system having the damping components and that
of that the Original system. Considering a fact that the natural frequencies of the friction system is
strongly related to the system structures and the materials properties, and the relatively small and
soft damping components have little effect in affecting the system structures and materials
properties, thus the fundamental vibration frequency of the friction system may not change
significantly. The power spectral density of the of vibration acceleration in the tangential direction
shows that the dominant frequencies of the Original system and the D0 system are 61.0 Hz and 64.6
Hz, respectively, while the dominant frequency of the three damped systems is 67.1 Hz. The small
difference between the Original system and the damped system may be caused by the introduction
of damping components having different slotted-structures. In addition, the friction systems with
damping components have obviously less excited high frequency vibration and can reduce the
energy intensity of the dominant frequency. By contrast, for the D2 system, no dominant frequency
in the entire frequency range is observed; weak vibration is acquired throughout the test. These
results indicate that adding an appropriate damping component into the system can reduce the
energy at the dominant frequency and the contributions from other frequencies, thus stabilizing the
friction system. This natural mode is very close to the dominant frequency of the experimental result;
It can be considered that the dominant frequency of the acceleration vibration originates from this

natural mode of the friction system.
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Fig. 6 Power spectrum density analysis of tangential vibration acceleration for different systems
3.1.2 Friction and wear analysis

From the tribological perspective, the influence of damping elements on the vibration response
of the system is discussed from the view of interface wear, and the friction wear of different friction
systems is analyzed. Fig. 7 presents the friction coefficient curves for the testing duration of 50-80
s. The black fine line represents the actual friction coefficient, which is the ratio of the friction forces
to normal forces measured using the 2-D force sensors. In order to better compare the fluctuation
trend of different systems, the red thick line obtained by smoothing to filter the high-frequency and
random signals of actual friction coefficient represents the average friction curve. The Original
system and DO system have the larger fluctuation of friction coefficient among these five systems.
The D2 system has a larger average friction coefficient value than those of the other four systems.
Moreover, it is worthwhile noting that the fluctuation of the actual friction coefficient for D1 and
D3 system is obviously larger than that D2 system. These findings combined with the vibration
response characteristics of the systems, suggest that a larger fluctuation in the friction coefficient
reflects a greater system instability.

The interface characteristics of a worn surface highly correlate with the vibration response of
the systems [38, 39]. Our previous works indicated that the degree of wear on the sides of the leading
edge and the trailing edge on a pad surface was significantly different, which could influence the
vibration characteristics of the system [36]. Thus, surface topography analysis is conducted in the
current study. Wear topography analysis is also performed to establish the relationship between the
contact interfacial characteristics of the friction pairs and the dynamic response characteristics of

the system, as well as to determine the process by which damping components influence contact at
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the interface and correspondingly change the vibration of the system.
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Fig. 7 Friction coefficient curves for the period time of 50-80 s

The surface morphologies of the friction pads of slot damping systems are obtained after the
test, as shown in Fig. 8. The wear behavior of the three pad surfaces shows a trend similar to that of
a worn surface with the leading edge being smoother than the trailing edge, which results from
constant rubbing between the leading edge of the pad and the disc. The microscopic wear of different
areas on the pad surface is examined using three-dimensional topographies for the D2 system to
verify the wear difference between the leading and trailing edges of the pad. The results show that
the worn surface of the side of the leading edge is flat and smooth, whereas the other side is rough,
with an accumulation of scattering wear debris. These occurrences indicate that a contact inclination
angle exists between the disc and the pad friction pair during sliding, as shown in Fig. 9. With the
difference in wear between the leading and trailing edges considered, the contact inclination angle
can reflect the tangential partial wear of the pad surface to a certain extent. Therefore, among the
three systems, the D1 system has the smallest wear area with the most severe partial wear, which
corresponds to the largest contact inclination angle. By contrast, the D2 system has the largest wear

area, which corresponds to the smallest contact inclination angle.

