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Abstract: As an alternative to short fibers, non-woven fabrics (NWFs) were made using different types of long
fibers to optimize the performance of paper-based friction materials and their technology. In this investigation, the
fillers and resin were impregnated into these NWFs to prepare three kinds of wet friction material. The tribological,
mechanical, and thermal properties of the new wet friction material were studied. The results indicate that the
dynamic friction coefficient of the new friction material is approximately 0.12 and the static friction coefficient is
approximately 0.15; the better wear rate is 0.81334 × 10−14 m3·(N·m)−1. In addition, the temperature for 10% mass loss
yielded 100 °C enhancement and the tensile strength was improved by 200%, compared to previously reported
values. Most importantly, the advantages include a simple preparation flow, low cost, and resource conservation.
This is a promising approach for the future development of paper-based friction materials.
Keywords: non-woven fabric; wet friction material; continued friction film; green manufacture speed

1

Introduction

Friction materials are widely used in automatic
transmissions and clutches in automobiles [1–3]. Fiberreinforced resin-based friction material (FRRBFM) is an
important category of friction material that is usually
composed of fibers, adhesives, friction modifiers, and
fillers [4–6]. As a kind of reinforcement, fibers impart
physical strength to friction materials and provide
thermal shock resistance. Cai et al. [7] studied the effect
of the aspect ratios of aramid fiber on the mechanical
and tribological performances of friction material. Li
et al. [8] proposed the idea of a carbon fiber reinforced
resin-based friction material.
Paper-based friction material is an important class
of wet friction material, which is a kind of oil-immersed,
polyporous FRRBFM. To improve the performance of
a paper-based friction material, many researchers have
undertaken theoretical studies on the composition of
raw materials [1–6]. Recently, Zhou et al. [1] studied
* Corresponding author: Yewei FU, E-mail: yeweifu@nwpu.edu.cn

the effect of the synergistic effect of liquid carboxylated
nitrile rubber and epoxy resin on a soft paper-based
friction material. Fei et al. [2] electrodeposited silicon
carbide particles on a paper-based friction material
to enhance its performance. However, the current
approaches for the preparation of paper-based friction
materials are still based on the papermaking process.
As such, the preforms have low strength and a large
amount of water is consumed in the production
process.
The application prospects of non-woven fabrics
(NWFs) are promising, and they are generally used as
masks and cushions in other textile products. NWFs
are fabric-like material made of relatively long fibers
that is prepared by chemical, mechanical, heat treatment
or in combination with solvent treatment [9, 10].
In the process of NWF production, fibers are loosely
distributed, overlapped, and stitched, forming a
randomly distributed structural layer with a welldefined pore structure and a large porosity [11].
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Long-length and crimp-dispersed reinforced fibers were
used to fabricate NWFs using two-dimensional (2D)
plying and three-dimensional (3D) needle punching.
These NWFs are akin to a strong fiber skeleton for
composites, which helps the fibers of the wet friction
material to bond more tightly to other components. It
is expected to improve the performance of wet friction
material and to contribute to energy conservation and
environmental protection because of the improved
fabrication process.
In this work, aramid fibers mixed with nylon fibers,
charcoal fibers, and low-melting-point fibers represent
three different blended NWFs that are used to make
wet friction materials. Correspondingly, the production
process for this material was changed. In practice, the
frequent changes in speed, high brake pressure, and
high-friction heat, requires that wet friction materials
should have good mechanical and thermal properties
[12–21]. Therefore, the tribological, mechanical, and
thermal properties of the new wet friction materials
were comprehensively studied and a mechanism was
also proposed to explain the observed behavior.

2
2.1

Experimental procedure

melting fiber (linear density of nylon fiber, bamboo
charcoal fiber, and low-melting fiber is 1.5 D, length
of them is 51 mm; Guangzhou Yuechengan Fiber
Products Co., Ltd., China). The fillers consisted of
mineral powder, chromite powder, fluorite powder,
calcium carbonate, alumina, carbon black, and zinc
stearate (all at industrial grades, particle size of 150–350
mesh). The binder was a mixture of 20 wt% phenolic
resin modified with cashew nutshell (Jinan Sheng
quan Hepworth Chemical Co., Ltd., China) and diluted
with alcohol.
2.2

