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Abstract Graphene nanoplatelets (GNPs) are considered
to be one of the most promising new reinforcements due to
their unique two-dimensional structure and remarkable
mechanical properties. In addition, their impressive elec-
trical and thermal properties make them attractive fillers for
producing multifunctional ceramics with a wide range of
applications. This paper reviews the current status of the
research and development of graphene-reinforced ceramic
matrix composite (CMC) materials. Firstly, we focused on
the processing methods for effective dispersion of GNPs
throughout ceramic matrices and the reduction of the
porosity of CMC products. Then, the microstructure and
mechanical properties are provided, together with an
emphasis on the possible toughening mechanisms that may
operate. Additionally, the unique functional properties
endowed by GNPs, such as enhanced electrical/thermal
conductivity, are discussed, with a comprehensive com-
parison in different ceramic matrices as oxide and non-
oxide composites. Finally, the prospects and problems
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needed to be solved in GNPs-reinforced CMCs are
discussed.

Keywords Graphene nanoplatelets; Ceramic matrix
composites; Processing methods; Mechanical properties;
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1 Introduction

Owing to the high hardness and strength, chemical inert-
ness, low thermal conductivity, good oxidation and corro-
sion resistance, monolithic ceramics are widely used in
traditional industrial sectors such as machinery, chemical
engineering and metallurgy as promising structural mate-
rials. Very recently, they become increasingly popular in
the fields of optoelectronics, biomedicine and aerospace.
However, they still suffer from the inherent brittleness,
mechanical unreliability and poor electrical conductivity
[1-3]. This issue is particularly serious when the ceramic
materials contain the glass phase, as the amorphous
structure cannot provide any obstacle to crack propagation
and the fracture toughness is really low (< 1 MPa-m'?)
[4].

Since the pioneering work of Niihara in the 1990s [5],
who added nanoparticles, nanofibers and whiskers as a
second phase to ceramic matrix, ceramic matrix compos-
ites (CMCs) have become one of the most promising ways
to improve the mechanical properties of monolithic
ceramics. In addition, the reinforcing phase also benefits
other properties such as hardness, thermal shock resistance,
electrical conductivity, and thermal expansion coefficient.
The combination of these characteristics with intrinsic
advantages of ceramic matrix makes CMCs yield
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substantial promise for advanced technologies such as
hypersonic engines and aircraft, lightweight and high-
lifetime prosthetics, and high-temperature electronic com-
ponents, where other materials (e.g., metallic alloys) can-
not be used effectively under such harsh conditions [6, 7].

The preparation of stable graphene nanoplatelets
(GNPs) was reported by Geim et al. [8]. They used tapes to
directly strip the graphite crystals. This method has
attracted unprecedented attention and provided a new
opportunity for the development of CMCs. The two-di-
mensional (2D) structure of GNPs yields a higher specific
surface area of 2630 m*.g~' than either CNTSs or graphite,
and the sp2 hybrid bonding of carbon atoms in GNPs is
responsible for its exceptional properties, i.e., transmit-
tance of 97.7%, in-plane elastic modulus of 0.5-1 TPa,
tensile strength of 130 GPa, breaking strength of
42 N-m™', electrical conductivity of 1 x 10’ S-m™" and
thermal conductivity of 5300 W-m K™ [9-17]. In
addition, flat morphology of GNPs provides more inter-
faces with ceramic matrix on both sides, unlike CNTs that
only the exterior surface can form interfaces, thereby
entailing more transformations of electrons, phonons and
dissipations of energy in CMCs. For example, GNPs are
more apt to survive in high-pressure processing than the
tubular CNTs that encounter the problems of buckling and
cracking [18, 19].

The aim of this article is to provide a comprehensive
picture of the current advances in GNPs-reinforced CMCs.
In this paper, a variety of methods employed for incorpo-
rating GNPs into ceramic matrices and consolidation
techniques for fabricating bulk CMCs are discussed. An in-
depth discussion on significant improvements in toughness
and flexural strength, along with enhancements in electrical
conductivity and thermal conductivity, is emphasized at the
same time. In this part, the most widely studied GNPs—
CMCs systems are classified according to the types of
ceramic matrices as oxide and non-oxide composites. The
toughening mechanisms and effects of GNPs on mechan-
ical behavior and functional properties of CMCs are thor-
oughly discussed. Finally, prospects for future research
needed to successfully harness the promise of GNPs-rein-
forced CMCs are provided based on the observed advan-
tages and disadvantages of CMCs thus far.

2 Preparation process
2.1 Mechanical mixing
The GNPs at nanometric scale possess the intrinsic ten-
dency to agglomerate due to van der Waals forces, a

consequence of high surface area and high aspect ratio of
GNPs, inducing a difficulty in obtaining uniform dispersion
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of GNPs. It is worth noting that uniform distribution of
GNPs within ceramic matrix ensures efficient load transfer
and stress distributions from ceramic matrix to GNPs, thus
minimizing the presence of stress concentration points
[20-22]. In an ideal situation, a fully densified ceramic
composite with perfect GNPs dispersion without any
damage and agglomeration in the ceramic matrix is
required to achieve excellent performance of GNPs—
CMCs. Therefore, various techniques are required to
improve the dispersion of GNPs and processing routes need
to be modified carefully and validated thoroughly to pro-
duce GNPs—CMCs.

Ball milling is a popular approach for mixing GNPs and
ceramic powder ascribing to the high shear forces that not
only can disperse but also reduce the number of stacked
graphene layers by exfoliating. Hence, the ball milling
process has been adopted to maximize the load sharing and
pullout effect of graphene as it brings more interfaces
between GNPs and ceramic matrix. Moreover, ball milling
is a simple, scalable and cost-effective process and has
been demonstrated to yield almost no contamination in the
final powders by using tungsten carbide jars and milling
balls [23, 24]. He et al. [25] firstly showed the relationship
between the morphology of GNPs and ball milling time
using a planetary ball mill with Al,O; powder. The rotation
speed steadied at 250 r-min~"' with a powder-to-ball ratio
of 1:30. With the milling time increasing, the majority of
the graphite sheets were broken, some exfoliations of
GNPs occurred, and the sizes of the GNPs were reduced
and became thinner. The GNPs with the smallest thickness
of 3—4 nm can be produced after 30-h ball milling, while
crumpling, rolling and damaging of the graphene sheets
would happen after longer ball milling time. By adopting a
sudden heating (1000 °C, 60 s, under a nitrogen atmo-
sphere) to expand the graphite along its planes, Fan et al.
[26] synthesized GNPs and Al,O5 ceramic mixture powder
by planetary ball milling for longer durations when GNPs
can be exfoliated more easily. Liu et al. [27] directly
ground the graphite simply expanded by microwave heat-
ing with Al,O5; ceramic matrix using planetary mill for
30 h, which realized the exfoliation and reduction of
expanded graphite, formation and dispersion of graphene
nanosheets (GNSs) in one step (Fig. 1). Al,O3 ceramic
composites homogeneously dispersed with GNSs were
obtained by this method, in which the thickness of GNSs
was mostly distributed in the range of 2-20 nm. Kun et al.
[28] homogeneously distributed the multilayered graphene
additives into Si;N4 ceramic by milling in a highly efficient
attritor mill equipped with zirconia agitator delta disks and
zirconia grinding media in silicon nitride tank. This milling
process was performed at a high rotation speed of 3000
r-min~' for 4.5 h. Attributing to the decrease in the
agglomeration quotient of graphene during the high-energy
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Fig. 1 Schematic illustration of exfoliation and dispersion of GNSs in Al,O5 ceramic [27]

