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Abstract. The theoretical models describing various grain boundary transformations acting in plastically
deformed nanocrystalline materials are briefly reviewed. We demonstrate the important role of grain boundaries
and their transformations in the process of plastic deformation of nanocrystalline materials. Theoretical
results are discussed and compared with available data of experimental studies and computer simulations.

1. INTRODUCTION

Grain boundaries (GBs) are integral structural compo-
nents of polycrystals and directly define their physical
and mechanical properties [1]. For certain classes of
materials, the role of GBs becomes extremely high for
one reason or another. Compared to conventional
polycrystals (with grain sizes of the order of microm-
eters) in nanomaterials (NCMs) a much larger fraction
of the nanocrystalline (NC) volume is occupied by GBs.
Therefore, it is natural to believe that GBs play a signifi-
cant role in the process of plastic deformation of NCMs.
Indeed, majority of mechanisms of plastic deformation
in NCMs are controlled by GBs. In particular, GB slid-
ing, Coble creep, and rotational deformation are exam-
ples of plastic deformation mechanisms mediated by GBs
typical in NCMs [1–3]. The standard dislocation plas-
ticity, which is realized via intragrain slip of lattice dislo-
cations, also undergoes significant changes under the
conditions of a nanocrystalline structure. For example,
GBs can play a role, which is unusual for coarse-grained
polycrystals, as effective alternative sources of mobile
lattice dislocations. Under these conditions, the study

of the structure of GBs and their transformations is ex-
tremely important for understanding the processes oc-
curring in NCMs subjected to the plastic deformation.

This paper briefly reviews various theoretical mod-
els developed by author and his colleagues in the Labo-
ratory of Mechanics of Nanomaterials and Theory of
Defects at the Institute for Problems in Mechanical En-
gineering of Russian Academy of Sciences (IPME RAS)
over past two decades in the field of GB transforma-
tions realized in plastically deformed nanocrystalline
materials.

2. GRAIN BOUNDARY
TRANSFORMATIONS AND THEIR
ROLE DURING PLASTIC
DEFORMATION PROCESS

In the process of plastic deformation GBs can play dif-
ferent roles undergoing various transformations and
affecting deformation process in different ways. We can
divide GBs by their roles in plastically deformed
nanomaterials roughly in the following categories:
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(1) alternative sources of lattice dislocations;
(2) medium for carriers of plastic deformation (usually,
GB dislocations);
(3) carriers of plastic deformation themselves as a re-
sult of various GB migration processes.

GBs belonging to the first category serve as effec-
tive sources of lattice dislocations usually through low-
angle GB destruction [4–6] or heterogeneous (originat-
ing on GB dislocations) dislocation nucleation proc-
esses [6–11]. This type of mechanisms are reviewed in
section 3. GBs that can act as medium for plastic defor-
mation (category 2) enable processes like GB sliding
and GB diffusion. GB sliding is of particular interest due
to being responsible for superplastic behavior of cer-
tain NCMs (even at room temperatures), which is highly
desirable property for practical applications. These
behavior is unusual because GB sliding is plastic shears
localized within GBs which normally creates defects –
sources of internal stresses – in GB triple junctions ca-
pable of initiating the nucleation of nanocracks and sub-
sequent brittle fracture of the nanomaterial [2, 12]. Be-
cause of that, GB sliding is usually considered along-
side various accommodation processes which are re-

viewed in section 4. Finally, when it comes to GB migra-
tion processes we are interested not only in plastic de-
formation itself but also in grain growth and grain re-
finement processes which is often related to the athermal
stress-driven migration [13]. GB migration models are
described in section 5. Below we consider specific
mechanisms, where GBs can perform roles listed above.

3. GRAIN BOUNDARIES IN
NANOCRYSTALLINE MATERIALS
AS ALTERNATIVE SOURCES OF
MOBILE LATTICE DISLOCATIONS

Due to small grain size of NCMs the standard mecha-
nism of plastic deformation – lattice dislocation slip in
grain interiors – can be significantly hampered due to
suppression of the conventional dislocation sources
(Frank-Read sources and the double cross-slip). How-
ever, this mechanism can still work quite efficiently if
there are alternative sources of mobile dislocations.
Many authors reported on experimental evidence of lat-
tice dislocations, both perfect [14,15] and partial [16–
18], in NCMs. In the special case of shock-loaded

