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Abstract

The post-sintering structural stability of graphene in alumina nanocomposites synthesised by 
Spark Plasma Sintering (SPS) and Hot Pressing (HP) was compared. Raman spectroscopy, 
thermogravimetric analyses and electrical conductivity analyses were conducted to RIPT
se degradation of graphene due to the utilisation of different sintering techniques and 

conditions. Scanning Electron Microscopy confirmed good dispersion of graphene in SPSed 
and HPed sample. Graphene in SPSed and HPed nanocomposite samples sintered using longer 
durations (60 min) were found to possess higher crystallinity, thermal stability and electrical 
conductivity as compared to SPSed samples sintered using shorter sintering durations (10–20 
min). This was attributed to the thermally induced graphitisation caused by longer sintering 
durations, which was lacking in SPSed samples processed using shorter sintering durations 
and lower temperature. No additional effect of DC pulsed current on the structural stability of 
graphene for nanocomposites were observed for samples prepared by SPS.ANUSC
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1. Introduction

The addition of graphene in ceramics is becoming a widely
researched area because of its superlative nature and significant
positive contribution to ceramics' performance. Over the past
few years, graphene has attracted enormous research attention
for its very mechanical and thermal properties and exceptionally
high electron mobility [1]. Significant improvements in the
mechanical, thermal and electrical properties of ceramics nano-
composites filled with graphene. Graphene has been added in
ceramics likes cordierite [2], silicon carbide [3], silicon nitride [4],
tantalum carbide [5], alumina [6], zirconium diboride [7], zirconia
[8], boron nitride [9] to enhance not only electrical properties but
also thermal conductivity, refractory, mechanical, antifriction,
anticorrosive and biocompatibility properties for diverse applica-
tions [10]. For example, a remarkable 235% improvement in
fracture toughness was reported for by the addition of only
1.5 vol% of graphene in silicon nitride [4]. Zhou et al. [2]
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reported an increase of 8 orders of magnitude and 3.7 times in the
electrical and thermal conductivity of cordierite ceramic respec-
tively. Similarly, zirconium diboride filled with graphene, sintered
at 1900 1C, was studied by Yadhukulakrishnan et al. [7] for
possible high temperature barrier applications for space vehicles
during the re-entry event.
Whilst much of the emphasis is on the improvement of thermal,

electrical and mechanical properties, there is no research about the
graphene's structural health after sintering. For carbon nanotubes,
structural and chemical degradation of carbon nanotubes during
non-SPS techniques has been widely reported in the literature due
to the relatively long sintering time (3–10 h) and high temperatures
involved (4850 1C) in the sintering process [11–18]. Therefore, it
is widely perceived in the ceramic community, that graphene
would be degraded if non-SPS techniques are used for processing
ceramic–graphene nanocomposites.
There are very few research papers reporting the use of non-SPS

techniques for processing ceramic–graphene or ceramic–graphene
oxide nanocomposites with improved characteristics [19–23]. For
example, Rutkowski et al. [19] used conventional hot-pressing for
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processing silicon nitride–graphene nanocomposite and reported
improvement in thermal properties [19]. Recently, Mehrali et al.
[21] produced calcium silicate–reduced graphene oxide by Hot
Isostatic Pressing (HIP). Adding reduced graphene oxide to pure
calcium silicate increased the hardness of the material by similar to
40%, the elastic modulus by similar to 52%, and the fracture
toughness by similar to 123% [21]. Kvetková et al. [22] compared
gas pressure sintering and HIP for processing silicon nitride–
graphene nanocomposites and reported mechanical properties of
the sintered nanocomposites. Similarly, Tapaszto et al., prepared
silicon nitride–graphene nanocomposites by SPS and HIP techni-
ques [23]. In comparison to SPSed nanocomposites, lower elastic
modulus, fracture toughness and Vickers hardness was observed
for silicon nitride–graphene nanocomposites due to the presence of
a weaker beta phase in HIPed sample [23]. However, in all these
research papers [19–23], no comments were made on the structural
and chemical stability of graphene in any of these reports.

