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HIGHLIGHTS GRAPHICAL ABSTRACT

High-quality graphene was directly
grown on the surface of Cu nanoparti-
cles via chemical vapor deposition.

The nanocomposite exhibits a hardness
of 2.53 GPa with no distinctive degener-
ation in electrical resistivity.

There is a 2 orders of magnitude de-
crease in wear rate and 175% improve-
ment in coefficient of friction.

The formation of graphene tribofilm is
responsible for the effective protection
of Cu matrix from wear.
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ARTICLE INFO ABSTRACT

Article history: High-quality graphene was directly grown on the surface of Cu nanoparticles (NPs) via chemical vapor deposi-
Received 21 June 2017 tion (CVD) and then the graphene-covered Cu NPs were consolidated into dense Cu-graphene nanocomposites
Received in revised form 3 November 2017 at different temperature. The surface of Cu NPs is well protected from oxidation due to the coverage of graphene.
ACC?PtEd 4 N.O"ember 2017 Nanocomposite consolidated at 650 °C (Cu/G-650) exhibits a hardness of 2.53 GPa with no distinctive different
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electrical resistivity compared with pure Cu, 2 orders of magnitude decrease in wear rate and 175% improvement
in the coefficient of friction (COF) were reported for the Cu/G-650 nanocomposite as compared with pure Cu. The
formation of graphene tribofilm is attributed for the effective protection of the Cu matrix from wear.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction corrosion resistance are required to meet the challenges of extreme
conditions encountered in diverse industrial applications and increased

High performance metal materials with enhanced properties of high longevity demand. Metal-based nanocomposites are a potential solu-
specific strength, good thermal conductivity, good wear resistance and tion for high comprehensive properties. Graphene is a single-atomic-
layer two-dimensional (2D) material with excellent mechanical proper-
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Fig. 1. Schematics of the graphene growth on Cu NPs as well as compressing process for Cu-graphene nanocomposites.

Metal-graphene nanocomposites were recently fabricated by chemical
or mechanical integration using reduced graphene oxide (rGO) [5,6]
or graphene nanoplatelets [7,8] as the reinforcement agents. However,
a wide gap exists between experimental mechanical properties
achieved and theoretical predictions [9] for graphene-based metal

matrix. The inferior properties of the graphene-based metal matrix
can be attributed to multiple reasons including the failure of homoge-
neous dispersion of graphene flakes in metal matrix, significant thermal
damage on graphene during sintering, reaction of metal and graphene
into carbides during sintering [10], unavoidable defects in rGO [11],
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Fig. 2. (a) SEM images of low-magnification and (b) high-magnification graphene-covered Cu NPs. (¢) Raman spectrum of graphene-covered Cu NPs and pure Cu NPs after CVD treated.
(d) XRD patterns of graphene-covered Cu NPs and pure Cu NPs. Insert in (d) is the enlarged patterns from 30 to 40°.
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and weak adhesion between reinforcement materials and matrix [9]. To
address these issues, Chen [12] reported in-situ growth of graphene on
Cu particles to mitigate the agglomeration of graphene. However, the
low-quality of the graphene limited the enhancement on the hardness
of Cu. Pavithra [13] utilized pulse reverse electrodeposition to introduce
graphene into Cu matrix showing enhanced hardness of 2.5 GPa and an
modulus of 137 GPa, as 2 times and 1.2 times higher than these of bulk
Cu, respectively. However, this method can only be used for fabricating
thin film Cu-graphene nanocomposites with a few hundred microme-
ters in thickness. To fabricate high-performance Cu-graphene nano-
composites, three main requirements are: i) uniform dispersion of
graphene in the matrix; ii) sufficient interface strength between Cu
and graphene and iii) low density of defects.

