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The effects of octadecylamine functionalised reduced graphene oxide (FRGO) on the frictional

and wear properties of diglycidyl ether of bisphenol A epoxy are studied using pin on disc

tribometry. The nanocomposites are prepared by adding 0?1, 0?2, 0?5 and 1?0 wt-% of FRGO to

the epoxy. The addition of FRGO increases by more than an order of magnitude the sliding

distance during which the dynamic friction is #0?1. After this distance, the friction sharply

increases to the range of 0?4–0?5. We explain the increase in sliding distance during which the

friction is low by formation of a transfer film from the nanocomposite to the pin. The wear rates in

the low and high friction regimes are y1?561024 and 5?561024 mm3 N21 m21 respectively. The

nanocomposites exhibit a 79% increase in Young’s modulus with 0?5 wt-% of FRGO, and an

increase in glass transition and thermal degradation temperatures.
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Introduction
Graphene is a material with a two-dimensional honey-
comb lattice with sp2 bonded carbon atoms.1–5

Graphene has high mechanical strength and high
electrical and thermal conductivities, making it poten-
tially useful in the fabrication of polymer nanocompo-
sites with enhanced mechanical, tribological, thermal
and electrical properties.6–11 Earlier publications dealt
with various carbon materials including carbon black,
carbon nanofibres, exfoliated graphite and carbon
nanotubes (CNTs) as fillers in polymers to improve
these properties.12–17 Carbon nanotubes have been
shown to be particularly effective due to their high
mechanical strength, and high electrical and thermal
conductivities.12,18,19 It has been reported that the
addition of 2 wt-% CNTs in epoxies doubles the
Young’s modulus.13 The addition of 0?1 wt-% CNTs
increases the electrical conductivity from 1029 to
1022 Sm21,14 and 1 wt-% increases the thermal con-
ductivity by 80%.15 In addition, CNTs have been
reported to increase the glass transition temperature Tg

of epoxies.20 Carbon nanotubes functionalised with
maleic anhydride and amino groups increase Tg by 10
and 14uC respectively.21 Carbon nanotubes modified

with non-ionic surfactants increase Tg by 25uC.17 The
increase in Tg has been attributed to the nanoscale
dimensions of CNTs that result in good dispersion and
adhesion at the molecular level, altering the chain
dynamics.22,23 In contrast, macroscopic fillers such as
carbon fibre and graphite do not significantly affect
Tg.24,25

In comparison to CNTs, graphene is less expensive to
produce and more miscible due to its large surface
area.18 It has been reported that the addition of 0?4 wt-
% of amine functionalised graphene to epoxy increases
the Young’s modulus by 60%.26 The addition of 4 wt-%
of graphene and 2?5 wt-% of surface modified graphene
to epoxy increases Tg by ,8 and ,14uC respectively.23

The addition of 1 wt-% of functionalised graphene to
poly(acrylonitrile) increases Tg by as much as 40uC.22

Other studies on graphene–epoxy nanocomposites have
reported the effects of graphene oxide (GO) on curing,27

graphene platelets on fracture properties,23 functiona-
lised GO on hardness, electrical conductivity and
thermal properties28 and organosilane functionalised
graphene on thermal degradation and tensile strength.29

Tribological studies of graphene–polymer nanocompo-
sites have shown that the wear rate of polytetrafluor-
oethylene is significantly reduced by the addition of
10 wt-% of thermally reduced graphene platelets.30 The
friction and wear rate of nylon are lowered by modified
GO.31

Epoxy resin is used in various aerospace and
automotive applications due to its mouldability and
good mechanical and thermal properties.27,32,33 It would
be of interest to study the tribological properties graphene–
epoxy nanocomposites with the goal of lowering friction
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and wear rates to extend their lifetime.34–38 In this paper,
we report the effects of octadecylamine (ODA) functio-
nalised reduced GO (FRGO) on the friction and wear
properties of diglycidyl ether of bisphenol A epoxy. The
effects on the Young’s modulus, Tg and thermal stability
of the epoxy are also reported.

Experimental

Preparation of ODA FRGO
Graphene oxide was prepared using the Hummer
method.39 In brief, 5 g of graphite powder (325 mesh,
Southwestern Graphite) and 2?5 g of NaNO3 were
added to 115 mL of concentrated H2SO4 at room
temperature. The mixture was transferred to an ice
bath, and 15 g of KMnO4 was added under stirring
conditions. The mixture was then transferred to a water
bath to maintain the temperature within the range of 35–
40uC. After half an hour, 235 mL of DI water was added
to slow the reaction, and the mixture was stirred for
15 min. An additional 830 mL of water was added
followed by the slow addition of H2O2 (30%). The
mixture was then repeatedly filtered and washed with
HCl (1 : 10) aqueous solution. The filtered material was
dispersed in water using horn sonication, and centri-
fuged at 3500 rev min21. Residual acids and salt
impurities were removed using dialysis for 10 days.
Finally, the suspension was dried to a powder in an
oven.