In this study, Raman spectroscopy, Thermogravimetric
analyses and electrical conductivity analyses were conducted
to characterise degradation of graphene due to the utilisation of
different sintering techniques and conditions. Particularly,
Raman spectroscopy has been used previously by Centeno
et al. [24] to study in detail the orientation of graphene in the
graphene/alumina composites and to evaluate and optimise the
in situ graphene thermal reduction process in the SPS.
Similarly, Badaran et al. [20] characterised reduction of
graphene oxide using Raman spectroscopy and Fourier trans-
form infrared spectroscopy (FTIR) for processing hydroxya-
patite–graphene nanocomposite. However, no comments were
made on the structural quality and crystallinity of graphene in
these reports and no comparisons were made with other
sintering techniques. To date, there is no report comparing
the effect of sintering process on the structural and chemical
stability of graphene after processing of ceramic–graphene
nanocomposites. Therefore, in this study, we systematically
compared the effect of processing techniques (i.e. SPS and HP)
on the structural and chemical stability of alumina–graphene
nanocomposites.

2. Experimental details

Alumina and alumina–3 vol% graphene nanocomposites
were sintered. Graphene nanopowder (chopped nanoribbons
flakes produced by the CVD pyrolysis of a solution containing
ethanol, ferrocene and thiopene as reported in [25]) were
dispersed in dimethylformadie, DMF [26] using high power tip
ultrasonication for 45 minutes and then hand-mixed with
alumina nanopowder (Sigma-Aldrich, UK: gamma phase;
particle size o50 nm; surface area 35–43 m2 g�1; melting
point 2040 1C; and density 3.97 g cm�3) for 10 min. The
liquid mixture was rotation ball milled for 8 h. It was then
dried at 65 1C for 12 h using a rotary drier containing milling
media (4 mm alumina balls), followed by vacuum oven drying
at 100 1C for 60 h. To avoid re-agglomeration of graphene
during lengthy drying, the alumina balls (milling media) was
added during rotary drying. The dried nanocomposite powder
was ground and sieved at 150 mesh and then placed again in
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the vacuum oven at 100 1C for another 60 h to thoroughly
extract the solvent. Nanocomposite pellets (diameter 20 mm
and thickness 4 mm) were prepared by Spark Plasma Sintering
(SPS), which is an advanced rapid processing technique for
sintering advanced ceramic systems [27]. LABOX 350 (Sinter
Land Inc., Japan) furnace was used for SPS. A pressure of
10–70 MPa was applied concurrently with the heating (rate
25–50 1C min�1) and released at the end of the sintering
period, which was 8–60 min. Sintering temperature for all
nanocomposites were in the range 1250–1450 1C. For compar-
ison, the prepared nanocomposite powders were also hot
pressed at 10 MPa in a graphite die (20 mm in diameter) for
45–60 min. For SPS, a pulsed DC current with 5 ms ON and
5 ms OFF was used without any pause. Uniaxial hot press
furnace, supplied by OXY-GON (USA) was used and to
achieve optimal samples for comparison, the hot pressing
temperature was in the range of 1250–1550 1C. Alumina
samples were also fabricated using the same SPS and hot
pressing procedures but without any addition of graphene.
All of the sintered samples were ground using SiC paper

