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A brief review of the theoretical models which describe mechanisms of the plastic de-
formation in bulk nanotwinned materials, nanotwinned films and bimodal composites
with nanotwinned structure is presented. The first model considers the mechanism of the
plastic deformation due to the stress-driven high-angle grain boundary migration which
is accompanied by migration of twin boundaries in ultrafine-grained metals with nanot-
winned structure. In the framework of the second model, the micromechanism of the plas-
tic deformation in nanotwinned films is widening of nanoscale twins due to migration of
twin boundaries. In the third model, the plastic deformation of bimodal composites occurs
due to the lattice dislocation slip and the grain boundary sliding in nanocrystalline/ultraf-
ine-grained matrix, and the lattice dislocation slip and the migration of the twin boundaries
in large grains with nanotwinned structure.
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1. INTRODUCTION

Nanostructured materials often exhibit the outstanding
physical and mechanical properties such as high strength
and hardness, but, in most cases, at the expense of low
ductility and low fracture toughness. However, recent-
ly, several examples of functional ductility and good
toughness have been reported [1-7]. For example, novel
nanotwinned metals (ultrafine-grained metallic materials
with high-density ensembles of nanoscale twins within
grains) exhibit simultaneously high strength and good
ductility at room temperature [1-7]. The properties of
nanotwinned materials are dramatically influenced by
specific deformation mechanisms which effectively op-
erate in these materials.

One of the specific modes in nanotwinned metals is
viewed to be plastic deformation occurring through wid-
ening of nanoscale twins due to stress-driven migration
of twin boundaries [1,8—12]. Another mode that causes a
special interest is stress-driven migration of grain bound-

aries (GBs) [13,14]. The theoretical model [15] shows that
the stress-driven high-angle GB migration accompanied
by the twin boundary migration can facilitate the process
of the GB migration in ultrafine-grained materials with the
nanotwinned structure.

According to the recent experimental [1,2] and theo-
retical [8—12] works, the main micromechanism respon-
sible for the unique combination of high strength and
plasticity of nanotwinned materials is viewed to be plas-
tic deformation occurring through widening of nanoscale
twins due to migration of twin boundaries. The theoretical
work [16] presents a model that describes the plastic de-
formation through widening of nanoscale twins in nanot-
winned films with the ultrafine-grained structure.

Recently, a new class of bimodal metal-graphene com-
posites with a nanotwinned structure has been actively
developed. Experimental studies [17,18], theoretical mod-
els [19-22] and computer simulations [23,24] demonstrate
that composites with a bimodal structure simultaneously
exhibit high strength and ductility. In such composites,
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Fig. 1. Model of the stress-driven GB migration accompanied by the twin boundary migration in ultrafine-grained materials with nanot-
winned structure. (a) An initial defect configuration containing high-angle GB 4B and nanoscale twins which adjoin the GB 4B. (b) Mi-
gration of GB 4B by a distance s in a new position CD. Reproduced from Ref. [15] under the terms of CC BY-NC-ND 4.0 license.

the nanocrystalline/ultrafine-grained metal-matrix is re-
sponsible 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 additional increase in the strength and the plasticity
of bimodal composite [2,9,19]. The theoretical model [25]
describes the implementation of the plastic deformation in
bimodal composites with nanotwinned structure.

2. MODEL OF STRESS-DRIVEN GB MIGRATION
ACCOMPANIED BY TWIN BOUNDARY
MIGRATION

Consider a two-dimensional model of an ultrafine-grained
specimen containing ensembles of nanotwins bounded by
coherent twin boundaries and GBs [15]. We assume that
the nanotwinned specimen has rectangular grains with
an average size d (Fig. la). Let us consider an individ-
ual grain containing n identical growth nanotwins of the
same thickness A and length d distributed periodically and
restricted by twin boundaries, with the same distance A
in between (Fig. 1a). The nanotwins adjoin the GB AB
representing a high-angle tilt boundary which character-
ized by the tilt misorientation parameter Q. It is assumed
that under action of an external shear stress t, the GB 4B
migrates a distance s in a new position CD (Fig. 1b).
It is well known [18] that stress-driven GB migration
is accompanied by formation of wedge disclinations at
GB junctions (Fig. 1b). Let us consider this process in
detail. In the initial state (Fig. 1a), triple junctions 4 and
B are supposed to be geometrically compensated. In other
words, the sum of GB misorientation angles at each of
these junctions is equal to zero. After GB AB migration
the angle gaps £Q appear at the GB junctions 4 and B,
and at two new GB junctions C and D. In the theory of
defects in solids, these angle gaps are defined as partial
wedge disclinations having strength +Q (Fig. 1b). Thus,
stress-induced migration of high-angle tilt GB AB re-
sults in the formation of a quadrupole of wedge disclina-

tions ABCD with strength £Q (quadrupole £Q-disclina-
tion) (Fig. 1b).

