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Abstract: Nanocarbon materials (carbon nanotubes,
graphene, graphene oxide, reduced graphene oxide, etc.)
are considered the ideal toughening phase of ceramic
matrix composites because of their unique structures and
excellent properties. The strengthening and toughening ef-
fect of nanocarbon is attributed to several factors, such as
their dispersibility in the matrix, interfacial bonding state
with the matrix, and structural alteration. In this paper,
the development state of nanocarbon-toughened ceramic
matrix composites is reviewed based on the preparation
methods and basic properties of nanocarbon-reinforced
ceramic matrix composites. The assessment is imple-
mented in terms of the influence of the interface bonding
condition on the basic properties of ceramic matrix com-
posites and the methods used to improve the interface
bonding. Furthermore, the strengthening and toughening
mechanisms of nanocarbon-toughened ceramic matrix
composites are considered. Moreover, the key problems
and perspectives of research work relating to nanocarbon-
toughened ceramic matrix composites are highlighted.
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1 Introduction

Ceramic materials possess high hardness, stability and
strength; however, their low fracture toughness and brittle-
ness limit their applications [1]. Different from metal mate-
rials, ceramic materials have no capability to slip and pro-
duce plastic deformation at room temperature, and they
are susceptible to cracks, impurities, pores, and other de-
fects that render them brittle [2-5]. Nanocarbon materials
(carbon nanotubes, graphene, graphene oxide, reduced
graphene oxide, etc.) have excellent thermal, electrical,
and mechanical properties. Extensive research has shown
that nanocarbon can enhance many properties of ceram-
ics, for example, the mechanical, frictional [6-9], electri-
cal [10-13], and thermal properties [14-16]. As a result,
nanocarbon is regarded as an ideal reinforcing phase in
ceramic matrix materials. In particular, the composites
in these studies exhibit outstanding improvement of the
mechanical properties that results from the strengthen-
ing and toughening effect of nanocarbon. In recent years,
nanocarbon materials used to reinforce polymer compos-
ites has also attracted wide attention [17-21]. However, the
application of nanocarbon faces some great challenges, as
follows. (I) Nanocarbon is difficult to disperse in ceramic
matrix composites because of its considerably large spe-
cific surface area, surface energy, van der Waals forces
caused by the intermolecular electrical dipole moment,
and interactions between functional groups, along with
easy aggregation and entanglement properties [22]. (II)
The interface invasion between nanocarbon and ceramic
are deemed unsuitable because they differ in surface ten-
sion and density. In addition, during sintering, the tem-
perature is hard to determine. Interface bonding is re-
duced at high temperatures, as nanocarbon may be dam-
aged. (IIT) There is no uniform method to measure ceramic
matrix composites with nanocarbon. Because a rigorous
toughness should be measured from the energy releasing
rate, i.e., the energy needs to make the crack propagating
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Table 1: The common methods of toughness measurement

Authors Materials Sintering Toughness Methods Improvement
(Mpa-m%)
Zeng et al. [88] 0.09wt%G0/Zr0, SPS 10.64 Anstis formula 175%
Ramirez et al. [70] 4.3v0l%rGO/SizNy SPS 10.4 Surface crack in 135%
flexure method (SCF)
Liu et al. [29] 1.5v0l%rG0O/B,4C HPHTS 8.76 Depth-sensing 131%
Indentation
Saheb et al. [3] 1wt%CNT/5wt%SiC/Al, 03 SPS 7.1 Direct crack 97%
measurement (DCM)
Ahmad et al. [45] 4vol%CNT/Al, 03 HPS 6.47 Single-edge notched 96%
beam (SENB)
Bocanegra-Bernal et al. [23] 0.1wt%MWCNT-CIMAV/AL; O3 HIP 3.9 Indentation fracture 63%
Yazdani et al. [121] 0.5Wt%GNPs/1wt%CNT/Al; 03 HPS 5.7 Single-edge notched 63%
beam (SENB)
Ahmad et al. [2] 0.75wWt%GNPs/Al, 03 HF-IH 7.79 Direct crack 45%
measurement (DCM)
Zhang et al. [25] 1wt%graphene/SizN, HPS 8.7 Vickers indentation 38%
method
Tonello et al. [102] 4vol%GNP/SiC Pressureless 6.6 Pre-cracked beam 34%
sintered
Zhang et al. [114] 1wt%GPLs/TiC/SizNy HPS 9.6 Single-edge notched 33%
beam
Sedlak etal. [111] 6Wt%GPLs/SiC HP 4.4 Direct crack 30%
measurement (DCM)
Shin et al. [90] 1wt%rGO/Al, 03 SPS 4.7 Crack length 27%
measurement
Liu et al. [106] 3.0vol%GNS/TiC SPS 4 Vickers indentation 26%
method
Shin et al. [90] 1wt%SWCNT/AL, O3 SPS 4.2 Crack length 14%
measurement
Bocanegra-Bernal et al. [4] 0.1wt%SWCNT/AL, O3 PLS 3.3 Indentation fracture 14%
Bocanegra-Bernal et al. [4] 0.1wt%MWCNT/AL, 03 Sinter+HIP 3.3 Indentation fracture 10%

to a per unit length. However, the composites are severe
anisotropic. Therefore, for the composites people just use
energy dissipation (i.e., the integral of stress-strain curves)
to define the toughness. The common methods used for
the evaluation of the resulting composite materials have
been tabulated (see Table 1) [23-30]. The foregoing are
critical factors that affect the properties of nanocarbon-
strengthened and-toughened ceramic matrix composites.

In this paper, the fabrication, basic properties, inter-
facial properties, and strengthening—toughening mecha-
nism of nanocarbon-toughened ceramic matrix compos-
ites are briefly reviewed. Based on the perspective of
the nanocarbon interface state and the interface bonding
strength of nanocarbon-toughened ceramic matrix com-
posite materials, this paper gives some suggestion for fu-
ture research works about the problem of dispersion and
interface in the section 2 and 3, but about measuring
method, there is a lack of literature to discuss.

2 Nanocarbon dispersion in
ceramics

As mentioned above, nanocarbon has a tendency to spon-
taneously condense, and although it is beneficial in pro-
moting the formation of functional networks, the afore-
mentioned disadvantages interfere in the preparation of
nanocarbon-reinforced ceramic matrix composites [26].
More specifically, aggregated nanocarbon causes stress
concentrations and even acts as a structural defect to re-
duce the mechanical properties of nanocarbon-reinforced
ceramic matrix composites [24, 31]. In addition, apart from
the grain size, reinforcing phase, and interfacial strength,
dispersion is one of the most critical factors that affects
the mechanical properties of nanocarbon-reinforced ce-
ramic matrix composites [32, 33]. Therefore, favourable
nanocarbon dispersion in the ceramic matrix is fundamen-
tal to obtaining excellent mechanical properties. Although
nanocarbons with good dispersion can be obtained by
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Figure 1: Schematic diagrams of four different chemical modification schemes of the interaction of CNTs or graphene with a polymer ma-

trix [47]

optimizing the preparation process, Kuo-Hsiung Tseng et
al. prepared the graphene with good dispersion by con-
trolling the parameter of ESDM [34], further treatment is
needed to play a better role in strengthening and toughen-
ing the ceramic substrate.

In previous research, Ian A. Kinloch et al. summarised
four dispersion methods based on the combination mode
between CNT/graphene and functional groups: 7-77 inter-
actions, chemical bonding, as van der Waals forces and
electrostatic interactions (as shown in Figure 1) [47]. This
article proposes another classification method from a dif-
ferent view: covalent functionalisation and non-covalent
functionalisation. Covalent functionalisation establishes
covalent bonding between the nanocarbon and functional
groups, which is more stable than the result of non-
covalent functionalisation, and, according to Sagar Roy’s
research, covalent functionalisation can improve the me-
chanical properties of carbon nanotubes [35]. However,
covalent functionalisation may destroy the structure of
nanocarbon, because this method establishes covalent
bonding by chemical reactions, such as acid corrosion

functionalisation and other methods, and decreases the
effect of nanocarbon-reinforced ceramics [36-38]. Non-
covalent functionalisation allows functional groups to be
absorbed onto the surface of the nanocarbon via van der
Waals bonds, m—m interactions, electrostatic attractions,
and other phenomena between the groups and nanocar-
bon to promote dispersion without forming a chemical
bond. This method can take full advantage of the effect of
nanocarbon and preserve its structure [39-41].

2.1 Covalent functionalisation

The surface functionalisation of nanocarbon changes its
surface characteristics and removes part of the van der
Waals forces. Markandan et al. highlighted that the disper-
sion behaviour of graphene is predicted by the Derjaguin—
Landau-Verwey-Overbeek theory, whose essence is the
balance between van der Waals forces and electrostatic
repulsion forces. The addition of surfactants counteracts
the van der Waals forces and promotes graphene disper-
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sion because of the high surface potential and strong elec-

trostatic repulsion [32]. Walker et al. disperse grapheme
platelets (GPL) using cetyltrimethylammonium bromide

(CATB) as the dispersant, which charges the matrix parti-
cles and graphene sheets. Because of the electrostatic re-
pulsion among the same particles and the electrostatic at-

traction among different particles, the GPL is uniformly

dispersed [42]. In the CNT-ZrB, composite, Wu et al. gen-

erate negatively charged CNTs by an acid treatment and

maintain the pH value below 4. Accordingly, the compos-

ites are formed through electrostatic attraction between
positively charged ZrB, and negatively charged CNTs, and
after mixing, the composites are settled to produce a clear
supernatant. It should be noted that there are no free

multi-walled carbon nanotubes (MWCNT) in the super-

natant to ensure that the CNTs do not aggregate during

the mixture drying process [43]. In Al,03 matrix compos-

ites, carboxyl (COOH™) adheres onto the surface of the CNT

through CVD, and at the same time, A1(NO3)39H,0 elec-

trolysis in (CH3),NC(O)H can produce AI>*. Because of the

combination of COOH™ and Al**, the CNT is dispersed uni-

formly [44].
After some existing experimental verification, the pH
value, reaction time, and surfactant are three important

factors that affect the dispersion of CNTs. If CNTs are dis-
persed by electrostatic repulsion, their surface charge den-

sity can be changed by controlling the pH value. When the
pH value is over 3.7, the surface negative charge density
increases with the pH value [26]. The longer the reaction

time, the better is the dispersion effect of the CNTs. Con-

sidering that CNTs belong to the nanocarbon category, it
is reasonable to believe that they provide a reference for
carbon nanoparticles. Ahmad et al. emphasise that CNTs

can thoroughly absorb a surfactant by prolonging the reac-

tion time, and consequently, aggregation is resisted, which

proves that the reaction time and surfactant are two fac-
tors that affect CNT dispersion [45]. Prolonging the reac-
tion time can stimulate the dispersion of carbon nanopar-
ticles and improve the properties of the materials; how-
ever, it may also diminish the strengthening effect of CNTs.

