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a b s t r a c t

A theoretical model has been developed to illustrate the effect of shear-coupled migration of grain
boundaries on dislocation emission in nanocrystalline materials. The energy characteristics and critical
shear stress τc that is required to initiate the emission process were determined. The results obtained
show that the dislocation emission can be considerably enhanced as shear-coupled migration was the
dominating process; a critical coupling factor that corresponded to the minimum τc, which led to an
optimal dislocation emission, was also discovered. The proposed model has also been quantitatively
validated by the existing molecular dynamics simulations.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Intensive investigations in the past decades have shown that the
remarkable physical and mechanical properties of nanocrystalline
(NC) materials such as ultrahigh strength and hardness are usually
gained at the expense of their ductility, which is limited to a few
percent of uniform elongation [1,2]. The brittle behavior of NC
materials is attributed to the suppression of conventional dislocation
slips, which are dominating in their coarse-grained counterparts, as
the grain size is reduced to nanoscale [1–7]. Meanwhile, various NC
specimens that possessed both high strength and ductility have been
reported [8–19]; moreover, it has been proposed that the outstanding
balance was due to some grain boundaries (GBs)-mediated deforma-
tion mechanisms, such as GB sliding, emission of dislocations from
GBs and GB migration [16–20]. Furthermore, enormous dislocation
activities were discovered in the grain interiors of some NC samples
in experiments [10,21–23] and the accumulation of such dislocations
in the grain interior due to the formation of Lomer–Cottrell locks [22]
led to their exceptional strain hardening and ductility. However, what
remains unclear is the mechanism that leads to the emission of
abundant dislocations, which form Lomer–Cottrell locks and, hence,
developing a good synergy of high strength and ductility in these NC
materials.

Among all the GB-mediated deformation modes, stress-driven
shear-coupled migration of grain boundaries is an important and
generic mode of plastic deformation and athermal grain growth in
NC materials, as demonstrated by many molecular dynamics simula-
tions, quasi-continuum studies as well as experiments and theories
[24–30]. It is interesting to note that the grain size of the NC sample
investigated in Ref. [22] was increased from 25 nm to 38 nm while
the strain was increased from 0 to 1, which suggests that shear-
coupled migration of grain boundaries might have played an
important role in enhancing dislocation emission and hence achiev-
ing the strong strain hardening characteristic in the sample. This
athermal process [20] normally consists of a normal GB migration
accompanied by a tangential translation of grains parallel to the GB
plane for both low-angle and high-angle boundaries; the process
would then produce shear deformation of the lattice traversed by the
migrated GB. The translation distance s is related to the normal
migration distancem by a coupling factor β¼ s=m [31]. The value of β
is determined by the geometry of the GB concerned [31,32], and the
maximum value of β can reach 1 based on experiments [27,33] and
MD simulations [25,32] and reach 5 according to theoretical studies
[34,35]. The coupled mode has been revealed as a very effective
toughening mechanism in NC materials [36] and it can considerably
enhance the intrinsic ductility of NC materials by incorporating with
the conventional GB sliding process [37].

Moreover, Sansoz and Dupont [26] conducted an indentation
study for an NC Al thin film of 7 nm grain size at 0 K using the
quasicontinuum method. Their results showed that some partials
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could emit from disclinated GBs and stacking faults were formed
after dislocation emission during the process of shear-coupled
grain boundary motion (refer to Fig. 2f–g in Ref. [26]). This
observation has also been made by a recent MD study of Schafer
and Albe [25] on a uniaxial tensile deformation of an NC copper
sample of 10 nm average grain size at room temperature (refer to
Fig. 3 in Ref. [25]). Some experiments carried out by De Hosson
et al. [38,39] and Mompiou et al. [27,40] have also shown that
dislocations activity was promoted during the motion of grain
boundary in bicrystal or ultrafine-grained metals and that the
moving GBs acted as a source of dislocations. Most recently,
Ovid'ko and Skiba [41] proposed theoretically that dislocations
could emit approximately vertically from a disclinated GB frag-
ment generated by GB sliding or migration. However, the coupled
shear in the migration process was ignored and only one slip
system was incorporated in their study. Therefore, the main aim of
this paper is to identify the role of the coupled shear (via the
coupling factor β) in enhancing the dislocation emission in NC
materials and to describe the shear-coupled migration as a new
mode of emitting dislocations in NC materials. In order to provide
a more realistic simulation of NC materials, it is assumed that
multiple slip systems are activated and both the leading and
trailing partials are movable in the proposed model according to
the observations made in experiments and MD studies [25,26,45]
on the emission process of dislocations from GBs.

