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Abstract

A special micromechanism for the formation of elongated nanoscale voids at grain boundaries (GBs) in deformed nanocrystalline
materials is suggested and theoretically described. Within our description, the formation of nanoscale voids represents a slow (diffu-
sion-controlled) process driven by release of the elastic energy of GB disclination configurations formed due to GB sliding. It is demon-
strated that the nucleation of elongated nanoscale voids at GB disclination dipoles occurs as an energetically favorable process in
deformed nanocrystalline Ni and Al2O3 (sapphire) in wide ranges of their parameters.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Fracture processes in nanocrystalline materials (having
superior strength and being of great interest with regard
to a wide range of applications) are the subject of intensive
experimental research [1–10], computer simulations [11–14]
and theoretical examinations ([15–19]; see also [20–22,23]).
Nanocrystalline materials exhibit either ductile or brittle
fracture behavior, depending on their structural character-
istics and the conditions of mechanical loading. For
instance, there are nanocrystalline materials showing inter-
granular brittle fracture [2,3,8], where the main brittle
crack is treated as forming through multiple generations
of intergranular nano/microscale cracks and their conver-
gence. At the same time, there are several experimental
reports on nanocrystalline materials exhibiting ductile frac-
ture with preceding neck formation and dimpled structures
at fracture surfaces [1–7]. The dimpled fracture structures
are often observed in nanocrystalline materials specified
by very low degrees (around 2%) of overall plastic strain
(see e.g. [24,25]). Though the macroscopic deformation

behavior of such materials is very similar to that of conven-
tional brittle solids, they show ductile fracture at the micro-
scopic level. This combination of macroscopically low
plasticity and microscopically ductile fracture with dimpled
structures is the subject of intense debate [1,9,20,25,26] and
is sometimes called a paradox [9]. The size of dimples in
nanocrystalline materials is commonly considerably larger
than the grain size, and ductile fracture is viewed to occur
through the void nucleation and coalescence mechanism.
With the role of voids being important in fracture processes
in nanocrystalline materials, of utmost interest are the fun-
damental micromechanisms for deformation-induced for-
mation of voids as carriers of ductile fracture and the
competition between void formation and deformation-
induced formation of brittle cracks serving as carriers of
brittle fracture. Knowledge of both the fundamental micro-
mechanisms and the competition in question could shed
light on the combination of macroscopically low plasticity
and microscopically ductile fracture in nanocrystalline
materials.

In conventional coarse-grained polycrystals, formation
of brittle cracks and nucleation of voids is strongly influ-
enced by grain boundaries (GBs), which are thereby
responsible for the effects of grain size on the mechanical

1359-6454/$36.00 � 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actamat.2010.10.005

⇑ Corresponding author.
E-mail address: shein77@mail.ru (A.G. Sheinerman).

www.elsevier.com/locate/actamat

Available online at www.sciencedirect.com

Acta Materialia 59 (2011) 678–685



Author's personal copy

properties of such materials (see e.g. [27–30]). In particular,
deformation-induced nucleation of voids is believed to
occur as a process releasing high local stresses created by
either lattice dislocation pile-ups stopped at GBs or GB
dislocation pile-ups stopped at triple junctions and ledges
of GBs [30]. When the grain size of a material decreases
down to the nanometer scale, large pile-ups of GB and lat-
tice dislocations – “dangerous” stress sources capable of
initiating voids – hardly form due to geometric restrictions
[23,31,32]. In these circumstances, one expects that specific
micromechanisms (different from those operating in
coarse-grained polycrystals) for deformation-induced for-
mation of voids come into play in nanocrystalline materi-
als, and these expectations are confirmed by experiments.
For instance, in situ transmission electron microscopy
(TEM) observations [33,34] of plastically deforming nano-
crystalline Au films (with average grain sizes of around 8–
10 nm) revealed the absence of bulk dislocation activity;
instead, nanopore nucleation and growth at triple junctions
of GBs was observed, followed by void coalescence and
nanodamage development. Also, an in situ TEM experi-
ment [1] revealed the formation of nanovoids at GBs and
their triple junctions in deformed nanocrystalline Ni (with
an average grain size of around 30 nm) showing good
ductility.