mixing, a cumulative effect conferred from the increased
graphene content was observed in improving the mechan-
ical properties. However, the contained zirconia as con-
tamination can hardly be avoided from media and disks.
Magnetic stirring and ultrasonication are other com-
monly used routes of producing graphene and ceramic
matrix with homogenous dispersion and controllable
properties based on colloidal chemistry. Typically, slow
mixing favors the uniform dispersion of graphene into the
ceramic matrix in similar solvent to ensure uniform dis-
persing medium [29]. Unlike ball milling, the slow mixing
methods do not reduce particle sizes as no high impact or
shear forces are introduced [30]. Owing to various factors
such as high surface energy, frictional contacts, elastic
interlocking mechanisms and weak attractive forces upon
stirring and ultrasonication, the tendency of GNPs to re-
agglomerate occurred along with the prolonged powder
process time [31]. Therefore, intensive research works have
been done to improve the uniformity of dispersion by
combining the ball milling and ultrasonication/stirring
[32, 33]. In this complex technique, the GNPs de-ag-
glomerating via ultrasonication/stirring should be prior to
mixing by conventional ball milling or high-energy ball
milling. The choice of this sequence implies the reasons
that slow mixing firstly can effectively relieve GNPs
agglomeration without exposing them to impact with the
hard ceramic particles that can significantly damage the
GNPs simultaneously, and the sonication media may
become a source of contamination that can adversely affect
sintering and full densification when the colloidal process
is the last step in the preparation of GNPs—ceramic mixture
powder. Nieto et al. [34] uniformly incorporated high
volume fractions (5 vol%-15 vol%) of GNPs into Al,O3
matrix by utilizing both ultrasonication and ball milling.
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Porwal et al. [35] have prepared GNPs—Al,0; CMCs with
liquid-phase exfoliation of graphene at first and then dis-
persed them dropwise into Al,O3; matrix via ultrasonication
and ball milling, resulting in a 40% increment in fracture
toughness with only 0.8 vol% addition. This processing
route not only solves the problem of producing high-
quality graphene without affecting its properties but also
produces homogenously dispersed GNPs—ceramic powder
with improved properties of CMCs.

2.2 Colloidal processing

Another well-known route to mix graphene with ceramic
matrix is colloidal processing, which can be realized via
surface modification as direct functionalization (i.e., oxi-
dation) or using surfactants that generate electric charges,
facilitating the homogenous dispersion of graphene
throughout the ceramic matrix powder as stabilizing sus-
pensions, reducing repulsion, etc. [36, 37]. Stability of
graphene in the ceramic suspension is based on the net
balance of two predominant forces as electrostatic repul-
sion and van der Waals forces, and the latter promote
agglomeration. In particular, the high negative wall surface
potential of graphene is capable of overwhelming van der
Waals attractions in distilled water. The improvement of
surface potential and electrostatic repulsion can be
obtained by adding surfactants (ionic charges), which
counterbalances van der Waals attraction and stabilizes the
dispersion of graphene. Polyethylene glycol (PEG),
1-methyl-2-pyrrolidone (NMP), 3-aminopropyltriethoxysi-
lane and sodium dodecyl sulfate have been reported as
surfactants to stabilize the suspensions [38, 39]. Further-
more, a similar colloidal processing named hetero-coagu-
lation is developed by Wang et al. [40]. In their work,
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graphene oxide (GO) and alumina suspension were pre-
pared by ultrasonication in water separately. Owing to
electrostatic repulsion and intramolecular dehydration at
the edge of GO, meanwhile, alumina particles possessed a
surface potential of 32 mV; both of the precursor solutions
were well dispersed. Then, GO was added dropwise into
the alumina suspension under mild magnetic stirring to
obtain a homogeneous distribution of graphene nanosheets
in an alumina matrix. The illustration scheme of preparing
graphene—metal oxides ceramic composite via hetero-ag-
gregation is shown in Fig. 2 [41]. Centeno et al. [42]
demonstrated a similar technique to prepare graphene—
alumina-based ceramic composites powder by adding GO
dropwise into alumina suspension under mechanical stir-
ring, and the pH value was maintained at 10. Walker et al.
[43] have successfully prepared well-dispersed graphene—
Si3N4 composites via colloidal processing route. A cationic
surfactant (cetyltrimethylammonium bromide, CTAB) was
used to produce positive charges on both ceramic and
graphene surfaces and develop electrostatic repulsive for-
ces on these surfaces. Ascribing to the attraction of
hydrophobic graphene to hydrophobic tails of the surfac-
tant, the good dispersion of graphene within the ceramic
matrix was successfully guaranteed. Although various
colloidal processing routes have been studied, there is still
a lack of quantitative information on GNPs and ceramic
matrix to accurately compare the dispersion potential and
evaluate the dispersion homogeneity of each route in terms
of agglomerate size in solutions.
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Fig. 2 Illustration of preparing graphene-metal oxides ceramic
composite via hetero-aggregation [41]
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Specially to GNPs-oxide CMCs, sol-gel processing
route has been adopted to disperse GNPs in ceramic
composites, mainly for GNPs—silica CMCs. In this method,
graphene was firstly dispersed in molecular precursor
solution (e.g., tetramethyl orthosilicate, TMOS) and a
uniformly dispersed sol was generated by sonicating the
suspension of TMOS and graphene. Later, initiated by
adding catalyst (e.g., acidic water), hydrolysis was pro-
moted and composite gels was formed upon condensation
at room temperature [44]. Mohammad-Rezaei et al. [45]
produced a new surface-renewable electrode based on this
process with molding and drying. By dispersing into the
solution of the sol-gel precursors containing methyltri-
ethoxysilane in methanol and hydrochloric acid, followed
by the hydrolysis of methyltriethoxysilane, the GNSs were
trapped in the gel. Sol-gel processing provides a good
dispersion route by dissolving or suspending materials in
liquid phase, which simplifies the preparation of nanosized
materials, while the coagulation in precursor suspensions is
still a difficult problem that should be tackled.

