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Abstract

Theoretical models are suggested that describe the effects of stress-driven migration of grain boundaries (GBs) on both the formation
of nanoscale cracks (nanocracks) and the growth of comparatively large cracks in deformed nanocrystalline ceramics and metals. The
GB migration under consideration is driven by the applied stress, carries plastic flow and produces quadrupoles of disclination defects in
nanocrystalline materials. The disclinations create high local stresses capable of initiating the formation of nanocracks. In this paper, the
conditions at which the formation of nanocracks is energetically favorable are theoretically described. The external stress values needed
to initiate nanocrack formation near the disclinations in nanocrystalline metals (Al and Ni) with the finest grains and nanoceramics
ðAl2O3Þ are estimated. In addition, we estimated the effect of the stress-driven migration of GBs on the growth of pre-existing, compar-
atively large cracks in nanocrystalline Ni with the finest grains.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocrystalline ceramic and metallic materials exhibit
outstanding mechanical properties due to the nanoscale
and interface effects [1–6]. In particular, interfaces – grain
and interphase boundaries – crucially influence plastic flow
and fracture processes in nanocrystalline materials (NCMs)
specified by large volume fractions occupied by these inter-
faces. For instance, following experimental data [7–9],
computer simulations [10] and theoretical models [11,12],
cracks in mechanically loaded nanocrystalline ceramics
and metals often nucleate at and grow along interfaces.
During plastic deformation, grain boundaries (GBs) in
NCMs serve as sources of partial lattice dislocations and
twins [13–18] and effectively conduct such deformation
modes as GB sliding [19–21], Coble creep [22,23], triple
junction diffusional creep [24] and rotational deformation
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[25–29]. Furthermore, recent experimental observations
[30–45] and computer simulations [46–48] have indicated
that GB migration and grain growth processes intensively
occur in mechanically loaded ultrafine-grained materials
and NCMs. For instance, Gianola et al. [39] observed
room temperature grain growth in nanocrystalline Al films
in the course of their plastic deformation at quite high lev-
els of applied stress. The yield stress was in the range 91–
116 MPa, and the ultimate tensile strength was in the range
149–190 MPa [39]. These values are much larger than those
(<50 MPa) characterizing plastic deformation in conven-
tional coarse-grained polycrystalline Al. Furthermore,
Gianola et al. [39] observed significant grain growth only
in highly stressed regions, including the areas near the tips
of slowly growing cracks. On the basis of their experimen-
tal data, Gianola et al. [39] concluded that grain growth
occurs through the stress-induced GB migration at high
local stresses. Farkas et al. [48] reported simulation results
showing GB motion in nanocrystalline Ni with an ultra-
small grain size of 5 nm. In their molecular dynamics and
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Fig. 1. Stress-driven migration of a tilt boundary in a deformed bicrystal.
(a) and (b) depicts the initial and final state, respectively. The boundary
migration results in a shear of the area traversed by this boundary. The
shear is accommodated by a change in the bicrystal shape.
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empirical potential simulations at room temperature, plas-
tic flow and associated GB motion occurred at a high stress
level of 2.5 GPa. These simulations indicate that high
applied stresses are needed to initiate GB migration in
NCMs. Farkas et al. [48] observed GB mobility for dis-
tances up to 2.5 nm, or half the grain size.

Stress-driven GB migration is treated as a special defor-
mation mechanism operating in NCMs (for a detailed dis-
cussion, see review article Ref. [5]). A very similar process
of stress-driven GB migration occurs in bicrystals [49–54].
In doing so, the stress-driven migration of a GB in a bicrys-
tal is coupled to shear deformation of the crystal lattice tra-
versed by the migrating GB. For instance, GB migration
coupled to shear in Al bicrystals has been observed in
experiments [53,54]. In these experiments, the applied stres-
ses were quite small (<1 MPa). The theory of the stress-dri-
ven GB migration coupled to shear deformation in
bicrystals was developed by Cahn et al. [50–52]. Its basic
statements are in good agreement with both experimental
data [53,54] and the results of computer simulations
[51,52,55,56] of the migration of low- and high-angle sym-
metric tilt boundaries in bicrystals. In addition, the cou-
pling of GB migration and shear has been confirmed by
computer simulations [57] of GB sliding through the
motion of GB dislocations in a Fe bicrystal. In these simu-
lations, the glide of dislocations has been shown to result in
coupled motion of the boundary in directions parallel and
perpendicular to itself.

