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Abstract. A theoretical model is suggested which describes the role of nanoscale voids
(nanovoids) as sources of dislocations in single-phase and composite nanocrystalline materi-
als during plastic deformation. In the framework of the model, lattice and grain boundary (GB)
dislocations are emitted from nanovoids under the shear stress action. The characteristic values
of the flow stress needed to initiate dislocation emission from nanovoids are estimated and
shown to be close to those that characterize plastic flow in nanocrystalline materials. With the
results of the suggested theoretical model, the effects of nanovoids on deformation and fracture
processes in single-phase and composite nanocrystalline materials are discussed.
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1. INTRODUCTION

The unique mechanical properties of single-phase
and composite nanocrystalline materials
(nanomaterials) represent the subject of intensive
research; see, e.g. [1-20]. These properties are
caused by interface and nanoscale effects associ-
ated with the structural peculiarities of
nanomaterials. In particular, high-density ensembles
of interfaces (grain and interphase boundaries) in
nanomaterials effectively hamper the slip of lattice
dislocations, basic carriers of plastic flow in con-
ventional coarse-grained polycrystals. As a corol-
lary, the values of yield stress for nanomaterials
are commonly 2—10 times larger than those for their

coarse-grained counterparts; see reviews [1-6] and
references therein. In nanomaterials with finest grains
(whose grain size L is lower than a critical value L_
lying in the range from 10 to 30 nm), lattice disloca-
tion slip is almost completely suppressed, and GBs
carry plastic flow by such deformation mechanisms
as intergrain sliding, Coble creep mode and rota-
tional deformation mode; see book [20] and reviews
[1-6]. Besides, deformation twins nucleated at GBs
contribute to plastic flow [7,8,10-12,21]. These plas-
tic deformation mechanisms operate in nanomate-
rials with finest grains at very high values of the ap-
plied stress. In nanomaterials with intermediate
grains (whose grain size L lies in the range L <L<100
nm), lattice dislocations are still the main carriers of
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plastic flow, as with coarse-grained polycrystals.
However, the action of Frank-Read sources of lat-
tice dislocations is hampered in intermediate grains
of deformed nanomaterials, in which case alterna-
tive dislocation sources should come into play. Fol-
lowing experimental data [7,8,10-12,21-23], com-
puter simulations [24—26] and theoretical models
[16,27-30], lattice dislocations are effectively emit-
ted by GBs and their triple junctions in nanomaterials
during plastic deformation. In ‘in-situ’ experiments
[23] and molecular dynamics simulations [31], emis-
sion of lattice dislocations from tips of rapidly grow-
ing cracks in mechanically loaded nanomaterials
has been observed. Besides rapidly growing cracks,
nanovoids — carriers of slow ductile fracture — often
exist in deformed nanomaterials [1,23]. In many
cases, nanovoids are nucleated in nanomaterials
during their fabrication. Also, nanovoids can be in-
tensively nucleated at local stress concentrators in
nanomaterials during plastic deformation [1,23,32—
34]. Since nanovoids are typical elements of the
defect structure of nanomaterials under mechani-
cal load, itis very important to understand their role
in the unusual deformation behavior of nanomaterials.
We think that nanovoids can serve as lattice dislo-
cation sources alternative to conventional Frank-
Read sources, brittle crack tips, GBs and their triple
junctions, and thus strongly affect plastic flow char-
acteristics of nanomaterials. This view is indirectly
supported by the experimental data and results of
theoretical analysis [35] indicating the void growth
by lattice dislocation emission in monocrystalline
copper under laser shock load at which ultrahigh
mechanical stresses operate. Since ultrahigh me-
chanical stresses commonly exist in nanomaterials
under quasi-static deformation, it is natural to think
that nanovoids — typical structural elements of
nanomaterials — can emit dislocations in these
materials. The main aim of this paper is to suggest
a theoretical model which describes the nanovoids
as sources of lattice and interfacial dislocations in
single-phase and composite nanocrystalline mate-
rials during plastic deformation.