Fig. 1. Decay of a low-angle tilt boundary represented as a periodic dislocation wall terminated at triple junctions A
and B. (a) Dislocation wall in its initial state (in the absence of mechanical load). (b) Shear stress t causes bowing of
the dislocation wall. (c) One of the dislocations releases from the dislocation wall. (d) Dislocation wall completely
decays resulting in formation of a dipole of uncompensated disclinations. Reproduced from [6] with permission.
Copyright (2004), Elsevier.
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nanocrystalline Ni, the density of observed dislocations
was extremely high, ~1016 m-2 [19]. Molecular-dynamics
computer simulations demonstrated the generation of
partial and extended perfect dislocations by GBs and

Fig. 2. Evolution of high-angle boundary with dislocations. (a) Initial state. (b) Bowing of boundary under the shear
stress action. (c) Shear-stress-induced splitting of a grain boundary dislocation results in both the formation of an
immobile GBD and emission of a partial Shockley dislocation into the grain interior. Reproduced from [6] with
permission. Copyright (2004), Elsevier.

their triple junctions [20, 21]. These experimental data
suggest that GBs are the major alternative sources of
mobile dislocations.

A number of different theoretical models were sug-
gested by author and his colleagues to describe hetero-
geneous nucleation of mobile lattice dislocations on
GBs. For example, the decay of low-angle tilt GBs into
lattice edge dislocations [4–6], the emission of partial
and perfect dislocations by GB dislocations [6–11], GB
disclinations [22–26], GB triple junctions [7–9, 27–29].

In particular, Bobylev et al. [4–6] showed that the
decay of low-angle GBs (schematically shown in Fig. 1)
into ensemble of mobile lattice dislocations in mechani-
cally loaded NC metals causes local plastic deformation
in the grain where the decay takes place, as well as in
neighboring grains. The decay of one low-angle GB can
initiate a chain decay of neighboring GBs and the gen-
eration of a shear band (a narrow region where plastic
deformation is localized). The critical stress 

c
 of GB

decomposition characterizes the initial stage of plastic
deformation occurring via the development of shear
bands. For nanocrystalline Fe, using 2D discrete dislo-
cation dynamics approach, the value of 

c
 was estimated

to vary from 0.5 GPa (for GB misorientation angle  ~ 2°)
to 2.5 GPa (for ~ 10°). Its average value < 

c
>~1.5 GPa

coincides with the experimentally measured value of the
shear stress [30] at which shear bands are formed in
nanocrystalline Fe.

Bobylev et al. [6] also proposed dislocation-based
model describing emission of partial lattice dislocations
from high-angle GBs nucleated on GB dislocations

Fig. 3. A schematic illustration of the generation of the
dislocation loops with Burgers vectors b

1
 and b

2
 at the

preexistent GB dislocation loop ABCD with Burgers
vector b. Reproduced from [8] with permission. Copy-
right (2006), The American Physical Society.
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(GBDs) as well as experimentally observed effect of GB
bowing (Fig. 2). Through energetic description, both
processes were found to be highly sensitive to applied
mechanical stress and GB misorientation angle. The re-
sults of this theoretical model account for experimental
observations of curved GBs [16] and emission of partial
dislocations by GBs [16] in deformed NC metals.

Gutkin and Ovid’ko [7] developed theoretical de-
scription of the generation of rectangular lattice perfect,
lattice partial and GB dislocation loops at similar pre-
existent dislocation loops and showed that these modes
of dislocation generation can effectively provide plas-
tic flow transfer from grain to grain, from grain to GB,
from GB to grain, and from GB to GB in deformed NCMs,
depending on their geometric and material characteris-
tics. Bobylev et al. [8,9] further developed this approach

and considered more general case of the generation of
two (one after another) rectangular lattice partial dislo-
cation loops at a pre-existent GB dislocation loop (Fig.
3) with these two new loops having arbitrary Burgers
vectors making the gliding segments of the loops of
either mixed (edge and screw) or screw types (before
they were of the edge type only [7]). Three different
dislocation slip systems typical for the face-centered
cubic (FCC) crystalline lattice were considered and it
was found that emission of the partial dislocation loops
belonging to the 60°-I slip system is the most probable
in nanocrystalline FCC metals. This model also allowed
to establish that experimentally detected [18] anoma-
lously wide stacking faults in nanocrystalline Al are
caused by high stresses but not by small grain size as
was initially believed [18,31 32].