Stress-driven GB migration processes coupled to shear
in bicrystals are different from those in NCMs and
coarse-grained polycrystals due to the difference in their
geometric features (e.g. [58,59]). The shear coupled to GB
migration in a bicrystal is easily accommodated by a
change of the bicrystal shape, in which case the stress
needed to initiate the migration process is low. At the same
time, the crystal region where the shear coupled to GB
migration occurs in a nanocrystalline solid commonly rep-
resents an internal region in the solid, and the shear is
strongly hampered by the surrounding material. In Ref.
[58], the stress-induced GB migration in a nanoscale grain
of a nanocrystalline metal was briefly described as a special
deformation mode accommodated by the formation of
wedge disclinations (rotational defects creating internal
elastic strains and stresses). It was theoretically shown that,
if shear coupled to migration of a GB occurs in a NCM, it
produces a quadrupole of wedge disclinations at the edges
of the region traversed by the migrating GB [58].

The presence of disclinations and other defects serving
as internal stress sources in NCMs crucially influences their
fracture behavior (for a review, see Ref. [60]). In this con-
text, of particular interest are the effects of the stress-driven
GB migration and associated formation of disclinations on
fracture processes in NCMs. The main aim of this paper is
to suggest theoretical models that describe the effects of GB
migration (coupled to shear and formation of disclinations)
on both the formation of nanocracks (Section 4) and
growth of pre-existing, comparatively large cracks (Section
5) in deformed nanocrystalline ceramics and metals. These
theoretical models are based on the results of both the geo-
metric consideration of the stress-driven GB migration in
NCMs (Section 2) and the brief analysis of the brittle frac-
ture behavior exhibited by nanocrystalline metals with the
finest grains (Section 3).

2. Geometry of stress-driven migration of GBs in NCMs

The geometric features of the stress-driven GB migra-
tion are very important for understanding its effects on
fracture processes in NCMs. In Ref. [58], the GB migration
geometry in NCMs was briefly discussed. In this section,
we consider in detail the geometry of stress-driven GB
migration (coupled to shear and accommodated by the for-
mation of disclinations) in NCMs and compare it with the
geometry of such a migration process in bicrystals. Follow-
ing Refs. [50–52], the stress-driven migration of a GB in a
bicrystal is coupled to shear deformation of the crystal lat-
tice traversed by the migrating GB and results in a change
of the bicrystal shape (Fig. 1). In the framework of the the-
ory [50–52], the ideal coupling (in the absence of GB slid-
ing) is described by the linear relationship vk ¼ bvn, where
vk and vn are the velocities of the relative grain translation
and normal GB motion, respectively, and b is the coupling
factor. In face-centered cubic (fcc) crystals, for symmetric
tilt boundaries with misorientation angles ranging from
0� to 90�, there is a positive and a negative branch of cou-
pling, at which the coupling factor b is positive and nega-
tive, respectively [50–52]. For instance, [001] symmetric tilt
GBs in copper show positive coupling if the GB tilt angle
ranges from 0� to approximately 35�, and negative cou-
pling if the GB tilt angle ranges from approximately 35�
to 90� [52]. The coupling factor is related to the GB tilt
misorientation x as follows [51,52]: b � 2 tanðx=2Þ and
b � �2 tanðp=4� x=2Þ in the positive and negative
branches of coupling, respectively.
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Fig. 2. Stress-driven migration of grain boundaries in a deformed
nanocrystalline specimen. The shear coupled to migration is hampered
by surrounding grains. The magnified inset highlights the geometry of a
nanograin group hampering shear coupled to grain boundary migration.
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In light of the standard representation of low-angle tilt
GBs as walls of lattice dislocations [61], migration of a
low-angle boundary is described as the stress-driven
motion of the lattice dislocations that form this boundary
[51,52]. In the framework of the dislocation theory of
GBs, high-angle GBs are effectively described as those con-
taining continuously distributed GB dislocations [61–63].
In this context, migration of a high-angle tilt GB is repre-
sented as the stress-driven motion of the GB dislocations
that form the GB [51,52]. Within the dislocation model,
the critical stress for GB migration in a bicrystal is the
lowest stress needed to initiate dislocation motion. In
particular, for migration of a low-angle lilt GB at low tem-
peratures, the critical stress is the Peierls–Nabarro stress
causing glide of lattice edge dislocations [51,52]. Since the
Peierls–Nabarro stress is low in fcc metals [64], migration
of low-angle tilt GBs can occur at low applied stresses. This
view is confirmed by experiments [53,54] showing migra-
tion of low-angle tilt GBs in Al bicrystals at low applied
stresses <1 MPa.

