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Abstract

The effects of graphene content on the mechanical and tribological properties of epoxy composites were
systematically investigated. The stiffness, hardness and elastic modulus of the composites increased with increased
graphene content due to the higher hardness and elastic modulus of graphene sheets than those of epoxy matrix.
The friction and wear of the composites measured using steel ball-on-disc microtribological test decreased with
increased graphene content due to the solid lubricating effect of graphene sheets. It could be concluded that
the mechanical and tribological properties of the epoxy composites could be significantly influenced by the

incorporation of graphene sheets.
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1 Introduction

Polymers are one of the most successfully exploited
materials due to their relatively low cost, facile
processing, recyclability and applicability as sustainable
materials [1,2]. The specific development of polymer
composites based on conventional polymers has drawn
much attention to obtain new materials with new
structural and functional properties superior to those of
pure polymers [1,2]. In addition, polymer composites
can achieve the outstanding thermal, optical, electrical,
mechanical and tribological properties encountered
only with a small quantity of fillers.

Nowadays, polymer composites are widely used
for tribological applications because their tribological
properties can be tailored using carbon fillers such
as carbon nanotubes (CNTs), carbon fibers (CFs),
graphene sheets (GSs) and so on [1,3-5]. However,
the development of CNT reinforced composites
has been impeded by the high cost of CNTs and
their difficult dispersion in polymer matrices [1,2].

Recently, graphene has attracted as one of the most
popular candidates for the development of structural
and functional graphene modified composites because
of its high surface-to-volume ratio and outstanding
thermal, mechanical, and electrical properties [5,6].
It was reported that improvements in the mechanical
and electrical properties of graphene modified polymer
composites were much better in comparison to those of
clay or other carbon filler based polymer composites
[7,8]. Pan et al. [8] studied the tribological performance
of graphene modified polyamide coatings and found
that the wear resistance of the graphene modified
polyamide composite coating was higher than that of
neat polyamide coating. It is known that incorporation
of graphite particles (GPs) significantly reduces
friction of polymer composites via their effective
solid lubricating effect [5,6]. However, GSs have less
solid lubricating effect than GPs because the GSs
possess a smaller number of slip planes. In addition, the
tribological behavior of graphene modified epoxy
composites during sliding contact with counter metals
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is not widely reported. An understanding of a correlation
between graphene content in epoxy composites and
their tribological properties is important for successful
tribological applications.

In this study, epoxy composites with different
graphene contents were developed and their mechanical
and tribological properties were comprehensively
investigated.

2 Experimental Details
2.1 Sample preparation

Epoxy resin, Epolam 5015 based on Bisphenol F
(Axson Technologies), and related hardener, Hardener
5015 based on the mixture of isophoronediamine and
polyoxypropylenediamine (Axson Technologies), were
mixed at the recommended ratio of 100:30 to fabricate
pure epoxy and epoxy composite samples. For the
pure epoxy samples, the epoxy resin and hardener
were hand mixed for about 5 min and the mixture was
degassed for about 15 min to completely remove air
bubbles and then poured into Teflon molds for molding.
For the epoxy composite samples, the epoxy resin
was first dispersed with GSs (Timesnano, Chengdu)
(>98% purity, 2-10 um diameter, 1-10 layers, 1-3 nm
thickness, 330-700 m?/g specific surface area, 5-10
mg/L tap density) at different concentrations using
a mechanical stirrer (Caframo, Model: BDC6015)
at 1500 rpm for about 1 h. After evacuation of air
bubbles for about 30 min, the dispersion was mixed
with the stoichiometric amount of the hardener for
about 5 min. The mixture was degassed again for about
15 min before molding. All the molded specimens were
cured at room temperature (RT ~ 22-24°C) for 24 h
followed by post-curing in an oven (Binder, Model
V53) at 80°C for 2 h.

2.2 Characterization

The thermal-responsive mechanical properties of
the samples with a size of 60 mm % 10 mm % 4 mm,
such as stiffness and storage and loss moduli, were
diagnosed using dynamic mechanical analysis (DMA)
with a bending module at a frequency of 5 Hz from
about RT to 195°C.

The hardness and Young’s modulus of the samples
were measured using a micro-indenter (micro-CSM)

with a pyramidal shaped diamond tip of 20 pm in
diameter. The indentation test was performed in a
load control mode with a total load of 3 N. In each
indentation test, the loading and unloading rates and
dwelling time at the peak load were 6 N/min, 6 N/min
and 5 s, respectively. The hardness and Young’s
modulus of the samples were derived using Oliver &
Pharr’s method and averaged from sixteen indentation
measurements on each sample [9].