2. Geometry of dislocation emission induced by shear-coupled
migration of grain boundaries

Consider a deformed elastically isotropic NC specimen in two
dimensions consisting of a large amount of nanograins and GBs
subjected to a remote tensile stress s, as shown in Fig. 1a. For
simplicity, only a typical two-grain structure is considered
(Fig. 1b). The applied stresses are assumed to be sufficiently high
to initiate a shear-coupled migration of the GB ‘AB’ between two
grains G1 and G2, which are in light and dark gray colors,
respectively, as shown in Fig. 1b. Assume that the GB ‘AB’ is
migrated to a rectangular grain ABDC (i.e., G2 in Fig. 1b) in the
form of migration normal to GB ‘AB’ by a distance m, which is
simultaneously accompanied by a tangential translation s¼ βm
(β¼ tan φ) that is parallel to the GB ‘AB’ plane (Figs. 1c and 2).
Therefore, the initial GB ‘AB’ is moved to a new location, i.e., A0B0.
In accordance with the theory of defects in solids, the shear-
coupled migration process would lead to the formation of two
dipoles of wedge disclination, i.e., AA0and BB0 of arm l and strength
7ω. This shear-coupled migration of GB ‘AB’ simultaneously gives
rise to an increase and a decrease of size of grains G1 and G2,
respectively (Fig. 1c). For simplicity, the length of GB ‘AB’ (i.e., d)
can be taken as the approximate grain size of the NC specimen.

The high stresses induced by the two disclination dipoles
coupled with the action of the external stress could enable the
emission of multiple dislocations from the two disclinated GB
fragments AA0 and BB0 into grain G1 after growth (as shown in the
light gray grain in Fig. 1c). For simplicity, we assume that the
emission process generates two dipoles of Shockley dislocations of
the edge, 901-type in a face-centered cubic lattice. One dipole of
partials with Burgers vectors b1 and –b1 is emitted from the
disclinated GB AA0, which are called 7b1 dipole dislocations,
whereas the partials of the other dipole with Burgers vectors b2

and –b2 are emitted from the disclinated GB fragment BB0, which
are called the 7b2 dipole dislocations (Fig. 1c). The magnitude of
Burgers vector of the two dipole partials is assumed to be the same
in the present analysis, i.e., b1 ¼ b2 ¼ a=

ffiffiffi
6

p
, where a is the lattice

parameter. All the partial dislocations are assumed to be able to
glide in the grain G1 of increased size. The 7b1-dipole slips along

a crystallographic plane that inclines at an angle θ1 (called
emission angle 1) with the disclinated GB AA0, while the
7b2-dipole slides along another plane that inclines at an angle
θ2 (called emission angle 2) with the disclinated GB BB0. Two
stacking faults of lengths p and q are formed after the emission
and motion of the two dipoles, as schematically shown by the
zigzags in Fig. 2; p1 and q1 are the glide distance of the two trailing
partials in the two dipoles; h1 and h2 are defined as the distances
between the two dislocation emission sources and the two
positive disclinations, i.e., A0 and B, in the disclinated GBs AA0

and BB0, respectively, as shown in Fig. 2, for the sake of conve-
nience in deriving the expression of the energy changes in the
following section; and α is the angle between the two dipoles.

