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It remains a challenge for graphene to reach its full potential as a lubricant and wear-resistant material in
thermosetting resin composites. In this study, the mechanical properties and friction properties of
amino-treated graphene-filled epoxy composites, which were influenced by the conditions for the
modification of graphene and filler content, were investigated. The mechanical properties were
measured by tensile examination and the tribological properties were determined using a ball-on-disk
tribometer. The results showed that the composite filled with amino-treated graphene for a short
reaction time exhibited the best tribological behavior, where the friction coefficient was 57.9% lower
than that of the pure resin and the wear rate was 92.2% less than that of the neat resin. Simultaneously,
this amino-treated graphene also resulted in enhanced mechanical properties and T4 in the
nanocomposite, implying its good crosslinking network and strong interface strength. The wear track
analysis demonstrated that the excellent wear resistance was induced by its improved toughness, which
restrained the crack propagation of fatigue wear and decreased the size of debris, promoting the
formation of a transfer film, and thus protecting the contact surface. The tribological properties also
varied with the concentration of the nanofiller, which showed the best performance at 0.2 wt%. Through
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1. Introduction

Graphene, which is well-known for its excellent properties such
as high mechanical properties and atomic-scale lubricant
properties, has been recognized as an important promising
lubricant.*® For practical applications, it is promising as
a lubricant and wear-resistant material to fabricate graphene-
based composites and coatings.”® Significant research on the
tribological properties and mechanism of graphene-filled ther-
moplastic composites has been reported. However, the tribo-
logical mechanism is different and more complicated for
thermosetting composites since the groups on nanoplatelets
affect the curing reaction and construction of the crosslinking
network.”'® Epoxy as a thermosetting resin has been commonly
applied in lubricating coatings owing to its strong adhesion and
physical properties. However, epoxy resins are inherently brittle
and have a poor antiwear performance, which limit their
applications. Thus, various nano-additives have been used to
enhance their physical properties and antiwear properties."”**
Graphene oxide (GO) is mostly used**** as a lubricant since it is
easy to obtain via chemical oxidization and exfoliation of
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strategy for the application of graphene-related materials in the field of tribology.

graphite.’*™® Nevertheless, the enhancement in tribological
properties is far below expectation, even exhibiting a decrease
in lubricating properties.>**> One possible reason for this may
be that GO tends to decompose under the processing heat or
friction heat due to its lattice defects and numerous oxygen-
containing groups.”® Another explanation is that the strong
polarity of GO makes it difficult to disperse in nonaqueous
solvents and polymers. Plenty of research also showed that GO
affects the curing reaction and decreases the glass transition
temperature of polymers,*?* resulting in poor mechanical
properties. Thus, it seems that GO is not the ideal graphene
derivative structure as a lubricant for epoxy. Plenty of methods
have been reported for the modification of graphene, which
improve the interface interaction and enhance the mechanical
properties of epoxy.**® For instance, Wan Y] et al.*® reported
the enhanced glass transition temperature and mechanical
properties of epoxy composites filled with silane-modified GO
sheets. Xu et al.*® prepared activated thermally exfoliated gra-
phene (a-TEG) nanosheets to improve the interface between the
nanofiller and epoxy. The tensile and flexural strength of a-TEG/
epoxy increased by 20% and 50% compared to that of TEG/
epoxy, respectively. The tribological performance is a compre-
hensive property, which not only relies on the mechanical
properties, but also influenced by the thermal properties and
lubricity of nanofillers. The intrinsic structure of graphene is
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beneficial for the lubricating property and heat resistance,
which may have effect on the tribological properties. Thus,
reduction treatment needs to be introduced to recover the
ordered structure of graphene. Long-chain aliphatic amine
(octadecylamine, ODA) treatment for GO is a one-step proce-
dure to realize surface functionalization and reduction of gra-
phene oxide simultaneously,*® and the resulting ODA-modified
graphene was reported to be well-dispersed in non-aqueous
solvents. Therefore, amino-treated graphene (rGO) possesses
higher thermostability than GO, and simultaneously, it can be
compatible with resins and interact with epoxy due to its amino
groups. For amino treatment,*** the morphology and chemical
structure (reduction degree and the active groups) of modified
GO change with the reaction conditions (reaction temperature
and reaction time), which influences the nanoscale tribological
properties of graphene, curing reaction, and interface connec-
tion, thus affecting the final properties. Consequently, inspired
by these considerations, the effect of the chemical structure of
graphene on the mechanical properties and tribological
performance of nanocomposites should be investigated. This is
important for practical application since it would guide
researchers on how to control the amine treatment reaction for
the optimum results.