Sample preparation

2.2.1 Preparation of NWF as preform
The details of the manufacturing of NWF are presented
in Fig. 1(a). The mixed fibers were processed using an
opening machine, a cotton machine, a carding machine,
and a needle punching machine to obtain an NWF
with a density of 26 thorns/cm2 that resembled a
loose “fiber skeleton” (Fig. 1(b)). The mass fraction of
the aramid fiber and hybrid fiber (nylon, charcoal,
and low-melting point fiber) were 90 and 10 wt%,
respectively.
2.2.2 Preparation of new resin-based friction material
(NWF-wet friction material)

Raw materials

The fibers include aramid fibers (linear density is 1.5 D,
length is 51 mm; Shandong Yantai Taihe Co., Ltd.,
China), nylon fiber, bamboo charcoal fiber, and low-

The fillers were stirred in water at a speed of 2,000 rpm
in a high-speed pulper. This allowed the fillers to be
fully dissolved in water and a thick liquid similar to

Fig. 1 (a) NWF manufacturing process, (b) the microstructure of NWF, and (c) schematic of overall fabrication process of the new
kind of wet friction material.
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mud was obtained by suction filtration. The thick
liquid was evenly spread over the surface of layers
of fibers, and sufficient pressure was utilized to fully
immerse the fibers. The fibers covered with the filler
solution were dried at less than 100 °C for 1 h. After
drying, these preforms were impregnated with 20 wt%
ethanol solution of phenolic resin until all the resin
solutions were uniformly absorbed by the material
substrate. This was followed by hot pressing on the
vulcanizer at a temperature of 160 °C for approximately
5 min at a pressure of 5 MPa, to obtain wet friction
materials with a thickness of 0.4 mm. The mass fraction
of the fibers, resin, and fillers was 30, 30, and 40 wt%,
respectively. Aramid fibers mixed with nylon fibers,
charcoal fibers, and low-melting point fibers are
separately designated as S1, S2, and S3, respectively.
The schematic of the overall fabrication process is
shown in Fig. 1(c).
2.3

Testing method and equipment

The unworn and worn surfaces of all samples were
observed using scanning electron microscopy (SEM,
JSM-6360, Japan). A wet friction performance tester
(QM1000-IIB, Shuntong Co., Ltd., China) with a plateon-plate rotation mode was used to test the friction
coefficient and wear rate of samples in lubricating
oil (N32#) at room temperature. (a) Sample size, (b) the
location where the samples were tested, and (c) an
image of the wet friction performance test machine
are shown in Fig. 2. The material of the dual disk is
45# steel. The test mode was a single facing clutch
test machine with a moment of inertia 0.1 kg·m2.
The tribological tests were repeated three times for
each sample. According to GB/T 1447-2005, the tensile
strength of the materials was evaluated using a
microcomputer-controlled electronic universal testing
machine (CMT5304-30KN, Shenzhen Sansi universal
testing machine, China). The mechanical tests were
conducted five times for each sample. 3D contour
topography images were acquired for the samples
prior to wear measured a confocal microscope
(LASERTEC OPTELICS C130). The porosity of the
samples was measured using a mercury porosimeter
(AutoPore IV 9500, American Mack Instruments).
A thermal gravimetric analyzer (TGA/SDTA851,

Fig. 2 (a) Sample size, (b) the location where the samples
were tested, and (c) appearance of wet friction performance test
machine.

METTLER TOLEDO) was utilized for TG-DTG analysis
and the temperature range was from 40 to 800 °C with a
heating rate of 10 °C/min and a flow rate of 50 ml/min
under an air atmosphere.

3
3.1

Results and discussion
Microstructure of the friction material

Figure 1(b) shows the microstructure of the NWF. It
is evident that the orientation of the fibers is intricate
and cross-cutting, resulting in a large number of pores,
which provides a rigid fiber skeleton as the preform
for the new wet friction material.
It is evident from Figs. 3(a)–3(c) that the fillers and
fibers of the three samples were bonded together using
the resin. There are many interconnected holes on the
surface of the new wet friction material. The presence
of holes could allow the lubricant to penetrate the
friction material, which is beneficial to the transfer and
dissipation of heat in the friction process. The highmagnification SEM images (Figs. 3(g) and 3(h)) of the
fibers in Fig. 3(a) indicate that the fiber clusters appear
on the surface, and this unique surface topography is
different from the fiber protrusion or exposure. Fibers

| https://mc03.manuscriptcentral.com/friction
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Fig. 3 SEM images of (a) S1, (b) S2, and (c) S3 before wear. Corresponding 3D surface profiles of different samples: (d) S1, (e) S2,
and (f) S3. (g, h) High-magnification SEM images of fibers, and (i) energy disperse spectroscopy (EDS) spectroscopy for S1.

