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Abstract:

Graphene has been considered as an ideal reinforcement filler for metal matrix composites because of its ultra-high

strength and stiffness, and exceptional thermal and electrical properties. Graphene-reinforced copper (Gr/Cu) nanocomposites were

fabricated by ball milling followed by pressureless vacuum sintering, and were characterized by SEM, TEM, XRD, Raman spectro-

scopy and mechanical tests. Results indicate that the graphene platelets are well dispersed in the nanocomposites without apparent

damage. The graphene filler dramatically improves the hardness and reduces the coefficient of friction of the Gr/Cu nanocomposites

compared to pure Cu.
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1 Introduction

Copper-based metal matrix composites (MMCs)
have been known for their exceptional physical prop-
erties, such as excellent mechanical strength, dimen-
sion stability, creep resistance, excellent cyclic fa-
tigue characteristics, and distinctive electrical and
thermal properties. These outstanding characteristics
broaden applications of copper-based MMCs in the
industrial fields like aerospace, automobile, national
security, and electronic sectors. Previously, it has been
demonstrated the performance of MMCs is mainly de-
termined by the reinforcement fillers in the metal
matrices. There are plenty of conventional reinforce-
ment fillers utilized in MMCs, e.g., nitride ceramic
(TiN, BN), oxide ceramic (AL,0,, Si0O,), and carbides
(TiC, WC). However, most of these ceramic rein-
forcements possess poor thermal or electrical proper-
ties. Consequently, these reinforcements improve the

mechanical properties, but at a sacrifice of the elec-
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trical and thermal properties. In recent years, carbon
allotropes including carbon nanotubes (CNTs) and
graphene are investigated extensively as ideal rein-
forcement fillers for MMCs. For instance, Bakshi
summarized in his review that enormous research
studies had been carried out on CNT-reinforced
MMCs in the past decade and had demonstrated the
potential benefit of CNTs in MMCs for improvement
of mechanical properties''). In spite of these efforts,
Neubauer pointed out that the practical application of
CNTs is limited by its difficult dispersion caused by
the high electrostatic and van der Waals forces, as
well as its high production cost!”.

At the same time, another carbon allotrope,
graphene, has attracted considerable attentions in
MMC:s field owing to its good dispersion in the metal
matrix and cost-effective manufacturing through
graphite exfoliation. As Sun reported, the Hummers
method was modified with a spontaneous expansion
process to prepare graphene, which enabled it to be-
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come facile and practical for scalable production of
graphene oxide (GO) and reduced GO™. Additionally,
graphene reinforced MMCs exhibit impressive im-
provement in mechanical and physical properties, ow-
ing to the exceptional properties of graphene such as
high thermal conductivity, electrical conductivity,
Young’s modulus, and tensile strength, in comparison
to the intrinsic metal counterpart. Thereby, a variety
of metal matrices have been investigated using
graphene as a filler such as Al, Ni, Cu, Mg, Ti and Fe
as reviewed by Hu“. Except for Bartolucci® who
claimed a lower strength and hardness of graphene re-
inforced aluminum which was caused by excessive
Al,C,; produced during the fabricating process, all oth-
er reports in this field reported improvements in
mechanical properties of MMCs. Among various
metals, copper and copper alloys are indispensable
materials in many industrial fields, including electric-
al, electronic and bearing industry. Li et al. pointed
out that the inherent high thermal and electrical con-
ductivity of copper combined with the excellent prop-
erties of graphene will lead to the formation of high-
performance composites, which can be widely used in
many industrial fields'®. Thus, it is highly desirable to
develop graphene reinforced copper matrix nanocom-
posites from the practical perspective.

In order to fabricate graphene reinforced copper
matrix nanocomposites, in this work, a pressureless
vacuum sintering process after ball milling has been
investigated. Mechanical ball milling is extensively
used to produce alloys from powders due to its effic-
acy in grinding and cold welding. Its effectiveness
also has been demonstrated in dispersion graphene
flakes in metal powder matrix. Pérez-Bustamante
found that when the high energy ball milling techno-
logy was used to prepare the mixture of graphene and
Al powder, graphene sheets can be dispersed in the
aluminum powder in short periods of milling time.
Kim also stated that ball milling was effective in pre-
paring a mixture of graphene and copper powder'” *,
On the other hand, vacuum sintering is a proven tech-
nology and widely used in powder metallurgy, but to
the best of our knowledge, there is still no reports that

it can be applied in the graphene reinforced MMCs.

