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Abstract

Graphene has been proved to have an obvious superiority in suppression of the wear of polymers. However, the wide
industrial application was suppressed by the bad graphene dispersion and complex preparation procedure. In this work, we
employed carbon spheres coated with dispersed graphene (graphene spheres, g-AM) as filler to prepare the epoxy compos-
ites with direct mixing and curing. Comparing with neat epoxy and composites filled with calcined carbon spheres (CM,
without graphene), the thermal and tribological properties of g-AM/EP composites were improved when the g-AM content
was low. When chemical functionalization by grafting epoxy chain on the graphene (E—g-AM) was conducted, the total
performance, especially the wear resistance, was remarkably improved even at high graphene content. The wear rate of
E—g-AM/EP composites was reduced by 95% at 20 wt.% E—g-AM, compared to pure cured epoxy resin. This superior wear
resistance was related to the synergistic effect of carbon spheres and graphene. Carbon spheres improved shore hardness
and flexural strength, thus reducing the wear rate. The graphene had the high dispersion and good interface adhesion with
epoxy, leading to the excellent lubricating effect and the improved mechanical and thermal performance of the composites.
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1 Introduction

Thermosetting resins have excellent mechanical properties,
corrosion, and chemical resistance, making them widely
used as protecting materials in paint, building, automobile,
aerospace, etc. [1-8]. However, the high friction coefficient
and low wear resistance have always been the main reasons
for limiting service life under some severe working condi-
tions [9]. In order to improve the tribological properties,
enormous efforts have been committed to introducing nano
inorganic particles as fillers into polymer matrix, which can
form a “high quality” tribofilm due to complex tribophysi-
cal and chemical actions. Because of the unique mechani-
cal, tribological, and thermal properties of graphene and
its derivative (graphene oxide, GO), recent investigations
have paid much attention on graphene-filled polymer com-
posites. Comparing with other nanofillers including SiO,,
TiO,, Al,03, SizN,, and carbon nanotubes, graphene shows
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an obvious superiority in suppression of the wear of poly-
mers at very low contents [10, 11].

The typical wear mechanisms of neat thermosetting
resin are adhesion wear and fatigue wear. After introduc-
ing graphene into the resin matrix, the enhancement in the
tribological performance of graphene/resin composites can
be explained based on stable lubricated tribolayer, excel-
lent mechanical, and thermal properties. A robust protec-
tive transfer layer can be formed on the wear track during
the friction testing, which offer a boundary lubrication role
due to the easy inter-layer shearing [12—15]. Adding rigid
graphene nanosheets into epoxy matrix could also improve
the mechanical performance of hardness, which effectively
reduce the penetration depth and restrain the adhesion wear
during the sliding. Besides, graphene sheets with two-
dimensional planar geometry were observed to bridge the
micro-crack and debond/delaminate during fracture pro-
cess, which would increase the fracture toughness value. It
is worth noting that the strong interfacial adhesion between
matrix and graphene nanofiller is very essential, which could
transfer load effectively. Meanwhile strong graphene-epoxy
adhesion/interlocking can increase the energy dissipating by
matrix shear yielding and crack front pinning. Compared
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to the pristine polymer, the existence of graphene sheets
increased the thermal conductivity and glass transition tem-
perature of the composite, preventing polymer chains from
oxidation and decomposition at high temperature during
serious friction procedure [16-21].

Facile and low-cost preparation procedure is very impor-
tant for industrial application of graphene-filled polymer
composite. Graphene is typically produced using mechanical
and chemical exfoliation, chemical vapor deposition (CVD),
and thermal deposition from solid sources. The mechanical
and chemical exfoliation are effective for the high-yield and
low-cost production of graphene or graphene oxide from
bulk graphite. Thermal deposition from solid sources and
CVD methods from gas sources have been used to synthe-
size large size graphene sheets on silicon, copper, or other
metal substrates [22-28]. However, comparing with other
nano inorganic particles, these methods are still costly and
not facile which cannot make graphene a potential candi-
date for extensive usage as the filler in polymer composites.
Moreover, graphene dispersion is widely recognized as a
challenge in polymer nanocomposites fabrication. And the
inferior dispersion of graphene can cause cracks, pores, and
pin holes in the composite, which greatly worsen the fric-
tion and wear performance. At present, three main methods
of manufacturing graphene-polymer composites are mainly
focused: in-situ polymerization, solution compounding,
and melt blending [29-34]. However, these methods are
still complex and have difficulty in obtaining high graphene
dispersion.

