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Abstract. We briefly review the experimental data and analytical models that describe plastic deformation and
fracture processes in metal/graphene composites with a bimodal grain size distribution of the metallic matrix.
We demonstrate that such composites can have high strength combined with good ductility. The effects of
dislocation plasticity, grain boundary sliding and fracture processes on the mechanical properties of such
composites are discussed.

Owing to their excellent mechanical properties, last years
heterogeneous nanostructures in metals and alloys have
attracted much attention (see, e.g., review [1]). Such
heterogeneous nanostructures comprise metals and alloys with a bimodal grain size distribution [2-10], gradient nanostructures [11-19], bulk metals and alloys with
nanoscale twins [6,20-24], as well as metals containing
nanograins dispersed inside coarse grains [25]. In particular, experiments [2-10,26] and simulations [26-31] of
plastic deformation of metals and alloys with a bimodal
grain size distribution demonstrated a unique combination of high strength with decent ductility. In such materials, the plastically hard nanocrystalline (nc) or
ultrafine-grained (ufg) regions are responsible for
ultrahigh strength, while plastically soft coarse grains
provide high enough strain hardening and resulting
good ductility. In addition, experiments [20-23] and
modeling [32] demonstrated that very high strength
combined with good ductility can be achieved in austenitic steels using the conjunction of a bimodal grain size
distribution and the formation of growth twins in the
coarse grains.
In parallel with the use of single-phase inhomogeneous metals and alloys, recently, significant progress

has been made in the synthesis of metallic materials
reinforced by graphene platelets (see [33-37] and references therein) or graphene nanoribbons [38] with high
strength and good ductility. The simultaneous enhancement of strength and ductility in graphene-reinforced
composites was attributed [37] to the trapping of dislocations by graphene platelets during plastic deformation, which enhances strain hardening and thereby improves both strength and ductility.
The combination of structural inhomogeneity in
metals with addition of graphene platelets was first realized by Xiang et al. [39], who produced special bimodal
Mg/graphene composites with laminated structures. In
such composites, graphene-depleted layers consisting
of coarse grains alternated with the layers comprising
ultrafine grains and the majority of graphene platelets.
The addition of graphene in the composites provided a
dramatic increase in the yield strength and flow stress,
although at the expense of reduced ductility. At the same
time, due to the large distance between graphene platelets in the ufg matrix and the low volume fraction of
graphene in coarse grains, plastic deformation in these
composites was likely to occur in graphene-free regions,
while the strengthening effect of graphene was mainly
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Fig. 1. (a) Engineering stress-strain curves for Al–4Cu/XRGO nanocomposites for different X values. (b) Dependences
of the yield strength, ultimate strength and elongation to failure of the Al–4Cu/XRGO nanocomposites on RGO
content. (c) An increase in the microhardness of Al–4Cu/RGO nanocomposite as a function of the RGO content.
Reproduced with permission from [41]. Copyright 2020, Elsevier.

related to grain refinement. However, the results of other
studies on metal/graphene composites [33-37] and bimodal metallic materials [2-10] demonstrate that at certain conditions, combination of bimodal grain size distribution with graphene fillers can provide simultaneously high strength and good ductility of the composite.
In particular, Kurapova et al. [40] and KhoshghadamPireyousefan et al. [41] produced metal/graphene composites with the Ni [40] and Al–4Cu [41] matrices characterized by bimodal grain size distributions. The Al–
4Cu/graphene composites have shown an improvement
of 79%, 49% and 44% of yield strength, ultimate strength,
and Vickers hardness, respectively, for the
nanocomposite containing 1 wt.% of graphene in comparison to the unreinforced Al–4Cu alloy (Fig. 1). The
high strength and hardness of the composite was accompanied by relatively good tensile ductility (characterized by uniform elongation of 10 percent).
The improvement in the yield and ultimate strength
due to graphene addition is accompanied by a change
in the failure character from purely ductile failure characteristic of graphene-free Al-4Cu to mixed (ductile and
brittle) or purely brittle fracture. This can be seen in Fig.

2, which shows the fracture surfaces of Al–4Cu alloy
and the Al–4Cu/1RGO nanocomposite (containing 1
wt.% rGO). In this figure, the fracture surface of the Al–
4Cu alloy is covered with a large number of fine dimples
(Figs. 2a and 2b), which points to the failure via the
generation and convergence if voids. In contrast, the
fracture surface of the Al–4Cu/1RGO nanocomposite
(Figs. 2c-2e) that has a lamellar structure (Figs. 2d and
2e) demonstrates the existence of very fine cracks. Also,
the presence of pulled out graphene has been observed
[41] on the fracture surface of Al–Cu/1RGO
nanocomposite. This implies that microcracks formed
during tensile testing of this composite can decrease its
ductility. The above result is in contrast to the observations [40] of fracture surfaces of bimodal Ni/graphene
composites, which show the presence of voids. The
reason can lie in the initial porosity of bimodal Ni/
graphene composites fabricated in [40], in contrast to
nearly fully dense Cu-4Al specimens produced in [41].
The formation of cracks in bimodal Al-4Cu/Gr composites can be related to the formation of the bimodal grain
structure, which is absent in graphene-free Cu-4Al alloy. As a result, the stress concentration due to the accumulation of dislocations at the boundaries between
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Fig. 2. The fracture surface of (a, b) Al–4Cu alloy and (c, d, e) Al–4Cu/1RGO nanocomposite. Reproduced with
permission from [41]. Copyright 2020, Elsevier.