In the frame of the work, the GB AB migration is ac-
companied by migration of twin boundaries which adjoin
the GB AB (Fig. 1b). The migration of the twin bound-
aries leads to a decrease in the length of nanotwins by a
value which equal to the distance s of the GB 4B migra-
tion (Fig. 1b). Decrease in the length of nanotwins reduces
elastic energy of the defective system and, therefore, facil-
itates the process of the GB 4B migration. In other words,
the GB migration accompanied by the twin boundary mi-
gration becomes possible at lower values of the external
shear stress T in comparison with the stresses necessary for
GB migration in the absence of nanotwins.

Further, we consider the energy characteristics and es-
timate the critical stresses of the stress-driven GB migra-
tion in ultrafine-grained materials with nanotwinned struc-
ture. Let us calculate the energy difference AW specifying
the GB migration (Figs. 1a,b) under consideration. To do
so, we assume that the ultrafine-grained specimen rep-
resents an isotropic solid characterized by the shear mod-
ulus G and the Poisson's ratio v. The GB 4B migration is
characterized by the energy change AW =W, —W,, where
W, is the energy of the defect configuration in its initial
state (Fig. 1a), and W, is the energy of the defect config-
uration in its final state after GB AB migration (Fig. 1b).
The transformation is energetically favorable, if AW <0.
In terms of the theory of defects in solids, the energy
change AW is written as follows:

AW =E® +AE,, — A, (1)

E? is the proper energy of the quadrupole +Q-disclina-
tion; AE,, is the difference in the energy of twin boundar-
ies between the final and initial states; 4_is the work spent
by the external shear stress T on movement of the GB 4B
over the distance s. A detailed calculation of the energies
in Eq. (1) is presented in the theoretical work [15].

With the help of the expression for total energy

change AW, let us calculate the dependence of the ener-
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Fig. 2. Dependences the energy change AW on the migration distance s, for misorientation parameter Q = 30° (a) and 40° (b), at var-
ious values of the external shear stress t=0.1, 0.5, 1, 2, 3, 4 and 5 GPa (curves 1, 2, 3, 4, 5, 6 and 7, respectively). Reproduced from

Ref. [15] under the terms of CC BY-NC-ND 4.0 license.

gy difference AW on the GB 4B migration distance s in
exemplary case of ultrafine-grained nanotwinned cop-
per (Cu) characterized by the following parameter val-
ues: G =48 GPa, v=0.34 and y,, = 24 mJ/m’. The twin
thickness A and the grain size d are taken as A =15 nm and
d =500 nm.

The dependences AW(s) are presented in Figure 2,
for various values of the external shear stress t and the
misorientation parameter Q =30° (the strength of quad-
rupole of +Q-disclinations) (Fig.2a) and 50° (Fig. 2b).
These values of Q correspond to the case of high-angle
GB 4B. As it follows from Fig. 2, there are three types
of function AW (s) behavior, depending on the external
stress 1. For low values of the external shear stress t, the
energy change AW(s) first decreases, reaches its min-
imum, and then grows monotonously with rising of the
distance s (Fig. 2a, curves 1-5; and Fig. 2b, curves 1-7).
In this case the initial stage of the GB 4B migration is
energetically favorable (the energy change is negative
AW (s) < 0 and monotonically decreases) at some critical
value 1, of the external shear stress (Fig. 2). Thus, the
critical stress t,, is the lowest stress at which stable mi-
gration of GB 4B starts to occur. The GB 4B can migrate
until the point of minimum which determines the equi-
librium migration distance s, (Fig. 2). The distance s,,
of the equilibrium migration of the GB 4B is set by the
level of the external stress t, than higher value of the ex-
ternal shear stress T the more equilibrium GB migration
distance s, (Fig. 2). With rising the external shear stress 1,
the energy change AW(s), after reaching its minimum,
increases and achieves its maximum, and then decreases
monotonously (see Fig. 2a, curve 6). The point of max-
imum determines the energy barrier for further GB mi-
gration. When the external shear stress t is high enough,
the energy change is always negative and decreases mo-
notonously with increasing the migration distance s at
some critical value t, of the shear stress (Fig. 2a, curve 7).
For the external shear stress T > t_,, there exist no stable

22

equilibrium position and/or energy barriers for GB migra-
tion. In this situation where t > t_,, unstable migration of
GB 4B occurres. Thus, the critical stress t,, determines the
transition from stable to unstable GB migration. As it can
be seen from the curves in the Figure 2, the decrease in the
misorientation parameter € (the strength of quadrupole of
+Q-disclinations) reduces the level of the external shear
stress T required for the GB 4B migration.

