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Abstract: The mechanism of adhesive friction between viscoelastic materials is a key question. In this study, the
friction process of the adhesive interface between a friction lining and a wire rope is dynamically observed in
real time to analyze the adhesion hysteresis friction intuitively and quantitatively. The adhesion is determined
by the state of motion, while the relative displacement of the wire rope and lining is used to find the magnitude
of the adhesive friction. The hysteresis friction is reflected by the internal deformation of the lining. The
magnitude of the hysteresis friction is determined by the displacement difference (Ax) in the sliding direction
of two marked points at different distances from the contact surface. The results show that the adhesion friction
is proportional to the loss modulus and the hysteresis friction is proportional to the ratio of the loss modulus to
the square of the storage modulus (E”/(E"?)). The frictional vibration first decreases and then increases with the
increase in pressure. The K25 lining has the highest adhesion hysteresis friction and minimal frictional vibration.
The result provides a simple and intuitive method for research into the friction transmission and vibration of
viscoelastic materials.
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1 Introduction

China is paying increasing attention to the long-term
safety and mechanization of coal mining. Mining is also
being modernized, and the application of multi-rope
friction hoist is becoming widespread [1, 2]. The
multi-rope friction hoist mainly relies on the friction
between the friction lining on the friction wheel and
the wire rope. Friction is the key factor in ensuring
safety. The friction lining is a viscoelastic material,
meaning there is adhesion hysteresis friction between
the friction lining and the wire rope. During the
friction process, the lining will continuously adhere,
deform, and break, generating vibration [3, 4]. Moreover,

the wire rope is a flexible body, and elastoplastic
deformation occurs after being stressed. The trans-
mission of vibration through the flexible wire rope
will also continue to increase. Therefore, once a slight
vibration generated at the friction pair, the transmission
in a kilometer-long flexible wire rope results in a large
vibration shake to the lifting container. The vibration
is a great hazard to the entire lifting system [5].
Therefore, it is very important to explore the mechanism
of adhesion hysteresis friction and its influencing
factors in the process of friction transmission.
Adhesive friction is the force at which adhesion
occurs at the interface to hinder sliding. Hysteresis
friction is a repetitive periodic deformation of a
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viscoelastic material due to compression and sliding,
resulting in a lag in the horizontal component (hysteresis
friction) that hinders sliding. In the research of the
adhesion hysteresis friction mechanism of viscoelastic
materials, Lii and Li [6] found the friction coefficient
(COF) and wear of nitrile rubber decreased with
increasing load, showing hysteresis friction at lower
loads and adhesion friction at higher loads. At lower
sliding speeds, the change in load produced a simple
molecular mechanical fracture. Wang et al. [7] found
the friction factor between a tire and a road surface
included two parts of adhesion and hysteresis. The
adhesion COF was the average COF, which could be
used to describe the elastic and friction characteristics
of the tire when sliding completely or slipping. Tong
et al. [8] used the multi-scale method of molecular
dynamics and finite element coupling to find that the
larger the radius of the indenter was, the larger the
surface friction. The friction increased as the depth of
depression of the indenter increased, and adhesion
hysteresis occurred at low speeds. Jrad et al. [9-11]
combined the rheological and friction properties of
viscoelastic materials and pointed out the friction
characteristics of the materials were closely related to
energy loss. A rheological model considering the
relationship between torque and angular displacement
(rotation) was established. Tambe et al. [12, 13] found
the scale of the COF depended on the surface roughness
and scan size of the sample. For larger scan sizes, the
sliding interface encountered larger micro-protrusions
and the friction was large. Lafaye et al. [14] found the
apparent friction and true local friction peak were
related to the loss factor. The peak of the ploughing
friction was related to the contact asymmetry. Moreover,
the root of the contact asymmetry was the viscoelasticity
or plasticity, and the adhesion hysteresis was the real
cause of the local friction.