The shear coupled to GB migration in a nanocrystalline
specimen is strongly hampered by surrounding nanoscale
grains (Fig. 2), in contrast to the situation with a bicrystal
in which shear coupled to GB migration is freely accommo-
dated by a change in the bicrystal shape (Fig. 1). Let us con-
sider the geometry of the stress-induced GB migration and
its accommodation in NCMs. In doing so, in order to sim-
plify our analysis, we consider a two-dimensional model
arrangement of nanoscale grains with pure tilt GBs, includ-
ing a vertical GB that migrates in a rectangular grain as
shown in Fig. 3. (Such a rectangular grain serves as a good
model of elongated grains formed in nanocrystalline speci-
mens at superplastic deformation; see e.g. Ref. [43].) The tilt
GBs are either low- or high-angle boundaries containing
discrete or continuously distributed dislocations as sche-
matically shown in Fig. 3. In particular, the vertical GB
contains a finite wall-like ensemble of dislocations that pro-
vide its tilt misorientation x. In its initial state, the vertical
GB (Fig. 3a) terminates at the GB junctions A and B, which
are supposed to be geometrically compensated. There are
no angle gaps at these triple junctions or, in other words,
the sum of tilt misorientation angles of all GBs joining at
each of these junctions is equal to zero, where summation
of the angles is performed clockwise along a circuit sur-
rounding a triple junction (for details, see Refs. [65,66]).
In the case under consideration, the following balance equa-
tions are valid:

h1 þ h2 þ x ¼ 0 ðfor GB junction AÞ; ð1Þ
h3 þ h4 � x ¼ 0 ðfor GB junction BÞ: ð2Þ
Following the geometric theory of triple junctions [65,66],
the geometrically compensated GB junctions A and B
(Fig. 3a) do not create long-range stresses.

Let us consider the situation where the vertical GB
migrates from the position AB to the position A0B0

(Fig. 3b), and no other accommodating structural transfor-
mations occur. As a result of the migration, the angle gaps
�x and x appear at the GB junctions A and B, respectively
(Fig. 3b). That is, the sum of the misorientation angles at
junction A after GB migration is h1 þ h2, which is equal
to �x according to formula (1). The sum of the misorien-
tation angles at junction B after GB migration is h3 þ h4,
which is equal to x according to formula (2). In addition,
GB migration results in formation of two new triple junc-
tions A0 and B0 characterized by the angle gaps x and
�x, respectively. That is, the sum of the misorientation
angles at junction A0 is equal to x, as can be seen directly
in Fig. 3b. The sum of the misorientation angles at the
junction B0 is equal to �x (Fig. 3b).

Within the theory of defects in solids, the GB junctions
A, B, A0 and B0 characterized by the angle gaps �x are
defined as partial wedge disclinations (rotational defects)
that serve as powerful stress sources characterized by the
disclination strengths �x [5,65–69]. The disclinations at
the points A, B, A0 and B0 form a quadrupole configuration
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Fig. 3. Stress-induced migration of a tilt boundary in a nanocrystalline specimen (two-dimensional model). The vertical tilt boundary migrates from its
initial position AB (a) to the final position A0B0 (b). The shear coupled to migration is accommodated by formation of disclinations (triangles) at grain
boundary junctions A, A0, B and B0.
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Fig. 4. Migration of a high-angle tilt boundary represented as a finite wall
of continuously distributed dislocations. Description in terms of the
nanograin structure ((a), (c) and (e)) and its continuum model ((b), (d) and
(f)) are presented. (a) and (b) Initial, stress-free state. (c) and (d) Final state
of a nanocrystalline specimen, after migration of the vertical tilt boundary
from its initial position AB to the final position A0B0. The final state can be
obtained by addition of two dislocation walls to the initial state. These
walls are the finite wall AB of dislocations having Burgers vectors opposite
to those composing the tilt boundary in its initial position, and the finite
wall A0B0 of dislocations identical to those composing the tilt boundary in
its final position. (e) and (f) The finite dislocation walls AB and A0B0 as
stress sources are equivalent to wedge disclinations (triangles) character-
ized by strengths �x and located at the end points A, A0, B and B0 of the
dislocation walls.

I.A. Ovid’ko et al. / Acta Materialia 56 (2008) 2718–2727 2721
whose formation accommodates GB migration coupled to
shear in a nanocrystalline specimen. The disclination quad-
rupole creates internal stresses screened at distances that
are around the largest size (largest interspacing between
the disclinations) of the quadrupole.