11



D1 system D2 system D3 system

Outer pad side Quter pad side Outer pad side

Inner pad side / Inner pad side \ I Inner pad side

Leading edge Trailing edge

Fig. 8 Surface topographies of the pad surfaces of the three friction systems after the test
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Fig. 9 Schematic of the contact inclination angle between the friction pair

On the basis of the aforementioned vibration characteristics, the D1 system has the larger
vibration and severe tangential partial wear of the pad surface, whereas the D2 system exhibits the
opposite results. Therefore, the dynamic response of the system is highly correlated with the contact
inclination angle. The friction systems with the slotted damping components are speculated to
change the contact inclination angle during sliding. Consequently, the contact status at friction
interface is improved, thereby the unstable vibration of the system is reduced.
3.1.3 Further validation the influence of slot depth of damping components on vibration and
tribological characteristics

Compared with the friction system having the smooth damping component, that with slotted
damping component can reduce the vibration of the system to varying degrees, as revealed in the
aforementioned experiments. The slot depth of the damping components can affect their overall

deformation so as to adjust the contact angle between the pad and the disc, and finally affect the
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vibration of the system. To further verify this conjecture, a damping component with slots in two
different depths is introduced to amplify or reduce the deformation of the damping component. The
aim is to amplify the influence of the contact inclination angle between the pad and the disc on the
vibration of the friction systems. Three special slotted-damping components are thus evaluated (Fig.
3 presents the detailed structural parameters of the three damping components).

Fig. 10 shows the time history records of the vibration acceleration of the systems using the
three special slotted damping components. For the D-1-3 system with a damping component that
has a slot at a depth of 1 mm on the side of the leading edge and 3 mm on the side of the trailing
edge of the pad surface, the vibration acceleration amplitude always stays at a lower level, and no
obvious fluctuation occurs. By contrast, for the D-3-1 system, the vibration acceleration largely
fluctuates, and the vibration amplitudes are large. For the D-C system, the vibration ranges between
that of the D-3-1 and D-1-3 systems. The RMS values of the vibration acceleration in normal
direction and tangential direction can reveal the difference in vibration intensity among the three
systems, as shown in Fig. 11. The D-1-3 system exhibits the weakest vibration, whereas the D-3-1
system shows the strongest vibration. These results indicate that the D-1-3 system with damping
component can reduce the system instability, while the D-3-1 damping component not be helpful.
It’s worth noting that the RMS values of the tangential and normal vibration acceleration of the D-
1-3 system are also less than that of the D2 system, which indicates that D-1-3 damping components

can better reduce the vibration amplitude of the friction system.
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The Fourier transform of the tangential vibration acceleration signal directly collected by the
data acquisition instrument is performed to obtain the power spectral density analysis results, as
shown in Figure 12. In order to more directly compare the influence of without damping components,
a damping component having constant slot depth or a varying slot depth on the dominant frequency
of the vibration acceleration, the power spectral density analysis results of the Original system and
D2 system are shown in Fig.12. The dominant frequencies of D-3-1 system and D-C system are
slightly different from that of the Original system, and the energy intensity of the dominant
frequency of D-3-1 system and D-C system has decreased compared with that of the Original system
to a certain extent. For the D-1-3 system and D2 system, no dominant frequency is observed and
the power density is reduced relative to other systems, indicating that the D-1-3 damping component
and D2 damping component can well suppress the excitation of vibration and hence reduce the

instability of vibration.
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Fig. 13 presents the friction coefficient curves of the system having the three special damping
components, measured over a period of 50-80 s. The D-1-3 system has the largest average friction
coefficient and the weakest vibration response. By contrast, the D-3-1 system and D-C system,
which generate stronger vibration than that of the D-1-3 system, show more significant fluctuation

of the actual friction coefficient. These experimental phenomena are consistent with those in Section

3.1.2.
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Fig. 13 Friction coefficient curves for the period time of 50-80 s

Fig. 14 presents the morphologies of worn surface of the pad in three systems having the special
damping components. For the D-1-3 system, both the side of leading edge and that of the trailing
edge on the pad surface exhibit wear track, indicating that tangential partial wear is nearly non-
existent on the pad surface. For the D-3-1 system and D-C system, wear track is observed only on
the leading edge on the pad surface, indicating that there is visible tangential partial wear. These
observations suggest that the contact behavior of the friction pair in the D-1-3 system form a good
fit, which corresponds to the minimal contact inclination angle.