3. Energy characteristics of dislocation emission due to shear-
coupled migration process

Let us examine the change in energy ΔW resulting from the
dislocation emission process, which is the difference in energy
between the initial state of the system containing two disclination
dipoles generated by the shear-coupled migration of GB ‘AB’
before the dislocation emission and that after the emission. The
process of dislocation emission is energetically favorable if
ΔWo0. The energy change ΔW (per unit length along the axis
perpendicular to the plane of Fig. 1c) can be expressed as follows:

ΔW ¼ EbþEγþEω�b
int þEb1 �b2

int �A ð1Þ
where Eb is the dipole energy of the 7b1 and 7b2 dipole disloca-
tions; Eγ is the energy of the two stacking fault strips;
Eω�b
int ¼ Eω�b1

int 1 þEω�b1
int 2 þEω�b2

int 1 þEω�b2
int 2 is the energy that characterizes

the interaction between the dislocation dipoles and the disclination

Fig. 1. Lattice dislocation emission in a nanocrystalline specimen in which shear-
coupled migration of grain boundaries (GBs) is dominating: (a) general view;
(b) initial configuration of GBs; and (c) configuration resulting from the shear-
coupled migration of GB ‘AB’ accompanied by the emission of two partial
dislocation dipoles, i.e., 7b1 and 7b2 dipoles from the disclinated GB fragments
AA0 and BB0 , respectively, into grain G1 of increased size.
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dipoles, where Eω�b1
int 1 and Eω�b1

int 2 are the energy terms resulting from
the interaction between the 7b1 dislocation dipole and the disclina-
tion dipoles AA0 and BB0, respectively; Eω�b2

int 1 and Eω�b2
int 2 are those

resulting from the interaction between the 7b2 dislocation dipole
and the disclination dipoles AA0 and BB0, respectively, and A is work
done by the external shear stress τ to glide the two dipoles.

Let us calculate the above terms for an NC specimen with shear
modulus G and Poisson’s ratio v. The dipole energy of 7b1 and
7b2 dislocations is given as [42]

Eb ¼Db21 ln
p�rc1
rc1

þ1
� �

þDb22 ln
q�rc2
rc2

þ1
� �

ð2Þ

where D¼ G=2πð1�νÞ and rc1 � b1 and rc2 � b2 are the dislocation
core radii for 7b1 and 7b2 dislocations, respectively. The stacking
fault energy can be expressed as Eγ ¼ γstðpþqÞ, where γst is the
specific energy of the stacking fault per unit area, where p and q
are the lengths of the 7b1 and 7b2 dipoles, respectively. The
work done by the external shear stress τ to glide the two dipoles is
A¼ τpb1 cos ð2θ1�2φÞ�τqb2 cos ð2θ2�2φÞ, for which the direc-
tion of the shear stress τ is parallel to the GB ‘AC’ and pointing to
the triple junction C (Fig. 1b). The energy Eω�b1

int 1 is calculated in a
standard manner [42,43] as the work done in generating the 7b1
dislocation dipole in the stress field created by the disclination
dipole AA0, which can be expressed as follows after some math-
ematical treatment:

Eω�b1
int 1 ¼Dωb1 sin θ1

2
h1 lnðx2þ2xh1 cos θ1þh1

2Þ
h

�ðh1� lÞlnðx2þ2xðh1� lÞ cos θ1þðh1� lÞ2Þ
ix ¼ p1

x ¼ ðp1 þpÞ
ð3Þ

Similarly, Eω�b1
int 2 , Eω�b2

int 1 and Eω�b2
int 2 can be formulated as follows:

Eω�b1
int 2 ¼Dωb1 sin θ1

2
h01 lnðx2þ2xh0

1 cos θ1þh021 Þ
h

�ðh0
1� lÞlnðx2þ2xðh01� lÞ cos θ1þðh0

1� lÞ2Þ
ix ¼ p2

x ¼ ðp2 þpÞ
ð4Þ

Eω�b2
int 1 ¼Dωb2 sin θ2

2
h02 lnðx2þ2xh0

2 cos θ2þh022 Þ
h

�ðh0
2� lÞlnðx2þ2xðh02� lÞ cos θ2þðh0

2� lÞ2Þ
ix ¼ q2

x ¼ ðq2 þqÞ
ð5Þ

Eω�b2
int 2 ¼Dωb2 sin θ2

2
h2 lnðx2þ2xh2 cos θ2þh2

2Þ
h

�ðh2� lÞlnðx2þ2xðh2� lÞ cos θ2þðh2� lÞ2Þ
ix ¼ q1

x ¼ ðq1 þqÞ
ð6Þ

where l¼m= cos φ, p2 ¼ d cos φ= sin θ1�p1�p, h01 ¼ l�h1�d
cos ðφ�θ1Þ= sin θ1, θ2 ¼ πþθ1�α, q2 ¼ d cos φ= sin θ2�q1�q,
h02 ¼ l�h2�d cos ðφ�θ2Þ= sin θ2, and h1, h2, p1, q1 are shown in
Fig. 2. The energy Eb1 �b2

int can be calculated as the work done in
generating the 7b2 dipole in the stress field created by the 7b1
dipole and it is described by

Eb1b2int ¼Db1b2
cos α

2
ln A1

h
� f 1I1
2 sin 2α

ð2þ cos 2αÞ cos 2α

� f 1
2A1 sin

2α
½xð2þ cos α cos 3αÞþ f 1ð2þ cos 2αÞ cos α�

�x ¼ e1

x ¼ ðe1 þqÞ

�Db1b2

�
cos α

2
ln A2�

f 2I2
2 sin 2α

ð2þ cos 2αÞ cos 2α

� f 2
2A2 sin

2α
xð2þ cos α cos 3αÞ½

þ f 2ð2þ cos 2αÞ cos α�
�x ¼ e1

x ¼ ðe1 þqÞ
ð7Þ

where b1 ¼ b2 ¼ a=
ffiffiffi
6

p
, f 1 ¼ �ðeþ0:5pÞ, f 2 ¼ �ðe�0:5pÞ, e¼ ðh0

2
�h1Þ sin θ2= sin αþp=2�p1, e1 ¼ ðh2�h01Þ sin θ1= sin α�q1�q
A1 ¼ x2þ2xf 1 cos αþ f 1

2, A2 ¼ x2þ2xf 2 cos αþ f 2
2,I1 ¼ arctan½ðx

þ f 1 cos αÞ=ðf 1sinαÞ�=ðf 1sinαÞ and I2 ¼ arctan½ðxþ f 2 cos αÞ=f 2sinα�=
ðf 2sinαÞ.

By combining Eqs. (1)–(7), the total energy change ΔW can be
determined as follows:

ΔW ¼Dωb1 sin θ1
2

h1 lnðx2þ2xh1 cos θ1þh21Þ
h

�ðh1� lÞlnðx2þ2xðh1� lÞ cos θ1þðh1� lÞ2Þ
ix ¼ p1

x ¼ ðp1 þpÞ

þDωb1 sin θ1
2

h01 lnðx2þ2xh0
1 cos θ1þh021 Þ

h

�ðh01� lÞlnðx2þ2xðh01� lÞ cos θ1þðh1� lÞ2Þ
ix ¼ p2

x ¼ ðp2 þpÞ

þDωb2 sin θ2
2

h2 lnðx2þ2xh2 cos θ2þh22Þ
h

�ðh2� lÞlnðx2þ2xðh2� lÞ cos θ2þðh2� lÞ2Þ
ix ¼ q1

x ¼ ðq1 þqÞ

þDωb2 sin θ2
2

h02 lnðx2þ2xh0
2 cos θ2þh022 Þ

h

�ðh02� lÞlnðx2þ2xðh02� lÞ cos θ2þðh02� lÞ2Þ
ix ¼ q2

x ¼ ðq2 þqÞ

þDb1b2
cos α

2
ln A1

h
� f 1I1
2 sin 2α

ð2þ cos 2αÞ cos 2α

� f 1
2A1 sin

2α
½xð2þ cos α cos 3αÞþ f 1ð2þ cos 2αÞ cos α�

�x ¼ e1

x ¼ ðe1 þqÞ

�Db1b2
cos α

2
ln A2

h
� f 2I2
2 sin 2α

ð2þ cos 2αÞ cos 2α

� f 2
2A2 sin

2α
½xð2þ cos α cos 3αÞþ f 2ð2þ cos 2αÞ cos α�

�x ¼ e1

x ¼ ðe1 þqÞ

þDb21 ln
p�rc1
rc1

þ1
� �

þDb22 ln
q�rc2
rc2

þ1
� �

þγstðpþqÞ

�τ½pb1 cos ð2θ1�2φÞ�qb2 cos ð2θ2�2φÞ�4 ð8Þ
An NC Al sample of G¼26.5 GPa [44], v¼0.345 [44],