2.3 Solid-state sintering

As conventional sintering (e.g., pressure-less sintering)
requires high temperature and long processing time to fully
densify the ceramics, the abnormal grain growth and
simultaneous degradation of GNPs in the ceramic matrix
seem inevitable. GNPs can be easily oxidized at tempera-
ture over 600 °C, which affected the mechanical proper-
ties, especially the hardness of the material [46]. Moreover,
nanoscaled GNPs may inhibit densification and further
increase the sintering temperature required for complete
densification of ceramic composites; nevertheless, the high
temperature may induce the reactions between graphene
and ceramic matrix [47]. Therefore, novel sintering tech-
niques are continuously being exploited with the aim of
lowering sintering temperature and shortening dwelling
time to overcome the mentioned limitations. For example,
hot pressing (HP) and hot isostatic pressing (HIP) have
focused on sintering ceramics at lower temperatures by
applying pressure, whereas spark plasma sintering (SPS)
and microwave sintering focus on sintering ceramics at
both lower temperature and shorter dwell time by applying
both pressure and electric field to obtain high heating rates
[48]. Owing to the simultaneous application of pressure
and electric current for the densification of ceramics via
creep mechanism, SPS is considered as the dominant
powder consolidation technique to create fully dense
ceramics, and almost 90% GNPs—CMCs are prepared by
this technique recently. The advantages of SPS are con-
cluded as follows [49, 50]. Firstly, the heating rate of SPS
is relatively high, which not only improves the sintering
efficiency, but also inhibits the grain growth and therefore
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avoids the degradation and destruction of graphene. Sec-
ondly, as a kind of hot pressing sintering, the maximum
pressure imposed by SPS technique can reach 1 GPa,
which can effectively improve the density of ceramic
composites and reduce the sintering temperature to main-
tain mechanical properties of graphene and CMCs. Lastly,
SPS involves advantages of the in situ reduction of GO to
graphene in a single step without requiring any additional
steps, and the alignment of graphene occurs in a direction
perpendicular to applied pressure. GNPs-reinforced SizNy4
CMCs, with 3 wt% and 5 wt% GNPs, were synthesized by
SPS [51]. A 100% increase in the fracture toughness was
achieved by employing 3 wt% thinner few-layer GNPs as
filler material, compared to the monolithic Si;N, samples.
The enhanced mechanical properties were attributed to the
higher aspect ratio of thinner few-layer GNPs, fast heating
rate and uniaxial pressure of SPS, leading to a more
homogeneous dispersion, higher interface area and smaller
pores in the ceramic matrix. Liu et al. [52] have used SPS
to fabricate graphene platelets (GPLs)-reinforced yttria-
stabilized zirconia (YSZ) composites, and they are nearly
fully consolidated and homogeneously dispersed with
GPLs. The addition of GPLs significantly refines structural
integrity of the ceramic matrix and makes phase transfor-
mation of YSZ from the tetragonal to monoclinic with the
presence of GPLs during the high-temperature processing.
Around 7% and 60% improvement in hardness and
toughness were achieved, respectively, with the addition of
GPLs. An interesting work reported by Lahiri et al. [53]
showing the shorter CNTs can be unzipped into multilay-
ered graphene sheets within TaC ceramic grains upon SPS.
As the two-dimensional GPLs offer higher resistance to
pullout, higher transverse rupture strength and delayed
fracture could be realized, whereas long CNTs retain the
tubular structure. Tapaszto et al. [54] compared the
mechanical properties of graphene-reinforced SizN, com-
posites prepared by different methods. It is shown that by
using SPS method, a 10%-20% enhancement and a 30%—
40% significant improvement on elastic modulus and
hardness values in the composites were realized, respec-
tively, compared with those by HIP method. In contrast, the
fracture toughness displayed higher values in the latter
case. They emphasized this phenomenon to the different
sintering kinetics on the phase transformation of the silicon
nitride matrix. For example, the original o-Si3;N, grains
were mainly transformed to PB-Si3N, grains in the HIP
sintered composites due to the higher sintering temperature
with longer holding time than SPS process, whereas the
SPS sintered samples predominantly retained o-SizNy
phase. In addition, the excellent mechanical properties of
graphene were expected to be better preserved with SPS
method because of the short holding time. They are usually
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easily damaged during long exposures to high temperatures
and decayed substantially.

Referring the particularity of carbon composition in
SiC-based ceramics and the research progress in the growth
of epitaxial graphene (EG) by the thermal decomposition
of SiC [55-58], Miranzo et al. [59] developed graphene-
reinforced CMCs via the in situ growth of graphene on SiC.
Approximately 4 vol% EG was grown on SiC during SPS
process with a few layers of epitaxial graphene found
between the grain boundaries of bulk SiC. It provided a
single-step route for processing GNPs—CMCs with excel-
lent uniformity of the graphene phase in the ceramic
matrix. These composites exhibited an electrical conduc-
tivity of 1.02 x 10> S:‘m~' and an enhancement in tough-
ness of 55%. This method provided a possibility for rapid
preparation of graphene—SiC composites with excellent
electrical conductivity and mechanical properties. How-
ever, the continuous network of graphene layers formed
between grain boundaries may adversely affect the strength
of materials at room temperature.

Currently, high-frequency induction heat sintering
(HFIHS) is raised to sinter ceramics over very short sin-
tering time (< 2 min) through the simultaneous application
of induced current and high pressure. Kwon et al. [60]
demonstrated that graphene—ZrO, CMCs can be densified
via this technique and the relative density can be as high as
96%. Furthermore, graphene-Al,O; CMCs with near-the-
oretical densities (~ 99%) were fabricated by Ahmad et al.
[61], adopting HFIHS in processing conditions of 1500 °C,
60 MPa and 3 min. Inspired by this work, it may be pos-
sible to enhance the relative density values to near 100% by
carefully modifying or optimizing process parameters, for
example, increasing the heating rates. Challenges remain to
overcome the degradation and agglomeration of the gra-
phene within the ceramic composite, as well as to find a
cost-effective way to produce composites with high
density.