Kasperski et al. find that covalent functionalisation may

diminish the strengthening effect of MWCNT by destroy-

ing the structure of the MWCNT and thereby preventing

them from producing crack bridging and other strength-

ening and toughening mechanisms [46]. Surfactants can
influence the dispersion by changing the zeta potential on
the surface of the CNT, for example, polyethylene amine
provides the CNT with a positive surface charge, whereas
sodium dodecyl sulfate provides it with a negative surface

charge [46]. A. Kinlochet et al. believed that chemical mod-

ification can facilitate the uniform dispersion of carbon

nanomaterials, prevent their aggregation, and improve the
interfacial strength between carbon nanoparticles and ce-
ramic matrix particles [47].

2.2 Non-covalent functionalisation

The most traditional non-covalent functionalisation is me-
chanical dispersion, such as ultrasonic treatment. Ultra-
sound can produce a strong shear force to disperse carbon
nanoparticles in a liquid medium; however, this method
can also damage the structure and reduce the aspect ra-
tio of carbon nanotubes [23, 38, 48]. Therefore, the cur-
rent research focuses on promoting nanocarbon disper-
sion by electrostatic interaction [42], hybrid particles [49]
and designing the microstructures of ceramic matrix com-
posites [50].

Concerning electrostatic interactions, CATB solution
can disperse SWCNT because the hydrophobic SWCNT at-
tracts the hydrophobic part of the surfactant, and then
SWCNT is covered with positively charged surfactant
molecules [42]. Sodium dodecyl sulfate (SDS) is also a good
surfactant to disperse CNTs. The hydrophobic part of the
SDS has strong adsorption onto the surface of the CNT. The
charged head of the SDS molecule provides electrostatic re-
pulsion to hinder CNT aggregation [51]. Sun et al. conclude
that it is necessary for carbon nanotubes to be hydrophilic
to disperse well in aqueous solutions [52].

Han et al. report that they use macroscopic CNT mate-
rials to promote dispersion [53]. Vertical, horizontal, and
porous CNT materials have been used to prepare nanocom-
posites by direct infiltration, which can hinder the aggrega-
tion of CNT. Polyborosilazane penetration can invade the
pores of CNT, and this can hinder CNT aggregation and
fix the CNT in the original position so that the nanocom-
posites remain well-aligned even at high concentrations.
Satam et al. found that when a MWCNT is embedded in
an Al,0s5 grain, a good dispersion effect is observed, as
shown in Figure 2. Compared with the MWCNT at the
grain boundary, the mechanical properties of MWCNT-
embedded ceramic matrix composites exhibit excellent im-
provement [39].

Typically, in hybrid nanocarbon composites, there are
two types of dispersion-promoting mechanisms. (I) One
particle attaches to another particle, and these two parti-
cles hinder each other’s aggregation [54]. (I) When two
particles exist in a certain proportion, strong interaction
will occur to form an interconnected network and hinder
aggregation [51]. According to Tapaszto et al., when prepar-
ing a GNP-Si3 N, composite, melamine could be easily em-
bedded into graphene and produce a two-dimensional net-
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Figure 2: (a) The schematic diagram of the processing route and the ideal microstructural type with intergranular and intraparticle MWCNT;
(b) the representative TEM images of "ball milling" and (c, d) "sol gel" Al;05-5vol%MWCNT. In c and d, we can see that the matrix particles
exist in the MWCNT. (c) High-resolution images at the interface between MWCNT and Al, O3 particles in the matrix [39]

work among the graphene layers. As a result, the van der
Waals forces among the layers are counteracted, so that
the few graphene layers disperse uniformly. In the pro-
cess, melamine will neither cause trauma nor form chem-
ical bonds with the graphene scaffolds. Additionally, the
surfaces of the materials form continuous GNP lubrication
films and improve its frictional properties [49]. Akin et al.
proved that the GNP microstructures that surround ma-
trix particles can promote their dispersion and improve
the relative density and mechanical properties of compos-
ites [55]. Yuan Gao et al. mentioned that GO can promote
more stable dispersion of MWCNT due to their interactions,
and they investigated the optimal ultrasonic dispersion pa-
rameters of GO/MWCNT in the dispersed cementing mate-
rial [56].

2.3 Covalent and non-covalent
functionalization combination

Covalent and non-covalent functionalisation each have
their own advantages and disadvantages. Covalent func-
tionalisation is extremely effective in adjusting the surface
physical and chemical properties of nanocarbon. However,
the experimental steps are considerably complicated and
easily damage the nanocarbon structure. Non-covalent
functionalisation is cost-effective and easy to operate;
however, non-covalent bonding is relatively weak. To com-
bine the advantages of both techniques, a new method
that combines covalent and non-covalent functionalisa-
tion has been developed [57].

Ghobadi et al. dispersed CNTs uniformly by adding
boehmite [41]. The boehmite formula is -AIOOH, which
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is the precursor of 4-Al;03. This formula has been widely
used in composites, ceramic materials, protective coat-
ings, and semiconductors [58-62]. The SDS charges the
CNT surface negatively, and the stable sol of boehmite
is a positively charged nanoparticle. When the two are
mixed, boehmite adsorbs onto the surface of the CNT, re-
sulting in four advantages to improve ceramic matrix com-
posites [41]. (I) The density difference between the CNT
and alumina particles will be reduced because the den-
sity of boehmite is higher than that of CNT. (II) Because
CNT is trapped by matrix particles, its mobility decreases,
which hinders aggregation. (III) The interface formed by
the boehmite that adsorbs onto the CNT surface replaces
the CNT-CNT and CNT-matrix interfaces, and the proper-
ties of the composites can be enhanced because the CNT-
CNT interface is extremely weak. (IV) The boehmite on
the CNT surface hinders the aggregation of CNT [63]. Chen
et al. created a mixture of polyethyleneimine (PEI), tan-
nic acid (TA), and MWCNT in aqueous solution at room
temperature to produce TA-PEI-MWCNT [57]. It is found
that the phenolic group of TA reacts with the amino group
of PEI to form a cross-linked network, which is adsorbed
onto the surface of the MWCNT. In the subsequent cur-
ing reaction, the PEI groups on the MWCNT surface re-
act with the epoxy groups of epoxy resins to form cova-
lent bonds. In this process, the advantages of covalent and
non-covalent functionalisation are fully combined. First,
the TA-PEI on the surface of the MWCNT can prevent
MWCNT aggregation and minimise the damage caused to
the MWCNT by the epoxy resins. Second, the reaction be-
tween the TA-PEI and epoxy resins enhances the MWCNT-
epoxy resin interaction. Ma et al. produced a reaction be-

tween vinylcarbazole-glycidyl methacrylate and GNS [64].

The vinylcarbazole in VCz-glycidylmethacrylate absorbs
onto the graphene surface by 71-7 interactions to promote
the dispersion of the GNS. When epoxide reacts with the
GNS, the interaction between the GNS and the epoxy ma-
trix is enhanced. Through the combined covalent and
non-covalent functionalisation mechanism, the GNS is dis-
persed uniformly.

3 Interface mechanism of
nanocarbon reinforced ceramic
matrix composites

The interface is the complex transition zone between

the reinforcing phase and the matrix. Proper interface
strength is the basis of strengthening and toughening

mechanisms, such as stripping, pull-out, and crack bridg-
ing. These mechanisms dissipate energy during the load-
ing process [65-68]. It’s worth noting that the best inter-
face strength is not the strongest but the most appropriate.
Some weak and strong interfaces are unable to reinforce
ceramics [33, 69, 70].

3.1 Non-chemical combination

To obtain a certain interface strength, three key points
are considered when designing the structure of nanocar-
bon: the surface roughness, the contact area, and the in-
teraction between the nanocarbon and the matrix inter-
face. Controlling these three factors means that the friction
force or energy dissipation between the nanocarbon and
the matrix can be controlled. How to control these factors
remains an open question. Some specific methods of con-
trolling these factors will be introduced in the next step.

(I) The application of folds. In rtGO-B,C composites,
Liu et al. find that the reinforcement effect of rGO
with folds is extremely good. First, the graphene in-
terfaces lids more easily than does the matrix caus-
ing weak graphene—ceramic interface bonding. Sec-
ond, graphene with a high specific area can resist
stress when it is interwoven to form a lubricant net-
work, which performs an important function in en-
hancing the toughness of ceramic materials. Third,
graphene sheets with folds can wrap the matrix par-
ticles more tightly, improving the interface friction
and bonding to influence the local stress. Fourth,
the folded rGO enhances the stress transfer through
mechanical interlocking. Because of the above fac-
tors, the pulled-out graphene consumes more en-
ergy than do ordinary fillers and enhances the crack
elongation resistance [29, 71]. In GNS-Al,03 com-
posites, the matrix contains folded and intercon-
nected GNS. Under an applied load, the folded GNS
plane slides along the base plane without any dis-
location movement. Therefore, it is easy for cracks
to propagate if the GNS is distributed along the
grain boundaries, and as a result, an intergranular
fracture is produced [72]. Folds can be formed by
grapheme lattice deformation, which is caused by at-
tached functional groups (OH) or as a result of GNS
stacking, accumulation during matrix grain growth,
and reaction at the interface [73]. An ideal MWCNT
that has a smooth surface is considerably easy to
slide among the walls, preventing toughening be-
haviour. An imperfect MWCNT can provide effective
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(D)

load transfer and improve the material strength and
toughness [74]. Yamamoto et al. find that the sur-
face morphology of MWCNT can be altered by acid
treatment [75]. A certain degree of acid treatment
will not destroy the MWCNT structure; however, it
produces nano-pits in the local area. These pits are
filled with matrix particles, which can fix MWCNT,
forming mechanical interlocking, providing effec-
tive loading transfer and increasing the sliding re-
sistance of MWCNT on the substrate [43]. Estili et al.
report that the loading transfer at the interface be-
tween the MWCNT and the matrix is controlled by
the interfacial shear mechanism, and the higher the
interfacial shear resistance, the greater is the load-
ing transfer [67], which originates from the struc-
tural unevenness between the MWCNT and the ma-
trix, the mechanical interlocking, and the formation
of chemical bonds at the interface.