Let us calculate the values of the critical stresses T,
and 1, which determine stable and unstable GB migra-
tion, respectively. The start of GB 4B migration is pos-
sible, if AW (s =s") <0, where s" =1 nm. Thus, the equa-
tion AW (s = s") = 0 determines the critical stress t,, as the
stress required to start process of the GB 4B migration.

The equilibrium migration length, which characteriz-
es the stable GB migration, corresponds to the minimum
points on the dependences AW (s) (Fig.2). The min-
imum points (which specify the equilibrium migration
length) can be found from equation for the energy change
AW (s) and the mathematical conditions AW (s)/0s =0
and 0°AW (s)/0s*> > 0. Using these mathematical condi-
tions and the formula for the energy change AW (s), let
us write the dependence of the external shear stress on
the equilibrium GB 4B migration length s, in the fol-
lowing form:

F(s,,)
, 2

o (2
where F(s,,) = 0(E? - AE,)/ ds|

sy ) =

=5y

Let us calculate the dependences 1(s,,) in exempla-
ry case of nanotwinned Cu. The dependences (s, ) are
presented in Figure 3, for various values of the misori-
entation parameter Q. The point of maximum on depen-
dences 1(s,,) corresponds to the maximum stress T=1,,
at which stable GB migration is realized, and the distance
s,, 1s the maximum equilibrium migration length of the

GB 4B (Fig. 3). Thus, in the situation where t > t_,, the
GB migration becomes unstable and the GB AB can mi-
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Fig. 3. Dependences of the external shear stress T on the equi-
librium migration length seq in the case of GB migration ac-
companied by twin boundary migration (curves 1 and 3) and GB
migration in absence of nanotwins (curves 2 and 4), at various
values of misorientation parameter Q2 =30° (curves 1 and 2) and
40° (curves 3 and 4). Correspondence T and s,,, is correct to the
left of the point (p),, T,,). Reproduced from Ref. [15] under the
terms of CC BY-NC-ND 4.0 license.

grate until it reaches the opposite GB. Figure 3 illustrates
a comparison of dependences 1(s,,, ) (curves 1 and 3) cor-
responding to the stress-driven GB 4B migration accom-
panied by the twin boundary migration with dependences
(s,,) (curves 2 and 4) corresponding to the stress-driv-
en GB 4B migration in the absence of nanotwins (in the
case Y,z =0). From Figure 3, it follows that the presence
of nanoscale twins facilitates the process of the GB AB
migration.

3. MODEL OF NANOTWINNED WIDENING IN
ULTRAFINE-GRAINED FILMS

Let us consider a two-dimensional model of an ultra-
fine-grained film with a periodic nanotwinned structure

Free surface ﬂ

which was formed by electrical deposition onto a semi-in-
finite substrate with the same chemical composition [16].
In the model, the film and the substrate are assumed to
be elastically isotropic solids with the same shear mod-
ulus G and Poisson’s ratios v, and the same crystal lat-
tice parameters a. Thus, the film-substrate interface does
not create mismatch stresses. It is assumed that the grains
of the nanotwinned film with an average size d are com-
posed of rectangular nanotwins bounded by coherent twin
boundaries and grain boundaries (Fig. 4a). The action of
the applied tensile load creates a resolved shear stress 7 at
the twin boundaries. If the resolved shear stress T is high
enough, it can lead to the emission of a partial dislocation
with the Burgers vector b (partial b-dislocation) and its
motion across the grain over a twin boundary. As a result,
a dipole of the partial dislocations AB with the Burgers
vectors +b is formed at the junctions of the twin and grain
boundaries (Fig. 4b). At the same time, slip of the partial
dislocation over a coherent twin boundary AB across the
grain leads to the movement of this twin boundary 4B in
the direction normal to the twin plane by one interplane
distance 6 providing the twin widening (Fig. 4b).