3 Mechanical properties
3.1 Oxide composites

The introduction of graphene has an obvious effect on the
microstructure of ceramic composites, especially on the
grain size refinement of ceramic matrix [62]. Taking alu-
mina ceramics for example, the particle size of GNPs—
alumina CMCs with 0.6 vol% contents sintered at 1300 °C
by SPS is 0.4 um, which is significantly smaller than that
of single-phase alumina ceramics sintered under the same
condition (3.1 um). When increasing the content of gra-
phene to 1.2 vol%, the particle size of ceramic matrix
decreases to only 0.3 pm, revealing obvious grain size
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refinement attributed to the large specific surface area and
the wrapping/anchoring of graphene around ceramic
grains, as shown in Fig. 3. As discussed above, a crack to
propagate through the graphene rarely appears in the
presence of strong bonding between graphene and the
ceramic matrix, because it is difficult for the crack to
propagate with the high strength and wrapping of graphene
around ceramic grains. Moreover, crack bridging was
proposed due to graphene pullout and improved the
toughness of graphene-reinforced CMCs. Also, the rela-
tively large size of graphene provided a lengthy deflection
path that was beneficial to the load transfer. These prop-
erties shown in Fig. 4 contribute to the fracture toughness
of graphene-reinforced CMCs and make graphene a good
reinforcement [63]. Liu et al. [64] have carried out a series
of works about incorporating GNPs into an alumina matrix,
all of which displayed superior toughness and flexure
strength than pure alumina. When the addition of GNPs
was 0.38 vol%, the flexural strength and fracture toughness
of the GNPs-reinforced CMCs were enhanced by 30.75%
and 27.20%, respectively, reaching (523 £ 30) MPa and
(4.49 + 0.33) MPa-m"%. However, the agglomeration of
GNPs was indicated by the scanning electron microscopy
(SEM) images of fracture surfaces showing thick platelets
(~>110 nm) when the GNPs content further increased. As
these thick platelets were not flexible, a decline in wrap-
ping of graphene around ceramic grains happened. More

' ¢ -4 -

Fig. 3 Schematic illustration showing 2D graphene retarding coars-
ening of grain most effectively: a situation of nanoparticle, b 1D
inclusion and ¢ 2D inclusion [62]; d TEM image of 2D few-layer
graphene (FLG) platelets-constructed 3D network (arrows indicate
triple junctions where FLG platelets are highly wrinkled); e TEM
image of a typical triple junction containing highly wrinkled FLG and
f magnified image of white square area in e [66]
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pores were likely to form between agglomerated GPLs and
ceramic matrix interface, inducing localized porosity and
hence causing lower densification. The presence of these
pores inevitably reduced the contact area of ceramic matrix
with GPLs and served as crack initiation sites upon
indentation load, hindering the ability of GNPs to reinforce
the matrix. In conclusion, mechanical properties of gra-
phene-reinforced CMCs do not show proportional
improvement with graphene content increasing in almost
all studies [48]. Following this work, the same research
group reported a study on alumina-based CMCs with dual
reinforcements of GPLs and silicon carbide (SiC)
nanoparticles. Compared with pure alumina ceramic, the
CMCs showed approximately 36%, 40% and 50% increase
in hardness, flexural strength and fracture toughness,
respectively, due to more uniform distribution and greater
grain size refinement than alumina matrix with sole filler
[65]. In contrast, a 50% improvement on the mechanical
properties of the alumina and an increase in the electrical
conductivity up to eight orders of magnitude with a very
low graphene loading (0.22 wt%) were reported by Cen-
teno et al. [42] due to the crack bridging phenomena. Fan
et al. [66] observed a ~40% increase in the strain tolerance
of GNPs—-Al,0O; CMCs with 2.18 vol% GNPs due to the
decreased stiffness and increased toughness induced by
GNP crack bridging and kinking mechanisms shown in
Fig. 3d—e. Since graphene is a very good lubricant by itself
because of its hexagonal structure, plenty of research work
has been carried out on the friction and tribological prop-
erties of graphene-reinforced CMCs. Kim et al. [67] pre-
sented a decline from 0.637 to 0.449 in friction coefficient
of GNPs-reinforced alumina CMCs with an addition of
1 vol% graphene under the load of 25 N, along with a
decrease from 2.12 x 107*t0 2.18 x 107> mm*N"'m™*
in wear rate. Therefore, graphene can significantly improve
tribological properties of CMCs. Furthermore, Yazdani
et al. [38] measured the tribological performance of gra-
phene—CNTs-hybrid-reinforced Al,O; CMCs by using
ball-on-disk method. Compared with the wear rate and
friction coefficient of monolithic Al,O5 ceramic, those of
Al,O3 CMCs containing (0.5 wt% GNPs, 1.0 wt% CNTs)
and (0.3 wt% GNPs, 1.1 wt% CNTs) showed remarkable
70% and 80% reduction, 23% and 20% decrease, respec-
tively, under the load of 15 N. In this hybrid system, GNPs
played a vital role in the formation of tribofilm on worn
surface by exfoliation, whereas CNTs prevented grain from
being pulled out during the tribological test and helped to
improve the fracture toughness. The excellent coordination
between GNPs and CNTs significantly promoted the wear
resistance properties of the CMCs.

It is without doubt that the quality of graphene plays a
crucial role in determining the mechanical properties of the
CMCs. Compared with GNPs reduced from GO possessing
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Fig. 4 SEM images for GNPs-induced toughening mechanisms in Al,O; ceramic matrix: a crack deflection [64], b crack deflection and
bridging, ¢ short GNPs pullout segment and its adhesion with Al,O; matrix, and d relatively larger-sized GNPs pullout areas exhibiting discrete

graphene layers (small white arrows) [61]

a lot of defects, the defect-free graphene obtained by
mechanical exfoliation method is more conducive to
improve the flexural strength and other mechanical prop-
erties of CMCs. The mechanical properties of Al,0; CMCs
reinforced with un-oxidized graphene, GO and reduced GO
were compared by Kim et al. [67], and un-oxidized gra-
phene—alumina composites exhibited the best results, sug-
gesting an improvement of ~ 48%, ~ 28% and ~ 95%
in fracture toughness, flexural strength and wear resistance,
respectively, due to the less defect concentration. In addi-
tion, they also investigated the effects of graphene size
(~ 100, 20, and 10 pm, respectively) on fracture tough-
ness of graphene—alumina CMCs. Owing to structural
defects produced by graphene flakes of ~ 100 pm, the
toughening mechanisms such as crack bridging were less
dominant when smaller flakes (~ 10 pm) were used. The
best results were obtained when the lateral size of graphene
flakes is ~ 20 pm. Although an increase in flexural
strength of alumina CMCs reinforced by non-oxidized
GNS was generally observed, it is worth noting that better
interfacial bonding can be obtained when using graphene
with carbides (e.g., B4C, SiC) and GO with oxides (e.g.,
Al,O3, ZrO,) to improve the mechanical properties
[68, 69].