down to 4000 grit. The density of the ground samples was
measured using the Archimedes' water buoyancy method and
also verified by a manual Heliulm multipycnometre (Quanta-
chrome UK). All samples were then thoroughly dried in an
oven for 24 h and then diamond polished using 1 μm paste.
Sintered nanocomposite samples were gently fractured and
their micro structures were examined in an FE-SEM. Cross-
sectional surfaces were gold coated and observed in an ultra-
high resolution analytical FE-SEM (Hitachi, SU-70) using
20 keV. The Raman spectra were obtained on a Kaiser
HoloLab 5000 system with an Nd:YAG laser excitation source
of 532 nm (2.33 eV). The Raman laser was focussed on
different areas of fracture surfaces, avoiding the near surface
regions. Spectra were detected with an imaging photomulti-
plier (1024� 1024) with 5 cm�1 resolution. Typical collection
time was 70 min for each sample and at least 5 locations/
sample were examined for accurate quantification of the ratios
of the intensities for different bands (i.e. D, G and G0).
Thermogravimetric analysis (TGA) was conducted for all
nanocomposites to evaluate graphene oxidation temperature
using TA Instruments SDT Q600. Q500 (TA instruments) was
used with a heating rate of 5 1C/min to 1000 1C in air. All
specimens were examined on platinum pans in the range 30–
1000 1C. A heating rate of 5 1C/min in flowing air (at 180 ml/
min) was used. Sample masses ranged from 40 to 50 mg and at
least 3 samples were oxidised for each composition of selected
nanocomposites. For evaluating electrical conductivity, a bar
(dimensions: 18� 3� 4 mm3) was cut from each sintered
pellet using precision and deformation-free cutting machine
(Accutom-50). At least 5 bars were produced for each compo-
sition and around 500 μm of material was removed from all
surfaces of sample by fine grinding. Four-point method [6] was
employed by using a resistivity/ Hall measurement system
(Quantum Design, PPMS, Model 6000) for measuring elec-
trical conductivities of nanocomposites. For pure alumina
samples, high resistance metre (HP 4329A) was used to
measure the conductivity. The connecting wires in the
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experimental setup were permanently bonded by using silver
paste in order to avoid any contact resistance for this
comparative analysis.

3. Results and discussion

For structural and chemical preservation of graphene during
sintering, the quality of vacuum or surrounding atmosphere is
critical. A good vacuum (5–10 Pa) was used in this study to
reduce any possible oxidation of graphene during sintering.
Several alumina and nanocomposites were sintered to establish
sintering conditions for preparing nanocomposite samples
suitable for this study. Table 1 details the experimental
conditions used for sintering alumina and alumina–3 vol%
graphene nanocomposites using Spark Plasma Sintering (SPS)
and Hot Pressing (HP) techniques. The aim of this study was
to compare samples processed SPS and HP techniques. SPS
uses pulsed DC current whereas HP uses other non-pulsed heat
conduction mechanisms for sintering ceramic and nanocom-
posite powders. As expected, a fully sintered nanocomposite
sample (i.e. 2SN) was achieved using lower temperature and
shorter duration for SPS, whereas higher temperature and
longer durations were required for fully densifying sample
5HN using HP. However, to unequivocally correlate the nature
of the sintering process to the quality of the graphene after
densification, sample 6SN was SPSed using experimental
variables (sintering duration, temperature, holding time, pres-
sure and heating rate) identical to those used for hot-pressing
sample 5HN. For comparing structural and crystalline stability
of graphene in alumina matrix, fully dense nanocomposite
samples were selected (i.e. highlighted in grey, Table 1). M

Table 1
Alumina and alumina–3 vol% graphene nanocomposites sintered by Spark Plasma
(fully densified) were considered in this study.

Material Sample ID Process Max sintering
temperature (oC)