Fig. 4. Generation of dislocation dipole at an amorphous intergranular boundary followed by emission of a partial
dislocation into an adjacent crystalline grain in a deformed NC ceramic specimen (schematically). (a) Initial, disloca-
tion-free state. Four grains I, II, III and IV are divided by amorphous intergranular boundaries (grey strips). (b)
Generation of a dipole of edge dislocations with Burgers vectors ±s at crystal–glass interfaces A and B due to local
shear events (ellipses) within the boundary region. (c) Further plastic shear in the amorphous boundary region
results in increase of dislocation Burgers vectors up to ±b

a
. (d) Splitting of one of the dislocations of the dipole

results in formation of both a residual immobile dislocation and a mobile partial dislocation that glides in grain IV. The
glide of the partial dislocation is accompanied by formation of stacking fault (wavy line). Magnified insets (a)–(d)
illustrate evolution of the dislocation structure at the crystal–glass interface B. Reproduced from [33] with permis-
sion. Copyright (2006), Elsevier.
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In a similar manner, Bobylev et al. [33] considered
the generation of lattice partial dislocations at amor-
phous GBs in NC ceramics. Within the framework of the
model, a dipole of immobile non-crystallographic edge
dislocations is generated at the triple junctions (at the
ends of an amorphous GB) through local shear events
in this GB (Fig. 4). These dislocations can split resulting
in emission of partial lattice dislocations into grain inte-
rior. It was concluded that this process is energetically
favorable and can proceed in athermal way in
nanocrystalline 3C–SiC. The critical stress required to
carry out this process was found to decrease with an
increase of the GB length (in fact, the grain size). In
other words, the transition from intergranular slip to
intragranular dislocation slip becomes more difficult as
the grain size decreases.

4. GRAIN BOUNDARY SLIDING AND
MECHANISMS OF ITS
ACCOMMODATION

Among the modes of GB mediated plastic deformation,
one of the key mechanisms is GB sliding. In particular, it
has been experimentally proven that GB sliding proc-
esses dominate during superplastic deformation of NC
metals [2]. Computer simulations [34,35] also confirm
the key role of GB sliding in plastic deformation of NC
metals, especially at high stresses and strain rates [36].
GB sliding is plastic shears localized within GBs and
normally it creates defects – sources of internal stresses
– in GB triple junctions capable of initiating the nuclea-
tion of nanocracks and subsequent brittle fracture of
the nanomaterial [2,12]. However, in the material, in par-
allel with GB sliding, accommodation processes can
develop, which transform defects produced by GB slid-
ing severely reducing the level of internal stresses and
increasing ductility and fracture toughness of the
nanomaterial. Understanding the micromechanics of
these accommodation processes provides key insight
in the nature of superplastic deformation of NCMs.

Typical GB sliding accommodation mechanisms in-
clude the emission of lattice dislocations from GB triple
junctions [27–29], diffusion [37,38], and rotational de-
formation [39]. At the same time, some original ap-
proaches have been developed in our lab like accommo-
dation via GB splitting and migration [40,41]. In particu-
lar, Bobylev et al. [41] developed a theoretical model of
the mechanism of cooperative action of GB sliding, GB
splitting and GB migration (Fig. 5), which plays the role
of a special mode of plastic deformation in NC metals. It
was shown that GB sliding and GB migration are able to
effectively accommodate each other by transforming GB
disclinations. It was shown theoretically (using
nanocrystalline Ni as an example) that the ductility and

Fig. 5. GB sliding, splitting and migration processes in
NC. (a) General view. (b) Initial configuration I of GBs is
presented. (c) Configuration II results from “pure” GB
sliding that produces a dipole of wedge disclinations A
and C (small triangles). (d) Crack forms at the disclination
dipole AC and grows into the grain interior. (e) Configu-
ration III results from the cooperative GB sliding and
nanograin nucleation process. GB AB splits into immo-
bile grain boundary (also called AB) and mobile GB DE.
The mobile boundary DE migrates under the shear stress
and carries nanoscale plastic flow. (f) When the
disclinations D and E converge, the configuration IV
forms, which contains the two disclination dipoles. (g)
Crack forms at the disclination dipole BE and grows
along a grain boundary fragment. Reproduced from [41]
with permission. Copyright (2011), The American Physi-
cal Society.
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fracture toughness of a material increases if the de-
scribed cooperative mechanism dominates over pure GB
sliding or cooperative GB sliding and migration (with-
out GB splitting [40]). The results of theoretical analysis
(in particular, the formation of nanograins in the vicinity
of GB triple junctions) are consistent with experimental
data [42,43] and computer models [44,45] on the obser-
vation of nano- and microscopic grain nucleation at tri-
ple junctions.