The above researches are based on the results of the
occurrence and the theoretical knowledge to reversely
deduce the process of adhesion hysteresis friction. No
occurrence and evolution of the adhesion hysteresis
friction were observed. With the rapid development
of the dynamic capture system of cameras, it has
become a useful tool for detecting the dynamic
evolution process of inquiry [15]. Chen et al. [16, 17]

used a high-speed micro-camera to observe the contact
friction interface of the GM-3 friction lining in real
time, and the actual contact area of the contact interface
was calculated. Chromik et al. [18] used optical
microscopy and Raman spectroscopy to observe the
sliding behavior of the sapphire and coating interface,
the friction and wear behavior, and the structural
chemical changes of the subsurface. Krick et al. [19]
designed an in-situ observation test machine to study
the actual contact area of nitrile rubber and transparent
glass under different working conditions. During the
loading and unloading process, the contact area had
a significant hysteresis. Czchos [20] summarized the
interfacial friction phenomenon from the macroscopic
scale to the microscale and the nanoscale. The
wear mechanism was studied by scanning electron
microscopy to further observe the real-time generation
process of abrasive particles. Korres et al. [21] used
an immersion holographic microscope to observe the
smooth sliding copper surface and determined the
evolution process of the wear trajectory. The production
of flaky wear particles was mainly studied. De Beer
et al. [22] found that the dissipated energy of polymer
brushes affect the frictional response to relative motion.

Regarding the research on the friction drive and
vibration of a hoist, Gao et al. [23] found the COF was
reduced owing to the humid working environment
of the hoist. The tension of the main rope was
alternating to cause self-excited vibration. Wang et al.
[24] found the dynamic contact state included viscous,
slip, and mixed states during the lifting process. An
increase in the lifting weight led to an increase in the
possibility of overall slippage. The stress concen-
tration increased and the wear between the contacts
accelerated. Kaczmarczyk and Ostachowicz [25] found
the vibrations include external resonance, parametric
resonance, and self-resonance resonance. When the
winding speed changed, the resonant position shifted.
Yao and Xiao [26] performed a dynamic analysis of
the vertical hoisting wire rope. It was found that at
the second-order excitation frequency, when the
hoisting load was in the range of 0-5,000 kg, a large
lateral amplitude difference generated. This caused
the adjacent two cascades to collide and accelerated
the breakage of the wire rope.
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The previous studies have focused only on the
overall friction drive of the system and have not paid
attention to the fact that adhesion friction is the driving
force for lifting. This means the effect of adhesive
friction on the overall friction drive and vibration has
been ignored. Therefore, the adhesive hysteresis
friction is tracked and quantified by real-time dynamic
observation in this study to explore the adhesion
hysteresis friction mechanism. The influence of different
pressures on adhesion hysteresis friction and frictional
vibration is explored. The motion state is determined
by the displacement of the interface, and the adhesion
is determined by the state of motion. The relative
displacement of a wire rope and a lining is used to
reflect the magnitude of the adhesive deformation and
adhesive friction force. The hysteresis friction force
is reflected by the size of the internal deformation

of the lining. The frictional vibration is measured
by monitoring the deformation displacement in the
vibration direction.

2 Experimental

2.1 Experimental materials

Three types of friction linings commonly used in
Chinese coal mining are selected for testing: K25, G30,
and GM-3. The friction lining is made of a composite
material, and the high-strength heat-resistant resin
and rubber are compounded and modified as a matrix
material. The fillers are montmorillonite, CaCQOs, and
other space fillers. Meanwhile, the functional additives
are rubber additives, including cross-linkers, plas-
ticizers, accelerators, and antioxidant agents. The basic
performance parameters are included in Refs. [16, 17].
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The results of the X-ray diffraction (XRD) test are
shown in Fig. 1. The shore hardness (D) of the K25, G30,
and GM-3 linings was 63.5, 76.5, and 70.5, respectively.
The friction linings samples were ground and polished
before the test, and their roughness (Ra) was 0.4 pm.
The material of the wire rope was carbon steel.

2.2 Experimental methods

The self-developed test platform simulates the arc-
surface contact and friction condition of the friction
lining and wire rope during the actual lifting process.
The test platform and a schematic of the experiment
are presented in Fig. 2. The loading force is generated
by tightening the wire rope with an electric cylinder.
This causes the wire rope to press against the friction
lining to the predetermined pressure (Ti, T2). The
motor drives the reciprocating micro-slip motion of
the friction lining to simulate the friction of the lifting

| Sliding |

2.00mm

process. The lens of a high-speed micro-camera
(VW9000) is aligned with the contact interface to
monitor the viscoelastic contact and friction between
the friction lining and wire rope. The observation area
is shown in the red dotted frame in Fig. 2. The COF is
calculated by monitoring the dynamic change of the
tension at both ends of the wire rope (u = (1/a) x
In(T1/T2), where T1 and T2 denote the tension on both
sides of the wire rope and a is the arc length of the
lining (a = 21° in this experiment)) [4]. The frame rate
of the high-speed camera is 200 fps, the resolution
of each pixel is 640 x 480, and the shutter speed is
1/2,000 s.

