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of nanosilica-coated para-aramid
fibers and their application in the preparation of
paper-based friction materials

Zhaoqing Lu,ab Wenjing Hu,a Fan Xie, *a Longhai Zhuoc and Bin Yanga

A facilemethod of surfacemodification to fabricate nanosilica-coated aramid fibers via sol–gel process was

studied and their application in the preparation of paper-based friction materials by wet-forming process

was also investigated. SEM and EDS results showed that a dense coating of SiO2 nanoparticles was well

established on the surface of aramid chopped fibers (ACFs). FT-IR characterization confirmed the

formation of Si–O–C chemical bonds between SiO2 and ACFs. In comparison with the control sample

(paper-based friction material containing pristine ACFs), the dynamic friction coefficient of the modified

sample (paper-based friction material containing modified ACFs) gradually reached a steady state as

a function of time. The wear rate of the modified sample was lower (30%) than that of the control

sample. The SEM micrographs of worn surfaces supported the notion that the degree of wear of the

control sample was more serious compared to the modified sample. It was concluded that the

nanosilica-coated ACF-containing friction materials had excellent friction properties and wear resistance.
1. Introduction

Paper-based friction materials are widely used for oil-immersed
clutches and lock-up mechanisms in automatic transmissions.
Friction materials should maintain a stable friction coefficient,
low wear rate and good wear resistance during the friction
process. Therein, the reinforced bers play a critical role in the
mechanical strength and friction performance of paper-based
friction materials. Cellulose bers and asbestos were
commonly used as reinforcement for preferable friction perfor-
mance, though these have been restricted due to the compara-
tively low load-carrying capacity of cellulose ber and health
problems of asbestos bers.1 Hence, synthetic bers were grad-
ually developed as reinforcement in paper-based friction mate-
rials to adapt to unusual working conditions such as high
temperature and high load. Aramid ber has become an
attractive high-performance synthetic ber, which exhibits high
specic strength, specic modulus, excellent heat resistance and
dielectric performance.2–4 It is widely used in rail transit, auto-
motive, aerospace, military and other high-tech areas due to its
outstanding properties, which plays an important role in the
modern industry eld and arises great interest of many
erials Engineering, Shaanxi University of

a. E-mail: xiefan198903@163.com; Tel:

Engineering, South China University of

ical and Technology for Light Chemical

echnology, Xi'an, 710021, China

39
researchers.5,6 However, the application of aramid chopped ber
(ACF) in paper-based composite material has been restricted
because of poor interfacial adhesion between ber and matrix
resulting from its smooth and chemically inert surface.7,8

Many studies have been reported on the surface modica-
tion of ACF, like chemical and physical treatment,9–11 plasma
treatment12,13 ultrasonic treatment,14 g-ray irradiation15 and
ultraviolet radiation,16 to improve interfacial adhesion of the
material for broader industrial applications. The chemical
treatments lowered the strength of ACFs to some extent because
the ber itself was damaged seriously, especially with oxidation
methods and plasma treatment.17 Moreover, g-ray irradiation
and ultraviolet radiation were limited in practice due to high-
energy consumption, high cost equipment and harsh reaction
conditions in spite of preserving certain mechanical properties.
Inspired by the sol–gel process of Stöber,18 a facile method was
employed to modify ACFs with inorganic nano-materials.

Nowadays, versatile nanotechnology has attracted consider-
able attentions to develop new composites with desirable
properties.19 The optimum use of nanoparticles in paper-based
friction material is essential to obtain materials with excellent
friction and wear properties. Low cost, widely abundance, high
strength and stiffness and good wear resistance can be
considered as the main reasons for using the nanosilica in the
composites.20,21 The direct addition of nanosilica to the friction
material system was reported previously and it was limited by
low retention of nanosilica in a wet-forming process.22,23 Thus
the facile method of sol–gel synthesis of nanosilica on surface of
ACFs was introduced in order to fabricate excellent paper-based
friction material. Many attempts have been developed for the
This journal is © The Royal Society of Chemistry 2017
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preparation of spherical silica particles via sol–gel process,24–27

which has been widely used for the preparation of organic-
inorganic hybrid materials.28–30 This sol–gel process has such
advantages of preserving strength and ber structure31 and it
can be easily implemented in the practical operation.

In this paper, SiO2 nanoparticles were in situ formed onto the
o-ACFs via sol–gel method. The nanosilica-coated ACFs were
used to prepare paper-based friction material. SEM, EDS and
FT-IR were adopted to characterize the modied ACFs. The key
parameters of paper-based friction materials, including
dynamic friction coefficient, wear rate and the appearance of
worn surfaces were all evaluated. At the same time, the appli-
cation of sol–gel synthesis of nanosilica on surface of ACFs in
the paper-based composite will be expanded.