large and small grains can induce cracking over these
boundaries, thereby reducing the ductility of the composites.
At the same time, the results of ref. [41] demonstrate
that metal/graphene composites with a bimodal metallic
matrix can provide a combination of high strength with
reasonable ductility. This effect has been explained within
mechanistic modeling [42]. Within model [42], a metal/
graphene composite is considered where the metallic
matrix consists of large grains surrounded by a (nc)/ufg
phase (Fig. 3). The stress for dislocation motion in the
nc/ufg phase is supposed to be much higher than that
in large grains, in accord with the Hall-Petch relation.
Within model [42], dislocation pileups form in large grains
at Frank-Read sources under the action of the applied
uniform tensile load. These dislocation pileups create
stress concentration, which enables dislocations to
transmit from one large grain to another across the nc/
ufg phase, thereby providing macroscopic plastic flow
in the solid. In addition, graphene platelets that are located either inside grains or at GBs provide additional
strengthening and strain hardening due to the load transfer from the metallic matrix to graphene platelets, Orowan
looping (for intragrain graphene platelets), obstruction
of graphene platelets to dislocation emission from grain
boundaries (GBs) (for GB graphene platelets), as well as
dislocation back stresses due to dislocation accumulation near graphene platelets during plastic flow.

Within such an approach, the authors of ref. [42]
calculated the stress-strain curves, yield strength and
uniform elongation of pure Cu with a bimodal grain size
distribution and compared them with the available experimental results [43]. Next, they considered the effect
of intragrain and GB graphene platelets on the flow stress
by considering various strengthening and strain hardening mechanisms. The resulting calculated engineering stress-strain curves for bimodal Cu-graphene composites are shown in Fig. 4. These curves demonstrate
that in the absence of cracking or void growth, bimodal
Cu/graphene composites can have simultaneously high
strength and high ductility. Both these parameters increase with the volume fraction of graphene as long as
its concentration is not high enough to induce significant graphene agglomeration (leading to high porosity
and the related degradation of mechanical properties).
The stress-strain curves allow one to calculate the
critical uniform elongation, defined as the maximum
tensile strain at which the specimen is stable with
respect to necking. The critical uniform elongation c
can be calculated using the Considère criterion [44]
(  f /  )|    f , where f and  are the true flow
stress and true strain, respectively. The dependences
of the critical uniform elongation  for bimodal Cu with
graphene platelets on its yield strength  are plotted in
Fig. 5. For comparison, Fig. 5 also displays such
dependences for two similar specimens without
graphene, one with the same grain size of the nc/ufg
c
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Fig. 4. Dependences of the engineering flow stress e
of bimodal Cu/graphene composites on engineering
strain e, for the case of large (a) and small (b) graphene
platelets (compared to the GB length in the nc/ufg
phase). dnc, L and fv denote the grain size of the nc/ufg
phase, the length of graphene platelets and the volume
fraction of graphene, respectively. Adapted from [42].

Fig. 3. Plastic deformation in a bimodal metal/graphene
composite. (a) Bimodal metal/graphene composite under uniform tension. (b) Magnified fragment highlights
a double dislocation pile-up in a large grain. Graphene
platelets (lying either at GBs or inside large grains) are
not shown in the figure. Adapted from [42].

phase (dnc=200 or 300 nm), and the other with a smaller
value of dnc (dnc=75 or 90 nm). Fig. 5 also shows that, for
a given value of the volume fraction of the nc/ufg phase,
graphene platelets can increase the yield strength and
dramatically enhance the uniform elongation.
Thus, Fig. 5 predicts a combination of very high
strength and excellent stability with respect to necking
for bimodal metal/graphene composites. The comparison of Figs. 5a and 5b shows that if the specimen fails
due to necking, then the best combination of strength
and ductility can be expected for very small graphene
platelets, whose length is smaller than the size of GBs in
the ufg phase of the bimodal metallic matrix.