In our previous studies,* the morphology, structure and
dispersity of rGO under different reaction conditions were
investigated, and we found that the morphology and structure
of the as-prepared rGO changed with the reaction time. Intense
conditions (high temperature and long time) were selected in
our previous work on amino modification, for instance, 80 °C
and 24 h, respectively.*® These reaction conditions were used for
the amino modification reaction of carbon nanotubes,” in
which amine reacted with the carboxyl group on the acidic
carbon nanotubes. However, the reaction of amine with the
epoxide group on GO was totally different, which could occur
instantaneously. Therefore, it is doubtful if it is necessary to
prepare modified GO using such a long reaction time. In this
work, graphene oxide was treated with ODA for a long and short
time to obtain modified GO with two typical structures.
Composites were prepared by incorporating three types of gra-
phene nanosheets into the epoxy matrix to compare their
tribological performance. It was found that GO treated with for
a short time was beneficial for the tribological performance of
the epoxy-based composites. Furthermore, we investigated the
principle factors and mechanism responsible for the tribolog-
ical performance and attempted to determine the relationship
between tribological performance and structure/content of
graphene.

2. Experimental

2.1. Materials

Graphene oxide (GO) was supplied by Beijing Institute of
Aeronautical materials, which was synthesized via a modified
Hummer's method.?” AR grade octadecylamine (ODA), ethanol,
and tetrahydrofuran (THF) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Epoxy resin (E-51) was provided by
China National Bluestar (Group) Co. Ltd. 0O,0-bis(2-
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aminopropyl) polypropylene glycol D230, which was used as
the curing agent for epoxy, was a product of Huntsman
Company.

2.2. Preparation of amino-treated graphene oxide

Before treatment, 0.1 g of GO was added to a flask with ethanol
(200 mL), and the suspension was sonicated for 30 min.
Subsequently, 0.5 g of ODA well-dispersed in ethanol (3 mL) was
poured into the flask, which was refluxed with magnetic stirring
at 80 °C for 0.5 h and 5 h (recorded as rGO-0.5 and rGO-5,
respectively). The modified graphene oxide (rGO) was washed
5 times with hot ethanol and collected by vacuum filtration. The
filtered material was finally dried under vacuum at 70 °C for 3 h.

2.3. Graphene-based composite

In a typical preparation process, a certain amount of filler and
epoxy resin were added to a beaker with THF and sonicated for
30 min, and then the organic solvent was removed with a rotary
evaporator at 60 °C and —0.1 MPa for 30 min. The prepared
mixture was cooled in ice water for 5 min. Then the cured agent
was filled with a ratio of 31 : 100 D-230 to epoxy and mechan-
ically stirred for 20 min. The mixture was left to stand at 45 °C
for 20 min to remove air bubbles. Subsequently, the mixture was
poured into an open mould and cured at 50 °C for 3 h, then
100 °C for 2 h. After curing, the specimens were kept in
a furnace to room temperature. To explore the variation in
mechanical properties and tribological properties with the
structure of graphene, neat epoxy resin and epoxy composites
with weight fractions of 0.2 wt% of GO, rGO-0.5 and rGO-5h
were prepared. Meanwhile, epoxy composites with 0.1 wt%,
0.2 wt%, 0.3 wt%, and 0.4 wt% of rGO-0.5 were prepared to
study the effect of the concentration of rGO-0.5.