Rare Met. (2020) 39(5):513-528

Recently, various works have been carried out by
adopting hybrid nanocarbon materials and complex oxide
ceramic matrix to enhance the mechanical properties of
CMCs. Yazdani et al. [38] prepared Al,0; CMCs rein-
forced with hybrid nanocarbon materials (GNPs and CNTs)
via a combination of wet dispersion technique and hot
pressing. The average fracture toughness of the CMCs was
improved from 3.5 to 5.7 MPa-m"? with an increment in
flexural strength from 360 to 424 MPa, and the hybrid
additions are 0.5 wt% GNPs and 1 wt% CNTs. The
increased values in toughening properties are attributed to
the attachment of CNTs to the surfaces and edges of GNPs
during the mixing process, which assisted de-agglomera-
tion and homogenous dispersion within the matrix. Later,
Ahmad et al. [70] proposed to fabricate alumina-based
CMCs with high performance of densification behavior and
fracture toughness by using HFIHS process, adopting sili-
con carbide nanoparticles (SiC NPs) as the second rein-
forcement. Fractography of the samples revealed a
transition from a mixed intergranular/transgranular mode
for SiC NPs or GNP-reinforced nanocomposites to trans-
granular fracture mode for the hybrid nanocomposites. It is
because the SiC NPs presented within or at the grain
boundary areas, whereas the GNPs anchored between
neighboring grains. An improvement of 160% and 27% in

@ Springer



520

B.-Y. Zhou et al.

fracture toughness and microhardness can be detected
when incorporating as little as 0.5 wt% GNPs along with
5.0 wt% SiC NPs, respectively. The enhancement is mainly
attributed to the synergic effects of the nanostructured
reinforcements and GNPs, including their distinctly dif-
ferent toughening mechanisms, such as crack deflection
and pullout effects of SiC NPs, and interlayer slithering of
GNPs. Jiang et al. [71] fabricated GPLs-reinforced zirco-
nia-toughened alumina (ZTA) CMCs using SPS. The
fracture toughness of the ZTA CMCs resulted in an
increment of a 29% by loading GPLs, which is higher than
that of the pure alumina matrix (26.4%). Similar to other
graphene ceramic composites, the main toughening
mechanisms induced by GPLs are pullout, crack bridging
and crack deflection.

3.2 Non-oxide composites

Similar to the toughening mechanisms in GNPs—oxide
CMCs, most of the studies on graphene-reinforced non-
oxide CMCs have shown toughening mechanisms origi-
nated from pullouts, crack deflection, crack branching and
crack bridging (Fig. 5). Besides, cracks cannot propagate
through graphene walls and were forced to deviate around
the graphene sheets due to the wrapping effect of graphene
around the grains as a two-dimensional material. Walker

Graphene
neking

& crack
bridging

<

\

et al. [43] observed this touching mechanism and obtained
an improvement of 235% in fracture toughness with only
1.5 vol% multilayer graphene content in SizN, matrix.
What is more, graphene plays an important role in the
friction and wear behavior of ceramic composites. Llorente
et al. [72] investigated the effects of GNPs content and
graphene source on the friction performance and showed
an enhanced wear resistance of up to ~ 70% for the
material containing 20 vol% GNPs compared to monolithic
SiC. They ascribed the improved tribological behavior of
the GNPs-SiC ceramic composites to the formation of an
adhered lubricating and protecting tribofilm according to
the analysis of the wear debris by micro-Raman spec-
troscopy. It is found that multilayered graphene partici-
pated more actively in the protecting tribofilm than other
graphene sources such as in situ grown graphene and
reduced GO. Similarly, Belmonte et al. [73] prepared the
GNPs—Si3N, ceramic composites by SPS technology. The
ceramic composites possessed excellent friction properties
as an improvement of 56% in the wear resistance and a
reduction in friction coefficient compared with the SizNy
ceramic matrix, which consequently improved the average
service life. Tapasztd et al. [74] further confirmed that a
continuous protecting and lubricating tribofilm consisted of
FL-GNPs with high structural quality contributing to a
remarkable improvement in the tribological properties of

Graphene
& sheet pull-out

Graphene
7 crack bridging

Fig. 5 SEM images for various toughening mechanisms in graphene—SizN, CMCs [43]: a graphene necking and crack bridging, b crack
deflection, bridging and pullout; and in graphene-TaC CMCs [83]: ¢ GNPs pullout, d GNPs grain wrapping
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GNPs-Si3Ny ceramic composites. Compared with mono-
lithic Si3Ny4, only 5 wt% GNPs addition can increase wear
resistance by more than 20 times and reduce the friction
coefficient by 50%. Meanwhile, the hardness, bending
strength and fracture toughness were also improved by the
addition of the graphene. Components produced from such
materials can greatly reduce the loss during operation and
significantly improve their durability in contact mechanical
applications, which are expected to be used in gasoline
direct injection system.

In addition, Seiner et al. [75] illustrated a significant
anisotropy of the Young’s elastic modulus and the internal
friction in the GNPs—Si3;N, ceramic composites with just 3
wt% GNPs, while the anisotropy of the shear modulus was
much less severe. The shear internal friction was strongly
anisotropic with the maximal value corresponding to the
volume-preserving, ‘breathing’ vibrations of the GNPs.
Shearing along the basal planes and in the out-of-plane
direction led to the decrease of ~ 15%, while shearing
along the platelet thickness showed no significant differ-
ence from the Si;Ny reference. Internal shear friction of the
GNP composite was shown to be significantly higher in the
out-of-plane direction. Koller et al. [76] showed that the
highly anisotropic elastic behavior and attenuation of
GNPs is intrinsic to their structure evaluated by acoustic
properties of a bulk GNPs compact. It was observed that
elastic coefficients differed by a factor of 20 in the basal
and c-axis directions. Similar results of anisotropic soft-
ening were observed by Rutkowski et al. [77] on Si3Ny—
GNPs composites. GNPs-induced softening was seen to be
greater in c-axis direction (parallel to the sintering pressure
axis). Fracture toughness was lower in the in-plane direc-
tion (perpendicular to sintering pressure) than in the out-of-
plane direction; however, both were higher than that of the
unreinforced material. Tapaszto et al. [78] investigated the
distribution of GNPs in Si;N, ceramic matrix prepared by
SPS and HIP sintering methods, with uniaxial and isotropic
pressures applied, respectively. It is found that more than
80% GNPs lay within £ 15° deviation from a preferred
orientation direction in the SPS sintered samples in Fig. 6,
which is perpendicular to the uniaxial pressure direction
and in contrast to HIP sintered samples where a closely
random orientation is revealed. These results well
explained the anisotropic mechanical, electrical and ther-
mal properties of GNPs-reinforced CMCs prepared under
uniaxial pressure conditions by several widely used sin-
tering methods.

