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a b s t r a c t

The strength of polycrystalline materials at high temperatures is limited due to their poor resistance to
grain boundary motion. A strategy to anchor the grain boundary of copper in 2-dimensional curvature by
graphene was proposed and the copper-graphene composite was therefore fabricated. It was found that
the hardness of Cu-0.5 wt% graphene (GN) composite is almost same with that of Cu-0.5 wt% graphite
(GP) composite between room temperature and 450 °C. However, the hardness of Cu-GN composite
improves significantly above 450 °C and is nearly twice of that of Cu-GP composite at 600 °C, indicating
the hindrance effect of graphene on the atom diffusion across grain boundary at high temperatures. On
the other hand, the thermal expansion coefficient is lower for Cu-GN composite compared with that of
Cu-GP composite, and the electrical conductivity of the Cu-0.5 wt% GN composite remains 95.9 IACS%.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The decreased strength of polycrystalline materials at high
temperatures is considered to be attributed to the grain boundary
motion, which is thermally activated with the models of grain
boundary migration [1,2], grain rotation [3,4] or grain boundary
transformation [5]. The grain boundary motion at high tempera-
tures is actually the intragranular diffusivity of atoms from one site
to different sites or intergranular diffusivity of atoms from one
grain to the adjacent ones, which finally results in the decreased
strength of polycrystalline materials at high temperatures.

In order to enhance the high temperature strength of poly-
crystalline materials, precipitating particles and second-phase
additives are usually employed to drag grain boundary motion and
pin dislocation sliding at high temperatures. Ken et al. [6] reported
the hardness of Cu-8Cr-4Nb alloy retained 90 HV at 1323 K, which
was mainly attributed to the grain boundary pinning of Cr2Nb
precipitates. According to Sebastianet al. [7], the microstructure
stability of Ni-carbon nanotube (CNT) composite was enhanced by
CNTs by pinning the grain boundary during heat treatment, which
results in a high retention of hardness after annealing. The tradi-
tional strengthening mechanism of polycrystalline material is
mainly particle dispersion strengthening, while strengthening by
ng),
hindering atom diffusion across grain boundary has not been re-
ported yet. Graphene has attracted ever-increasing attention due
to its excellent physical and mechanical properties. Especially, its
unique 2D structure might make it suitable for hindering the atom
diffusion across grain boundary at high temperatures.

In this letter, copper-graphene composite with graphene dis-
tributed in copper grain boundary was fabricated. The hardness
was tested from 25 °C to 600 °C. The thermal expansion coefficient
(CTE) and electrical conductivity were measured. The copper-
graphite composite was also prepared for comparison.
2. Experimental

The graphene was synthesized by the modified Hummers
methods [8], in which the graphite particles (99.5%, o15 mm)
were employed as raw material. Copper powders (99.9%, o75 mm)
were taken as matrix material. The prepared graphene were ul-
trasonicated in ethyl alcohol solution for 15 h, and then mixed
with copper powders into slurry under magnetic stirring for 20 h.
Finally, the mixture was vacuum dried at 80 °C for 24 h. The
mixture were first compacted into φ35�10 mm billets, which
were then consolidated by vacuum sintering at 950 °C, further
consolidated by hot-pressing at 600 °C under 30 MPa. For com-
parison, copper composites reinforced with the same mass content
of graphite as well as unreinforced pure copper specimens were
prepared in the same process.

The morphology was characterized by scanning electron
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Fig. 1. TEM image of the prepared graphene (a), Raman spectrum of graphene, graphene oxide, and graphite (b).

Fig. 2. SEM images (a), (b) and grain size distribution of Cu-GN composite (c), the inset images in (b) indicate the 2D GN in box 1 is perpendicular to the image while in box
2 it is parallel; SEM images (d), (e) and grain size distribution of Cu-GP composite (f).

Fig. 3. HRTEM image of Cu-GN composite (a), and Cu-GP composite (b).
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microscopy (SEM, JEOL JSM-7000F). Details on the interphase
boundary were characterized by transmission electron microscopy
(TEM, JEOL JEM-2100). The graphene was investigated by Raman
spectroscopy (HORIBA, hr800) using an excitation wavelength of
514 nm. The hardness measurement was implemented by a Vick-
ers Hardness Tester (HTV-PHS30, Archimedes, Ltd., Beijing, China)



Fig. 4. Hardness vs. temperature curves of copper matrix composites (a); schematic diagrams of the hindrance of atom diffusion generated by graphene and graphite (b); CTE
vs. temperature curves (c), and electrical conductivity of copper matrix composites (d).
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under argon atmosphere with a load of 500 g for 15 s, from 25 °C
to 600 °C within an interval of 50 °C. The thermal expansion
coefficient (CTE) was determined by TA Instruments-Dolatometer
(DIL802) from 100 °C to 750 °C with a heating rate of 5 °C/min. The
electrical conductivity was tested by a digital conductivity meter
(D60K-1201).
3. Results and discussion

Fig. 1(a) shows the TEM image of the prepared graphene. There
are some wrinkles on the graphene surface, demonstrating its
excellent flexibility. Fig. 1(b) shows the Raman spectroscopy of the
graphene, graphene oxide, and graphite. The gradual increased
ratio of ID/IG indicates that the disorder density in the graphene
increased during the oxidation and reduction process.