2.4 Characterization

The morphology of GO and rGO were analysed via atomic force
microscopy (AFM) using a Multimode 8 instrument (Bruker,
Germany) in a scan assist mode. To prepare the AFM samples,
a THF suspension of GO/rGO was dropped onto freshly cleaved
mica, and then dried in air. XPS measurements were performed
using an Escalab 250XI (ThermoFisher Scientific, America),
with a power of 150 W. X-ray diffraction (XRD) patterns were
measured using a D8 Advance diffractometer (Bruker, Germany)
with a Cu Ka source (A = 0.1546 nm). TGA of GO/rGOs was
carried out from ambient temperature to 800 °C with an
SDTQ600 thermobalance (TA Instruments, America) at a heat-
ing rate of 10 °C min~ " in air. The dispersity and morphology of
GO and rGO in THF were observed via optical microscopy using
a BX51M microscope. The optical micrograph samples were
prepared in the same way on glass slides as the AFM samples. A
GB/T2568 was used to determine the tensile strength, modulus,
and elongation at break. The loading speed was 3 mm min ',
and 5 samples of each composite were tested. Differential
scanning calorimetry (DSC) with a Q200 (TA, America) was
performed under a nitrogen atmosphere from room tempera-
ture to 150 °C at 10 °C min . The data was recorded after
erasing the previous thermal history, and the glass transition
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temperature (T,) was determined from the midpoint of the
transition steps. The hardness was determined using a G200
nano-indenter (Agilent, America), controlling the pressed depth
at 500 nm. The resulting values were the average of ten
measurements. The tribological performances were investi-
gated using a tribometer (UMT-3, CETR, USA) in the ball-on-
disk reciprocating mode. The upper ball was a GCr15 steel
ball (diameter of 12.7 mm and surface hardness of 63(HRC)).
The test conditions were set as a load of 5 N at a sliding speed of
0.1 m s™', with a reciprocating radius of 5 mm, and a testing
time of 60 min. Wear loss was measured using a three-
dimensional white-light interferometer (Nexview, Zygo, Amer-
ica). The tribological test was repeated 3 times for each point,
and the mean of three different test results was calculated as the
average coefficient of friction (COF) and wear rate. Scanning
electron microscopy (SEM) images of the wear track and frac-
ture morphology were taken using a Nova NanoSEM microscope
(FEI, America) after coating with a thin layer of gold. The wear
track was also observed using a BX51M microscope (Olympus,

Japan).

3. Results and discussion
3.1 Characterization of amino-treated graphene

The variation in the functional groups on the graphene sheet
with different reaction time observed by FTIR spectroscopy was
reported in our previous work.*> The removal of numerous
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oxygenic groups, the characteristic peak of the linear connec-
tion in methyl groups at 720 cm ™", and the characteristic peaks
of the amino group demonstrated the successful chemical
reduction and surface grafting of the ODA chains.

The AFM images and their height profiles showed the
dimension, morphology and thickness of three different gra-
phene sheets. Due to the wrinkles in the GO sheets, a thickness
in the range of 0.5 nm and 1 nm was observed (Fig. 1a), which is
consistent with that reported for single-layer GO.*® The AFM
images also revealed that the dimensions of the GO sheets were
in the range of 10-30 um, and numerous defects on the GO
sheets were also observed. The dimensions of rGOs decreased
drastically to a few hundred nanometers upon amine treatment,
which was induced by the elimination of most of the functional
groups. It also observed that the thickness of the rGO-0.5 sheet
increased to 1 nm (Fig. 1b) due to the long chains attached on
the surface of GO. However, the thickness of the rGO-5 sheet
was up to 2 nm (Fig. 1c), which was caused by the accumulation
of the rGO-5 platelets. As confirmed by the chemical analysis,
the oxygenic groups such as hydroxyl and epoxide groups on GO
were affected greatly under the condition of long reaction time,
leading to a strong tendency to restack in the rGO-5 nanosheets.

The XRD patterns (Fig. 2) confirmed the chemical graft and
reduction of rGOs upon amine modification. In the diffraction
pattern of GO, a diffraction peak was observed at around 26 =
10.2°. According to Bragg's law, the calculated value of d was
determined to be 8.67 A, which is in accordance with the
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Fig. 1 AFM images of GO/rGOs. (a) GO. (b) rGO-0.5 and (c) rGO-5.
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Fig. 2 XRD patterns of GO/rGOs (a) GO, (b) rGO-0.5, and (c) rGO-5.
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Fig. 3 XPS spectra of GO/rGOs (a) GO, (b) rGO-0.5, and (c) rGO-5.

Table 1 Atomic ratio of GO/rGOs from XPS result

No. Name C 1s atomic% N 1s atomic% O 1s atomic%
1 GO 65.52 0 34.48
2 rGO-0.5 78.82 3.06 18.12
3 rGO-5 82.48 2.96 14.56

reported value.*® In contrast, there were two diffraction peaks in
the XRD patterns of rGO-0.5 and rGO-5, which were located at 26
= 4.9° and 26 = 20.8°, respectively. The XRD patterns of rGOs
indicated that the graphene sheets became a mixture of two
types of nanoparticles upon modification. One type of graphene
sheet was grafted by long alkyl chains, and the distance between
layers increased to 18 A (26 = 4.9°). Meanwhile, the other type of
graphene sheet was restacked (the value of d is around 4.25 A, 20
= 20.8°) due to the elimination of the oxygenic group, which
was induced by the reduction effect.*® It was obvious that the
well exfoliated graphene was dominant in rGO-0.5 according to
the intensity of the different peaks, while the restacked type was
dominant in rGO-5, which provided evidence that rGO-5
restored the aromatic structure of graphene to a greater extent.

