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Abstract: Reinforced polymer—-matrix composites are widely used under sliding contact conditions in various

boating and automotive applications. In this paper, the friction and wear of bulk epoxy and carbon filler

reinforced epoxy composites have been investigated using a pin-on-disc tribometer. The effect of different

fillers on the tribological behavior of an epoxy has been studied using treated and untreated carbon nanotubes,

graphite, and a mixture of graphite and carbon nanotubes. Filler addition greatly enhances the tribological

properties of the epoxy resin, by reducing the friction coefficient and the wear rate. In addition, it was found

that the treated carbon nanotubes/epoxy composites have the best tribological behavior. Moreover, a correlation

between contact temperature and friction coefficient is reported. Finally, the wear mechanisms were determined

by scanning electronic microscopy.
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1 Introduction

Polymers play a very important part in mechanical
and materials engineering, not just because they are
easy to manufacture and their per unit cost is low,
but also for their excellent tribological performance
in engineered forms [1]. In the bulk or pristine form,
only a few polymers would satisfy most of the
tribological requirements; however, in their hybrid and
composite forms, polymers often have the advantage
of low weight and corrosion resistant over other
materials such as metals and ceramics [1]. Tribological
applications of polymers include gears [2], a range of
bearings [3], artificial human joint bearing surfaces
[4], bearing materials for space applications [5], tires,
shoe soles, automobile brake pads, non-stick frying pans,
floorings, and various types of surfaces for optimum
tactile properties, such as fibers [6]. Similar to the bulk
mechanical responses, tribological characteristics of
polymers are greatly influenced by temperature, relative

speed of the interacting surfaces [7], the normal load
[8], and the environment [9]. Therefore, to deal with
these effects and for better control of the responses,
polymers are modified by adding appropriate fillers
to suit the particular application. Thus, they are
invariably used as a composite or in a blended form
for optimum friction and wear performance [10].
Over the last decade, epoxy composites have
seen increased use as structural materials in boating,
automotive, and various other industries due to their
lower weight compared to traditional materials like
metals and ceramics [11]. Among these applications,
many are related to the tribological components,
where the self-lubrication properties of epoxy-based
composites are very important [12]. The characteristic
that makes epoxy composites promising in many
applications is the possibility to control their pro-
perties by adding special fillers with different volume
fractions, shapes, and sizes [13, 14]. The integration
of well-dispersed carbon particles into an epoxy
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matrix has been demonstrated to be quite effective
at improving the performance of epoxy composites,
including their tribological properties [15]. It has been
found that nano- and micro-sized carbon particles
can be used to modify the tribological properties of
polymeric materials [16]. Friedrich and Schlarb have
demonstrated that these fillers could considerably
improve the wear and friction properties of both
coatings and bulk materials by strengthening the
matrix (high load-carrying capacity), improving the
sub-surface crack arresting ability (better toughness),
and improving the lubricating effect at the interface by
decreasing shear stress [6]. Among all fillers, graphite
is widely used as an efficient solid lubricant to enhance
the tribological properties of polymer composites
due to the weak Van der Waals bonds between the
graphite layer structures. In fact, under sliding con-
ditions, the shear force can easily break the graphite
structure. Graphite flakes are symmetrically distributed
on the sliding surface, which reduces the direct contact
between the composites and steel counterparts [17].
Zhang et al. [18] confirmed that the wear rate and the
friction coefficient of polyphtalazinone ether sulfone
ketone (PPESK) composites decreased with the increase
of the graphite volume fraction. Chang et al. [19] found
that the specific wear rate of polyetherimide (PEI)
filled with graphite was 800 times lower than that of
a neat matrix under standard testing conditions.

Shalwan et al. studied the influence of date palm
fiber and graphite filler on mechanical and wear
characteristics of epoxy composites. They concluded
that the addition of graphite allows the enhancement
of wear resistance over the natural fiber/polymer
composites. However, the authors also found that
a high graphite ratio deteriorates the mechanical
properties [20].

Apart from graphite, other fillers can be used to
enhance the tribological properties, especially nano-
scale fillers. It has been found that particle size has
great influence on the tribological performance of
polymer composites [21]. When the particle size is
reduced down to the nanoscale, the friction and wear
behavior of filled polymers is greatly affected at very
low nanoparticle content as compared to the effect of
low micro-filler content on friction and wear behavior
of the filled polymers [22]. But the influence on friction

and wear behavior of nanoparticles in polymer
matrices depends on many factors such as the type
of polymer, type of nanoparticle, filler content, size,
shape, and operating conditions [6].