Accommodation of GB sliding affects not only duc-
tility, but fracture toughness as well. Bobylev et al. [37]
investigated fracture toughness enhancement by means
of non-accommodated and accommodated GB sliding
in NCMs at low and medium temperatures, respectively.
In the case of non-accommodated GB sliding, immobile
non-crystallographic Volterra dislocations are produced
at GB triple junctions near crack tips at relatively low
temperatures (Fig. 6). For nanocrystalline Al, Ni, and
3C–SiC, using the force criterion of crack growth, it was
calculated that the effective stress intensity factor K*

IC

(fracture toughness) increases by up to 30% due to the
dislocation created by non-accomodated GB sliding. The
effect is stronger when dislocation is closer to the triple

Fig. 6. Crack in a deformed nanocrystalline solid. The
magnified inset highlights generation of an edge dislo-
cation at the boundary (GB or amorphous intergranular
boundary) near the tip of a long crack that intersects the
boundary. Reproduced from [37] with permission. Copy-
right (2010), Elsevier.

junction. The sensitivity of the stress intensity factor to
this distance correlates with the sensitivity to grain size,
since the smaller the grain size, the greater the probabil-
ity of detecting a triple junction near the crack tip. At
higher temperatures, GB sliding is effectively accommo-
dated by diffusion-controlled climb of GBDs (Fig. 7) and
emission of lattice dislocations into the grain body. Ac-
commodated GB sliding can lead to significant blunting
of crack tips, which, in turn, significantly (from 1.1 to 3
times, depending on temperature) increases fracture
toughness. This effect is most pronounced in
nanomaterials with very small grain sizes and decreases
significantly with increasing grain size as K*

IC
~d-5/2.

Bobylev et al. [39] considered a special mechanism
of transition from GB sliding into rotational deformation
in NCMs. This transition is also a mechanism for the
accommodation of GB sliding. The mechanism was ef-
fectively described through the formation of immobile
wedge disclinations at GB triple junctions characterized
by gradually increasing power 

0
 in the stress field of

two pile-ups of GBDs (Fig. 8). Calculations using Ni and
-Al

2
O

3
 as examples demonstrated that this mechanism

is energetically favorable. Analytical expression for 
0

(which is equilibrium disclination power equal to the
angle of grain rotation) was obtained:
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where D=G/[2(1-)], G is the shear modulus,  is the
Poisson ratio, b is the magnitude of GBD Burgers vec-
tor, q=p/q (see Fig. 8), x

i
 is the coordinates of GBD dis-

locations. Equilibrium disclination power was found to
be in the range from 3° to 7.5° in nanocrystalline Ni
when applied shear stress = 0.5 GPa, and from 4° to 11°
in nanocrystalline -Al

2
O

3 
when  = 2 GPa.

5. GRAIN BOUNDARY MIGRATION
AND DEFORMATION-INDUCED
GRAIN GROWTH AND
REFINEMENT

Ultrafine-grained (UFG) and NC structures are typically
formed due to severe plastic deformation that causes
grain refinement in initially coarse-grained structures.
In order to control the final UFG and NC structures in
severely deformed materials, it is important to under-
stand and describe both the nature and
micromechanisms of deformation-induced grain refine-
ment. In these circumstances, of particular interest is
the stress-driven GB migration which by definition rep-
resents a plastic deformation mode carried by migrating
GBs [13]. It is conventionally treated that the stress-
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Fig. 7. GB sliding is accommodated through climb of grain boundary dislocations. Intergrain sliding near a crack tip
produces triple junction dislocations. These dislocations climb away, in which case intergrain sliding is enhanced
and leads to the blunting of the crack. Reproduced from [37] with permission. Copyright (2010), Elsevier.