XPS (Fig. 3) was performed to further investigate the chem-
ical structure of GO/rGO. The peaks at 284.7 eV, 401.1 eV and
532.2 eV correspond to C, N and O, respectively.** The atomic
ratio of C, O and N is presented in Table 1. The results show that
the ratio of C : O was about 2 : 1 in the GO spectrum, while that
of rGO-0.5 and rGO-5 was about 4 : 1 and 5 : 1, respectively.
Thus, these results verify the reduction reaction between GO
and ODA, and that the reduction degree increased with a longer
reaction time. In summary, the oxygenic groups on the rGO-0.5
sheet were reduced compared with GO, while that on the rGO-5

Binding Energy/ev

400 800 1200
Binding Energyl/ev

800 1200 0

platelets was mostly removed. In the XPS spectrum of rGOs,
signals at 399.5 eV corresponding to C-N appeared,** which
were not observed in the XPS of GO, revealing that the ODA
chains were attached to the graphene sheets.

The dispersion of the graphene derivatives in solvent can be
reflected by their dispersion state in epoxy indirectly, which was
characterized via optical microscopy. According to the experi-
mental section, the samples were prepared by dropping a THF
suspension of GO/rGO onto glass slides, and then drying
naturally. As shown in Fig. 4a, the GO nanosheets aggregated,
which mostly existed in the form of wrinkled paper in THF.
When epoxy was incorporated in the system, the wrinkled
morphology of GO reduced its real contact area with the resin,
and air and related defects were easily wrapped in the
composite. Then, according to Fig. 4b, the rGO-0.5 nanosheets
were dispersed uniformly, and the nanosheets exhibited an
unfolded flake-like shape, which provided a large specific
surface area to interact with the epoxy resin. In addition, the
chemical analysis demonstrated rGO-0.5 possessed both amino
chains and residual oxygenic group, which could interact well
with epoxy. Furthermore, rGO-0.5 could also be dispersed well
in THF, as shown in Fig. 4c. However, due to the high degree of
reduction of rGO-5 based on the XPS analysis, it was prone to
restacking, and thus the pieces were darker.

TGA analysis of GO/rGO was performed to study the ther-
mostability of the different graphene samples. As shown in
Fig. 5, the weight loss of GO occurred below 100 °C, and reached
10% at 150 °C. This result is similar to that observed in previous
research.” In contrast, the ODA-treated graphene oxide showed
enhanced thermostability, implying that the removal of the
thermally labile oxygen-containing groups improved the
thermal stability of the amino-treated GO. For example, negli-
gible weight loss of rGOs was achieved below 100 °C. This

Fig. 4 Optical micrographs of GO (a), rGO-0.5 (b) and rGO-5 (c) in THF suspension.
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Fig. 5 TGA curves of graphene with three different structures.

remarkably enhanced thermostability is essential for the
performance of thermoset composites due to the inevitable heat
during their preparation and the service process.

The characterization of GO/rGO depicted three different
structures and morphologies in the graphene derivatives, and
their models are displayed in Scheme 1. For GO (Scheme 1a), it
possessed large dimensions, plenty of oxygen-containing
groups, and many wrinkles in its nanosheets. However, the
structure of rGO-0.5 (Scheme 1b) changed remarkably, which
showed smaller dimensions, long amino chains and an increase
in the distance between the nanosheets. Additionally, rGO-5
exhibited a chemical structure close to that of ideal graphene
(Scheme 1c), but most of its nanosheets were restacked. The
structures of rGO-0.5 and rGO-5 are both beneficial for the
tribological performance. For instance, rGO-0.5 containing
more chemical groups can interact well with epoxy. The recovery
of the graphitic structure and increase in the number of layers
of rGO-5 contribute to its lubricating properties.>** Conse-
quently, to determine which factor will be dominant in the
tribological performance of the epoxy composites, the effect of
the structure and morphology of the nanoplatelets on the
tribological properties of the composites was investigated.

