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Abstract

Alumina (Al2O3) ceramic composites reinforced with graphene platelets (GPLs) were prepared using Spark Plasma Sintering. The

effects of GPLs on the microstructure and mechanical properties of the Al2O3 based ceramic composites were investigated. The results

show that GPLs are well dispersed in the ceramic matrix. However, overlapping of GPLs and porosity within ceramics are observed.

The flexural strength and fracture toughness of the GPL-reinforced Al2O3 ceramic composites are significantly higher than that of

monolithic Al2O3 samples. A 30.75% increase in flexural strength and a 27.20% increase in fracture toughness for the Al2O3ceramic

composites have been achieved by adding GPLs. The toughening mechanisms, such as pull-out and crack deflection induced by GPLs

are observed and discussed.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the last decade, carbon fillers, such as carbon fibres and
carbon nanotubes (CNTs) have been widely investigated to
improve the mechanical and electrical properties of a variety
of host materials [1–15]. Especially CNTs with high tensile
strength and stiffness, good flexibility, and low density make
themselves attractive for many applications and technologies.
Various researches have been carried out to incorporate
CNTs into ceramic matrices to produce tough as well as
highly stiff ceramic composites. A number of studies have
been reported. Yamamoto et al. [14]used a precursor method
to fabricate the CNT/Al2O3 composites and achieved a 25%
increase in fracture toughness, compared to pure Al2O3.
Bocanegra–Bernal et al. [2] studied the effects of carbon
nanotubes on the properties of ZrO2 toughened Al2O3 (ZTA)
composites and reported a 44% increase in fracture toughness
over the pure ZTA.
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Graphene, the two dimensional counterpart of CNTs
consisting of a one-atom thick layer of carbon atoms
arranged in a honeycomb lattice, has imposed itself with
many outstanding properties and can be a promising alter-
native of carbon nanotubes in various applications [16–26].
In contrast to monolayer graphene, GPLs are formed by
several layers of graphene with thickness of up to100 nm[27],
and are referred in literature as graphene nanosheets (GNS),
multilayer graphene nanosheets (MGN) or graphene nano-
platelets (GNPs). GPLs have a large specific surface area,
two dimensional high aspect ratio geometry, and outstanding
mechanical properties, which make them excellent potential
nanofillers in composite materials. Studies have shown that
the mechanical properties of ceramic based composites can
be significantly improved with relatively low nanofiller
loading. Wang et al. [28] used spark plasma sintering(SPS)
to prepare graphene nanosheet/ Al2O3 composite and a 53%
increase in fracture toughness was obtained with addition of
2 wt% of GPLs. Walker et al. [29] employed aqueous
colloidal processing methods to obtain uniform and homo-
geneous dispersions of GPLs and Si3N4 ceramic particles
which were densified using SPS. The measured fracture
toughness of 6.6 MPa m1/2 for the composite with 1.5 vol%
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of GPLs was 136% higher than that of monolithic Si3N4. Ján
Dusza et al. [30] prepared GPL-reinforced Si3N4 composites
containing 1 wt% GPLs using hot isostatic pressing and
reported an increase of about 44% in fracture toughness over
the pure Si3N4. Jian Liu et al. [31]employed the SPS to
fabricate GPL/ZTA composites with addition of 0.81 vol%
GPLs and find an increase of nearly 40% in fracture
toughness.

Structural ceramics, such as alumina, are widely used in
the materials industry and have potential applications
covering high speed cutting tools, dental implants, chemi-
cal and electrical insulators, wear resistance parts and
various coatings. These applications arise from their high
hardness, chemical inertness and high electrical and ther-
mal insulation properties [1,32–38]. However, their appli-
cations are significantly restricted by brittleness and
fabrication difficulties. The most crucial property is frac-
ture toughness, which indicates the resistance to crack
initiation and propagation. Improving fracture toughness
is therefore very important to enable broader applications
of such ceramics.