To understand the nature of specific micromechanism(s)
for deformation-induced formation of voids in nanocrys-
talline materials, of particular importance is the fact that,
in parallel with conventional lattice dislocation slip, specific
deformation modes operate in nanocrystalline materials
[20,23]. One such deformation mode in nanocrystalline
materials is GB sliding [20,23,32,35–37]. This mode pro-
duces GB disclination dipoles at and near triple junctions
[17,19,38]. GB dipoles serve as stress sources capable of ini-
tiating the rapid formation of brittle nanocracks, carriers
of brittle fracture in nanocrystalline materials [17,19,38].
We think that, in addition, GB disclination dipoles at triple
junctions can initiate the slow (diffusion-controlled) forma-
tion of voids, carriers of viscous fracture in nanocrystalline
materials. The main aim of this paper is to theoretically
describe the formation of nanoscale voids at GB disclina-
tion dipoles, examine their energy characteristics and com-
pare them with those in the formation of brittle nanocracks
in nanocrystalline materials.

2. Formation of nanoscale voids at grain boundaries with
disclination dipoles in nanocrystalline materials

Let us consider a nanocrystalline solid consisting of
nanoscale grains divided by GBs. The solid is under a
remote tensile load. A two-dimensional section of the solid
is schematically shown in Fig. 1a. We examine the situation
where GB sliding significantly contributes to plastic flow of
the nanocrystalline solid. Such a situation is realized, in
particular, during superplastic deformation of nanocrystal-
line materials [39]. Following Refs. [17,19,38], GB disclina-
tion dipoles typically form due to GB sliding. For instance,
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Fig. 1. Formation of an elliptic nanoscale void and a nanoscale brittle
crack at a disclination dipole in nanocrystalline specimen deformed by
grain boundary sliding. (a) General view. (b) Grain boundary sliding
occurs along grain boundary II (AC) and results in the transfer of both
grain boundary I (from position AA0 to position BB0) and the triple
junction (from position A to position B) over the distance p. Also, a
disclination dipole (with the distance p between the wedge disclinations) is
generated in a nanocrystalline specimen due to grain boundary sliding. (c)
An elliptic void with the axes s and d forms around the disclination dipole.
In this case, the disclination dipole becomes equivalent to an edge
dislocation. (d) A brittle nanoscale crack nucleates at one of the dipole
disclinations. (e) A three-dimensional picture of the elliptic void that
represents a “sheet-like structure” growing at the grain boundary interface
and in its vicinity. Arrows show the directions of vacancy diffusion flows
along grain boundaries towards the nanovoid.
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Fig. 1b schematically shows the transfer of a high-angle tilt
boundary I (from position AA0 to position BB0) due to GB
sliding along the high-angle boundary II (AC). In the initial
state, the triple junction A of high-angle GBs is supposed
to be geometrically balanced. (There is no angle gap at
the triple junction A; in other words, the sum of tilt misori-
entation angles at this triple junction is equal to zero.) As a
result of transfer, the angle gaps x and �x appear at the
GB junctions A and B, respectively (Fig. 1b), where x is
the tilt misorientation of the high-angle boundary I
[18,40,41]. In the theory of defects in solids, the junctions
A and B with the angle gaps ±x represent wedge disclina-
tions which are characterized by the strengths ±x [42,43]
and form a dipole configuration. Hereinafter we consider
a GB disclination dipole produced by GB sliding, located
near a triple junction of GBs and characterized by both
the disclination strength x and the arm (the distance
between disclinations) p (Fig. 1a and b). The arm p in fact
characterizes local plastic strain carried by GB sliding in
the vicinity of the triple junction under consideration
[17,19,38] (Fig. 1a and b).