γst ¼ 122 mJ m�2 [45] and a� 0:404 nm [45] is selected for the
following calculations. Other parameters are set as d¼30 nm,
m¼1 nm, and τ¼ 0:8 GPa.

4. Results and discussion

Firstly, the energy change ΔWðp; θ1Þ (in units of eV/nm) of an
NC Al sample of 30 nm grain size for different coupling factors, i.e.,
β¼ 0, 0.5 and 1.5, are plotted in Fig. 3a–c, respectively. The values

Fig. 2. Geometrical parameters during the process of dislocation emission after
shear-coupled grain boundary migration, as shown in Fig. 1 (c).
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of the parameter h1 and h2 are set as one half of l (i.e., h1¼h2¼ l/2);
and p1 and q1 are set as zero, which is assumed based on our latter
results, which showed that the mentioned value would be able to
ensure that the energy change could reach a minimum for all
values of other parameters, see Fig. 4a and b. Other parameters are
set as τ¼0.8 GPa, ω¼0.8, α¼ 2π=3, m¼1 nm, q¼10 nm. It can be
seen from Fig. 3 that the zone of p and θ1 at which ΔWðp; θ1Þ is
negative enlarges drastically with increasing β, as indicated by the
solid lines in Fig. 3, from which we obtain that: (i) the minimum
value of ΔW is reduced considerably, i.e., from �13 to �34 with
the increase of β from 0 to 1.5 (Fig 3a and c); (ii) the magnitude of
p increases from 0 nm to 30 nm, i.e., the grain size and the value of
θ1 corresponding to the minimum ΔW increases from 351 to
around 671 with the increase of β from 0 to 1.5 (Fig. 3a and c),
which suggests that the leading (�b1)-dislocation has moved
across the whole grain G1 and could arrive not only at the opposite
GB BB0 but also at all other GBs of G1, thus considerably enhancing
the possibility of its interaction with the 7b2 dislocation and
hence the formation of Lomer–Cottrell locks; and (iii) the range of
θ at p¼30 nm increases from 301 to 801 (i.e., a factor of larger than
2.6) when β is raised from 0 to 1.5 (Fig. 3a and c). The above results
indicate that the dislocation emission process is energetically
more favorable, as shear-coupled migration is the dominating
process compared with pure normal migration and that the
coupled shear (i.e., β40) is able to considerably enhance the

dislocation emission in NC materials, which is in good agreement
with the existing observations made in experiments [27,38–40],
MD and quasicontinuum studies [25,26].

In order to consider the effect of some geometrical parameters
on the energy change, the contours of ΔWðh1=l; θ1Þ, ΔWðp1; θ1Þ and
ΔWðα; θ1Þ (in units of eV/nm) for nanocrystalline Al of 30 nm grain
size at τ¼0.8 GPa, ω¼0.8, β¼0.5, m¼1 nm, p¼q¼10 nm, q1¼0
and h2¼ l/2 are plotted in Fig. 4a–c, respectively. The results
obtained show that the energy change reaches its minimum as
h1¼ l/2, p1¼0, and that the larger the value of α, the smaller the
energy change is. The contours of ΔWðh2=l;θ1Þ and ΔW p2; θ1

� �
are

not shown in the figure due to their similarity to those of
ΔWðh1=l;θ1Þ and ΔWðp1; θ1Þ. Therefore, in the following calcula-
tion, the values of h1, h2 are set as l/2 and p1, q1 are set to 0.