Although vacuum sintering process is time-consum-
ing comparing with spark plasma sintering (SPS), it
provides more flexibility for fabricating complicated
geometry. What’s more, embedding graphene in cop-
per matrix can prevent its oxidation, therefore lower
the damaging possibility in long heating cycle. Thus,
this pressureless sintering process was investigated
and the tribological behavior of as-fabricated nano-

composites were studied in this work.

2 Experimental

2.1 Materials

The Cu powder (99.5%, average diameter
~ 30 pm, Tianjin Chemical Reagent Co. Ltd, China)
and multi-layer graphene platelets (<5 layers, Nanjing
Kefu Nanotech Inc., China) as shown in Fig. S1, were
used in ball milling and vacuum sintering experi-
ments. The Cu powder and graphene platelets were
mixed together by a planetary ball mill (speed
300 r min', 2 h, stainless steel ball, ¢ 8 mm, stainless
jar). The ratio of ball to powder was 5 : 1, and ball
milling was carried out in ambient conditions. The
powder mixtures had four different weight ratios,
namely, Cu, Cu-1 wt. % Gr, Cu-2.5 wt. % Gr, and Cu-
5 wt. % Gr, as shown in Fig. la-d. No agglomeration
of graphene has been observed in these mixtures.
2.2 Sample preparation

Each of the ball milled mixture was compressed
into a cubic compact of 20x20x2 mm’ under a uniaxi-
al pressure of 500 MPa in a die mold. And then all the
compressed samples were sintered in a tube vacuum
furnace (GSL-1700X-S, Dachun, Hefei, China). In
particular, the compressed samples were put into an
Al O, square crucible in one layer, which would be
further put into the tube vacuum furnace. The furnace
was evacuated to 50 mTorr (the max vacuum degree
of the equipment), filled with argon gas to 1 stand at-
mospheric pressure, then evacuated to 50 mTorr
again. This process was repeated three times to en-
sure minimum oxygen residue remaining in the fur-
nace. The temperature evolution during vacuum sin-
tering process is shown in Fig. le, where the inserted
image shows the sintered Gr-Cu nanocomposites.
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Fig. 1 SEM images of (a) 1 wt. % Gr/Cu mixture, and (b) 2.5 wt. % Gr/Cu mixture, (c) 5 wt %Gr/Cu mixture, (d) focused-in observation of 5 wt. %Gr/Cu

mixture and (e) temperature profile of vacuum sintering process, the insert image shows the photo of the sintered nanocomposite sample.

2.3 Microstructure characterization

A Rigaku UltimalV Miltipurpose X-Ray diffrac-
tion system was employed to check the samples with
Cu-Ka source. Hitachi S-4700 Field emission and
Hitachi SU5S000 SEM were used to get the microstruc-
tural images. The Raman spectra were obtained with
A HORIBA LabRAM HR800 Raman spectrometer
(HORIBA Jobin Yvon, NJ, USA). TEM samples were
prepared by a TenuPol-5 twin-jet electropolishing sys-
tem via a twin-jet electropolishing method. Micro-
structure images were recorded by an FEI Tecnai G-
20 system at a 200 keV operating voltage.
2.4 Mechanical property testing

The micro-hardness of samples was measured by
an HXD- 1000TM/LCD (Shanghai optical instrument
factory, Shanghai, China) micro-hardness instrument
(100 g load, 10 s holding time). The test surface was
polished by a metallographic polishing machine to get

a sufficiently good surface before testing.

3 Results and discussion

Fig. 2a-d shows the surface morphology of the
vacuum sintered Gr-Cu nanocomposites in three dif-
ferent graphene weight ratios, as well as the bare cop-
per sample. The SEM images reveal that both of the
bare Cu and Gr-Cu nanocomposites have a similar
surface morphology, with a minimized discontinued
pore area. Increasing the graphene ratio, the sample
surface becomes more discontinued resulting from

filling of graphene sheets in the copper matrix. Chu et

al mentioned in his work that graphene flakes can also
block the copper powder from merging together,
thereby bringing about a grain refinement
phenomena, which explains the small grains ob-
served in our nanocomposites.