Moreover, its high chemical inertness [14], extreme strength, easy
shear capability between layers, and low surface energy [15] make
graphene a good candidate for solid lubricants for protecting surface
in friction [16]. Berman [17] revealed that a few-layer graphene drasti-
cally reduces the wear and the coefficient of friction (COF) of steel dur-
ing the initial sliding regime and under low load conditions. Kim [18]
reported that graphene films effectively reduced the adhesion and
friction forces on Si0O,/Si substrate. However, in most of these re-
ports, graphene so far is only applied on the sliding surface rather
than on the matrix. Therefore, after the surface is worn with time
in friction, the lubrication effect is gone. In addition, according to
Peng's work [19], the friction and wear properties are strongly de-
pendent on the quality of graphene. Owing to the low density of de-
fects [20], graphene by chemical vapor deposition (CVD) is naturally
a good candidate for the high tribological performance of metal-
graphene nanocomposites.
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In this research, we report the preparation of Cu-graphene nano-
composites by sintering graphene-covered Cu nanoparticles (NPs),
which were obtained by directly growing high-quality graphene on
the surface of Cu NPs by CVD. The Cu/G-650 nanocomposite shows
hardness of 2.53 GPa, which is approximately 2.5 times higher than
pure bulk Cu (1.01 GPa). In addition, the nanocomposite maintains a
low electrical resistivity (1.72 x 106 Q-cm) as pure Cu, which can be
attributed to the high-quality graphene filled in the copper matrix.
The Cu/G-650 nanocomposite also has relatively lower friction coeffi-
cient (0.2) compared to that of pure Cu (0.34). More importantly, the
wear volume of the nanocomposite is 2 orders of magnitude smaller
than that of pure Cu after 2000 cycle tests. Such significant reductions
in friction and wear are attributed to the formation of a uniform
tribofilm by graphene with low friction energy dissipation at sliding
contact interfaces.

2. Experimental
2.1. Fabrication of graphene-covered Cu NPs

Graphene-covered Cu NPs were fabricated by ambient-pressure CVD
method. Cu NPs (99.9% pure, 80-100 nm) were used as the resource and
graphene grains were grown by CVD (CHy4 as the carbon feedstock) on
Cu NPs at ambient pressure. To avoid Cu-grain growth during graphene
grown at high temperature, MgO NPs (99% pure, 60-100 nm) were used
as spacers. First, Cu NPs and MgO NPs were mixed at a mass ratio of 1:3
by high speed blender (Blender Lab 2 Speed 1 L 120 V, Thomas Scientif-
ic) for 30 min; second, the mixture was taken into a quartz tube and
then loaded in a CVD furnace to heat up to 1050 °C under 300 sccm Ar
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Fig. 3. (a) TEM images of low-magnification and (b) high-magnification graphene-covered Cu NPs. (c) TEM images of the as-obtained graphene after etching Cu NPs, and insert is SAED
pattern of the resulting graphene. (d) Profile of the interlayer space of as obtained graphene extracted from (b).
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and 100 sccm H,. The growth was then carried out at 1050 °C for 30 min
under a gas mixture 600 sccm diluted (in Ar) CH4 (concentration
500 ppm) and 10 sccm Hy. Finally, the sample was cooled to room tem-
perature under the protection of Ar. After graphene growth (the mixed
NPs shown in Fig. S1a), the MgO NPs were etched by 10% HCl solution to
obtain graphene-covered Cu NPs (The schematics of the process shown
in Fig. 1). The mechanisms for the selective etching on MgO and Cu are:
1) as the chemical reaction between HCl acid and MgO nanoparticles is
much faster than that between HCl acid and Cu nanoparticles, the MgO
nanoparticles can be removed quickly; 2) the Cu nanoparticles are cov-
ered by multi-layer graphene, which can protect the Cu surface from
contacting with HClI acid, so the Cu nanoparticles could avoid being
etched.

2.2. Preparation of Cu-graphene nanocomposites

The Cu-graphene nanocomposites were prepared by cold-pressing
the graphene-covered Cu NPs to pellets by a 20 T desktop hydraulic lab-
oratory press, and then the obtained pellets were transferred to a de-
signed graphite mold. Finally, the screwed graphite mold were loaded
into a CVD furnace for further sintering at 600 °C, 650 °C, 700 °C, and
750 °C for 30 min. The final Cu-Graphene nanocomposites were
around10 mm in diameter and 1 mm in thickness.

2.3. Characterizations

The microstructures of the graphene-covered Cu NPs and Cu-
Graphene nanocomposites were characterized with scanning electron
microscopy (Nova, Nano SEM, FEI), high-resolution transmission elec-
tron microscopy (JEM-2010FEF), and Raman microprobe spectroscopy
(Thermo Fisher Scientific) with an Ar™ laser (wavelength 532 nm).

2.4. Performance testing

Vickers hardness and electrical resistivity of Cu-Graphene nanocom-
posites were tested by a Vickers hardness tester and 4-probe tester, re-
spectively. The as-prepared samples (pure Cu and Cu-graphene
samples) were well polished before all performance tests. For wear
test, the counterpart was steel ball (E52100 Alloy Steel) with diameter
of 0.25 in. The tests were carried out at a load of 1 N, at a speed of
2.74 cm s~ ! for 2000 cycles and the radius of the wear track was
2.8 mm.