Consider the energy difference associated with the
twin boundary migration (Fig. 4b). The event of twin
boundary migration is characterized by the energy differ-
ence AW =W, —W,, where W, and W, are the energy of
the defect system after and before the twin boundary mi-
gration, respectively. The realization of the twin boundary
migration event is energetically favored if AW <0. The
energy difference AW is given as:

AW =E!-E_, 3)

where E¢ is the proper energy of partial dislocation dipole
AB and E, is the work of the resolved shear stress Tt on
migration of the twin boundary by the distance 9.

Free surface ﬂ

Nanotv;inned film

Substrate ﬂ
(@)

Substrate
(b) ﬂ'

Fig. 4. A model of plastic deformation of an ultrafine-grained film with nanotwinned structure (with ultrafine-grained grains containing
high-density ensembles of nanoscale twins). (a) A nanotwinned film specimen is under tensile load. (b) An elementary act of widening
of nanotwin occurring through migration of a twin boundary 4B in the result of emission of a partial b-dislocation and its motion across
the grain over twin boundary 4B. Reproduced from Ref. [16] under the terms of CC BY-NC-ND 4.0 license.
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Fig. 5. Dependence of the energy difference AW on the distance p travelled by the partial b-dislocation, at various values of the shear
stress T and, for the distance # =100 nm (a) and 500 nm (b). Reproduced from Ref. [16] under the terms of CC BY-NC-ND 4.0 license.

The proper energy E can be derived from the stress
function of an edge dislocation located near a free surface
and follows as

2 2 "2 4
B =22 {lns AUALEE ML
2 p b
, 2_ "2
Y ],
s +(h+ s +h+

where D =G /2n(l-v), k' =h—pcosa, s = psina, a is
the angle between twin boundary plane and normal to the
free surface (Fig. 4a), p is the distance traveled by the par-
tial b-dislocation.

The work E_of the resolved shear stress T on migration
of the twin boundary by the distance & follows as

E_=1b psin2a. 5)

Egs. (3)«(5) allow us to calculate the energy differ-
ence AW characterizing the elementary act of plastic defor-
mation occurring through widening of nanoscale twin. Us-
ing expression for the energy difference AW, let us consider
how AW changes when the partial b-dislocation slip along
the twin boundary 4B. We perform such calculations in the
exemplary case of a nanotwinned copper film characterized
the following values of parameters: G = 44 GPa, v =0.38,
a=0.352 nm, d =500 nm and o = 45°. The dependences
of AW (d) are presented in Figure 5, at various values of
the shear stress t and distance 4 =100 nm (Fig. 5a) and
500 nm (Fig. 5b) between the nanotwin and the free sur-
face. As it follows from Fig. 5 the dependences AW (d)
monotonously decrease when the distance p traveled by the
partial b-dislocation increases. The dependences AW (d)
presented in Fig. 5 are indicative the fact that the nanot-
win widening becomes energetically favorable (AW (d) is
negative and monotonously decreases) when the external
stress T reaches some critical value t, = 0.7 GPa, in the case
h =100 nm (Fig. 5a). Also, as it is seen from Fig. 5, when
the distance 4 between the nanotwin and the free surface in-
creases, the process of the nanotwin widening is hampered.

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

Let us consider a two-dimensional model of a bimodal
composite solid that consists of an nanocrystalline/ultra-
fine-grained (NC/UFG) metallic matrix with the inclu-
sions in the form of graphene platelets and large grains
with nanotwinned structure, loaded by an uniaxial tensile
load o (Fig. 6) [25]. According to experimental data [1,2]
and theoretical models [8,22], 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 mechanism of mi-
gration of the twin boundaries in the direction normal to
the twin plane.

At the same time, according to work [21], the plas-
tic deformation of the NC/UFG metallic matrix with the
graphene inclusions occurs due to the emission of the lat-
tice dislocations from GBs and their sliding in grain inte-
riors, and GB sliding.

Taking into account the action of these deformation
mechanisms, the yield stress of bimodal metal-graphene
composites with nanotwinned structure was calculat-
ed [22]. Following theoretical model [8], the yield stress
of nanotwinned solid is given by expression:

o~ {GTBM, A <A,

NT (6)

g 0Gy, +(1—a)ohh, A=A

where 6, is yield stress associated with twin boundary
migration (see Ref. [8], for details), o}, = o, + KA is
the classical Hall-Petch law, 6, 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 [21], the yield stress
ofthe UFG metal-matrix with graphene inclusions is given as
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Fig. 6. Model of a bimodal metal-graphene composite consisting of large grains with nanotwinned structure embedded into NC/UFG
metal matrix reinforced by graphene inclusions. Reproduced from Ref. [22] under the terms of CC BY-NC 4.0 license, © 2021 N.V. Skiba.