The tensile and compressive properties of
the samples were investigated using an universal
mechanical tester (Instron 5580) at a cross-head
speed of 2 mm/min for both tensile and compressive
tests. For the tensile test, three standard dog-bone
shaped specimens (prepared according to Type IV in
ASTM D638-10) per sample were used to get average
tensile breaking stress and Young’s modulus. For the
compressive test, three cylindrical specimens with a
diameter of 12.7 mm and a height of 10 mm per sample
were tested to get average compressive breaking stress.

The surface morphology and topography of the
samples were studied using scanning electron
microscopy (SEM, JEOL-JSM-5600LV) and surface
profilometry (Talyscan 150) with a diamond stylus
of 4 um in diameter. For the SEM measurement,
the samples were coated with a gold layer to avoid
charging. Three measurements on each sample were
carried out using surface profilometry to get an average
root-mean-squared surface roughness (R,).

The tribological properties of the samples were
tested using a ball-on-disc micro-tribometer (CSM)
by sliding them against a 100Cr6 steel ball of 6 mm
in diameter in a circular path of 4 mm in diameter for
300 m at different sliding speeds under a normal load
of 1 N. All the samples were polished using 1200
grit papers prior to tribological test to stabilize their
surface conditions. Three measurements per sample
were carried out to get an average friction coefficient.
The width and depth of wear tracks were measured
using white light confocal imaging profilometry
(Nikon L150) to calculate an average specific wear
rate.

3 Results and Discussion
Figure 1 shows the DMA results of the epoxy and

epoxy composites with different graphene contents. In
Figure 1a, the stiffness of the epoxy with 41.52 kN/m
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Figure 1: (a) Stiffnesses and (b) storage and loss

moduli of epoxy and epoxy composites with different
graphene contents.

at RT significantly decreases with increased working
temperature and dramatically drops in the glass
transition region and then reaches to about 0.35 kN/m
at the temperature of 115°C. The incorporation of GSs
in the epoxy apparently improves the stiffness over the
wide working temperature range so that increasing
the graphene content from 1 to 2 wt% increases the
stiffnesses of the epoxy composites at RT and 115°C
from about 44.67 and 0.54 kN/m to about 49.34 and
0.67 kN/m, respectively. Such improvement in the
stiffness is attributed to the incorporation of rigid GSs
in the epoxy matrix [10,11]. In Figure 1b, the increased
graphene content increases the storage modulus of the
epoxy composites over the wide working temperature
range, indicating the improved elastic modulus of the
composites. It is found from the curves of loss modulus
versus temperature (Figure 1b) that the increased
graphene content from 0 to 2 wt% shifts the glass
transition temperature (T,) of the epoxy composites
from about 80 to 83°C. It indicates that the glass
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Figure 2: Hardnesses and Young’s moduli of epoxy and
epoxy composites with different graphene contents.
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transtion of the epoxy composites becomes difficult
with increased graphene content because the higher
graphene content makes the mobility of molecular
chains more difficult [12,13].

Figure 2 presents the hardnesses and Young’s
moduli of the epoxy and epoxy composites with
different graphene contents. The increased graphene
content from 0 to 2 wt% increases the hardness and
Young’s modulus of the epoxy composites from
about 77.4 MPa and 1.2 GPa to about 181.1 MPa and
2.2 GPa, respectively, probably due to the higher
hardness and elastic modulus of GSs than those of the
epoxy matrix [10-13].

In Figure 3a, the tensile breaking stresses of the
epoxy composites with graphene contents of 1 and
2 wt% are about 68.3 and 67.9 MPa, respectively,
while the tensile breaking stress of the epoxy is about
66.7 MPa. Although the tensile breaking stress of the
epoxy composites does not significantly change with
graphene content, their tensile breaking stresses are
slightly higher than that of the epoxy. It indicates that
the incorporation of GSs slightly improves the tensile
breaking strength of the epoxy composites. In addition,
a slightly linear increase in the Young’s modulus of the
epoxy composites from about 2.65 to 2.83 GPa with
increased graphene content from 0 to 2 wt% is found
in Figure 3a as a result of the higher elastic modulus
of GSs than that of the epoxy matrix. In Figure 3b,
the tensile stress of the epoxy linearly increases with
increased tensile strain and decreases after the yield
point and then sharply drops at the breaking point.
However, the increased graphene content apparently
decreases the fracture strain of the epoxy composites
as shown in Figure 3b, which is indicative of the
increased embrittlement of the composites [14].
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Figure 3: (a) Tensile breaking stresses and Young’s
moduli and (b) tensile stress-strain curves of epoxy and
epoxy composites with different graphene contents.