The interaction between matrix grains and nanocar-
bon. Recent studies show that nanocarbon embed-
ded into matrix particles, rather than at the inter-

face, may also yield a better reinforcing effect [76].

Ahmad et al. show that if the matrix cracks, the
CNT located at the grain boundary and closely con-
nected to the matrix will undergo elastic deforma-

tion, which enhances the energy dissipation [68].

Liu et al. find that when graphene is anchored at
the grain boundaries of matrix particles, these par-
ticles (adjacent to graphene) exert stress on the
graphene, causing it to bend and embed among
the particles. Then, the bond between the matrix
particles and graphene becomes closer, increasing
the contact area and enhancing the friction [65].
Wu et al. prepare a multi-layered structure with a
micron-sized length at the grain boundary of ZrB,
called a grapheme nanoribbon (GNR). The GNR may
be formed by the chain-breaking and collapse of
MWCNT under the influence of residual stress or dur-
ing the grain growth, and it deflects cracks into a tor-
tuous path, which extends the crack length and re-
duces the stress concentration to consume the frac-
ture energy [43, 77]. Graphene has self-lubricating
properties. The circular grains appearing in the com-
posites will promote deformation or sliding among
the grains because circular grains are easier to
slide than are faceted grains [72]. In addition, the
MWCNT can provide three-dimensional channels to
promote the grain boundary pinning effect, delay
grain growth, induce densification and release resid-
ual stress [43]. Ahmad et al. prepare CNT-Al, O3 com-
posites and find that the CNTs are not only at the

DE GRUYTER
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Figure 3: 2D model of SWCNT and Al, O3 particles [80]

grain boundaries but are also within the grains [78].
After CNTs are embedded into alumina particles,
they are compressed radially and tensile stressed cir-
cumferentially during sintering and cooling because
their thermal expansion coefficients differ from that
of the matrix. Therefore, the cracks caused by pro-
cessing are attracted to CNT through circumferential
tension, which reinforces the composites. However,
if the CNT is only embedded in grains with short
lengths, it will not produce a strengthening effect [4].
In addition to the above common mechanisms, in
the study of HaibaoLu et al., the crack propagation
insides the multi-layer nanocomposites is observed
and the composites of multi-layers of the nanopaper
and SMP (shape memory polymer) matrix have four
interfaces enhancing the interface bonding. This is
seems to be another idea to improve interface [79].

(IIT) The contact area between the nanocarbon and ma-

trix. Zapata-Solvas et al. study the distribution of
SWCNTs along the grain boundary of Al,03 and es-
tablish a model with which to express the contact ra-
tio between SWCNT and Al, O3 particles, as shown in
Figure 3 [80].

Assuming that the SWCNT is uniform, the average

grain size of hexagonal grains is denoted as ‘d’, the height
is ‘I, the average diameter of the SWCNTs is ‘W’, and the
number of SWCNTs in each hexagon is ‘n’. The volume frac-
tion of SWCNTSs can be expressed as follows.

naw?

feo M

nmw2 + @dz
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The surface fraction of Al, 03 grains that come into contact
with the SWCNT is calculated by the following.

_ naw
- 2dV3 @

The interfacial strength of composites should not be ex-
tremely high. Shirasu et al. mention that a high-interfacial
strength matrix will fracture MWCNTs because the load
on the MWCNTs exceeds the limit, and the energy con-
sumption during pull-out will be reduced [33]. Appropri-
ate interfacial strength reduction can ensure that the MWC-
NTs are pulled-out before the fracture to achieve the rein-
forcement of composite materials [33]. Bocanegra-Bernal
et al. also explained that extremely strong interface bond-
ing will yield brittle ceramics [23]. Sometimes, choosing
carbon nanoparticles differing from the matrix in terms
of thermal expansion coefficients will cause interface mis-
matching, reducing the interface strength during sinter-
ing [25]. The interfacial strength of composites can be ap-
proximately calculated based on the protruding a nocar-
bon length. Shirasu et al. studied the relationship between
the protrusion length and the interface strength [33]. Ac-
cording to the assumption of Kelly-Tyson, the relationship
can be expressed by the following equation:

_ I'Ocnt _ TOcNT 3)

ST T AL

In this formula, r is the MWCNT radius, o ¢yt is the MWCNT
tensile strength, L. is the critical maximum MWCNT
length, and Ly is the prominent length.

Finally, the effect of defects on the interfaces of com-
posites should be noted. Voids should be taken seriously in
graphene-toughened composite investigations. The voids
will promote the initiation of cracks under lower loads
and reduce the strength [81]; however, Michalek et al.
noted that the effect of 0-2% porosity on the mechanical
properties of MWCNT-Al,05-ZrO, composites can be ne-
glected [1]. The effect of introducing a point defect on 7, is
reported as follows:

Fmax (4)

T =
b 27rlomp

Where Fpax is the maximum measuring force applied to
the CNT and I, is the length of the CNT embedded in
the matrix. This formula can provide an effective strategy

for improving nanocarbon-reinforced ceramic matrix com-

posites [82]. But in boron nitride sheet, it will result in a
sharp decrease in mechanical performance when defect
percentage is greater than 1% [83]. Xia et al. explained

that the elastic modulus of composites will decrease be-

cause of the low elastic modulus of rGO and the presence
of voids [71]. When reinforcement phases (such as GPL or

CNT) do not tightly bond with the matrix, voids may form
at the interface [65]. Because of differences in thermal ex-
pansion coefficients and shrinkage ratios of the interface
between the reinforced phase and ceramic matrix during
the cooling process, the contact area between the rein-
forcement phase and matrix will be reduced, cracks will
initiate easily, and the strength of the composites will be re-
duced. It has been found that there more holes are formed
at the interface between thick GPL and a ceramic matrix be-
cause the toughness of thick GPL is lower than that of thin
GPL. However, some studies show that a certain number of
voids in rGO is beneficial to enhancing the interface bond-
ing. Because rGO has more wrinkles and defects than do
graphene sheets, its defects can enhance the chemical in-
teraction with B,C grains [29]. More attention should also
be focused on the change in the shape of graphene parti-
cles.

3.2 Reaction bonding

Reaction bonding is a method of enhancing the interface
by chemical reactions. Normally, there are two methods:
one is removing the included oxide through chemical reac-
tion, and the other is establishing covalent connections be-
tween the nanocarbon and matrix. Generally, inclusions at
the interface will affect the interfacial strength of compos-
ites. These inclusions can be removed by chemical reac-
tion with nanocarbon, improving the interfacial bonding
degree [84]. GPL can use its self-lubrication characteristics
to stimulate the rearrangement of B3 C particles, and it can
remove oxide inclusions through interfacial reactions. The
two characteristics can tightly bond the interface of GPL
and matrix to strengthen and toughen composite materi-
als [85]. Ahmad et al. found the following reactions at the
CNT-Al, O3 interface [68].

Al, 03 < 2A10(g) + 0(g) (R1)
Al,03 + 2C < 2A10(g) + 2C0(g) (R2)
Al,0(g) + C & Al,0C (R3)
2A1,05 + 3C < Al,0,C + 2CO(g) (R4)
Al,04C + 6C < Al4C3 = 4CO(g) (R5)

It is difficult for materials to diffuse and form a meso-phase
if they are rapidly sintered through a high-frequency induc-
tion heating sintering (HFIHS) process; hence, the above
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reaction will not occur [72]. In addition, Ahmad et al. ex-
plained that Al,OC has high chemical compatibility with
the CNT and matrix and can transfer loads well, and ac-
cordingly, the high elasticity of CNT is used fully [45]. Asl
et al. reported that in composites, oxides not only reduce
the density of ceramics but also stimulate grain growth.
Graphene can eliminate oxidised impurities through inter-
facial reactions. Chemical reactions exist in SiC-ZrB, com-
posites to eliminate impurities produced by oxidising [86].

R6Zr05(s) + B,03(1) + 5(s) = ZrB,(s) + 5CO(g)(R6) (R6)

In some situation, chemical reactions may be adverse.
The reaction between GPL and preheated ceramic dur-
ing high-temperature pyrolysis will reduce the interface
strength because the pre-ceramic with remarkable viscos-
ity and fluidity can reduce the resistance of the impregna-
tion process, promoting dispersion [87]. A macroporous
graphene network solves this problem by reducing the
tolerance of the impregnation process. Additionally, a ce-
ramic slurry can hinder the reaction [87].

In addition, chemical bonds can be formed by the re-
action between carbon nanoparticles and the matrix to en-
hance interfacial bonding. The functional groups on the
initial GO surface can promote better interface bonding be-
tween the outer layer of rGO laminates and ceramic sur-
faces [66]. Zeng et al. found that the Zr-O-C chemical bond
is formed at the interface of GO-ZrO, composites [88]. This
is attributed to the formation of large oxygen vacancies at
the bottom of ZrO, upon sintering doping with rare earth
(yttrium oxide) under a high-vacuum and anoxic atmo-
sphere. Then, the unstable oxygen vacancies disappear af-
ter being filled with oxygen because they break the C-O-H
hydrogen bond. The chemical bond will lead to more en-
ergy consumption during crack propagation and improve
the fracture toughness of composites. When Morisada et al.
prepare MWCNT-SiC composites, the adhesion between
the MWCNT and matrix is improved by coating the MWCNT
with SiC [89]. First, the surface of the MWCNT transforms
into SiC, and thereafter, nano-sized SiC is deposited in a
thin SiC layer. A thicker SiC layer can be obtained through
the following reaction.

Si0(g) + 2C(MWCNT) — SiC(s) + CO(g) (R7)

The original surface of the MWCNT is extremely smooth,
but several SiC particles can form on the MWCNT surface

by the following reaction.
Si0(g) + 3CO — SiC(s) + 2CO(g) (R8)

Through this reaction, the MWCNT surface becomes rough,
and the mechanical properties of the composites are en-
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hanced. Jung-Hoo et al. find that in SWCNT-Al, 03 compos-
ites, forming a C—-0-Al (or COOALl) bond without any inter-
facial phase promotes tight bonding between SWCNT and
Al, 05 grains [90]. Wozniak et al. prepare surface-modified
rGO-Al,03 composites. It is found that the mechanical
properties of the composites exhibit better results than do
GO-Al,03 composites without surface modification [91].
The interfacial adhesion of modified composites is good,
which effectively prevents the formation of voids at the in-
terface and improves the mechanical properties of compos-
ites. However, in GO without modification, the interface
bonding strength is further reduced because of the pores
caused by differences in thermal expansion coefficients.