In terms of the dislocation approach used in the theory of
GB migration coupled to shear in bicrystals [50–52], forma-
tion of wedge disclinations during GB migration is inter-
preted as follows. Once again, let us consider the situation
where the vertical tilt GB migrates (Figs. 3 and 4), and no
other accommodating structural transformations occur.
The vertical GB with a tilt misorientation x and finite length
contains a finite wall of either discrete dislocations, if the
GB is a low-angle tilt boundary, or continuously distributed
dislocations, if the GB is a high-angle tilt boundary. For
definiteness, let us consider migration of the vertical high-
angle tilt boundary (in the positive branch of coupling) from
its initial position AB to the final position A0B0 in a nano-
crystalline specimen and its continuum model (Fig. 4).
The migration of the vertical tilt GB is equivalent to the for-
mation of two finite dislocation walls, AB and A0B0, that
consist of continuously distributed dislocations with oppo-
site Burgers vectors as shown in Fig. 4a–d. Within the the-
ory of defects in solids, the finite dislocation walls serve as
stress sources that are disclinations characterized by
strengths�x and located at the ends of the dislocation walls
[5,68,69] (Fig. 4e and f). The disclinations compose a quad-
rupole whose formation accommodates GB migration cou-
pled to shear in a nanocrystalline specimen (Fig. 4e and f).

Thus, the shear that accompanies GB migration in a
nanocrystalline specimen is hampered by the surrounding
grains (Fig. 2). The shear is effectively accommodated by
formation of a wedge disclination quadrupole (Figs. 3
and 4), creating elastic strains. In these circumstances, the
energy associated with the formation of the disclination
quadrupole comprises the main contribution to the critical
shear stress scr for GB migration in a nanocrystalline spec-
imen. Following Ref. [58], the critical stress scr for the start
of migration of a tilt GB with misorientation x in a nano-
grain of size d is given as:
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scr �
Gx

2pð1� mÞ
s
d

lnðd=sÞ; s < d; ð3Þ

where G denotes the shear modulus, m is the Poisson’s ratio
and s is the path moved by the migrating GB at the begin-
ning of its migration. (s is around several crystal lattice
parameters.) Dao et al. [5] noted that when the tilt misorien-
tation of a migrating GB is in the range 5–30� and the grain
size is in the range 5–30 nm, the model [58] gives values of
the critical stress scr (see formula (3)) in the range 20–300
MPa, well in the prevailing range of stress levels for many
nanocrystalline fcc metals with grain sizes in that range.

Furthermore, it is important to note that the critical
stress scr given by formula (3) is commonly much larger
than the Peierls–Nabarro stress. This reflects the experi-
mentally detected fact that the critical stress necessary to
initiate GB migration and grain growth in NCMs is much
larger than that in bicrystals. For instance, in the case of
experimentally observed GB migration in deformed nano-
crystalline Al films [39], the yield stress ranges from 91 to
116 MPa, and the ultimate tensile strength ranges from
149 to 190 MPa. These values are by several orders larger
than those (<1 MPa) for stress-driven GB migration in
Al bicrystals [53,54]. In the light of our geometric analysis
of GB migration in NCMs, the difference in the critical
stress level (for GB migration start) between bicrystals
and NCMs is naturally attributed to the difference in
accommodation mechanisms. The shear coupled to GB
migration in a bicrystal and nanocrystalline specimen is
freely accommodated by a change in the bicrystal shape
(Fig. 1) and strongly hampered by surrounding nanoscale
grains (Fig. 2), respectively.

Finally, note that along with the formation of a disclina-
tion quadrupole, alternative accommodating mechanisms
can come into play. For instance, such mechanisms accom-
modating stress-driven GB migration can be (i) diffusion;
(ii) emission of lattice dislocations from the GB segments
AA0 and BB0; and (iii) migration of these GB segments
under the same applied stress as well as under the back-
stresses produced by the disclinations. Furthermore, in
general, migration of the vertical GB can lead to changes
in the energies and other characteristics of the GB segments
AA0 and BB0, and the tension of the above GB segments
can either promote or retard the migration of the vertical
GB. In addition, segregation of impurities at GBs can
retard or even completely suppress GB migration [32,70].
Consideration of all these additional factors capable of
influencing GB migration coupled to shear in NCMs repre-
sents a very cumbersome problem whose analysis is beyond
the scope of this paper. In the rest of this paper, we will
focus our examination on the role of disclinations accom-
modating GB migration in fracture processes in NCMs.
Fig. 5. Dislocation emission from a crack tip in a nanocrystalline
material. Emitted dislocations stop at the nearest grain boundaries. The
ledges at the crack tip created due to dislocation emission are not shown.
3. Ductile-to-brittle transition in nanocrystalline metals

