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Abstract. A theoretical model is suggested which describes plastic flow through stress-driven
migration of high-angle grain boundaries (GBs) in metal-graphene nanocomposites. In the
framework of the suggested model, stress-driven GB migration gives rise to the formation of
wedge disclinations at GB junctions and edges of graphene inclusions. Energy and stress
characteristics of stress-driven GB migration are calculated in several metals (aluminium, nickel
and Gum metal). It is found that graphene inclusions strengthen metal-graphene
nanocomposites. This is well consistent with experimental data reported in literature. Also, it is
revealed that graphene inclusions in metal-graphene nanocomposites either hamper or enhance unstable GB migration and thereby grain growth driven by stress, depending on inclusion
length.

1. INTRODUCTION
Nanostructured metallic materials exhibit the excellent mechanical properties (superior strength,
etc.) due to their specific structural features including ultra-small grain sizes and very large quantities
of GBs; see, e.g., [1-17]. With these structural features, GB-assisted and -mediated deformation
micromechanisms effectively contribute to plastic
flow in nanostructured metals. Among such
micromechanisms, of particular interest is the
stress-driven GB migration that not only mediates
plastic deformation, but also changes (increases)
grain size [18-47]. As a corollary, operation of stressdriven GB migration in a metal during its plastic

deformation can modify its properties sensitive to
grain size.
Recently, a rapidly growing interest has been
devoted to metal-matrix nanocomposites with
nanoinclusions of graphene – a 2D carbon material
with the unique mechanical properties [48-50] –
being utilized as reinforcing fillers; see, e.g., [5163]. These metal-graphene nanocomposites typically have coarse-grained metal matrices and demonstrate the outstanding mechanical characteristics such as high strength and Young modulus. In
doing so, graphene nanoinclusions enhance strength
of such nanocomposites owing to the three key factors: first, graphene stops lattice dislocations – basic carriers of plastic flow in metals – in nanocompo-
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sites during their mechanical loading; second, the
stress transfer from a soft metal matrix to superstrong graphene nanofillers occurs; and, third,
graphene nanoinclusions hamper both GB migration and thereby grain growth in nanocomposites
during their synthesis involving mechanical and thermal treatment [58]. With the third factor, a metal
matrix of a nanocomposite containing graphene has
lower grain size, as compared to its unreinforced
counterpart (pure metal fabricated under the same
conditions). In its turn, strength s of metals increases
with decreasing an average grain size d in accordance with Hall-Petch relation (=0+k d -1/2), with
k being the material constant parameter; see, e.g.,
[7,14]) so that nanocomposites are stronger than
their pure metallic counterparts.
Micromechanism(s) and characteristics of hampering effects exerted by graphene nanoinclusions
on GB migration are unknown. At the same time,
their knowledge is of crucial importance for control
and design of grain size in metal-graphene
nanocomposites and thereby for enhancement in
strength exhibited by such nanocomposites. Of utmost interest are the specific features of stressdriven GB migration in metal-graphene nanocomposites having nanostructured metal matrices; see,
e.g., [63]. The main aim of this paper is to elaborate
(briefly considered earlier [64]) theoretical description of stress-driven GB migration – a process dramatically influencing grain size – in metal-graphene
nanocomposites. In doing so, we will theoretically
examine stress-driven GB migration in
nanocomposites with aluminum, nickel and Gummetal matrices.