In our previous paper, highly dispersed graphene which
coated on the carbon spheres (graphene spheres, g-AM) was
prepared [35]. This kind of graphene structure maintains
strong dispersion condition and can mix with polymers
directly. In order to investigate the application potential as
filler of polymer-based composite, we employed the gra-
phene spheres as filler to prepare epoxy resin-based compos-
ite in this work. The microstructure, thermal, and mechani-
cal performance were measured. Based on these results, the
fiction and wear behavior were carefully tested and analyzed.

2 Experimental
2.1 Materials and preparation

Epoxy resin (EPON 862) based on diglycidyl ether of
bisphenol-F (DGEBF), with an epoxy equivalent weight
of 165-173 g/eq, and curing agent diethyltoluene diamine
(DETDA) with an amine equivalent weight of 113 were pro-
vided by Hexion Inc., China.

Three kinds of carbon fillers were used to prepare the
epoxy-based composites in this work: g-AM spheres, epoxy
chain-modified g-AM (named as E-g-AM), and calcined
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MCMB (CM). g-AM spheres were gotten by chemical acti-
vation of MCMB with KOH, and the details can be seen in
the literature [35]. In order to strengthen the interfacial inter-
action of graphene and epoxy matrix, chemical functionali-
zation by grafting epoxy chain on the graphene spheres was
also conducted to obtain E-g-AM, using similar procedure
as the literatures [36-37]. The details of grafting epoxy
chain on graphene spheres were as follows: EPON 862
epoxy resin was dissolved in acetone by vigorous stirring.
Then, g-AM was added, with the weight ratio 1.0% to epoxy,
and ultrasonic dispersed for 30 min. Catalyst of NaOH aque-
ous solution (weight of NaOH was 0.25, 0.5, 1, and 10 wt.%
to epoxy) was added into the mixed solution to catalyze the
reaction. After the reaction coupled with magnetic stirring
at 70 °C for 5 h, the reactants were washed with acetone
and deionized water through filtration-washing method
and finally dried in an oven to obtain epoxy chain grafted
2-AM (named as 0.25E-g-AM, 0.50E-g-AM, 1.00E-g-AM,
and 10.00E-g-AM based on the weight of NaOH to epoxy).
Based on the amount of grafted epoxy, 1.00E-g-AM was
finally chosen as the filler of composites. For comparison
purpose, calcined MCMB without any graphene was also
used as the filler, which was obtained by heat treatment at
1000 °C for 1 h in nitrogen atmosphere.

The preparation of the composite was facile: carbon filler
(weight percentage of 0, 3, 5.6, 10, and 20% in the composite)
was directly mixed with pre-heated epoxy resin by mechanical
stirring for 60 min, during which a few acetone was added to
decrease the viscosity. The mixture was subsequently dried in
oven to remove the acetone completely. Afterwards, the cur-
ing agent was added into the above mixture with mass ratio of
66 (DETDA) to 100 (DGEBF) and mechanically stirred and
degassed for another 20 min with a vacuum pump to eliminate
air bubbles. Then, the as-prepared mixture was transferred
onto an open mold and cured at 60 °C for 24 h and then at
150 °C for 6 h in air oven.

2.2 Tribological tests

Tribological tests were carried out on a reciprocating ball-
on-flat contact tribometer (LFT-1, Zhongke Kaihua, Lan-
zhou, China) in air at room temperature. The flat of speci-
men was fixed on the base of the tribometer, which moved
back and forth with a constant stroke Ax and a frequency of
v. The counterpart ball, bearing steel GCr15 with a diameter
of 5 mm, was mounted on top of horizontal flat specimen
and loaded with normal force Fy. In this work, the normal
load Fy was fixed at 20 N, and the stroke length Ay was
5 mm with a frequency v of 500 rpm, meaning that the slid-
ing linear speed was 0.083 m/s. The sliding time for each
test was normally 20 min. Prior to the test, all the contact
surfaces were cleaned with ethanol. For each sample, at least



Advanced Composites and Hybrid Materials (2022) 5:173-183

175

three trials were conducted to ensure repeatability of test
data.

The value of friction coefficient was obtained by the
friction stress divided by normal force, and the friction
stress was obtained by a force transducer and recorded in
the computer. The wear rate W was calculated by W=S-I/
(L-Fy), where S was the sectional worn area measured by a
non-contact 3D surface profiler; [ was the stroke amplitude,
5 mm; and L is the total sliding distance in 20 min.