Multiwalled carbon nanotubes (MWCNTs) are a
class of nanomaterials that have a diameter of a few
dozens of nm and a length of some mm. Thanks to
this high-aspect ratio, carbon nanotubes (CNTs) can
provide special mechanical properties, which are
experimentally demonstrated by different researchers
[23-26]. Several research efforts on the effect of CNTs
on the tribological properties of polymers have been
published. Gong et al. compared the tribological
properties of carbon fiber composites with CNT com-
posites. They proved that composites with CNTs as
reinforcing elements exhibit more stable frictional
coefficients and lower wear rates, especially at high
temperatures due to their perfect graphite layered
structure [27]. Chen et al. report that CNTs can clearly
decrease the friction coefficient and the wear rate
of copper and polytetrafluoroethylene (PTFE) based
composites [28, 29]. Lim et al. [30] studied carbon/
carbon composites coated with CNT reinforced carbon,
and they found that the wear rate decreased with
increasing CNT volume fraction. In the case of PTFE
based composites, the friction coefficient decreased
continuously with increasing CNT content up to
30 vol%. Zoo et al. studied the effect of MWCNT
addition on the tribological behavior of ultra high
molecular weight polyethylene (UHMWPE) [31]. In
contrast to the previous findings for PTEE, they found
that the friction coefficient increases continuously
when CNTs are added up to 0.5 wt%. These results
were explained by the poor dispersion of MWCNTs
in the composite, which has a direct impact on the
composite tribological and mechanical properties.

To solve this dispersion problem, many solutions
[32-34] have been suggested, like the addition of
dispersing agents [35], shear mixing [36], and func-
tionalization [37]. The last solution is one of the most
efficient methods, which improves compatibility
between CNTs and the polymer matrix. For example, by
adding 0.1 to 1 wt% MWCNTs grafted with epoxy, Jia
et al. [38] observed a 45% increase in tensile strength
and 90% improvement in tensile modulus. Sun et al.
[39] successfully grafted PAMAM-0 on thesurfaces
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of the single walled carbon nanotubes(SWCNTs),
which induced an enhanced dispersion and adhesion
state of CNTs in epoxy resin.

Cha et al. have tried to improve the dispersion of
carbon nanotubes (CNTs) in epoxy matrix composites
by attaching polystyrene sulfonate (PSS) and poly(4-
aminostyrene) (PAS) on the surface of CNTs by
noncovalent functionalization; they found that this
incorporation of noncovalently functionalized CNTs
into the modified bisphenol-A type epoxy matrix
yielded a Young’s modulus of 3.89 GPa and a tensile
strength of 82.59 MPa, with the addition of 1 wt.%
PAS-CNTs. These results were explained by the better
dispersion of CNTs in the matrix and the chemical
bonding generated between the amino groups and
the epoxide groups in the epoxy matrix [40].

The fundamental and detailed understanding of the
influence of nanoparticles on tribological properties
of filled polymers remains an open field for further
research. Several studies have been conducted on the
tribological properties of carbon/epoxy composites,
but few have focused on the correlation between the
friction coefficient and generated heat. Unfortunately,
few authors have given much attention to the synergetic
effect of two incorporated fillers on epoxy matrix.
In the present study, graphite and/or CNTs were
incorporated into an epoxy matrix. The purpose of
our work is to investigate the synergistic effect of the
two fillers on the tribological behavior of epoxy-carbon
filler composites. Scanning electron microscopy (SEM)
observations were used to determine the wear
mechanisms of the implemented composite. Finally,
special importance is attributed to thermal phenomena
related to the coefficient of friction.

2 Experimental details
21 Materials

The epoxy resin used in this study, Epolam 2020, was
purchased from Axon Technologies. It was designed
for the production of composite structures by the usual
wet lay-up methods, vacuum infusion, low-pressure
injection, or filament winding. Carbon nanotubes master
batches, 3150 and 3152, were provided by NANOCYL
(Belgium). The main difference between the two
grades is the use of functionalized CNTs for the 3152

grade, where NH, groups are grafted to CNTs via a
NANOCYL patented process. CNTs are produced via
the catalytic carbon vapor deposition (CCVD) process.
The average diameter of the CNTs was 9.5 nm, and the
average length was about 1 pm. Graphite TIMREX
BNB 90 was provided by TIMCAL (Switzerland).
Expanded graphite foil size varied between 10 um
and 85 pm.