Points were respectively marked on the wire rope
and friction lining. The tracking system was used to
record the movement trajectory of the two-dimensional
space during the friction process, as shown in Fig. 3.
For accuracy, our dynamic observation experiment

Camera
observation
area

Reciprocating micro-slip

Fig.3 Tracking the displacement of the marked points: (a) Initial position and (b) sliding process.
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took one data point every 0.004 s. The displacements
of the friction lining and wire rope in the sliding
direction (the X-direction) and in the vibration
direction (the Y-direction) during the whole friction
process were obtained. The changes in the adhesion
friction (sliding direction) and vibration during the
friction were analyzed. The measurement accuracy
was 0.0001 mm.

To further explore the hysteresis friction phenomenon
in the friction process, a point was marked at 1 mm
from the contact surface on the friction lining, and
another point was marked at 3 mm directly, as shown
in Fig. 4. The displacements of the two points in the
sliding direction were recorded. Because of the
adhesion on the contact surface and the driving force
on the friction lining, tensile deformation occurred
inside the friction lining, and hysteresis friction
occurred. Thus, the sliding displacement of point 2
was ahead of the displacement of point 1, as shown
in Fig. 4(b). Figure 4(c) shows the displacement in the
sliding direction of the marked points 1 and 2. It can
also be observed that the displacement of point 2 is
ahead of that of point 1, and the displacement has a
jump, because elastic recovery occurs after the tensile
deformation. This type of response is relatively small

2 [ 3.0000mm )

D ——

‘ Sliding

relative to the overall sliding distance, which is not
obvious in Fig. 4(c). Therefore, to better analyze the
displacement of the two marked points in the sliding
directions, the displacement of the two marked points
is subtracted to obtain the displacement difference
(Ax). Ax is the change in tensile deformation in the
sliding direction. It can reflect the change in hysteresis
friction.

In the experiment, 6 x 19 + IWS point contact wire
rope with a diameter of 12 mm was used. Before the
test, the surface of the friction lining and the wire rope
should be pretreated following the Chinese standard
JB/T 10347-2002 and the coal industry standards MT/
T248-1991. The experiment requires the surface of the
friction lining and wire rope should be free of water,
grease, and other impurities, and the wire rope should
not be embroidered. The experimental parameters are
listed in Table 1. The projection pressure of the friction
hoist during use was 1-3 MPa. The creep speed of the
friction lining during the lifting process was generally
less than 8 mm/s. Therefore, the selected pressure
range was 1-3 MPa and the sliding speed was 4 mm/s.
The pressure in the experiment is the projection

pressure.

[ Sliding

(c) 45
4.0

Marked point 1
Marked point 2

Displacement of marked points (mm)

_0.5 I I

0.0 0.1 0.2

0.3 0.4 0.5 0.6

Time (s)

Fig. 4 Tracking the displacement of marked points 1 and 2 in the friction process: (a) Initial position, (b) sliding process, and (c)

displacement of marked points 1 and 2 in the sliding direction.
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Table 1 Experimental parameters.

Parameter Value
Pressure (MPa) 1,1.5,2,2.5,3
Sliding speed (mm/s) 4
Sliding distance (mm) 6
Time (min) 10
Temperature ('C) 25
Lubrication condition Dry friction