3.3 Interfacial microstructure and formation
principle

The unique structure formed by carbon nanoparticles in
composite materials has a good effect on strengthening the
interfacial bonding of composite materials. Huang et al.
mention that laminated composite materials can improve
mechanical properties [92]. In their experiments, the GO
layers are distorted and deflected between the SiC grains
during hot pressing without being destroyed. The rGO lay-
ers deform because the extrusion during the sintering pro-
cess dissipates the fracture energy by prolonging the prop-
agation path of the fracture, which improves the flexural
strength and toughness. However, other studies show that
layered structures may reduce the mechanical properties
of composites. Zhao et al. report that the laminar structure
in GNP-BCP composites reduces the mechanical proper-
ties [93]. Because of the external pressure and powder flow
during the HP, the GNP is distributed along the direction
perpendicular to the HP. When a crack encounters the GNP,
it may propagate along the interfaces among the GNP lay-
ers or between the GNP and BCP matrices; however, the
GNP will not be pulled out, which can limit its toughen-
ing effect. Zeng et al. mention that when grapheme aggre-
gates into several layers, cracks will penetrate it to reduce
the energy consumption so that the pulling-out effect of
graphene is reduced. Although more layers can reduce the
defect concentration, the more layers of graphene that ag-
gregate, the less energy is consumed [88]. Michélkova et
al. explain that the Young’s modulus of graphene contain-
ing several layers is considerably lower than that of single-
layer graphene, and the Young’s modulus significantly in-
fluences the fracture toughness of composites [94]. Gen-
erally, the modulus of CNTs are scaled according to their
length, so scholars have stretched pre-CNT to enhance its
strength [95, 96]. Han et al. report that 3D CNT scaf folds re-
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Figure 4: (a) The transformation of the tetragonal phase into the monoclinic phase; (b) Microcrack toughening [99]

inforce SiC-BCN composites [53]. Numerous CNT bundles
are observed, and certain parallel CNT bundles are at the
root of the vertical bundle. These single CNT bundles ex-
hibit a 3Dstructure. There are three steps in the fracture
process: (I) crack initiation and bridging; (II) pulling out
of the CNT bunches; and (III) crack propagation and CNT
bunch fracturing. In step (I), the cracks propagate along
the interface between the parallel bunches and the ma-
trix. In step (II), in order to bear the maximum loading and
pull out from the matrix, the parallel CNT bunches begin
to align along the stress direction, and fractures rarely oc-
cur during this process. Only when the stress exceeds the
strength of the CNT do the CNT bunches fail because of
the strong bond between the CNT and ceramics. The 3D
structure makes full use of the strength and toughness of
the CNT, increases the interfacial shear force, improves the
stress transfer and realises stress distribution on a single
CNT [53]. However, if the graphene filler exceeds the per-
meability limit, then it will form a three-dimensional net-
work that will cause failure of the bridging mechanism and
reduce the properties of the composite material [97].

Ramirez et al. find that when cracks are bridged,
smaller rGO layers are pulled out and larger rGO layers
strongly bond with the matrix because of its ripples and ex-
tremely high aspect ratio, which can provide highly effec-
tive crack wake bridging and extraordinary rGO nanocom-
posite toughness [66]. For the aspect of bridging, the rGO
should be as small and thin as possible to improve the frac-
ture toughness because the smaller the GO is, the more
graphene materials are used to bridge cracks in the same
volume fraction [98]. However, Ovid’ko et al. explained
that graphene with a wide width, extensive length, and
high strength effectively improves the energy dissipation
associated with plastic deformation during the pull-out
process, because cracks cannot penetrate graphene, and
the geometrical shapes of grapheme indicate that they are
difficult to pull out; therefore, the effective energy dissipa-
tion associated with plastic deformation during the pull-
out process aids in improving the toughness (Figure 4) [99].
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Figure 5: (a) Al,03; (b) Al;03-0.75 wt% GNP; (c) GNP winding around Al, 05 grains [2]

4 Toughening mechanisms of
nanocarbon toughened ceramic
matrix composites

4.1 Fine-grained strengthening

Fine-grained strengthening is a method commonly used
for nanocarbon to strengthen and toughen composites [2,
100-103]. Nanocarbon is usually located at the grain
boundary, allowing it to provide a pinning effect, which
can not only promote nanocarbon dispersion but also in-
hibit grain growth. According to the Hall-Petch formula,
the strengthening effect of grain refinement is extremely
evident. There are three important factors that influence
the effect of fine-grained strengthening: the geometric
shape, the content of nanocarbon, and the temperature
and oxide impurities.

Os = 0; + kd 2 (5)

The first influencing factor is the nanocarbon content. Ah-
mad et al. mention that the grain size of Al,03 will sud-

denly decrease with the addition of a low amount of CNT.
The decrease is mainly caused by the grain boundary pin-
ning effect. However, the grain size won’t decrease unceas-
ingly as the content of CNT increases because the CNT
concentration only increases at the grain boundary; how-
ever, this does not increase the number of pinned bound-
aries [45]. Shin et al. found that the grain size of Al, 03 de-
creases with the increase of the rGO amount, as long as
they are uniformly dispersed in SWCNT-rGO-Al,03 com-
posites [90]. Therefore, the number of pinned boundaries
can be increased by promoting nanocarbon dispersion.
The second influencing factor is the geometric shape.
rGO refines Al, 03 grains better than does SWCNT because
its geometric shape is more favourable for the grain bound-
ary pinning effect [90]. Apart from the pinning effect,
nanocarbon (graphene, GO, rGO) winding at grain bound-
aries can effectively inhibit grain growth and promote dis-
persion [2, 104]. The winding mechanism is attributed to
the large specific surface area of nanocarbon. In addition,
as presented in Figure 5, this mechanism not only refines
grains but also increases the energy consumption during
pulling out. Furthermore, it increases the contact area be-
tween the GNP and matrix particles [2]. Inam et al. report
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that CNTs form a strong entanglement network in CNT-
Al, O3 composites to hinder the grain growth, such that the
grain size of Al,05 is reduced by approximately 10 times,
and the properties of the composites can be improved [105].
Yamamoto et al. compared MWCNT-Al, 03 composites be-
fore and after acid treatment. They find that acid treatment
does not change the grain refinement of MWCNT in Al, O3
particles [75]. Liu et al. reported that GNS with a large spe-
cific surface area can effectively inhibit grain growth. It
is found that TiC particles practically stop growing in the
presence of thin GNS [106]. The ratio of the GNS size is
the most important factor hindering the grain growth. If
the ratio is extremely small, grain boundary migration will
not occur, and grain growth will be prevented. Therefore,
a thin-layer structure is more effective in inhibiting grain
boundary migration than is a cubic structure of the same
volume. On this basis, the proportion required for com-
pletely preventing the grain growth is investigated.
d

D=2

7 ©

In the above equation, D is the average grain size, and d
and V, are the second-phase particle size and volume con-
tent, respectively.

The third influencing factor is the temperature and ox-
ide impurities. Sedlk et al. showed that high-temperature
hot pressing usually results in grain coarsening [107]. Asl
et al. mentioned that oxide impurities not only hinder den-
sification but also promote grain growth [86]. However,
these oxide impurities can be removed through interfacial
reactions. Yavas et al. highlighted that the faster the heat-
ing rate, the smaller will be the grain size [108]. Cryogenic
high-pressure preparations can inhibit grain growth [29].

4.2 Second-phase strengthening

In nanocarbon ceramic matrix composites, second-phase
strengthening produces a great effect, and it mainly plays
the role of crack deflection. Crack deflection or crack bi-
furcation may occur when a crack encounters nanocar-
bon. When the crack propagates in the matrix and encoun-
ters nanocarbon, the nanocarbon will usually deflect the
crack at a certain angle. In this way, the crack-propagating
fracture energy is consumed, the crack-propagating rate
is reduced, and the toughness of the composite is en-
hanced [100]. Ming Lei et al. studied the obstacles of
fillers on the crack propagation in detail [109]. Another
common mechanism is crack bifurcation, which occurs
at the graphene—-ceramic interface when crack propaga-
tion encounters graphene sheets [87, 110]. The main crack

extends along the vertical direction, and the bifurcation
crack extends along the graphene—ceramic interface. The
bifurcation crack is terminated when a micro-crack is
formed at the end of the interface and can be deflected
at 90° to extend to the ceramic matrix, which benefits the
stress propagation at the corner. Afterward, the new crack
propagates parallel to the main crack. When the graphene
sheets are distributed horizontally, the new crack will de-
flect along the sheet and then converge with the main
crack. If the new crack deflection encounters only one
graphene sheet, a quadrilateral crack propagation path
will appear. A polygon deflection path will appear when
the crack encounters multiple layers of graphene. With
continuous crack bifurcation, the crack propagation path
considerably extends, consuming fracture energy and im-
proving the toughness of the composite [87, 110]. In addi-
tion, when the second-phase particles wraparound the ma-
trix particles, a continuous graphene wall will form along
the grain boundary, and this can change the direction of
the crack as it propagate from two-dimensional to three-
dimensional space (Figure 6) [42]. If the second-phase par-
ticle size is extremely small, then crack deflection will not
become the primary toughening mechanism [111].

In some situations, second-phase strengthening plays
another role. When the uniformly dispersed second-phase
particles are firmly bound to matrix particles, the stress
can be transferred among the grains, and the failure mode
can be changed to transgranular fracturing [72]. Nisar et
al. reported that the addition of second-phase particles
causes interfacial stress, enhances the integrity and tough-
ness of the structure and reduces the tensile stress act-
ing on the matrix, which improves the toughness [112].
Ramirez et al. revealed that under a strong confined shear
field of the indenter, shear fracture may occur along the
graphene-Si3 N, interface at the contact damage zone and
prevent the formation of long cracks [70]. Ipek et al. inves-
tigated TiB,-SiC—-GNP composites and find that the GNP
effectively strengthen and toughen the composites when
they surround matrix particles. In addition, strengthen-
ing and toughening mechanisms (such as crack deflection,
branching, and SiC pull-out) are observed in the compos-
ites [55]. The matrix particles surrounded by grapheme
can connect the graphene to several matrix particles and
form complex anchorage to provide higher interfacial re-
sistance and increase the energy required for graphene
pull-out [72]. The GPL is pulled out from the matrix not
only by cracking but also when the graphene layers of
GPL slide, decreasing the toughening effect [111]. Ming Lei
et al. added MWCNTs/CNFs with skeletal structure to the
polymer polystyrene and studied the micro-motion mech-
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Figure 6: Toughening mechanisms in GPL-SizN, nanocomposites. (a)Micro-hardness testing resulting in a crack. (b) Crack following a
tortuous crack propagation path. (c) 3D toughening mechanisms of the GPL-Si3N, nanocomposite [42]

anism insides the CNT/CNF composite system to explain
the reason of improvement of mechanical properties [113].

