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A theoretical model has been developed for nanograin rotation that could be achieved through dislocation climb. The results
obtained show that the occurrence of nanograin rotation and the coalescence of grains depend on the external stress level, structure
of grain boundary and grain size. Moreover, a critical misorientation parameter that represents the crossover between nanograin
rotation and shear-coupled migration of grain boundaries has also been found, based on which a coupling mechanism between
nanograin rotation and shear-coupled migration was proposed.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Nanocrystalline (NC) materials are usually
strong but brittle compared to their coarse-grained
counterparts due to the suppression of conventional dis-
location slip in nanograins [1]. Many researchers have
made great efforts in the past decades to address the
strength–ductility paradox, and numerous NC samples
possessing extraordinary strain hardening and ductility
have been successfully fabricated [2,3]; their outstanding
mechanical behaviors have been attributed to a number
of grain boundary (GB)-mediated deformation mecha-
nisms, such as stress-driven nanograin growth [2–5].

Of all the GB-mediated deformation mechanisms,
nanograin growth behavior has attracted the greatest
scientific interest because of its close correlation with
the exceptional ductility of many NC metals/alloys
[2,3]. However, the specific mechanism by which nano-
grain growth enhances the mechanical behavior of NC
materials remains unclear. Experimental studies and
molecular dynamics (MD) simulations carried out by
researchers have shown that there are two main modes
of nanograin growth, i.e. shear-coupled migration
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(SCM) of grain boundaries [4,6–10] and nanograin
rotation (NGR) [5,11–13]. The SCM mode has been
identified as a generic mode of plastic deformation
[14], as well as an effective toughening mechanism in
NC materials [15], and it can enhance the intrinsic
ductility of NC materials considerably [16]. It has also
been found in some experiments and mesoscale simula-
tions that the dominant mode of operation depends on
grain size, and that these two modes are usually coupled
[4]. Nevertheless, the specific mechanism that leads to
the above phenomenon remains unclear. Therefore,
the main aim of this letter is to develop a theoretical
model for studying stress-driven NGR to address the
above-mentioned issues. Recent studies have shown
that, in the SCM process, a high-angle boundary moves
in a similar way to a low-angle boundary, where the
displacement shift complete (DSC) dislocations [17],
disconnections [18] or structural units [19] composing
the former could play the role of lattice dislocations
forming the latter. Therefore, it is reasonable for us to
postulate that, in the process of NGR, the structural
units, DSC dislocations and disconnections in high-angle
boundaries could act like the dislocations in low-angle
boundaries. As a result, we postulate that NGR could
be achieved by dislocation climb for both low- and
reserved.
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high-angle GBs according to the existing experimental
and MD observations [12,13]. To simplify the calcula-
tion, only a symmetrical tilt boundary that consists of
one set of discrete dislocations is considered in the pres-
ent model.

Consider the rotation of two grains, G1 and G2, that
are divided by GB “AB” in a deformed elastically isotro-
pic NC specimen, which is subjected to a remote tensile
stress r (Fig. 1a). The GB “AB” is modeled as a finite
wall of dislocations with identical Burgers vector b for
both high- and low-angle boundaries (Fig. 1b and c).
Under external shear stress s, the leading GB dislocation
climbs to the triple junction A [12,20] and dissociates
into two Shockley partials, i.e. b1 and b2, which glide
along GBs “AC” and “AD”, respectively. The two glid-
ing partials meet partials of opposite sign generated by
other GBs adjacent to GB “AB” through similar rotat-
ing process or extrinsic GB dislocations, which are the
lattice dislocations trapped by the GBs “AC” and
“AD”, and then annihilate. The GB dislocations
remaining in the GB “AB” are assumed to climb follow-
ing the dissociation of the leading GB dislocation, and
finally distribute uniformly along the GB “AB” [20].
Therefore, the spacing between any two GB dislocations
is increased from D0 to D1 (Fig. 1c and d) due to the
dissociation of the leading GB dislocation. With the
Figure 1. Climb-induced grain rotation process in a nanocrystalline
specimen: (a) general two-dimensional microstructure; (b) initial
configuration of two grains, i.e. G1 and G2, divided by GB “AB”;
(c) equivalent configuration of (b), in which the GB “AB” is modeled
as a finite array of discrete dislocations with identical Burgers vector b;
(d) under external shear stress s, n leading GB dislocations climb one
by one to the triple junction A and dissociate into two partials, i.e. b1

and b2, which then glide along the GBs “AC” and “AD”, respectively,
and annihilate at some points along the said GBs; (e) equivalent
configuration of (d), where a disclination dipole (small triangles) is
formed due to the loss of GB dislocations; (f) repetition of processes (c)
and (d) leads to ultimate coalescence of grains G1 and G2 into one
grain, i.e. G1–G2.
repetition of the above processes, the original two
grains, G1 and G2, would ultimately coalesce into one
elongated grain, G1–G2 (Fig. 1f).