(Note that GB sliding (Fig. 1b) is accommodated by
emission of lattice dislocations from the triple junction A.
Such a process was theoretically examined by Asaro and
Suresh [44]. More precisely, Asaro and Suresh [44] consid-
ered the emission of partial and perfect dislocations or dis-
location loops from a crack-like source produced by grain
boundary sliding arrested at a triple junction. A theoretical
analysis of the article [44] was focused on the initial stage of
GB sliding, in which case p (the distance by which a triple
junction shifts due to grain boundary sliding; see Fig. 1b) is
around one crystal lattice parameter. Our further analysis
will be focused on the stage at which severe GB sliding
occurs, and the characteristic distance p is in the range
from several crystal lattice parameters until the GB length.)

By analogy with micropipe formation at dislocations in
semiconductors (e.g. [45–47]), we think that one of the
channels for relaxation of stresses created by the disclina-
tion dipole is the formation of a nanoscale void (nanovoid),
as shown in Fig. 1c. Another, competing way of evolution
of the defect configuration under consideration is forma-
tion of a brittle nanoscale crack at the disclination dipole,
as shown in Fig. 1d.

In general, the key difference between voids and brittle
cracks is in both the rate of their formation and atomic
rearrangements associated with their formation. Let us
briefly discuss the difference in the exemplary situation with
mode I cracks, which are the most widespread type of brit-
tle cracks in solids. Formation of a mode I brittle crack
occurs through very fast (momentary) displacements of
its two surfaces in opposite directions normal to the sur-
faces, parallel to the applied force. The crack formation
process is driven by a release of local stresses (and thereby
elastic energy) at the crack surfaces and some of the local
area near them. The formation of a void occurs through
the comparatively slow, diffusion-controlled process of
vacancy coagulation. The void formation process is driven

by release of the elastic energy of an initially stressed local
region, which disappears during the void formation. That
is, the void formation is associated with the slow removal
of atoms from the region where the void nucleates and
grows, while brittle crack generation is associated with fast
atomic displacements that break interatomic bonds. In the
case under our consideration, voids and brittle cracks
formed at disclination dipoles have slightly different loca-
tions. A nanovoid nucleates and grows in the region where
the elastic energy density of a disclination dipole has its
highest values, and the disclinations of the dipole are com-
monly located within this region (Fig. 1c). In so doing, as
will be shown below, nanovoids tend to be sheet-like
regions that grow at grain boundary interfaces and in their
vicinities (Fig. 1e). A brittle crack forms at the surface
where tensile stresses (normal to the surface) created by a
disclination dipole are highest, and this surface is adjacent
to one of the disclinations composing the dipole (Fig. 1d).

In general, the formation of a disclination dipole due to
GB sliding and the formation of a void around such a
dipole due to diffusional flow of vacancies require that both
GB sliding and diffusion should be operative in the exam-
ined nanocrystalline solid. Since the diffusion-carried for-
mation of nanovoids is a time-dependent process, it is
sensitive to both the applied stress and the strain rate. In
these circumstances, in practice, for any realistic value of
the applied stress, one can find a strain rate range in which
both grain boundary shearing and diffusional flow effec-
tively operate in a material. Also, diffusional flow is greatly
enhanced in nanocrystalline materials (because of large
amount of grain boundaries specified by high diffusion
coefficient) compared to coarse-grained polycrystals (where
slow bulk diffusion commonly dominates). Therefore, the
applied stress range in which the diffusional flow effectively
operates (and can provide fast void formation and growth)
in nanocrystalline materials is much wider than that in
coarse-grained polycrystals.

Recently, a detailed study of the contributions of various
deformation mechanisms in nanocrystalline solids to the
total deformation was performed [48], using mesoscopic con-
tinuum modeling. Wei with co-authors showed that, for
nanocrystalline Cu with a grain size of 30 nm at room tem-
perature in the strain rate interval from 10�6 to 10�2 s�1,
the fraction of grain boundary sliding in the total deforma-
tion varies from 25% to 45%, while the fraction of grain
boundary diffusional creep (Coble creep) varies from 40%
to 50% [48]. Thus, at least, in nanocrystalline Cu, both grain
boundary sliding and diffusional flow operate simulta-
neously in a wide range of strain rates and, as a rule, in a wide
range of the applied stress. We assume that a similar situa-
tion takes place in nanocrystalline sapphire and nickel, which
will be examined below.