4.3 Pull-out and bridging mechanisms

Pull-out and bridging are common reinforcement mecha-
nisms in nanocarbon-reinforced ceramic matrix compos-

ites [80, 97, 114-116]. Crack bridging occurs during matrix
cracking. The crack surface is connected by the two ends of
the nanocarbon. As the distance between the two walls of

the crack increases, the nanocarbon begins to deform. Dur-

ing the whole process, the two segments of nanocarbon
are closely attached to the matrix and consume the crack
propagation energy. Before reaching the deformation limit
of the nanocarbon, a pull-out may arise and consume the
fracture energy, or nanocarbon debonding accompanied
by crack bridging may occur. In this process, defects will

affect the movement of carbon nanotubes and further af-
fect energy dissipation, Xiaotian Lin et al. studied this phe-
nomenon [117]. Ramirez et al. investigated the condition of
elastic mismatching and find that debonding occurs when
the interface port area is less than 1/3 of the fracture en-
ergy of grapheme [97]. Mukhopadhyay et al. stated that ex-
foliation occurs in the matrix, not at the MWCNT-matrix
interface [115].

Ahmad et al. reported the energy absorption of CNTs
during the pull-out process [45]. On the premise that the
two ends of the CNT are firmly connected with the matrix
particles, the CNT can bear 40% of the strain before frac-
turing when the material undergoes deformation. When
the material deformation exceeds the maximum load that
the CNT can bear, the CNT will collapse. In this process,
the CNT absorbs a considerable amount of energy because
of its high elasticity modulus and deformation ability, im-
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proving the toughness of the composite. The key in this
enhancement mechanism is the strong interface between
the CNT and matrix. The pull-out toughening mechanism
of the GNS is extremely complex and involves several pro-
cesses. The outermost layer of the GNS tightly bonds with
the matrix, and it consumes a significant amount of en-
ergy during crack propagation. After the matrix rupture,
the load transfers to the inner part of the GNS. Because
of particle entanglement, the inner GNS is fixed in the ma-

trix. After deformation, it may disentangle from the matrix.

Finally, the broken GNS layer can cause a stick-slip phe-
nomenon of carbon atoms under the interlayer friction dur-
ing movement [73]. Similarly, MWCNT has an analogous
mechanism. Estili et al. discover the multi-wall failure
mechanism of the MWCNT in MWCNT-Al, O3 composites
during the crack-bridging process [118]. They report that
when the crack passes through the MWCNT, the MWCNT
can bridge the crack and deflect it around the radial inter-
face of the MWCNT. Subsequently, the MWCNT bridges the
crack and bears the applied load by means of strong inter-
facial shear resistance. This approach transfers the load

not only to the outermost wall but also to the inner wall.

Thus, it significantly improves the carrying capacity of the
MWCNT. It should be noted that this high-energy dissipa-
tion multi-wall failure can only be achieved in the absence
of holes and 3D structures. Recent studies report that ul-
tralight nanoporous graphene with 3D structure has great
potential for toughening ceramic-based materials because
of its high strength and elastic modulus [119, 120]. In ad-
dition, Wu et al. explain that in composites, the thermal
mismatch compressive stress caused by sintering results
in the radial deformation of the MWCNT, causing the inner
wall to bear the load and greatly improving the bearing ca-
pacity of the MWCNT [43].

4.4 The joint action of multiple mechanisms

When several mechanisms act collectively, the mechanical
properties of composites can be greatly improved [93]. In
GNP-BCP composites, crack deflection and branching or
crossing of the GNP may occur when crack propagation
encounters the GNP. After crossing the GNP, the interface
along the crack propagation path will peel off. These ef-
fects can extremely prolong the crack propagation path
and consume the energy of crack propagation. Finally,
when the crack completely crosses the GNP, crack bridging
will occur, and the energy of crack propagation will con-
tinue until the GNP breaks or is pulled out. When the driv-
ing force of crack propagation is insufficient, it will stop
earlier.

However, when the GNP is not parallel to the stress di-
rection for bridging, the GNP will bend at the crack point
in the matrix, leading to premature failure of the crack
surface and preventing the GNP from being pulled out. It
should be noted that when the GNP is parallel to the direc-
tion of crack propagation, a series of strengthening mecha-
nisms will not work [115]. Bahareh et al. reported the syner-
gistic enhancement of CNTs and GNPs in GNT(GNP+CNT)-
Al, 03 composites [121]. It is found that the CNT is embed-
ded in the surface of the GNP sheets and exists around
the grain boundary, which makes the CNT bind to the ma-
trix interface closely, hinders grain growth, inhibits grain
boundary movement and changes the fracture mode from
intergranular to transgranular fracturing. The GNPs and
CNTs produce the effects of grain refinement and inter-
face strengthening, respectively. The GNP tightly bonds
with the Al, 03 grains because of its flexibility and large in-
terface area, increasing the interface friction between the
GNP and matrix and promoting the consumption of energy
required to pullout the GNP during the fracture process. Be-
cause of its high aspect ratio, the CNT stretches longer than
does the GNP during the collapse; hence, it provides a con-
tribution to bridging the matrix grains. Consequently, the
two mechanisms work together to significantly improve
the properties of composites.

5 Research prospects

Some progress in nanocarbon-reinforced ceramic matrix
composites has been achieved so far; moreover, the poten-
tial of improving mechanical properties has also been pre-
sented. Currently, studies on nanocarbon-reinforced ce-
ramic matrix composites focus on improving the fracture
toughness of the composites by improving the preparation
methods, interfacial bonding, and design of microstruc-
tures. However, the problems that involve the aggrega-
tion of carbon nanoparticles and weak interfacial bond-
ing remain unsolved. In this paper, the research progress
of nanocarbon-reinforced ceramic matrix composites is
reviewed. The mechanisms of strengthening and tough-
ening nanocarbon-reinforced ceramic matrix composites-
nanocarbon dispersion, interface bonding and the micro-
toughness mechanism of nanocarbon-reinforced ceramic
matrix composites-are summarised.



204 =— Y.liuetal

(1) Carbon nanoparticle dispersion
mechanism

Because of its high aspect ratio, surface energy and van
der Waals forces, nanocarbon easily aggregates, which
critically affects the mechanical properties of composites.
At present, the surfaces of carbon nanoparticles can be
charged by covalent functionalisation to hinder the aggre-
gation caused by van der Waals forces, which makes the
nanocarbon disperse better. For example, covalent func-
tionalisation can be achieved by the preparation of hybrid
carbon nanocomposites. It is expected that the combina-
tion of covalent and non-covalent functionalisation may
be improved and become a better method in the future.
Well-dispersed nanocarbon can allow the complete devel-
opment of strengthening and toughening mechanisms, in-
cluding fine grain strengthening, second-phase strength-
ening, pull-out, and bridging in the ceramic matrix. As a
result, the properties of ceramic matrix composites can be
significantly improved. However, when nanocarbon is ag-
gregated or not uniformly dispersed, it not only fails to en-
hance the mechanisms but also produces defects in the
composites, causing stress concentration or matrix split-
ting, which reduces the mechanical properties of compos-
ites. Therefore, the good dispersion of nanocarbon is the
foundation of nanocarbon-reinforced and-toughened ce-
ramic matrix composites.

(2) Interface mechanism design

In controlling the interface of ceramic matrix composites,
attention should be focused on determining the proper
interfacial strength. When the interfacial strength is ex-
tremely low, interfacial debonding can easily occur dur-
ing the pull-out and bridging processes. Consequently,
strengthening and toughening mechanisms will be unable
to perform their supposed functions. If the interface is ex-
tremely strong and if a considerable difference between
the elastic modulus values of the carbon nanoparticles
and matrix exists, then cracks will form and propagate
rapidly in the cross-section, thereby leading to brittle frac-
turing. In this situation, there will be no additional en-
ergy consumption, and the nanocarbon will not be able
to perform its strengthening and toughening functions. To
achieve a good interface bonding in ceramic matrix com-
posites, it is imperative to control the contact area, surface
roughness and interface bonding. In mechanical bonding,
nanocarbon has a large specific surface area and extreme
surface roughness, so it can promote interfacial bonding
by embedding in the matrix grain and through the for-
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mation of 3D scaffolds. In reaction bonding, it can also
promote interfacial reactions to remove oxide inclusions
upon increasing the heating temperature and prolonging
the heating time, which can either further promote inter-
facial bonding or induce the formation of chemical bonds
among the carbon nanoparticles (which react with the ma-
trix).

(3) Strengthening and toughening
mechanisms

Among nanocarbon-reinforced ceramic matrix compos-
ites, the common mechanisms are fine-grained strength-
ening, pull-out strengthening, bridging strengthening and
second-phase strengthening, which are based on good
nanocarbon dispersion. The above mentioned mecha-
nisms substantially increase the energy dissipation during
material fracture. For pull-out strengthening and bridging
strengthening, better interface bonding is necessary. If the
interface bonding is extremely weak, then debonding will
occur. The combination of various mechanisms produces
excellent strengthening effects, which require good carbon
nanoparticle dispersion and strong interfacial bonding in
composites. Graphene and CNTs have distinct differences
in terms of strengthening and toughening ceramic matri-
ces. Although both can perform well in grain refinement,
CNTs can only hinder grain growth, whereas graphene can
hinder grain growth and wraparound the grains, which
indicates that graphene can refine grains better than can
CNTs. In addition, the CNTs tend to produce pull-out and
bridging effects that are stronger than those of graphene.
From another aspect, graphene is more effective in pro-
moting crack deflection because of its large specific sur-
face area. When both of these materials work together,
the optimal strengthening and toughening effect can be
achieved in all stages. In the process, graphene performs
a major function in grain refinement and crack deflection,
and the CNTs perform better in bridging and pull-out. Ac-
cordingly, the ideal strengthening and toughening effects
can be achieved.