3 Results

3.1 Dynamic observation of adhesive friction under
different pressure conditions

Figure 5 shows the displacement of the K25 lining
and wire rope in the sliding direction under different
pressure conditions. In Fig. 5(a), at the beginning of
the experiment, the K25 lining adhered to the wire
rope, and the change rule was the same. After 0.2 s,
the displacement of the lining increased rapidly, and
the displacement of the wire rope fluctuated slightly.
The increase rate of both is different, which indicates
that a relative slip occurred between the lining and
the wire rope. At 0.5 s, the displacement of the lining
reached the maximum value. Then, it changed in the

reverse direction. It still adhered first, then slipped,
and changed periodically. The variation law under
different pressure conditions is consistent. Therefore,
the friction process can be divided into two phases:
the adhesion and sliding stages [5]. Comparing
Figs. 5(a)-5(e), it can be observed as the pressure
increases, the time of the adhesive stage becomes
longer, but the adhesion is unstable. The fluctuations
become larger, the sliding time becomes shorter, and
the displacement of the lining in the sliding direction
decreases. As the pressure increases, the displacement
of the adhesive stage is tilted, causing the boundary
line to become blurred, especially at 3 MPa in Fig. 5(e).

In Fig. 5, the displacements of the friction lining
and wire rope in the adhesive and sliding stages
have simultaneously small fluctuations of the same
amplitude. This indicates that there is an adhesive
motion (the contact interface adhesion causes the
friction lining to move together with the wire rope).
The fluctuation indicates a tendency to move during
the adhesive stage and a re-adhesion during the sliding
stage. The type of fluctuation is a form of adhesion—
destruction. The time of occurrence is also short,
which can be defined as stick-slip fluctuation. As the
pressure increases, the stick-slip fluctuation of the K25
lining becomes larger, especially at 3 MPa in Fig. 5(e).
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Fig. 5 Displacement of the K25 lining and wire rope in the sliding direction at: (a) 1, (b) 1.5, (¢) 2, (d) 2.5, and (¢) 3 MPa.
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Therefore, the boundary between the adhesion and  especially at 3 MPa in Fig. 7(e).The stick-slip fluctuation

sliding stages becomes blurred at 3 MPa. of the GM-3 lining first reduces and then gradually
Figure 6 shows the displacement of the G30 lining  increases with pressure increasing.

and the wire rope in the sliding direction under For a clearer comparison of the relationship between

different pressure conditions. In Fig. 6, the display-  the adhesion sliding distance and the pressure, the

cement change of the G30 lining in the sliding direction ~ displacements of the friction lining and wire rope
is similar to that of the K25 lining. It also adhered  in the sliding direction are subtracted. In Fig. 8, the
first and then slipped, and it can be divided into the  relative sliding distances of the friction lining decrease
adhesion and sliding stages. As the pressure increases,  as the pressure increases. The relative sliding distance
the displacement of the G30 lining in the sliding  of the K25 lining is the smallest. As the pressure
direction also decreases, and the time of the adhesive increases, the relative sliding distance decreases, and
stage becomes longer. At low pressures (1 and 1.5 MPa),  the amount of decrease is smaller. The relative sliding
the stick-slip fluctuation is small. At high pressures,  distance of the G30 lining is large. As the pressure
the stick-slip fluctuation is more obvious, especially  increases, it decreases rapidly, and then decreases
at 3 MPa in Fig. 6(e). slowly. This shows that the relative sliding distance
Figure 7 shows the displacement of the GM-3 lining  has a greater influence on the lower pressure. The
and wire rope in the sliding direction under different  relative sliding distance of the GM-3 lining is also
pressure conditions. The adhesive and sliding stages ~ large. As the pressure increases, it decreases slowly,
are divided as shown in Fig. 7. The displacement of  decreases rapidly at pressures of 2 and 2.5 MPa, and
the GM-3 lining in the sliding direction also decreases  then slowly decreases. This indicates the critical point
as the pressure increases, and the time of the adhesive  is at a pressure of 2.5 MPa.
stage becomes longer. At pressures of 1.5 and 2 MPa, To quantify the maximum relative sliding distance
the stick-slip fluctuation is small. When the pressure  and adhesive time of the friction lining under different
is large, the stick-slip fluctuation is more obvious,  pressures more effectively (the adhesion friction is
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Fig. 8 Relative sliding distance of the friction lining in the sliding direction: (a) K25 lining, (b) G30 lining, and (c) GM-3 lining.