2. STRESS-DRIVEN MIGRATION OF
GRAIN BOUNDARIES IN METALGRAPHENE NANOCOMPOSITES:
GEOMETRIC ASPECTS
Graphene nanoinclusions are typically located at
GBs of metal matrices in metal-graphene nanocomposites; see review [58] and references therein. In
this context, we will focus our theoretical examination on stress-driven GB migration in metal-matrix
nanocomposites containing graphene nanoinclusions at GBs. Let us consider a two-dimensional
model of a metal-graphene nanocomposite specimen which is under tensile stress  that initiates
plastic flow (Fig. 1). In the framework of our model,
plastic deformation involves stress-driven migration
of the GB AB at which the graphene nanoinclusion
is located (Figs. 1b and 1c). The GB AD is assumed
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to be a symmetric high-angle tilt boundary specified by tilt misorientation angle . The graphene
nanoinclusion represents a few-layer graphene
nanoplatelet that has thickness of 1-2 nm (a red
rectangle in Fig. 1b) and is located at the fragment
BC of the GB AD, as shown in Fig. 1b. When the
shear stress  is applied, the GB AD can migrate
and thus mediate plastic flow.
In general, GB migration in a metal occurs
through atomic re-arrangements at the GB and in
its vicinities in adjacent grain interiors. Such re-arrangements are suppressed by immobile graphene
nanoinclusions – metal atoms cannot move across
graphene nanoplatelets – which thereby hamper the
migration process. In this case, stress-driven migration of the GB AD hampered by the graphene
nanoinclusion occurs as schematically shown in
Figs. 1b and 1c. As to details, in the framework of
our model, the fragment BC of the GB AD is immobile (due to the presence of the immobile graphene
nanoplatelet), whereas the GB fragments AB and
CD migrate to their new positions A’B’ and C’D’,
respectively (Fig. 1c). Note that, in our early model
[64] addressing GB migration hampered by a
graphene nanoinclusion, we examined a simplified
situation where the GB fragments AB and CD simultaneously migrate over the same distance. However, it is too limiting condition for real GB configurations. Therefore, here we will consider the situation where the GB fragments AB and CD can migrate over different distances l1 and l2, respectively
(Fig. 1c).
We now specify other geometric parameters of
the system under consideration. Let 2a be the length
of the GB fragment BC (Fig. 1b), h denotes the distance between D and middle point of the
nanoinclusion, and d is the length of the GB AD
(Fig. 1b).
Stress-driven migration of the high-angle GB AD
gives rise to the formation of new GB fragments BB’
and CC’ (Fig. 1b). Besides, for geometric reasons,
stress-driven GB migration is accompanied by formation of wedge disclinations at GB junctions [66].
Let us examine this aspect in detail. In the case
under consideration, we assume that GB junctions
A and D in the initial state of the system (Fig. 1b)
are geometrically compensated. That is, each of
these junctions is characterized by the zero sum of
misorientation angles specifying GBs adjacent to
the junction; for details, see [65]. This, in particular,
means that GB junctions do not create intermediate- and long-range stresses.
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Stress-driven migration of the GB AD (Figs. 1b
and 1c) violates balance of GB misorientation angles
at pre-existent and new GB junctions A, B, C, D, A’,
B’, C’ and D’ so that these junctions contain wedge
disclinations (triangles in Fig. 1c) serving as powerful stress sources. More precisely, two disclination
quadrupoles AA’B’B and CC’D’D are formed that consist of disclinations having strengths ±, where the
strength magnitude  is equal to tilt misorien-tation
 specifying the GB AD. Thus, all the disclinations
shown in Fig. 1c have the same strength magnitude : disclinations with positive and negative
strengths  and – , respectively, are shown as full
and open triangles, respectively.

(1)

3. STRESS-DRIVEN MIGRATION OF
GRAIN BOUNDARIES IN METALGRAPHENE AND GUM-METALGRAPHENE NANOCOMPOSITES:
ENERGY AND STRESS
CHARACTERISTICS

nanocomposites (Fig. 1). First, let us calculate the
energy change W that characterizes the migration transformation presented in Figs. 1b and 1c.
Since defects are absent in the initial state of the
system (Fig. 1b), the energy change W has the
five terms:

W  W AA ' B ' B  WCC ' D ' D  Wint  Wgb  Apl .

Here WAA’B’B and WCC’D’D are the proper energies of
the disclination quadrupoles AA’B’B and CC’D’D,
respectively; Wint is the energy that specifies the
elastic interaction between the disclination quadrupoles; Wgb is the change in the GB energy due to
the formation of the new GB fragments BB’ and CC’;
and Apl is the plastic deformation work.
The first, second and third terms on the righthand side of formula (1) are given by the expressions well known in the theory of disclinations in
solids [66]. With these expressions, after some algebra, we have:

We now examine energy and stress characteristics of stress-driven GB migration in metal-graphene

Fig. 1. Stress-driven migration of high-angle grain boundary in metal-graphene nanocomposite (schematically). (a) Nanostructured metal-matrix nanocomposite containing graphene nanoinclusions (red elongated
rectangles) at grain boundaries (two-dimensional general view). (b) Nanocomposite fragment contains highangle symmetric tilt boundary AD. Graphene nanoinclusion (red elongated rectangle) is located at this grain
boundary. (c) Grain boundary AD migrates under stress to a new position A’B’BCC’D’. The migration process gives rise to the formation of two disclination quadrupoles AA’B’B and CC’D’D (for details, see text).
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WAA ' B ' B  WCC ' D ' D  Wint 