are peeled off to produce fine fibers due to fibrillation,
which increases the specific surface area of the surface.
EDS elemental analysis was performed on the local
region of S1 (Fig. 3(a)). As shown in Fig. 3(i), it is
evident that various elements such as C, O, Ca, Mg,
Fe, Si, Cr, and Al are distributed over the surface.
Figures 3(d)–3(f) show the 3D contour topography
of these new materials. As a composite, the surface
morphology of the wet friction material is anisotropic
[22–24]. The Sq of the three samples are 35.781, 41.727,
and 48.055 μm, respectively. Combined with the micromorphology analysis, it is determined that the surface
structures of the three samples are similar and their
roughness is not much different.
The porosity, as well as the size, and distribution of
internal pores, have a great influence on the tribological
properties, because they mainly control the formation
of a lubricating film and a friction film during the
wear process [26]. Figure 4 illustrates the porosity and
pore diameter distribution of different new wet friction
materials. From Fig. 4(a), the porosity values of S1, S2,

and S3 are 38.67%, 41.94% and 43.45%, respectively.
The volume pore size distribution curves (Fig. 4(b))
show that the sizes of the pores are uniform, and
mainly distributed in the range of 25–75 μm. This is
indicative of the uniformity of these pores, which is
beneficial to the stabilization of lubricating and friction
films, and their continuous property.
3.2

Mechanical performance

To avoid affecting the performance and to prolong
the service life of wet friction materials, they need to
be able to withstand mechanical shock. Tensile strength
tests were conducted to study the bonding strength
between the reinforced fibers and resin. Figure 5 shows
the tensile strength and load-displacement curves
of different wet friction materials. From Fig. 5(a), the
fracture form of the samples is brittle. The tensile
strength values (Fig. 5 (b)) of S1, S2, and S3 are 66.88,
77.96, and 109.77 MPa, respectively. S3 has improved
tensile strength, which is due to its ability to adhere
to the components.

http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction
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Fig. 4 (a) Porosity and (b) pore diameter of different samples.

Fig. 5 (a) Load-displacement curves and (b) tensile strength of different samples.

3.3

Thermal properties

3.4

A large amount of friction heat can be generated
during the braking process, and the instantaneous
temperature could reach 300 °C. This results in the
decomposition of organic substances, thereby affecting
the performance of wet friction materials. Therefore,
it is important to study the heat resistance of these
materials. To understand their thermal performance,
TG-DTG curves were obtained, as shown in Fig. 6.
Typical degradation temperatures and mass losses
obtained from the TG and DTG curves are listed
in Table 1. The three samples have similar thermal
properties. Their 10% weight loss temperatures are
approximately 415–430 °C. The TG curves of the
samples show two distinct regions of mass loss that
are highlighted by two major peaks in the DTG curves.
This implies that the friction material has at least two
main stages of degradation. The maximum degradation
temperature is 541–544 °C that is probably due to the
decomposition of phenolic resin. The temperature loss
in the second stage is approximately 570 °C because
of the loss of fiber [4].

Tribological performances

3.4.1

Friction torque curve

The wet friction contact process includes three stages:
flow dynamic lubrication, mixed lubrication stage, and
boundary lubrication stage, which can be characterized
by the friction torque curve [27, 28]. Figure 7 shows
the friction torque curves of the different samples
under the conditions of spindle inertia of 0.10 kg·m2,
rotating speed of 1,000 rpm, and brake pressure of
0.5 MPa. Compared with S2 and S3, the friction torque
curve of S1 changes more smoothly and there is no
obvious “cock tail” in the torque curve. It can be
concluded that the stability of the friction coefficient
of S1 is the best. This indicates that it is not easy to
produce chattering when the clutch is engaged. This
might be due to the resilience of the nylon fibers, which
can be cushioned during braking. However, the friction
torque of S2 and S3 are significantly increased and the
typical “cock tail” feature exhibited in the boundary
lubrication stage. This may result in the vibration of
the wet clutch in the braking process.

| https://mc03.manuscriptcentral.com/friction
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Fig. 7 Friction torque curves of different samples.