2. NANOVOIDS AS SOURCES OF
INDIVIDUAL LATTICE AND
INTERFACIAL DISLOCATIONS IN
DEFORMED NANOMATERIALS

In this section, we theoretically examine the en-
ergy characteristics of emission of individual dislo-
cations by nanovoids in deformed nanomaterials.
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Following [14,32], the nucleation of nanovoids and
nanocracks occurs at GBs and is driven by a dra-
matic release of stresses of either several disloca-
tions with elemental Burgers vectors or individual
superdislocations with large Burgers vector (Fig. 1).
In this case, nanovoids absorb the (super)disloca-
tions and thereby serve as stress sources charac-
terized by large Burgers vectors [32]. This is a spe-
cific feature of nanovoids in nanomaterials, differen-
tiating them from dislocation-free voids theoretically
considered by Lubarda et al. [35] in the case of
monocrystalline copper.

For the analysis of the energy characteristics of
emission of individual dislocations by nanovoids
nucleated at GBs in deformed nanomaterials, we
consider a model dislocated nanovoid in a plasti-
cally deformed solid subjected to the action of an
external shear stress 1 = Ty (Fig. 2). Such a
nanovoid can serve as a dislocation source due to
dislocation reactions whose typical examples are
presented in Fig. 2. For simplicity of mathematics,
the nanovoid is assumed to have a cylindrical form
(Fig. 2). Let the nanovoid have a radius R and con-
tain an edge superdislocation with a Burgers vector
B (hereinafter called the B-superdislocation) (Fig.
2a). Let the B-superdislocation split into an immo-
bile superdislocation with a Burgers vector b, (here-
inafter called the b,-superdislocation) and a mobile
dislocation with a Burgers vector b,, located in ei-
ther GB (Fig. 2b) or grain interior (Fig. 2¢). The mo-
bile dislocation (hereinafter called the b,-dislocation)
moves along the x-axis over a distance d from the
nanovoid center (Figs. 2b and 2c). The Burgers vec-
tors of the superdislocations and the mobile dislo-
cations are supposed to be oriented parallel to the
x-axis (Figs. 2a, 2b, and 2c), thatis, B=B, e, b, =
b, e,b,=b, e.Theyobey the conservation law
during the splitting transformation: B = b, + b,.

In order to reveal the necessary conditions for
the splitting transformation shown in Figs. 2a, 2b,
and 2c, we find the energy difference AWSp related
to this transformation. The energy difference AWSp
consists of six terms:

AW, =W, +W, -W,+W, , +W,-A. (1)

b,

Here W,,, W,,, and W, are the proper energies of
the b,-superdislocation, the mobile b,-dislocation,
and the B-superdislocation, respectively. W, ,, de-
notes the energy of the elastic interaction between
the b,-superdislocation and b,-dislocation, W_is the
energy of the b,-dislocation core, and A _is the work

of the external shear stress 1, spent to transfer of
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Fig. 1. Formation of nanovoids (serving as stress sources of superdislocation type) in deformed nanomaterials.
(a) Nanocrystalline material is deformed by grain boundary sliding. The magnified inset in (a) highlights grain
boundary dislocations (carriers of grain boundary sliding) that move along boundary planes and form a
superdislocation at triple junction. (b) Large-scale view of nucleation of a flat nanocrack at triple junction due to
release of stresses of triple junction superdislocation. (c) Elliptic nanovoids in nanocrystalline material result
from transformations of flat nanocracks. The magnified inset in (c) highlights an elliptic nanovoid serving as
stress source of the superdislocation type. (d) Plastic deformation of a nanocomposite consisting of a
nanocrystalline matrix and large ductile inclusions of the second phase. Lattice dislocations glide in large
inclusions towards interphase boundaries (separating the large inclusions and nanoscale grains in the
nanocomposite) where they converge and form superdislocations at boundary steps. (e) Plastic deformation of
a nanocomposite consisting of a nanocrystalline matrix and large ductile inclusions of the second phase.
Nanovoids are nucleated at interphase boundaries due to release of stresses of superdislocations. The nanovoids
contain superdislocations and thereby serve as stress sources of the superdislocation type.
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Fig. 2. Emission of lattice and grain boundary dislocations from cylindrical nanovoids. (a), (b) and (c)
Splitting of edge dislocation in cylindrical nanovoid. (a) Dislocated cylindrical nanovoid. (b) Splitting of
dislocation (with Burgers vector B) in cylindrical nanovoid into dislocation with Burgers vector b,, located
inside the nanovoid, and grain boundary dislocation with Burgers vector b,, which moves outside the nanovoid.
(c) Splitting of dislocation (with Burgers vector B) in cylindrical nanovoid into dislocation with Burgers vector
b,, located inside the nanovoid, and lattice dislocation with Burgers vector b,, which moves outside the
nanovoid. (d), (e),and (f) Emission of two edge dislocations from non-dislocated cylindrical nanovoid. (d) The
initial state. (e) Two grain boundary dislocations with Burgers vectors B and - B, are emitted from the
nanovoid and move in opposite directions. (f) Two lattice dislocations with Burgers vectors B, and - B are
emitted from the nanovoid and move in opposite directions.