The wear area on the pad surface is further analyzed using three-dimensional topographies.
The D-3-1 system and the D-C system exhibit more complex wear morphologies showing visible
ploughings and micro-slots and contact plateaus; meanwhile the D-1-3 system produces no serious
wear at the contact interface. Therefore, introducing the D-1-3 damping component into the friction

system can significantly improve the wear condition at the contact interface.
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Fig. 14 Surface topographies of the pad surfaces of the three friction systems after the test

To further determine the effect of the contact inclination angle on the instability of the system,
two-dimensional profiles at three locations on the pad surface along the tangential direction (rotating
direction of the disc) are measured. The results are presented in Fig. 15. Lines 1, 2, and 3 represent
the leading edge, center and trailing edge on the pad surface in the tangential direction, respectively.
For the D-1-3 system, the two-dimensional morphologies at the three locations are similar (refer to
the values of R;), indicating that the pad surface is relatively uniform, and no tangential partial wear
occurs. Meanwhile, the value of R, at the leading edge of the D-3-1 and D-C system is significantly
lower than that in the D-1-3 system, but the roughness of the trailing edge is similar to that of the
unworn surface (R, =0.976 for the unworn surface). This observation demonstrates that the leading
edge increases smoothness owing to continuous rubbing. Meanwhile, the trailing edge on the pad
hardly touches the disc. Moreover, the value of R, is markedly larger at the pad center of the D-3-1
and D-C systems than that of the D-1-3 system, resulting in the accumulation of wear debris in large
amounts. Therefore, the D-1-3 system has the smallest contact inclination angle between the friction
pair.

With the vibration response of the system, and the friction and wear characteristics of the pad
contact surface considered, it can be speculated that a larger the contact inclination angle indicates
a more severe tangential partial wear and stronger vibration response for the corresponding friction
system. Compared with the other systems, the D-1-3 damping component is found to have a better
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performance in stabilizing the friction system.
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Fig. 15 Two-dimensional profile at three locations on the pad surface

3.2 Numerical simulation and result analysis

3.2.1 Creation of the finite element model
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Fig. 16 The FE model of the test apparatus (a) and the corresponding load and boundary
conditions (b)

The contact stress distribution on the pad surface and the deformation behavior of the pad in
different friction systems are simulated using finite element software ABAQUS. First, a simplified
finite element model is established based on experimental bench, which mainly consists of seven
parts: a spring component, a bearing, a connecting axle, a 2-D force sensor, a pad holder, a disc, and
a friction pad. The material properties of the components are provided in Table 2. The rubber

material is defined as the hyperelastic material, which indicates that such kind of material is not
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depended on the young’s modulus and the poisson’s ratio (these two parameters are used to reflect
the material property of the linear elastic material). Therefore, the young’s modulus of rubber
material is not set in finite element model. The material properties of the other components have
been fully marked in terms of density, Young’s modulus and poisson’s Ration. And the setting of
parameters of the damping material usually has little effect on the results of the finite element
analysis but significantly increases the calculation time. Therefore, the parameters of the damping
material are not set in the finite element model. For friction pairs, the disc is defined as the master
surface because of its harder material and coarser mesh, and the pad surface is accordingly set as
the slave surface. Fig. 16 (b) shows the boundary conditions as well as the load of the finite element
model set based on the actual conditions of the test bench. Friction-generated heat is excluded in
this numerical analysis.

Table 2 Material properties of the components in the finite element model.

