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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 o (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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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.

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 6, = M,t,,
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:

o s 7»<7»*,
GNT :{ TBM (1)

g AG,,, +(1—a)ohh, A=A,

where G, is yield stress associated with twin boundary
migration (see Ref. [17], for details), A is a distance be-
tween adjacent twin boundaries, A. is the optimal distance
between adjacent twin boundaries that characterizes the
transition from hardening to softening, o}y, =6, + K A
is the classical Hall-Petch law, o, and K are the material
parameters, o is the volume fraction of the large grains
where the yield stress is equal to the 6,

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

GZFG = fgr min(ccl s 662) + (1 - f(;gr )Gz‘l > (2)

GB - .. e .
where 6, =0, +0,, is critical stress for emitting lattice

dislocations from the GBs, o, =0, + Kd,, "*, d ;s is
mean grain size of the UFG matrix, o, =M1,
T,, =140 MPa [18] is the critical shear stress for slipping
graphite monolayers, M, is the geometric factor, f,, is
the fraction of the GBs containing graphene and cfj 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]:

o, =po)" +(1-P)c.", 3)

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

In the model [6], the dependences of the yield stress
G, on the twin thickness A for various values of the vol-
ume fraction B (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 GZFG of UFG metal-graphene ma-
trix without nanotwinned grains. The dependences &, (A)
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Fig. 2. The dependences of the yield stress 6, on the twin thick-
ness A 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.

(curves 1-3) in Fig. 2 show the transition from softening
to hardening and define that optimum twin thickness A 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 6, of bimodal metal-graphene composite
with nanotwinned structure is higher of the yield stress
Gly/FG of the UFG metal-graphene composite without
nanotwinned grains in the range of the twin thickness
10 nm <A <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 o, the microcrack propagates
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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 T
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 tm-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 t®-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]:

1-v
E(K12+K121)=2% 4

where K, and K, are the stress intensity factors, y is the
specific surface energy, G is the shear modulus and v is
Poisson’s ratio. In our case (see Fig. 1), the stress intensity
K, and K, are given by the following expressions [19,20]:

K, =K} +ki, K, =k, (5)
where K7 is the stress intensity factor associated with the
applied load o,, while k] and &}, are the stress intensity
factors associated with the stress field of the tm-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 K. In this case, the formation of the dis-
clination quadrupole changes the value of K,. 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]:

K =K,. (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]

K :V(KIGC ? _(kzc)z _quc’ (7)
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Fig. 4. Contour map of the toughening ratio g = K. / K. in the
space (p, f,). 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.

where k. = k! ok, ki =k ok and K7, =./4Gy/(1-v)

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 K. 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

Ko = (K5 ) +AK — (ki )? — kL, (8)

where AK = (1+V)kGLf, / H [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, fg is the graphene volume fraction,
and k is the parameter describing the bridging force of a
graphene platelet per its unit length.

The ratio K,./K;. characterizes coefficient
g =K./ Ky of increase in the fracture toughness. The
disclination quadrupole formation and the crack bridging
increase the fracture toughness of the composite if the
coefficient ¢ > 1 and decrease one if g < 1.

Within the model [19], the ratio ¢ =K./ K}. as a
function of the distance p of the twin boundary migration
and the volume fraction f, of the graphene platelets for
the case of a bimodal nanotwinned Al-graphene composite
was calculated. The contour map of ¢ =K./ K. in the
coordinate space (p, 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
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case of an increase in the volume fraction f, 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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Kpatkuii 0030p MeXaHM3MOB IUIACTHYECKOM AepopMannu U
MOBBIIICHUS TPEIIMHOCTOMKOCTH B 0MMOIAJIbHBIX KOMIIO3UTAX
MeTa/UI-rpa()eH ¢ HAHOABOMHUKOBAHHOM CTPYKTYPOU

H.B. Ckuoa
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AnnoTtamus. [Ipencrasnen kpaTkuii 0030p TEOPETHIECKUX MOJIEIEH, ONMUCHIBAIONINX MEXaHU3MbI INTACTHYECKOH neopManiy U 110-
BBIIICHAS TPEIMHOCTOMKOCTH B OMMO/JAaIbHBIX KOMIIO3UTAX METALI-Tpad)eH ¢ HAaHOBOIHUKOBAaHHOH CTPYKTypoil. B pamkax moxe-
Jel, ImIacTudeckas ne)opManys B TAKNX KOMIIO3UTaX MPOUCXOANT 3a CUET CKOJIBKCHUS PEIISTOYHBIX JUCIOKAIUN U 3epHOTPAaHNY-
HOTO CKOJIEXKEHHSI B HAHOKPUCTAJUINIECKOH/yIbTPaMENKO3epHUCTON MaTPHIIe, M CKOJIBKEHUS PEIIeTOYHbIX JUCIIOKAINI M MUTpalliy
JIBOMHMKOBBIX TPAaHHMI] B KPYITHBIX 3€pHAX C HAHOJBOMHUKOBAHHOH CTPYKTYypoii. B pamMkax 0630pa, MUTpanust TpaHHI] HAHOIBOHHIKOB
B KPYIHBIX 3¢pHAX YaCTHYHO CHUMAET JIOKAJIbHBIE HANTPSHKEHHS BOJIM3H BEPIIUH TPEIIUH U 00ecIiedrBaeT NOBBIIICHNE TPEITMHOCTO!-
KOCTH B OMMOJAJIbHBIX KOMIO3UTAX METALI-TpadeH ¢ HAHOABOWHMKOBAHHOW CTPYKTYpoH. B To ke Bpemst Hanmmume rpa)eHOBEIX
BKJTIOYEHHUH B METaJUTMYECKONH MaTpuIle BHI3bIBaeT 3 (HeKT OPMDKUHTA TPEIIHH, YTO TAKKE YBEIMIUBACT TPEITMHOCTOHKOCTH OMMO-
JTAJIBHBIX KOMITO3UTOB MeTalI-rpade.
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