2.2 Sample preparation

Five different types of samples were prepared as
mentioned in Table 1. In each of the non-neat samples,
a 1.5% weight fraction of either CNTs, NH,-CNTs
(TCNTs), graphite or CNTs/graphite were introduced.
The ratio used for the mixture of CNT and graphite
was 1/3 to 2/3, respectively. A reference sample was
prepared from neat epoxy. Samples were prepared
by mixing the epoxy resin with 34 wt%. of hardener.
Subsequently, the mixture was flowed into a mold of
2 mm thickness.

The reticulation process was conducted by drying
the mixture for 24 hours at room temperature. The
post curing cycle (Fig. 1), uses a temperature ramp
of 20 °C/h. The epoxy was held at 40 °C for 3 hours,

Table 1 Designation and composition of the different prepared
samples.

Specimens Composition
Ep Neat epoxy
Ep-Gr Epoxy + 1.5 wt% graphite
Ep-CNTs Epoxy + 1.5 wt% CNTs
Ep-TCNTs Epoxy + 1.5 wt% TCNTs
Ep-HYB Epoxy + 1.5 wt% (1/3 CNTs + 2/3 graphite)
100
—~ 80+
g
2
% 60
g
§
& 40
20

| L L R R B B
10 12 14 16 18 20 22
Time (h)

Fig. 1 Postcuring cycle of epoxy samples.
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at 60 °C for 2 hours, at 80 °C for 2 hours, and then at
100 °C for 5 hours. The cooling rate was 30 “C/hour.
The obtained plates were cut by milling to get square
samples of 20 mm on a side. All samples were polished
using abrasive papers (from 400 to 1000 grades) and
diamond paste.

2.3 Friction and wear test

Friction and wear tests were conducted using a rotating
pin-on-disc tribometer under dry sliding conditions.
This tribometer is shown in Fig. 2. The friction test
was performed using a 6 mm diameter 100Cr6 ball
bearing, and the radius of the wear track is 5 mm.
The different values of normal load and velocity are
illustrated in the legend of Fig. 3. The steel ball was
kept stationary and a continuous rotating motion was
applied to the composite specimen. The maximum
contact pressure, calculated with Hertz theory, was
130 MPa. Tests were performed at 25 °C and a relative
humidity of 60%. The sliding test duration was about
64 min. At least three tests were performed for each
set of conditions. The average contact temperature
was measured during the test using a thermocouple
connected to the steel ball that was 2 mm from the
contact point and located at the edge of the ball.
Weight loss values were determined by using a balance
of 10™* g of precision.

The wear rate was calculated by measuring weight
loss of each sample Am after wear testing, divided by
the applied load F, and the sliding distance S. The
corresponding density was given by p. The cumulative
wear rate W, can be determined by the following

equation:
Am
M]r =
E -p-S
Fn Thermocouple
Sample
Fr @ ) /

W (rad/s) @I I Disk

Fig. 2 Pin-on-disc tribometer.

The main variables that affect wear are sliding velocity
and normal load. In addition, the materials’ structure,
properties, and the environmental conditions affect
the wear rate.

2.4 Scanning electron microscopy

After the wear test, wear tracks were observed (after
metal coating) with a JEOLJSM-6031F scanning electronic
microscope, using a conventional tungsten cathode at
12 kV accelerating voltage in secondary electron image
mode.

3 Results and discussion
3.1 Friction coefficient

The friction coefficients of the prepared samples are
presented as a function of time in Fig. 3. We notice
that, at first, the friction coefficients can be significantly
less when fillers are incorporated into the epoxy matrix.
The highest friction coefficient value of 0.65, and the
lowest, of 0.1, were obtained with neat epoxy and
treated carbon nanotube filled composites, respectively.

Moreover, we could easily distinguish the existence
of two different types of response curves; it is clear
that Ep and Ep-TCNT samples behave differently from
other samples. In the case of the Ep-TCNT composite,
treated carbon nanotubes are well dispersed on the
epoxy due to the presence of NH, groups. As a result,
generated debris, which are probably rich in NH,-CNT,
will change the friction contact properties by the
creation of a low-friction tribo-layer. The transfer film,
obtained during sliding, could act as a lubricant, which
would lead to a significant decrease of the friction
coefficient [41].