. Mooney-
) Young’s Poisson’s o
Part Density/g/cm? _ Rivlin
Modulus/GPa Ratio
Parameter
Backplate 7000 180 0.3 /
Pad 4000 20 0.24 /
Pad holder 7800 196 0.3 /
Spring Components 7800 196 0.3 /
Connecting axle 7800 196 0.3 /
Disc 7800 210 0.27 /
Bearing 7850 210 0.28 /
Damping C10=0.36
/ / 0.499
Components C01=0.09

By establishing the finite model of the Original system, D2 system, D-1-3system, and D-3-1
system, the friction systems having damping components with slotted surface structures are proven
to change the contact inclination angle between the pad and the disc in the sliding process. Fig. 17
(a) shows the contact stress distribution on the surface of different pads. Obviously, the overall
contact pressure of D-1-3 system is the lowest, and the distribution area of contact pressure is the
widest. To more accurately observe the deformation of the pad, the sloping path on the pad surface
with 7 nodes is selected as denoted by a dotted line in Fig. 17(a), to obtain the normal deformation
displacement of the pad. The deformation along the oblique line can more accurately represent the

deformation of the whole pad surface. Due to the reason of grid division, 7 nodes are selected to
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form an oblique broken line that is almost the same as an oblique line. The deformation mainly
occurs at the leading edge and slightly at the trailing edge resulting in the contact inclination angle.
The Original system has the largest difference in the deformation between the leading edge and the
trailing edge; thus, it has the largest contact inclination angle, which is in contrast to the contact
inclination angle of the D-1-3 system, which is the smallest. The contact inclination angles of the
D-3-1 system and D2 system are in the middle. These findings are consistent with the experimental
results. The D-1-3 damping component has a better performance in stabilizing the friction system.
Owing to the uneven contact pressure distribution on the pad contact interface during sliding friction,
the deformation of the leading edge varies from that of the trailing edge on the pad surface, which
leads to the formation of a contact inclination angle between the pad and the disc. Moreover, the
slotted-structured damping components can change the contact angle between the pad and the disc

in the friction system.

(a) Leading edge Trailing edge

Origianl system D2 system

CPRESS CPRESS

43,597e400
43, 1430400
#2.694e 400

48,9790-01
4, 490801
#0, 0008 +00

D-1-3 system D-3-1 system

= Origianl system =D-1-3 system
= D2 system =D-3-1system

Spatial displacement
at pad surface /mm
=
b

0.1 n . . . . .
Leading edge Trailing edge
length /mm

Fig. 17 Contact pressure distribution on the pad surface (a) and the deformation of the pad in

oblique broken direction (b) for different friction systems
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3.2.2 Contact inclination angle

As a matter of fact, the reason why the eight friction systems perform so differently lies in the
different interfacial contact inclinations angle. To examine the influence of the contact inclination
angle between the disc and the pad on the instability of the system, the numerical model considering
the partial wear is developed based on a minimal single mass two-DOF model presented by
Hoffmann et al. [40], in which the tangential partial wear is reflected by the contact inclination angle
a (Fig. 18). It should be noted that the model is intended to illustrate the mode-coupling instability
caused by the contact inclination angle instead of predicting the role of the slots on the damping
components in determining the dynamical response of the friction system. Therefore, there is no
need to consider the geometry of the damping components. Meanwhile, note that these parameters
used in this numerical model is for the sake of calculation convenience, which do not represent the
real parameters of the test rig. Therefore, the numerical model is only able to explain the
experimental phenomenon, i.e., a large contact inclination angle tends to aggravate the instability
of'the friction system. However, it cannot give any substantial predictions to the real friction system.
This model consists of a mass block and a rigid conveyor belt moving at a constant velocity. The
mass block has an inclination angle in the tangential direction, simulating the contact inclination
angle during the experimental tests. The mass block is supported by linear springs ki and £, spring
k installed at an inclination angle of 45 © and two viscous dampers, ¢; and c¢>. Spring k& and viscous
c1 are the horizontal constraints on the mass block, similarly, spring &, and viscous c; are the normal
constrain. The coupling between tangential direction and normal direction of the model is
established by introducing spring k. Spring k, connects the mass block with the rigid belt,
representing the contact between the pad sample and the disc sample in the real test rig. The x-
direction and y-direction shown in the Fig. 18 are denoted as tangential and normal directions
respectively. For the tangential direction, a constant friction coefficient ¢ is assumed, and the
classical Coulomb's friction law Fi=ukyy is used. This study aims to evaluate the effects of different
contact inclinations angles on the instability of the systems. Other parameters of this system are set