Gly/FG = [, min(o,,,6,,)+1-7,)o,, ™

_ GB
wherec , =c ,+0,

locations from the GBs, o, =6, + Kd,;; '"*, d,; is mean
grain size of the UFG matrix, ¢, = M t_,, T,, =140 MPa
is the critical shear stress for slipping graphite monolayers,
M, is the geometric factor, f,, is the fraction of the GBs con-
taining graphene and c°” is the stress necessary to free a
dislocation segment pinned by obstacles (see Ref. [21], for
details).

With the help of Egs. (6) and (7) the yield stress of
the bimodal metal graphene composites with nanotwinned
structure can be expressed as follows [22]:

o, =po)’ +(1-p)c)" . ®)

is critical stress for emitting lattice dis-

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

In the model [22], the dependences of the yield
stress 6, on the twin thickness A for various values of
the volume fraction B (0.3, 0.5 and 0.7, the solid lines 1,
2 and 3, respectively) of large grains in the case of bi-
modal Cu-graphene composite were calculated (Fig. 7).
The dashed line 4 in Fig. 7 depicts the theoretical depen-
dence of the yield stress on the twin thickness for UFG
nanotwinned Cu obtained in paper [8]. The horizontal
dashed line 5 defines the yield stress o) of UFG met-
al-graphene matrix without nanotwinned grains. The de-
pendences o () (curves 1-3) in Fig. 7 show the transi-
tion 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). The dependences in
Fig. 7 also demonstrate that the yield stress o, of bimodal
metal-graphene composite with nanotwinned structure is
higher of the yield stress ' of the UFG metal-graphene
composite without nanotwinned grains in the range of the
twin thickness 10 < A <40 nm.

5. CONCLUSIONS

Theoretical model which describes the stress-driven GB
migration accompanied by the twin boundary migration in

1.0
0.8 f
o6 TN T ?
< 06 !
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O : S o 3
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Fig. 7. The dependences of the yield stress 6, on the twin thickness 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). Reproduced from Ref. [22] under the terms
of CC BY-NC 4.0 license, © 2021 N.V. Skiba.
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ultrafine-grained materials has been reviewed. It has been
shown that there are two main regimes of GB migration
depending on the level of the external shear stress t: sta-
ble and unstable regime. When the external shear stress
T, <1<1,, the GB migrates in a stable regime charac-
terized by the equilibrium migration length s, which is
determined by the level of 7. If © > 1_,, the GB migration
becomes unstable and GB can migrate until it reaches the
opposite GB.

Theoretical model has been reviewed that describes
the micromechanism of the plastic deformation in ultraf-
ine-grained metallic films with nanotwinned structure. In
the framework of the model, the deformation mechanism
in nanotwinned films represents the widening of the na-
noscale twins due to the migration of the twin boundaries
under the action of the mechanical load. It was shown that
the nanotwin widening is energetically favorable in cer-
tain ranges of parameters of deformed metallic films with
nanotwinned structure.

Also, the plastic deformation mechanisms in the bi-
modal composite with nanotwinned structure that are real-
ized 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 de-
scribed. It was shown that the presence of the large grains
with nanotwinned structure increases the yield strength of
the bimodal composite compared to the same composite
with the large grains without nanotwinned structure.

ACKNOWLEDGMENTS

The work was supported by the Ministry of Science and
Higher Education of the Russian Federation under the
government statement of work for the Institute for Prob-
lems in Mechanical Engineering of the Russian Academy
of Sciences (Research Project No. 124041100008-5).

REFERENCES

[1] K. Lu, L. Lu, S. Suresh. Strengthening materials by en-
gineering coherent internal boundaries at the nanoscale.
Science, 2009, vol. 324, no. 5925, pp. 349-352.

[2] L. Lu, X. Chen, X. Huang, K. Lu. Revealing the max-
imum strength in nanotwinned copper. Science, 2009,
vol. 323, no. 5914, pp. 607—610.

[3] T.Zhu, H. Gao. Plastic deformation mechanism in nanot-
winned metals: An insight from molecular dynamics and
mechanistic modeling. Scripta Materialia, 2012, vol. 66,
no. 11, pp. 843-848.

[4] Z.You, X. Li, L. Gui, Q. Lu, T. Zhu, H. Gao, L. Lu. Plas-
tic anisotropy and associated deformation mechanisms
in nanotwinned metals. Acta Materialia, 2013, vol. 61,
no. 1, pp. 217-227.