If the exfoliated GO were reduced at this stage,
reaggregation of graphene layers would occur due to p–
p interactions, which are difficult to undo using
sonication.40 Reaggregation can be significantly reduced
by functionalising GO with ODA before reduction.41

Octadecylamine functionalisation also facilitates the
dispersion of FRGO in the polymer.42,43 We carried
out ODA functionalisation by dispersing 300 mg of GO
powder in 300 mL of ethanol by sonication for 2 h, and
then adding 450 mg of ODA in 45 mL of ethanol. The
mixture was refluxed for 24 h at 90uC, and the solution
was then repeatedly filtered and rinsed with ethanol to
remove excess ODA. Octadecylamine functionalisation
occurs by nucleophilic substitution reactions between
the amine groups of ODA and the epoxide groups
of GO.44 Therefore, ODA functionalisation partially
reduces GO; the presence of other oxygen containing
functional groups such as hydroxyl and carbonyl groups
remains. These groups can be reduced by reaction with
hydrazine monohydrate without significant effects on
ODA functionalisation.45 For reduction, we dispersed

functionalised GO powder in ethanol and hydrazine
monohydrate. The mixture was refluxed at 90uC for
24 h, and the final product was repeatedly filtered and
washed with ethanol, and then dried in a vacuum oven.

Characterisation of FRGO
The surface morphology of FRGO powder was char-
acterised using an FEI Nova 200 NanoLab scanning
electron microscope (SEM), as shown in Fig. 1. We see
that the lateral dimensions of the graphene flakes are a
few micrometres. Micro-Raman spectroscopy was car-
ried out using a Thermo Electron Almega XR spectro-
meter. Figure 2 shows Raman spectra of the GO and
FRGO powders. The spectra are normalised so that the
G peaks of the GO and FRGO have the same height.
The G peak is due to first order scattering of E2g

phonons (in plane optical mode) of sp2 hybridised
carbon atoms close to the c point.45 As shown in Fig. 2a,
the G peak in GO is at ,1593 cm21. The G peak is
shifted from its value in graphite, of 1581 cm21, due to
oxidation. Carbon materials also exhibit a D peak at
,1340 cm21 due to defect induced zone boundary
phonons.46 The D peak in GO is due to a reduction in
size of sp2 hybridised domains due to oxidation.45 The
Raman spectrum of FRGO has G and D peaks at 1587
and 1346 cm21 respectively, as shown in Fig. 2b. In
FRGO, the G peak shifts towards the position of the G
peak in graphite due to restoration of sp2 hybridised
domains.47 The ratio of the intensities of the D and G
peaks in FRGO is greater than that in GO due to a
decrease in size of in plane sp2 hybridised domains in
FRGO due to reduction.46 Our Raman results are in
good agreement with previous reports on GO and
FRGO.48

We further characterised the GO and FRGO using a
VersaProbe X-ray photoelectron spectroscopy (XPS)
system from Physical Electronics. The XPS spectra of
GO and FRGO are shown in Fig. 3a and b respectively.
The spectra for GO indicate covalently attached
hydroxyl (C–OH), epoxide (–C–O–C–) and carboxylic
(–O–C5O) oxygen groups at 286?5, 287?2 and 288?7 eV

1 Scanning electron microscopy image of FRGO

2 Raman spectra of a GO and b FRGO
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respectively, along with sp2 hybridised C–C bonds at
285?0 eV. The XPS spectrum of FRGO shows that the
intensity of oxygen containing functional groups is
significantly reduced, and a new functional group
appears at 286?1 eV, corresponding to C–N bonds that
appear due to the functionalisation of GO with ODA.
These results are also in good agreement with previous
reports.48

Preparation of FRGO/epoxy nanocomposite
To synthesise the FRGO/epoxy nanocomposites, FRGO
was dispersed in acetone (100 mg of FRGO in 100 mL
of acetone) using sonication for 2 h in an ice bath.
Varying amounts of epoxy resin (System Three Resin,
Inc.) were then added, and the mixture was sonicated for
1 h. The acetone was evaporated by heating at 70uC.
Residual acetone was removed by placing the mixture in
a vacuum oven for 12 h at 70uC. After cooling to room
temperature, a low viscosity slow curing agent (System
Three Hardener Part B, no. 3) was added. The mixture
was poured into silicone moulds of different shapes for
various types of characterisation. The samples were
cured for 24 h at room temperature.