Holdin
tempe

Alumina 1HA HP 1250 60
Alumina 3HA HP 1250 60
Alumina 2H2 HP 1250 45
Alumina 3SA SPS 1250 8
Alumina 4HA HP 1350 60
Alumina 4SA SPS 1350 8
Alumina 1SA SPS 1250 20
Alumina 5SA SPS 1450 10
Alumina 2SA SPS 1250 20
Alumina 5HA HP 1450 60
Nanocomposite 1HN HP 1250 60
Nanocomposite 3HN HP 1250 60
Nanocomposite 2HN HP 1250 45
Nanocomposite 3SN SPS 1250 8
Nanocomposite 4HN HP 1350 60
Nanocomposite 4SN SPS 1350 8
Nanocomposite 1SN SPS 1250 20
Nanocomposite 2SN SPS 1250 20
Nanocomposite 5SN SPS 1450 10
Nanocomposite 5HN HP 1450 60
Nanocomposite 6SN SPS 1450 60
Nanocomposite 6HN HP 1550 60
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Fig. 1 shows the FE-SEM images of fractured surfaces of
the representative sintered nanocomposite samples. Individual
layers of graphene are pointed and overall it can be observed
that the graphene are well dispersed in the alumina matrix
(Fig. 1). From the analysis of all fractured surfaces, where
individual grains can be seen, intergranular fracture mode
along with pulled out graphene from the alumina grains can be
observed. Such refinement of microstructure due to the
addition of carbon nanofillers has been previously reported
[8,28]. A finer microstructure was observed for SPSed samples
(Fig. 1a) as compared to hot-pressed sample (Fig. 1b). It can
also be noted that all graphene layers were found crushed in
between alumina grains which is also responsible for preven-
tion of grain boundary movement. It should be noted here that
from the FE-SEM analysis, it was not possible to visualise any
structural differences between the postsintering conditions of
graphene in 5SN and 5HN samples (Fig. 1).
Raman spectra of fully densified nanocomposites sintered

using different processes are shown in Fig. 2. The alumina
matrix was intentionally selected here because it produces no
Raman signals for the studied frequency range. It is difficult to
accurately quantify structural damage or crystallinity in gra-
phene after sintering them with ceramic powder. However,
Raman spectroscopy is a well-known and widely used
characterisation technique for analysing carbon materials
[29–35]. It is a versatile non-destructive technique for identify-
ing multiple structural phases in graphene. For graphene, the
D-band near 1370 cm�1 and the D0 shoulder band near
1630 cm�1 are, respectively, the disorder-induced features
that are representing the intervalley K-K0 and intervalley K
(or K0) double resonance scattering processes [29,30]. The most
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Sintering (SPS) and Hot Pressing (HP). The shaded nanocomposite samples

g time at maximum
rature (mins)

Maximum
pressure (MPa)

Heating rate
(oC/min)

% Density

15 25 72.1
15 25 75.1
25 25 76.1
50 50 88.4
10 25 92.3
50 50 93.3
50 50 97.1
50 50 97.1
70 50 97.4
10 25 98.1
15 25 75.4
15 25 80.1
25 25 80.2
50 50 92.2
10 25 94.5
50 50 96.4
50 50 98.4
70 50 499.9
50 50 499.9
10 25 499.9
10 25 499.9
10 25 499.9



Fig. 1. Representative FE-SEM images showing graphene crushed between alumina grains: (a) sample 5SN sintered by SPS; (b) sample 5HN sintered by hot
pressing.

Fig. 2. Raman spectroscopy of raw graphene and fully densified nanocompo-
sites: (a) spectra at low Raman frequencies; (b) analysis of intensity ratios and
FWHM line widths for the G band.
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prominent features in the Raman spectra of graphene is G band
appearing at around 1620 cm�1, which is associated with the
doubly degenerate phonon mode at the Brillouin zone centre or
tangential vibration of carbon atoms [29]. The sharpening of G
band peak will shorten FWHM (Full Width at Half Maximum)
line which confirms the establishment of larger crystalline areas