the b_-dislocation from the nanovoid to its position
distant by d from the cylindrical nanovoid center.
Generally speaking, dislocation emission from
nanovoids is accompanied by ledge formation at the
nanovoid internal surface. The ledge energy con-
tributes to the energy balance characterizing the
dislocation emission from the nanovoid. Lubarda et

al. [35] assumed that the ledge energy increases
the energy barrier for dislocation emission. How-
ever, the internal surface of any nanovoid is rough,
in which case surface ledge formation related to dis-
location emission can either increase or decrease
the internal surface roughness. Moreover, disloca-
tion emission is enhanced at those places of a rough
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nanovoid at which ledge formation decreases the
surface roughness. With uncertainty of the ledge
energy contribution to the energy balance and its
statistical character, we neglect this contribution in
our further analysis.

The elastic energies figuring in formula (1) are
calculated with the use of the stress function [36,37]
for an edge dislocation in an elastically isotropic
medium containing an infinite cylindrical pore. The
work A_is calculated using the expressions [38] for
the stress field in a solid (containing a cylindrical
pore) under a remote uniform shear load. After some
algebra (omitted here), we find the expression for
the characteristic energy difference AW, . In the typi-
cal case of (R, d - R) >> r,, where r, is the b,-
dislocation core cutoff radius, we have:

fy

Db? B ~ 1
+ 21— (2Ind +~—2j
2 b, d

Db, | R ~
AW, = 2{In—°+|n(d2—1)}
2

(2)

where d = diR,, D = G/[2n(1 -v)], G is the shear
modulus, and v Poisson’s ratio.

The force F acting on the b,-dislocation due to
the effects of both the dislocated nanovoid and the
external shear stress © = -1, is calculated using
formula (2) and the condition F = -0AW_ /od. The
force F defined in this way is positive if the disloca-
tion b, is repelled from the dislocated nanovoid and
negative if it is attracted to this nanovoid. Fis given
as

R, \d*-1 b, d°
,Do: [ R, (d* -1)(d* +3) (3)
R, | Db,, d

In the limit of R —-<o for T = 0 and a finite specified
distance H = d - R between the b,-dislocation and
the nanovoid free surface, formula (3) is reduced to
the image force F = -Db2/(2H) acting on an edge
dislocation distant by H from a flat free surface. In
the case of T = 0 and a large distance d >> R, be-
tween the b,-dislocation and the nanovoid center,
the force F is tentatively equal to the force of the
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interaction between the b,- and b,-dislocations in
an infinite medium: A(d >> R, t = 0) = Db,b,/d.
The dependences of Fon d/R, are presented in
Fig. 3a, for various values of the parameters b, /B,
and tR/(Db,,). In the situation where the external
shear stress is absent (t = 0), the dependences in
question are shown as dashed curves in Fig. 3a. In
this situation, the force F acting on the b,-disloca-
tion is the sum of the image force exerted by the
nanovoid free surface and the force exerted by the
b,-dislocation. If b, /B =1, we have: b, =0, and the