It should be noted that some conductive ceramics with
metallic bonding such as ZrB, and TaC present better
mechanical and functional properties with increased con-
tent of GNPs [79, 80]. SPS processing improved electrical
conductivity of GNPs as the current flows through both the
powder and the graphite dies, in contrast to non-conductive
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Fig. 6 Fracture surface SEM images of Si3N, composites containing
3 wt% GNPs prepared using a, ¢, e SPS and b, d, f HIP sintering
methods (position and orientation of GNPs can be clearly identified in
micrographs with white lines marking) [78]

ceramics such as Al,O; That is why GNPs with high
volume fraction did not induce porosity in ZrB,- and TaC-
based composites and exhibited no adverse effects in
densification. Yadhukulakrishnan et al. [81] prepared
GNPs-reinforced ZrB, system ceramics and achieved
promising improvements of 83% and 95% in fracture
toughness and flexure strength with the addition of 6 vol%
GNPs, respectively, along with an increase in relative
density from ~ 85% to 97%. Asl et al. [82] observed a
significant rise in the level of densification by adding GNPs
in the ZrB,-SiC composites, which has led to an increase in
hardness indirectly. The advantages in GNPs-reinforced
conductive ceramics composites were also illustrated by
Nieto et al. [83] who successfully synthesized the GNPs—
TaC composites with enhanced fracture toughness. The
densification was enhanced to 99% theoretical density with
an addition of 5 vol% GNPs, while the grain sizes were
reduced by over 60% through grain wrapping mechanism.
Owing to the high electrical and thermal conductivity of
GNPs, more uniform heating distribution took place during
SPS processing, and thus the densification and fracture
toughness were improved simultaneously.

4 Functional properties

In addition to mechanical properties, graphene also pos-
sesses excellent electrical and thermal conductivity, which
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Table 1 Overview of functional properties of GNPs-reinforced CMCs as reported in the literature

Matrix ~ Nanofiller ~ Nanofiller Processing Percolation  Electrical conductivity Thermal conductivity Ref.

material type content technique threshold

Al,O5 GNPs 0 vol%-15 Powder/SPS 3 vol% 5709 S-m™! for 15 vol% NA [26]
vol%

Al,O3 GO 2 wt% Colloidal/SPS NA 172 Sm™! NA [40]

Al,O3 GO 0.16 wt%, Colloidal/SPS 0.22 wt% 11.1 S‘m~"! for 0.45 wt% NA [42]
0.22 wt%
and 0.45
wt%

Al,O3 GNPs 0 vol%-2 Powder/HP <0.5 vol%  123.3 S-m™' for 2 vol% NA [85]
vol%

Al O3 Expanded 0 vol%-9.5 Powder/HP 4.7 vol%-— 9.6 x 1072 S:m™"! for 9.4 NA [86]

graphite vol% 5.7 vol% vol%

Al,O3 GO 0 vol%-2.35 Colloidal/SPS 0.38 vol% 1038.15 S'm~" for 2.35 NA [87]
vol% vol%

Al,O4 GPLs 0 vol%-— Powder/SPS 7.1 vol% 20.1 S-m~" for 15 vol% 15 W-m~"-K~" at 600 °C for [89]
15 vol% 15 vol%

SiO, GO 0 wt%-—1 Colloidal/SPS <0.58 wt% 0.01 S:‘m~! for 0.98 wt% NA [39]
wt%

710, GNPs 3 wt% Powder/HFIHS <1 wt% 98 S:-m™! for 3 wt% NA [60]

MgO GNSs 0 vol%-7 Powder/HP NA NA 33.9 W-m "K' for 7 vol% [92]
vol%

SizNy GNPs 4 vol%-25 Powder + colloidal/ 7 vol%-9 40 S'm~! NA [94]
vol% SPS vol%

SizNy  GNPs 4.3 vol%-— Powder/SPS NA NA 40 W-m—K™! [98]
24.4 vol%

SiC GNPs 4 vol% Powder/SPS NA 102 S-m™! for 4 vol% NA [59]

SiC GNPs 0 vol%-20  Colloidal/SPS NA NA 152 W-m ' K™! [99]
vol% (perpendicular) and

9.9 W.m™ K™ (parallel)
to the SPS axis

B.,C GNPs 0 vol%-5 Powder/HP <1vol% 6500 S-m™ for 5 vol% 48 W-m LK! for 5vol%  [96]
vol%

B,C GPLs 4 wt%-10 Powder/HP NA 1526 S-m™! NA [97]
wt% (perpendicular), 872

Sm™! (parallel) to the
HP axis for 8 wt%

makes it possible to functionalize structural ceramics.
Table 1 summarizes the electrical and thermal properties of
GNPs-reinforced CMCs reported in the literature so far.

4.1 Oxide composites

The alumina ceramic is a typical insulator with electrical
conductivity of only 1 x 107"* S:m™" at room tempera-
ture. When introducing a conductive material into the
insulator ceramic matrix, the composite material changes
from insulation to conductivity at a critical volume fraction
value of the conductive phase. This phenomenon is called
percolation, and the sudden change point is named perco-
lation threshold. One of the earliest studies on percolation
threshold for graphene-reinforced CMCs was carried out

@ Springer

by Fan et al. in year 2010 [26]. They fabricated alumina-
based CMCs with 0 vol%-15 vol% graphene loading by
SPS and demonstrated that the percolation threshold for the
ceramic composite was around 3 vol%. The improvement
in electrical conductivity was particularly significant
beyond the percolation threshold and reached a value of
5709 S-m~' with the addition of 15 vol% graphene. It was
higher than that of any CMCs reinforced with the same
volume fraction of CNTs. The enhanced electrical con-
ductivity was attributed to an efficient network formed by
the overlapping GNPs, and it increased the number of
charge carriers across the composites. Owing to the high
aspect ratio and high surface area of GNPs, superior con-
tact can be provided in contrast to CNTs where point-to-
point contact occurs and may induce higher resistance.
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Thus, the onset of percolation threshold may decrease with
an increasing aspect ratio (L/D) of graphene with uniformly
dispersed particles [84-86]. In a later study by Fan et al.
[87], colloidal processing was adopted to prepare well-
dispersed GO and alumina composite powders, where GO
was reduced to graphene via SPS processing. The perco-
lation threshold was successfully decreased to 0.38 vol%,
which is much lower than the previously reported value of
3.0 vol%. The good results can be explained by the good
dispersion and high quality of graphene used and the
multidimensional electron transport pathways. The elec-
trical conductivity was 1 x 10°> S:-m™" for only 2.35 vol%
loading of graphene. Furthermore, the percolation thresh-
old was further reduced to 0.22 wt% in the work of Cen-
teno et al. [42]. Conductivity was improved up to eight
orders of magnitude compared to unreinforced alumina.