3.2 The effect of modification conditions on the properties
of the composites

The mechanical properties of the nanocomposites with
different fillers obtained by tensile examination at room
temperature are summarized in Table 2. The nanocomposites
with the fillers exhibited enhanced tensile strength and Young's
modulus. The enhancement in mechanical properties by add-
ing rGO-0.5 nanosheets was found to be the most obvious, that

a

1> lattice defect

¢ == oxygen containing
£ groups

amine chains
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Table2 Mechanical properties of pure resin and composites with GO/
rGOs

No. Sample Modulus (GPa) Strength (MPa) Elongation (%)
1 Epoxy 2.55 £ 0.17 65.2 + 1.8 1.0 £ 0.3
2 GO/EP 3 +0.12 70.8 £ 1.6 1.2 £ 0.2
3 rGO-0.5/EP 3.2 +0.10 74.2 £ 2.1 3.4+ 0.2
4 rGO-5/EP 2.94 + 0.12 70.4 £ 1.2 2.0+ 0.4

is, the strength was enhanced by 14%, and the modulus
increased by 25%. A more significant improvement was
exhibited in toughness, that is, the elongation at break
increased two-fold compared with that of the pure resin. The
relatively large improvement in the properties of the rGO-0.5
composite is attributed to the effective load transfer from the
epoxy matrix to the nanosheets since the amino groups greatly
improved their dispersion and interfacial adhesion with the
matrix. The GO composite exhibited a lower modulus and
strength, and almost no enhanced ductility was achieved. The
rGO-5 composite also exhibited less enhancement compared
with the rGO-0.5 composite.

The fracture morphology of the composites is shown in
Fig. 6, which displays the influence of the nanofillers on the
fracture process. In Fig. 6a, the fracture morphology of the neat
epoxy appears to be the typical brittle fracture, which is mirror-
like fracture face, demonstrating the rapid crack propagation.
The brittleness of the epoxy is attributed to its high cross-link
density, which led to the poor absorption of energy during
fracture. The fracture surface was still smooth with plenty of
microcracks when GO was added, implying that the brittleness
of the epoxy did not weaken. The rapid crack propagation in the
GOJ/epoxy composites resulted from microcracks (shown in
Fig. 6b), which were introduced by the wrinkled GO and
decomposition of GO by heat. These defects eventually became
crack sources and accelerated crack growth. Unlike the smooth
fracture surface of the pure resin, the coarse and multiplane
feature of rGO-0.5/epoxy fracture surface in Fig. 6c illustrate that
the propagation of cracks was restrained and decelerated
significantly by the amino-functionalized rGO-0.5 nanosheets.
The well-impregnated graphene sheets induced the deflection
of propagating crack fronts and generated plenty of new frac-
ture surfaces, which exhausted more fracture energy.**> The
rGO-5 nanosheets could also hinder the crack propagation since
their fracture surface also showed a river-like pattern with
numerous branches (Fig. 6d). However, the fracture surface of
rGO-5 was smoother due to its weak interface interaction with

Scheme 1 Structural models of the different types of graphene (a) GO, (b) rGO-0.5 and (c) rGO-5.
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Fig. 6 Fracture morphology of the pure resin and composites with
GO/rGOs by SEM. (a) Pristine resin, (b) GO composite, (c) rGO-0.5
composite and (d) rGO-5 composite.

the matrix compared with the rGO-0.5 composites, as inferred
by the few functionalized group structures of rGO-5.

The glass transformation temperature (T,), which is related
to the movement of the chain segments, was further examined
to reflect the network and interface of the composites.*” The T,
of the composites was tested by DSC (Table 3). As shown in
Table 3, the T, of rGO-0.5/epoxy increased by 6.4 °C compared
with that of the pure resin, while the GO/epoxy composite and
rGO-5/epoxy demonstrated a slightly lower T, compared with
the pure resin. The reduction of the T, of GO/epoxy*>** was
previously attributed to the consumption of the curing agent
by GO, which lowered the crosslinking density. Also, the large
sheet of GO and wrinkles physically hinder the approach of the
curing agent to the epoxy resin. In the case of rGO-0.5, as
a contrast, the oxygen- and amine-containing groups could
interact with the curing agent and epoxy resin respectively,
which acted as a bridge in the network of the composites, and
therefore restricted the mobility of the polymer chains.
However, owning to the inactive surface and restacking of the
rGO-5 sheets, the interface of rGO-5 and epoxy became poor.
Therefore, the low T, of the rGO-5/epoxy composite can be
attributed to the poor interface between rGO-5 and epoxy,
which provided more space for the movement of the chain
segments.