Acknowledgement: This work was supported by Key
Laboratory of Infrared Imaging Materials and Detectors,
Shanghai Institute of Technical Physics, Chinese Academy
of Sciences (No. IMDKFJJ-17-06), the National Natural Sci-
ence Foundation of China (No. 51201143), and the China
Postdoctoral Science Foundation (Nos. 2015M570794 and
2018T110993).



DE GRUYTER Properties and strengthening—toughening mechanism of nanocarbon-toughened ceramic matrix composites =—— 205

References

(1

(2]

(3]

[4]

(6]

7]

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Michalek M., KaSiarova M., Michalkova M., Galusek D., Mechani-
cal and functional properties of Al;03-ZrO,—MWCNTs nanocom-
posites, ). Eur. Ceram. Soc., 2014, 34, 3329-3337.

Ahmad I., Islam M., Subhani T., Zhu Y., Characterization of
GNP-Containing Al,03 Nanocomposites Fabricated via High
Frequency-Induction Heat Sintering Route, ). Mater. Eng. Per-
form., 2015, 24, 4236-4243.

Saheb N., Mohammad K., Hard and tough Al,03-SiC-CNT hybrid
ceramic nanocomposite produced by molecular level mixing and
spark plasma sintering, ] Aust Ceram Soc, 2017, 54, 401-410.
Bocanegra-Bernal M.H., Dominguez-Rios C., Echeberria J., Reyes-
Rojas A., Garcia-Reyes A., Aguilar-Elguezabal A., Spark plasma
sintering of multi-, single/double- and single-walled carbon
nanotube-reinforced alumina composites: Is it justifiable the
effort to reinforce them?, Ceram. Int., 2016, 42, 2054-2062.
LiuJ., Guo H., SuY., Wang L., Wei L., Yang G. et al., Spark plasma
sintering of graphene platelet reinforced zirconia composites
with improved mechanical performance, Mater. Sci. Eng., A, 2017,
688, 70-75.

Llorente J., Roman-Manso B., Miranzo P., Belmonte M., Tribologi-
cal performance under dry sliding conditions of graphene/silicon
carbide composites, ). Eur. Ceram. Soc., 2016, 36, 429-435.
Balazsi C., Fogarassy Z., Tapaszt6 O., Kailer A., Schrdder C., Par-
choviansky M. et al., SizN,/graphene nanocomposites for tribo-
logical application in aqueous environments prepared by attritor
milling and hot pressing, ). Eur. Ceram. Soc., 2017, 37, 3797-3804.
Rutkowski P., Stobierski L., Zientara D., Jaworska L., Klimczyk P.,
Urbanik M., The influence of the graphene additive on mechani-
cal properties and wear of hot-pressed Si3 N4 matrix composites,
J. Eur. Ceram. Soc., 2015, 35, 87-94.

Miranzo P., Belmonte M., Osendi M.I., From bulk to cellular struc-
tures: A review on ceramic/graphene filler composites, J. Eur.
Ceram. Soc., 2017, 37, 3649-3672.

Picot O T., Rocha V G., Ferraro C., Ni N., D’Elia E., Meille S. et al.,
Using graphene networks to build bioinspired self-monitoring
ceramics, Nat. Commun., 2017, 8, 14425.

Obradovi¢ N., Kern F., Properties of 3Y-TZP zirconia ceramics with
graphene addition obtained by spark plasma sintering, Ceram.
Int., 2018, 44, 16931-16936.

Cho J., Boccaccini A.R., Shaffer M.S.P., Ceramic matrix compos-
ites containing carbon nanotubes, J. Mater. Sci., 2009, 44, 1934-
1951.

Inam F., Vo T., Bhat B.R., Structural stability studies of graphene
in sintered ceramic nanocomposites, Ceram. Int., 2014, 40,
16227-16233.

Simsek I N G., Nistal A., Garcia E., Pérez-Coll D., Miranzo P., Os-
endi M.1., The effect of graphene nanoplatelets on the thermal
and electrical properties of aluminum nitride ceramics, J. Eur.
Ceram. Soc., 2017, 37, 3721-3729.

Li Y., Han W., Chen G., Cheng., Yang Q., The Microstructure and
thermal diffusivity of carbon nanostructures/Si3N4 composites
processed using spark plasma sintering, Ceram. Int., 2017, 43,
3435-3438.

Hajiaboutalebi M., Rajabi M., Khanali O., Physical and mechani-
cal properties of SiC-CNTs nano-composites produced by a rapid
microwave process, ). Mater. Sci.-Mater. Electr., 2017, 28, 8986-
8992.

[17]

(18]

[19]

[20]

[21]

[22]

[23]

124

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

JangJ.U., Park H.C., Lee H.S., Khil M.S., Kim S.Y., Electrically and
Thermally Conductive Carbon Fibre Fabric Reinforced Polymer
Composites Based on Nanocarbons and an In-situ Polymerizable
Cyclic Oligoester, Sci. Rep., 2018, 8, 7659.

You J., Choi H.-H., Cho J., Son J.G., Park M., Lee S.-S. et
al., Highly thermally conductive and mechanically robust
polyamide/graphite nanoplatelet composites via mechanochem-
ical bonding techniques with plasma treatment, Compos. Sci.
Technol., 2018, 160, 245-254.

Cui J., Zhou S., Facile fabrication of highly conductive
polystyrene/nanocarbon composites with robust interconnected
network via electrostatic attraction strategy, ). Mater. Chem. C,
2018, 6, 550-557.

Hsieh T.-H., Huang Y.-S., Wang F.-X., Shen M.-Y., Impact and
after-impact properties of nanocarbon aerogels reinforced
epoxy/carbon fiber composite laminates, Compos. Struct., 2018,
206, 828-838.

Gu H., Zhang H., Ma C., Xu X., Wang Y., Wang Z. et al., Trace
electrosprayed nanopolystyrene facilitated dispersion of mul-
tiwalled carbon nanotubes: Simultaneously strengthening and
toughening epoxy, Carbon, 2019, 142, 131-140.

LiangA., Jiang X., Hong X,, Jiang Y., Shao Z., Zhu D., Recent Devel-
opments Concerning the Dispersion Methods and Mechanisms
of Graphene, Coatings, 2018, 8.

Bocanegra-Bernal M.H., Dominguez-Rios C., Echeberria J., Reyes-
Rojas A., Garcia-Reyes A., Aguilar-Elguezabal A., Effect of low-
content of carbon nanotubes on the fracture toughness and hard-
ness of carbon nanotube reinforced alumina prepared by sinter,
HIP and sinter + HIP routes, Mater. Res. Express, 2017, 4, 085004.
Aguilar-Elguézabal A., Bocanegra-Bernal M.H., Fracture behavior
of a-Al, 03 ceramics reinforced with a mixture of single-wall and
multi-wall carbon nanotubes, Compos. Part B-Eng., 2014, 60,
463-470.

Zhang Y., Xiao G., Yi M., Xu C., Effect of graphene orientation
on microstructure and mechanical properties of silicon nitride
ceramics, Process. Appl. Ceram., 2018, 12 [1], 27-35.

Han D., Mei H., Xiao S., Dassios K.G., Cheng L., A review on
the processing technologies of carbon nanotube/silicon carbide
composites, J. Eur. Ceram. Soc., 2018, 38, 3695-3708.

Rashad M., Pan F., Yu Z., Asif M., Lin H., Pan R., Investigation on
microstructural, mechanical and electrochemical properties of
aluminum composites reinforced with graphene nanoplatelets,
Prog. Nat. Sci.-Mater., 2015, 25, 460-470.

Candelario V.M., Moreno R., Shen Z., OrtizA.L., Aqueous colloidal
processing of nano-SiC and its nano-Y3Al; 01, liquid-phase sin-
tering additives with carbon nanotubes, . Eur. Ceram. Soc., 2015,
35, 3363-3368.

Liu L., Wang Y., Li X., Xu L., Cao X., Wang Y. et al., Enhancing
Toughness in Boron Carbide with Reduced Graphene Oxide, ).
Am. Ceram. Soc., 2016, 99, 257-264.

Yu )., Yan H., Yang M., Ma Y., Fan X., Zhu M., Polyphenol-reduced
graphene oxide toward high-performance corrosion inhibitor,
Surf. Topogr.-Metrol., 2019, 7.

Yamamoto G., Shirasu K., Nozaka Y., Wang W., Hashida T.,
Microstructure—property relationships in pressureless-sintered
carbon nanotube/alumina composites, Mater. Sci. Eng., A, 2014,
617, 179-186.

Markandan K., Chin J.K.,Tan M.T.T, Recent progress in graphene
based ceramic composites: a review, J. Mater. Res., 2016, 32,
84-106.



206 — Y.Liuetal

[33]

[34]

(35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Shirasu K., Yamamoto G., Nozaka Y., Wang W., Hashida T., Rela-
tionship between microstructure and mechanical properties in
acid-treated carbon nanotube-reinforced alumina composites, ).
Mater. Sci., 2015, 50, 6688-6699.

Tseng K.-H., Ku H.-C., Tien D.-C., Stobinski L., Parameter control
and concentration analysis of graphene colloids prepared by
electric spark discharge method, Nanotechnol. Rev., 2019, 8,
201-209.

Roy S., Petrova R.S., Mitra S., Effect of carbon nanotube (CNT)
functionalization in Epoxy-CNT composites, Nanotechnol. Rev.,
2018, 7, 475-485.

Mittal G., Dhand V., Rhee K.Y., Park S-J.,Lee W..R, A review on
carbon nanotubes and graphene as fillers in reinforced polymer
nanocomposites, ). Ind. Eng. Chem., 2015, 21, 11-25.
Englert).M., Dotzer C., Yang G., Schmid M., Papp C., Gottfried J.M.
et al., Covalent bulk functionalization of graphene, Nat. Chem.,
2011, 3, 279-286.

Vaisman L., Wagner H.D., Marom G., The role of surfactants in dis-
persion of carbon nanotubes, Adv. Colloid Interface Sci., 2006,
128-130, 37-46.

Satam M.K., Gurnani L., Vishwanathe S., Mukhopadhyay A., De-
velopment of Carbon Nanotube Reinforced Bulk Polycrystalline
Ceramics with Intragranular Carbon Nanotube Reinforcement, J.
Am. Ceram. Soc., 2016, 99, 2905-2908.