In general, stress-driven GB migration accompanied by
the formation of disclinations is capable of strongly influ-
encing fracture processes in nanocrystalline ceramics and
metals. However, GB migration is expected to be most pro-
nounced in metallic materials, most of which are commonly
considered to be ductile. At the same time, in ductile mate-
rials, crack growth is effectively suppressed by dislocation
emission from crack tips, thus making the effects of GB
migration on fracture not very important. Recently, how-
ever, it has been experimentally demonstrated that nano-
crystalline metallic materials tend to become brittle when
their grain size becomes smaller than some critical size
[8,71–73]. For example, Li and Ebrahimi [8,72] documented
brittle intergranular fracture of plastically deformed nano-
crystalline Ni–15% Fe alloy with a grain size of 9 nm. The
behavior of this Ni–15% Fe alloy was in contrast to the duc-
tile failure behavior of pure Ni with a larger grain size of
44 nm, which fractured only after significant reduction in
area (necking) [8,72]. Gan and Zhou [71] observed inter-
granular cracking of deformed nanocrystalline Fe alloys
and a nearly two-fold decrease in fracture toughness (char-
acterizing the resistance to crack propagation) with the
reduction in grain size from 35 to 11 nm. A brittle fracture
morphology was also observed in cyclically deformed nano-
crystalline Ni with a 40 nm grain size [73].

The ductile-to-brittle transition in nanocrystalline
metallic materials at a critical grain size has been attributed
to the very limited dislocation activity in NCMs with the
finest grains [8,72] although the exact mechanisms for this
transition have not yet been identified. In our opinion, this
transition can be related to the role of GBs as barriers for
dislocation motion. Indeed, a solid is intrinsically ductile if
it has a high resistance to crack propagation. It is generally
accepted that crack growth in ductile materials is retarded
through dislocation emission from crack tips [74–76] result-
ing in crack blunting (e.g. [76–78]). It is therefore assumed
that a solid is ductile if conditions favor a crack emitting a
dislocation rather than advancing [74,75,77]. However, in
the case of NCMs, GBs hinder the emitted dislocations
from moving far away from the crack tip (Fig. 5). As a
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Fig. 6. Formation of a nanocrack at a disclination dipole in a plastically
deformed solid.
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result, in NCMs the previously emitted dislocations
strongly repulse newly emitted dislocations and can stop
the emission of subsequent dislocations. The repulsion
increases with decreasing distance L between the crack
tip and the dislocation previously emitted and stopped at
the nearest GB (Fig. 5). Therefore, the suppression of dis-
location emission from a crack tip by previously emitted
dislocations is enhanced with decreasing grain size d in
the material containing the crack. (Note that the emitted
dislocations also exert a shielding effect on the crack tip
[76,77,79,80], i.e. hinder crack growth. A detailed study
of the competition between the two effects is in progress.
The initial results show that the suppression of dislocation
emission from a crack tip by previously emitted disloca-
tions is generally stronger that their hindering effect on
crack propagation.) In these circumstances, the discussed
suppression of dislocation emission from the crack tip
can cause the experimentally detected [8,71–73] brittle frac-
ture of nanocrystalline metals with the finest grains.

Thus, following experimental data [8,71–73], nanocrys-
talline metallic materials with the finest grains tend to
show the brittle fracture behavior. The experiments in
question allow us to consider the role of GB migration
in fracture processes in nanocrystalline metals with the
finest grains, treating these materials as brittle ones. In
doing so, in the next sections, which are focused on the
analysis of the formation of nanocracks and growth of
comparatively large cracks in the presence of GB migra-
tion in nanocrystalline metals with the finest grains and
nanoceramics, we will use the formulas of the theory of
brittle fracture and treat GB migration as a toughening
mechanism that can slow down the growth of large
cracks.

4. Nanocrack generation at a disclination dipole

As shown in Section 2, stress-driven GB migration leads
to the formation of GB disclinations creating high local
stresses. These stresses are capable of inducing the nucle-
ation of nanocracks. In this section, we suggest a theoreti-
cal model describing nanocrack nucleation accompanying
GB migration.

Let us consider a deformed nanocrystalline specimen –
either metallic or ceramic solid with nanocrystalline struc-
ture – where GB migration occurs under the action of a
shear stress s. Following Ref. [58] and Section 2 of this
paper, the migration of a GB with the tilt misorientation
x gives rise to the formation of a quadrupole of wedge dis-
clinations with strengths �x and x (see Figs. 3 and 4). At
the beginning of the GB migration process, the length s of
GB migration is generally significantly smaller than the GB
length. In these circumstances, the disclination quadrupole
consists of two disclination dipoles whose stress fields are
screened at a distance of the order of s. As a corollary,
the stress field of one disclination dipole does not affect
nanocrack nucleation in the vicinity of the other dipole
and vice versa. Therefore, to a first approximation, in con-
sidering the conditions for the formation of a nanocrack
generated at one of the quadrupole disclinations, it is suffi-
cient to take into account only the applied stress and the
stress field of one of the two disclination dipoles that com-
pose the disclination quadrupole. The stress field of the
other disclination dipole is neglected.

