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We briefly review the analytical models that describe toughening and fracture toughness 
reduction in ceramic/graphene composites. We consider such mechanisms of toughening 
as crack deflection and crack bridging. We examine the effect of pores and fracture along 
ceramic/graphene interfaces on the fracture toughness reduction at a high graphene volume 
fraction. The effect of grain boundary sliding on the fracture toughness of ceramic/gra-
phene composites is also considered. 
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1. INTRODUCTION 

The high hardness, wear and corrosion resistance and heat 
resistance make ceramics excellent materials for tools and 
bearings [1–4]. However, pure ceramics have low tough-
ness, which makes them prone to fracture [5]. The tough-
ness of ceramics can be increased through the addition of 
various reinforcing phases [3,4]. In particular, recently, 
ceramic/graphene composites have attracted much atten-
tion. Such composites often exhibit good fracture tough-
ness that can be several times as high as that of similar 
unreinforced ceramics [6–13]. 

The high fracture toughness of ceramic/graphene com-
posites is related to the extraordinary properties of gra-
phene [9]. In particular, small volume fractions of platelets 
of multilayer graphene or reduced graphene oxide can sig-
nificantly increase the fracture toughness of ceramics, see, 
e.g., reviews [6–11]. An increase in the fracture toughness 
of such ceramic/graphene composites is attributed to crack 

bridging by graphene inclusions, the pull-out of graphene 
inclusions from the matrix, crack deflection and branching 
[14–20], as well as to the presence of graphene wrinkles 
and out-of-plane compression of graphene platelets [9]. 

In particular, electron microscopy observations (see, 
e.g., [9,10,12,16]) of cracks and fracture surfaces of ce-
ramic/graphene composites demonstrate that crack growth 
is often accompanied by extensive bridging and graphene 
pull-out. The important role of crack bridging in the tough-
ening of ceramic/graphene composites has also been con-
firmed by the character of crack resistance curves [7] 
(where fracture toughness increases with the crack 
length). 

In the present review, we briefly consider theoretical 
models that describe toughening mechanisms acting in ce-
ramic/grapheme composites, as well as the models de-
scribing fracture toughness reduction due to grain bound-
ary (GB) sliding, pore formation, or fracture along 
ceramic/graphene interfaces. 

https://doi.org/10.17586/2687-0568-2023-5-2-1-9
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2. MODELS OF TOUGHENING AND FRACTURE 
TOUGHNESS REDUCTION 

First, consider the effect of crack deflection on the frac-
ture toughness of ceramic/graphene composites [21]. The 
authors of Ref. [21] considered model periodic cracks that 
approximately describe real cracks that bypass graphene 
platelets during growth. Using the boundary element 
method, they calculated the critical stress intensity factor for 
deflecting mode I cracks, which describes the fracture 
toughness of the composites containing graphene inclu-
sions. As a reference structure, they examined pure ceram-
ics containing either transgranular or GB cracks. Within 
model [21], an idealized periodic structure is examined 
where all graphene platelets have the same dimensions and 
make the angles of ±45° with the normal to the direction of 
the applied load (Fig. 1a,b). Also, intragrain and GB crack 
fragments are assumed to make angles ±β with the normal 
to the direction of the applied load, the distances passed by 
the crack along all matrix/graphene interfaces are the same, 
and the distances passed by the crack between neighboring 
graphene platelets are also the same (Fig. 1). It is also as-
sumed that the crack is periodic with a period T, and its 
length l is much larger than T (Fig. 1b). The parameter p 
determines the total distance / cosp β that the crack passes 
between graphene platelets within each period. In the limit-
ing case of ,p T=  where graphene platelets are absent, the 
crack transforms to a model periodic intragrain (Fig. 1c) or 
GB (Fig. 1d) crack in a pure ceramic solid. 