D2  2(f (l1, h  a,0)  f (h  a, l1,0) 
f (l 2 , d  h  a,0)  f ( h  a, l1,0))
f ( h  a, l 2 ,0)  f (d , l 2 ,0)  f (d, l1  l 2 , l1 ) 

f (h  a, l1  l 2 , l1 )  f (l 2 , d  h  a, d )

(2)

f (l 2 ,2a, h  a)  f (l1, d  h  a, d ) 

f (l1,2a, h  a)  f (d  h  a, l 2 ,0)  f (2a, l 2 ,0)
f (d  h  a, l1  l 2 , l1 )  f (2a, l1  l 2 , l1 ),

where f(x,y,z)=x2ln[(x2+y2)/(x2+z2)], D=G/[2(1-)], G
is the shear modulus, and  is the Poisson ratio.
The change in the GB energy due to the formation
of the new GB fragments BB’ and CC’ is evidently
related to their sum length l1+l2 as follows:

Wgb   ( l1  l 2 ) ,

(3)

where  is the specific (per unit area) surface energy of the GBs. The work Apl spent by the applied
shear stress  on movement of the GB fragments
AB and CD over the migration distances l1 and l2,
respectively (Fig. 1c), is given as:

Apl   [l1(h  a )  l 2 (d  h  a )] .

(4)

Formulas (1)–(4) allow us to calculate the energy change W that characterizes stress-driven
migration of the GB AD (Figs. 1b and 1c). We calculated W in the exemplary case of aluminum(Al)graphene nanocomposite with Al matrix specified
by the following values of material parameters:
G=26.5 GPa, =0.34 [66], and =0.4 J/m2 [67]. Note
that, generally speaking, the specific energy of a
high-angle GB depends on its misorientation. However, in many metals, including Al, the GB energy
as a function of GB misorientation is approximately
constant, except for narrow ranges of misorientation
angles at and near angles corresponding to special
GBs [69]. As a corollary, our approximation of constant  =0.4 J/m2 is good enough.
Fig. 2 demonstrates typical dependences
W(l1,l2) in the form of maps calculated for d=50
nm, =0.5, h=0.4d, a=0.1d and various values of
the applied shear stress /D=0.01, 0.6, and 0.9
(Figs. 2a, 2b, and 2c, respectively), where D=G/
[2(1-)]. It is seen that, for low values of the applied stress (Fig. 2a), the energy W(l1,l2) monotonously grow with rising l1 and/or l2, that is, stressdriven GB migration is energetically unfavorable. For
intermediate values of t, a local minimum (point M
in Fig. 2b) appears at the map W(l1,l2). That is,
stress-driven migration of GB fragments AB and CD
over some limited (equilibrium) distances becomes

energetically permitted. In doing so, the local energy minimum corresponds to the equilibrium migration distances le1 and le2. For high stresses, the
energy W(l1,l2) monotonously decreases with rising l1 and/or l2 (Fig. 2c), that is, stress-driven GB
migration is unstable. It occurs as an energetically
favorable process until at least one of the migrating
GB fragments, AB or CD, is stopped at some structural obstacle, say, another GB.
The energy maps specifying Al have a rather
character: similar maps are typical for many other
metals. For shortness, we will not present such
maps for other metals. At the same time, we will
use such maps for Ni and Gum metals in our theoretical consideration in the rest of this paper.
With analysis of the energy maps W(l1,l2), one
can obtain dependences of the equilibrium migration distances le1 and le2 on various parameters of
the system examined; see, e.g., Figs. 3 and 4, for
Al-graphene and nickel(Ni)-graphene composites,
respectively. (In calculations of dependences in Fig.
4, we used the following values of parameters characterizing Ni: G=76 GPa,  =0.31 [66] and =1.6 J/m2
[69]. These figures, in particular, demonstrate difference between the migration distances le1 and le2
(in contrast to the assumption in our early model
[64]).
Figs. 3a and 4a present typical dependences of
the migration distances on the applied stress. These
dependences show growth of the migration distances
with rising the applied stress and transition to the
unstable migration regime at some critical values
(c2) of the stress. The dependences of le1 and le2 on
the parameter h specifying spatial position of the
graphene nanoinclusion are presented in Figs. 3b
and 4b. With these dependences, a longer GB fragment migrates over a larger distance, as compared
to a shorter GB fragment. In the partial case where
the nanoinclusion is located exactly at the GB AD
center, the migration distances le1 and le2 are identical. Figs. 3c and 4c shows dependences of le1 and
le2 on the half-length a of the graphene nanoinclusion.
From this figure it follows that the migration distances diminish when a increases. That is, longer
inclusions more effectively hamper stress-driven GB
migration than their shorter counterparts.
Comparison of dependences presented in Figs.
3 and 4 shows that they are very similar, despite of
large difference in both elastic constants and the
specific GB energy between Al and Ni. The reason
for the similarity can be understood from analysis
of formulas (1)–(4). As to details, is the elastic energy part of W is expressed in units of D2d2, and
the applied shear stress is expressed in units of
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Fig. 2. Maps of the energy change W depending the migration distances l1 and l2 in Al-graphene
nanocomposite, for d=50 nm, =0.5, h=0.4d, a=0.1d and various values of the applied shear stress: (a)
=0.01D, (b) =0.6D, and (c) =0.9D. The energy change levels in the maps are shown in units of
10-2D2d2/2.