2.3 Characterization

The morphology of carbon fillers and fracture cross-sections
of composites were investigated by the scanning electron
microscope (SEM, Quanta 600FEG, USA). Fourier trans-
form infrared (FTIR) spectrum between 600 and 3000 cm™!
for surface-functionalized g-AM was obtained using an IR
Prestige-21, in which the epoxy was cured bulk sample and
g-AM and E-g-AM were powders. In order to measure the
grafted epoxy content and characterize the thermal stability
of the composites, the thermogravimetric (TG) curves of
the E-g-AM and composites were measured by high-tem-
perature thermal analyzer (SDT Q600, USA), with heating
rate of 10 °C/min and a nitrogen flow of 100 ml/min in N,
atmosphere. The thermal diffusivity of samples was meas-
ured using laser thermal conductivity instrument (LFA-467,
NETZSCH), with sample size of 12.7 mm in diameter and
1 mm in thickness. Furthermore, the thermal conductivity
was obtained based on the relationship 1=paCp , where

A was the thermal conductivity, p the bulk density, « the
thermal diffusivity, and Cp the specific heat capacity. Digi-
tal shore hardness test (LX-D, ASTM D2240) was used to
measure the hardness. The three-point bending strength
was measured with a 16 mm span at a cross head speed
of 0.5 mm/min. After the wear test, the worn surface and
longitudinal section were characterized using a SEM and
3D surface profiler (VK-9700, Keyence, Osaka, Japan). The
structure and composition of the worn surface was charac-
terized using X-ray photoelectron spectroscopy (XPS; Axis
Ultra DLD, Kratos, UK) and the laser Raman spectropho-
tometer (HR800, Horiba, France), with 633 nm laser wave-
length excitation and 17 mW laser power.

3 Results and discussion
3.1 Characterization of carbon fillers

The CM filler was rather coarse, and no graphene existed
on the surface, as seen in Fig. 1a. By comparison with CM,
the g-AM spheres had graphene flowers on the surface, with
strong resistance to be aggregated, as seen in Fig. 1b. For
the epoxy functionalized g-AM, the high magnification mor-
phologies of 1.00E-g-AM and 10.00E-g-AM (1.0 and 10.0
wt.% NaOH to epoxy) are shown in Fig. 1c, d. The thickness
of graphene increased clearly when the mass ratio of catalyst
NaOH to epoxy changed from 1 to 10, which meant that
more epoxy was probably grafted on the surface of graphene.
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Fig.1 SEM images of a calcined MCMB; b g-AM; ¢ epoxy grafted 1.00E-g-AM; d epoxy grafted 10.00E-g-AM; e TG curves of the epoxy
grafted g-AM with different catalyst content; f FTIR spectrum of g-AM, 1.00E-g-AM, and pure epoxy resin EPON 862
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Fig.2 Thermal conductivity of the three kinds of composites with
different filler content at room temperature

In order to calculate the amount of epoxy chain grafted on
the graphene, the thermogravimetric curves of E-g-AM
were tested and given in Fig. le. The results show that
there were mainly two thermal weight loss stages, appeared
separately at 100 ~300 °C and 300~ 600 °C. The former
mild weight loss was due to the decomposition of surface
oxygen-containing functional groups with the increase of
temperature. The latter sharp weight loss above 300 °C was
resulted from the degradation of the grafted epoxy [36]. On
the base of the residue at 800 °C, the weight of grafted epoxy
was about 26 and 55 wt.% when the mass ratio of NaOH to
epoxy was about 1 and 10, respectively. Figure 1f shows the
FTIR spectra of epoxy grafted g-AM, ungrafted g-AM, and
epoxy resin, in which the mass ratio of NaOH to epoxy is
1.0 for the epoxy grafted g-AM (1.00E-g-AM). Compared
with g-AM, the 1.00E-g-AM had new characteristic absorp-
tion peaks at 1503, 1451, 1259, and 1056 cm™!, which cor-
responded to the benzene ring and ether groups of epoxy,
indicating that epoxy chains were successfully grafted on
the graphene [36].