Fig. 8. Model of rotation deformation initiated by GB sliding. (a) Initial structure containing a rectangular grain
ABCD. Two pile-ups of grain boundary dislocations are formed at segments EF and GH of mesoscopic sliding
surface. (b) New grain boundary dislocations are generated at horizontal grain boundaries AC and BD under the
action of the external shear stress and the stress fields of the pile-ups of grain boundary dislocations. (c) and (d)
Special rotation deformation occurs in a nanograin through formation of immobile disclinations (triangles) whose
strengths gradually increase during the formation process conducted by grain boundary dislocation slip and climb.
In the situation (d), the system reaches its dynamic equilibrium state in which the dislocation generation at the
horizontal grain boundaries AB and CD as well as within the mesoscopic sliding surface segments EF and GH is
completely compensated by the dislocation annihilation at the triple junctions F and G.
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driven GB migration is responsible for both nanoscale
plastic flow and grain growth [13].

A brief summary of early experimental observations
of athermal stress-driven grain growth and GB migra-
tion is given in [46]. Gutkin and Ovid’ko [47] suggested
probably the first simple analytical model to describe
this phenomenal. They treated the migration of a tilt GB,
characterized be the length 2a and the misorientation
angle , over a distance d under an applied shear stress
 as an athermal process accompanied with generation
of a quadrupole of partial wedge disclinations with
strength  and sizes d  2a. Analyzing the energy
change caused by this process, they found two critical
stress values: 

c1
 which is necessary for starting the GB

migration, and 
c2

 which separate the stable and unsta-
ble regimes of the GB migration. These critical stresses
are given by very simple formulas [46, 47]:

1 2

2 1
ln , 0.8 ,

2 2
c c

D b a
D

a b


      

 
 

 (2)

where D=G/[2(1-)], G is the shear modulus,  is the
Poisson ratio, and b is the interatomic distance. It was
also shown that, if 

c1 
 

c2
, the equilibrium distance

d
eq

 of the GB migration is determined from the following
equation:
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If 
c2

, the GB migration becomes unstable when the
GB propagation does not depend on the value of . This
model was later supported by computer simulations [48].

Alternative role of stress-driven GB migration as a
process responsible for nucleation of new nano-grains
in NC and UFG materials (deformation-induced grain
refinement) has been suggested and investigated in a
number of works [40,41,49–53]. The common approach
employed in these works is a disclination description of
stress-induced GB splitting and migration (modeled as
splitting and movement of disclination dipoles) result-
ing in nucleation of new nanograins. First models using
this method were developed by Bobylev and Ovid’ko
[49,50]. Within the framework of these models, nanograin
nucleation occurs through splitting and migration of
GBs containing disclination dipoles produced by GB
sliding and/or lattice slip (Fig. 5). It was shown that the
nanograin nucleation is energetically favorable in me-
chanically loaded NC Al and -Al

2
O

3
 in certain ranges

of their parameters and the external stress levels.
Models [49,50] considered simplified GB migration

scenario producing rectangular nanograins. More real-
istic hexagonal grain shapes were considered by Bobylev
et al. [41] in a similar manner. Further development of
this approach included description [51] of nanograin

nucleation near crack tips in NCMs, where GB splitting
happened at a highly stressed, disclination-free region
near a crack tip. The suggested theoretical models [41,51]
of plastic flow occurring through generation of
nanograins at GBs in UFG materials were well consist-
ent with the experimental observation [42] of nanograins
generation at GBs in cobalt.

Bobylev and Ovid’ko [53] extended description
above on deformation-distorted GBs — non-equilibrium
GBs containing trapped ensembles of lattice disloca-
tions (Fig. 9) typical for NC and UFG materials produced
by severe plastic deformation methods. It was concluded
that the splitting processes in deformation-distorted GBs
is specific to these GBs and do not have their analogs in
the previously examined conventional, non-distorted
GBs and lead to formation of new nanoscale (sub)-grains
in nanomaterials. Thus, the stress-driven splitting of
deformation-distorted GBs can effectively contribute to
grain refinement in bulk metallic materials under severe
plastic deformation.