[5] Q.Huang, D. Yu, B. Xu, W. Hu, Y. Ma, Y. Wang, Z. Zhao,
B. Wen, J. He, Z. Liu, Y. Tian. Nanotwinned diamond

(8]

(9]

[12]

[13]

[15]

[16]

[17]

(18]

[22]

Reviews on Advanced Materials and Technologies, 2026, vol. 8, no

with unprecedented hardness and stability. Nature, 2014,
vol. 510, pp. 250-253.

P. Gu, M. Dao, Y. Zhu. Strengthening at nanoscaled
coherent twin boundary in f.c.c. metals. Philosophical
Magazine, 2014, vol. 94, no. 11, pp. 1249-1262.

H. Zhou, X. Li, S. Qu, W. Yang, H. Gao. A Jogged Disloca-
tion Governed Strengthening Mechanism in Nanotwinned
Metals. Nano Letters, 2014, vol. 14, no. 9, pp. 5075-5080.
N.V. Morozov, I.LA. Ovid'ko, N.V. Skiba. Plastic flow
through widening of nanoscale twins in ultrafine-grained
metallic materials with nanotwinned structures. Reviews
on Advanced Materials Science, 2014, vol. 37, no. 1-2,
pp- 29-36.

LLA. Ovid’ko, N.V. Skiba, A.G. Sheinerman. Plastic de-
formation modes in ultrafine-grained metals with nanot-
winned structures. Reviews on Advanced Materials Sci-
ence, 2015, vol. 41, no. 1/2, pp. 93-98.

N.V. Morozov, I.A. Ovid'ko, N.V. Skiba. Micromechan-
ics of plastic deformation of nanotwinned metals due to
twin widening. Doklady Physics, 2015, vol. 60, no. 11,
pp. 507-510.

N.V. Skiba, I.A. Ovid'ko, A.G. Sheinerman, Ya.V. Kona-
kov. Micromechanisms of plastic deformation in nanot-
winned materials. Materials Physics and Mechanics,
2017, vol. 30, no. 1, pp. 40-52 [in Russian].

N.V. Skiba, S.V. Bobylev. Twinning mechanism and yield
stress in nanotwinned materials. Reviews on Advanced
Materials Science, 2017, vol. 51, no. 1, pp. 86—89.

T.J. Rupert, D.S. Gianola, Y. Gan, K.J. Hemker. Experi-
mental observations of stress-driven grain boundary mi-
gration. Science, 2009, vol. 326, no. 5960, pp. 1686—1690.
J.W. Cahn, Y. Mishin, A. Suzuki. Coupling grain bound-
ary motion to shear deformation. Acta Materialia, 2006,
vol. 54, no. 19, pp. 4953-4975.

N.V. Skiba. Mechanism of stress-driven grain boundary
migration in nanotwinned materials. Reviews on Advanced
Materials Science, 2018, vol. 55, no. 1/2, pp. 21-25.

N.V. Skiba. Plastic deformation micromechanism in nanot-
winned films. Reviews on Advanced Materials Science,
2018, vol. 57, no. 1, pp. 133-136.

L. Zhu, J. Lu. Modelling the plastic deformation of nano-
structured metals with bimodal grain size distribution.
International Journal of Plasticity, 2012, vol. 30-31, pp.
166-184.

A.G. Sheinerman. Plastic deformation of metal/graphene
composites with bimodal grain size distribution: A brief
review. Reviews on Advanced Materials and Technologies,
2020, vol. 2, no. 4, pp. 1-8.

L. Zhu, C. Wen, C. Gao, X. Guo, Z. Chen, J. Lu. Static
and dynamic mechanical behaviors of gradient-nanot-
winned stainless steel with a composite structure: Exper-
iments and modeling. International Journal of Plasticity,
2019, vol. 114, pp. 272-288.

N.V. Skiba. Crossover from deformation twinning to lat-
tice dislocation slip in metal-graphene composites with bi-
modal structures. Crystals, 2020, vol. 10, no. 1, art. no. 47.
S.V. Bobylev, M.Yu. Gutkin, A.G. Sheinerman. Yield
strength of metal-graphene composites with a homoge-
neous and bimodal grain structure. Mechanics of Solids,
2020, vol. 55, no. 1, pp. 22-31.

N.V. Skiba. Deformation mechanism of bimodal metal
graphene composites with nanotwinned structure. Mate-
rials Physics and Mechanics, 2021, vol. 47, no. 5, pp.
676-680.

