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A brief review of the theoretical models which describe mechanisms of the plastic defor-
mation and fracture toughness enhancement in bimodal metal-graphene composites with 
nanotwinned structure is presented. In the framework of the models, the plastic defor-
mation in such composites occurs due to the lattice dislocation slip and the grain boundary 
sliding in nanocrystalline/ultrafine-grained matrix, and the lattice dislocation slip and the 
migration of the twin boundaries in large grains with nanotwinned structure. Within the 
review, the migration of nanotwin boundaries in the large grains releases in part local 
stresses near crack tips and provides the fracture toughness enhancement in bimodal metal-
graphene composites with nanotwinned structure. At the same time, the presence of the 
graphene inclusions in metal-matrix induces the crack bridging effect which also increases 
the fracture toughness of bimodal metal-graphene composites. 
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1. INTRODUCTION 

Recently, a new class of bimodal metal-graphene compo-
sites with a nanotwinned structure has been actively de-
veloped. These composites consist of large (micrometer-
sized) grains with nanotwinned structure embedded into a 
nanocrystalline/ultrafine-grained NC/UFG matrix with 
graphene inclusions. Experimental studies [1,2], theoreti-
cal models [3–6] and computer simulations [7,8] demon-
strate that composites with a bimodal structure simultane-
ously exhibit high strength and ductility. In such 
composites, the NC/UFG metal-matrix is responsible for 
high strength, while coarse grains provide good ductility. 
It should be noted that the formation of a nanotwinned 
structure in the large grains is accompanied by an addi-
tional increase in the strength and the plasticity of bimodal 
composite [6,9,10] while the addition of graphene inclu-
sions to the UFG/NC matrix leads to a significant increase 
in the strength of such composites but is often accompa-
nied by a decrease in their plasticity and fracture tough-
ness [11–15]. Thus, it seems important to identify the mi-
cromechanisms responsible for the plastic deformation 

and fracture toughness of bimodal composites with nanot-
winned structure and graphene inclusions. 

The main aim of this work is a brief review on theoret-
ical models which describe mechanisms of the plastic de-
formation and fracture toughness enhancement in bimodal 
metal-graphene composites with nanotwinned structure. 

2. MECHANISMS OF PLASTIC DEFORMATION 
IN BIMODAL METAL-GRAPHENE 
COMPOSITES WITH NANOTWINNED 
STRUCTURE 

Consider a two-dimensional model of a bimodal compo-
site solid that consists of an NC/UFG metallic matrix 
with the inclusions in the form of graphene platelets and 
large grains with nanotwinned structure, loaded by a uni-
axial tensile load σ  (Fig. 1). According to experimental 
data [9,16] and theoretical models [6,17], two principal 
deformation mechanisms act in nanotwinned materials: 
twin boundary migration and dislocation motion across 
twins. The slip of the partial dislocations along the planes 
parallel to the twin boundaries serves as the primary 
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mechanism of migration of the twin boundaries in the di-
rection normal to the twin plane. 

At the same time, according to work [5], the plastic 
deformation of the NC/UFG metallic matrix 2 1 2c cMσ = τ
with the graphene inclusions occurs due to the emission 
of the lattice dislocations from grain boundaries (GBs) 
and their sliding in grain interiors, and grain boundary 
sliding. 

Taking into account the action of these deformation 
mechanisms, the yield stress of bimodal metal-graphene 
composites with nanotwinned structure was calculated [6]. 
Following theoretical model [17], the yield stress of nanot-
winned solid is given by expression: 

*

*

, ,
(1 ) , .

TBMNT
y NT

TBM HP

σ λ < λσ = 
ασ + −α σ λ ≥ λ

 (1) 

where TBMσ  is yield stress associated with twin boundary 
migration (see Ref. [17], for details), λ is a distance be-
tween adjacent twin boundaries, *λ  is the optimal distance 
between adjacent twin boundaries that characterizes the 
transition from hardening to softening, 1/2

0
NT
HP K −σ = σ + λ  

is the classical Hall–Petch law, 0σ  and K are the material 
parameters, α is the volume fraction of the large grains 
where the yield stress is equal to the TBMσ . 