More interestingly, the Hall coefficient reversed its sign
from positive to negative with more grapheme added,
revealing a change in the major charge carrier, as ascer-
tained by the change of positive to negative in Seebeck
coefficient. It is inferred that the positive Hall coefficients
with low graphene content are induced by the doping effect
of alumina matrix. Owing to the mismatch in coefficient of
thermal expansion, the graphene would firmly wrap the
alumina ceramic particle and generate high pressure during
cooling when the graphene loading is low. Therefore, in an
environment with low oxygen partial pressure at high
temperature, oxygen vacancies and aluminum interstitials
provided positive defects acting as electron acceptor, and
graphene doped with holes accordingly, presenting a pos-
itive value of Hall coefficient. With the increase in gra-
phene content, the average thickness of graphene rose due
to the overlap between layers. It effectively reduced the
possibility of contact between graphene and ceramic matrix
and manifested the intrinsic charge carrier type of graphene
that should be electrons as they were chemically reduced.
What is more, Fan et al. [87] also tailored the charge carrier
type by varying the matrix from Al,O5 to Al,053-3YSZ and
Al,O3-8YSZ. As pure GO and Al,O3 samples had negative
Seebeck coefficient and appeared with n-type carrier dop-
ing, increased YSZ content yielded higher Seebeck coef-
ficient due to the alteration of the surface state with the
increased oxygen concentration. The change of positive to
negative is unique and has not been reported in other
composites. These tunable carrier-type graphene—Al,O3
CMCs are considered as promising new materials, espe-
cially in the harsh environment (radiation, high tempera-
ture, corrosion resistance, etc.).

Except the effect on enhanced electrical conductivity,
the addition of graphene in oxide CMCs also promoted
their thermal properties. Rutkowski et al. [88] have directly
measured a series of thermal properties of GNPs—Al,O3
composites prepared by both HP and SPS with up to
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~ 16.5 vol% GNPs, including thermal stability, thermal
diffusivity, specific heat and thermal conductivity. Thermal
gravimetric analysis conducted under ambient conditions
was adopted to explain the thermal stability of GNPs—
Al,O3 composites. It is concluded that the composites
could bear the temperature up to 1000 °C with GNPs
content < 3.5 vol%, whereas the composites began to
experience oxidation at temperatures of 550-700 °C with
higher volume fractions of GNPs. Thermal diffusivity
presented an anisotropy of up to 89% in composites with
16.5 vol% GNPs. It is because an increased diffusivity
along the pressing axis was shown with the increased GNP
contents, while the thermal diffusivity in the direction
perpendicular to the pressing axis stayed the same and
increased slightly at higher volume fractions for HP sam-
ples. A reduction in thermal conductivity calculated in
most samples was inferred to the lower densification
induced by GNPs and the introduction of low-conductivity
zirconia during ball milling of powders. Only when the
GNP content exceeded 10 vol%, the thermal conductivity
was enhanced by GNPs in HP samples because of the
higher orientation of GNPs achieved. The anisotropic
thermal properties are also reported by Celik et al. [89] in
GPLs—-Al,03 composites prepared by SPS. Oriented GPLs
led to a less resistive heat conduction path in the in-plane
direction; therefore, ~ 44% increase in the in-plane ther-
mal conductivity was achieved at 600 °C with 15 vol%
GPLs addition and ~52% increase in the in-plane-to-
through-thickness thermal conductivity ratio (kin-plane/
kthroughfthickness)-

Furthermore, according to the equation for calculating
thermoelectric figure of merit z7" = (aSzlk)T, where o, S,
k and T are the electrical conductivity, Seebeck coefficient,
thermal conductivity and absolute temperature, respec-
tively, it is an effective strategy to increase thermoelectric
efficiency by reducing the lattice thermal conductivity by
grain boundary engineering and without deterioration of
electron transport [90]. Although the thermal conductivity
of graphene is extremely high, the addition of graphene
produces lower thermal conductivity due to the lower
density and smaller grain size after sintering. Lin et al. [91]
speculated that graphene sheets may act as thermal barrier
when they lay on the plane perpendicular to the heat con-
duction according to the unique anisotropic thermal char-
acteristics, therefore blocking the movement of phonons
when they are interconnected. Moreover, as phonon
transportation is sensitive to the presence of lattice defects,
large plenty of defects introduced from the external heat
and load used during SPS may further reduce the thermal
conductivity. Chen et al. [92] prepared highly dense GNSs—
magnesia composites by hot pressing, and they evaluated
the effect of GNSs content (0 vol%-7 vol%) on
microstructural, mechanical and thermal properties. Based
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on the previous results that incorporating GNSs may inhibit
the sintering and grain growth of MgO, a significant
decrease in thermal conductivity could be detected from
55.8 W-m "K' for MgO to 33.9 W-m™~ "K' for 7 vol%
GNSs-MgO along the hot-pressing direction. Besides, the
thermal conductivity of monolithic MgO and 2 vol%
GNSs—MgO composite at elevated temperatures was also
investigated, showing a remarkable decrease first and then
plateau beyond 700 °C. This decrease can be easily
attributed to the coefficient mismatch in thermal expansion,
showing enhanced phonon scattering and interface
separation.