Fig. 5 presents the variation of minimum energy change ΔWmin

(in units of eV/nm) with respect to the disclination strength ω for a
30 nm nanocrystalline Al sample at τ¼0.8 GPa for various values
of β based on the results presented in Fig. 3. Other parameters are
taken as h1¼h2¼ l/2, p1¼q1¼0, q¼10 nm, α¼ 2π=3. It can be seen
that the value of ΔWmin for the dislocation emission process
induced by the shear-coupled migration process (i.e., the case of
β¼0.5, 1 and 1.5) is much smaller than that for the case of pure
migrations (i.e., β¼0) and the reduction of ΔWmin increases with
increasing β.

It is also of vital importance to calculate the critical stress τc
that is defined as the minimum external shear stress at which the
process of dislocation emission from the two disclinated GB

Fig. 3. Contours of energy change ΔWðp; θ1Þ (in units of eV/nm) characterizing the
process of dislocation emission from two disclinated GB fragments in a nanocrys-
talline Al of 30 nm grain size at τ¼0.8 GPa, ω¼0.8, α¼ 2π=3, m¼1 nm, q¼10 nm,
p1¼q1¼0 and h1¼h2¼ l/2 for various values of coupling factors, i.e., (a) β¼0 (pure
migration); (b) β¼0.5; and (c) β¼1.5.

Fig. 4. Contours of energy change ΔWðh1=l; θ1Þ (a), ΔWðp1 ; θ1Þ (b) and ΔW α; θ1ð Þ (c)
(in units of eV/nm) for a 30 nm nanocrystalline Al at τ¼0.8 GPa, ω¼0.8, β¼0.5,
m¼1 nm, p¼q¼10 nm, q1¼0 and h2¼ l/2. Other parameters are taken as p1¼0,
α¼ 2π=3 in (a), h1¼ l/2, α¼ 2π=3 in (b) and p1¼0, h1¼ l/2 in (c).
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fragments AA0 and BB0 is energetically favorable. This can be done
by considering the critical condition ΔWðτc; β; α; θ1; p1 ¼ p1 min;

q1 ¼ q1 min; p¼ pmin; q¼ qminÞ ¼ 0, where p1 min and q1 min are the
least glide distance of the two trailing partials in the two dipoles
and their values could be zero, i.e., p1 min ¼ q1 min ¼ 0; pmin and qmin
are the minimum length of the two stacking faults and their values
could be several times of the dislocations core radius, such as
pmin ¼ qmin � 10rc1, as assumed in the present study. Since the
energy change usually reaches a minimum at h1¼h2¼ l/2, as
shown in Fig. 4a, the values of h1 and h2 are set as half
of the value of the disclination dipole length l. As a result, τc is a
function of θ1, β and α, and it varies with θ1. Minimization of τc
with respect to θ1 is performed to determine τcðβ; αÞ. Fig. 6
presents the variation of τc versus the coupling factor β in the
interval of ½0;2� for different disclination strengths, i.e., ω¼0.1,
0.3 and 0.5, for an NC Al sample of 30 nm grain size. It is obvious
that the value of τc for the dislocation emission process induced by
the shear-coupled migration in the NC specimen (i.e., β40) is
much smaller than that for the case of pure migration (i.e., β¼ 0).
Another interesting finding is that there exists a critical β,
i.e., βc, which corresponds to the minimum τc for each ω, as
indicated by the small circles in the curves. The values of βc for
various ω are approximately the same, e.g., βc ¼ 0:96 for
ω¼ 0:1; 0:3 and βc ¼ 0:91 for ω¼ 0:5. These values of βc are easily
accessible from both experimental studies and molecular
dynamics simulations for nanocrystalline solids [25,27,32]. The
effect of β can be quantitatively specified by the ratio τcðβ¼ 0Þ
=τcðβ¼ βcÞ, which increases from 1.06 to 2.17 as ω increases from
0.1 to 0.5. This result indicates that the coupled shear (i.e.,
the coupling factor β) plays an important role in enhancing the
dislocation activity in nanocrystalline materials, which consist of

mostly high-angle boundaries (i.e., ω40:26) [1]. This finding
provides a possible explanation for the abundant dislocation
activity observed in the experiments conducted by De Hosson
et al. [38,39] and Mompiou et al. [27,40] for nano-grained and
ultrafine-grained Al during nano-indentation or tensioning where
grain boundary motions played a significant role. Since the value
of β depends on the specific structure of GBs, the results obtained
from Fig. 6 suggest that it is possible to stimulate an optimal
dislocation emission in NC materials through engineering the GB
structure in order to obtain the βc.