3.2 Thermal properties

Figure 2 shows the thermal conductivity of the three kinds of
composites with a series of volume fraction at room temper-
ature. For the neat epoxy, the measured thermal conductivity
of epoxy resin was about 0.21 W/m-K. After adding carbon
filler CM, g-AM, and E—g-AM, the enhancement on ther-
mal conductivity was seen for all the measured composites.
Compared to CM/EP, the thermal conductivity of g-AM/EP
and E-g-AM/EP composites was remarkably increased when
the content was above 5.6 wt.%. For E-g-AM/EP sample, it
is 0.65 W/m-K when filled with 20 wt.% E—g-AM, enhanced
by 210% compared to the pure cured epoxy. Although the
graphene prepared from activation had lots of defects and
oxygen containing groups, it is still helpful to improve the
thermal conductivity of the composites.

Figure 3 shows the thermogravimetric analysis curves of
CM/EP and E-g-AM/EP, which are used to characterize the
thermal stability of the epoxy composites. The pure epoxy
resin began to decompose at about 150 °C and became seri-
ous at stage of 320-500 °C, which corresponded to the ther-
mal decomposition of aromatic groups of the epoxy network
and aliphatic amine curing agent. For the epoxy composites,
the main degradation procedure occurred between 320 and
500 °C, similar to pure epoxy. From the insert of high mag-
nification image at 200—400 °C, the weight loss rate of the
epoxy composites, especially CM/EP composite, was slower
than that of the pure epoxy resin. With the increase of the
mass fraction of the fillers, 30% thermal weight loss tem-
perature (7T3,) increased from 355 °C for neat epoxy to 365,
367, and 370 °C for 5.6, 10, and 20%CM/EP composites
and 360, 363, and 363 °C for 5.6, 10, and 20%E-g-AM/EP
composites. It means the thermal degradation temperature
of the composites went up slightly, which indicated that the
thermal stability of the composites was improved with the
increase of the filler content [38]. Based on the remained
weight at 800 °C, the mass loss percentage of the epoxy in
the CM/EP was decreased but increased in the E-g-AM/
EP compared to neat epoxy. The possible reason is that the

Fig.3 The thermogravimetric

analysis curves of a CM/EP and
b E—g-AM/EP samples. The

inserts were the high magnifica-
tion images from 200 to 400 °C
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calcined carbon can improve the intermolecular crosslink
and prevent polymer chains from the decomposition at high
temperature, but the E-g-AM, which had oxygen containing
groups, may mildly accelerate the oxidation, and the surface
grafted epoxy also can increase the weight loss.

3.3 Mechanical properties

Figure 4 presents the flexural strength and shore hardness of
the composites. In general, the change tendency of strength
and hardness was increased first and then decreased with
increasing the filler content. Among the three carbon fillers,
the g-AM filler had mildly positive effect only at low con-
tent and would remarkably reduce the flexural strength and
shore hardness with increasing the fillers content over 5.6
wt.%. On the contrary, the E-g-AM with surface modifica-
tion had the best effect on the improvement of mechanical
properties of composites. The flexural strength and shore
hardness of neat epoxy was 96 MPa and 85 HD, respec-
tively. After the introduction of E-g-AM fillers at appropri-
ate mass percentage, the strength and hardness reached up
to the highest values of 120 MPa (increased by 25%) and
87 HD. Figure 5 shows the cross-sectional SEM images of
pure cured epoxy and carbon-filled composite after bending
fracture. The cross-section of the pure epoxy resin was flat
and smooth and revealed brittleness destruction character-
istic. Compared with the pure epoxy resin, the cross-section
of the composites presented rough and uneven surface, and
the number of river branches was significantly increased. For
g-AM/EP, graphene was uniformly coated on the surface of
carbon microspheres, without peeling off and agglomera-
tion. However, the graphene layers with large surface area
were not well interface bonded with epoxy and made much
coarser fracture section than those of CM/EP and E—g-AM/
EP. This weak interface bonding was not beneficial to inhibit
crack propagation and increase energy dissipating by crack
front pinning and graphene bridging, which resulted in the
sharp decrease in the mechanical performance at high g-AM
content. After surface treatment of graphene with epoxy, the
fracture surface became smoother even in the pits left by

the detached carbon spheres, which proved that the inter-
facial interaction became stronger. The reason should be
that the epoxy was successfully grafted onto graphene via
the reaction between the epoxide groups in epoxy and the
carboxy groups on graphene with the assistance of NaOH
catalyst. Since each epoxy chain had two terminated epoxide
groups, one epoxy chain connected to graphene, the other
one participated in the subsequent curing reaction [36]. This
strong interface bonding improved the ability to hinder crack
propagation and energy dissipating under loading condition,
leading to the increased hardness and strength.