In order to further review the morphology of the
nanocomposites, focused-in view through SEM and
TEM has been conducted in Fig. 2e-g. The magnified
SEM image in Fig. 2e is the sintered 2.5 wt. % Gr-Cu
nanocomposite. It can be seen that copper particles are
sintered together, and there are obvious curve marks
between metal particles. This could be explained by
the fact that the sintering temperature selected herein
is lower than the melting point of copper. In this re-
spect, the copper phase is lack of sufficient diffusion
in solid state sintering reaction. Thus, it cannot form a
uniform or dense surface commonly observed in li-
quid state sintering reaction. Consequently, the low
diffusion rate will also affect the bonding status
between graphene sheets and copper phase. As poin-
ted out by Xu et al, who studied the structural and
mechanical relationship at a graphene-metal interface
through density functional theory based on calcula-
tions, compared with other metals, copper has a relat-
ively lower bonding energy to graphene!'”. Fig. 2f is
the cross-sectional surface morphology of the 5 wt. %
Gr-Cu nanocomposite. Graphene sheets can be found
embedded inside the copper matrix. In this image,
however, porous area inside the composite still can be
observed. The insufficiently densified microstructure

is prone to weaken the mechanical strength/hardness
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a) Pure copper b) 1wt. % Gr-Cu
(a) (]

(c) 2.5wt % Gricu (d) 5wt % Gr-Cu

Fig.2 Surface morphology of vacuum sintered (a) Cu, (b) 1 wt. % Gr/Cu, (c) 2.5 wt. % Gr/Cu, (d) 5 wt. % Gr/Cu nanocomposites, (¢) magnified observation

of 2.5 wt. % Gr/Cu, (f) sectional morphology of 5 wt. % Gr/Cu and (g) TEM image of 5 wt. % Gr/Cu composites.

of the nanocomposites but on the other hand, it will
benefit the tribological performance, especially in the
situation of liquid oil lubrication, since the oil can be
heldintheporousarea. The furthercharacterizationofthis
5 wt. % Gr-Cu composite by TEM image in Fig. 2g
shows the direct observation of multilayer graphene
sheets embedded in the copper matrix. The areas
marked by the yellow dashed line indicate graphene
sheets. And the distance between two graphene layers,
0.34 nm can be measured to confirm the graphene
phase. The multi-layer characteristic can be determ-
ined by the graphene layer number in the image.

In order to confirm the existence of graphene
sheets in the sintered nanocomposites, both XRD pat-
terns and Raman spectra were collected. Fig. 3a shows
the XRD patterns of vacuum sintered Gr-Cu nano-
composites. Firstly, there are peaks at 26 degree of
about 43°, 50°, 74° and 90°, which are well indexed to
(111), (200), (220) and (311) for Cu (PDF #03-1 005:
2004), respectively. There is an extremely weak dif-
fraction peak on Gr-Cu XRD patterns at 26 degree of
about 39.9°, which can be indexed as CuO (200) peak.
Correspondingly, the CuO phase is also observed on
HRTEM image of Gr-Cu samples, as shown in Fig.
S2. The existence of CuO in the vacuum sintered Gr-
Cu nanocomposites might result from the fact that the
samples are kept in ambient environment after sinter-
ing, therefore copper atoms on the surface would in-

evitably react with oxygen in air. And the graphene

platelets are purchased from the commercialized sup-
plier, which might contain certain residue oxygen
functional groups. Another possible reason could be
that there is oxygen residue in the tube vacuum fur-
nace after purging, which oxidizes copper during sin-
tering. Thus, CuO phase can be detected in XRD pat-
terns though in a small amount. Secondly, the XRD
patterns of the Gr-Cu nanocomposites exhibit an ap-
parent peak at 26 degree of 26.3°, which can be in-
dexed to the C (002). It is shown that the composites
only contain graphene and copper, in which graphene
is constructed by crystalline phase carbon atoms. This
implies graphene sheets are kept in the composites
and survived after the vacuum sintering process.

To further confirm the presence of graphene in
the vacuum sintered nanocomposites, Raman spectro-
scopy was employed to characterize the nanocompos-
ites and the results were compared with the bare
graphene. Note this, Raman spectroscopy has been
widely utilized in the structure and defect investiga-
tion of carbon materials, such as graphite, carbon nan-
otubes and graphene. Fig. 3b shows the Raman spec-
tra of the vacuum sintered Gr-Cu nanocomposites,
which clearly shows the peaks at 1344, 1581 and
2708 cm ', corresponding to the D peak, G peak and
2D peak of multilayer graphene, respectively.
However, the Raman spectrum of bare graphene loc-
ates its peaks at 1325, 1568 and 2 568 cm', for D

peak, G peak and 2D peak, respectively. By compar-
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Fig.3 (a) The XRD patterns of vacuum sintered Gr-Cu nanocomposites, (b) Raman spectra of pristine graphene and the vacuum sintered Gr-Cu nanocompos-

ites and (c) EDS maps of carbon and copper elements in vacuum sintered Gr-Cu nanocomposite.