(a)

d/R,

o

(b}

Fig. 3. Characteristic dependences for splitting of
edge dislocation in a cylindrical nanovoid. (a) De-
pendences of the force F (in units of Db/R,) acting
on b-dislocation on non-dimensional distance d/R,
between this dislocation and nanovoid center, for
tR/(Db,,) = 0.2 (solid curves 1,2,and 3), and t =0
(dashed curves 1', 2',and 3’); b, /B, = 0.25 (curves
1and 1°), 0.5 (curves 2 and 2’), and <~ (curves 3 and
3"). (b) Dependences of non-dimensional critical dis-
tance d /R, on ratio b, /B, for 1R /(Db, ) = 0, 0.1
and 0.2 (curves 1, 2 and 3, respectively). Horizontal
and vertical lines show asymptotes to curves.
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interaction between the b,-dislocation and the
nanovoid is short-range (|F| falls as d* with rising
d). For b, /B _# 1, we have: b, # 0, and the interac-
tion between the b,-dislocation and the dislocated
nanovoid is long-range (|F]| falls as d" at large d).
When 0 < b, /B <1, the Burgers vectors b, and b,
have the same direction, and the b,-dislocation has
an unstable equilibrium position d = d_ near the
nanovoid; d_is derived from the condition F(d=d ) =
0 (see curves 1’ and 2’ in Fig. 3a). In contrast, in the
cases b, /B > 1 or b, /B_< 0 in which the b,- and
b,-dislocations have opposite directions of the
Burgers vectors, the b,-dislocation is attracted to
the nanovoid at any distance H from it (see curve 3’
in Fig. 3a).

Thus, emitting of a dislocation by the void with a
superdislocation requires overcoming an energetic
barrier. Therefore, the opportunity for superdislocation
split depends on the possibility of overcoming this
energetic barrier in the course of plastic deforma-
tion. If AW, (d = R, + b,) <0, which is the case ifa
superdislocation in the nanovoid splits out a much
smaller dislocation, the magnitude W, of the ener-
getic barrier may be calculated as: W, = AWSP (d
=d,) - AW_(d= R, * b,). In this case, W, is equal to
the difference of the system energies in the state
where the split dislocation is located at the critical
distance d_from the nanovoid center and the state
where this dislocation is located at the minimum
possible distance b, from the nanovoid surface. In
contrast, if AWSP (d=R,*b,) >0, we have: W, = Wsp(d
=d).

In a first approximation, the probability P of dis-
location split in a given time t may be estimated
from the Arrhenius-law-like formula

dP oxp| - 2o (1-P)
— =v,exp| - -P),
a " kT )

where v, =10"s™" is the Debye frequency, k, the
Boltzmann constant and T the absolute tempera-
ture. The product of the first two factors on the right
hand side of formula (4) gives the average number
of split acts per unit time, while the third factor 1-P
expresses the probability that split has not yet oc-
curred at the time t. With the relation P(=0)=0, the
solution to Eq. (4) has the form

P=1- exp[—UDte”’W(kﬂT)]. (5)

For the characteristic values b, = b (where b is
the magnitude of the lattice dislocation Burgers vec-
tor), B, = 4b, /D = 0.02, and R /b, = 10, one ob-
tains: d /R =1.37. Substitution of these values of d_

and formula (2) to the definition of W, yields: W, =
0.37Db3. In the case of Ni at the room temperature,
we have: G =73 GPa, v=0.34, b=0.250 nm and
T =300 K. Then, even for the small time t=0.02 s,
we obtain: P=0.99. For Cu, we have: G =44 GPa,
v =0.38, b =0.256 nm. For Al: G = 27 GPa, v =
0.31, b=0.286 nm. For Cu and Al, we obtain that P
=0.99 fort =105 s and t = 2107 s, respectively.
This implies that for the case of Ni, Cu and Al the
energetic barrier for dislocation split in a nanovoid
may be easily overcome.

Now consider the partial case where an origi-
nally dislocation-free nanovoid emits a lattice dislo-
cation. In this case, we obtain: B = 0. Then, for
characteristic parameter values 1/D = 0.02 and
R,/b,=10, we have: d /R = 4.84, which yields: W,
= 2.26Db?,. In this case, for Cu at the room tem-
perature, one obtains that the probability P of lat-
tice dislocation emission is negligibly small even at
very large times t. The same result also applies to
Al and Ni. That is, emission of a lattice dislocation
from an originally dislocation-free nanovoid is not
realistic at the room temperature. (Lattice disloca-
tion emission from an originally dislocation-free
nanovoid was also considered by Lubarda et al. [35].
They found that dislocation emission can occur in
monocrystalline copper at high temperatures.) In
contrast, in the situation where an originally dislo-
cation-free nanovoid emits a GB dislocation with a
three times smaller Burgers vector to an adjacent
GB, we obtain that P=1 even at negligibly small val-
ues of time . Therefore, emission of a GB disloca-
tion from an originally dislocation-free nanovoid is
probable at the room temperature.