The surface hardness, as an important factor, can affect the
antiwear properties. Fig. 7 shows the microhardness of the

Table 3 T4 of the pure resin and composites with GO/rGOs
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Fig. 7 Surface hardness of the pure resin and composites with GO/
rGOs tested by nanoindentor (1% pure resin; 2%. GO composite; 3*.
rGO-0.5 composite; 4%. And rGO-5 composite).

neat epoxy and composites, which was determined using
ananoindenter. As shown in Fig. 7, the surface hardness of the
composite was higher than that of the pure resin, especially
the hardness of the rGO-0.5/epoxy increased by 24% compared
with the pure resin. The enhancement mechanism of the
hardness of the composite by adding nanofiller was well
investigated, indicating that the high strength the nanofiller
shared part of stress and a good interface is necessary for
stress transfer. The mechanical improvement of GO/epoxy and
rGO-5/epoxy was much less than rGO-0.5/epoxy, which was
associated with the distribution of nano fillers and interface of
composites.*®

0.0

0 1000 2000 3000
Time (sec)

Fig. 8 COF curves of pure resin and composites with GO/rGOs.

No. 1 2
Name Pure resin GO composite
Ty/°C 79.6 79
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Table 4 Average COF of the pure resin and composites with GO/rGOs
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No. 1 2
Name Pure resin GO composite
ACOF 0.76 + 0.07 0.70 £ 0.06
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Fig.9 Wear track of the pure resin and composites with GO/rGOs and
their corresponding height profiles (a) pure resin, (b) GO composite, (c)
rGO-0.5 composite, and (d) rGO-5 composite.

The COF and wear rate of the pristine epoxy, GO/epoxy, rGO-
0.5/epoxy, and rGO-5/epoxy were investigated under a load of
5 N for 60 min. The variation in the friction coefficient is pre-
sented in Fig. 8. The COF curve exhibited the typical perfor-
mance of resin-based composites,*>*® that is, there were two
characteristic stages, a running-in stage and steady stage. The
average friction coefficients are summarized in Table 4, in
which the average COF value of the neat epoxy was the highest

3 4
rGO-0.5 composite rGO-5 composite
0.32 £ 0.04 0.72 £ 0.03

(0.76). The friction coefficient decreased drastically after
incorporating GO/rGOs into the epoxy resin. In particular, the
average COF value of rGO-0.5/epoxy was the lowest (0.32), which
was lower than that of the pure resin by 57.9%. The decrease in
the average COF of GO/epoxy and rGO-5/epoxy was not as
obvious compared with rGO-0.5.

The wear track of the GO/rGO composites and their corre-
sponding height profiles at room temperature are shown in
Fig. 9. The volume of the wear track was measured using a white
light interferometer, and the wear rate (K, mm® N ' m ™) of the
specimen was calculated using the following equation:

AV

= 01F (1)

where AV is the wear volume (mm?), F demotes the applied load
(N), and ¢ the experimental duration (s).

The reduction in the wear rate exhibited a similar trend as
variation in the average COF (Table 5). The rGO-0.5 composite
showed the best anti-wear properties, where the wear rate was
reduced by 92.2% compared to that of the neat resin. Although
previous work®' showed the enhancement effect of graphene
on wear resistance, a significant improvement in wear resis-
tance (over 92%) by graphene nanosheets has rarely been
reported.

The wear track of both the contact surfaces and wear debris
provided information of the friction behavior and wear mech-
anism, which are presented in Fig. 10 and 11, respectively. The
wear track of the neat epoxy exhibited serious fatigue wear, in
which numerous deep cracks were observed (Fig. 10a and a-1). A
high stress concentration promoted crack initiation and rapid
propagation under reciprocating friction due to the low
modulus and high brittleness of the neat epoxy, resulting in
severe fatigue wear. In contrast, the SEM image of the rGO-0.5
composite showed a shallow and smooth wear track (Fig. 10c),
with extremely tiny microcracks in the magnified image in
Fig. 10c-1. Due to its structural feature, rGO-0.5 was well
dispersed in the epoxy and could provide active groups to
interact with the resin, which facilitated load transfer to the
nanosheets and restrained crack propagation. Therefore, the

Table 5 Quantitative analysis of the wear track of the pure resin and GO/rGOs composites

Wear rate (mm® N~ *

No. Name Wear volume (mm?) m)

1 Purec resin (16.4 +0.12) x 10* (9.11 £ 0.07) x 10°°
2 GO composite (6.9 + 0.15) x 107 (3.82 £ 0.08) x 107°
3 rGO-0.5 composite (1.3 £ 0.10) x 10°* (0.71 £ 0.05) x 10°°
4 rGO-5 composite (3.6 £ 0.16) x 107° (2.01 + 0.09) x 10~°
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Fig. 10 SEM images of the wear surface of the pure resin and
composites with GO/rGOs. (a) Pure resin and (a-1) partial magnifica-
tion of (a). (b) GO composite and (b-1) partial magnification of (b). (c)
rGO-0.5 composite and (c-1) partial magnification of c. (d) rGO-5
composite and (d-1) partial magnification of (d).