According to the theoretical model [5], the yield stress 
of the UFG metal-matrix with graphene inclusions is 
given as 

1 2 1min( , ) (1 ) ,UFG
y gr c c gr cf fσ = σ σ + − σ  (2) 

where 1 0
GB

c c emσ = σ + σ  is critical stress for emitting lattice 
dislocations from the GBs, 1/2

0 0c UFGKd −σ = σ + , UFGd  is 
mean grain size of the UFG matrix, 2 1 2c cMσ = τ , 

2 140cτ =  MPa [18] is the critical shear stress for slipping 
graphite monolayers, 1M  is the geometric factor, grf  is 
the fraction of the GBs containing graphene and GB

emσ  is 
the stress necessary to free a dislocation segment pinned 
by obstacles (see Ref. [5], for details). 

With help formulas (1) and (2) the yield stress of the 
bimodal metal graphene composites with nanotwinned 
structure can be expressed as follows [6]: 

(1 ) ,NT UFG
y y yσ = βσ + −β σ  (3) 

where β is the volume fraction of the large grains with 
nanotwinned structure. 

In the model [6], the dependences of the yield stress 
yσ  on the twin thickness λ for various values of the vol-

ume fraction β (0.3, 0.5 and 0.7, the solid lines 1, 2 and 3, 
respectively) of large grains in the case of bimodal Cu-
graphene composite were calculated (Fig. 2). The dashed 
line 4 in Fig. 2 depicts the theoretical dependence of the 
yield stress on the twin thickness for UFG nanotwinned 
Cu obtained in paper [17]. The horizontal dashed line 5 
defines the yield stress UFG

yσ  of UFG metal-graphene ma-
trix without nanotwinned grains. The dependences ( )yσ λ  
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Fig. 1. Model of a bimodal metal-graphene composite consisting of large grains with nanotwinned structure embedded into NC/UFG 
metal matrix reinforced by graphene inclusions. Reprinted from Ref. [6]. © 2021 N.V. Skiba, published by Peter the Great St. Peters-
burg University. Available under the terms of the CC-BY-NC 4.0 license. 
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(curves 1–3) in Fig. 2 show the transition from softening 
to hardening and define that optimum twin thickness λ is 
equal to 15 nm as well as in the case of UFG nanotwinned 
Cu (curve 4). Dependences in Fig. 2 also demonstrate that 
the yield stress yσ  of bimodal metal-graphene composite 
with nanotwinned structure is higher of the yield stress 

UFG
yσ  of the UFG metal-graphene composite without 

nanotwinned grains in the range of the twin thickness 
10 nm < λ < 40 nm. 

Thus, the plastic deformation mechanisms in the bi-
modal metal-graphene composite with nanotwinned struc-
ture that are realized due to the twin boundary migration 
and the dislocation motion across the twins in the large 

nanotwinned grains, and the lattice dislocation slip and the 
grain boundary sliding in the UFG metal-graphene matrix 
have been described. Also, it was shown that the presence 
of the large grains with nanotwinned structure increases 
the yield strength of the bimodal metal-graphene compo-
site compared to the same composite with the large grains 
without nanotwinned structure.  

3. MECHANISMS OF FRACTURE TOUGHNESS 
ENHANCEMENT IN BIMODAL METAL-
GRAPHENE COMPOSITES WITH 
NANOTWINNED STRUCTURE 

The addition of graphene inclusions to the UFG/NC ma-
trix is often accompanied by a decrease in the plasticity 
and fracture toughness of metal-graphene composites. 
The main reason for the decrease in the fracture tough-
ness of the UFG/NC metal-graphene composites is con-
sidered to be the hamper of the dislocation slip due to the 
presence of the graphene inclusions, which act as obsta-
cles to the dislocation slip [11–15]. One of the ways to 
increase the fracture toughness of the UFG/NC metal-
graphene composites can be the formation of a bimodal 
nanotwinned structure in the UFG/NC matrix with the 
graphene inclusions. 