related to the maximum relative sliding distance and  relative sliding distance is much smaller than that of
the adhesive time), and in accordance with the above the G30 and GM-3 linings, the adhesive time is almost
results of the adhesion and sliding stages, the average  the same. Therefore, the adhesion friction of the K25
values of the adhesive stage time and the maximum  lining is the largest. The relative sliding distance of
relative sliding distance were obtained. The results are ~ the G30 lining is medium. The adhesive time is the
shown in Fig. 9. The pressure increases, the maximum  longest. Therefore, the adhesion friction is small. The
relative sliding distance decreases, the adhesive time =~ maximum relative sliding distance of the GM-3 lining
increases rapidly first, and then tends to be stable. The  is the largest and the adhesive time is also the shortest.
maximum relative sliding distance of the K25 lining Thus, the adhesion friction is small.

is the smallest under different pressure conditions.
The adhesive time is longer than that of the GM-3
lining at the pressures of 1.5 and 2 MPa. At the
pressures of 2.5 and 3 MPa, although the maximum  Figure 10 shows the Ax in the sliding direction of two

3.2 Dynamic observation of hysteresis friction under
different pressure conditions
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Fig. 10 Ax of the friction lining in the sliding direction: (a) K25 lining, (b) G30 lining, and (c) GM-3 lining.

marked points at different distances from the contact
surface during the friction process. The tensile defor-
mation (hysteresis friction) inside the friction lining is
reflected. In Fig. 10(a), when the friction started, the
tensile deformation inside the friction lining started to
increase, and then fluctuated continuously. This shows
the adhesion-recovery continuously happened. Then,
the Ax changed in reverse. As the pressure increases,
the Ax of the K25 lining first decreases and then
increases, and the fluctuation at 1.5 MPa is small. The
Ax of the G30 lining under different pressures are
small. This reveals that the internal stretch of the G30
lining is small. The Ax of the GM-3 lining is also first
decreased as the pressure increases, and the fluctuation
is minimized at 2.5 MPa. Comparing Figs. 10(a)-10(c),
the Ax of the K25 lining is the largest showing the
internal stretch of the K25 lining is the largest.

TSINGHUA
UNIVERSITY PRESS

3.3 Dynamic observation of vibration in the
Y-direction under different pressure conditions

The displacement in the Y-direction is the vibration
amplitude. Figure 11 shows the amplitude of the friction
lining in the Y-direction during the friction process
under different pressure conditions. In Fig. 11(a), the
amplitude of the K25 lining in the Y-direction increased
first and then increased with the increase in pressure,
and the smallest amplitude is at 2.5 MPa. The amplitude
of the G30 lining also first decreased and then increased
with the increase in pressure. The frictional vibration
is minimized at 2.5 MPa in Fig. 11(b). The frictional
vibration of the GM-3 lining at 2 MPa is the smallest
in Fig. 11(c). Comparing Figs. 11(a)-11(c), the frictional
vibration of the K25 lining is the lowest showing the
friction stability of the K25 lining is the best.
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Fig. 11 Amplitude of the friction lining in the Y-direction: (a) K25 lining, (b) G30 lining, and (¢) GM-3 lining.

3.4 Frictional behaviors of the friction lining

The friction force and COF are an intuitive reflection
of the adhesion hysteresis friction. Figure 12 shows
the friction force and the average COF of the friction
lining under different pressure conditions. In Figs.
12(a)-12(c), when the friction started, it was in the
adhesive stage, and the friction force increased

continuously. After increasing to the maximum value,

there was a small decrease, and then it remained
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unchanged, indicating that it entered the sliding
stage. After the end of the sliding, the friction force
reduced rapidly and entered in the adhesive stage.
Subsequently, it was a reverse change, which was still
adhesion-sliding—adhesion. The friction of the K25
lining is the highest and that of the GM-3 lining is the

Fig. 12 Friction force and average COF of the friction lining under different pressures: (a) K25 lining, (b) G30 lining, (¢) GM-3 lining,

and (d) average COF.
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smallest. In view of the average COF in Fig. 12(d), the
COF of the K25 lining is also the largest and that
of the GM-3 lining is the smallest. Moreover, the
COF decreases as the pressure increases. However,
at 3 MPa, the COF increases. This is because the
adhesion time of the GM-3 lining becomes shorter
and the adhesion friction decreases, but the hysteresis
friction increases, and the friction vibration amplitude
is large. According to Moore’s adhesion friction theory
[26, 27], the COF is equal to the sum of adhesion
COF and the hysteresis COF. When the increase in the
hysteresis COF is larger than the decrease in the
adhesion COF, the COF will increase. Therefore, the
COF increases at 3 MPa.