The normalized fracture toughness 0/IC ICK K  of a ce-
ramic/grapheme composite as a function of graphene vol-
ume fraction c calculated under the above assumptions is 
presented in Fig. 2, for graphene platelet thickness to length 
ratio of 0.002 and various values of the angle β . Figure 2 
demonstrates that graphene platelets increase the fracture 
toughness of ceramics. The maximum fracture toughness of 
a composite containing graphene platelets corresponds to 
the case where the graphene volume fraction c  approaches 
the critical volume fraction crc  at which grapheme platelets 
start to touch each other, producing an easy fracture path. 
The volume fraction corresponds to the right end points at 
the curves in Fig. 2. Figure 2 also shows that if cracks in the 
matrix tend to propagate along GBs, the introduction of an 
optimum (for toughening) volume fraction of graphene 
platelets can increase fracture toughness approximately by 
50%. At the same time, if cracks in the matrix tend to prop-
agate across grains, the introduction of an optimum volume 
fraction of graphene platelets can increase fracture tough-
ness by 50–90%, depending on the value of the angle β. Fig-
ure 2 also demonstrates that at small graphene volume frac-
tion c, ICK  very quickly grows with c, while at larger c, an 
increase in graphene volume fraction leads only to a slight 
increase in fracture toughness ICK . Thus, crack deflection 
in ceramic/grapheme composites can increase fracture 
toughness by up to 50%, if the cracks in the pure ceramics 
grow along GBs, and by up to 90%, if such cracks tend to 
be transgranular. These values correlate well with the re-
sults of experiments [15–17,22–24] on ceramic/graphene 
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Fig. 1. Geometry of model cracks in the ceramic/grapheme composites and pure ceramics under uniaxial tensile loading. (a) Model 
crack in a ceramic/graphene composite. (b) Geometry of the crack shown in (a). The crack propagates along matrix–graphene interfaces 
(inclined by ±45° with respect to the x-axis) and favorable crystallographic directions in the matrix (inclined by the angle ±β with 
respect to the x-axis). (c) Model intragrain crack in a ceramic solid. The crack consists of the fragments inclined by the angle ±β with 
respect to the x-axis. (d) Model grain boundary crack in a polycrystalline or nanocrystalline solid. The crack consists of the fragments 
inclined by the angle ±30° with respect to the x-axis. Reproduced from Ref. [21]. 
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composites. Thus, the results in Ref. [21] confirm that crack 
deflection is an important toughening mechanism that can 
lead to significant enhancement of the fracture toughness of 
ceramic/graphene composites. 

Now consider the effect of crack bridging on the frac-
ture toughness of ceramic/graphene composites. A model 
describing this effect has been suggested in Ref. [25]. 
Within model [25], a straight semi-infinite mode I crack in-
tersects a system of identical platelets (with the equal length 
and width l  and thickness h ) perpendicular to the crack 
plane (Fig. 3). In the region behind the crack tip where the 
distance between the crack surfaces is smaller than the gra-
phene platelet length l, referred to as the crack-bridging 
zone, platelets form bridges between the crack surfaces. The 
friction between the platelets and the ceramic matrix pro-
duces the bridging forces, acting at each matrix/platelet in-
terface (Fig. 3). These forces create a resistance to the crack 
opening, thereby increasing the fracture toughness of the ce-
ramic/graphene composite. In the Cartesian coordinate sys-
tem (x, y) with the origin at the boundary of the crack-bridg-
ing zone (see Fig. 3) these forces (per unit length in the 
direction normal to the plane of Fig. 3) are written [26] as: 

0 ( ) ( ) ( )
2i i i
lf x x v x = τ −  

. (1) 

Here ix  are the coordinates of the matrix/platelet interfaces 
where the forces act (i takes the integers from 1 to N, 
where N is the total number of bridging forces), ( )iv x  is 
the crack face opening displacement at the position ix x=  
(which is equal to the pull-out length of the platelet at the 
same location), ( )ixτ  is the average shear stress at the in-
terface between the bridging platelet and the matrix. In 
Ref. [25], it was assumed that for the examined case of 
ceramic/graphene composites the stress ( )ixτ  does not de-
pend on the crack opening displacement at the point ,ix x=  
so that 0( ) ,ixτ = τ  where 0τ  is a material constant. 
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Fig. 2. The ratios of fracture toughness ICK  of a ceramic/graph-
eme composite to the fracture toughness 0

ICK  of a similar gra-
phene-free ceramic solid as functions of the graphene volume 
fraction c, for various values of the angle β characterizing the 
oscillations of the crack direction in the grapheme-free ceramic 
solid. Reproduced from Ref. [21]. 