2. Experimental
2.1 Material

Tetraethoxysilane (TEOS) (99.5%), ammonia (25%), ethanol
(99.7%) and phosphoric acid (PA) (85%) were supplied by
Tianjin Damao Chemical Reagent Company in China and used
without further purication. Polyoxyethylene (PEO) (Mw ¼ 3 �
106–4 � 106 g mol�1) and cationic polyacrylamide (CPAM) (Mw

¼ 5 � 106–8 � 106 g mol�1) were from Sumitomo Rening Co.,
Ltd., Japan. Two aramid bers: para-aramid chopped ber and
para-aramid pulp, were produced by Hebei Silicon Valley
Chemical Co., Ltd., China. Fillers, including sepiolite velvet,
diatomite, alumina powder and the friction performance regu-
lator such as graphite, were all used in the preparation of paper-
based friction materials.

2.2 In situ synthesis of SiO2 nanoparticles on surface of ACFs
via sol–gel method

para-Aramid chopped ber was pretreated with phosphoric acid
(PA) at a concentration of 20% to prepare oxidized aramid
chopped bers (o-ACFs) at 40 �C for 40 min. The pretreated ber
was then thoroughly washed using cold deionized water until it
was neutral, then ltered using polycarbonate membrane, and
dried at 105 �C for 4 h.32,33 Nanosilica-coated ACFs were prepared
through the sol–gel method as described in the previous
work.34,35 Specically, o-ACFs (0.5 g) were immersed in a mixture
of ethanol (50 g), deionized water (15 g) and ammonium
hydroxide (6 g), under moderate mechanical stirring followed by
the addition of TEOS (20 g). The mixture was still held for 7 h
with a constant stirring at 50 �C. The resulting modied ACFs
were collected by ltering and thoroughly washed with deionized
water and then dried at 105 �C for 12 h in vacuum oven.

2.3 Preparation of paper-based friction materials

Paper-based friction materials were prepared by a wet-forming
process to form a sheet with a quantitative weighing of 100 g
m�2. The paper sheet was fabricated with a mixture of modied
ACFs, aramid pulp and other bers and llers in a hand sheet
former (TD10-200, Xianyang, China). The wet-forming process
was as follows. First, the bers and llers were mixed and then
separated into single ber in water to form pulp suspension.
This journal is © The Royal Society of Chemistry 2017
Subsequently, PEO used as dispersant and CPAM used as
retention and drainage aid were added into the suspension.
Aer stirring well in a pulp disintegrator (L&W991509, Sweden),
the pulp suspension was poured into the container of the
handsheet former to drain thoroughly to form a wet paper
sheet. The wet paper sheet was dried and then impregnated
with resin using ethanol as solvent. Aer impregnation, the
paper sheet was dried again in oven and hot-pressed by vulca-
nizing machine (Qingdao, China) at 150 �C for 2.5 min with
pressure of 15 Mpa, resulting in the paper-based friction
material. The control samples of paper-based friction materials
were prepared by using the same process as above. The sche-
matic illustration for preparing the paper-based friction mate-
rial is shown in Fig. 1.
2.4 Characterization and analysis

The morphology of modied ACFs was observed by scanning
electron microscope (SEM) (VEGA-3-SBH, Czech). The samples
were sputtered with gold and observed with secondary electron
imaging mode and an accelerating voltage of 3.0 kV. Energy
dispersive spectroscopy (EDS) (Octane prime, the U.S.A.) was
used to detect SiO2 nanoparticles on the surface of ACFs.
Fourier transform infrared spectroscopy (FT-IR) (VECTOR22,
German BRUKER Co.) was performed to characterize and
compare the chemical structure of the modied ACFs and the
pristine ACFs with a resolution of 4 cm�1 and a scanning range
of 400–4000 cm�1. CFT-I multi-functional material surface
performance tester (Lanzhou, China) was obtained to evaluate
the friction and wear properties of the control sample (paper-
based friction material containing pristine ACFs) and the
modied sample (paper-based friction material containing
modied ACFs) under a load of 100 N and a speed of 300 rpm.
Additionally, the samples were required to be immersed in
lubrication oil for 12 h before the friction and wear test.
3. Results and discussion
3.1 Concept of nanosilica-coated ACFs preparation for
improving their tribology properties in the preparation of
friction materials