Let us calculate the energy characteristics of the forma-
tion of an elliptic nanovoid with axes s and d (Fig. 1c)
around the disclination dipole. The formation is character-
ized by the energy change DW = W2 �W1, where W1 is the
energy of the initial (void-free) state (Fig. 1b) and W2 is the
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energy of the final state containing a nanovoid (Fig. 1c).
The formation is energetically favorable if DW < 0. The
energy change DW (per unit disclination length) can be rep-
resented as the sum of three terms:

DW ¼ DW D þ W e
s � W gb ð1Þ

where DWD is the change of the disclination dipole energy
due to the nanovoid formation, W e

s is the free surface en-
ergy of the elliptic nanovoid and Wgb is the energy of the
GB fragments that disappear due to the nanovoid
formation.

First, let us calculate the energy change DWD of the dis-
clination dipole due to the nanovoid formation. According
to the theory of defects in solids, a disclination dipole with
strength x and arm (distance between the disclinations of
the dipole) p is identical to a continuous uniform distribu-
tion of edge dislocations along the line connecting the
dipole disclinations [49]. The total Burgers vector magni-
tude of the dislocation distribution is related to the dipole
arm p and disclination strength x by the equality [49]
B = 2p tan x/2 (Fig. 1a). In the conventional situation with
low x this equality is approximated well by the relation
B = xp, which will be used in our following analysis. Since
the stress field of a dislocation inside a void does not
depend on its position within the void [50], the continuum
distribution of dislocations inside the nanovoid is equiva-
lent to a single dislocation (with the Burger vector
B = xp) inside the nanovoid. In these circumstances, in cal-
culation of the proper energy of the disclination dipole
after the nanovoid formation, it is effective to use the
known expression [51] for the proper energy Wsd of the cor-
responding superdislocation (with the Burgers vector
B = xp) located within the nanovoid. The energy change
DWD of the disclination dipole due to the nanovoid forma-
tion can then be represented as the difference DW D ¼
W sd � W 1

D , where W 1
D is the energy of the disclination

dipole in an infinite medium. Using the known expression
for the energy of an edge dislocation inside an elliptic void
[51] and the energy of a disclination dipole in an infinite
medium [49], we find:

DW D ¼ �
Dx2p2

2
ln

sþ d
4s
þ s� d

2ðsþ dÞ þ
7� 6m

4ð1� mÞ

� �
ð2Þ

where D = G/[2p(1 � m)], G is the shear modulus and m is
Poisson’s ratio.

The free surface energy Ws of the cylinder nanovoid per
its unit length can be written as:

W e
s ¼ 2scsE 1� d2

s2

� �
ð3Þ

where cs is the specific (per unit area) energy of the free sur-
face and EðmÞ ¼

R p=2

0
ð1� m sin2 hÞ1=2dh is the complete

elliptic integral of the second kind.
The energy Wgb of the GB fragments that disappear due

to nanovoid formation, generally speaking, depends on the
lengths and orientation of GBs adjacent to the disclination
dipole. As a first approximation, we put

W gb � cgbs ð4Þ

where cgb is the specific (per unit area) energy of the GB.
Formulas (1)–(4) allow one to calculate the energy

change DW. With these formulas, we calculated the
dependence of DW on the nanovoid sizes s and d in the sci-
entifically and technologically interesting case of nanocrys-
talline ceramic a-Al2O3 (sapphire). In so doing, we used the
following typical values of parameters of a-Al2O3 [52]:
G = 169 GPa, m = 0.23, c = 1.5 J m�2 [53], cgb = 0.5 J m�2