ing the position and intensity of those characteristic
peaks, it is found that graphene peaks are downshif-
ted and the intensity ratios of the D peak (/) to G
peak (/;) are also changed. This phenomenon has
been mentioned in prior reports of graphene rein-
forced MMCs. Pavithra et al described in his paper
that increment in the intensity of the 7, compared to
the /; can be observed in the Raman spectra of graphene/
copper composites, and it is attributed to the stresses

in graphene sheets''"!

. The downshifting peaks are
usually ascribed to the thermal stress induced during
the sintering process. The increased intensity ratio of
D peak to G peak after vacuum sintering, indicates
that the structure defect level of graphene increases.
Ferrari pointed out that different amounts of disorder
will have different 7,/I, in Raman spectrum"”, Both
XRD patterns and Raman spectra indeed confirm that
graphene is retained in Cu matrix of the sintered nano-
composites after vacuum sintering. Although, there is
a long heating time in the vacuum sintering process,
graphene still manages to maintain its physical struc-
ture. This suggests long time vacuum sintering is suit-
able for maintaining the basic structure and properties
of graphene sheets in copper matrix, and this techno-

logy can be successfully used for preparing Gr-Cu

nanocomposites in other geometry or shape.

The EDS mapping is also utilized to confirm the
existence of graphene sheets in Gr-Cu nanocompos-
ites. As shown in Fig. 3c, it can be observed that one
graphene sheet exists in the nanocomposite which is
marked in the first SEM image. The other two images
are the EDS mapping of the first SEM image, show-
ing the map of carbon and copper elements in the
cross section. Carbon EDS mapping shows the car-
bon element in yellow color located in the center of
the cross-sectional area, with the continuous shape of
graphene being observed. This confirms the comple-
tion of graphene sheets in the nanocomposite phase
after vacuum sintering process. Further evidence
shown in Cu EDS mapping, the copper element map
clearly exhibits blank regions on the graphene posi-
tion. In addition, for single layer or few layers
graphene or graphene oxide, it is difficult to observe a
clear-cut regime of graphene sheets or graphene ox-
ide sheets on EDS maps of the section SEM image,
provided that they are uniformly dispersed in the mat-
rix. Our previous single layer graphene-titanium
(SLGO-Ti) works verified it. On the EDS map im-
ages of SLGO-Ti, no clear-cut shape can be found!”.

Thereby, the EDS mapping shown in Fig. 3¢ also im-
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plies a certain extent of agglomeration of graphene
sheets in the nanocomposite, which requires further
work to avoid this issue.

The all-aforementioned measurements including
XRD, Raman and EDS confirm that graphene phase
exists in the Gr-Cu composites after the vacuum sin-
tering process. And it could be further confirmed by
HRTEM images in more details. Fig. 4a is the
HRTEM image of the Gr-Cu nanocomposites, which
shows graphene on left side and copper on right side
with their interface marked by the yellow dashed line.
The inserted image in Fig. 4a is the selected area elec-
tron diffraction (SAED) pattern of graphene. In order
to observe copper phase clearly, selected area of cop-
per phase marked by the black rectangle is magnified
in Fig. 4b, with corresponding SAED patterns. And
also, the lattice fringes of graphene, 0.246 nm and Cu
(111), 0.20 nm can be observed. The interface area
between graphene and copper, as shown in the yellow
dashed line surrounded area, indicates no chemical re-
actions with a distinct separate lattice structure. This
agrees with the previous studies that no carbide phase
of copper could be formed. Also, the oxide phase of
copper is not observed neither. In this respect, we con-
clude the graphene and copper are simply overlapped
and mixed together, with solely physical interaction.
This suggests lower enhancement of mechanical prop-
erties achieved for copper, as compared with other re-
inforced metals, such as Ni, Mg and Ti with carbide
phase formed serving as load transfer media. In addi-
tion, the weak bounding between graphene and cop-
per in combination with the potential agglomeration
of graphene platelets, might induce pores. Physical

measurements have been conducted to assess the

lr_' - ‘
. Graphehel
0.246 nm

Fig. 4 HRTEM images of Gr-Cu composites: (a) graphene, Cu and their
interface, with corresponding SAED patterns and (b) Cu area with the cor-
responding SAED pattern.

packing density to be around 70% of the theoretical
one after vacuum sintering process.

