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SiC has a low density, high hardness, chemical stability, low thermal expansion, and high strength at high temperatures.
However the low fracture toughness of SiC ceramic limits its widely industrial application. One of the most obvious methods
to improve the mechanical properties has been to add a reinforcing agent to formulate a nanostructured composite materials.
In this respect, graphene was evaluated as the reinforcing agent of SiC ceramics using pulsed current activated sintering
(PCAS). SiC-graphene composites were obtained within short time by PCAS under a pressure of 80MPa. The effect of
graphene on hardness and microstructure of SiC-Graphene composite was evaluated using FE-SEM and Vickers hardness
tester.
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Introduction

SiC has a low density, high hardness, chemical
stability, low thermal expansion, and high strength at
high temperatures. In addition, SiC is a wide gap
semiconductor with a high electric breakdown threshold,
and thus is attractive as an electronic material
for special applications [1]. However, the drawback

of SiC for widely industrial applications is low fracture
toughness below ductile-brittle transition temperature.
To improve its mechanical properties, the approach
commonly utilized has been the addition of a second
phase to form composites and to make nanostructured
materials.
Since the discovery of graphene using the simple

scotch tape method [2], graphene has been considered
as an ideal second phase to improve the mechanical,
electrical and thermal properties of metals [3], ceramics
[4] and polymers [5] due to its unique combination of
electrical, thermal and mechanical properties [6-8].
Nanocrystalline materials have received much attention
as advanced engineering materials with improved
physical and mechanical properties [9, 10]. Since they
possess a high strength and hardness as well as
excellent ductility and toughness, they have garnered
more attention recently [11, 12]. In recent days,
nanocrystalline powders have been developed by the
thermochemical and thermomechanical process named
as the spray conversion process (SCP), co-precipitation

and high energy milling [13-15]. The sintering
temperature of high energy mechanically milled powder
is lower than that of unmilled powder due to the
increased reactivity, internal and surface energies, and
surface area of the milled powder, which contribute to its
so-called mechanical activation [16-18]. However, the
grain size in sintered materials becomes much larger
than that in pre-sintered powders due to rapid grain
growth during a conventional sintering process. So,
controlling grain growth during the sintering process
is one of the keys to the commercial success of
nanostructured materials. In this regard, the pulsed current
activated sintering (PCAS) technique has been shown to
be effective in the sintering of nanostructured materials in
very short times (within two minutes) [19-21].
The goal of this study was to produce nanostructured

SiC-graphen composites within three minutes. The
effect of graphene on the mechanical properties
(hardness and fracture toughness) and grain size of
SiC-graphene composites was also evaluated.

Experimental Procedure

SiC powder with a grain size of < 1 μm and 99.7%
purity was supplied by Alfa. Graphene (XG-Science,
Graphene grade C-750) was used as the additive.
Powders of four compositions corresponding to SiC,
SiC-1vol.% graphene, SiC-3vol.% graphene, and SiC-
5vol.% graphene, were prepared by weighting and
milled in a high-energy ball mill (Pulverisette-5
planetary mill) at 250 rpm for 10 h. WC balls (9 mm in
diameter) were used in a sealed cylindrical stainless
steel vial under an argon atmosphere. The weight ratio
of balls-to-powder was 30 : 1. The grain size of the
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powders was calculated from the full width at half-
maximum (FWHM) of the diffraction peak by
Suryanarayana and Grant Norton’s formula [22]. 
The milled powders were placed in a graphite die

(outside diameter, 35 mm; inside diameter, 20 mm; height,
40 mm) and then introduced into the pulsed current
activated sintering (PCAS) system. A schematic diagram
of this system is schematically shown in Ref. [23]. The
PCAS apparatus includes a 30 kW power supply which
provides a pulsed current through the sample, and a
50 kN uniaxial press. The system was first evacuated
and a uniaxial pressure of 80 MPa was applied. A
pulsed current was then activated and maintained until
the densification rate was negligible, as indicated by
the real-time output of the shrinkage of the sample.
Sample shrinkage was measured in real time by a
linear gauge measuring the vertical displacement.
Temperature was measured by a pyrometer focused on
the surface of the graphite die. A temperature gradient
from the surface to the center of the sample is dependent
on the heating rate, the electrical and thermal
conductivities of the compact, and its relative density.
The heating rates were approximately 1000 oK minute−1

during the process. At the end of the process, the pulsed
current was turned off and the sample was allowed to
cool to room temperature. The entire process of
densification using the PCAS technique consists of four
major control stages: chamber evacuation, pressure
application, power application, and cooling off. The
process was carried out under a vacuum of 10.6 Pa.
The relative densities of the sintered samples were

measured by the Archimedes method. Microstructural
information was obtained from fracture surface of product
samples. Compositional and microstructural analyses of
the samples were carried out through X-ray diffraction
(XRD), and field-emission scanning electron microscopy
(FE-SEM). Vickers hardness was measured by
performing indentations at a load of 20 kgf with a dwell
time of 15 s. 