4 Discussion

According to Moore’s adhesion friction theory, the
friction of viscoelastic materials mainly comes from
adhesive friction and hysteresis friction [27, 28], and
the COF (u) can be expressed by Eq. (1):

H=p,+ (1)

where pa is the adhesive COF and p, is the hysteresis
COF.
ta can be expressed by Eq. (2):

]- E/l (2)

pa = Ka—3
where K is a constant (related to the properties of the
material), p is the contact positive pressure, and E” is
the loss modulus.

Un can be expressed by Eq. (3):

"
=K ®)
where K is a constant, p is a contact positive pressure,
and E’ is a storage modulus.

Adhesive friction occurs on the frictional contact
surface and the subsurface, as shown in Fig. 13(a). The
contact and adhesion points of the micro-protrusions
are continuously formed and destroyed. The adhesion
area is enlarged, and the adhesion friction mechanism
is mainly divided into three stages. In the first stage,
adhesion occurred at the contact peak, and as the
relative motion progressed, the internal molecular
chain was stretched and deformed. In the second stage,
the adhesion point was broken after the stretching
reaches a certain value. The molecular chain relaxed
and released energy. In the third stage, new adhesions
were formed at a new location. Due to the repeated
mode of the adhesion—stretch—fracture—adhesion, the
energy is lost and released in the form of heat,

—
O
-

Maximum relative sliding distance (mm)

Enlarged ‘./j% | A
adhesive || C:,/'% Molecular Molecular —
e \\Chalﬂ chain | S
area B —4—2 MPa
--------------- ¥ ' : 'F =S hpa ka5
| First stage | | Second stage | ‘ Third stage 15 2|0 2'5 3'0 3'5 4-0 -

Loss modulus (MPa)

Fig. 13 Adhesion friction mechanism: (a) Diagram of adhesive friction and (b) the relationship between loss modulus and maximum

relative sliding distance.
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producing frictional heat [29]. Figure 13(b) shows
the relationship between the loss modulus and the
maximum relative sliding distance of the friction lining.
In Fig. 13(b), the adhesion friction is proportional to
the loss modulus. The loss modulus of the K25 lining
is large [16, 17]. Thus, the adhesion friction is large,
and the maximum relative sliding distance is small.
According to Refs. [30, 31], the COF is inversely
proportional to the elasticity of the material and
proportional to the viscosity. The relative pressure
increases for stronger adhesion [32]. The adhesion
friction is proportional to the loss modulus. The loss
modulus of the G30 lining is smaller than that of the
K25 lining. Therefore, the adhesion friction of G30 is
smaller than that of K25. The loss modulus of the GM-3
lining is the smallest. Hence, the adhesion friction of
GM-3 lining is the smallest and the maximum relative
sliding distance is the largest.

Figure 14 presents a schematic of the hysteresis
friction mechanism. Hysteresis friction is a repetitive
periodic deformation of a viscoelastic material due to
compression and sliding, resulting in a lag in the
horizontal component (hysteresis friction) that hinders
sliding and causes energy consumption during relative
sliding. In this study, the hysteresis friction is well
quantified by the Ax in the sliding direction of the
marked points 1 and 2. The hysteresis friction is pro-
portional to the loss modulus and inversely proportional
to the storage modulus [30, 31]. The larger the storage
modulus is, the greater the elasticity of the material,
and thus, the elastic deformation is smaller under the
same load conditions and the hysteresis friction is
smaller. The larger the loss modulus is, the greater the
viscosity of the material, and the greater the friction
inside the material, and thus, the hysteresis friction is

Fig. 14 Schematics of the hysteresis friction mechanism.

greater. Figure 15 shows the relationship between
hysteresis friction and the ratio of the loss modulus
to the square of the storage modulus (E”/(E?)). It can
be observed that the K25 lining has the largest value
of E”/(E"); hence, the hysteresis friction is the largest.
The GM-3 lining has the smallest value of E”/(E™),
and thus, the hysteresis friction is the smallest. The
hysteresis friction is proportional to the ratio of the
loss modulus to the square of the storage modulus
(E"/(E™)).