Figure 4a shows the fracture morphology of
the epoxy, which is perpendicular to the direction of
tensile testing, on which fracture lines are apparetnly
found. The fracture lines result from fracturing along
planes weakened by porosities. However, the fracture
morphology of the epoxy composite with the graphene
content of 2 wt% is apparently different from that
of the epoxy as shown in Figures 4a and b. The
incorporation of 2 wt% GSs allows the fracture of
the epoxy composite through much smaller planes
during the tensile test. Fracturing of embedded GSs
is apparently found on the fracture morphology of
the epoxy composite with the graphene content of
2 wt% as shown in Figure 4c, which indicates that the
relatively good bonding of the GSs with their epoxy
matrix is responsible for the slightly higher tensile
breaking strengths of the epoxy composites than that
of the epoxy.

The compressive breaking stress of the epoxy
composites significantly decreases from about 226.1
to 151.2 MPa with increased graphene content from
0 to 2 wt% as found in Figure 5a. It indicates that the

Figure 4: SEM micrographs showing fracture
morphologies of (a) epoxy and (b and c) epoxy
composite with graphene content of 2 wt% observed
at different magnifications after tensile test.

incresed graphene content decreases the compressive
breaking strength of the epoxy composites due to the
increased embrittlement of the composites, which
is comfirmed by the decreased fracture strain of the
composites associated with the increased graphene
content as shown in the compressive stress-strain
curves of the composites (Figure 5b).
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Figure 5: (a) Compressive breaking stresses and
(b) compressive stress-strain curves of epoxy and
epoxy composites with different graphene contents.

The surface topographies of the polished epoxy
and epoxy composites were measured using surface
profilometry. The R, value of the epoxy is 3.8+0.2
pm as the R, values of the epoxy composites with
the graphene contents of 1 and 2 wt% are 1.8+0.1
and 1.7+0.3 pum, respectively. It indicates that the
higher graphene content gives rise to the smoother
surface topography of the epoxy composites during
the mechanical polishing because the enhanced
embrittlement of the composites probably results in an
easier fracture of their surface asperities.

Figure 6 consistently shows that the polished
epoxy (Figure 6a) has a rougher surface topography
than the polished epoxy composite with the graphene
content of 2 wt% (Figure 6b). Although abrasive lines
caused by the mechanical polishing are apparently
found on the surface topographies of the both epoxy
and epoxy composite, it can be clearly seen that
smaller asperities on the surface of the composite are
responsible for its smoother surface topography.

(a)

(b)
Figure 6: Surface topographies of (a) epoxy and
(b) epoxy composite with graphene content of 2 wt%.

The tribological properties of the epoxy and
epoxy composites with different graphene contents
were investigated using ball-on-disc micro-tribological
test by sliding them against a 6 mm steel ball for 300 m
at different sliding speeds under a normal load of 1 N.
Figure 7a presents the mean friction coefficients of the
epoxy and epoxy composites with different graphene
contents tested at different sliding speeds. The friction
coefficient of the epoxy tested at the sliding speed of
3 cm/s is about 0.73. However, the incorporation of
1 wt% GSs apparently decreases the friction coefficient
of the epoxy composite at 3cm/s to about 0.59 while
the increased graphene content to 2 wt% further
decreases the friction coefficient to about 0.55. It is
clear that the incorporation of GSs apparently decreases
the friction of the epoxy composite because the GSs
serve as a solid lubricant for the rubbing surfaces
[15-19]. In addition, the GSs can serve as spacers to
prevent a direct contact between the steel ball and
composite [20]. The effect of surface roughness on
the friction of the epoxy composites should be taken
into account since a rougher surface can generate a
higher friction via mechanical interlocking between
two mating surface asperities [21-25]. Therefore, the
reduced surface roughness of the epoxy composites
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Figure 7: (a) Friction coefficients of epoxy and epoxy
composites with different graphene contents, slid
against a 100Cr6 steel ball of 6 mm in diameter in a
circular path of 4 mm in diameter for 300 m at different
sliding speeds under a normal load of 1 N. (b) Friction
coefficients of the same samples, slid at a sliding speed
of 3 cm/s, as a function of sliding distance.

with increased graphene content (Figure 6) should
be one of the reasons for the decreased friction of
the composites (Figure 7a). Since a larger contact
between the steel ball and composite can result in a
higher friction during sliding contact, the increased
stiffness and elastic modulus of the epoxy composites
with increased graphene content (Figures 1-3) decrease
their friction by reducing their contact with the steel
ball [12,22,26-28]. It is consistently found that the
friction coefficient of the epoxy composites tested at
the sliding speed of 6 cm/s also decreases from about
0.68 to 0.56 with increased graphene content from
0 to 2 wt%.