3. NANOVOIDS AS SOURCES OF
DISLOCATION DIPOLES IN
DEFORMED NANOMATERIALS

Let us consider the situation where the cylindrical
nanovoid in its initial state does not contain dislo-
cations and then emits two edge dislocations with
opposite Burgers vectors B and - B (Figs. 2d, e,
and 2f). The emitted dislocations glide in opposite
directions as shown in Figs. 2e and 2f, for GB and
lattice dislocations, respectively. In order to esti-
mate the conditions at which the above emission of
a dipole of edge dislocations from the dislocation-
free cylindrical nanovoid is energetically favorable,
we calculate the corresponding energy difference
AW . This energy is calculated in the same way as
the energy difference A~Wsp. In doing so, we find the
final expression for AW to be as follows:
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~ J 20 d*-1]
AW = DB/| In— +In—=;
r d”+1]
, 1 d*-2d*-1
+DB} | 1- =~ ————
2 2
R CEE (6)
J2R (~ 2 1
—DB0 —:+~—3 N
DB, d d

where d is the distance between the dislocations
and the nanovoid central line and d =d/R,, as above.

The force F acting on the edge dislocations is
derived from the definition F =-(1/2)8AV|7/8d and for-
mula (6) as follows:

DB?| d®+10d°+6d% -1

Fe— oo
2R, | d(d*+1) (d" -1)
. DB} | 2R, (d* -1)(d* +3) (7)
2R, | DB, d* '

When the force F is positive (negative, respectively),
the dislocations are repelled from (attracted to, re-
spectively) the cylindrical nanovoid. The depen-
dences F (d/R,), calculated with formula (7), are pre-
sented in Fig. 4, for various values of the parameter
TR/(DB,). As follows from Fig. 4, there is an un-
stable equilibrium position d=chorthe dislocations
near the cylindrical nanovoid; it is derived from the
condition IE(d =d)=0.Whend< JC, the disloca-
tions are attracted to the nanovoid. When d>d o
the dislocations are repelled from the nanovoid. The
value of d . decreases with rising the external shear
stress .

Let us compare curve 1 in Fig. 4 and curve 3 in
Fig. 3a, characterizing the emission of a disloca-
tion dipole (Figs. 2d, 2e, and 2f) and the emission
of one dislocation, respectively, from the non-dislo-
cated cylindrical nanovoid. The comparison shows
that, for the same values of the external stress 1
and the Burgers vector magnitudes of the emitted
dislocations (B, = b,), we have: JC <d_. Thus, the
nanovoid attraction region, which the dislocations
have to pass through, is smaller for a dislocation
dipole emitted from a non-dislocated nanovoid (Figs.
2d, 2e, and 2f), compared to that for one dislocation
emitted from such a nanovoid. Moreover, the calcu-
lations demonstrate that the energetic barrier in the
case of emission of a dislocation dipole is smaller
than that in the case of emission of a single dislo-
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Fig. 4. Dependences of force F (acting on disloca-

tion with Burgers vector B;)) on nondimensional dis-
tance d/R, between the dislocation line and cylin-
drical nanovoid central line, for TR /(DB,) = 0.2 and
0.1 (curves 1 and 2, respectively). The force F is
given in units of DB? /(2R,)).

cation. The calculations also show that in the case
of Cu, Al and Ni at the room temperature, a dipole
of GB dislocations emitting from an originally dislo-
cation-free nanovoid may easily overcome this en-
ergetic barrier. However, this energetic barrier proves
to be too high for such a nanovoid to emit a dipole of
lattice dislocations.