D, one finds that the energy change W is sensitive to only one material parameter, namely the ratio /D. For various conventional metals, this ratio
has similar values. For example, the ratio /D for Ni
is 1.4 times larger than that for Al. This explains the
similarity of dependences presented in Figs. 3 and 4.
The critical stresses c1 and c2 for the migration
onset and transition to the unstable migration regime, respectively, serve as important characteristics of stress-driven GB migration. The critical stress
c1 is defined as the minimum stress at which the
migration onset is energetically favorable. More precisely, c1 is defined as the minimum stress at which
one of the equilibrium migration distances (le1 or le2)
achieves some characteristic minimum value (denoted as b) allowing one to experimentally identify
the fact that GB migrates. We take b as a GB width,

that is, to a good approximation we have: b=1 nm.
After numerical analysis of the calculated dependences (Figs. 3 and 4), we find typical values of c1.
For instance, in Al-graphene nanocomposite, for
=0.5, a=0.1d, h=0.5d and various GB lengths (being close to grain sizes) d=50, 100, and 200 nm,
we obtain: c1  849, 524, and 312 MPa, respectively. For comparison, in paper [20], it was found
that the critical stress for the migration onset in
pure metal without inclusions is given as: ’c1=D(b/
d)ln(d/b). For the same values of parameters in pure
Al, we have ’c1 250, 147, and 85 MPa. In the case
of Ni-graphene nanocomposite, for the same values of parameters as above, we find: c1 2.37, 1.46,
and 0.87 GPa. In the case of pure Ni, we have ’c1
685, 403, and 232 MPa. Thus, values of the critical
stress c1 for the migration onset in Al-graphene and
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Fig. 3. Dependences of the equilibrium migration
distances in Al-graphene nanocomposite, calculated
at d=50 nm and =0.5, on (a) the applied shear
stress , for h=0.3d, and a=0.1d; (b) parameter h,
for =0.5D and a=0.1d; and (c) inclusion half-length
a, for =0.5D and h=0.4d.

Fig. 4. Dependences of the equilibrium migration
distances in Ni-graphene composite, calculated at
d=50 mm and =0.5, on (a) the applied shear stress
, for h=0.3d and a=0.1d; (b) parameter h, for
=0.5D and a=0.1d; and (c) inclusion half-length
a, for =0.5D and h=0.4d.

Ni-graphene nanocomposites is significantly larger
than those of the stress ’c1 in unreinforced Al and
Ni. At the same time, values of the critical stress c1
are rather realistic. They can be achieved in conventional quasistatic deformation regimes so that
stress-driven GB migration can effectively contribute to plastic flow in metal-graphene nanocomposites. If it is so, with comparatively high values of
the critical stress c1, one concludes that graphene
nanoinclusions make metal-graphene nanocomposites stronger as compared to pure metals. This

theoretical conclusion is well consistent with experimental data reported in the literature; see review [58] and references therein.
We now numerically estimate the critical stress
c2 specifying transition to the unstable migration
regime. Estimation results are presented in Figs. 5
and 6, for Al-graphene and Ni-graphene composites, respectively. In particular, Figures 5a and 6a
demonstrate dependences of c2(a) for =0.5,
h/d=0.2, 0.3, 0.4, 0.5, and d=50 nm. For comparison, following [20], the critical stress for the un-
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Fig. 5. Dependences of the critical shear stress c2
in Al-graphene nanocomposite, calculated for =0.5
on (a) inclusion half-length a, for d=50 nm and various values of parameter h (these values are shown
in units of d near corresponding curves); (b) parameter h, for d=50 nm and various values of inclusion
half-length a (these values are shown in units of d
near corresponding curves); (c) and grain boundary
length (close to grain size) d, for h=0.5 and various
values of inclusion half-length a (these values are
shown in units of d near corresponding curves).