 

         v(x) 

x 

y  

  

 

i-1 i 

xi 

f0(xi) 

O 

λbr 

bridging forces 
boundary 
of the 
bridging 
zone 

crack tip 

crack 

platelet 

l 

h 

Fig. 3. Crack in a ceramic/graphene composite with aligned gra-
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Fig. 4. Dependences of the toughening ratio η on the graphene vol-
ume fraction c for YSZ/graphene composites with (a) the graphene 
platelet thickness h = 7 nm and various values of the platelet length 
l; (b) the graphene platelet length l = 0.5 μm and various values of 
the platelet thickness h. Reproduced from Ref. [25]. 
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As a result, the toughening effect of graphene platelets 
was approximated as being created by a system of bridg-
ing forces acting on the crack surfaces. An increase of the 
fracture toughness due to these bridging forces was calcu-
lated numerically by solving a system of on N  linear equa-
tions for the crack opening displacements. The toughening 
ratio η (defined as the ratio of fracture toughness of the 
ceramic/graphene composite to the fracture toughness of a 
similar graphene-free ceramic solid) calculated in 
Ref. [25] as a function of the grapheme volume fraction c 
is shown in Fig. 4 for various values of the platelet length 
l  (Fig. 4a) and platelet thickness h  (Fig. 4b). The curves 
in Figs. 4a and 4b are calculated for 7h =  nm and 

0.5l =  μm, respectively. Figure 4 demonstrates that, for a 
specified graphene volume fraction, the toughening ra-
tio η significantly increases with an increase in the plate-
let length l and/or a decrease in the platelet thickness h. 
This implies that for a specified graphene volume frac-
tion, longer platelets produce better crack-bridging-re-
lated toughening than smaller ones. Also, the toughening 
ratio η increases with increasing the graphene content c  
in the composite, and the normalized increase in fracture 
toughness due to graphene 0 0( ) / 1IC I IK K K− = η −  scales 
with the graphene volume fraction c  approximately as 

0.81 ~ cη − . This means that model [25] predicts faster 
growth of the fracture toughness with the graphene vol-
ume fraction than previous models [27,28], which pre-
dicted 0 1/2~IC IK K c− . 

A similar model of crack bridging induced toughening 
was later suggested in Ref. [29] for the case of SiC/gra-
phene composites. Molecular dynamics (MD) simulations 
of the platelet pullout during crack opening demonstrated 
that for SiC/graphene composites, the friction between the 
matrix and grapheme platelet is small, and the bridging 
forces are mainly related to the formation of free graphene 
surfaces during graphene pullout from the matrix. As a re-
sult, for SiC/graphene composites, the bridging forces (per 
unit length in the direction normal to the plane of Fig. 3) 
can be presented as 0 0( )if x f= , where 0f  is the material 
constant. In contrast to the case examined in Ref. [25] (see 
formula (1)), these bridging forces do not depend on the 
platelet length l or the crack opening displacements ( )iv x . 
The simpler form of the bridging forces 0 ( )if x  in Ref. [29] 
enables one to calculate the fracture toughness of the 
SiC/grapheme composite in a simple analytical form as 
[30] 

( )20
IC IK t K= + , (2) 

where 0
IK  is the fracture toughness of the composite, 

which does not account for the bridging effect, 
0(1 ) /t Gf cl h= + ν , and G and ν  is the shear modulus and 

Poisson’s ratio of the ceramic matrix, respectively. For-
mula (2) demonstrates that in the model [29] the relative 

increase in the fracture toughness 0/ 1 1IC IK K − = η −  
scales with the graphene volume fraction c as 1 ~ cη −  for 
a small graphene volume fraction (when 0 2( )It K<< ), and 
as 1/21 ~ cη −  for a high enough graphene volume fraction 
(when 0 2( )It K>> ). 