as following: m = 1 kg, k1 = 7.017 N/m, k=2, k= 2.49 N/m, k=5 N/m, and ¢; = ¢2 = 0.02.
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Fig. 18 The two-DOF numerical model with a contact inclination angle o

Assuming that the belt has no relative displacement in the normal direction, the motion

equation of this model can be derived as follows:
" 2 ’ : ’ 2 1
mx" +ccos “ax’—c;sinacosay’ +(kcos'a +Ek)x

. 1
+(—kcosasina + Ek)y =-F

2
my" +(c,+csin’a)y’ — ¢, sinacosax’ + (- ksinacosa +%k)x ~
+(k,sin’a + %k +kytk,)y=-N
Eq. (1) is rearranged thus:

Mx"+ Cx'+ Kx =0 ©)

where the damping matrix and the stiffness matrix can be obtained as:

C [ c,cos’a - sinacosaj

—¢;sinacosa ¢, +c¢sin‘a

1 . 1
kcos’a +—k —kcosasina +—k — uk,
2 2
= I I
—ksinacosa +Ek ksin’a +Ek +k,+k,
Complex eigenvalues analysis (CEA) is a highly efficient method for predicting the instability
of the friction systems and thus is widely adopted in finite element analysis and numerical
simulations [9, 12, 24]. The real parts of the eigenvalues of the equation of motion can generally

reflect the stability of the system. The system is stable when all real parts of eigenvalues are negative,

whereas the system becomes unstable when any real part of an eigenvalues is positive. The state
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equations of Eq. (3) can be derived as

0 1 0 0

1

' — 2N _ 1 N
z| k,cosa——k ¢ cos’a k, cosasina 5 k+ uk, ¢ sin2a z,
z _ m m m 2m %
z 0 0 0 1 z,
zZ, PP P z,

k,sin2a ¢,sin2a ksin”a 2 k—k, —k, —c, —¢,sin’a
L 2m 2m m m J

In order to clarify the influence of the contact inclination angle on the mode-coupling instability,
the results of the complex eigenvalue with the friction coefficient as the contact parameter are shown
in Fig. 19. According to paper [41], frequencies cannot be perfectly merging due to the existence of
the non-proportional damping in the model system (Fig. 19 (a)). In Fig. 19 (b), the friction
coefficient when the real part of the eigenvalue changes from negative to positive is defined as the
critical friction coefficient u.. When the contact inclination angle is 2.07°, the critical friction

coefficient 1s 0.2.
(a) (b)

3 . - - 0.1 : : .
a=2.07" =2.07"
2.95 0.05
= 5
= 2.9 B
o =
5 o
= =4
S -0.05
=
0.1}
2.75 . - - - : 0.15 - - M \
0.12 0.16 0.2 0.24 0.12 0.16 0.2 0.24
Critical friction coefficient 4 Critical friction coefficient

Fig. 19 Frequency (a) and real part (b) of the eigenvalue analysis of the two-DOF numerical
model
The transient dynamic characteristics of this model are calculated using Runge-Kutta methods
to estimate the effect of the contact inclination angle o on the instability of the system in the time-
domain. The results are present in Fig. 20. Moreover, when critical friction coefficient yc = 0.2, a
contact inclination angle a. = 2.07 ° exists (Fig. 19). For a < a., the system produces steady periodic
vibrations in both the tangential direction and normal direction, indicating that the system is stable.