wear of the rGO-0.5 composite was transformed to mild fatigue
wear. Furthermore, it was difficult for a large piece of resin to
peel off from the wear surface because of the high dispersity and
strong interface interaction. Consequently, the wear debris of
the rGO-0.5/epoxy composite (Fig. 11f) was much smaller than
that in the neat epoxy (Fig. 11e). The resultant small debris was
easier to form a continuous transfer film, which further
decreased the surface wear. Meanwhile, the increase in glass
transition temperature and enhancement in thermal conduc-
tivity by adding rGO-0.5 allowed the nanocomposite to with-
stand a higher friction heat, which is another factor that
enhances the wear resistance. In comparison, the cracks on the
wear track of GO and the rGO-5 composite were much deeper

This journal is © The Royal Society of Chemistry 2020
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100pm

Fig. 11 SEM image of the wear scars on the contact steel ball with the
different composites and the wear debris. (a) Epoxy, (b) GO composite,
(c) rGO-0.5 composite, (d) rGO-5 composite, (e) debris from pure
epoxy, and (f) debris from rGO-0.5 composite.

than that of rGO-0.5/epoxy (Fig. 10b, b-1, d and d-1). In addition,
the wear track of the rGO-5 composite showed deep grooves,
indicating abrasive wear. According to their mechanical prop-
erties, the improvement in the toughness of the GO/epoxy
composites was limited, and thus the fatigue crack could
grow rapidly. In the case of rGO-5, it tended to restack due to the
Van der Waals force between the nanosheets,* and the interface
interaction in rGO-5/epoxy was much weaker due to the
shortage of active groups. Although graphene with more layers
has a lower friction coefficient, due to the lack of good dispersity
and interfacial interaction, its intrinsic lubricating properties
could not be activated. Even worse, the agglomerated nano-
platelets behaved as abrasive particles to increase the abrasive
wear. Therefore, the ability to resist both deformation and crack
growth was weakened in the GO-composite and rGO-5
composite. Consequently, they exhibited poor wear resistance
compared to the rGO-0.5 composite.

In this work, both normal load and sliding velocity were
constant. According to classical tribological theory,*” the fric-
tion force depends on the definition of the product of the real
contact area and shear strength. The real contact area is influ-
enced by the extent of deformation and roughness of the
contact surface. The rGO-0.5 composite exhibited both less
deformation due to its high modulus and smooth contact
surface, resulting in a smaller real contact area. According to the

RSC Adv, 2020, 10, 26646-26657 | 26653
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SEM image of the wear scar contacting with the rGO-0.5
composite (Fig. 11c), a black transfer film was observed,
which was more obvious and complete than that on the other
samples. The transfer film could separate the contact surfaces,
preventing them from direct contact. Therefore, the shear
strength was reduced greatly by the lamellar and loose transfer
film. Consequently, the COF of the rGO-0.5 composite was the
lowest. In the case of the pure epoxy, GO composite and rGO-5
composite, their rough contact surface could not form
a complete transfer film (Fig. 11a, b and d), leading to a higher
COF, respectively. Thus, according to the above analysis, it can
be concluded that the tribological properties of the epoxy-based
nanocomposites are closely related to the distribution of
nanofiller and their interface property. A uniform distribution
of nanofiller results in small wear debris, which contributes to
the formation of a continuous transfer film. The strong inter-
face interaction can enhance the crack propagation resistance
of the composites, which can restrict fatigue wear. The intrinsic
lubricating properties of the nanoparticles can be activated only
when they interact well with the matrix.

3.3 The effect of filler content on the properties of the
composites

The concentration of fillers is another important factor influ-
encing the tribological performance of the nanocomposites.
The variation in the friction coefficients of the rGO-0.5/epoxy
composites with the concentration of rGO-0.5 is shown in
Fig. 12, and the average friction coefficient (COF) is presented in
Table 6. The results demonstrate that the friction coefficient
decreased with an increase in the concentration of rGO-0.5
initially, and then increased after the content exceeded the
optimum value of 0.2 wt%.

The variation in wear (Fig. 13 and Table 7) showed the same
trend as that of COF. Therefore, the composite containing
0.2 wt% filler also showed the best wear resistance perfor-
mance. According to the analysis of friction and wear mecha-
nism above, the friction and wear properties are closely related
to the distribution of nanosheets and the interface properties.