Xiao H., Zongyou Y., Shixin W., Xiaoying Q., Qiyuan H., Qichun Z.
et al., Graphene-based materials: synthesis, characterization,
properties, and applications, small, 2011, 7, 1876-1902.
Ghobadi H., Nemati A., Ebadzadeh T., Sadeghian Z.,Barzegar-
Bafrooei H, Improving CNT distribution and mechanical proper-
ties of MWCNT reinforced alumina matrix, Mater. Sci. Eng., A,
2014, 617, 110-114.

Walker L.S., Marotto V.R., Rafiee M.A., Koratkar N., Corral E.L.,
Toughening in Graphene Ceramic Composites, ACS NANO, 2011,
5, 3182-3190.

Wu W.-W., Estili M., Zhang G.-)., Sakka Y., Dispersion and struc-
tural evolution of multi-walled carbon nanotubes in ZrB, matrix,
Ceram. Int., 2017, 43, 10533-10539.

Mohammad K., Saheb N., Molecular level mixing: An approach
for synthesis of homogenous hybrid ceramic nanocomposite
powders, Powder Technol., 2016, 291, 121-130.

Ahmad I., Cao H., Chen H., Zhao H., Kennedy A., Zhu Y.Q., Carbon
nanotube toughened aluminium oxide nanocomposite, J. Eur.
Ceram. Soc., 2010, 30, 865-873.

Kasperski A., Weibel A., Estournés C., Laurent C., Peigney A,
Multi-walled carbon nanotube-Al,03 composites: Covalent or
non-covalent functionalization for mechanical reinforcement,
Scripta Mater., 2014, 75, 46-49.

Kinloch I.A., Suhr ., Lou J., Young R.)., Ajayan P.M., Composites
with carbon nanotubes and graphene An outlook, Science, 2018,
362, 547-553.

HuangY.Y., Polymers E.M.T.}, Dispersion of Carbon Nanotubes:
Mixing, Sonication, Stabilization, and Composite Properties,
Polymers, 2012, 4, 275-295.

Tapaszto O., Balko J., Puchy V., Kun P., Dobrik G., Fogarassy Z.
et al., Highly wear-resistant and low-friction SisN, composites
by addition of graphene nanoplatelets approaching the 2D limit,
Sci Rep, 2017, 7, 10087.

Padovano E., Giorcelli M., Bianchi G., Biamino S., Rovere M.,
Tagliaferro A. et al., Graphite-Si-SiC ceramics produced by mi-
crowave assisted reactive melt infiltration, J. Eur. Ceram. Soc.,

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

DE GRUYTER

2019, 39, 2232-2243.

Shin M.K., Lee B., Kim S.H., Lee J.A., Spinks G.M., Gambhir S. et
al., Synergistic toughening of composite fibres by self-alignment
of reduced graphene oxide and carbon nanotubes, Nat. Commun.,
2012, 3, 650.

Sun )., Gao L., Development of a dispersion process for carbon
nanotubes in ceramic matrix by heterocoagulation, Carbon, 2003,
41,1063-1068.

Han J-J., SuD., Zhao Z.-H., Li X.-L., Ji H.-M., Yan X. et al., Fabrica-
tion and toughening behavior of carbon nanotube (CNT) scaffold
reinforced SiBCN ceramic composites with high CNT loading,
Ceram. Int., 2017, 43, 9024-9031.

Ahmad I., Ahmed S., Subhani T., Saeed K., Islam M., Wang N. et
al., Synergic influence of MWCNTs and SiC nanoparticles on the
microstructure and properties of Al, 03 ceramic hybrid nanocom-
posites, Curr. Appl. Phys., 2016, 16, 1649-1658.

Akin 1., Kaya O., Microstructures and properties of silicon carbide-
and graphene nanoplatelet-reinforced titanium diboride com-
posites, ). Alloys Compd., 2017, 729, 949-959.

Gao Y., Jing H., Zhou Z, Fractal analysis of pore structures in
graphene oxide-carbon nanotube based cementitious pastes
under different ultrasonication, Nanotechnol. Rev., 2019, 8, 107-
115.

Chen Y., Wei W., Zhu Y., Luo J., Liu X., Noncovalent functional-
ization of carbon nanotubes via co-deposition of tannic acid
and polyethyleneimine for reinforcement and conductivity im-
provement in epoxy composite, Compos. Sci. Technol., 2019, 170,
25-33.

Holtmann J., Schafer M., Niemdller A., Winter M., Lex-Balducci
A., Obeidi S., Boehmite-based ceramic separator for lithium-ion
batteries, ). Appl. Electrochem., 2016, 46, 69-76.

Vatanpour V., Madaeni S.S., Rajabi L., Boehmite nanoparticles
as a new nanofiller for preparation of antifouling mixed matrix
membranes, J. Membr. Sci., 2012, 401-402, 132-143.

Pirsaheb M., Mohammad H.D.A.F., Zinadini S., Zinatizadeh A.A.,
Rahimi M., Vatanpour V., Fabrication of high-performance an-
tibiofouling ultrafiltration membranes with potential applica-
tion in membrane bioreactors (MBRs) comprising polyethersul-
fone (PES) and polycitrate-Alumoxane (PC-A), Sep. Purif. Technol.,
2018, 211, 618-627.

Ghasem Zadeh Khorasani M., Silbernagl D., Szymoniak P.,
Hodoroaba V.-D., Sturm H., The effect of boehmite nanoparticles
(v-AlOOH) on nanomechanical and thermomechanical properties
correlated to crosslinking density of epoxy, Polymer, 2019, 164,
174-182.

Godinez J.C., Fadda D., Lee J.-H.,You S.M., Enhancement of pool
boiling heat transfer in water on aluminum surface with high
temperature conductive microporous coating, Int. ). Heat Mass
Transfer, 2019, 132, 772-781.

Ghobadi H., Ebadzadeh T., Sadeghian Z., Barzegar-Bafrooei
H., Nemati A., Microwave-assisted sintering of Al;03 -MWCNT
nanocomposites, Ceram. Int., 2017, 43, 6105-6109.

Qiang M., Jing L., Chen Y., Wei W., Ren L., Liu X., Reactive copoly-
mer functionalized graphene sheet for enhanced mechanical and
thermal properties of epoxy composites, J. Polym. Sci., Part A:
Polym. Chem., 2015, 53, 2776-2785.

Liu J., Yan H., Jiang K., Mechanical properties of graphene
platelet-reinforced alumina ceramic composites, Ceram. Int.,
2013, 39, 6215-6221.



DE GRUYTER Properties and strengthening—toughening mechanism of nanocarbon-toughened ceramic matrix composites =—— 207

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

Ramirez C., Wang Q., Belmonte M., Miranzo P., Isabel Osendi
M., Sheldon B W et al., Direct in situ observation of toughening
mechanisms in nanocomposites of silicon nitride and reduced
graphene-oxide, Scripta Mater., 2018, 149, 40-43.

Estili M., Kawasaki A., Pittini-Yamada Y., Utke I., Michler |., In situ
characterization of tensile-bending load bearing ability of multi-
walled carbon nanotubes in alumina-based nanocomposites, J.
Mater. Chem., 2011, 21, 4272-4278.

Ahmad I., Unwin M., Cao H., Chen H., Zhao H., Kennedy A. et
al., Multi-walled carbon nanotubes reinforced Al,03 nanocom-
posites: Mechanical properties and interfacial investigations,
Compos. Sci. Technol., 2010, 70, 1199-1206.

Ahmad ., Yazdani B., Zhu Y., Recent Advances on Carbon Nan-
otubes and Graphene Reinforced Ceramics Nanocomposites,
Nanomater., 2015, 5, 90-114.

Ramirez C., Miranzo P., Belmonte M., Osendi M.l., Poza P., Vega-
Diaz S.M. et al., Extraordinary toughening enhancement and
flexural strength in SisN, composites using graphene sheets, ).
Eur. Ceram. Soc., 2014, 34, 161-169.

Xia H., Zhang X., Shi Z., Zhao C., Li Y., Wang J. et al., Mechanical
and thermal properties of reduced graphene oxide reinforced
aluminum nitride ceramic composites, Mater. Sci. Eng., A, 2015,
639, 29-36.

Ahmad I., Islam M., Abdo H.S., Subhani T., Khalil K.A., Almajid
A.A. et al., Toughening mechanisms and mechanical properties
of graphene nanosheet-reinforced alumina, Mater. Des., 2015,
88, 1234-1243.

Ahmad I., Islam M., Alharthi N.H., Alawadhi H., Subhani T., Munir
K.S. et al., Chemical and structural analyses of the graphene
nanosheet/alumina ceramic interfacial region in rapidly consol-
idated ceramic nanocomposites, J. Compos. Mater., 2017, 52,
417-428.

XiaZ.,RiesterL., Curtin WA, LiH., Sheldon B.W., Liang . et al., Di-
rect observation of toughening mechanisms in carbon nanotube
ceramic matrix composites, Acta Mater., 2004, 52, 931-944.
Yamamoto G., Omori M., Hashida T., Kimura H., A novel struc-
ture for carbon nanotube reinforced alumina composites with
improved mechanical properties, Nanotechnology, 2008, 19,
315708.

Leonov A.A., Khasanov A.O., Danchenko V.A., Khasanov O.L.,
Spark plasma sintering of ceramic matrix composite based on
alumina, reinforced by carbon nanotubes, IOP Conference Series:
Mater. Sci. Eng., 2017, 286, 012034.

Zhang., Heim F.M., Bartlett J.L., Song N., Isheim D.,Li X, Bioin-
spired, graphene-enabled Ni composites with high strength and
toughness, Sci. Adv., 2019, 5(5), 2375-2548.

Ahmad K., Pan W., Microstructure-toughening relation in alumina
based multiwall carbon nanotube ceramic composites, J. Eur.
Ceram. Soc., 2015, 35, 663-671.

LuH., LiangF.,YaoY., GouJ., HuiD., Self-assembled multi-layered
carbon nanofiber nanopaper for significantly improving electrical
actuation of shape memory polymer nanocomposite, Compos.
Part B-ENG, 2014, 59, 191-195.

Zapata-Solvas E., Gémez-Garcia D., Dominguez-Rodriguez A., On
the microstructure of single wall carbon nanotubes reinforced
ceramic matrix composites, ). Mater. Sci., 2010, 45, 2258-2263.
Lee J.K., Lee S.P., Cho K.S., Byun J.H., Bae D.S., Characterization
of SiCf/SiC and CNT/SiC composite materials produced by liquid
phase sintering, J. Nucl. Mater., 2011, 417, 371-374.