3. Results and discussion

The morphology of a graphene-covered Cu NPs is shown in Fig. 2a,b
with different magnifications. The size of graphene-covered Cu NPs is
about 10 nm to 1 um in diameter. It can be seen clearly that the
graphene has abundant terraces and step edges duplicating features of
Cu surfaces beneath the graphene film [21]. A spherical morphology of
graphene after etching Cu NPs is shown in Fig. S1b. For Cu NPs without
graphene growth, as shown in Fig. S1c,d, they were severely oxidized
owing to no protection on the Cu surface. In contrast, due to the full cov-
erage of multilayer graphene on Cu NPs, the NPs were not oxidized by
oxygen in the air (corresponding EDS analysis shown in Fig. S2). The
graphene-covered nickel NPs were also prepared by the same method,
representative SEM images shown in Fig. S3.

Raman spectrum (Fig. 2c) of graphene-covered Cu NPs shows the
characteristic G (1580 cm™ '), 2D (2700 cm~ ') and D (1350 cm~!)
bands of graphene [22,23]. As the profile of D peak reflects the defect
density of graphene, the negligible D peak corresponds to very low de-
fect density, indicating that the resulting graphene is of high quality
[22]. Fig. 2d shows the XRD patterns of pure Cu and graphene-covered
Cu NPs, respectively. Three diffraction peaks with high intensity corre-
spond to (111), (200), and (220) planes of faced centered cubic Cu.
No peaks of graphene were observed, which may be due to the strong

diffraction peak of Cu that cover up signals from graphene [12]. The en-
larged region (insert in Fig. 2d) demonstrated a peak of Cu,0 in the pat-
tern of pure Cu NPs, indicating a slight oxidization of the pure Cu NPs.
According to TEM images as shown in Fig. 3a,b, Cu NPs were fully
covered by multilayer (more than 5 layers) graphene with uniform
thickness. Further TEM investigation was carried out on the graphene
after etching Cu NPs, as shown in Fig. 3c, where the inset SAED pattern
indicates high quality of the crystalline structure [24,25]. Interlayer
space of graphene film was measured using Digital Micrograph as
shown in Fig. 3d. A 1.35 nm thickness for 4 graphene layers indicates
the interlayer space of as-grown graphene is 0.34 nm, corresponding
to the theoretical value [26]. To our knowledge, this is the first report
of growth to such thick layered graphene on a copper substrate. Nor-
mally, the growth mechanism for multilayer graphene grown on Cu
film is through under-layer formation [27-29] by sharing the same nu-
cleation center. Methane molecules or four intermediates (CHs, CH,, CH
and C) would rapidly diffuse into the interface between first layer and
Cu substrate or penetrate through central defects [27] at high tempera-
ture, and finally attach to the edge of the same nucleus to form adlayer
graphene. However, owing to the much higher growth rate for the first
layer than that of adlayer, in general, the growth of adlayer will

Fig. 4. Fracture surface of Cu-graphene nanocomposites sintered at (a, b) 600 °C, (c, d) 650 °C,
(e, f) 700 °C and (g, h) 750 °C, respectively.
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Table 1

Vickers hardness of pure Cu and different Cu-graphene nanocomposites.*
Materials Pure Cu-650 Cu/G-600 Cu/G-650 Cu/G-700 Cu/G-750
Hardness (GPa) 1.01 1.88 253 2.09 0.90

@ The last digits in materials names indicate the sintering temperature. For example, the
Cu/G-600 denotes Cu-graphene nanocomposite sintered at 600 °C.

terminate once the growth of the first layer is completed. Usually, the
size of adlayer is only a few micrometers. In this research, graphene
was grown onto the surface of nano-sized copper particles; therefore,
the diffusion distance from first layer edge to the growth front of the
adlayer is only 10 nm. Thus, these carbon radicals easily arrive at the
growth front of the adlayer. Consequently, the Cu NPs were covered
with quite thick graphene (more than 5 layers).