[53]. The contour maps of DW as functions of the nanovoid
sizes s and d are shown in Fig. 2 for a-Al2O3, with p = 5 nm
and x = 15� (a) and 5� (b). As can be seen in the figure, in
the case of x = 15�, when the void size s reaches the value
of p, it is energetically favored to increase further (that is,
DW decreases with increasing s) until it reaches the equilib-
rium size s � 11 nm. At the same time, DW decreases with
decreasing d, so that the equilibrium value of d corresponds
to d ? 0. In contrast, for x = 5�, DW increases with
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Fig. 2. Contour maps of the energy change DW due to the formation of an
elliptic nanovoid in the coordinate space of the nanovoid dimensions s and
d, for the case of a-Al2O3 and disclination strengths x = 15� (a) and 5� (b).
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increases in both s and d in the region s P p. In this case,
the formation of a nanovoid around the disclination dipole
is unfavorable. This is because, in the latter case, the dipole
“power” xp characterizing its stress field is too small to
generate the nanovoid with the size s P p.

As follows from Fig. 2a, when the nanovoid forms, it
tends to be very narrow, with d ? 0. However, the case
of d ? 0 is evidently senseless. Hereafter we postulate that
the minimum (physically reasonable) width of a nanovoid
is d = 1 nm and consider a nanovoid with precisely such
a width. (The value of d = 1 nm is close to typical values
of GB width.) The equilibrium nanovoid length s = se then
follows from the relation ð@DW =@sÞjs¼se

¼ 0. The depen-
dence of se on the parameter xp for the case of a-Al2O3

and d = 1 nm is shown in Fig. 3. As can be seen in the fig-
ure, se increases with xp. Therefore, the necessary condi-
tion for nanovoid formation, se P p, can be rewritten as
p P pnp, where pnp is defined by the relation se(xpnp) = p

(see Fig. 3).
The dependence pnp(x) for a-Al2O3 and d = 1 nm is

shown in Fig. 4a. The formation of a nanovoid is favorable
in the parameter plane (p, x) region located above this
curve and unfavorable in the region below it. The critical
values pnp of the dipole arm (the minimum values at which
the formation of a nanovoid around the disclination dipole
is energetically favorable) are not very large. For example,
for x = 15�, we have pnp � 2 nm.

3. Formation of nanoscale brittle cracks at grain boundaries

with disclination dipoles in nanocrystalline materials

Now let us compare the conditions for the formation
of an elliptic nanovoid around a disclination dipole
(Fig. 1c) with the conditions for the formation of a brittle
GB nanocrack at one of its disclinations (Fig. 1d). The
condition for the crack advance in the situation shown
in Fig. 1d can be written as (e.g. [17]) q > qc, where
qc = 16p(1 � m)(2cs � cgb)/(Gpx2),

q ¼ ~l
2

ffiffiffiffiffiffiffiffiffiffiffi
1þ ~l

p
� 1

� �
~l

� ln

ffiffiffiffiffiffiffiffiffiffiffi
1þ ~l

p
þ 1ffiffiffiffiffiffiffiffiffiffiffi

1þ ~l
p

� 1

0
@

1
A

2

ð5Þ

~l ¼ l=p and l is the nanocrack length.

The dependence qð~lÞ is shown in Fig. 5. The horizontal
lines show two different exemplary values of qc. As can be
seen, two situations can take place, depending on the value
of qc. If the horizontal line showing the value of qc lies
higher than the maximum value of qc, crack generation
and growth are unfavorable at any crack length. In con-
trast, if the horizontal line showing the value of qc lies
lower than the maximum value of qc, crack generation
and growth are favored in some crack length interval
le1 < l < le2, where le1 and le2 are determined by the points
of the intersection of the curve qð~lÞ with the horizontal line
(see Fig. 5). In the latter case, crack generation and growth
in the interval l < le1 can occur through thermal fluctua-
tions while its growth in the length interval le1 < l < le2

occurs athermally. When the crack length reaches its equi-
librium value le2, crack growth stops.