. 1, pp. 65-72


https://doi.org/10.1126/science.1159610
https://doi.org/10.1126/science.1159610
https://doi.org/10.1126/science.1159610
https://doi.org/10.1126/science.1167641
https://doi.org/10.1126/science.1167641
https://doi.org/10.1126/science.1167641
https://doi.org/10.1016/j.scriptamat.2012.01.031
https://doi.org/10.1016/j.scriptamat.2012.01.031
https://doi.org/10.1016/j.scriptamat.2012.01.031
https://doi.org/10.1016/j.scriptamat.2012.01.031
https://doi.org/10.1016/j.actamat.2012.09.052
https://doi.org/10.1016/j.actamat.2012.09.052
https://doi.org/10.1016/j.actamat.2012.09.052
https://doi.org/10.1016/j.actamat.2012.09.052
https://doi.org/10.1038/nature13381
https://doi.org/10.1038/nature13381
https://doi.org/10.1038/nature13381
https://doi.org/10.1038/nature13381
https://doi.org/10.1080/14786435.2013.878047
https://doi.org/10.1080/14786435.2013.878047
https://doi.org/10.1080/14786435.2013.878047
https://doi.org/10.1021/nl501755q
https://doi.org/10.1021/nl501755q
https://doi.org/10.1021/nl501755q
https://www.ipme.ru/e-journals/RAMS/no_13714/04_morozov.pdf
https://www.ipme.ru/e-journals/RAMS/no_13714/04_morozov.pdf
https://www.ipme.ru/e-journals/RAMS/no_13714/04_morozov.pdf
https://www.ipme.ru/e-journals/RAMS/no_13714/04_morozov.pdf
https://www.ipme.ru/e-journals/RAMS/no_13714/04_morozov.pdf
https://www.ipme.ru/e-journals/RAMS/no_14115/10_14115_ovidko.pdf
https://www.ipme.ru/e-journals/RAMS/no_14115/10_14115_ovidko.pdf
https://www.ipme.ru/e-journals/RAMS/no_14115/10_14115_ovidko.pdf
https://www.ipme.ru/e-journals/RAMS/no_14115/10_14115_ovidko.pdf
https://doi.org/10.1134/S1028335815110063
https://doi.org/10.1134/S1028335815110063
https://doi.org/10.1134/S1028335815110063
https://doi.org/10.1134/S1028335815110063
https://www.ipme.ru/e-journals/MPM/no_13017/MPM130_04_skiba.html
https://www.ipme.ru/e-journals/MPM/no_13017/MPM130_04_skiba.html
https://www.ipme.ru/e-journals/MPM/no_13017/MPM130_04_skiba.html
https://www.ipme.ru/e-journals/MPM/no_13017/MPM130_04_skiba.html
https://www.ipme.ru/e-journals/RAMS/no_15117/07_15117_skiba.pdf
https://www.ipme.ru/e-journals/RAMS/no_15117/07_15117_skiba.pdf
https://www.ipme.ru/e-journals/RAMS/no_15117/07_15117_skiba.pdf
https://doi.org/10.1126/science.1178226
https://doi.org/10.1126/science.1178226
https://doi.org/10.1126/science.1178226
https://doi.org/10.1016/j.actamat.2006.08.004
https://doi.org/10.1016/j.actamat.2006.08.004
https://doi.org/10.1016/j.actamat.2006.08.004
https://doi.org/10.1515/rams-2018-0024
https://doi.org/10.1515/rams-2018-0024
https://doi.org/10.1515/rams-2018-0024
https://doi.org/10.1515/rams-2018-0056
https://doi.org/10.1515/rams-2018-0056
https://doi.org/10.1515/rams-2018-0056
https://doi.org/10.1016/j.ijplas.2011.10.003
https://doi.org/10.1016/j.ijplas.2011.10.003
https://doi.org/10.1016/j.ijplas.2011.10.003
https://doi.org/10.1016/j.ijplas.2011.10.003
https://doi.org/10.17586/2687-0568-2020-2-4-1-8
https://doi.org/10.17586/2687-0568-2020-2-4-1-8
https://doi.org/10.17586/2687-0568-2020-2-4-1-8
https://doi.org/10.17586/2687-0568-2020-2-4-1-8
https://doi.org/10.1016/j.ijplas.2018.11.005
https://doi.org/10.1016/j.ijplas.2018.11.005
https://doi.org/10.1016/j.ijplas.2018.11.005
https://doi.org/10.1016/j.ijplas.2018.11.005
https://doi.org/10.1016/j.ijplas.2018.11.005
https://doi.org/10.3390/cryst10010047
https://doi.org/10.3390/cryst10010047
https://doi.org/10.3390/cryst10010047
https://doi.org/10.3103/S0025654420010069
https://doi.org/10.3103/S0025654420010069
https://doi.org/10.3103/S0025654420010069
https://doi.org/10.3103/S0025654420010069
https://doi.org/10.18149/MPM.4752021_2
https://doi.org/10.18149/MPM.4752021_2
https://doi.org/10.18149/MPM.4752021_2
https://doi.org/10.18149/MPM.4752021_2