Tensile testing
We have used an MTS system, applying a tensile rate of
10 mm min21, with a high load limit set-up at 5000 lbf.
Testing was performed at room temperature of ,23uC.

Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was carried out
using a PerkinElmer DMA8000 apparatus. The mea-
surements were performed in single cantilever bending
mode. Three frequencies were applied, namely, 0?1, 1?0
and 10?0 Hz. The differences between those sets of
results were not significant; hence, results for 1?0 Hz are
reported below. All deformations were 50 mm, so that
strain was well ,1%.

Thermal stability determination
The thermal stability of the nanocomposites was studied
using a PerkinElmer TGA 7 thermogravimetric analyser
(TGA). We have covered the range from 20 to 600uC at
heating rate of 20uC min21 under N2 gas.

Tribological properties
We studied the frictional and wear properties of the
nanocomposites using a Nanovea tribometer from
Micro Photonics, Inc. A tungsten carbide ball with a
diameter of 6 mm was used as the counter surface. All
measurements were performed in air using 15 N normal
load, 80 rev min21 rotational speed and a circular track
having a radius of 2 mm. Further details are provided
near Fig. 7.

Tensile testing results
Figure 4 shows that the Young’s modulus increases with
the addition of FRGO for concentrations from 0?1 to
0?5 wt-%. The Young’s modulus, tensile strength and
strain at break for the various FRGO concentrations are
shown in Table 1. For 0?5 wt-% FRGO, the Young’s
modulus increases by 75% from 1?23 to 2?15 GPa, while
the tensile strength increases by 68%. Similar increases in
the Young’s modulus and tensile strength of graphene–
epoxy nanocomposites have been reported and attributed

3 X-ray photoelectron spectroscopy spectra of a GO and b FRGO. Black circles represent raw data. Black line is fitted

sum, and coloured lines are fitted peaks using software OMNIC for Almega 7

4 Young’s modulus of neat epoxy and nanocomposites

containing 0?1, 0?2, 0?5 and 1?0 wt-% FRGO; error bars

are for three samples
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to good dispersion of graphene and strong interfacial
interactions between graphene and the epoxy
matrix;11,49,50 the result is good transference of applied
stress from the matrix to the FRGO.22,49,50 With the
addition of 1?0 wt-% FRGO, the Young’s modulus and
the tensile strength decrease by 6?7 and 13% respectively,
compared to their values at 0?5 wt-%. Such a decrease has
been previously reported50–52 and attributed to the
aggregation of FRGO at higher concentrations that
weakens the adhesion of graphene to the matrix. It was
explained that the weak adhesion reduces the stress
transfer capability, which ultimately reduces the Young’s
modulus and tensile strength.50–52

As shown in Table 1, a decrease in strain at break
occurs as FRGO is added. A similar observation at
higher concentrations of filler has been reported and
credited to the lower susceptibility of deformation of
graphene compared to the matrix; thus, the filler
reinforces the matrix such that it deforms less.50,52,53

The decreased deformation indicates an increase in
strength and stiffness, and is consistent with the tensile
strength and the Young’s modulus measurements.53,54

Dynamic mechanical analysis results
Dynamic mechanical analysis measurements provide the
storage modulus E’ (representing the elastic energy, that
is the solid-like behaviour) and the loss modulus E’’
(representing liquid-like behaviour). From these, one
obtains tan L5E’’/E’. In the glass transition region, E’
dramatically decreases, while E’’ shows a peak with a
maximum. The width of the glass transition region
varies, while for convenience, that region is often
represented by a single number called the glass transition

temperature Tg. It should be remembered that repre-
sentation of a region by a single number is a large
simplification.55–58

The onset of the drop in storage modulus as a
function of temperature gives the best agreement with
the peak of tan L. The peak in the loss modulus is often
weak or absent in certain materials and not in general
use.55,57 We use the peak of tan d for the location of Tg.
This method is in common use and gives peaks with
good visibility, reproducibility and minimal dependence
on the analyst.55–58 Figure 5a shows tan d for neat

Table 1 Mechanical properties and glass transistion temperature Tg of neat epoxy and nanocomposites

FRGO content/wt-% Young’s modulus/GPa Tensile strength/MPa Strain at break/% Tg/uC

0.0 1.23 24.1 4.39 49.5
0.1 1.43 29.1 4.22 54.0
0.2 1.60 36.1 4.03 56.0
0.5 2.14 40.6 2.92 57.0
1.0 2.00 35.2 3.48 54.0