Fig. 2 illustrated the concept of in situ synthesizing nanosilica-
coated ACFs by sol–gel process. ACFs were pretreated by PA to
achieve o-ACFs, which could introduce some hydroxyl groups
and carboxylic groups on the surface. The o-ACFs were
immersed and dispersed in a mixture of TEOS, ethanol,
deionized water and ammonium hydroxide to obtain a stable
and homogeneous suspension. Then, TEOS was hydrolyzed to
yield silanol groups and silicon–oxygen bond. The condensa-
tion reaction of silanol groups generated silica through the
condensation of Si–O bond. The SiO2 nanoparticles were well
established on the surface of ACFs with the connection of
chemical bond (C–O–Si). Consequently, a silica layer was well
coated at the surface of ACFs.

The proposed concept was based on:
(1) The mixture of ethanol, deionized water, ammonium

hydroxide and added TEOS can be effectively reacted to
RSC Adv., 2017, 7, 30632–30639 | 30633
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Fig. 1 Schematic illustration for preparing paper-based friction materials.

Fig. 2 Schematic illustration for preparing nanosilica-coated ACFs.
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generate SiO2 nanoparticles, thus a coating layer of SiO2 nano-
particles were synthesized on the surface of o-ACFs.

(2) The o-ACFs could be sufficiently active to bond the silanol
groups derived from the hydrolysis of precursor TEOS to fabri-
cate nanosilica-coated ACFs with a concrete chemical bond
(C–O–Si).

(3) The tribology properties of the modied sample could be
improved through the modication of ACFs by in situ synthesis
of SiO2 nanoparticles rather than the addition of nano-SiO2 to
the wet system, because the direct addition was limited by low
retention of nanosilica in a wet-forming process, which made
no sense to the properties of paper-based friction material.
30634 | RSC Adv., 2017, 7, 30632–30639
3.2 Characterizations of nanosilica-coated ACFs

3.2.1 SEM analyses. Shown in Fig. 3 are the SEM results of
the pristine ACFs and the modied ACFs. Fig. 3(c) and (f)
showed the corresponding partial enlargements of Fig. 3(b) and
(e), respectively. The pristine ACFs presented smooth surface
shown in Fig. 3(a)–(c). The dense surface lattice, high axial
orientation degree and rod-like structure of ACFs resulted in the
smooth and chemically inert surface of ber.36 Aer surface
modication by sol–gel method, shown in Fig. 3(d)–(f), a dense
coating was well distributed on the surface of ACFs and it was
supposed to be SiO2 nanoparticles. The thickness of the coating
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM images of (a–c) the pristine ACFs and (d–f) the modified ACFs.

Fig. 4 EDS characterization of (a) the pristine ACFs and (b) the
modified ACFs.
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layer on the ber was about 315 nm which could calculated
from the diameter shown in Fig. 3(c) and (f). Therefore, the
thickness of the nanosilica coating was hundreds of nanome-
ters and the coating layer was just a single layer of nanosilica,
which could validated from the fact that the nanosize of
nanosilica remaining in suspension without the ltered bers
had been measured ranging from 300 nm to 500 nm. This
successful modication was probably ascribed to the hydrolysis
of TEOS and subsequent condensation of SiO2 oligomer during
the sol–gel process,37,38which indicated the pretreatment of ACF
with acid was essential for the growth of SiO2 nanoparticles on
its surface. This was because the growth of SiO2 nanoparticles
depended on strong chemical interactions between SiO2 olig-
omer and o-ACFs.

3.2.2 EDS analyses. EDS results of the pristine ACFs and
modied ACFs showed successful deposition of SiO2 nano-
particles on the surface of ACFs, as observed in Fig. 4. From the
gure, Si peak was remarkably intense in relation to the pristine
ACFs. The change of C and O peaks was attributed to the acid
treatment of ACFs and the growth of SiO2.39 Additionally, Fig. 4
showed that modied ACFs consisted of carbon (39.25 wt%),
nitrogen (8.41 wt%), oxygen (38.53 wt%) and silicon (12.24
wt%), whereas the pristine ACFs consisted of carbon (61.71
wt%), nitrogen (15.92 wt%), oxygen (18.78 wt%) and silicon (1.8
wt%). The carbon and nitrogen content of the modied ACFs
decreased, the oxygen and silicon content increased compared
to the pristine ACFs. This result may be accounted for the
following mechanisms. On the one hand, the decline of the
carbon and nitrogen content was derived from the cleavage of
amide bond (–CO–NH–) caused by PA pretreatment. On the
other hand, the increase of oxygen and silicon content was
ascribed to the generation of silicon–oxygen bond (Si–O–Si)
caused by hydrolysis of TEOS precursor, which further proved
the effective modication of ACFs with SiO2 nanoparticles. In
This journal is © The Royal Society of Chemistry 2017
spite of this, more evidences are required to further verify that
this is not just a simple layer of physical coating.