Fig. 6 TG-DTG curves of (a) S1, (b) S2, and (c) S3.
Table 1

Typical degradation temperatures.

Sample

T1 (°C)

T2 (°C)

S1

430.769

544.899

S2

415.643

541.817

S3

423.727

542.371

Note: T1 is the temperature of 10% of mass loss, °C; T2 is the
temperature of maximum decomposition rate, °C.

3.4.2

Friction coefficient

Figure 8 illustrates the dynamic friction coefficient
and the static friction coefficient of the three samples.
With the change of the conditions, the dynamic and
static friction coefficients of traditional wet paper-based
friction material can fluctuate under different speeds

and pressures [2–5]. In this work, the rotation speed
was unchanged, and the dynamic friction coefficient of
the three samples decreased as the pressure increased
from 0.5 to 2 MPa. For the three samples, when the
pressure was constant, the dynamic friction coefficient
increased when the rotational speed increased from
1,000 to 2,000 rpm. When the speed increases to
2,000 rpm, the oil on the surface of the friction material
might undergo a transition from rich to lean. The
thickness of the oil layer decreases, resulting in the
increase of the friction coefficient. However, when
the rotational speed changed from 2,000 to 3,000 rpm,
the dynamic friction coefficient of the three samples
decreases. This can be attributed to the increase of the
rotational speed. As such, boundary lubrication might
occur during braking. When operating in boundary
lubrication or mixed lubrication, the hydrodynamic
membrane might be a major factor that affects the
friction coefficient of the samples [29–32]. It is evident
from Fig. 4(a) that the porosity of the three samples
is approximately 40%, which can facilitate the entry
of lubricant oil into the pores. During operation, the
lubricant is adsorbed on the surface of the friction
material due to the viscous action of the lubricating
oil. When a sufficiently high speed is reached, the
hydrodynamic lubrication creates a stable oil film between the friction material and the dual disk, ultimately
resulting in the decrease of the friction coefficient
of the samples. The static friction for each sample
floating at ±0.005 may be determined using better
fiber orientation and tangles. When the fibers are used
to create NWF, the specific surface area increases and
the fibers are dispersed uniformly. Fine fibers and fiber
bundles on the surface of the samples (Figs. 3(a)–3(c))

http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction
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Fig. 8 Dynamic friction coefficient of (a) S1, (b) S2, and (c) S3; (d) static friction coefficient of three samples.

cause the bonding area between the fibers to increase.
These undoubtedly guarantee the stability of the
friction coefficient of the friction material.
3.4.3 Wear rate
The wear rate of the samples is shown in Fig. 9. The
wear rates of S1, S2 and S3 are 0.81334 × 10−14, 1.70552 ×
10−14, and 4.01159 × 10−14 m3·(N·m)−1, respectively.
Among the three samples, it is concluded that S1 has
the best wear resistance, followed by S2.
To investigate the reason for this phenomenon,
SEM images of the worn surfaces of the samples were
obtained, as shown in Figs. 10(a)–10(c). The reinforcing

Fig. 9 Wear rate of different samples.

ability of the fibers and the adhesive strength between
the resin and the fibers are closely related to the wear
resistance [33, 34]. Due to the good binding ability
between the resin binder and the other components
for S1 and S2, they are tightly bonded. After rubbing,
the surfaces of S1 and S2 become smooth, indicating
that the surface damage of the two samples was not
severe, which is consistent with the results for the wear
rate [35]. Their worn surfaces appear to be attached
with a smooth and dense friction film layer. However,
the worn surface of S3 is uneven after wear, with many
large holes and a small-area of friction film. The mixed
fiber of S3 is a low melting point fiber that can be
melted at 120 °C during hot pressing. However, for
S3, low melting point fibers could soften and melt
during the rubbing process, resulting in an increase
in the thermal wear of S3. Moreover, given the poor
wear resistance of the low-melting point fibers, they
are easily rubbed off. The low-melting fibers not only
lose their reinforcing effect for the samples, but also
weaken the bond between the aramid fibers and the
resin. This affects the structure of the entire RBFM,
which results in poor adhesion between fibers and the
resin. The poor combination of components causes S3
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Fig. 10 SEM images of different samples: (a) S1, (b) S2, and (c) S3 after wear, (d) EDS spectroscopy, (e) elemental mapping, and
(f) elemental weight percentage of worn surface for area 1 of S1.