In the initial stage, there are two triple junctions be-
tween the two grains (G1 and G2) formed by the GB
“AB”, which is characterized by a tilt misorientation
parameter h0, corresponding to n0 GB dislocations.
There exist no angle gaps at these two junctions due to
the compensation of GB misorientation angles with each
other. However, when n leading GB dislocations have
climbed, dissociated and disappeared, the misorienta-
tion parameter is reduced from h0 to hn, and the
resulting angle gaps at the two triple junctions A and
B are -�xn and + xn, respectively, due to the GB dislo-
cation loss. Therefore, a disclination dipole of arm d and
strength ± xn occurs at GB “AB”, as observed in exper-
iments [13]. Once all the GB dislocations have climbed
and dissociated, the strength of the disclination dipole
is increased up to ± x (Fig. 1f).

Consider the energy change DW produced by the
nanograin rotation process in which n GB dislocations
climbed to the triple junction A and dissociated (from
Fig. 1b to e). The rotation process is energetically favor-
able if DW <0. The energy change DW (per unit length
along the axis perpendicular to the plane of Fig. 1e)
can be expressed as follows:

DW ¼ W þ DEd þ Eb1b2
int þ Ex�b1b2

int � Ac � Ag ð1Þ
where W, DEd, Eb1b2

int and Ex�b1b2
int are the self-energy of the

disclination dipole “AB”, the energy loss due to the dis-
sociation process, the energy resulting from the interac-
tion between the two partials, and the energy that
characterizes the interaction between the two partials
and the disclination dipole, respectively; Ac and Ag are
the work done by the external shear stress s for climbing
of the GB dislocations along the GB “AB” and gliding of
the partials along the GBs “AC” and “AD”, respectively.

The above energy terms for a NC specimen with
shear modulus G and Poisson ratio t can be calculated
as follows: W ¼ Dx2

nd2ðlnðR=dÞ þ 1=2Þ=2 [21], where
D ¼ G=½2pð1� tÞ�, xn ¼ h0 � hn ¼ nb=d, b ¼ a=

ffiffiffi
2
p

, a
is the lattice parameter and R is the screening parameter
for the stress fields induced by the disclination dipole;
DEd ¼ �ð3n� 2ÞDa2ðlnðR1=r0Þ þ 1Þ=12, where r0 is the
dislocation core radius and is assumed to be the same
for all the dislocations, i.e. r0 � b1, and R1 is the screen-
ing length for the long-range stress field of partial dislo-
cation. The energy resulting from the interaction
between the two partials can be calculated in the stan-
dard way as the work done in generating one partial
in the stress field created by another, i.e.

Eb1b2
int ¼ Db1b2

cos W
2

ln A� qI

2 sin2 W
ð2þ cos 2WÞ cos2 W

�

� q

2A sin2 W
½xð2þ cos W cos 3WÞ

þ qð2þ cos 2WÞ cos W�
�x¼R1

x¼q

ð2Þ

where b1 ¼ b2 ¼ a=
ffiffiffi
6
p

, A ¼ x2 þ 2xq cos Wþ q2, W ¼ p
�h1 � h2, I ¼ arctan ðxþ q cos WÞ=ðq sin WÞ½ �=ðq sin WÞ:
Similarly,
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Ex�b1b2
int ¼

� Dxnb1d sin h1

2
ln

R2
1
þ2R1d cos h1þd2

q2þ2qd cos h1þd2

� Dxnb2d sin h2

2
ln

R2
1
þ2R1d cos h2þd2

q2þ2qd cos h2þd2

ð3Þ

Ac ¼ sdbnsinð2/� 2aÞ=2 and
Ag ¼ �sdn½b1 cos 2aþ b2 cosð2a� 4/Þ�. By combining
all the above equations, the total energy change DW
can be easily determined using Eq. (1) but its expression
is not shown here to save space.

A NC Al sample of G = 26.5 5 GPa [22], t = 0.345
[22] and a = 0.404 nm [23] is selected for the following
calculations. Other parameters are set as q = d/2,
R = 3d, R1 = 10d, a = p/2, / = 2p/3 and h1 = h2 = p/3.

Figure 2 presents the dependence of energy change
DW (in units of eV nm�1) on the normalized number
of dissociated GB dislocations n/n0; the effects of exter-
nal shear stress (s), initial misorientation parameter (h0)
and grain size (d) are shown in Figure 2a, b and c,
respectively. It can be seen from Figure 2a that the
nanograin rotation process is energetically favorable
for all the given stress levels, and that the larger the
external shear stress, the more favorable the process is.
The effects of h0 and grain size d are similar to that of
s, but the trends are reversed, i.e. grains with shorter
GBs of lower angles (i.e. smaller h0 and d) are easier
to rotate and coalesce (Fig. 2b and c). The above results
agree very well with experimental observations [4,13]
and MD simulations [12].