4 Friction and wear

In order to explore the influence of graphene and interface
interaction on the friction and wear behavior of the com-
posites, dry sliding test was conducted by a reciprocating
ball-on-disk configuration tribotester under a load of 20 N.

Figure 6a, b shows the change of friction coefficient of
CM/EP as function of sliding time and average values for
composites with different filler content. After the initial
4—6 min running-in stage, the curve of friction coefficient
versus sliding time for neat epoxy showed a steady trend
gradually, while it was still unstable for CM/EP composite.
Neat epoxy presented a high friction coefficient with the
average value of about 0.72 at stable stage. Compared to neat
epoxy, there was no remarkable reduction in friction coef-
ficient and lubrication effect with the introduction of CM
into the CM/EP composite. This means the calcined MCMB
should have poor lubrication effect on the friction behavior
for the composite, even at high weight content, which fits
well with other report [39].

Figure 6c¢, d shows the curve of friction coefficient ver-
sus sliding time and average friction coefficient values for
g-AM/EP composite. Compared with CM, graphene coated
on the MCMB can reduce the friction coefficient of epoxy
composite significantly. When the filling amount reaches
20 wt.%, the friction coefficient decreased to about 0.48,
which dropped by 34% compared to pure epoxy resin. After
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Fig.5 Cross-sectional SEM
images of cured samples: a
pure epoxy; b CM/EP with 10
wt.% CM filler; ¢ and d g-AM/
EP with 10 wt.% g-AM filler; e
and f E-g-AM/EP with 10 wt.%
E—-g-AM filler

strengthening the interface bonding between graphene
and epoxy, the friction coefficient further dropped to 0.40
(dropped by 45%) (Figs. 6e, f). Figure 7 reveals the compari-
son of friction coefficient change tendency of CM/EP and
E-g-AM/EP composites at the later stage under high mag-
nification. The curve showed the lubrication characteristic
for E-g-AM/EP, which proved the better lubrication effect
of graphene.

Figure 8 presents the wear rate of the composites with
different filler content, featuring somewhat different trend
with the friction coefficient. The wear rate of neat EP was
as high as 2.36x 10~ mm*N~!.m~! and significantly was
reduced by the introduction of carbon fillers. The highest
reduction of wear rate reached up to 37, 63, and 95% for
CM/EP, g-AM/EP, and E-g-AM/EP, respectively. This
reduction extent in wear rate was much higher than that in
friction coefficient, which revealed that graphene had more
positive influence toward the suppression of wear than the
reduction in friction coefficient in the epoxy-based compos-
ites. Besides, for g-AM/EP, it was seen that the wear rate at
20 wt.% filler was increased again, due to the more defects
induced by the weak interface bonding between graphene

@ Springer

and epoxy matrix. As a result, surface modification of gra-
phene spheres was extremely essential for the preparation of
the composite in our work.

Observation of the worn surface of neat epoxy by 3D
surface profiler (in Fig. 9a) showed the large peeling regions,
pits, and serious crack propagation perpendicular to slid-
ing direction, indicating that the neat epoxy suffered from a
serious adhesion damage under reciprocating sliding by the
steel ball counterpart. Large cracks with lots of epoxy debris
accumulated around the wear track were visible by the naked
eyes. The SEM image in Fig. 10a exhibited highly loose
structure with large holes and cracks on the worn surface.
It was further discovered that the inner wall of some holes
was smooth, which implied that the worn surface tempera-
ture was very high and the thermal decomposition of epoxy
matrix happened. This evidence indicated the serious fric-
tion and wear happened for neat epoxy, which produced a
large quantity of heat during friction process.