5 a plot of tan d versus temperature for neat epoxy and nanocomposite containing 0?5 wt-% FRGO, and b Tg for neat

epoxy and nanocomposites containing 0?1, 0?2, 0?5 and 1?0 wt-% FRGO

6 Thermogravimetric analysis showing mass-% versus

temperature for neat epoxy and nanocomposites con-

taining 0?1, 0?2, 0?5 and 1?0 wt-% FRGO, and b

expanded view of TGA in temperature range 320–420uC
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epoxy and epoxy with 0?5 wt-% FRGO. As shown in
Fig. 5b, Tg shows a maximum at 0?5 wt-% FRGO. An
increase in Tg implies an increase in interaction between
the filler and matrix. The increase in Tg is consistent with
previous reports using graphene platelets as fillers23 and
indicates good dispersion of FRGO in the epoxy. The
decrease in Tg with further addition of FRGO may be
due to the agglomeration of FRGO sheets or a reduction
in cross-linking density that results in a less stiff
material;60 we have already formulated above a similar
conclusion from the Young’s modulus measurements.

Thermal stability
Figure 6 shows a TGA thermogram of the neat epoxy
and several nanocomposites. The weight loss for the
neat epoxy and nanocomposites appears to occur in two
stages. In the first stage, which takes place from 200 to
360uC, both the neat epoxy and nanocomposites lose
their weight by ,12%. This is attributed to a loss of
adsorbed water and oligomers.51 In the second stage,
which occurs between 360 and 485uC, a significant
amount of weight loss is observed and attributed to
thermal decomposition of the epoxy.28,61 The onset
temperature for decomposition is ,18uC greater for
nanocomposites with 0?5 wt-% FRGO than for neat
epoxy. Wang et al. have reported a similar enhancement
in the thermal stability of organosilane functionalised
graphene–epoxy nanocomposites.29

Tribological properties in relation to
microscopy results
A schematic of the tribometer we have used is shown in
Fig. 7. Plots of friction versus sliding distance for the
neat epoxy and several nanocomposites are shown in
Fig. 8a. The neat epoxy exhibits an initial friction of less
than or approximately equal to 0?1 during the first 1?5 m
of sliding distance, as shown in the expanded view in
Fig. 8b. After this, the friction sharply increases to 0?53.
In contrast, the nanocomposites exhibit sliding dis-
tances, during which the friction is, again, less than or
approximately equal to 0?1, that are more than an order
of magnitude greater. As shown in Fig. 8a for 0?1 wt-%
FRGO, the friction is less than or ,0?1 for ,44 m
before increasing to 0?51. For 0?2, 0?5 and 1?0 wt-%
FRGO, the friction is less than or ,0?1 for ,55, 61 and
93 m respectively before increasing to 0?43, 0?44 and
0?45 respectively.

We attribute the increase in sliding distance during
which the friction is low to a transfer film from the
nanocomposite to the counter surface. It is well known
that transfer films reduce the friction by providing
interfacial sliding between the surface and counter
surface.62 Figure 9a shows an optical microscopy image
of the counter surface taken using a tungsten light
source before any sliding. Figure 9b shows an image of
the counter surface after sliding on the neat epoxy after a
distance of 90 m; we see a clean surface with no transfer
film. Figure 9c–f shows images of the counter surface
after sliding only in the low friction regime of
nanocomposites with 0?1, 0?2, 0?5 and 1?0 wt-%
FRGO respectively. The images were taken after sliding
a distance equal to ,50% of the distance, at which the
friction sharply increases to 0?4–0?5. We observe
transfer films, some of which have fringes due to
interference between the incident light and the reflected
light from the counter surface. Figure 10a–d shows
images of the counter surface after sliding in the high
friction regime of nanocomposites with 0?1, 0?2, 0?5 and
1?0 wt-% FRGO respectively. These images were taken
after completion of the runs shown in Fig. 8a. Transfer
films are also observed in these cases, although less
coverage of the counter surface is seen.

7 Schematic of pin on disc tribometer and sample

8 a plot of friction versus sliding distance for neat epoxy and nanocomposites containing 0?1, 0?2, 0?5 and 1?0 wt-%

FRGO and b expanded view of friction versus sliding distance for neat epoxy
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The wear rates of the nanocomposites in the low and
high friction regimes were calculated by measuring the
depth of the wear track using a Veeco Dektak 150
profilometer. The wear behaviour of polymers can be
significantly affected by fillers.34–36,62–65 For the low
friction regime, the wear track corresponding to each
wt-% FRGO was measured after a sliding distance equal
to ,50% of the sliding distance at which the friction
sharply increases. For the high friction regime, the wear

track was measured at the end of the run. The worn
volume V was calculated using relation V5pRA, where
R is radius of the wear track and A is the average cross-
sectional area of the worn track obtained from the
profilometry measurement. The wear rate W (in
mm3 N21 m21) was calculated using the relation
W5V/(Nx), where N is the normal load and x is the
sliding distance. The wear rate as a function of FRGO
concentration in the low and high friction regimes is