Common feature of GB migration processes is the
existence of unstable migration regime [45–53] and cor-
responding critical stress 

c2
 for its onset. When ap-

plied stress exceeds this critical stress, GB starts migrat-
ing uncontrollably until it is stopped at some obstacle
or destroyed completely (which is the case with low-

Fig. 9. Dislocation structures of deformation-distorted
low-angle tilt boundaries. Each deformation-distorted
low-angle grain boundary is represented as a disloca-
tion wall consisting of both equilibrium (solid disloca-
tion signs) and non-equilibrium (open dislocation signs)
lattice edge dislocations. They can be arranged either
(a) periodically or (b) randomly. Reproduced from [53]
with permission. Copyright (2015), Elsevier.
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angle GBs). Bobylev and Ovid’ko [53,54] assumed that
this process is effectively controls grain refinement un-
der SPD processing. It is known [55] that the grain size
of metallic materials processed by SPD cannot be re-
duced below certain minimum value, i.e. there exists satu-
ration of grain size.  Indeed, grain refinement often oc-
curs through formation and evolution of lattice disloca-
tion cells [56]. In their turn, individual dislocations that
form cell boundaries are generated at sources like Frank-
Read ones. Thus, Bobylev and Ovid’ko [53,54] assumed
that saturation of grain size in metals under SPD occurs
when the dislocation cell boundaries start intensively
migrating (in unstable regime). Saturated grain size can
then be estimated via the balance of the critical stress


c2
 and the stress of Frank-Read source operation. The

following estimation for saturated grain size d
s
 was

obtained:

15 (1 )
.

2
s

b
d

  



 (4)

Using Eq. (5) in the case of dislocation cell
misorientation ~1°–3°, Bobylev and Ovid’ko [53,54] es-
timated d

s
~78 - 233 nm in Cu and ~ 80 - 239 nm in Ni.

These estimates are well consistent with experiments
showing d

s
~ 200 nm in Cu processed by equal-channel

angular pressing [57], and d
s
~ 50 - 200 nm in Ni proc-

essed by high pressure torsion [58,59].
Bobylev and Ovid’ko [60] suggested a new physi-

cal mechanism of plastic flow – GB rotations near free

Fig. 10. GB rotation near free surface. (a) General view of nanocrystalline specimen. (b),(c) Magnified inset of the
subsurface region where stress-driven rotation of a tilt grain boundary occurs. (b) Initial state. A low-angle symmet-
ric tilt boundary AB is located near the free surface and forms a triple junction A with two static symmetric tilt
boundaries AC and AD. (c) Stress-driven cooperative motion of GBDs occurs which results in tilt boundary rotation
(by angle j) from its initial location AB to a new location AB’. Also, grain boundary rotation leads to the disappear-
ance of several grain boundary dislocations at the free surface and associated formation of free-surface steps.
Reproduced from [60] with permission. Copyright (2012), The American Physical Society.

surfaces that can effectively occur in NC and conven-
tional solids. A low-angle tilt boundary rotates through
stress-driven cooperative motion of its constituent edge
dislocations and results in transformation of the GB
structure (Fig. 10). They demonstrated that the GB rota-
tion is an energetically favorable process in NC nickel at
high stresses in wide ranges of GB parameters. The sug-
gested representations of GB rotation as a new defor-
mation mode in solids are very consistent with the ex-
perimental observation [61] of GB rotations in deformed
NC nickel nanopillars with grain size of around 60 nm.
Similar description [62] was later suggested for high-
angle GBs.

6. CONCLUSIONS

Thus we briefly reviewed theoretical models describing
various aspects of GB transformations realized in
plastically deformed NCMs. These models demonstrate
that GBs play extensive role in deformation process and
can affect it in a number of different ways. We have
shown that GBs can serve as an alternative source of
mobile lattice dislocations making standard intragranular
dislocation slip viable mechanism in NCMs (until grain
size becomes extremely small). Various transformation
of GB structures such as the emission of lattice disloca-
tions from GB triple junctions, GB diffusion, GB migra-
tion, GB splitting and rotational deformation can effec-
tively accommodate GB sliding providing key insight
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into the nature of superplastic behaviour and fracture
toughness enhancement of NCMs. Also it was shown
that stress-induced GB migration can govern both de-
formation-induced grain growth and grain refinement.

In conclusion, we should note that present review
covers only the matter of GB related mechanisms, while
in NCMs plastic deformation develops through simul-
taneous action of various interacting physical mecha-
nisms involving all elements of the defect structure, both
in the bulk of nanograins and in their boundaries and
triple junctions. Thus, proper theoretical description of
the plastic deformation in NCMs must include all man-
ner of existing structural elements.
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