As for CM/EP composite in Fig. 9b, adhesion wear was
significantly weakened. However, although the amounts of
cracks and pits were much lesser than that of neat epoxy, the
worn surface still had lots of rough regions (black regions).
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Fig.6 The curves of friction coefficient versus sliding time and average friction coefficient value at steady stage: a and b CM/EP; ¢ and d g-AM/

EP; e and f E-g-AM/EP

According to the SEM investigation in Fig. 10b, the rough
regions were plowing pits, which can cause unstable fric-
tion behavior for CM/EP composite. With the addition of
graphene into the composites, the worn surfaces of g-AM/
EP became much smoother relative to the pure epoxy and
CM/EP composite, as seen in Figs. 9¢c and 10c, yet there
were a number of long and thin cracks generated and prop-
agated under the reciprocating pressure, which should be
resulted from the weak interface bonding between graphene
and epoxy resin. Strengthening the interface bonding by
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Fig.7 Friction coefficient versus sliding time of 20%CM/EP and
20%E~g-AM/EP at the later stage under high magnification

surface modification prevented the occurrence of cracks,
which made the worn area and crack length significantly
decreased, as shown in Figs. 9d and 10d. The wear area of
E—-g-AM/EP measured by 3D surface profiler was 0.0046
mm?, reduced by 95% and 92% compared to pure EP and
CM/EP composite, respectively. Figure 10e, f also shows
the element-mapping results of worn scar of the CM/EP and
g2-AM/EP composites. There was no Fe element detected.
The element C distribution of CM/EP composite was une-
ven, which revealed that it was difficult to form the stable
and uniform protective transfer layer on the worn surface.
For E-g-AM/EP composite, the element C distribution was
uniform, which meant that graphene containing carbon filler
was located uniformly on the worn scar.

Observation on the longitudinal sections of the three
specimens (neat epoxy, 20%CM/EP, and 20%E-g-AM/
EP) displayed the microstructure features of the subsur-
face below the worn surface, as shown in Fig. 11a—c. It
can be seen that a third-body tribolayer with thickness of
about 44, 29, and 4 pm located on the top of substrates of
the above three samples. The tribolayer of neat epoxy was
plastic deformation region. And after adding carbon fillers,
the tribolayers of the composites were mechanically mixed
layer (MML) from wear debris, which were subjected to
complicated process of fragmentation, mixing, oxidation,
and compacting under normal load and frictional force to
form MML [40]. The MML was mainly decided by the
microstructural features of the original base materials and
could have a strong influence on the friction performance
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Fig.8 Wear rate of the composites with different filler content: a CM/EP; b g-AM/EP; ¢ E-g-AM/EP

and wear resistance. The thin and smooth MML can be sta-
ble located on the surface of the base, which contributed to
the increase of local contact area, further reducing the con-
tact pressure and friction force. On the contrary, the thick
and uneven MML was unstable and can easily be peeled
out from worn surface, which accelerated the generation of
high and unstable friction coefficient and high wear rate.
These observations of longitudinal sections, once again,
demonstrated the difference in the friction and wear behav-
ior among the three kinds of composites.

To further understand the composition of the wear track,
XPS spectrum of worn surfaces is given in Fig. 11d, e. The
relative peak area of C—OH at 285.1 eV was larger than that
of C—O-C at 286.5 eV for the E-g-AM/EP composite but
conversely for CM/EP. It is indicated that the oxidation of
epoxy matrix of CM/EP was more serious than E-g-AM,
which can worsen the friction and wear of the composite.
Micro-Raman spectroscopy of worn surfaces was done to
investigate the microstructural changes after reciprocating

! Cracks .-'=:

"ﬁ.e.x‘exﬁixg[ae([

U030 100 gl

sliding against the counterpart of stainless-steel ball. In
Fig. 11f, the Raman spectra of the CM/EP and E-g-AM
composites before and after wear are displayed. For the
E—g-AM composite, typical peaks at 1576 and 2697 cm™!,
referred to the graphene G and 2D peak, can be clearly seen
before wear. Also, the spectrum taken from the pristine com-
posite showed three strong Raman signals at about 1605,
2918, and 3060 cm™!, which can be assigned to the phenyl
ring, phenyl-hydrogen, and methyl stretches of the DGEBF
molecule [41]. After the wear test, the D peak at 1344 cm™!
to disordered carbon appeared, and signals to epoxy and gra-
phene became weak and broadened. This change indicated
that tribophysical and chemical reactions happened on the
composite surface, and there was graphene that existed on
the worn scar although the disorder was increased. For the
CM/EP composite, the signal to carbon was weak, and peaks
at 2918 and 3060 cm™' to epoxy nearly vanished after wear.
It means that network molecule structure of epoxy in the
CM/EP was more seriously destroyed than E-g-AM.
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Fig.9 Optical topographies of worn surfaces of composites measured by 3D surface profiler: a neat epoxy; b 20%CM/EP; ¢ 20%g-AM/EP; d