Thus, in order to determine the conditions of nanocrack
nucleation at the beginning of the GB migration process,
we consider a dipole of wedge disclinations (Fig. 6), a part
of the disclination quadrupole produced due to GB migra-
tion. The geometry of the dipole of wedge disclinations is
adequately described in the Cartesian coordinate system
(x,y) shown in Fig. 6. In this coordinate system, the discli-
nations with strengths x and �x lie on the x-axis at points
x ¼ �s and 0, respectively. The points bound the horizon-
tal GB segment whose tension and possible migration are
neglected in our model.

Let the stress field of the disclination dipole and the
applied stress s induce the formation of a flat nanocrack
of length l. The nanocrack is assumed to nucleate at the
disclination with strength �x, along a GB in the region
where the tensile stresses exerted on the crack surfaces by
the disclination dipole are highest (see Fig. 6).

To estimate the conditions for nanocrack formation, we
will use the energetic criterion of crack growth [81]:

F > 2ce; ð4Þ

where F is the energy release rate, ce ¼ c� cb=2, c is the
specific surface energy and cb is the energy of a GB per unit
area of the GB. The term cb appears in formula (4) because
the formation of a nanocrack growing along a GB releases
the extra energy of the GB [11,12]. The nanocrystalline
specimen is assumed to be an elastically isotropic solid with
shear modulus G and Poisson ratio m. In the considered
case of an elastically isotropic solid and plane strain state,
the energy release rate F is given as [81]:

F ¼ pð1� mÞl
4G

�r2
yy þ �r2

xy

� �
; ð5Þ

where �ryy and �rxy are the mean weighted values of the stres-
ses ryy and rxy created by the applied stress s and disclina-
tion dipole. The mean weighted stresses �ryy and �rxy are
defined as [81]

�rmy ¼
2

pl

Z l

0

rmyðx; y ¼ 0Þ
ffiffiffiffiffiffiffiffiffiffi

x
l� x

r
dx; m ¼ x; y: ð6Þ
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The stresses rxyðx; y ¼ 0Þ and ryyðx; y ¼ 0Þ are given as
follows [68]: rxyðx;y¼ 0Þ¼ s, ryyðx;y¼0Þ¼Dx ln jðxþ sÞ=xj,
where D ¼ G=½2pð1� mÞ�. Substitution of the latter rela-
tions for the stresses rxy and ryy as well as formulae (5)
and (6) to formula (4), yields the following condition of
energetically favorable crack growth: qð~lÞ > qc, where
~l ¼ l=s,

qð~lÞ ¼ ~l
2

ffiffiffiffiffiffiffiffiffiffiffi
1þ ~l

p
� 1

� �
~l

� ln

ffiffiffiffiffiffiffiffiffiffiffi
1þ ~l

p
þ 1ffiffiffiffiffiffiffiffiffiffiffi

1þ ~l
p

� 1

0
@

1
A

2

þ s
Dx

� �2

2
64

3
75;
ð7Þ

and qc ¼ 16pð1� mÞð2c� cbÞ=ðGsx2Þ.
The dependence qð~lÞ is shown in Fig. 7, for s ¼ 1 GPa,

x ¼ p=6, and the parameters G and m for Ni [82] (G ¼ 79
GPa and m ¼ 0:31). The horizontal lines in Fig. 7 show
the values of qc for the case of nanocrystalline Ni (with
c ¼ 1:725 J m�2 and cb ¼ 0:69 J m�2 [64]), x ¼ p=6 and dif-
ferent values of the dipole arm s (s = 6 and 4 nm for the
solid and dashed horizontal line, respectively). It follows
from Fig. 7 that qð~lÞ first increases and then decreases with
rising ~l. In the situation where the values of the disclination
strength x (equal to the GB misorientation angle) and/or
the distance s between the disclinations are not too large,
we have: qð~lÞ < qc, for any nanocrack length in the nano-
crack length range shown in Fig. 7 (see the dashed horizon-
tal line in Fig. 7). In this situation, the formation of a
nanocrack is not likely. In contrast, for large enough values
of x and/or s, nanocrack growth is energetically favored in
a nanocrack length interval le1 < l < le2. In this case, the
critical lengths le1 and le2 are determined by the points of
intersection of the curve qð~lÞ with the solid horizontal line
that shows the value of qc. Nanocrack nucleation and
growth in the range l < le1 requires thermal fluctuations.
Its subsequent growth within the length range le1 < l < le2

occurs athermally. Further nanocrack growth is energeti-
cally forbidden. For the parameter values used in the plot
in Fig. 7 and s = 6 nm, we have: le1 � 0:1s ¼ 0:6 nm and
le2 � 1:8s ¼ 10:8 nm. Thus, disclination dipoles formed
due to GB migration can induce the formation of suffi-
ciently large nanocracks.
1 2 3 4