The mechanical, electrical, and tribological properties were tested on
the sintered pellets (the optical image of the pellet shown in Fig. S4).
Fracture surfaces of Cu-graphene nanocomposites sintered at 600 °C,
650 °C, 700 °C, and 750 °C for 30 min are shown in Fig. 4. At low temper-
ature (600 °C) (Fig. 4a,b), graphene is homogeneously dispersed
throughout the Cu grain boundaries without agglomeration. During
sintering under high pressure and temperature, the Cu grains in the
Cu-graphene nanocomposite pellets would undergo extensive plastic
deformation, leading to the extrusion of Cu from the graphene film.
Therefore, the surfaces of adjacent Cu grains can bond together to
form a well-sintered dense pellet [30]. The similar phenomena also oc-
curred in powder metallurgy of aluminum composites [31,32]. As
shown in Fig. 4c,d, at 650 °C, Cu grains were elongated, and some
graphene films were peeled off to expose bare Cu surfaces. Cu grains
bond together, but no grain coarsening occurs. With temperature
increasing, the Cu grains are severely coarsened owing to the inter-
diffusion of Cu atoms at the interface as shown in Fig. 4e-h for the Cu-
graphene nanocomposites sintered at 700 and 750 °C, respectively.
Despite the grain coarsening at temperatures above 650 °C, the
graphene film is still uniformly distributed in Cu matrix. It is also noticed
that the deep consecutive dimples with an average diameter of 5 um ap-
peared at 750 °C, exhibiting ductile micromechanisms of fracture, simi-
lar to pure copper [33].

The Vickers hardness of pure Cu and different Cu-graphene nano-
composites were tested and listed in Table 1. The hardness of Cu-
graphene nanocomposites increases significantly as compared with
pure Cu. Among the nanocomposites, Cu/G-650 exhibits a hardness of
2.53 GPa, 2.5 times higher than that of pure Cu-650. However, the hard-
ness for Cu/G-700 and Cu/G-750 drastically decreases, maybe attribut-
ing to the severe coarsening of copper-grains at high temperatures.
The mechanism for the hardness enhancement may mainly be attribut-
ed to the blockage of dislocation sliding by graphene at the interface be-
tween Cu grains and graphene films. The extremely high shear strength
of graphene can effectively hurdle the propagation of dislocations be-
tween grains (the shear modulus of zigzag and armchair structures to

be 0.213 and 0.228 TPa, respectively [33]). In our Cu-graphene nano-
composites, the multilayered graphene (more than 5 layers) is rigid suf-
ficiently to pile up dislocations in a Cu grain instead of sliding across the
grain boundary [34].

The XPS spectra of Cu-graphene nanocomposites at different
sintering temperature show two Cu peaks at binding energies of 932.6
and 952.5 eV, which correspond to Cu2ps/, and Cu2py/; [35,36]. The
peaks at 933.6 and 953.4 eV correspond to CuO (Fig. 5a). Fig. 5b shows
the deconvoluted C1s spectra of the Cu-graphene nanocomposites at
different sintering temperature. The peak consists of two components,
one at binding energy 284.7 eV which features the C=C sp? bonds in
the graphitic network, one at 285.6 eV which is attributed to carbon
bonds with sp? hybridization respectively [37-39]. The intensity of the
sp> components increased with the sintering temperature increasing,
indicating that the filled graphene began to become amorphous and ox-
idized. The transformation was attributed to the high pressure at higher
temperature. At 750 °C, the component of sp> has reached 18.6%,
resulting the intrinsic strength of graphene degenerated severely. That
is one of the reasons why the hardness decreased seriously at 750 °C.

Electrical measurement and tribology testing were performed on the
Cu/G-650 nanocomposite showing the highest hardness. The resistivity
of G/Cu-650 sample measured by four-point probe method is approxi-
mately 1.72 x 10~ Q-cm, similar to that of Pure Cu-650 (1.69 x 10~
Q-cm), as a result of the superior-quality graphene by CVD. The friction
and wear experiments were performed on a wear testing machine using
a ball-on-disc configuration in a circular motion mode [34]. Fig. 6a-d
present the wear tracks of Pure Cu-650 and Cu/G-650 nanocomposite
against steel ball (E52100 Alloy Steel) under 1 N sliding load under
dry condition for 2000 cycles. The width of the wear track is approxi-
mately 770 pm and 185 pm for pure Cu-650 and Cu/G-650 samples, re-
spectively. For Pure Cu-650 (Fig. 6a,b), adhesive craters and ploughing
scratches were observed obviously, and large amount of debris ap-
peared at the wear area, indicating that the wear mechanism for pure
Cu against steel ball is dominantly adhesive wear and abrasive wear
[40,41]. After the test, the roughness of the wear track increases mark-
edly, indicating seriously wear loss. For the Cu/G-650 nanocomposite
(Fig. 6¢,d), the wear track is much narrower than that of pure Cu sam-
ples. Moreover, the wear damage was mild with very little wear mark
and significant less wear debris in and around the sliding wear scar
and track areas. Finally, the surface of wear area of the Cu/G-650 nano-
composite is much smoother than that of pure Cu.