In the theoretical model [19], mechanism of the frac-
ture toughness enhancement in bimodal metal-graphene 
composites containing the large grains with nanotwin 
structure and a straight semi-infinite crack of type I in the 
UFG/NC matrix is considered. It is assumed that under the 
action of the external load 0σ  the microcrack propagates 
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Fig. 2. The dependences of the yield stress  on the twin thick-
ness λ for bimodal nanotwinned Cu-graphene composite (curves 
1–3), for UFG nanotwinned Cu (curves 4) and for NC/UFG metal-
graphene composite (curve 5). Reprinted from Ref. [6]. © 2021 
N.V. Skiba, published by Peter the Great St. Petersburg University. 
Available under the terms of the CC-BY-NC 4.0 license. 
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Fig. 3. Model of a bimodal metal-graphene composite containing large grains with nanotwin structure and a straight semi-infinite crack 
of type I in UFG/NC matrix with graphene inclusions. Reprinted from Ref. [19]. © 2023 N.V. Skiba, published by Peter the Great St. 
Petersburg University. Available under the terms of the CC-BY-NC 4.0 license. 
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in the UFG/NC matrix crossing the configuration of iden-
tical graphene inclusions oriented perpendicular to the mi-
crocrack plane and approaching the boundary of the large 
grain with the nanotwinned structure (Fig. 3). Within the 
model, the microcrack concentrates the external stress τ 
near crack tip and the resulting local stress induces the mi-
gration of a nanotwin boundary to a distance p (Fig. 3). As 
a result of the successive migration of the twin boundary 
a quadrupole ABCD of the wedge ±ω-disclinations with 
the sizes d and p is formed (Fig. 3). Thus, stress-induced 
migration of the nanotwin boundary causes the plastic de-
formation near the crack tip accompanied by the formation 
of the quadrupole of ±ω-disclinations whose stress field 
influences the microcrack growth. At the same time, the 
graphene nanoplatelets create bridges between the mi-
crocrack surfaces forming a zone of so-called crack bridg-
ing and prevent crack opening. 

In order to examine the effect of the disclination quad-
rupole on crack propagation, we use the energy criterion 
of crack growth. In the considered case of the plane strain 
state, this criterion has the following form [19,20]: 

2 21 ( ) 2 ,
2 I IIK K
G
−ν

+ = γ  (4) 

where IK  and IIK  are the stress intensity factors, γ is the 
specific surface energy, G is the shear modulus and ν is 
Poisson’s ratio. In our case (see Fig. 1), the stress intensity 

IK  and IIK  are given by the following expressions [19,20]:  

,q
I I IK K kσ= +    ,q

II IIK k=  (5) 

where IK σ  is the stress intensity factor associated with the 
applied load 0σ , while q

Ik  and q
IIk  are the stress intensity 

factors associated with the stress field of the ±ω-disclina-
tion quadrupole ABCD (Fig. 3).  

The influence of the formation of the disclination 
quadrupole ABCD near crack tip on crack advance can be 
accounted for through the introduction of the critical stress 
intensity factor ICK . In this case, the formation of the dis-
clination quadrupole changes the value of ICK  compared 
to the case without the disclination quadrupole. As a re-
sult, the critical condition for the crack growth can be writ-
ten as follows [19,20]:  

.I ICK Kσ =  (6) 

Substitution of (5) to (4) and account for formula (6) 
allows us to obtain the expression for the fracture tough-
ness of the composite which account for the toughness ef-
fect of the plastic deformation due to the twin boundary 
migration near crack tip: [19,20] 

2 2( ) ( ) ,q q
IC IC IIC ICK K k kσ= − −  (7) 

where 
I IC

q q
IC I K K

k k σ =
= , 

I IC

q q
IIC II K K

k k σ =
=  and 4 / (1 )ICK Gσ = γ − ν  

is the fracture toughness of the composite in the situation 
where the disclination quadrupole and the graphene plate-
lets is absent. 