Fig. 5. Dependences of the critical uniform elongation
c of bimodal Cu/graphene composites on their yield
strength y, for the case of large (a) and small (b) graphene
platelets. dnc, L and fv denote the grain size of the nc/ufg
phase, the length of graphene platelets and the volume
fraction of graphene, respectively. Adapted from [42].
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Fig. 6. GB sliding initiated by a graphene platelet at a
GB. (a) GB containing a graphene platelet. Initial state.
(b) Due to sliding of graphene monolayers or the
graphene platelet as a whole under the action of the
resolved shear stress , dipoles of edge GB dislocations
are generated at the edges of the platelet. The nucleating dislocations glide to the nearest triple junctions. (c)
The process of dislocation nucleation and glide repeats
many times. Adapted from [47].
The model proposed in ref. [42] takes into account
only the action of dislocation plasticity. At the same
time, GB sliding is often observed in metal-graphene
composites. For example, in ref. [45], GB sliding was
identified as the dominant deformation mechanism in a
composite based on the AZ61 magnesium alloy with the
addition of graphene platelets. In this study, the grain
size of the alloy after the addition of graphene was
around 4 m. The reason for the activation of GB sliding
in such a coarse-grained material is apparently associated with the relatively low shear strength of graphene
in the direction parallel to the atomic layers, as well as,
in some cases, with poor adhesion between graphene
and the matrix. This is confirmed by computer
simulations of the shear strength of graphite [45] and
the simulations of the strength of interfaces between
graphene and various materials (see, e.g., [46]). For example, the critical shear stresses for slip between
graphene monolayers based on the results of ref. [45]
can be estimated as 140 MPa. With a sufficiently small
grain size of the nc/ufg phase, these stresses can in
some cases be below the critical stress for the activation of intragranular plastic deformation. Consequently,
in this situation, sliding along GBs containing graphene
platelets becomes more favorable than the usual dislocation plasticity.
To account for the possibility of GB sliding, the authors of ref. [47] proposed a model that takes into account the combined effect of dislocation plasticity and
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GB sliding on the yield strength of metal/graphene composites with a bimodal grain size distribution. Within
this model, dislocation plasticity is realized, as in ref.
[42], by the nucleation of dislocation pileups in large
grains and their subsequent transmission to neighboring
large grains across the nc/ufg phase. When considering GB sliding, the model assumes that, as a result of
sliding of the monolayers of graphene platelets, dipoles
of noncrystallographic edge dislocations with arbitrarily small Burgers vectors (equal in magnitude to the jump
of displacements of sliding graphene monolayers) are
formed at the edges of the platelets (Fig. 6). The nucleating dislocations glide to the nearest triple junctions
(Fig. 6) or to the nearest dislocations of opposite sign,
which are formed due to sliding along neighboring
graphene platelets located in the same GB. The glide of
GB dislocations results in GB sliding. The process of
dislocation nucleation and glide repeats many times
(Figs. 6b and 6c). The high stresses created by dislocations in triple junctions are partially removed due to the
emission of some dislocations from triple junctions to
the grain interiors and delocalization of triple junction
dislocations, that is, their diffusion creep along GBs.
Within such a model, the authors of [47] calculated
the yield strength of the bimodal Ni/graphene composite where plastic deformation occurs via the combined
action of dislocation plasticity and GB sliding. The
dependences of the yield strength y of the bimodal Ni/
graphene composite on the graphene volume fraction fv
are presented in Fig. 7, for two different grain sizes of
the ufg phase, dnc=300 nm and 500 nm. Also in this figure, for comparison, the dashed lines show similar
dependences for the same composite without an account for GB sliding. From Fig. 7 it is clearly seen that an
account for GB sliding leads to a rather strong decrease
in the yield strength. Moreover, an increase in the
graphene volume fraction above a certain value begins
to lower the yield strength. This behavior is quite typi-

Fig. 7. Dependences of the yield strength y of the bimodal Ni/graphene composite on the graphene volume
fraction fv. Adapted from ref. [47].
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cal for composites reinforced with graphene, where an
increase in the graphene content can lead to the agglomeration of graphene platelets and the formation of
voids around such agglomerates. However, in the case
under consideration, a decrease in the yield strength
with an increase in the graphene concentration is associated not with the formation of voids but with the activation of GB sliding.
Thus, the results of ref. [47] indicate that in bimodal
metal/graphene composites with a high flow stress of
the ufg phase of the metal matrix, GB sliding can reduce
the yield strength, thereby reducing the hardness of the
composites. A decrease in the yield strength of composites, associated with GB sliding, manifests itself when
the volume fraction of graphene exceeds a critical value.
In summary, from the above brief review it follows
that bimodal metal/graphene composites can possess a
combination of high yield strength and reasonable strain
to failure. The combination of bimodal grain size distribution and graphene platelets can result in high strain
hardening of the composites, which favors both high
strength and high ductility. At the same time, strain to
failure of such composites can be reduced due to the
brittle fracture, which can be related to the cracking at
boundaries between large and small grains. At high flow
stresses strength of the composites can also be limited
due to the sliding over graphene platelets. Therefore,
strength and ductility of such composites is determined
by the interplay of various plastic deformation and fracture processes. Further analysis is needed to reveal the
optimum structure of such composites that would provide the best combination of high strength and good
ductility.
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