The models [25,29] demonstrate that fracture tough-
ness of ceramic/graphene composites should increase with 
an increase in the graphene platelet length. At the same 
time, in Ref. [31] it was observed that fracture toughness 
of alumina/graphene composites decreases with increas-
ing the lateral graphene platelet dimensions. This effect 
was attributed to the onset of GB sliding in the composites 
where the length of graphene platelets was close to the GB 
length. To explain the observed decrease in fracture tough-
ness in alumina/graphene composites, the authors of 
Ref. [32] suggested a model describing crack propagation 
assisted by GB sliding in ceramic/graphene composites. 
Within model [32], graphene platelets in a ceramic/graph-
eme composite can be located both in GBs and in grain 
interiors and the composite is under uniaxial uniform ten-
sion (Fig. 5). Following the observations [31], cracks in 
the composite are supposed to propagate over GBs. In the 
framework of model [32], a flat mode I crack, whose 
length is much larger than the grain size of the ceramic 
matrix, forms in the composite (Fig. 5a). (Although cracks 
in the composite are assumed to propagate over GBs, in 
the latter case, the kinked shape of the crack is neglected, 
and the crack is approximated as a flat one.) Let the crack 
terminate at triple junction A (Fig. 5a) and the applied load 
cause the stress intensity factor IK  near the crack tip. 
Within model [32], the resolved shear stress, created by 
the applied load and concentrated at the crack tip, induces 
sliding over GB AB (Fig. 5b). In turn, GB sliding is car-
ried by edge GB dislocations emitted from triple junction 
A along GB AB (Fig. 5b). Since GB sliding is retarded 
near triple junction B, GB dislocations that carry GB slid-
ing are accumulated near this triple junction. The disloca-
tion pile-up at GB AB can lead to the generation and 
growth of a nano- or microcrack at adjacent GB BC 
(Fig. 5c). If the stresses, created by the dislocations and 
the applied load near the crack tip, are high enough, this 
nano-/microcrack can propagate over entire GB BC 
(Fig. 5c). Following computer simulations [33–35] and 
experimental observations [36] of crack propagation in na-
nomaterials, it is postulated that the formation of nano-
/microcrack BC is followed by the crack propagation over 
GB AB, which results in the coalescence of the large main 
crack with the new nano-/microcrack (Fig. 5d).  

Within model [32], further crack propagation occurs as 
follows. If a GB adjacent to the crack tip is favorable for 
crack propagation, that is, makes a relatively small angle 
with the normal to the loading direction, the crack ad-
vances over this GB (Fig. 5e). If all the GBs adjacent to 



Models of Toughening of Ceramic/Graphene Composites: a Brief Review 5 

the crack tips are not favorable for crack propagation (that 
is, make large enough angles with the normal to the load-
ing direction), GB sliding occurs over one of these GBs 
(Fig. 5f), followed by the formation of a new crack at a 
neighboring GB and its coalescence with the main crack. 

The authors of Ref. [32] calculated the critical stress 
intensity factor characterizing the stresses near the tip of 
the large crack at which the secondary crack forms and 
advances over entire GB BC. In the case where the for-
mation and growth of this secondary crack controls the 
propagation of the pre-existent large crack, this critical 
stress intensity factor can be considered as the fracture 
toughness of the ceramic/grapheme composite.  

Figure 6a illustrates the dependences of the fracture 
toughness sl

ICK  on the normalized graphene platelet length 
1 / GBp d , for alumina/graphene composites with various 

values of the GB length GBd . As is seen from Fig. 6a, sl
ICK  

increases with an increase in the GB length GBd  and/or de-
creasing the length 1p  of graphene platelets. For a speci-
fied grain size, an increase of the graphene platelet length 

1p  from zero to the GB length GBd  can reduce the value of 
sl
ICK  by 10–20%. 

Figure 6b demonstrates the contour maps of sl
ICK  in the 

coordinates ( 1 / GBp d , GBd ), for alumina/graphene compo-
sites. It is seen that to achieve the fracture toughness of 
4.8 1/2MPa m×  (which means 50% fracture toughness en-
hancement compared to pure alumina), the GB length 
should exceed 2–7 μm  (depending on the lateral dimen-
sions of graphene platelets), which corresponds to the 
grain size exceeding 3–12 μm. To achieve the fracture 
toughness of 4.3 1/2MPa m×  (which implies 35% fracture 
toughness enhancement compared to pure alumina), the 
GB length should exceed 1–4 μm, which corresponds to 
the grain size exceeding to 2–7 μm. Certainly, this is only 
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the necessary condition for obtaining tough ceramic/gra-
phene composites, which does not guarantee that tough-
ness will be sufficiently improved; to reach this result, the 
action of such toughening mechanism as crack bridging, 
graphene platelet pullout, crack deflection or branching is 
necessary as well.  