Figure 16 shows the relationship between the
adhesion time, hysteresis friction, and frictional
vibration amplitude of the friction lining with pressure
increasing. It shows that as the pressure increases,
the adhesion time increases, and the adhesion friction
increases; the hysteresis friction first decreases and
then increases. From the results of the friction and
average COF with the increase in pressure, it is known
that the hysteresis friction is dominant at low pressures,
and the adhesion friction is dominant at high pressures.
According to Ref. [29], the adhesion hysteresis friction
of the polymer-polymer is dependent on the dynamic
rearrangement of the outermost layer of the polymer
at the shear interface. When the pressure increases, the
contact area increases, the adhesion point increases,
the adhesive contact area becomes larger, and the
adhesion friction increases. When the pressure is
smaller, the elastic deformation decreases as the
pressure increases, the plastic deformation increases,
the dynamic rearrangement of the material decreases,
and the hysteresis friction decreases. After the pressure
reaches a certain value, the internal molecular chain
of the material is entangled, the damping is increased,
and the hysteresis friction is aggravated.
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Fig. 15 Relationship between hysteresis friction and the ratio of
the loss modulus to the square of the storage modulus (E"/(E")).

The amplitude of the frictional vibration reflects the
instability of the frictional interface, i.e., the severity
of the damage. It can be observed in Fig. 16 that as
the pressure increases, the amplitude of the frictional
vibration decreases first and then increases, and the
amplitude of the frictional vibration is the smallest at
2.5 MPa. The vibration amplitude of the K25 lining is
the smallest. At low pressures, as the pressure increases,
the adhesive time increases, whereas the hysteresis

friction and frictional vibration amplitude decrease.
Mainly because of the increase in pressure, the adhesive
contact area becomes larger, and the adhesion friction
is intensified. At the same time, the hysteresis defor-
mation reduced and the friction surface is relatively
stable. Therefore, the vibration reduced. However,
when the pressure is sufficiently large, the hysteresis
friction is intensified. This leads to an increase in
friction and an unstable friction surface. Therefore,
the vibration is slightly increased.

5 Conclusions

1) Through dynamic monitoring, the displacement
changes of the friction lining and wire rope in the
friction process under different pressure conditions
were analyzed, and the adhesion and sliding stages
were distinguished. The adhesion friction was analyzed
by the relative sliding distance and the adhesive time.
It was found that the adhesion friction is proportional
to the loss modulus. The hysteresis friction is quantified
by dynamically monitoring the difference in dis-
placement of the friction lining in the sliding direction
during the friction process. The hysteresis friction
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Fig. 16 Relationship between frictional vibration amplitude, adhesive time, and hysteresis friction: (a) K25 lining, (b) G30 lining, and

(c) GM-3 lining.
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is proportional to the ratio of the loss modulus to
the square of the storage modulus (E"/(E"?)), and the
hysteresis friction of the K25 lining is the largest.

2) The adhesion friction increases as the pressure
increases. The hysteresis friction decreases first and
then increases with the increase in pressure. The
friction force and the average COF decrease as the
pressure increases. This shows that hysteresis friction
dominates at low pressures and adhesion friction
dominates at high pressurses.

3) With the increase in pressure, the frictional
vibration amplitude first decreases and then increases,
and the frictional vibration is the smallest at 2.5 MPa.
The vibration amplitude of the K25 lining is the
smallest. At low pressures, as the pressure increases,
the adhesive time increases, whereas the hysteresis
friction and frictional vibration amplitude decrease.
Mainly because of the increase in pressure, the adhesive
contact area becomes larger, and the adhesion friction
is intensified. At the same time, the hysteresis defor-
mation reduced, and the friction surface is relatively
stable. Therefore, the vibration reduced. However,
when the pressure is sufficiently large, the hysteresis
friction is intensified. This leads to an increase in
friction and an unstable friction surface.

In this study, the adhesion hysteresis friction between
interfaces was intuitively and quantitatively analyzed.
The influence of different pressures on adhesion
hysteresis friction and frictional vibration was analyzed.
The result provides a simple and intuitive method for
the research on friction transmission and vibration
of viscoelastic materials, and provides a theoretical
basis for determining the friction drive reliability of
friction hoists.
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