In the case of the Ep samples brought into contact
with the 100Cr6 steel ball, we assume that a transfer
film was formed on the ball and stuck to it, via tribo-
chemical interactions with the counter body material
[42]. When this layer is present on both contacting
surfaces, the composition of the sample and the sliding
counter body becomes similar and then the coefficient
of friction becomes stable [43].

For the second type of curves (Ep-CNT, Ep-Gr, and
Ep-HYB in Fig. 3), three stages can be observed. The
first stage, which corresponds to a run-in-period, is
characterized by a stable friction coefficient of 0.1, 0.1,
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Fig. 3 Coefficient of friction evolution for the different types of samples at 400 rpm and F,, =4 N.

and 0.2 for the Ep-CNT, Ep-Gr, and Ep-HYB, res-
pectively. The duration of this stage is about 1,750 s,
1,200 s, and 250 s for each of those. Consequently, it
can be concluded that CNTs have the best adhesion
to the epoxy matrix, since it takes more time for them
to be extracted. In fact, CNTs have higher specific
surfaces than graphite, which explains their better
adhesion to epoxy. The second stage was characterized
by a significant increase of friction coefficient from 0.1
to 0.47, 0.1 to 0.4, and 0.2 to 0.55 for Ep-CNT, Ep-GR,
and Ep-HYB, respectively. The increase of friction
coefficients could be explained as follows. Firstly,
debris was created, which then accumulated on the
sliding track, and finally adhered to the steel ball.
At this moment, the contact was no longer between
100Cr6 and the sample but, instead, switched to
sample-sample contact. In the third stage, the sliding
rotating motion intermittently ejects a fraction of the
created debris out of the wear track circumference,
which explains the fluctuations of the friction coefficient
curves.

3.2 Correlation between friction coefficients and
temperature

A strong correlation between friction coefficient
and temperature is observed in the samples (Fig. 4).
Specifically, the temperature considerably increases
when debris are initially created (stage II) at the
interface. The wear track roughness increases and
local heating begins. In fact, on the microscopic scale,
the flash temperature occurs at the contact asperities
over a very short duration, lower than a millisecond.
These local, but microscopic, flash temperature fluc-
tuations are, actually, hundreds of times higher than
the average contact temperature [44]. The accumulation
of these flash temperature events could be responsible
for the rise of the average temperature measured by
the thermocouple. It is also observed that a higher
velocity of rotation leads to a higher temperature
(Fig. 5). This result is explained by the increase of
sliding distance, which creates more heat.

Figure 5 shows the presence of brown zones, which
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Wear track

Surface thermal
oxydation

Fig.5 Surface color modification after dry sliding test of Ep
sample at F, = 8 N and V"= 1,000 rpm.

are a thermal modification of the wear track surface.
In fact, the color of the tested surface shifts from
yellowish to brown after the sliding test. Similar results
were also reported by Hancox [45] and Greer et al
[46], and they explain the color change by a chemical
modification of the resin surface. More precisely,
it was thought that color change is essentially the
result of thermal oxidation caused by the flash tem-
perature [47].

3.3 Wear loss and wear mechanism

Figure 6 shows the effect of the incorporation of
TCNTs, CNTs, GR, and HYB fillers on the wear rate
of the epoxy resin. It is clearly shown that filler
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addition, to the neat epoxy, can decrease significantly
the wear rate. It was found that the least wear rate
was obtained when 1.5 wt% TCNTs was added to the
epoxy matrix; in fact, the wear rate of Ep decreases
from 22.1 x 10° mm*N™"m™ to 3.37 x 10° mm*N"m™.
Moreover, similar behavior was observed for the other
composites. Samples could be classified according to
their wear rate, from the highest to the lowest, as
follow: Ep, Ep-HYB, Ep-GR, Ep-CNTs, and Ep-TCNTs.
These results may be explained by the difference of
adhesion quality between fillers and the epoxy matrix
[48, 49]. CNTs have a better adhesion due to their
high aspect ratio. However, graphite pieces are easily
extracted as they have a layered planar structure
[50, 51]. The functionalization of CNTs with amine
groups enhances the interaction between CNTs and
the epoxy matrix [52], which improves the mechanical
properties and the wear resistance of the obtained
composite.