To validate the proposed model, the critical shear stress τc for a
nanocrystalline copper sample of 10 nm grain size is calculated, as
shown in Fig. 7, which shows the variation of τc with respect to α.
The material parameters are taken as G¼39.6 GPa [6], v¼0.36,
γst ¼ 55 mJ m�2 [46], a� 0:362 nm [47]. The values of the coupling
factor and migration distance are adopted from the work of
Schafer and Albe [25], i.e., β¼ 0:5, m¼2 nm. The results obtained
show that τc first decreases, then increases, and finally decreases
with increasing α. In the MD simulations performed by Schafer
and Albe [25] on uniaxial tensile deformation of an NC Cu sample
with 10 nm grain size, they found that the dislocation activities
were highly enhanced and many of them were emitted from
disclinated GBs. The stress–strain curves as well as the evolution of
dislocation density with strain are presented in their Fig. 2 for a
pure NC Cu sample. In the present model, four partial dislocations
are assumed to be emitted into the grain interior with increased
size of 12 nm, which leads to a dislocation density of 0:33�
1016=m2. This value of dislocation density corresponds to a strain
of 7.38% and in return a flow stress of 1.88 GPa (refer to Fig. 2 in
Ref. [25]). Considering the relation between the tensile and shear
stresses, the corresponding critical shear stress obtained from the
MD simulations performed by Schafer and Albe [25] should be half
of the flow stress, i.e., 0.94 GPa. This value is also presented in
Fig. 7 for comparison, which shows that the model prediction at
α� 1011 is in good agreement with the MD results at -as shown by
the circle in Fig. 7.

5. Conclusions

In summary, dislocation emission in NC materials can be highly
enhanced through shear-coupled migration of grain boundaries.
The range of the emission angle 1 (θ1) and the length (p) of the
stacking fault, at which the energy change is negative, increase
with increasing value of the coupling factor β. Moreover, the
coupling shear is able to drastically decrease the minimum value
of energy change. The critical shear stress τc for initiating the
dislocation emission process can be reduced significantly due to

Fig. 5. Variation of the minimum energy change ΔWmin with the disclination
strength ω for a 30 nm nanocrystalline Al at τ¼0.8 GPa for various coupling factors β.

Fig. 6. Variation of the critical stress τc with coupling factor β for a 30 nm
nanocrystalline Al at m¼1 nm, h1¼h2¼ l/2 and α¼ 2π=3 with various values of
disclination strength considered. The circles on the lines represent the critical
coupling factor βc corresponding to the minimum τc.

Fig. 7. Comparison of the critical stress τc with respect to α between model
predictions and MD results obtained by Schafer and Albe [25] for a 10 nm
nanocrystalline Cu specimen. The values of the migration distance and coupling
factor are adopted from the work of Schafer and Albe [25], i.e., m¼2 nm and β¼0.5.
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the existence of coupled shear during the migration process,
especially in the case of high-angle boundary; and it is important
to note that there is a critical coupling factor βc that corresponds to
the minimum τc , which indicates that the dislocations in NC
materials can possibly be maximized by engineering the GB
structure to obtain an appropriate value of β [31,33]. The predicted
critical shear stress for initiating multiple dislocations that emit
from disclinated GBs into grain interiors in multiple slip systems
has also been validated by the existing MD simulations for a
nanocrystalline Cu sample of 10 nm grain size. Thus, we propose to
tune the GB structure to generate the largest amount of disloca-
tions for achieving an optimal strength/ductility balance in NC
materials.
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