In this study, we are aiming to produce alumina compo-
sites reinforced with GPLs and the mechanical properties of
the new structural materials are analysed. SPS processes are
used to condense ceramic samples and protect the graphene
fillers from oxidation. The microstructures of the achieved
GPL-reinforced ceramic composites are presented and their
mechanical properties are characterised. The effect of percen-
tage of GPLs on the mechanical properties of the ceramic
composites is discussed.
2. Experimental procedure

2.1. Starting materials

a-alumina powder (Inframat Advanced Materials, Farm-
ington, CT, USA) with a purity of 99.85%, an average particle
size of 150 nm and a surface area of 10 m2/g was used in this
study. GPLs were procured from Graphene Industries Ltd. A
general approach to produce the GPL is via rapid thermal
expansion/exfoliation of graphite that has been intercalated
using sulphuric acid [39]. The resultant platelets are stacks of
Fig. 1. (a) A SEM image of GPLs and (b
graphene sheets about 6–8 nm in thickness and 15–25 mm in
level dimensions. An SEM image of the obtained GPL is
shown in Fig. 1.
2.2. Powder mixture preparation

Appropriate quantities of GPLs were first dispersed in
DMF and sonicated for one hour.
Al2O3 (50 g) powder was added and then the mixture

was further sonicated for 10 min. This was followed by a
ball milling procedure at 100 rpm in a planetary ball mill
(PM 100, Retsch, UK) for 4 h. The milling was carried out
in a cylindrical zirconia container using ZrO2 balls under a
ball-to-powder weight ratio of 2. The milled slurry mixture
was dried at 90 1C in an oven for 3 days. The dried powder
mixture was ground and sieved using a 140 mesh.
2.3. Spark plasma sintering and characterisation

Bulk composite samples were sintered using a SPS
process (HPD 25/1 furnace, FCT Systeme, Germany).
The powder mixtures were poured into a graphite die of
40 mm in diameter. A sheet of graphitic paper was placed
between the punch and the powder and between the die
and the powder for easy removal of the sintered sample.
The sintering process was conducted under a vacuum of
5 Pa. A uniaxial pressure of 50 MPa was applied through-
out the sintering cycle. The process was started by raising
the temperature to 400 1C using a preset heating pro-
gramme. The sintering temperature was increased to the
range of 1500–1550 1C at a rate of 100 1C/min. A 3 min
soaking time was used during the sintering. The tempera-
ture was measured and controlled using an optical pyrom-
eter. Shrinkage, displacement, heating current, and voltage
were also recorded during the sintering processes. After-
wards, the samples were ground and polished to 0.5 mm
using SiC paper and diamond suspension. The bulk density
of the samples was measured by the Archimedes method
with ethanol as the immersion medium using densities of
3.97 and 2.1 g m�3 for Al2O3 and GPL. The relative
density was calculated by dividing the bulk density with
the theoretical density of the powder mixture. Vicker
) the GPLs with higher magnification.
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hardness tests were carried out using a 2 kg force. Fracture
surfaces of the coated samples were determined by scan-
ning electron microscopy (SEM). Instron mechanical tester
in Science City Advanced Materials II Laboratory at
Birmingham was used to determine the flexural strength
and fracture toughness of the ceramic composites. The
fracture toughness was measured by the single edge v-
notched beam (SEVNB) method under ambient condi-
tions. The size of test specimens was 3 mm (width)� 4 mm
(thickness)� 36 mm (length). A notch in the centre part of
the test specimen was cut by a diamond wheel and further
sharpened using a razor blade with the aid of diamond
paste up to 1 mm. The tip radii of the notches wereo�10
mm, as shown in Fig. 2. The final depths of the notches
range from 1 to1.2 mm.A span length of 30 mm and
crosshead speed of 0.05 mm/min were applied in the
Fig. 2. (a) A SEM image of specimen with sharpened

Fig. 3. SEM images of fracture surfaces of the sintered samples. (a) is the sa

indicate GPLs embedded in the matrix.
toughness tests. Five samples were tested for each material.
Flexure strength was measured using three point bending,
in which the size of test specimens was 1.5 mm (width)� 2
mm(thickness)� 25 mm (length). The span length and
crosshead speed for the strength tests were 20 mm and
0.05 mm min�1. Five bars were tested for each material.