The SEM images of the worn surfaces, presented
in Fig.7, give some information about the wear
mechanism. The lack of grooves on the wear track
indicates that an abrasive mechanism does not
contribute to the wear for all composites. The worn
surfaces (Figs.7(a)-7(d)) are rough and present
delamination marks suggesting an adhesive wear
mechanism. This result is due to the poor wear
resistance of the Ep [53] and the poor adhesion of
fillers to the epoxy matrix. Moreover, it seems that
wear debris are crushed and spread on the wear track
surface.

Figure 8 shows a thin film adherent to the steel
ball after testing. Thus, wear progress of the composite

can be described by three different stages [54]. First,
adhesive processes cause the resin transfer to the ball
surface and a progressive rise of the real contact
surface. At the same time, in the sub-surface of the
epoxy resin, progressive damage is taking place that
is caused by the propagation of sub-surface cracks.
When these cracks emerge on the surface, the final
phase occurs, which is characterized by mechanical
and thermal fatigue wear [54].

However, Ep-TCNTs composites have a different
behavior, as they were characterized by a smooth
worn surface and the absence of delamination marks
(Fig. 7(e)). It can be concluded that the adhesion on
the worn surface of Ep-TCNT composites is reduced.
Thus, it seems that the improved adhesion of CNTs
can considerably decrease the adhesion mechanism.
As a result, the Ep-TCNTs composites show better
wear resistance than the neat epoxy.

According to Chen et al. [54-56] and Cai et al. [57],
wear of Ep-TCNT nano-composites, in dry sliding
against a carbon steel ball, may be controlled by two
factors. The incorporation of CNTs in Ep helps to
ameliorate the mechanical properties of the nano-
composites (Table 2), which leads to an enhancement
of the wear resistance [50].

Moreover, the well dispersed TCNTs (Fig.9) are
removed from the nano-composites and transferred
to the interface between the nano-composites and the
steel ball. Hence, CNTs may play the role of spacers
preventing close contact between the steel ball and
the nano-composites. In fact, CNTs will be shortened
first and then flatten to form a graphene-like lamella,
which decreases the wear loss and causes the decrease
of the friction coefficient [51] (Fig. 10).

4 Conclusions

The study of the effects of carbon fillers on the

tribological behavior of an Epolam 2020 epoxy resin

sliding against a 100Cr6 steel ball revealed some
interesting points in relation to the wear and friction
of this material.

e Two tribological behaviors are observed: the first is
characterized by a constant friction coefficient (Ep
and Ep-TCNTs) and the second by the detection of
three friction stages.
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Fig.7 SEM observation of worn surfaces for the different types of samples: (a) Ep, (b) Ep-Gr, (c) Ep-CNT, (d) Ep-HYB, and
(e) Ep-TCNT.
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Fig. 8 Transfer film adherent to the steel ball: (a) Ep and (b) Ep-Gr.

Table 2 Young’s modulus of the different tested specimens.

Specimens Young modulus (GPa)
Ep 2.6
Ep-Gr 2.9
Ep-CNTs 33
Ep-TCNTs 3.8
Ep-HYB 2.7

Fig. 9 SEM images showing the dispersion of (a) TCNT and
(b) CNT in an epoxy matrix.

MWCNT

Shorten
MWCNT

Graphene
like lamella

—

e —— e —
T e e e
Graphene
flakes
Fig. 10 Schematic diagram showing the effect of carbon additives

-

Sheared
laminates
graphene

on the wear resistance of epoxy matrix: (a) stage 1, (b) stage 2,
(c) stage 3, and (d) stage 4.

e Wear resistance is enhanced by the incorporation
of carbon fillers in the epoxy matrix. The best result
is obtained with TCNTs, which are well dispersed
in the epoxy matrix due to the presence of the NH,
groups.

e A correlation between friction coefficient and the
measured average contact temperature is found.
The rise of this temperature could be explained by
the accumulation of flash temperature events, which
are higher than the average contact temperature.

o The predominant wear mechanism is adhesive wear,
which leads to both crack emergence on the surface
and delamination. This mechanism is encountered
in all composites, except Ep-TCNT composites.

¢ Despite the enhanced wear resistance of both Ep-
CNTs and Ep-Gr, Ep-HYB has the inferior tribological
properties of the three. Consequently, there is no
synergetic effect between graphite and CNTs.
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