Results and Discussion

Fig. 1 shows X-ray diffraction patterns of raw
powder of SiC and graphene. XRD patterns of the SiC-
x vol.% graphene powders milled by high energy ball
are shown in Fig. 2. The full width at half-maximum
(FWHM) of the diffraction peak in Fig. 2 is more broad
than that in Fig. 1 due to the refinement of powders and
strains. Fig. 3 shows plot of Br (Bcrystalline+ Bstrain) cosθ
versus sinθ in Suryanarayana and Grant Norton’s
formula [22] for particle size measurements. The
average grain sizes of the SiC in the SiC, SiC-1 vol.%
graphene, SiC-3 vol.% graphene, and SiC-5 vol.%
graphene powders were calculated as about 35, 30, 23
and 14 nm, respectively. 
The shrinkage displacement-time (temperature) curve

provides an useful information on the consolidation

behavior. Fig. 4 shows the shrinkage record of SiC,
SiC-1 vol.% graphene, SiC-3 vol.% graphene, and SiC-
5 vol.% graphene compacts. In all cases, the thermal
expansion of the compacts occurs up to heating time of
10s and then the shrinkage displacement rapidly
increases above the heating time. The shrinkage curve
suggests that the consolidation terminates in three
minutes. 
Fig. 5 shows the XRD patterns of SiC, SiC-1 vol.%

graphene, SiC-3 vol.% graphene, and SiC-5 vol.%
graphene after sintering. In all cases, only SiC peaks

Fig. 1. XRD patterns of raw powders of SiC (a) and graphene (b).

Fig. 2. XRD patterns of SiC + x vol.% graphene powders milled
for 10 h: (a) x = 0, (b) x = 1, (c) x = 3, (d) x = 5.
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are detected. Again, their particle sizes were calculated
by the plot of Br (Bcrystalline+ Bstrain) cosθ versus sinè in
Suryanarayana and Grant Norton’s formula [22] as
shown in Fig. 6. The average grain sizes of SiC were about
143, 97, 43 and 17 nm for SiC, SiC-1 vol.% graphene, SiC-
3vol.% graphene, and SiC-5 vol.% graphene, respectively.
This means that the grain size of SiC decreases as the
graphene content increases. It is believed that graphene

may block the grain growth of SiC during sintering. The
grain refining effect of graphene can also be confirmed by
the fracture surface. Fig. 7 shows the FE-SEM images of
the fracture surfaces of the samples after sintering at about
1600 oC. The grain size of SiC remarkably decreased with
increase of graphene. In any case, it should be mentioned
that SiC ceramics having nano structure could be obtained
by PCAS even for pure SiC without graphene. This
retention of fine grain structure can be attributed to the
high heating rate and the relatively short exposure to
the high temperature. The relative densities of 92, 91,
90 and 93% were obtained for SiC, SiC-1 vol.%
graphene, SiC-3 vol.% graphene, and SiC-5 vol.%
graphene, respectively. 
Vickers hardness measurements were performed on

polished sections of the SiC, SiC-1 vol.% graphene, SiC-
3 vol.% graphene, and SiC-5 vol.% graphene samples
using a 20 kgf load and 15 s dwell time. The Vickers
hardness values of the SiC, SiC-1 vol.% graphene, SiC-
3 vol.% graphene, and SiC-5 vol.% graphene samples were

Fig. 3. Plot of Br (Bcrystalline + Bstrain ) cosθ versus sinθ for SiC in
SiC + x vol.% graphene powders milled for 10 h: (a) x = 0, (b)
x = 1, (c) x = 3, (d) x = 5.

Fig. 4. Variations of temperature and shrinkage displacement with
heating time during the sintering of SiC + x vol.% graphene
samples by PCAS.

Fig. 5. XRD patterns of SiC + x vol.% graphene sintered by PCAS:
(a) x = 0, (b) x = 1, (c) x = 3, (d) x = 5.

Fig. 6. Plot of Br (Bcrystalline + Bstrain ) cosθ versus sinθ for SiC in
SiC + x vol.% graphene sintered by PCAS: (a) x = 0, (b) x = 1, (c)
x = 3, (d) x = 5.
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1600, 1640, 1750 and 1810 kg/mm2, respectively. All
values represent the average of five measurements. The
results suggest that hardness of SiC-graphene composites
increased in increase of graphene. To understand the
effect of graphene on the hardness, two factors may be
considered. One is the effect of grain refinement of
SiC. The other would be the role of graphene to affect
the hardness. It can be evaluated that the hardness of
SiC-graphene composite is higher than that of
monolithic SiC due to grain refinement of SiC and
addition of hard graphene. 

Conclusions

Using pulsed current activated sintering (PCAS), the
rapid consolidation of the SiC, SiC-1 vol.% graphene,
SiC-3 vol.% graphene, and SiC-5 vol.% graphene samples
was accomplished successfully. Nanostructured SiC-
graphene composites could be obtained within short time.
The grain size of SiC was reduced remarkably by the
addition of graphene. The average grain sizes of SiC
were about 143, 97, 43 and 17 nm for SiC, SiC-1 vol.%
graphene, SiC-3 vol.% graphene, and SiC-5 vol.%
graphene, respectively. The Vickers hardness of SiC-
graphene composites increased in increase of graphene
because of refinement of SiC and addition of hard
graphene. This study demonstrates that the graphene
can be an effective reinforcing agent for improved
mechanical properties of SiC composites.
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Fig. 7. FE-SEM images of fracture surface of (a) SiC, (b) SiC-
1 vol.% graphene, (b) SiC-3 vol.% graphene and (b) SiC-5 vol.%
graphene samples sintered by PCAS. 