N.V. Skiba: A brief review on plastic deformation mechanisms in nanotwinned materials 72

[23] X. Guo, R.Ji, G.J. Weng, L.L. Zhu, J. Lu. Micromechani-
cal simulation of fracture behavior of bimodal nanostruc-
tured metals. Materials Science and Engineering A, 2014, [25]
vol. 618, pp. 479—489.
[24] X. Guo, X.Y. Dai, G.J. Weng, L.L. Zhu, J. Lu. Numer-
ical investigation of fracture behavior of nanostructured

Cu with bimodal grain size distribution. Acta Mechanica,
2014, vol. 225, no. 4-5, pp. 1093—-1106.

N.V. Skiba. A brief review on mechanisms of plastic de-
formation and fracture toughness enhancement in bimod-
al metal-graphene composites with nanotwinned struc-
ture. Reviews on Advanced Materials and Technologies,
2024, vol. 6, no. 1, pp. 29-34.

YIK 539.52

Kparkuii 0030p MexaHU3MOB IJIACTHYECKON AepopmManum B
HAHOBOMHMKOBAHHBIX MaTepHaJjiax

H.B. Cxuo6a

HuctutyT npobnem mammHoBenenus PAH, Bomsmmoii nip., B.O., 61, 199178, Cankr-IletepOypr, Poccus

AnHoTanus. [IpenctaBneH kpaTkuii 0030p TEOPETHUECKHX MOZENEH, OMHICHIBAIOMINX MEXAHM3MBI IUIACTUUCCKOH AedopManun B
00BEeMHBIX HAHOABOWHUKOBAHHBIX MaTepraax, HAHOJBOMHIKOBAHHBIX IUICHKAX U OMMOJATbHBIX KOMIIO3UTaX C HAHOABOWHIKOBAHHOM
cTpykTypoii. IlepBast Momenp paccMaTpHBaeT MEXaHU3M IUTACTHYECKOH JedopMarmy, OOYyCIOBIEHHBI MHTpanuei BBICOKO-
YIJIOBBIX TPAHUIl 3€PeH MOJ ACHCTBHEM BHEIIHETO HAMPSDKCHHUS, KOTOpas COMPOBOMKAACTCS MUTpAIMeil I'paHUIl IBOMHHKOB B
YABTPAMENIKO3EPHHUCTIX MeTa/llaX ¢ HAaHOABOWHMKOBAHHOH CTPYKTypo#. B pamkax BTOpoif MOIETH MUKPOMEXAaHHU3M IIIACTHICCKON
nedopManny B HAHOABOWHUKOBAHHBIX IUICHKAaX MPEACTABISACT COOOH pacIIMpeHre HAaHOPAa3MEPHBIX ABOWHHMKOB 3a CUET MHUTPAINU
TpaHUIl JBOIHUKOB. B TpeTheil Momenu mmactudeckast nedopmarys OMMOJATBHEIX KOMIIO3HUTOB MPOUCXOANT 33 CUET CKONBKCHUS
PEIIETOYHBIX TUCIOKAMKA M 3€pPHOTPAHNYHOTO CKOJNBKEHHS B HAHOKPHCTAJUIMYCCKOH/YIBTPAMENKO3EPHUCTOH MaTpHIe, a Takxke
CKOITBKSHUSI PEIISTOYHBIX AUCTOKAIMI 1 MATPAIlIH TPAHHI] JBOIHUKOB B KPYIHBIX 3€pPHAX C HAHOJBOMHIKOBAHHOH CTPYKTYpOHi.

Kntouegvle cnosa: TnacTHUECKas ;[ed)opMauH;[; HAaHOJIBOWHUKOBAaHHBIC Marepualbly HaHOI[BOﬁHHKPI; T'paHUIbL ,I[BOﬁHPIKOB;

pacuupenye ABOHHUKOB
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