A

[29,31]. Similarly, the D band is the signature of defects and
increase in ID/IG and ID/IG0 corresponds to an increase in the
amount of ‘unorganised’ carbon and/or decrease in the mean
crystal size as reported elsewhere [31–35]. During graphitisa-
tion, the ID becomes smaller than IG, which indicates a more
perfect graphene structure [31,33,35]. Therefore, in this study,
the authors used the ID/IG and ID/IG0 ratios and FWHM line
widths from Raman spectroscopy supported by electrical con-
ductivity and oxidation temperature analyses to study the
degradation of graphene after sintering.
As evident in Fig. 2a, the D and G peaks of the graphene in

the nanocomposites are slightly shifted compared to the
unprocessed graphene because of residual stresses which is
consistent with the previous studies for other types of carbon
nanofillers [32,36]. From the closer inspection of D and G
peaks for all nanocomposites, it was found that they are
precisely at the same position. This means that all graphene
observed for this study possess the same amount of residual
stresses after sintering.
Fig. 2b shows analysis of ratios (ID/IG and ID/IG0) and

FWHM line widths for SPSed and HPed samples. In compar-
ison to samples sintered using longer sintering durations,
higher ID/IG and ID/IG0 ratios are observed for SPSed samples
sintered using shorter sintering durations and lower tempera-
ture. Similarly, FWHM line widths were found broadened for
SPSed samples sintered using shorter sintering durations and
lower temperature as compared to samples densified using
longer sintering durations (5HN, 6SN and 6HN), revealing
amorphitisation or larger structural damage in graphene for
SPSed samples (2SN and 5SN). From Raman spectroscopic
analysis (Fig. 2b), a more perfect graphene structure was
observed for HPed (5HN and 6HN) and SPSed (6SN) samples
which is possibly due to graphitisation during longer sintering
durations. All graphene dispersions were intensely tip-
sonicated prior to mixing with alumina powder, and there is
a good possibility of creating structural damage during the
process. However, graphene or any fullerene can go through
thermally-induced structural transformations as previously
reported [33,37,38]. Such structural transformations include
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higher degree of crystallinity or reduction in amorphous carbon
[31,39,40]. Campos-Delgado et al. reported improved crystal-
linity for graphene ribbons when annealed to 1000 1C and
1500 1C for 30 min under argon atmosphere [31]. In compar-
ison to Campos-Delgado et al.'s work [31], the experimental
conditions used in this study are not identical (i.e. higher
pressure and presence of ceramic powder/grains around
graphene). However, evidence of improved crystallinity pre-
sented in Fig. 2 for samples 5HN, 6SN and 6HN reveals
possible graphitisation and less damage to graphene as
compared to SPSed samples (2SN and 5SN) fully sintered
using shorter sintering durations. It should be noted that
samples 2SN and 5SN are fully densified (Table 1) but the
quality of graphene is poor possibly because of lack of
graphitisation phenomenon.

Qualitative information on purity, crystallinity and structural
health of graphene was obtained from the Thermogravimetric
analysis (TGA) of the sintered nanocomposites. Higher the
content of oxidisable residue and amorphous carbon, lower the
onset of oxidation temperature or thermal stability and vice
versa [41,42]. Fig. 3 shows the analysis of oxidation tempera-
tures (onset points) for selected nanocomposites prepared by
SPS and HP processes. It is clear from Fig. 3 that samples 2SN
and 5SN have lower oxidation temperatures as compared to
samples densified using longer sintering durations (5HN, 6SN
and 6HN). For example, the difference between the oxidation
temperatures for samples 5HN (HPed) and 5SN (SPSed) is
around 25 1C. This is due to the presence of higher number of
crystalline regions in graphene graphitised during the lengthy
sintering process of HP. However, insignificant difference in
the oxidation temperature of 5HN and 6SN was observed.

Since all samples were sintered in reducing environment,
surface carbonisation was visually confirmed for pure alumina
samples. Alumina samples (5HA and 5SA) were found white in
colour in the middle and grey on the edges. To diminish the effect
of such carbonisation on the surfaces of nanocomposite samples,
around 500 μm of material was carefully removed prior to
electrical conductivity measurements from all surfaces of the
samples. The DC electrical conductivities of alumina–3 vol%
graphene nanocomposites are shown in Fig. 4. Disorder due to
structural imperfection in graphene is responsible for lowering
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Fig. 3. Thermogravimetric analysis (TGA) of the sintered nanocomposites.