20%E-g-AM/EP

@ Springer



Advanced Composites and Hybrid Materials (2022) 5:173-183

181

Fig. 10 SEM images of worn
surfaces of composites: a pure
epoxy; b 20%CM/EP; ¢ 20%g-
AM/EP; d 20%E—-g-AM/EP; C
element-mapping of e 20%CM/
EP and f 20%E-g-AM/EP

Figure 12 further elaborates the friction mechanism of the
neat EP and epoxy composites. For neat EP with low hard-
ness and strength, under dry sliding conditions, cracks were
easily generated, and obvious adhesive wear occurred. The
substantial heat generated during the friction process would
accelerate the thermal decomposition of epoxy matrix,
which can seriously worsen the friction and wear process.
The very rough surface made no MML formation on the
worn surface, as seen in Fig. 12a. CM/EP had improved
shore hardness and flexural strength, which could effectively
reduce the penetration depth and suppress the propagation of
cracks, thus reducing the wear rate. However, the calcined

MCMB, only heat-treated at relative median temperature,
had no remarkable lubrication effect to decrease the fiction
coefficient. Lots of debris with carbon and epoxy particles
were peeled off from the surface, forming rough MML film.
Meanwhile, the counterpart ball was only coated with some
composite debris, unable to form lubricated layer to layer
contact films. These factors can explain the high and unsta-
ble fiction coefficient and reduced wear rate after adding CM
filler. The wear was adhesive and abrasive wear.
E—g-AM/EP composite had adhesion and fatigue wear in
this work. Besides having the influence from carbon spheres
which can reduce the wear rate, it also had another two merits

Intensity/a.u.
Intensity/a.u.

282 284 286 288 290 252 284
Binding energy/eV

Fig. 11 a—c SEM images of longitudinal sections under worn scar
of the three specimens: a neat epoxy; b 20%CM/EP; and ¢ 20%E-g-
AM/EP. XPS results of d E-g-AM/EP and e CM/EP. f Micro-Raman

Binding energy/eV

Before wear
C-OH : After wear
~285.2¢V) g
c-0-C 2
(~286.3eV) E
E
Cc=0
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| L
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spectroscopy of worn surfaces of 20%E-g-AM/EP and 20%CM/EP
before and after wear test
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Fig. 12 Schematic diagram of the friction mechanism of the a neat
EP; b CM/EP; and ¢ E-g-AM

from graphene in E—g-AM/EP: strong interfacial bonding
and well dispersed condition. The lubricating effect of gra-
phene contributed to form thin and smooth MML, releas-
ing the stress concentration. Moreover, the graphene would
easily transfer onto the surface of counterpart ball, forming
lubricated layer to layer contact. The two-dimensional pla-
nar geometry of graphene was beneficial to restrain crack
propagation, thus regulating the debris size and reducing
the wear rate [19]. But it is worth noting that strengthening
the interface adhesion between graphene spheres and epoxy
was very important, otherwise it can offer the path to crack
propagation and worsen the fatigue wear. The improved heat
dissipation capability also could enable to enhance the resist-
ance of oxidation and decomposition of the composites.

5 Conclusion

g-AM spheres with excellent dispersion condition and fac-
ile preparation method were obtained in our previous work.
In order to investigate the application potential as filler of
polymer-based composite, three kinds of epoxy composites
CM/EP, g-AM/EP, and E-g-AM/EP were prepared with
simple method. Comparing with neat epoxy and CM/EP,
the thermal and tribological properties of g-AM/EP were
improved when the content was low. However, due to the
weak interface interaction between graphene and epoxy, the
above performance was decreased when the g-AM content
was high. After chemical functionalization by grafting epoxy
chain on the graphene, the total performance, especially the
wear resistance, was remarkably improved even at high
graphene content. The wear rate of E-g-AM/EP composite
was reduced by 95% at 20% E—g-AM. This superior wear
resistance was from the synergistic effect of carbon spheres
and graphene. The carbon spheres improved shore hard-
ness and flexural strength, thus reducing the wear rate. The

@ Springer

two-dimensional planar geometry of graphene was beneficial
to restrain crack propagation and improve mechanical and
thermal performance, reducing the wear rate. Strengthen-
ing the interface adhesion between graphene spheres and
epoxy can further restrain crack propagation and improve the
mechanical and thermal performance. The lubricating effect
of graphene contributed to form thin and smooth MML with
layer-to-layer contact, releasing the stress concentration.
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