Although the above toughening mechanisms can in-
crease the toughness of ceramic/grapheme composites, at 
a high concentration of graphene, the fracture toughness 
of ceramics decreases with an increase in the volume frac-
tion of graphene [3,6,8,37–39]. In this case, experimental 
data [3,6,8,37–39] indicate a sharp drop in fracture tough-
ness near a certain critical value of the graphene volume 
fraction. A sharp decrease in the fracture toughness of ce-
ramic composites with graphene can be associated [37,38] 
with the agglomeration of graphene platelets and the for-
mation of pores around the formed agglomerates. In 
Ref. [40], a model was developed that describes the effect 
of agglomeration of graphene platelets on the fracture 
toughness of ceramic/graphene composites. 

Within model [40], the agglomeration of graphene 
platelets occurs during hot pressing of ceramic composites 
with graphene as a result of graphene sliding along GBs at 
pressing temperatures. The agglomeration of graphene 

platelets during hot pressing occurs if the distance be-
tween the centers of these platelets is less than a certain 
critical value. Taking into account the experimental obser-
vations of pores near the agglomerates of graphene plate-
lets [3,6,37,39], the pores are assumed to form near all ag-
glomerates consisting of any greater than one number of 
graphene platelets. 

Under these assumptions, the authors of Ref. [40] cal-
culated the porosity of ceramic/graphene composites, as-
sociated with the agglomeration of graphene platelets, and 
the relative (dimensionless) density of such composites 
(defined as the ratio of the actual density of the composite 
to the density of a similar composite without pores). The 
dependence of the relative density of the ceramic/gra-
phene composite on the volume fraction of graphene is 
shown in Fig. 7a. For comparison, the blue dots in Fig. 7a 
show the experimental values [3] of the relative density 
for the Al2O3-WC-TiC composites reinforced with gra-
phene platelets (hereinafter referred to as Al2O3-WC-TiC-
Gr). As seen in Fig. 7a, the calculated values of the relative 
density are in good agreement with experimental data [3]. 

Following [40], we calculate the effect of pores formed 
as a result of agglomeration of graphene platelets on the 
fracture toughness of ceramic/graphene composites. For 
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definiteness, assume that the main mechanism for increas-
ing the fracture toughness associated with graphene is 
crack bridging. In the presence of pores, only platelets that 
have not undergone agglomeration and, accordingly, are 
not surrounded by pores contribute to the increase in frac-
ture toughness. In addition, the presence of porosity leads 
to an additional decrease in the fracture toughness of the 
material. In the first approximation, to estimate the effect 
of pores on fracture toughness, we use the results of model 
[41], which describes the fracture toughness of a material 
with a rectangular ensemble of cylindrical pores. 

The dependence of the fracture toughness ICK  of the 
Al2O3-WC-TiC-Gr ceramic composite on the volume 
fraction vf  of graphene is shown in Fig. 7b. The blue dots 
in Fig. 7b show the experimental values of fracture tough-
ness [3]. As follows from Fig. 7b, the fracture toughness 
of the composite first increases and then decreases with 
increasing volume fraction of graphene. An increase in 
fracture toughness upon addition of graphene in the inter-
val 0.005vf <  is associated with both a decrease in poros-
ity and the bridging effect. At 0.005vf > , pores begin to 
form in the material near the graphene platelets, and the 
bridging effect gradually disappears, while the negative 
effect of pores on fracture toughness increases. As seen in 
Fig. 7b, the calculated curve agrees satisfactorily with the 
experimental values [3] of the fracture toughness of the 
Al2O3-WC-TiC-Gr ceramic composite. 

Thus, model [40] explains the observed (for example, 
[3,6,8,37–39]) drop in the fracture toughness of ce-
ramic/graphene composites when the volume fraction of 
graphene exceeds a critical value. It is shown that the de-
terioration of the fracture toughness can be associated with 
the formation of pores around the agglomerates of gra-
phene platelets. 

At the same time, a drop in fracture toughness of ce-
ramic/graphene composites above some critical volume 
fraction of graphene has been observed [42] even in fully 
dense ceramic/graphene composites. A model that de-
scribes fracture toughness reduction due to such interfaces 
was suggested in Ref. [30]. 