stable migration in pure metal (without inclusions)
is given as ’c2 0.8D. As it follows from Figs. 5a
and 6a, the inequality c2< ’c2 holds in a wide range
of nanoinclusion sizes (a<0.2-0.3d, depending on
parameter h) in Al-graphene and Ni-graphene
nanocomposites. That is, transition to the unstable
migration in Al-graphene nanocomposites is en-
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hanced as compared to that in pure metals. From a
physical viewpoint, this is related to the fact that
the defect configuration shown in Fig. 1c in the discussed range of nanoinclusion lengths due to the
effective mutual screening of stress fields created by
the disclination quadrupoles quadrupoles AA’B’B and
CC’D’D has lower energy than that examined in the
model [20] in the case of unreinforced metals.
The unstable migration serves as the dominant
mechanism for grain growth in mechanically treated
metals. In this context, our theoretical analysis
shows that grain growth is enhanced in plastically
deformed Al-graphene and Ni-graphene
nanocomposites with relatively “short” graphene
nanoplatelets specified by lengths 2a<0.4-0.6d, as
compared to pure metals. At the same time, in the
case of “long” graphene nanoinclusions with 2a>0.40.6d, the critical stress for the unstable migration
satisfy the inequality c2>’c2 so that grain growth is
hampered in Al- and Ni-graphene nanocomposites
as compared to pure Al and Ni.
Note that our previous model [64] based on the
assumption that the GB fragments A’B’ and C’D’
synchronously migrate over the same distance predicts the unstable migration to be always hampered
in metal-graphene nanocomposites as compared to
that in unreinforced metals. In contrast, the current
theoretical examination (taking into account a realistic situation where the GB fragments A’B’ and C’D’
can migrate over different distances) predicts that
graphene inclusions either hamper or enhance
stress-driven GB migration, depending on inclusion
length.
Also, note that each of the dependences c2(a)
has its pronounced minimum at a 0.1d (Figs. 5a
and 6a). That is, GBs with graphene nanoinclusions
specified by a 0.1d show the tendency to easily
migrate under stress.
Figs. 5b and 6b present dependences c2(h) calculated for =0.5, various values of a/d=0.1, 0.2,
0.3, 0.4, and d=50 nm. It is seen that dependences
c2(h) are significantly sensitive to the graphene
nanoplatelet length. Indeed, for comparatively short
nanoinclusions, each of the dependences c2(h) has
minimums near h=0.5. In other terms, the critical
stress for the unstable migration is minimal, when
the graphene nanoinclusion is located close to the
middle of the migrating GB. For comparatively long
nanoinclusions we have the opposite situation: the
dependence c2(h) has its maximum at h=0.5. This
is explained by the fact that transition to the unstable migration is enhanced in a non-linear manner with rising the graphene nanoinclusion length.
For instance, when a long nanoinclusion (with a
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Fig. 6. Dependences of the critical shear stress c2
in Ni-graphene nanocomposite, calculated for =0.5
on (a) inclusion half-length a, for d=50 nm and various values of parameter h (these values are shown
in units of d near corresponding curves); (b) parameter h, for d=50 nm and various values of inclusion
half-length a (these values are shown in units of d
near corresponding curves); (c) and grain boundary
length (close to grain size) d, for h=0.5 and various
values of inclusion half-length a (these values are
shown in units of d near corresponding curves).