Fig. 2(a) shows the SEM image of Cu-GN composite. It is diffi-
cult to distinguish the graphene from the copper matrix at low
magnification due to the nano-size of graphene. In Fig. 2(b), the
inset images magnified from the dotted boxes 1 and 2 reveal that
the graphene are randomly distributed in the grain boundary of
copper matrix. The grain size distribution of Cu-GN and Cu-GP
composites are shown in Fig. 2(c) and (f), the average grain size of
Cu-GN composite is smaller than that of Cu-GP composite, in-
dicating more grain boundaries are formed by GN in the Cu-GN
composite. SEM image in Fig. 2(d) shows the graphite particles are
homogeneously dispersed in the copper grain boundary. The grain
boundary spacing of copper is increased to several micrometers by
the graphite particle (dotted ellipse in Fig. 2(e)), which is con-
sidered to have a negative effect on grain boundary strengthening.

Fig. 3(a) is the HRTEM image of Cu-GN composite. The
graphene with ultrahigh specific surface area anchored on the
copper grain is considered to form considerable interphase. The
inset image shows the interphase boundary between copper and
graphene, which is of high compatibility and is closely bonded.
The thickness of the graphene anchoring on the surface of copper
as shown in the inset image is �5 nm, which is considered to have
little negative effect on grain boundary strengthening. Fig. 3
(b) shows the curved interphase boundary between copper grain
boundary and graphite. The lattice fringe of graphite in the inter-
phase boundary is (003), the inset image is the corresponding
selected diffraction pattern of Fig. 3(b), which is ascribed to the
(111) and (311) crystallographic plane of copper in the interphase
boundary.

The Vickers Hardness of copper matrix composites is shown in
Fig. 4(a), the hardness is similar for Cu-GN and Cu-GP composites
below 450 °C. While the hardness is of significant difference when
the temperature exceeds 450 °C, it retained 60 HV at 600 °C for the
Cu-GN composite, which is twice of that of the Cu-GP composite
(30 HV). It is considered that the graphene distributed in copper
grain boundary acts as 2D barrier, which is more effective in
hindering the atom diffusion across grain boundary, as shown in
Fig. 4(b (1)). Meanwhile, the graphene with higher aspect ratio is
thought to produce greater drag force on grain rotation and grain
boundary motion [9,10]. Hence, the grain boundary remains stable
at high temperatures, and the grain boundary strengthening is
considered still effective at elevated temperatures. On the other
hand, the rapid decrease in hardness from 450 °C for the Cu-GP
composite is mainly due to the failure of grain boundary
strengthening caused by grain boundary motion at high tem-
peratures, because atoms in grain boundary are easier to diffuse
across the discontinuous interphase formed by the isolated
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graphite particle, as shown in Fig. 4(b (2)).
As shown in Fig. 4(c), the obvious reduction in CTE for Cu-GN

composite compared with Cu-GP composite between 100 °C and
300 °C is also considered to be attributed to the more effective
drag force on grain boundary motion produced by graphene at
elevated temperatures. The strip-like graphene with much higher
aspect ratio anchored on the copper grain surface to form a con-
tinuous elongated interphase boundary. What's more, greater
compression stress is applied on the copper grain growth by the
graphene for its negative CTE [11], which restrained the expansion
of copper grain to a large extent in the initial heating stage. Con-
sequently, the enhanced high temperature hardness and the de-
creased CTE of Cu-GN composite are considered mainly attributed
to the more effective hindrance of atom diffusion across grain
boundary as well as the more pronounced drag force on grain
boundary motion produced by graphene at high temperatures. In
addition, the electrical conductivity of Cu-GN composite shown in
Fig. 4(d) remains 95.9 IACS%, which is much higher than that of
Cu-GP composite (74.1 IACS%).
4. Conclusions

The copper-graphene composite with graphene anchored on
the copper grain boundary is fabricated. The hardness of Cu-
0.5 wt% GN composite is almost same with that of Cu-0.5 wt% GP
composite between room temperature and 450 °C. However, the
hardness of Cu-GN composite improves significantly above 450 °C
and is nearly twice of that of Cu-GP composite at 600 °C. The CTE
is lower for Cu-GN composite compared with Cu-GP composite.
The enhanced high temperature hardness and the reduced CTE of
Cu-GN composite are attributed to the effective hindrance of atom
diffusion across grain boundary by graphene.
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