Let us denote the maximum value of the function qð~lÞ as
qm (qm � 0.976). Then the formation of a nanocrack occurs
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Fig. 3. Dependence of the equilibrium nanovoid size se on the parameter
xp for the case of a-Al2O3 and d = 1 nm.
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if qm > qc. Using the definition of qc, the latter relation can
be rewritten as p > pcr, where pcr = 16p(1 � m)(2cs � cgb)/
(qmGx2). The quantity pcr specifies the minimum value of
the dipole arm at a given value of x at which crack forma-
tion at one side of the disclination dipole is energetically
favorable. The dependence pcr(x) for a-Al2O3 is presented
in Fig. 4a. The formation of a nanocrack is favorable in the
region above this curve and unfavorable in the region
below it. As follows from Fig. 4a, for any x, pcr > pnp,
which means that the formation of a nanovoid around
the dipole (Fig. 1c) is energetically favorable at lower
degrees of local plastic strain carried by GB sliding (and
characterized by the disclination dipole arm p) compared
to those at which the formation of a nanocrack at one side
of the disclination dipole (Fig. 1d) is energetically favor-
able. The difference between the values of pcr and pnp is sig-
nificant. For example, for x = 15�, we have pnp � 2 nm,
whereas pcr � 8.6 nm (Fig. 4a). Therefore, the formation
of a nanovoid around a disclination dipole can be supposed
to be more likely that the formation of a nanocrack at one
side of the dipole.

In addition to the formation of nanovoids and nano-
cracks at GB disclination dipoles in nanocrystalline sap-
phire, we also analyzed their formation at GB disclination
dipoles in nanocrystalline Ni and Cu. To do so, we used
the following parameter values typical of Ni and Cu
[27,54]: for Ni, G = 73 GPa, m = 0.31, c = 1.725 J m�2,
cb = 0.69 J m�2; for Cu, G = 48 GPa, m = 0.34, c =
1.725 J m�2, cb = 0.65 J m�2. The analysis demonstrated a
qualitative similarity between the cases of nanocrystalline
sapphire and nanocrystalline Ni and Cu. In particular, as
with the case of nanocrystalline sapphire, for a specified
value of the disclination strength x, the minimum dipole
arm pnp for the formation of a nanovoids in nanocrystalline
Ni and Cu is significantly smaller than the minimum dipole
arm pcr for the formation of a nanocrack (Fig. 4b and c). For
example, in the case of Ni, for x = 15� we have pnp � 4 nm,
whereas pcr � 18 nm (Fig. 4b). In the case of Cu, for x = 15�
we have pnp � 7 nm, whereas pcr � 29 nm (Fig. 4c). As a
consequence, the formation of nanovoids around disclina-

tion dipoles (Fig. 1c) in nanocrystalline metals (Ni and
Cu) is more likely than the formation of nanocracks
(Fig. 1d).

Though the dependences of the critical dipole arm on dis-
clination strength for sapphire and metals (Fig. 4) are qual-
itatively similar, there is a significant quantitative difference
in the values of the critical dipole arm between these mate-
rials. For instance, when the disclination strength x is equal
to 10�, the critical dipole arm pnp for void formation is
around 5 nm in the case of sapphire (Fig. 4a) and around
11 nm in the case of nickel (Fig. 4b). When the disclination
strength x is equal to 20�, the critical dipole arm for crack
formation is around 5 nm for sapphire (Fig. 4a) and around
11 nm for nickel (Fig. 4b).