For o=0,, the normal vibration amplitude increases linearly, and the tangential direction remains in
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periodic motion, indicating a change in system stability from stable to unstable. As the contact
inclination angle a further increases (o), both the tangential direction and normal direction
vibration amplitudes increase exponentially with time, resulting in a more violent vibration in the
system than that in the other two cases. The results show that the contact inclination angle will lead

to the modal coupling and cause more unstable vibration of the friction system.
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Fig. 20 Tangential and normal vibration displacements of the two-DOF numerical model for
different inclination angles
In order to obtain the instability area of the system under the influence of the contact inclination
angle, the critical friction coefficient corresponding to different contact inclination angle is obtained
through complex eigenvalue analysis. The results are shown in Fig. 21. The critical friction
coefficient decreases with the increase of the contact inclination angle. When the contact inclination
angle o increases, the region of instability increases, which indicates that the system is prone to

instability.

0.26

[

0.24

0.22
Instability

0.20 feuvsscnassnsnennnnnnns

0.18 |

Critical friction coefficient g,

Stability |
0.16 F .
0.14 |
0.12 " 1 |E 1 N 1 M
0 1 2 3 4 5

Contact inclination angle ¢ /deg

Fig. 21 Relationship between the contact inclination angle o and critical friction coefficient u
Fig. 22 presents a relationship between the dynamic response and the tribological

characteristics of the damped and undamped components friction systems. For the Original friction
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system, the larger contact inclination angle during the sliding process causes severe the tangential
partial wear, which triggers the instability of the friction system and consequently results in large
vibration amplitude. Meanwhile, introducing the slotted-structured damping components into the
system can significantly reduce the contact inclination angle, thus alleviating the partial wear of the
contact interface and stabilizing the friction system. It is a common sense [36] that the contact stress
distribution at the friction interface is a key factor influencing the friction-induced vibration of the
friction system. The inclination angle is an index that can reflect the contact status, if the angel is
small, the effective interfacial contact area is large, and vice versa. A large contact inclination angle
can lead to contact stress concentration at the leading edge of the friction pad. Generally, the contact
stress concentration at the leading edge of the friction pad will lead to tangential partial wear, which
consequently aggravates the wear situation of the friction interface and results in poor vibration
performance. Therefore, a small contact inclination angle contributes to stabilizing the friction

system and vice versa.
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Fig. 22 Mechanism of the effects of damping components on the tribological and dynamic
response characteristics of friction systems

4. Conclusions
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In this study, the effect of the damping components having slots at different-depths on the
instability of the system is evaluated using a special tribological test apparatus. Experimental tests
and numerical simulations are performed to reveal the mechanism underlying the effect of the
damping components on the vibration response characteristics of the systems. The main conclusions
drawn are presented as follows:

(1) The experimental results show that the damping components with slotted surface structures
can reduce the vibration response of the systems and the energy level at the dominant frequency,
thus stabilizing the systems. Specifically, the damping components having slots of specific depths
show the highest potential in suppressing the instability. Moreover, When the normal force
fluctuates normally in the process of friction sliding, the stability degree of the friction system can
be reflected from the friction coefficient. The more stable the system is, the less the friction
coefficient fluctuates.

(2) Tangential partial wear on the pad surface can reflect the matching degree of contact
interface of the friction pairs and the vibration characteristics of the systems. The damping
components with slotted surface structures can mitigate the tangential partial wear and improve the
matching degree of contact interface of the friction pairs, which can further effectively reduce the
instability of the system induced by friction sliding. Therefore, eliminating the tangential partial
wear of the pad surface can effectively reduce the instability of the system induced by friction sliding.

(3) The numerical results indicate that the contact inclination angle between the friction pair
can significantly affect the instability of the systems. Introducing the slotted damping components
with the friction system can reduce the contact inclination angle, consequently alleviating the severe
tangential partial wear at the contact interface and suppressing the instability of the systems.
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