0.2

0.4

0.6

0.8

1

1.2

0
0

l/s
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l=le1 l=le2

qc

Fig. 7. Dependence of the parameter q on the normalized nanocrack
length l=s. The solid and dashed horizontal lines show the values of the
parameter qc for the cases s = 6 and 4 nm, respectively.
Besides the applied stress level, material parameters (in
particular, the ratio of its effective surface energy to the
shear modulus) strongly affect the possibility for the forma-
tion of nanocracks as a result of GB migration. For exam-
ple, for nanocrystalline a-Al2O3 (with the following typical
parameter values [83,84]: G ¼ 169 GPa, m ¼ 0:23, c ¼ 1:69
J m�2), we obtain for s ¼ 3 GPa, x ¼ p=6 and the exem-
plary case of cb ¼ 0:5c that nanocracks can nucleate in both
cases s = 4 and 6 nm and are characterized by the equilib-
rium lengths le2 � 10 and 33 nm for s = 4 and 6 nm, respec-
tively. In contrast, in the case of pure nanocrystalline Al
(with the following typical parameter values [64,82]:
G ¼ 27 GPa, m ¼ 0:34, c ¼ 1:2 J m�2 and cb ¼ 0:5 J m�2),
for s ¼ 1 GPa and x ¼ p=6, nanocracks are not generated
at s = 4 and 6 nm and start to nucleate only if s > 8:4 nm.

5. Effect of grain boundary migration on crack growth

Besides the initiation of nanocrack nucleation, the
growth of pre-existing, comparatively large cracks is
affected by stress-induced GB migration. In this section,
we consider the influence of GB migration on crack growth
and the critical crack length beyond which GB migration is
favored to advance.

Let us consider a nanocrystalline specimen – either
metallic or ceramic solid with nanocrystalline structure –
containing a straight crack of length L. For illustration,
we consider pure mode I loading, wherein the symmetry
of the applied load is such that the crack faces tend to open
rather than shear against one another. The loading is char-
acterized by the uniaxial tensile remote load r0 applied per-
pendicular to the crack surface (see Fig. 8).

When a mechanical load is applied to the specimen, the
stress concentration near the crack tip can drive the migra-
tion of GBs in its vicinity. GB migration partly relieves
high strain energy accumulated near the crack tip and
d
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ω  

ω

–ω –ω  
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B

B’
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p

σ 0 

x

y

crack

Fig. 8. Geometry of a crack that propagates near a migrating grain
boundary. Stress-induced grain boundary migration is realized through
the formation of a quadrupole of wedge disclinations and consequent
movement of a dipole of disclinations.
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can thereby slow down crack propagation. This effect of
GB migration is quantitatively characterized by an increase
in the critical crack length (above which crack advance
becomes energetically favorable). In order to examine the
effect of GB migration on crack propagation, we consider
a nanocrystalline solid with a model arrangement of rect-
angular grains divided by GBs. Let a straight crack of
length L terminate at a distance p from the middle of a
GB AB (Fig. 8). We introduce Cartesian coordinate sys-
tems (x,y) and ðx0; y 0Þ as shown in Fig. 8. Due to the action
of an external tensile stress r0 (applied as shown in Fig. 8
and creating the shear stress s ¼ sx0y0 ¼ r0=2 acting on the
migrating GB) and its stress concentration caused by the
crack, the GB AB migrates to a new position A0B0 (Fig. 8).

As has been discussed above, the migration of a tilt GB
leads to the formation of a quadrupole of wedge disclina-
tions with strengths �x, equal in magnitude to the misori-
entation angle of the migrating GB. We denote the length
of the GB AB as d, and its migration distance AA0 as s.
In addition, these distances serve as characteristic scales
(called ‘‘arms”) of the disclination quadrupole. In order
to estimate, to a first approximation, the effect of GB
migration on crack propagation, we assume that the crack
plane makes the angle p=4 with the x0-axis and the angle
p=2 with the vector p directed from the crack tip to the
middle of the GB AB (see Fig. 8). Thus, we choose the
crack location at which propagation is easiest. The above
assumptions simplify our mathematical analysis, and at
the same time do not mask the key aspects of the problem.