Figure 7b shows the friction coefficients of
the epoxy and epoxy composites tested at a sliding
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Figure 8: Specific wear rates of epoxy and epoxy
composites with different graphene contents.

speed of 3 cm/s as a function of sliding distance. The
friction coefficient of the epoxy reaches about 0.65
after sliding for about 20 m and becomes stable
at about 0.67 for the rest. Increasing the graphene
content apparently decreases the friction coefficient of
the epoxy composites during the entire sliding, which
confirms that the graphene modified epoxy composites
have the lower friction than the pure epoxy.

The mean specific wear rates of the epoxy and
epoxy composites with different graphene contents
tested at different sliding speeds are presented in
Figure 8. At the both sliding speeds of 3 and 6 ci/s, the
incorporation of GSs significantly lowers the specific
wear rates of the epoxy composites than that of the
epoxy as the specific wear rate of the epoxy composites
apparently decreases with increased graphene content.
The similar trends between the friction (Figure 7a) and
wear (Figure 8) of the epoxy composites imply that the
frictional behavior of the epoxy composites is closely
related to their wear behavior.

Figure 9 shows the wear morphologies of
the epoxy and epoxy composite with the graphene
content of 2 wt% tested at a sliding speed of 3 cm/s.
As shown in Figures 9a and b, the sliding of the steel
ball on the epoxy generates an apparent wear track
on the surface. The incorporation of 2 wt% GSs
apparently lowers the surface wear of the epoxy
composite, which is confirmed by a smaller wear
track of the epoxy composite (Figure 9¢) compared to
that of the epoxy (Figure 9a). The repeated sliding of
the steel ball produces wear debris via surface wear
and compact them to form tribolayers [22,26-28].
Therefore, the formation of tribolayers is clearly found
on the wear track of the epoxy composite with
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Figure 9: SEM micrographs showing wear morphologies of (a and b) epoxy and (c and d) epoxy composite with
graphene content of 2 wt%, slid against a 100Cr6 steel ball of 6 mm in diameter in a circular path of 4 mm in
diameter for 300 m at a sliding speed of 3 cm/s under a normal load of 1 N, observed at different magnifications.

the graphene content of 2 wt% (Figure 9c). However,
such tribolayers are not apparently found on the wear
track of the epoxy because the higher wear of the
epoxy does not allow the formation of the tribolayers
during the wear test. Micro-wave features can be
found on the wear track of the epoxy composite with
the graphene content of 2 wt% as shown in Figure 9d.
During the repeated sliding, cyclic stress concentration
occurred in front of the steel ball initiates minute cracks
perpendicular to the sliding direction and propagates
them into the subsurface so that the formation of a
network of micro-cracks creates the micro-wave
features on the wear track (Figure 9d) [29-32]. The
formation of the micro-wave features can be correlated
to the enhanced embrittlement of the epoxy composite
associated with the incorporation of 2 wt% GSs
because the micro-wave features are indicative of the
surface fatigue. It is further confirmed by the lack
of the micro-wave features on the wear track of the
epoxy (Figure 9b). It is clear that the formation of

tribolayers and micro-wave features give rise to the
apparently rougher wear morphology of the epoxy
composite (Figures 9c and d) compared to that of the
epoxy (Figures 9a and b).

4 Conclusions

The effects of graphene content on the mechanical
and tribological properties of epoxy composites were
systematically investigated. The DMA results showed
that the stiffness and storage modulus of the epoxy
composites significantly increased with increased
graphene content probably due to the higher elastic
modulus of GSs than that of epoxy matrix. It was
found from the indentation results that the hardness and
Young’s modulus of the epoxy composites apparently
increased with increased graphene content as a result
of the higher hardness and elastic modulus of GSs than
those of epoxy matrix. The tensile results indicated that
the tensile breaking strengths of the epoxy composites
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were slightly higher than that of the epoxy while the
increased graphene content increased the Young’s
modulus of the epoxy composites. The decreased
compressive breaking stress of the epoxy composites
with increased graphene content was indicative of
the increased embrittlement of the composites. The
tribological results clearly showed that the increased
graphene content decreased the friction and wear of
the epoxy composites tested at different sliding speeds
due to the solid lubricating effect of GSs. The enhanced
embrittlement of the epoxy composites resulted in their
surface fatigue wear during the wear test. It could be
concluded that the incorporation of GSs could give a
significant effect on the mechanical and tribological
properties of the epoxy composites.
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