Model [30] focuses on the situation where graphene 
platelets are located at GBs and the length of graphene 
platelets is, on average, at least, several times larger than 
the length of GBs. In this situation, one can neglect the 
relatively small number of GBs partially occupied by gra-
phene and treat all GBs as being either graphene-free or 
entirely occupied by graphene. Within model [30] the 
principle toughening mechanism of the composite associ-
ated with the presence of graphene platelets is crack bridg-
ing by graphene platelets, and the toughening due to crack 
bridging is described by formula (2). 

It is also assumed that the ceramic/graphene inter-
faces are weaker than the GBs of the ceramic matrix. 

This means that the ceramic/graphene adhesive energy 
(the specific energy required to tear graphene platelets 
from the ceramic matrix) is smaller than the specific en-
ergy required for the fracture at graphene-free GBs. In 
this situation, the presence of graphene at GBs can pro-
mote the fracture of individual GBs, thereby decreasing 
fracture toughness at high graphene content. As a result, 
the total effect of graphene on fracture toughness is de-
termined by the balance of crack bridging (that toughens 
the composite) and interface weakening (that reduces 
fracture toughness). 

Within [30], the specific energies that characterize the 
fracture of graphene-free GBs and GBs containing gra-
phene platelets lie in some intervals, and the GBs adjacent 
to the tip of a pre-existent crack are characterized by a 
probability of fracture. As a first approximation, to ana-
lyze crack propagation across GBs near the crack tip, the 
author of Ref. [30] exploited the results obtained for bond 
percolation in a two-dimensional hexagonal lattice. 
Within such an approach, the crack can grow catastrophi-
cally if the probability of fracture of GBs adjacent to the 
crack tip exceeds some critical value. As a result, the frac-
ture toughness that accounts both the effects of crack 
bridging and fracture along weak ceramic/grapheme inter-
faces was calculated. 

The dependences of the corresponding fracture tough-
ness ICK  of an α-Al2O3/graphene composite on the GB 
fraction f occupied by graphene are presented in Fig. 8, for 
two different values of the ratio /L d  of the graphene 
platelet length L and GB length d. It follows from Fig. 8 
that fracture toughness increases with f until the value of f 
becomes close to the percolation threshold 0.6527f = . 
After that fracture toughness rapidly decreases due to 
crack percolation over graphene platelets. The maximum 
value of ICK  increases with /L d . 

Thus, Figure 8 predicts that even in fully dense ce-
ramic/graphene composites, there is an optimum graphene 

Fig. 8. Evolution of the fracture toughness ICK  of α-Al2O3/gra-
phene composite with the fraction  f  of grain boundaries occu-
pied by graphene, for various values of normalized graphene 
platelet length L/d. Reproduced with permission from Ref. [30], 
© 2023 Elsevier. 
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volume fraction that corresponds to the maximum fracture 
toughness of ceramic/graphene composites. Above this 
volume fraction, fracture toughness decreases with an in-
crease in the graphene content. The calculated depend-
ences in Fig. 8 explain the experimental observations [42] 
of the fracture toughness reduction above certain graphene 
content in fully dense ceramic/graphene composites. 

3. SUMMARY 

In summary, from the above brief review it follows 
that crack bridging and crack deflection are the important 
toughening mechanisms in ceramic/grapheme composites 
that can dramatically increase their fracture toughness. At 
the same time, at high enough volume fraction of graphene 
the fracture toughness of such composites drops due to the 
formation of voids around or near graphene agglomerates 
and/or the fracture along ceramic/graphene interfaces. The 
optimum toughening can be achieved by using long gra-
phene platelets, whose lateral dimensions in the case of 
fine-grained ceramic matrix is not too close to the typical 
length of grain boundaries. 
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Модели повышения вязкости разрушения композитов  
«керамика/графен»: краткий обзор 

А.Г. Шейнерман 

Институт проблем машиноведения РАН, Санкт-Петербург 199178, Россия 
 

Аннотация. Кратко рассмотрены аналитические модели, описывающие увеличение и снижение вязкости разрушения компо-
зитов «керамика/графен». Рассмотрены такие механизмы упрочнения, как искривление трещин и образование мостиков 
между их берегами. Исследовано влияние пор и разрушения вдоль границ раздела «керамика/графен» на уменьшение вязко-
сти разрушения при высокой объемной доле графена. Также рассмотрено влияние межзеренного скольжения на вязкость 
разрушения композитов «керамика/графен». 
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