3. Results and discussion

3.1. Microstructure of the ‘as-prepared’ samples

Sintered ceramic samples were fractured and their micro-
structures were examined. Fig. 3 shows the SEM images of
fracture surfaces of the samples with and without GPLs. It
can be seen that the GPLs are well dispersed in the ceramic
matrix. From the fracture surfaces, which present a mainly
notch and (b) the magnified part of the notch tip.

mple without GPLs. (b) and (c) are the samples with GPLs. The arrows
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intergranular fracture mode, debonded GPLs pulled out
from the ceramic matrix can be observed. In addition, in
comparison to the pure Al2O3 sample where large and
uneven grains are observed, GPL composites exhibit more
uniform microstructures. Meanwhile, as shown in Fig. 3b
and c, GPLs tend to be distributed between ceramic grain
boundaries and prevent migration of grain boundaries,
resulting in a refinement of microstructure.
3.2. Mechanical properties of sintered samples

Mechanical properties of the GPL-reinforced Al2O3 com-
posites and the monolith Al2O3 are compiled into Table 1. It
can be seen that all the samples are fully densified during the
SPS process and the hardness does not vary very much with
the addition of GPLs. Furthermore, mechanical properties of
all the composites have been significantly improved. Espe-
cially flexural strength and fracture toughness of 0.38 vol%
GPLs-Al2O3 composites have increased by 30.75% and
27.20% over the monolithic Al2O3, reaching their maximum
values of 523730 MPa and 4.4970.33 MPa m1/2 respec-
tively. Such increases are comparable to CNT-reinforced
ceramics [9,13,14,40]. However, further increase of GPLs in
the ceramics causes degradation of mechanical properties.
3.3. Effect of GPLs in the GPL/ Al2O3 composites

Similar to conventional fibre-reinforced ceramics, tough-
ening mechanisms, such as pull-out and crack deflection,
are observed on fracture surfaces of the ceramic compo-
sites reinforced with GPLs. Fig. 4 shows a large GPL runs
along the grain boundary and forms a large area of
interface (Fig. 4a) and small graphene sheets are securely
anchored within the grain boundaries of the matrix
microstructure (Figs. 4b and c).

It is expected that when the consolidation proceeds
during the sintering, graphene sheets conform with the
force applied by their neighbouring matrix grains and are
bent and embedded between the grains. Such close contact
between the matrix grains and graphene enables the
platelets to anchor at and bind with matrix grains, which
results in increased contact area. Fracture toughness of the
ceramics is therefore believed to be greatly improved due
to the interfacial friction in the interface between the
graphene sheet and ceramic matrix and the energy to pull
Table 1

Mechanical properties of the GPL-reinforced Al2O3 composites and the mon

Samples Temperature (1C) Relative density (%) Hard

Pure Al2O3 1500 100 18.04

Al2O3/0.38 vol% GPLs 1500 99.58 17.66

Al2O3/0.76 vol% GPLs 1550 99.92 17.46

Al2O3/1.33% vol GPLs 1550 99.87 16.32
out a graphene sheet is expected to be much greater than to
pull out a nano fibre or carbon nanotube.
In addition, it is found that GPLs deflect cracks, just as

fibres do in ceramics. As shown in Fig. 4e and f, when a crack
propagates and meets with a graphene platelet, it is arrested
and deflected in-plane. It is believed that such a crack
deflection mechanism would create a more tortuous path to
release stress, which helps increase the fracture toughness.
Usually the reinforcing efficiency of the nanoscale fillers in

ceramic is mainly determined by the following factors: (1) the
intrinsic mechanical properties of the filler material, (2) the
efficiency of load transfer at the interface of matrix and filler,
and (3) the dispersion level of the nanoscale filers in the
ceramic matrix. In the GPL-reinforced Al2O3 composites,
GPLs with high Young’s modulus and large specific area are
well dispersed in the ceramic matrix. They are either
distributed in the grain boundary (Fig. 4a, b and c) helping
transfer the load from the ceramic matrix or embedded
within the grains (Fig. 4d) reinforcing the ceramic matrix,
which significantly improves the flexural strength of the
composites.
3.4. Porosity induced by GPLs in the GPL/ Al2O3