Since NGR is one of the two main modes of nano-
grain growth, it is useful to calculate the critical stress
for NGR (sNGR

c ), which is defined as the minimum exter-
nal shear stress at which the NGR process is energetically
favorable, and compare it with that for the SCM process.
The critical condition is DW ðq ¼ b1; n ¼ 1Þ ¼ 0, where b1

is the minimum glide distance of the dissociated partials.
The expression for sNGR

c can be easily derived from the
above equation. However, it is lengthy, so for brevity
it is not presented here. The critical shear stress for
SCM process (sSCM

c ) can be directly obtained from our
previous paper [14]:
Figure 2. Dependence of energy change DW (in units of eV nm�1) on
the normalized number of dissociated GB dislocations n/n0 in the case
of NC Al for various values of external shear stress s (a), initial
misorientation parameter h0 (b) and grain size d (c).
sSCM
c ðb; dÞ ¼ Dx

2p2 ln R
p � L2

1 ln R
L1
� L2

2 ln R
L2
þ 2d2 ln R

d

dbð1þ b=xÞ
ð4Þ

where b is the coupling factor that correlates the tangen-
tial translation s and the normal migration distance m,
i.e. b = s/m, for the SCM process [24], p = m/cosu,

L1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ ðbmþ dÞ2

q
and L2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ p2 � 2bdm

p
,

u = arctan b and m = b is the minimum migration dis-
tance. Note that the factor 2 in the denominator of the
original expression (i.e. Eq. (2) in Ref. [14]) is removed
in Eq. (4) in view of the direction difference of the shear
stress for the NGR and SCM processes.

Figure 3 shows the variation of critical shear stresses,
i.e. sNGR

c and sSCM
c for the NGR and SCM processes,

respectively, with respect to grain size d (Fig. 3a) and ini-
tial misorientation parameter h0 (Fig. 3b) in a NC Al
sample. Two cases are studied in considering the SCM
process, i.e. b = 0 and 0.5. The results obtained in
Figure 3(a) show that both sNGR

c and sSCM
c are increased

with increasing grain size. Moreover, the coupled shear
effect (i.e. b > 0) could give rise to a case where the value
of sSCM

c is larger than that of sNGR
c first and then becomes

smaller. sNGR
c is not expected to remain constant with

increasing h0, whereas sSCM
c does increase with increasing

h0, which results in a transition from the SCM to the
NGR process at some critical misorientation parameter,
i.e. h0t, as shown in Figure 3(b). This finding indicates
that NGR dominates in grains divided by high-angle
boundaries while SCM is preferred in those grains asso-
ciated with low-angle boundaries. In addition, h0t in-
creases as b increases from 0 to 0.5.

Figure 4 plots the variation of h0t with coupling fac-
tor b for different grain sizes in a NC Al sample, i.e.
d = 10, 30 and 100 nm. The results obtained show that
h0t depends strongly on b. It increases with increasing
b up to a certain value, beyond which it decreases. Fur-
thermore, the grain size also has a significant effect on
the value of h0t, i.e. the larger the grain size, the smaller
Figure 3. Variation of critical shear stresses sc for the NGR (sNGR
c ) and

SCM (sSCM
c ) processes in a NC Al sample with respect to grain size d

(a) and misorientation parameter h0 (b).



Figure 4. Coupling factor dependent critical misorientation parameter
h0t representing the transition from the NGR to the SCM process for
NC Al samples with grain sizes of 10, 30 and 100 nm.
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the value of h0t. These results suggest that NGR domi-
nates in nanograins (d < 100 nm) since nanocrystalline
materials usually consist of high-angle boundaries
(h0 > 15�) [1]. Thus, it is possible to postulate the follow-
ing coupling behavior between NGR and SCM: under
an external load, NGR occurs first, which leads to a de-
crease in h0; subsequently, SCM appears. The coopera-
tive process ultimately results in the nanograin growth
behavior in nanocrystalline materials. The above-men-
tioned coupling behavior is in good agreement with
the observations of Sansoz and Dupont [25], who inves-
tigated the grain growth behavior of an Al thin film of
7 nm grain size by indentation at absolute zero (0 K)
temperature using the quasicontinuum method, which
resulted in a h0t of 13� (see Fig. 2(b–e) of their article).
Meanwhile, our model predicts a h0t of 18� for the
above-mentioned Al sample with a coupling factor of
b = 0. These findings can also be used to explain the
numerous experimental observations that NGR and
SCM are usually intricately interplayed during deforma-
tion [4].

In summary, a theoretical model for nanograin rota-
tion is proposed. The results obtained for a NC Al sam-
ple show that the NGR process is energetically favorable
under a low external shear stress, and can be viewed as a
general mode of nanograin growth, as observed in
experiments and MD simulations. The analysis of the
critical shear stresses for the two modes of nanograin
growth, i.e. the NGR and SCM processes, shows that
there exists a critical crossover misorientation parameter
between the two modes. This finding suggests a possible
coupling mechanism of NGR and SCM, which agrees
very well with the observations made in molecular static
simulations conducted by other researchers. Since both
the misorientation parameter h0 and the coupling factor
b depend on the specific structure of GBs [24], it is pos-
sible to predict which mode (NGR or SCM) would dom-
inate in a NC specimen, and this can be used to optimize
its mechanical properties through tailoring of GB
structures.
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