4.2 Non-oxide composites

Ramirez et al. [93] prepared GNPs—Si;N, CMCs contain-
ing 12 wt% and 15 wt% GNPs and systematically inves-
tigated the influence of GNPs contents in electrical
conductivity and the anisotropic electrical responses.
Attributing to the excellent conductivity of graphene and
the improved inter-GNPs contacts with the increased GNPs
content, the effective current per conducting pixel of the 15
wt% GNPs composites was four times larger than that of
the 12 wt% composite. Although the intrinsic electrical
anisotropy of graphene sheets presented much higher
conductivity in a—b plane than in c-axis direction, the
calculated effective current for the perpendicular surface
was twice more than that for the parallel orientation. As
simply illustrated in Fig. 7, the lateral GNP-GNP junctions
provided an additional hopping resistance for charge
transport and enhanced scattering at the interplatelet
junctions for the parallel geometry. It is noteworthy that an

Fig. 7 Simplified schematics of possible conducting paths for
orientations a perpendicular and b parallel to SPS pressing axis [93]
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amorphous reaction layer was observed between the
GNPs-Si3N, interfaces, which was expected to act as an
insulator and may have adverse effects on the transfer of
electrons, especially in the direction aligned with the GNPs
basal plane. To conclude, unbalanced weight and nature of
the resistors forming the percolated network were devel-
oped to explain these results. The same research group [94]
further increased the graphene content to improve the
electrical conductivity of the Siz;Ny-based CMCs. They
reported electrical conductivity of 40 S-cm™" with a GNPs
loading of up to 20 vol% and confirmed the preferential
orientation of GNPs in the ceramic matrix. Moreover,
electrical conductivity values perpendicular to the pressing
axis (aligned with the GNPs basal plane) were found to be
an order of magnitude higher than those parallel to the
pressing direction in the fixed GNPs content composite,
according to the preferred alignment of GNPs during SPS
processing. They also reported a percolation threshold of 7
vol%-9 vol%, and different mechanisms of charge trans-
port depended on the conductivity measuring direction. A
variable range hopping mechanism dominated charge
transport in the perpendicular direction to the pressing axis,
while in the parallel direction, the conduction mechanism
was more complicated as a metallic transition (dr/dT < 0)
at higher volume fractions (> 17 vol%) of GNPs was
presented.

The anisotropic electrical behavior was also detected in
the GNPs-SiC CMCs prepared by Roman-Manso et al.
[95], as a result of preferential orientation of the GNPs
perpendicular to the pressing axis under the applied pres-
sure (50 MPa) during SPS. The electrical conductivity
values in the direction perpendicular to the pressing axis
were 4—6 times higher than the parallel counterparts. In
addition, the electrical conductivity could reach 4380
S-m~! at room temperature with 20 vol% GNPs addition,
which was three orders of magnitude higher than those
without GNPs. Tan et al. [96] well established an electrical
percolating network in B4C CMCs with an incorporation of
GNPs as low as 1 vol%, and the electrical conductivity was
enhanced correspondingly to 250 S-m~'. It is almost 10
times higher than that of original B,C ceramic. Such low
percolation threshold could be attributed to the uniform
distribution and high aspect ratio of GNPs as well as the
crack bridging conducted by TiB, particles produced from
reactions between B4C and TizAlC,. Remarkably, this
electrical level was sufficient for electrical discharge
machining fabricated from B,C CMCs after processing
test. Similarly, the thermal conductivity of GNPs-B,C
composites presented high anisotropy with significantly
enhanced values perpendicular to the hot-pressing axis,
while slightly suppressed values were observed in parallel
direction. A maximum thermal conductivity of
48 W-m~'.K~! was obtained in the direction perpendicular
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to the pressing axis in B4C composite with 5 vol% GNPs
addition. Based on these results, Sedlak et al. [97]
increased GPLs addition of up to 8 wt% in the GPLs—B,C
CMCs prepared by hot pressing at 2100 °C in argon and
obtained the electrical conductivity of 1526 S-m™"' in the
perpendicular and 872 S-m ™" in the parallel direction to the
hot-pressing axis, respectively.

Miranzo et al. [98] reported an anisotropic thermal
response in GPLs—Si3;N, CMCs, presenting an increased
thermal conductivity perpendicular to the pressing axis,
whereas that value in parallel direction decreased. The
thermal conductivity in the direction perpendicular to the
pressing axis especially increased twice compared with that
of the pure SizN, matrix. This phenomenon was attributed
to the preferential orientation of GPLs in the ceramic
matrix under SPS pressing, which formed a more con-
ductive network in the in-plane direction and thus
undoubtedly increased the thermal conductivity. A
noticeable anisotropic thermal conductivity appeared in the
study of Roman-Manso et al. [99] as well, where the room
temperature thermal conductivity (Kt) values were 1.5-3.4
times higher in the perpendicular direction than in the
parallel direction to the SPS pressing axis, according to the
major orientation of GNPs in reinforced SiC CMCs. The
reduction in cross-plane thermal conductivity was ascribed
to the much lower intrinsic conductivity of the added GNPs
in the c-axis as the estimated Kt values of the GNPs in the
basal plane and along the c-axis are 152 and 9.9 W-m™"-
Kil, respectively. However, the trend of thermal conduc-
tion in GNPs-reinforced high thermal conductor ceramic as
AIN is contrary to that stated for other GNPs-reinforced
CMC:s. Sharp decreases in thermal conductivity for both
directions were observed in GNPs—AIN CMCs [100] due to
the thermal contact resistance ascribed to a strong coupling
at the AIN—graphene interface. Additionally, these GNPs—
AIN CMCs developed a high electrical conductivity when
the GNPs content was larger than 5 vol%, therefore pro-
ducing useful materials for applications in the fields such as
light-emitting diodes or microelectromechanical systems.

5 Conclusions and outlook

This paper systematically summarizes the related research
and reports of GNPs-reinforced CMCs based on the dif-
ferent ceramic matrices. The effects of processing methods
and microstructures on mechanical and functional proper-
ties of the composites are comprehensively discussed. It
can be concluded that: (1) the introduction of GNPs as
reinforcements can effectively improve the mechanical
properties of CMC materials such as strength, fracture
toughness and strain tolerance, relying on the toughening
mechanisms as pullout, crack bridging and crack
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deflection; (2) in respect of functional properties, GNPs-
reinforced CMCs possess low percolation threshold and
excellent electrical conductivity. The thermal conductivity
can be tuned by selecting the GNPs content and ceramic
type. Therefore, the combination of enhanced mechanical
properties along with improvements in functional proper-
ties makes GNPs-reinforced CMCs exciting and promising
candidates to promote the advances of technologies.

However, even though large amount of work has been
carried out to have an in-depth understanding of graphene
roles and their reinforcing mechanisms in ceramics, there
remain many challenges that should be solved to fully
utilize the potential of these composites. They are included
but not limited to the following: (1) more types of ceramic
matrices, especially some thermoelectric ceramics, needed
to be investigated by endowing better mechanical and
thermoelectric properties from GNPs; (2) in order to
improve the performance of GNPs-reinforced CMCs, more
advanced processing techniques should be explored. We
should not only further improve the quality of graphene on
the premise of guaranteeing large-scale preparation, but
also adopt more effective means to homogeneously dis-
perse GNPs into ceramic matrices with ordered
arrangement.
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