9 Optical microscopy images of countersurface: a clean surface and b surface after sliding on neat epoxy showing no

transfer film and surface after sliding in low friction regime for nanocomposites containing c 0?1, d 0?2, e 0?5 and

f 1?0 wt-% FRGO; transfer films are observed

10 Optical microscopy images of countersurface after sliding in high friction regime for nanocomposite containing

a 0?1 wt-%, b 0?2 wt-%, c 0?5 wt-% and d 1?0 wt-% FRGO
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shown in Fig. 11. The wear rate in the low friction
regime is about five times lower than that in the high
friction regime. This is attributed to the transfer film,
which is also known to reduce the wear rate by isolating
the surface from the counter surface and reducing
frictional stresses.37,38 In the low and high friction
regimes, there is a reduction in wear rate of ,33 and
13% respectively at 1?0 wt-% FRGO.

In order to study the wear in more detail, SEM images
of the wear tracks were taken. Figure 12a and b shows
SEM images of the wear track of the neat epoxy near the
end of the low friction regime after a sliding distance of
,3 m. Figure 12a shows that there are areas where the
surface of the wear track has roughened. Figure 12b

shows a magnified view of a roughened area showing the
formation of wear particles. Therefore, the roughening
starts near the very beginning for the neat epoxy, and
this facilitates the sharp increase in friction after a very
short sliding distance. Figure 12c and d, and Fig. 12e
and f show SEM images of the wear tracks in the low
friction regime for nanocomposites containing 0?1 and
0?5 wt-% FRGO respectively; the images were obtained
after sliding distances of y20 and 35 m respectively. For
the nanocomposites, the wear tracks are significantly
smoother than that of the neat epoxy even though the
sliding distances are about an order of magnitude
longer, and wear particles are not observed. It has been
reported that a transfer film diminishes the formation of
wear particles;66 this is consistent with our observations.

Figure 13a and b, c and d and e and f show wear
tracks of the neat epoxy and nanocomposites with 0?1
and 0?5 wt-% FGRO respectively in the high friction
regime at the end of the run. All of the wear tracks are
rough, consistent with the significantly higher friction
and wear rate in this regime. The wear track of the neat
epoxy is the roughest. As shown in Fig. 13c–f, when 0?1
and 0?5 wt-% FRGO are added, the wear tracks become
progressively smoother. Other studies62 have reported
that the addition of fillers in an epoxy matrix forms a
protective layer that reduces the wear rate. Dang et al.
have reported similar observations with CNTs in an
epoxy matrix and proposed that these fillers diminish the
adhesion between the matrix and the counter surface;
the digging phenomenon is thus reduced, and this results
in a relatively higher wear resistance.67

Survey of results
The addition of FRGO in the range of 0?1–1?0 wt-%
into the epoxy significantly improves the Young’s
modulus and tensile strength, moves up the thermal

11 Wear rates of neat epoxy and nanocomposite contain-

ing 0?1, 0?2, 0?5 and 1?0 wt-% FRGO in high friction

regimes and wear rates of various nanocomposites in

low friction regime; error bars are for three wear

tracks

12 Images (SEM) of wear tracks in low friction regime of a, b neat epoxy, c, d nanocomposites containing 0?1 wt-%

FRGO and e, f nanocomposites containing 0?5 wt-% FRGO
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degradation temperature as well as the glass transition
region and also lowers dynamic friction and wear. The
Young’s modulus and the tensile strength of the
nanocomposites increase with the addition of FRGO
into the epoxy and attain a maximum value at 0?5 wt-%
FRGO. The upward shift in the thermal degradation
temperature and Tg is highest for 0?5 wt-% FRGO. The
possible reasons for these improvements could be the
higher surface area of FRGO and the increased
interfacial interaction between the filler and the matrix
due to enhanced dispersion. The tribological studies
reveal that there is improvement in the low friction
sliding distance of the nanocomposites by more than an
order of magnitude, after which the friction increases to
0?4–0?5. The improved frictional and wear properties are
attributed to the formation of a film transfer on the
counter surface, and improved mechanical interlocking
arises from better adhesion of the FRGO into the epoxy
matrix. While epoxies have quite a variety of applica-
tions,32,68 the present work extends somewhat further
the range of applications of this class of polymers.
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