[82]

(83]

[84]

[85]

[86]

(87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[991]

Yang Y., Ramirez C., Wang X., Guo Z., Tokranov A., Zhao R. et al.,
Impact of carbon nanotube defects on fracture mechanisms in
ceramic nanocomposites, Carbon, 2017, 115, 402-408.

LiangY., Qin H., Huang )., Huan S., Hui D., Mechanical properties
of boron nitride sheet with randomly distributed vacancy defects,
Nanotechnol. Rev., 2019, 8, 210-217.

Yadhukulakrishnan G.B., Karumuri S., Rahman A., Singh R.P.,
Kaan Kalkan A., Harimkar S.P., Spark plasma sintering of
graphene reinforced zirconium diboride ultra-high temperature
ceramic composites, Ceram. Int., 2013, 39, 6637-6646.

Sedlak R., Kovalcikova A., Midra E., Rutkowski P., Dubiel A.,
Girman V. et al., Boron carbide/graphene platelet ceramics with
improved fracture toughness and electrical conductivity, J. Eur.
Ceram. Soc., 2017, 37, 3773-3780.

Shahedi Asl M., Ghassemi Kakroudi M., Characterization of hot-
pressed graphene reinforced ZrB, —SiC composite, Mater. Sci.
Eng. A, 2015, 625, 385-392.

ChengY., Hu P.,, Zhou S., Zhang X., Han W., Using macroporous
graphene networks to toughen ZrC-SiC ceramic, J. Eur. Ceram.
Soc., 2018, 38, 3752-3758.
ZengZ.,LiuY.,ChenW,LiX.,ZhengQ., LiK. et al., Fabrication and
properties of in situ reduced graphene oxide-toughened zirconia
composite ceramics, J. Am. Ceram. Soc., 2018, 101, 3498-3507.
Morisada Y., Miyamoto Y., Takaura Y., Hirota K.,Tamari N., Me-
chanical properties of SiC composites incorporating SiC-coated
multi-walled carbon nanotubes, Int. J. Refract. Met. Hard Mater.,
2007, 25, 322-327.

Shin J.-H., Choi )., Kim M., Hong S.-H., Comparative study on car-
bon nanotube- and reduced graphene oxide-reinforced alumina
ceramic composites, Ceram. Int., 2018, 44, 8350-8357.
Wozniak J., Jastrzebska A., Cygan T., Olszyna A., Surface mod-
ification of graphene oxide nanoplatelets and its influence on
mechanical properties of alumina matrix composites, J. Eur. Ce-
ram. Soc., 2017, 37, 1587-1592.

Huang., Jiang D., Zhang X., Liao Z., Huang Z., Enhancing tough-
ness and strength of SiC ceramics with reduced graphene oxide
by HP sintering, . Eur. Ceram. Soc., 2018, 38, 4329-4337.

Zhao Y., Sun K.-N., Wang W.-L., Wang Y.-X., Sun X.-L., Liang Y.-).
et al., Microstructure and anisotropic mechanical properties of
graphene nanoplatelet toughened biphasic calcium phosphate
composite, Ceram. Int., 2013, 39, 7627-7634.

Michalkova M., Kagiarova M., Tatarko P., Dusza )., Sajgalik P.,
Effect of homogenization treatment on the fracture behavior of
silicon nitride/graphene nanoplatelets composites, J. Eur. Ceram.
Soc., 2014, 34, 3291-3299.

Mikhalchan A.,Vilatela ).)., A perspective on high-performance
CNT fibres for structural composites, Carbon, 2019, 150, 191-215.
Bradford P.D., Wang X., Zhao H., MariaJ-P,, JiaQ., Zhu Y.T., Anovel
approach to fabricate high volume fraction nanocomposites with
long aligned carbon nanotubes, Compos. Sci. Technol., 2010,
70, 1980-1985.

Ramirez C., Osendi M.l., Toughening in ceramics containing
graphene fillers, Ceram. Int., 2014, 40, 11187-11192.

Belmonte M., Nistal A., Boutbien P., Roméan-Manso B., Osendi
M I.,Miranzo P, Toughened and strengthened silicon carbide
ceramics by adding graphene-based fillers, Scripta Mater., 2016,
113, 127-130.

Ovid’ko I.A., Micromechanics of fracturing in nanoceramics, Phi-
los. Trans. A Math. Phys. Eng. Sci, 2015, 373, 20140129.



208 — VY. liuetal

[100] Zou H., Zhang., Liu L., Shi L., Li W., The toughening mecha-
nism and mechanical properties of graphene-reinforced zirconia
ceramics by microwave sintering, Adv. Appl. Ceram., 2018, 117,
420-426.

[101] Candelario V.M., Moreno R., Shen Z., Guiberteau F., Ortiz A.L.,
Liquid-phase assisted spark-plasma sintering of SiC nanoce-
ramics and their nanocomposites with carbon nanotubes, J. Eur.
Ceram. Soc., 2017, 37, 1929-1936.

[102] Pereira dos Santos Tonello K., Padovano E., Badini C., Biamino
S., Pavese M., Fino P., Fabrication and characterization of lami-
nated SiC composites reinforced with graphene nanoplatelets,
Mater. Sci. Eng., A, 2016, 659, 158-164.

[103] Karthiselva N.S., Murty B.S., Bakshi S.R., Graphene
nanoplatelets induce crystallographic texturing during re-
active spark plasma sintering of titanium diboride, Carbon,
2018, 133, 323-334.

[104] Yin R., Huang X., Qian L., Freeze-drying assisted fabrication of
highly homogenized reduced graphene oxide/alumina metacom-
posites with negative permittivity, Ceram. Int., 2019, 45, 5653-
5659.

[105] Inam F., Yan H., Peijs T., Reece M.]., The sintering and grain
growth behavior of ceramic-carbon nanotube nanocomposites,
Compos. Sci. Technol., 2010, 70, 947-952.

[106] Liu X., Li )., Yu X., Fan H., Wang Q., Yan S. et al., Graphene
nanosheet/titanium carbide composites of a fine-grained struc-
ture and improved mechanical properties, Ceram. Int., 2016, 42,
165-172.

[107] SedlakR., Kovalcikova A., Balko J., Rutkowski P., Dubiel A., Zien-
tara D. et al., Effect of graphene platelets on tribological prop-
erties of boron carbide ceramic composites, Int. J. Refract. Met.
Hard Mater., 2017, 65, 57-63.

[108] Yavas B., Sahin F., Yucel O., Goller G., Effect of particle size,
heating rate and CNT addition on densification, microstructure
and mechanical properties of B4C ceramics, Ceram. Int., 2015,
41, 8936-8944.

[109] Lei M., Hamel C.M., Yuan C., Lu H., Qi H.J., 3D printed two-
dimensional periodic structures with tailored in-plane dynamic
responses and fracture behaviors, Compos. Sci. Technol., 2018,
159, 189-198.

[110] Kvetkova L., Duszova A., Hvizdos P., Dusza )., Kun P., Balazsi C.,
Fracture toughness and toughening mechanisms in graphene
platelet reinforced Si3N4 composites, Scripta Mater, 2012, 66,
793-796.

DE GRUYTER

[111] Sedlak R., Kovalikova A., Girman V., Midra E., Rutkowski P.,
Dubiel A. et al., Fracture characteristics of SiC/graphene platelet
composites, ). Eur. Ceram. Soc., 2017, 37, 4307-4314.

[112] Nisar A., Balani K., Phase and Microstructural Correlation of
Spark Plasma Sintered HfB,-ZrB, Based Ultra-High Temperature
Ceramic Composites, Coatings, 2017, 7, 110.

[113] Lei M., Xu B., Pei Y., Lu H., Fu Y.Q., Micro-mechanics of nanos-
tructured carbon/shape memory polymer hybrid thin film, Soft
Matter, 2016, 12, 106-114.

[114] Zhang Y., Xiao G., Xu C., Yi M., Meng X., Anisotropic Frac-
ture Toughness and Microstructure of Graphene-Reinforced
TiC/SisN4 Composite, ). Ceram. Sci. Technol., 2016, 07(04), 323-
328.

[115] Mukhopadhyay A., Chu B.T.T., Green M.L.H., Todd R.l., Under-
standing the mechanical reinforcement of uniformly dispersed
multiwalled carbon nanotubes in alumino-borosilicate glass ce-
ramic, Acta Mater., 2010, 58, 2685-2697.

[116] Echeberria )., Rodriguez N., Vleugels J., Vanmeensel K., Reyes-
Rojas A., Garcia-Reyes A. et al., Hard and tough carbon nanotube-
reinforced zirconia-toughened alumina composites prepared by
spark plasma sintering, Carbon, 2012, 50, 706-717.

[117] LinX., HanQ., Huang]., Effect of defects on the motion of carbon
nanotube thermal actuator, Nanotechnol. Rev., 2019, 8, 79-89.

[118] Estili M., Sakka Y., Kawasaki A., Unprecedented simultaneous
enhancement in strain tolerance, toughness and strength of
Al,03 ceramic by multiwall-type failure of a high loading of car-
bon nanotubes, Nanotechnol., 2013, 24, 155702.

[119] Kashani H., Ito Y., Han J., Liu P., Chen M., Extraordinary tensile
strength and ductility of scalable nanoporous graphene, Sci.
Adv., 2019, 5(2), 6951.

[120] Zhao K., Zhang T., Chang H., Yang Y., Xiao P., Zhang H. et al.,
Super-elasticity of three-dimensionally cross-linked graphene
materials all the way to deep cryogenic temperatures, Sci. Adv.,
2019, 5(4), 2375-2548.

[121] Yazdani B., Xia Y., Ahmad I., Zhu Y., Graphene and carbon nan-
otube (GNT)-reinforced alumina nanocomposites, J. Eur. Ceram.
Soc., 2015, 35, 179-186.



	1 Introduction
	2 Nanocarbon dispersion in ceramics
	2.1 Covalent functionalisation
	2.2 Non-covalent functionalisation
	2.3 Covalent and non-covalent functionalization combination

	3 Interface mechanism of nanocarbon reinforced ceramic matrix composites
	3.1 Non-chemical combination
	3.2 Reaction bonding
	3.3 Interfacial microstructure and formation principle

	4 Toughening mechanisms of nanocarbon toughened ceramic matrix composites
	4.1 Fine-grained strengthening
	4.2 Second-phase strengthening
	4.3 Pull-out and bridging mechanisms
	4.4 The joint action of multiple mechanisms

	5 Research prospects
	(1) Carbon nanoparticle dispersion mechanism
	(2) Interface mechanism design
	(3) Strengthening and toughening mechanisms