To estimate the effect of GB migration on crack propa-
gation, we will use energetic criterion (4), where we put
ce ¼ c, for a crack growing in a grain interior, and
ce ¼ c� cb=2, for a crack growing along a GB. As in Sec-
tion 4, we model the solid as an infinite isotropic medium.
For the calculation of the energy release rate F, we calcu-
late the total stresses rq

xy and rq
yy created in the crack plane

by the disclination quadrupole and external stress r0. Then,
using the calculation scheme similar to that employed in
the previous section, we obtain the following condition of
the energetically favorable crack growth: Q > Qc, where

Q ¼ 1

Ld
K þ x

Z L

0

gyyð�xÞ
ffiffiffiffiffiffiffiffiffiffiffi
L� x

x

r
dx

 !2
2
4

þ x
Z L

0

gxyð�xÞ
ffiffiffiffiffiffiffiffiffiffiffi
L� x

x

r
dx

 !2
3
5; ð8Þ

gyyðxÞ ¼
1

2
ln
½ðxþ x1Þ2 þ ðp � x1Þ2�½ðxþ x2�Þ2 þ ðp þ x2þÞ2�
½ðx� x1Þ2 þ ðp þ x1Þ2�½ðxþ x2þÞ2 þ ðp þ x2�Þ2�

� ðp � x1Þ2

ðxþ x1Þ2 þ ðp � x1Þ2
þ ðp þ x1Þ2

ðx� x1Þ2 þ ðp þ x1Þ2

� ðp þ x2þÞ2

ðxþ x2�Þ2 þ ðp þ x2þÞ2
þ ðp þ x2�Þ2

ðxþ x2þÞ2 þ ðp þ x2�Þ2
;

ð9Þ
gxyðxÞ ¼
ðxþ x1Þðp � x1Þ
ðxþ x1Þ2 þ ðp � x1Þ2

� ðx� x1Þðp þ x1Þ
ðx� x1Þ2 þ ðp þ x1Þ2

þ ðxþ x2�Þðp � x2þÞ
ðxþ x2�Þ2 þ ðp � x2þÞ2

þ ðxþ x2þÞðp � x2�Þ
ðxþ x2þÞ2 þ ðp � x2�Þ2

; ð10Þ

x1 ¼ d= 2
ffiffiffi
2
p� �

, x2� ¼ s=
ffiffiffi
2
p
� x1, K ¼ r0p2 ð1� mÞL=G, and

Qc ¼ 8p3ð1� mÞce=ðGdÞ.
The condition Q ¼ QcðL ¼ LeÞ gives the critical crack

length Le at which its growth becomes energetically favor-
able. Let us estimate the effect of GB migration on the
critical crack length for the case of nanocrystalline Ni. Let
us put r0 ¼ 1 GPa, x ¼ 5�, d ¼ 15 nm, s ¼ 5 nm and
p ¼ d=2. Then from formulas (8)–(10) and the relation
Q ¼ QcðL ¼ LeÞ we find: Le ¼ 663 nm, for a crack growing
in a grain interior, and Le ¼ 547 nm, for a crack growing
along a GB. At the same time, in the absence of GB migra-
tion (the case of x ¼ 0), we have: Le ¼ 503 nm, for a crack
growing in a grain interior, and Le ¼ 402 nm, for a GB
crack. Thus, GB migration in nanocrystalline Ni can
increase the critical crack length (beyond which its athermal
growth is energetically beneficial).

6. Concluding remarks

We have theoretically described the geometric features
of stress-driven GB migration and its effects on both the
formation of nanocracks and growth of comparatively
large cracks in deformed nanocrystalline ceramics and met-
als. It has been found that the shear coupled to GB migra-
tion in a nanocrystalline specimen is strongly hampered by
surrounding nanoscale grains (Fig. 2) and can be effectively
accommodated by formation of wedge disclination quad-
rupoles. With this accommodation mechanism, a high level
of critical stresses is needed to initiate GB migration in
NCMs (in contrast to the situation with a bicrystal where
shear coupled to GB migration is freely accommodated
by a change in the bicrystal shape (Fig. 1) and thereby
occurs at low applied stresses). The disclinations, whose
formation accommodates the GB migration, create high
local stresses capable of initiating the formation of nano-
cracks in NCMs. We have theoretically described the con-
ditions at which the formation of nanocracks is
energetically favorable and calculated the critical lengths,
le1 and le2 of such nanocracks.

Furthermore, in this paper, the stress-driven migration
of GBs is shown to relieve local stresses near the tips of
comparatively large cracks in brittle nanocrystalline metals
with the finest grains and nanoceramics. It has been found
that GB migration in these materials can increase the crit-
ical crack length (beyond which its athermal propagation is
energetically beneficial). In this context, the stress-driven
migration of GBs can serve as a special toughening mech-
anism in nanocrystalline ceramics and metals with the fin-
est grains. Its effective action in NCMs is due to the
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following two factors: (i) NCMs are characterized by large
volume fractions occupied by GBs; and (ii) plastic defor-
mation occurs at very high stresses in these materials. At
the same time, the stress-driven migration of GBs hardly
contributes to toughening of coarse-grained polycrystalline
metals where toughening mechanisms associated with plas-
tic flow are realized through conventional dislocation emis-
sion from crack tips (e.g. [76–78]).
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