In order to assess the mechanical property en-
hancement by graphene, samples of the pure copper,
1 wt. %, 2.5 wt. % and 5 wt. % Gr-Cu nanocompos-
ites are made by the vacuum sintering process with a
similar packing density and measured by the Vickers
hardness tester. Before hardness measurement, the
surfaces of all samples were polished to achieve a uni-
form and flatten surface, then the samples were selec-
ted randomly with each sample measured by 5 points.
Fig. 5a shows the Vickers hardness values of both
pure copper and nanocomposites, which are the aver-
age values of the 5 independent measurements. In Fig.
Sa, the hardness values of Gr-Cu nanocomposites are
plotted as a function of graphene weight ratio, within
which hardness values of vacuum sintered 1 wt. %,
2.5 wt. % and 5wt. % Gr-Cu nanocomposites are 62.4,
64.4 and 51.6 HV, respectively. The highest hardness
value is 45% higher as compared with the vacuum
sintered pure copper (44.6 HV). It can be found that
the hardness of nanocomposites would be improved
with increasing the amount of graphene content.
However, overdose of graphene fillers inside the
nanocomposites would cause the degraded hardness
value, e.g., Swt. % Gr-Cu in Fig. 5a. This is due to the
aggregation of graphene, and it is in good agreement
with the surface morphology observation in Fig. 2.
Previous research stated that the hardness improve-
ment of graphene reinforced MMCs is mainly attrib-
uted to the excellent mechanical properties of
graphene. Kuang et al reported significantly increased
mechanical properties of graphene-nickel composites,
which was attributed to the special structure and out-
standing mechanical properties of homogenously dis-
persed graphene sheets in nickel matrix!'*!. Our prior
work also prepared laser sintered Gr-Cu nanocompos-
ites!"”, compared with the hardness of this study, it
can be found that no matter pure copper or the Gr-Cu
nanocomposites with the same graphene content, laser
sintered samples have higher hardness values than the
corresponding vacuum sintered ones. The reasons

may be ascribed to the following three aspects. First,
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Fig. 5 (a) The Vickers hardness of vacuum sintered Cu and Gr/Cu composites and (b) effect

of the graphene content on the friction coefficient of Gr/Cu composites.

laser sintering is a fast heating and cooling process,
the high cooling rate will cause the composites to
have fine grains and correspondingly possess a higher
hardness. Meanwhile, for the vacuum sintering, the
cooling rate is much lower, causing a relative lower
hardness, similar to the effects of quench and anneal-
ing. Second, during laser sintering, copper powder is
melted and sintered in liquid state reaction, while the
highest temperature is lower than the melting point of
copper in vacuum sintering. Therefore, laser sintering
will yield a higher relative density. Vacuum sintering
samples have several pores and relative low density,
which will inevitably degrade the hardness perform-
ance. Third, less graphene agglomeration occurs dur-
ing laser sintering process, in which the molten cop-
per powder would induce a certain amount of
graphene sheets floating onto the sample surface, and
further lose some of graphene. Although, the accurate
amount of graphene loss is not determined, it would
indeed benefit the hardness performance of nanocom-
posites. However, unlike laser sintering process, poor
performance of hardness and other mechanical proper-
ties are obtained in pressureless vacuum sintering pro-
cess, since a high content of graphene will lead to ag-
glomeration, and thereby more pores and lower relat-
ive density in the sintered composites. In this sense,
the loss of graphene sheets will benefit the final mech-
anical performance of laser sintered graphene copper
nanocomposites. Additionally, the stirring effect of
laser induced melting pool further improves the dis-
persion homogeneity of graphene sheets in the copper

matrix during laser sintering process.

The filler agglomeration degrades mechanical
properties of composites is due to the 2D nature of
graphene, of which the out-of-plane strength is signi-
ficantly lower than the in-plane strength. Sadowski
pointed out by predictions that the out-of-plane mech-
anical properties of graphene strongly influence the
composite properties when graphene platelets are ran-
domly oriented in the Gr-Cu composites!'®. In this re-
spect, the agglomeration would introduce plenty of
weak points, thereby lower the hardness of compos-
ites when multi-stacked graphene is applied with the
mechanical force loading. This could also be con-
firmed by the error bars in Fig. 5a, in which pretty
scattered hardness values are collected for the samples
with high graphene contents.