4. CONCLUDING REMARKS

Thus, following the results of our theoretical analy-
sis, nanovoids can play the role of sources of both
lattice and interfacial dislocations in deformed
nanomaterials. The emission of a dislocation by a
nanovoid is characterized by an energy barrier re-
lated to the elastic attraction between the emitted
dislocation and the nanovoid. If the dislocation moves
over a critical distance d_from the nanovoid, the re-
pulsion force comes into play which tends to move
the dislocation far from the nanovoid. The values of
the critical distance d_ and the energy barrier are
sensitive to both the shear stress acting on the dis-
location and geometric characteristics of the dislo-
cation and the nanovoid. In particular, the energy
barrier decreases with decreasing the dislocation
Burgers vector magnitude and/or rising the shear
stress. As a corollary, nanovoids very effectively emit
GB dislocations with small Burgers vector magni-
tudes in nanomaterials commonly deformed at high
mechanical stresses and characterized by large
volume fractions of the GB phase. In these circum-
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(a)

(b)

Fig. 5. Transformations of deformation mechanisms at nanovoid nucleating at grain boundary dividing
nanocrystalline matrix and large grain in bimodal structure. (a) Lattice dislocation slip transforms into
intergrain sliding. Moving lattice dislocations that carry lattice slip in large grain move towards nanovoid
where they transform into gliding grain boundary dislocations that carry intergrain sliding in nanocrystalline
matrix. (b) Intergrain sliding transforms into lattice dislocation slip. Gliding grain boundary dislocations that
carry intergrain sliding in nanocrystalline matrix move towards nanovoid where they transform into moving

lattice dislocations that carry lattice slip in large grain.

stances, as with voids growing by lattice disloca-
tion emission in shock-loaded monocrystalline cop-
per [35], nanovoids in deformed nanomaterials can
effectively grow by emission of GB dislocations. This
statement is of crucial importance for understand-
ing the mechanism by which nanovoids grow and
coalesce causing the experimentally observed
[1,13,33,34,39,40] ductile dimples at fracture sur-
faces of deformed nanomaterials. A detailed theo-
retical analysis of nanovoid growth and coalescence
by dislocation emission in nanomaterials will be the
subject of our further investigations.

Besides fracture processes, plastic flow in
nanomaterials can also be influenced by disloca-
tion emission from nanovoids. For instance, with the
role of nanovoids as sources of both lattice and GB
dislocations, they can serve as structural defects
providing effective transfer of plastic flow between
neighboring structural units, that is, transfer of plas-
tic flow from a grain to a neighboring grain, from a
grain to an adjacent GB, from a GB to an adjacent
GB, and from a GB to an adjacent grain. In particu-
lar, this role of nanovoids is important in transforma-
tions from one deformation mode to another in de-
formed nanomaterials. For instance, lattice dislo-
cation slip in grains can effectively transform through
stable nanovoids into intergrain sliding in neighbor-
ing GBs and vice versa.

Such transformations between different deforma-
tion mechanisms are of particular importance in
single-phase nanomaterials with a bimodal struc-
ture consisting of a strong nanocrystalline matrix
with ductile large grains [41-44] and
nanocomposites consisting of a strong nanocrys-
talline matrix with ductile large inclusions of the
second phase [45,46]. In the cases under consid-
eration, different deformation mechanisms dominate
in different structural elements of nanocomposites
and bimodal nanomaterials. Lattice dislocation slip
is dominant in both large ductile inclusions in
nanocomposites and large ductile grains in bimo-
dal nanomaterials [41-46]. At the same time, the
nanocrystalline matrix with finest grains is inten-
sively deformed through deformation mechanisms
conducted by interfaces, in particular, through
intergrain sliding [3,4,20]. In these circumstances,
plastic flow is highly inhomogeneous at interfaces
dividing the nanocrystalline matrix and large ductile
inclusions/grains. The nanovoids at such interfaces
can provide effective transformations from one de-
formation mechanism to another mechanism, thus
smoothing plastic deformation in nanocomposites
and bimodal nanomaterials. For instance, lattice
dislocation slip in large inclusions/grains can effec-
tively transform through nanovoids into intergrain
sliding along neighboring GBs in the nanocrystalline
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matrix (Fig. 5a) and vice versa (Fig. 5b). The dis-
cussed transformations between different plastic
deformation mechanisms operating in different
neighboring structural elements of nanocomposites
and bimodal nanomaterials can contribute to the
experimentally detected [41—46] substantial ductil-

ity of these materials.
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