to be easily damaged, which negatively affects the
formation of the continuous friction film, resulting in
poor wear resistance.
The reason for the difference in wear resistance of
S1 and S3 could be explained with reference to Fig. 11.
After braking, the surface state of the material might
be as shown in Figs. 11(a) and 11(b). Combined with
the microscopic morphology analysis after wear, it
can be concluded that the degree of formation of the
friction film is an important factor that affects wear
resistance. When the fiber network is well-built (S1),

it is easy to form a continuous friction film as shown
in Fig. 11(c). Otherwise, a discontinuous friction film
(Fig. 11(d)) is formed (S3).
The results for EDS elemental analysis of the worn
surface for area 1 of S1 are shown in Figs. 10(d) and
10(f). It can be concluded that C, O, Mg, Al, Si, K, Cr,
Fe, and Ca are the main elements of the friction film.
3.5

Literature comparison and future perspectives

Compared to traditional wet friction material (Fig. 12(a)),
S1 and S2 have stable coefficients of friction and better

Fig. 11 Schematic diagram of possible behavior of different samples during actual working conditions under lubrication conditions:
(a) S1 and (b) S3. Surface micrograph of friction film for (c) S1 and (d) S3.
http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction
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Fig. 12 (a) Tribological and (b) thermal properties and tensile strength of wet friction material have been studied.

wear resistance. Fine fibers were found filled with fiber
skeletons built between long fibers. An NWF not only
has a large specific surface area, but also the enhanced
ability to combine the fiber, resin, and filler with
excellent interfacial adhesion. In the network cavity,
the physical interaction and hydrogen bonding forces
among fibers are enhanced [36–38]. It acts as a “bridge”,
which increases the bond strength between the fibers,
thereby increasing the wear resistance of the sample.
The tensile strength of S3 was greatly improved by
approximately 600% compared to traditional friction
materials and 360% for S2, as displayed in Fig. 12(b).
The significant enhancement of the tensile strength
can be attributed to the increase in the length of the
reinforcing fibers, and the structure of the reinforced
fiber preform. Increasing the length of the reinforced
fibers helps to improve the mechanical properties of
the paper-based friction material [39, 40]. In addition,
the intertwined entanglement of the NWF mitigates
the pulling effect between fibers. This is different from
conventional wet paper-based friction material, and
contributes to the improvement of the mechanical
properties of the new wet friction material.
The heat resistance of the new friction material
increased by 100 °C compared to the conventional
material, as shown in Fig. 12(b). The excellent heat
resistance of the new wet friction material might be
explained as follows: due to the large volume ratio of
the “fiber skeleton” created by the reinforced fibers,
a relatively large amount of inorganic fillers are used
for the component of the new wet friction material.
Therefore, the samples have outstanding heat resistant.
A novel approach is presented to fabricate wet
friction materials, as an alternative to the traditional

papermaking technology. It is worth noting that this
new approach overcomes the existing limitations
of paper-based friction materials associated with
the traditional papermaking technology, such as the
elimination of the traditional craft of the wet-type
beating, conservation of water resources, as well as
a reduction of energy consumption and pollution.
This approach can be developed into a more
environmentally-friendly wet friction material. Most
importantly, textiles, including NWF and fiber felt can
potentially be used as the reinforcement of FRRBFM
for application to a variety of environments in the
future.

5

Conclusions

A new and simple kind of wet friction material was
explored. Three kinds of NWFs reinforced wet friction
material were successfully prepared with excellent
tribological, mechanical, and thermal properties. Under
a pressure of 0.5 MPa, the dynamic friction coefficient
of the new wet friction material can reach 0.12, and
its wear rate is as low as 0.81334 × 10−14 m3·(N·m)−1.
The tensile strength and 10% weight loss temperature
of the material exceeded 66.88 MPa and 400 °C,
respectively. Notably, the preparation strategy of the
new material overcomes the existing limitations of
paper-based friction material, which helps to conserve
water and reduce energy consumption and pollution
in the development of environmentally-friendly wet
friction material. It is expected that the introduction
of NWFs into friction material might complement
various designs of FRRBFM.
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