According to the work [21], the critical stress intensity 
factor ICK ′  of the composite which simultaneously takes 
into account the crack bridging by the graphene platelets 
and the plastic deformation due to the twin boundary mi-
gration can be expressed from formula (7) as follows 

2 2( ) ( ) ,q q
IC IC IIC ICK K K k kσ′ = + ∆ − −  (8) 

where (1 ) /gK kGLf H∆ = + ν  [21] is the stress intensity 
factors associated with the crack bridging by the graphene 
platelets, L and H is length and thickness of the graphene 
platelets, respectively, gf  is the graphene volume fraction, 
and k is the parameter describing the bridging force of a 
graphene platelet per its unit length. 

The ratio /IC ICK K σ′  characterizes coefficient 
/IC ICq K K σ′=  of increase in the fracture toughness. The 

disclination quadrupole formation and the crack bridging 
increase the fracture toughness of the composite if the 
coefficient 1q >  and decrease one if 1q < .  

Within the model [19], the ratio /IC ICq K K σ′=  as a 
function of the distance p of the twin boundary migration 
and the volume fraction gf  of the graphene platelets for 
the case of a bimodal nanotwinned Al-graphene composite 
was calculated. The contour map of /IC ICq K K σ′=  in the 
coordinate space ( , )gp f  is presented in Fig. 4. Figure 4 
clearly demonstrates that the fracture toughness of the bi-
modal nanotwinned Al-graphene composite increases 
both in the case of an increase in the distance p and in the 

Fig. 4. Contour map of the toughening ratio  in the 
space . Reprinted from Ref. [19]. © 2023 N.V. Skiba, pub-
lished by Peter the Great St. Petersburg University. Available un-
der the terms of the CC-BY-NC 4.0 license. 
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case of an increase in the volume fraction gf  of the gra-
phene platelets. 

4. CONCLUSIONS 

Thus, the mechanisms of the fracture toughness en-
hancement in bimodal metal-graphene composites with 
nanotwinned structure which takes into account the crack 
bridging by graphene platelets and the plastic deformation 
due to the twin boundary migration have been described. 
The presence of the nanotwinned structure promotes the de-
velopment of the plastic deformation in the large grains near 
the crack tips due to the migration of the nanotwin bounda-
ries leading to the formation of disclination configurations 
whose stress fields slow down the further growth of mi-
crocracks, thereby increasing the fracture toughness of such 
composites. At the same time, the presence of the graphene 
platelets in UFG/NC metal-matrix induces the crack bridg-
ing by the graphene platelets which also increases the frac-
ture toughness of the metal-graphene composites. 
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Краткий обзор механизмов пластической деформации и  
повышения трещиностойкости в бимодальных композитах  

металл-графен с нанодвойникованной структурой 

Н.В. Скиба 

Институт проблем машиноведения Российской академии наук, Санкт-Петербург, 199178, Россия 
 

Аннотация. Представлен краткий обзор теоретических моделей, описывающих механизмы пластической деформации и по-
вышения трещиностойкости в бимодальных композитах металл-графен с нанодвойникованной структурой. В рамках моде-
лей, пластическая деформация в таких композитах происходит за счет скольжения решеточных дислокаций и зерногранич-
ного скольжения в нанокристаллической/ультрамелкозернистой матрице, и скольжения решеточных дислокаций и миграции 
двойниковых границ в крупных зернах с нанодвойникованной структурой. В рамках обзора, миграция границ нанодвойников 
в крупных зернах частично снимает локальные напряжения вблизи вершин трещин и обеспечивает повышение трещиностой-
кости в бимодальных композитах металл-графен с нанодвойникованной структурой. В то же время наличие графеновых 
включений в металлической матрице вызывает эффект бриджинга трещин, что также увеличивает трещиностойкость бимо-
дальных композитов металл-графен. 

Ключевые слова: бимодальные композиты металл-графен; нанодвойникованная структура; пластическая деформация; 
трещиностойкость 