In order to further assess the mechanical per-
formance of the vacuum sintered nanocomposites, a
sliding test with a constant sliding speed of 25 mm s™'
for 5 min was performed for all the designed samples.
Fig. S3 shows SEM images of worn surfaces of
samples, including bare copper and the Gr-Cu nano-
composites. It can be seen from these images that the
nanocomposites have similar worn surface morpho-
logy, while bare Cu sample is obviously different.
From Fig. S3a, it should be noticed that the worn sur-
face of pure copper is rougher, deeper ploughing
grooves can be found along the sliding direction than
that of the nanocomposites containing graphene,
which indicates the adhesive wear and abrasive wear
behavior. All the worn surfaces of other vacuum
sintered Gr-Cu nanocomposites in Figs. S3d, g and j,

have a more flatness surface, and a few abrasive



55 2 1]

HU Zeng-rong et al: Preparation of graphene/copper nanocomposites by ball milling followed by------ < 427 -

grooves also can be found on these surfaces. The SEM
images on the right side indicate the delamination of
surface materials, which is caused by cracks and cav-
ities, and also involved in the deformation of subsur-
face and development of cracks. Li et al pointed out
that in the wear and friction experiments of Gr-Cu
nanocomposites the nucleation of cracks in the matrix
is easy to find at weak points, mainly located at the in-
terface between graphene sheets and copper matrix,
where pores have high probability to be formed. That
is why crack propagation and interfacial debonding
are easy to find at the copper-graphene interface, be-
cause stress concentration plays an important role dur-
ing wear and friction test. This will result in delamina-
tion wear'®. Similar phenomenon is also observed in
our experiments.

A higher graphene content results in more
graphene/copper interface and more agglomeration of
graphene sheets, as shown in Figs. 2d and f, which
would cause a higher abrasion loss. However, at the
same time, more graphene sheets will expose to the
contact surface, forming an isolated carbonaceous lay-
er between the sliding ball and sample surface. The
carbonaceous layer has self-lubricating property, and
this can partially separate the sliding ball surface and
copper matrix. So the plastic deformation can be pre-
vented at the contact interface during the wear and
friction experiments''”, and the wear rate can be min-
imized. As Algul et al reported in the nickel-graphene
nanocomposites in their experiment results, with in-
creasing graphene content, the tribological property of
the composites become better due to the increased
hardness and the fact that graphene sheets act as load
bearing and solid lubrication components in the slid-
ing surface. Meanwhile, it will have a lower and more
stable friction coefficient. Fig. Sbshows the average
friction coefficients of vacuum sintered copper and
Gr-Cu composites with different graphene contents. It
can be found that the friction coefficient of Cu is
much higher than Gr-Cu nanocomposites, and it de-
creases from 0.22 to ~0.07 when increasing the
graphene weight ratio. Although the friction coeffi-

cients of different Gr-Cu composites have a tendency

to become lower with increasing graphene content,
generally they have no large drop. The measured fric-
tion coefficients are lower than that of Li's report. This
is mainly due to the difference of graphene content,
since our process achieve much higher graphene

volume contents in the Gr-Cu nanocomposites.

4  Conclusion

In this work, Gr-Cu nanocomposites were pre-
pared by ball milling and pressureless vacuum sinter-
ing. It is confirmed by XRD, Raman and EDS that
graphene flakes are well dispersed in the nanocom-
posites. After ball milling and vacuum sintering,
graphene is mixed with copper powder homogen-
eously and retained in the composites after sintering.
Graphene structure has no apparent physical change,
but the defects in graphene flakes increase. XRD pat-
terns, Raman spectra and HRTEM images confirm
that graphene is retained in the copper matrix. This
suggests the vacuum sintering process can be used to
fabricate Gr-Cu nanocomposites in bulk scale. The
SEM and HRTEM images and sectional EDS maps
show uniform distribution of graphene sheets in the
nanocomposites. The hardness of the Gr-Cu nanocom-
posites increases by nearly 45% and the friction prop-
erties are significantly improved as compared with the
bare copper. The results indicate that graphene is an
excellent strengthening material for copper and the
traditional powder metallurgy method can be used to

prepare the Gr-Cu nanocomposites.
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