ACCEP
electron mobility or reducing its electrical conductivity [43].
Therefore, for samples densified using longer sintering durations
(5HN, 6SN and 6HN), the increase in electrical conductivity is
due to the presence of more crystalline graphene with fewer
defects. In contrast, the decreased electrical conductivities for
2SN and 5SN samples are attributed to the presence of damaged
graphene, due to the utilisation of SPS technique or lack of
graphitisation time during the sintering process (i.e. 10–20 min as
compared to 60 min for samples 5HN, 6SN and 6HN). It should
also be noted that there was no significant difference for the
electrical conductivities of samples 5HN and 6SN prepared by
HP and SPS respectively. These observations are also consistent
with the Raman spectroscopy and TGA analysis.
For SPS, there is very less known about the effect of DC

pulsed current on the sintering of ceramics and their compo-
sites. For samples 5HN and 6SN, identical experimental
conditions were employed. The only difference was the type
of the sintering process, i.e. HP for 5HN and SPS for 6SN.
From the comparison of samples 5HN and 6SN, it was found
that the structural health of graphene is almost the identical for
both samples (Figs. 2–4). No significant differences can be
observed from the thorough Raman spectroscopy, Thermo-
gravimetric analyses and electrical conductivity analyses con-
ducted in this study (Figs. 2–4). Therefore, it can be concluded
that, in comparison to the sample sintered by HP (5HN), there
is no additional effect of DC pulsed current on the structural
stability of graphene for SPSed sample (6SN).
It should be noted that the purpose of this research was to

compare structural health of graphene after sintering using SPS
and HP. If it was only about producing fully densified
nanocomposite samples, the sintering conditions used for
2SN and 5SN samples (by SPS) are ideal. Higher sintering
rates and pressures were used for SPSing 2SN and 5SN which
resulted in lower sintering durations (i.e. 20 and 10 min
respectively). For these samples, there was no need to increase
the sintering dwell time and temperature as we did for sample
6SN. Therefore, it can be summarised that SPS can not only be
used to produce samples rapidly but can be further be used for
in-situ crystallisation of graphene during the sintering of
ceramic nanocomposites as evident from Raman spectroscopy,

ANUSCRIPT
Fig. 4. Electrical conductivities of sintered nanocomposites measured by four-
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Thermogravimetric analyses and electrical conductivity ana-
lyses. This confirms the versatility and effectiveness of SPS
processing over other conventional sintering techniques for
producing advanced ceramics and their nanocomposites.

4. Conclusion

It is widely believed that SPS is always a better technique to
prepare ceramic nanocomposites filled with carbon nanofillers.
The evidence of such belief can be witnessed from recent
publications processing ceramic–graphene nanocomposites.
However, to the best of our knowledge, no research group
has carried out a comprehensive comparison of the post-
sintering structural health of graphene in nanocomposites
sintered with SPS and HP processing methods. In this study,
graphene in HPed and SPSed samples sintered using longer
sintering durations were found to possess higher crystallinity,
thermal stability and electrical conductivity as compared to
SPSed samples produced using shorter sintering durations.
This was attributed to the thermally induced graphitisation
caused by longer sintering durations for samples (5HN, 6SN
and 6HN), which was lacking in SPSed samples (2SN and
5SN). Existence of higher purity and crystallinity was con-
firmed from Raman spectroscopy, Thermogravimetric analyses
and electrical conductivity analyses. Therefore, it is concluded
from this study that SPS is an efficient tool for controlled
reconstruction of graphene and thus for modification for its
properties during sintering for alumina–graphene nanocompo-
sites. SPS can not only be used to making fully densified
samples at lower temperatures and shorter durations, but can
also be used for in-situ graphitisation of graphene during the
sintering process. It was also concluded that there is no
additional effect of DC pulsed current on the structural stability
of graphene for nanocomposites samples prepared by SPS.
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