3.2.3 FT-IR analyses. The FT-IR spectra of the pristine ACFs
and modied ACFs are shown in Fig. 5. The wide band between
3250 cm�1 and 3500 cm�1 aer modication became stronger
and wider, which was characteristic vibrations of active groups
(such as –NH, –OH and –C]O) on the surface of modied ACFs.
The peak between 1500 cm�1 and 1750 cm�1 was C]O
stretching vibration and C]C framework vibration of benzene
caused by amide I band, and the characteristic peak has been
more intense aer modication. The three signicant typical
bands near to 1100 cm�1, 800 cm�1 and 450 cm�1 referred to
chemical interface between SiO2 and ACFs, which were attrib-
uted to stretching vibration of Si–O–C, Si–O–Si and Si–O–Si,
RSC Adv., 2017, 7, 30632–30639 | 30635
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Fig. 5 FT-IR spectra of (a) the pristine ACFs and (b) the modified ACFs.
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respectively.40,41 The FT-IR spectra strongly conrmed that in
the growth process of SiO2 nanoparticles, there was a concrete
chemical bonding (Si–O–C) between o-ACFs and SiO2 nano-
particles, which differed from some physical coating tending to
easily come off.

3.3 Tribology properties

3.3.1 Friction coefficient and stability. Shown in Fig. 6 are
the results of dynamic friction coefficient (md) of the control
sample (paper-based friction material containing pristine ACFs)
and the modied sample (paper-based friction material con-
taining modied ACFs) as a function of friction time. It was
observed that md of the modied sample was apparently lower
than the control sample. The lubrication oil was destroyed
easily in more porous surface of the control sample leading to
the higher md. Otherwise, the md of both two samples showed
a larger variation range during rst 30 min showing the typical
running-in stage characteristic, while the md showed a smaller
variation aer 30 min, which was related to the change of fric-
tion surface. Moreover, both of two samples showed rising
trend during the subsequent engagement time. The smaller the
Fig. 6 Dynamic friction coefficients of (a) the control sample and (b)
the modified sample.

30636 | RSC Adv., 2017, 7, 30632–30639
variation of md was, the better the friction stability was.1 It
indicated that friction stability of modied sample was better
than control sample in the late friction period, which meant
modied ACF increased the stationarity of paper-based friction
material. Moreover, nanosilica-coated ACFs resulted in the
improvement of interfacial bonding strength of paper-based
friction material, thus effectively decreasing the mechanical
contact between asperities with the deformation of asperities.
Under the joint action of modied ACFs and carbon ber, the
paper-based friction material could effectively prevent plastic
ow of material caused by local overheat, thus eventually
transforming sharp wear of friction material into the steady
wear.

3.3.2 Wear rate and mechanistic analyses. The wear rate is
one signicant parameter for determining the service life of the
paper-based friction material. The low wear rate leads to the
long service life of friction material. The lower wear rate under
the condition of high load and high temperature shows that
material could work and function well under extreme condi-
tions of heat and load.

Fig. 7 showed the wear rate of the pristine ACFs and modi-
ed ACFs in this contrast histogram. The wear rate of modied
sample was signicantly lower than the wear rate of the control
sample with a decline of 30%, which indicated the modied
ACFs were benecial to reduce the wear rate and alleviate the
seriousness of the wear, and further illustrated the SiO2 nano-
particles possessed good wear resistance.