length exceeding a half-length of the GB AD) is located at the GB AD middle, both migrating GB fragments are short enough so that the critical stress
c2 is high. However, when the nanoinclusion is shifted
closer to GB junction A or D, one of the migrating
GB fragments becomes long, in which case the critical stress c2 for its unstable migration significantly
decreases.
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Figs. 5c and 6c present dependences c2(d) calculated for =0.5, h=0.5, and various values of a/
d=0.1, 0.2, 0.3 and 0.4. It is seen that critical stress
c2 significantly grows with decreasing grain size.
Thus, in nanocomposites characterized by extremely
small grain sizes, the unstable migration is hampered (compared to pure metals) in all range of
nanoinclusion parameters.
Comparison of dependences presented in Figs.
5 and 6 shows that the difference in the critical stress
c2 (expressed in units of D) between Al- and Nigraphene nanocomposites is very small. Typically,
the difference ~1–2%; although it reaches 10% in
the case of ultra-small GB lengths. As with the migration distances (Figs. 3 and 4), the small difference in the critical stress c2 between Al- and Nigraphene nanocomposites is explained by the sensitivity of the energy change W to only one material parameter, the ratio /D. For various conventional
metals, this ratio has similar values.
However, one can distinguish Gum metal [7073] as a metallic material having the ratio  /D whose
value is significantly different from those of conventional metals. Gum metals are special titanium alloys exhibiting the unique mechanical properties,
including very low shear modulus G [70-73]. In our
simulations, we will use G ~15 GPa and  =0.3 [71].
The GB energy in Gum metals is unknown, in which
case we will take its value of  =1 J/m2 which is
typical for pure titanium [74]. In doing so, for Gum
metal, we find the ratio /D to be approximately 4.7
and 3.2 times larger than its counterparts in Al and
Ni, respectively. Note that Gum metals represent
coarse-grained polycrystalline metals with grain
sizes being tens of microns [70-73]. Nevertheless,
for the aims of this paper, we will examine the critical stress c2 for the unstable GB migration in Gum
metal with nanoscale grains and compare it with
values of c2 in nanostructured Al and Ni in order to
understand the effect of g/D on stress-driven grain
growth in meals. Fig. 7 presents the dependences
which are calculated for Gum metal in the same
way as those in Figs. 5 and 6, calculated for Al and
Ni, respectively. From Figs. 5-7 it follows that values of c2 (in units of D) for Gum-metal-graphene
nanocomposites are higher than those for Al- and
Ni-graphene nanocomposites with the same GB
length and characteristics of graphene nanoionclusions. This difference in c2 due to the effect of the
ratio /D is especially significant (~90%) at very small
GB lengths (~10 nm) and less pronounced (~1025%) at larger GB lengths (~50-100 nm).
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To generalize the obtained results, we may logically conclude that stress-driven grain growth in
metal-graphene nanocomposites is either enhanced
or hampered by graphene nanoinclusions, depending on their typical length and GB length (grain size).
The hampering effect exerted by graphene
nanoinclusions on stress-driven grain growth enhances with rising the ratio /D specifying metal
matrix in a metal-graphene nanocomposite.

4. CONCLUDING REMARKS
Thus, we theoretically described stress-driven GB
migration in metal-graphene nanocomposites. In the
framework of our description, stress-driven migration of high-angle GBs gives rise to the formation of
both new GB fragments and wedge disclinations at
GB junctions and edges of graphene inclusions. The
new GB fragments and disclinations cause the main
hampering force for the migration process.
Energy and stress characteristics of stressdriven GB migration in metal-graphene nanocomposites are calculated. In particular, we revealed that
the critical stress c1 for the migration onset in Algraphene and Ni-graphene nanocomposites is significantly larger than its counterpart ’c1 in reinforced
Al and Ni. At the same time, values of the critical
stress c1 are rather realistic. They can be achieved
in conventional quasistatic deformation regimes so
that stress-driven GB migration can effectively contribute to plastic flow in Al-graphene nanocomposite.
If it is so, with comparatively high values of the critical stress c1, one concludes that graphene nanoinclusions make Al-graphene nanocomposites
stronger as compared to pure Al. This theoretical
conclusion is well consistent with experimental data
reported in literature (for a review, see [58]).
Also, it is revealed that stress-driven grain growth
in metal-graphene nanocomposites is either enhanced or hampered by graphene nanoinclusions,
when they are long or short, respectively. The hampering effect exerted by graphene nanoinclusions
on stress-driven grain growth enhances with rising
the ratio /D specifying metal matrix in a metalgraphene nanocomposite.
These theoretical results are of utmost interest
for synthesis of metal-graphene nanomposites with
controlled microstructure and enhanced strength.
In particular, fabrication of metal-matrix
nanocomposites containing “long” graphene
nanoinclusions will allow one to stabilize grain size
in metal matrix and thus control its strength contributing to strength characteristics of nanocomposites.

Fig. 7. Dependences of the critical shear stress c2
in Gum-metal-graphene nanocomposite, calculated
for =0.5 on (a) inclusion half-length a, for d=50 nm
and various values of parameter h (these values are
shown in units of d near corresponding curves); (b)
parameter h, for d=50 nm and various values of inclusion half-length a (these values are shown in units
of d near corresponding curves); (c) and grain boundary length (close to grain size) d, for h=0.5 and various values of inclusion half-length a (these values
are shown in units of d near corresponding curves).
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