The dramatic reduction in wear can be attributed to the presence of
graphene layers within the sliding wear track as confirmed by EDS and
Raman spectroscopy (shown in Fig. S5a,b). Graphene forms a uniform
tribofilm within the wear area, reduces the wear friction between the
sample and the counterpart ball, and thus improves the wear resistance.
An important benefit of the Cu-graphene nanocomposite is that the
high-quality graphene dispersed into the whole Cu matrix can constant-
ly feed stock for the tribofilm. The elemental line scan analysis shows
that the wear track was fully covered with graphene (Fig. S5¢,d). The
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Fig. 5. XPS core-level (a) Cu2p and (b) Cl1s spectra of the Cu-graphene nanocomposites at different sintering temperature.
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Fig. 6. SEM micrograph of wear tracks of (a, b) pure Cu-650. (c, d) Cu/G-650 nanocomposite against alloy steel ball at 1 N sliding load under dry condition. (e) Coefficients of friction (V') of
pure Cu-650 and Cu/G-650 nanocomposite. (f) Corresponding wear track profiles of pure Cu and Cu/G-650 nanocomposite.

COFs of pure Cu-650 and Cu/G-650 nanocomposite are shown in Fig. Ge.
The friction behavior of pure Cu-650 is unsteady and increased gradual-
ly due to adhesive wear. The COF during the later stage reached a value
of 0.35. However, for the nanocomposite, the COF is lower than that of
pure Cu with a value of 0.2 and the friction behavior is steady at the
later stage. After the completion of the sliding test of 2000 cycles, the
graphene becomes defective and disordered during the sliding tests,
resulting in a significant reduction of 2D peak intensity in the Raman
spectrum measured in the wear scar (Fig. S5b). Furthermore, a 3D sur-
face profilometer was utilized to investigate the wear tracks. The line
scans profiles of the wear tracks are shown in Fig. 6f. For pure Cu, the

Table 2
Wear volume and wear rate calculations after 2000 cycle tests at 1 N load.
Materials Calculated wear Volume (mm?) Wear rate
(Wear / (load-distance))
(mm?3/N-m)
Pure Cu-650 133x 1073 379.4x 107°
Cu/G-650 098 x 1073 28x107°

depth and width of the wear track are 16 um and 750 pm, respectively,
corresponding to the SEM images (Fig. 6a,b). However, for Cu-graphene
nanocomposites, the wear damage is slight and the depth and width are
1 um and 180 um, respectively. Calculated wear volume and wear rate
were listed in Table 2. The presented values of the wear show that
G/Cu-650 sample can reduce wear by 2 orders of magnitude com-
pared with pure Cu after the 2000-cycle tests. The graphene with ex-
cellent graphitic structure and strong van der Waals forces between
the layers can effectively distribute the high pressure among the
layers [19]. The high substrate stiffness due to the very thick
graphene covered can decrease the friction energy dissipation [42].
Then Cu-graphene nanocomposites can remain relatively effective
at reducing friction and resisting wear under high pressure.

4. Conclusions

In conclusion, high quality graphene was directly grown on Cu NPs
by CVD and directly consolidated into dense graphene-Cu nanocompos-
ites showing enhanced mechanical strength and tribological properties.
TEM and Raman spectrum show the as-grown graphene is of high
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quality comparable to that of CVD graphene on Cu substrate. The Cu/G-
650 nanocomposite shows a hardness of 2.53 GPa, around 2.5 times en-
hancement compared with pure Cu while exhibiting an electrical con-
ductivity comparable to that of pure Cu. The tribological properties of
the Cu-graphene composites were investigated using a ball-on-disc
technique. The value of COF decreases from 0.35 to 0.2. The wear vol-
ume of the nanocomposite is 2 orders of magnitude smaller than that
of pure Cu for 2000 cycle tests. We attribute the hardness enhancement
as well as the superior tribological behavior to the homogeneous disper-
sion of high-quality graphene into Cu matrix.
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