composites

Although nearly fully densified samples are obtained, some
elongated pores are observed, as shown in Fig. 5. Similar
results have been reported in CNT-reinforcing metal oxide
composites and GPL-silicon nitride ceramics [7,41,42]. Similar
to CNTs, GPLs tend to be distributed in the grain boundaries
of the ceramic matrix, which hampers the densification
process. Pores are likely to be formed when a good bonding
between GPLs and ceramic matrix are not formed, which
make it difficult to accommodate different shrinkages in the
interface between GPLs and ceramic matrix during a cooling
process. In addition, these pores are believed to be the origins
of the fractures and weaken the strength of ceramic compo-
sites, which explains the fact that excessive addition of GPLs
leads to less strong composites. An optimum percentage of
GPLs in a GPL–reinforced ceramics can result in the
maximum flexural strength.
Although GPLs shown in Fig. 3 are well dispersed in the

ceramic matrix, overlapping of GPLs is observed in Fig. 5.
The single platelets used in the research are 8–10 nm thick,
whereas the overlapped platelets are 20–110 nm thick,
which indicates moderate agglomeration of GPLs occurs
olith Al2O3.

ness (GPa) Flexural strength (MPa) Fracture toughness (MPa m1/2)

70.76 400725 3.5370.25

70.84 523730 4.4970.33

70.49 485723 4.1170.44

70.44 464726 3.9470.36



Fig. 4. SEM images of fracture surface of GPL-reinforced Al2O3 composite showing the toughening and reinforcing mechanisms.
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in the fabrication process. The presence of aggregation is
believed to drastically affect the mechanical properties of
composite materials for the reason that in comparison with
thin GPLs, more pores would be formed in the interface
between thick GPLs and ceramic matrix because of the
degraded flexibility of the thick GPLs. These pores under-
mine the role of crack deflection toughening mechanism
for they result in a decreased contact area between the
ceramic matrix and GPLs, as well as initiate cracks, along
which stress is released in a less efficient way. Meanwhile,
when GPLs act as a pull-out role, the pores weaken the
interfacial friction in the interface between the ceramic
matrix and GPLs. Therefore aggregates would degrade
strengthening as well as toughening effects of the GPLs
and cause detrimental effect to mechanical properties of
the composites.

Obviously dispersion level of nanostructures in a matrix is
one of the key factors in defining the mechanical properties
of the composites. It is necessary to achieve dispersion of the
GPLs as complete as possible to obtain ceramic composites
with excellent mechanical properties.

4. Conclusions

This paper reports a study of the preparation and
characterisation of GPL/ Al2O3 ceramic composites. GPLs
were first dispersed in DMF and then mixed with Al2O3 in
a ball milling process. Nearly fully densified samples are
obtained after spark plasma sintering. Analysis of the
results shows that GPLs are well dispersed in the ceramic
matrix microstructure. Local overlap of GPLs and poros-
ity within the ceramics are observed. The flexural strength
and fracture toughness of the GPL-reinforced Al2O3

ceramic composites are significantly higher than that of
monolithic Al2O3 sample. The addition of only 0.78 vol%
GPLs to alumina results in 30.75% and 27.20% simulta-
neously increases in flexural strength (523730 MPa) and
fracture toughness (4.4970.33 MPa m1/2), respectively,



Fig. 5. SEM images of fracture surface of GPL-reinforced Al2O3 composite showing the pores and agglomeration of GPLs. (b) and (d) are the magnified

part of white square areas in (a) and (c).
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indicating enhanced stress transfer capability from the
alumina to the GPLs. With increasing GPLs fraction, the
porosity increased, and adversely affected the flexure
strength and fracture toughness because of pores working
as fracture initiation sites. Toughening mechanisms respon-
sible for the increase in fracture toughness are pull-out and
crack deflection. The presented work shows graphene
nanofillers have potential to improve the fracture toughness
of ceramic composites considerably and lead to a variety of
light and strong ceramics to suit engineering applications.
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