4. Concluding remarks

Following the results of our theoretical analysis, the
generation of nanovoids at triple junctions of GBs can
effectively occur as an energetically favorable process dri-
ven by GB sliding in deformed nanocrystalline materials.
Such nanovoids slowly nucleate in the stress fields of GB
disclination dipoles formed at triple junctions due to GB
sliding (Fig. 1a–c). According to our estimates, nanovoids
tend to have elongated shapes, and their formation is more
energetically preferred than that of brittle nanoscale cracks
in deformed nanocrystalline Ni and Al2O3 (sapphire) in
wide ranges of their parameters. (At the same time, gener-
ation of brittle nanoscale cracks is a rapid process that can
be kinetically preferred compared to the slow, diffusion-
controlled formation of nanovoids in nanocrystalline
materials deformed at high strain rates.) Our theoretical
model accounts for the experimental observations
[1,33,34] of nanovoids at GBs and their triple junctions in
deformed nanocrystalline Ni and Au. In the framework
of the model, intense local plastic flow occurs through
GB sliding and precedes the nanovoid formation. Their
formation is a slow, diffusion-controlled process, and such
nanovoids can serve as nuclei for viscous dimple rupture
structures observed experimentally [1–7] at fracture sur-
faces of nanomaterials.

Large pile-ups of lattice dislocations – stress sources that
often induce the generation of voids and brittle cracks in
conventional coarse-grained polycrystals – are hardly
formed in nanoscale grains of deformed nanocrystalline
materials [23,31,32]. Therefore, the generation of nanov-
oids at GBs due to intergrain sliding could play the role
of the dominant fracture process at the nanoscale level in
nanocrystalline materials showing ductile fracture behav-
ior. In this context, one can suggest the following schematic
description of the experimentally observed [24,25] combi-
nation of macroscopically low plasticity and microscopi-
cally ductile fracture in nanocrystalline materials.
Inhomogeneous deformation with plastic flow being local-
ized in shear bands typically comes into play in nanocrys-
talline specimens (specified by low strain hardening and
low strain rate sensitivity) under a tensile load [20,23].
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Fig. 5. Dependence of the parameter q on the normalized crack length l/p.
The horizontal lines show two exemplary values of the parameter qc. The
quantities le1 and le2 denote the critical crack lengths between which crack
advance is favored.
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Within such shear bands, GB sliding occurs intensively and
produces nanovoids near triple junctions of GBs, as is the-
oretically demonstrated in this paper. Further development
of GB sliding results in both the formation of mesoscopic
sliding surfaces [55,56] – chains of GBs with approximately
parallel planes – and the growth/elongation of triple junc-
tion nanovoids. The latter process causes the formation of
dimpled fracture structures by interlinking nanovoids, as
was previously suggested by Iwasaki et al. on the basis of
their experimental data [25]. Mesoscopic sliding surfaces
are commonly separated by grains or their clusters resistant
to GB sliding, and each such surface typically consists of
several GBs [55–57]. In the case discussed, the size of dim-
ples formed by interlinking triple junction nanovoids at
mesoscopic sliding surfaces should be close to the typical
size of these surfaces (produced by GB sliding), that is,
around several grain sizes. This statement is in a good
agreement with the experimental measurements [24,25] of
the sizes of dimples in nanocrystalline materials simulta-
neously showing macroscopically low plasticity and micro-
scopically ductile fracture.

Finally, there is a situation where nanovoids are gener-
ated at GBs due to GB sliding in conventional microcrys-
talline materials, as with nanocrystalline materials. This
situation represents superplastic deformation of microcrys-
talline materials, which involves both GB sliding and lattice
dislocation slip as dominant deformation modes. Goutha-
ma and Padmanabhan [30] recently reported on experimen-
tal observation of nanovoid nucleation at GBs in a
microcrystalline copper alloy under superplastic deforma-
tion whose dominant deformation mode is GB sliding.
These experimental data, and experimental observations
of nanovoids at GBs and their triple junctions in deformed
nanocrystalline metals [1,33,34], are indicative of a similar-
ity between nanovoid nucleation processes in deformed
nanocrystalline materials and superplastically deformed
microcrystalline materials. In this context, the results of
our theoretical model of nanovoid nucleation in nanocrys-
talline metals, presented in this paper, can also be relevant
in a description of nanovoid nucleation in microcrystalline
materials under superplastic deformation.
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