The explanation was as follows. In the friction process of
paper-based friction material, with mechanical interlocking of
asperities between friction pairs, the early dynamic friction
coefficient was in a state of instant variation during the initial
engagement. Subsequently, the lubrication oil could ow from
the grooves and pores to the friction surface and eventually
formed into oil lm,42–44 which transformed the touch between
friction pairs into a touch between lms. Generally this oil lm
had liquidity to reduce the interface shear stress and the friction
coefficient for lubrication,45,46 especially for the modied
sample with nanosilica-coated ACFs.
Fig. 7 Wear rate of (a) the control sample and (b) the modified sample.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The SEM micrographs of the unworn surface of (a and b) the
control sample, (c and d) the modified sample and the worn surface of
(e and f) the control sample, (g and h) the modified sample.
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With an increment of friction time, the interface of the
control sample would fracture when beyond a certain limit and
the oil lm was difficult to be formed on the rougher friction
surface. Furthermore, the interfacial bonding between the
substrate and reinforcement tended to be weak in the
composite material system. The bers were pulled out of the
matrix with surrounding plastic deformation, thus producing
more and more abrasive particles and debris. The wear loss and
wear rate increased eventually. This result can be further sup-
ported by the SEM image in Fig. 7(a). It can be observed that
more pores were appeared on worn surface aer friction, which
indicated the weaker adhesive force between bers and resin
matrix. However, the thermal degradation effect plays an
important role in the major reason for higher wear rate.47–50 The
porous structure of control sample could take away friction heat
timely, which could effectively inhibit the thermal wear.
Accordingly, the wear rate of control sample was just a little
higher than the modied sample.

The modied samples with nanosilica-coated ACFs
possessed good interfacial bonding strength and wear resis-
tance properties because of SiO2 nanoparticles.51 The interface
of the nanosilica-coated ACFs-containing sample would not
easily fracture to cause the rupture of the interface because
the modied ACFs enhanced the interfacial bonding strength
of paper-based friction materials. All the components
were closely interlaced under the adhesive of resin, thus
less abrasive particles and lower wear loss remained on the
worn surface, which were all presented in SEM image in
Fig. 7(b).

The worn surfaces have great inuence on the tribology
properties of paper-based friction material. Indeed, strong wear
appearing on the friction surface can be observed in order to
discuss the effect of nanosilica modication of ACFs on the
tribology properties. As expected, the SEM micrographs of
unworn and worn surfaces of samples were shown in Fig. 8. It
could be seen clearly that the worn surface of modied sample
was much smoother than the control sample, which was related
to the better wear resistance of modied sample.

Specically, the Fig. 8(a) and (b) showed the unworn surface
morphologies of the control sample. It could be seen each
component of sample was smooth and at, interlacing under
the cladding of resin and bonding together with a resin binder
and there appeared some pores on the surface of samples.
Fig. 8(c) and (d) showed unworn surface morphologies of the
modied sample. The small pores were almost lled with ne
particles. All components of samples were more closely inter-
laced with adhesion of resin binder.

The worn surface morphologies of the control sample have
been presented in Fig. 8(e) and (f). As shown in the gures,
bers and llers on the surface of samples had obvious peeling
traces aer friction, strongly stripping with resin matrix.
Broken bers, cracks and pores were observed on the worn
surface mainly because some bers and llers slipped and
fractured under the condition of external force and high
temperature. These broken and fractured compositions ten-
ded to be difficult to attach to the worn surface, even falling off
due to their poor adhesion. Fig. 8(g) and (h) showed the worn
This journal is © The Royal Society of Chemistry 2017
surface morphologies of the modied samples. It could be
clearly seen there were fewer pitting and abrasive relatively,
and the worn surface was smoother than the worn surface
morphologies shown in Fig. 8(e) and (f). The bers were
gradually polished during engagement time and a smooth
friction lm was formed with a few tiny cracks and wear
debris, which exhibited good wear resistance of modied
sample. Moreover, the heat resistance and interfacial bonding
of modied sample were improved, which could alleviate the
peeling and embossment of asperities to form some ne
abrasive particles. These particles were squeezed into the so
matrix because of friction heat under the press of rigid sliding
friction block, which led to great deformation and stress in the
contact area, and formed mild abrasive on the surface. Thus,
the wear degree of the control sample was more serious than
that of the modied sample, which was derived from that
nanosilica-coated ACFs were benecial to improve friction and
wear properties of the materials.
RSC Adv., 2017, 7, 30632–30639 | 30637
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View Article Online
4. Conclusions

A facile sol–gel process has been successfully employed to
modify ACFs with Si nano-particles; subsequently, the Si nano-
particle modied ACF was used to prepare paper-based friction
materials based on a wet-forming process. The SEM and EDS
results supported the conclusion that SiO2 nanoparticles were
effectively deposited on the surface of ACFs. FT-IR analysis
conrmed the formation of new chemical bond of Si–O–C
between SiO2 and ACFs.

Furthermore, it was found that the tribology properties of
paper-based friction materials containing modied ACFs were
greatly improved in comparison with those from the pristine
ACFs: the dynamic friction coefficient gradually reached
a steady state as a function of time, and the wear rate decreased.
The worn surface morphologies showed the wear degree of
paper-based friction material with modied ACFs decreased
compared to that with pristine ACFs.
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