COF

0.2wt%

000 T T
2000 3000

Time (Sec)

0 1000

Fig. 12 The variation of friction coefficient of the rGO-0.5/epoxy
composites with different filler content.
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Table 6 Average friction coefficients of the rGO-0.5/epoxy
composites with different filler contents
No. Content (wt%) COF
1 0 0.76 + 0.07
2 0.1 0.69 + 0.03
3 0.2 0.32 + 0.04
4 0.3 0.51 + 0.03
5 0.4 0.62 + 0.04

Neither a low filler content nor high filler content had a positive
effect on the distribution and the interface interaction. When
the filler content was low, the filler had a limited improvement
effect on the resin, which also maintained poor lubricating
properties. Besides, for the composite with a higher concen-
tration, for instance 0.4 wt%, the nanofiller could not disperse
well and was apt to agglomerate in the composite, which
induced defects and abrasive particles, resulting in severe
fatigue wear. Therefore, the composites with 0.1 wt% and 4 wt%

Fig. 13 Wear track of the rGO-0.5/epoxy composites with different
filler contents and the corresponding height profiles. (a) Pure resin, (b)
composite with 0.1 wt% rGO-0.5, (c) composite with 0.2 wt% rGO-0.5,
(d) composite with 0.3 wt% rGO-0.5, and (e) composite with 0.4 wt%
rGO-0.5.

This journal is © The Royal Society of Chemistry 2020
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Table 7 Quantitative analysis of the wear track of the rGO-0.5/epoxy
composites with different filler contents

Wear rate (mm® N~ '

No. Content (Wt%) Wear volume (mm®) m™)

0 (16.4 £ 0.12) x 10 (9.11 £ 0.07) x 10~ °
0.1 (12.6 £ 0.18) x 10  (7.00 £ 0.10) x 10~ °
0.2 (1.3 £0.10) x 107*  (0.71 + 0.05) x 107°
0.3 (1.4 £ 0.17) x 10*  (0.80 & 0.10) x 10~ ¢
0.4 (3.2 +£0.19) x 10*  (1.80 & 0.10) x 10~ °

Uk W N =

Table 8 The mechanical properties of the rGO-0.5/epoxy composites
with different filler contents

No. Content Modulus (GPa) Strength (MPa) Elongation (%)

1 0 2.55 £ 0.17 65.2 + 1.8 1.0 £0.3
2 0.1 3.02 £0.15 70.6 £1.7 2.1+0.4
3 0.2 3.20 £ 0.10 742+ 2.1 34+02
4 0.3 3.11 £ 0.18 71.8 £ 2.2 2.6 £ 0.3
5 0.4 2.89 £ 0.14 69.5 + 1.8 1.1 £ 0.3

filler both exhibited severe fatigue wear, as shown in Fig. 13.
The mechanical properties of the nanocomposites with
different filler contents are also listed in Table 8. The data
implies that the wear resistance property is closely associated
with the toughness of the epoxy composite. This is due to the
fact that the enhanced mechanism of both the wear resistance
property and toughness of the epoxy-based nanocomposites are
dependent on the distribution of nanoparticles and their
interface interaction.

4. Conclusion

The relationship among tribological performance, physical
properties and structure/content of graphene was investigated
for graphene-incorporated epoxy composites. The tribological
results suggested that GO modified under milder conditions
exhibited the optimal performance, where the friction coeffi-
cient decreased by 57.9% and the wear rate was reduced by
92.2%. Meanwhile, the rGO-0.5 composite exhibited
outstanding physical properties, including enhanced hardness
and toughness. The excellent tribological performance and
physical properties of the rGO-0.5 composite originated from
the structure and morphology of its nanoplatelets. Firstly, the
introduced organic chains and reduced nanosheet size
contributed to the good dispersion of the nanosheets in epoxy.
In addition, the recovery of the intrinsic structure of graphene
due to the reduction reaction improved its heat conduction and
resistance, which are beneficial for its performance in bearing
processing heat and friction heat. Meanwhile, the amino chains
and remaining oxygenic groups interacted well with the epoxy
system, resulting in strong interfacial interaction. The optimal
content of rGO-0.5 in the composite was further studied. It
demonstrated that the tribological properties of epoxy could be
enhanced significantly by rGO-0.5 with a relatively low content

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

(0.2 wt%), which provides a route for the application of
graphene-related nanoparticles in field of tribology.
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