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Abstract. Kinetics of combined grain boundary (GB) sliding and rotational deformation processes
in nanocrystalline materials is examined using computer simulations of GB dislocation slip and
climb. We consider the situation where GB sliding and rotational deformation (plastic deformation
accompanied by crystal lattice rotations) serve as dominant deformation modes in a nanocrystalline
specimen and thereby crucially influence its deformation behavior. Based on the results of the
computer simulations, the dependences of the flow stress on plastic strain in nanocrystalline Ni
and Al

2
O

3
 are calculated, and their strain rate sensitivity parameters are estimated. It was found

that combined actions of GB sliding and rotational deformation modes enhance ductility of
nanocrystalline specimens.

1. INTRODUCTION

Nanocrystalline metallic and ceramic materials
(hereinafter called nanomaterials) are typically char-
acterized by superior strength and show deforma-
tion behavior controlled by specific deformation
mechanisms [1–23]% Thus, in parallel with conven-
tional lattice slip (dominating in coarse-grained poly-
crystals), specific GB deformation mechanisms ef-
fectively operate in nanocrystalline materials. These
include GB sliding, GB diffusional creep (Coble
creep), stress-driven GB migration, twin deforma-
tion initiated at GBs, and rotational deformation
mode conducted by GB defects [1,4,5,14]. In par-
ticular, GB sliding and other GB deformation mecha-
nisms significantly or even dominantly contribute to
plastic flow in both nanomaterials with finest grains
(of sizes 20 nm) in wide temperature ranges and
nanomaterials with intermediate grains (of sizes

ranging from approximately 20 to 100 nm) exhibit-
ing superplasticity at elevated temperatures
[1,4,5,14].

The crucial aspect for (super)plastic deformation
carried by GB sliding is in its accommodation at
triple junctions of GBs [1,4]. For evident geometric
reasons, triple junctions stop GB sliding and thereby
serve as sites where plastic strain incompatibilities
are produced in nanomaterials. These strain
incompatibilities create high local stresses capable
of initiating cracks, in which case cracks typically
form at triple junctions in deformed nanomaterials
[1,24–26]% In the context discussed, in order to
control/avoid formation of dangerous strain
incompatibilities, it is critically important to
understand the micromechanisms for
accommodation of GB sliding at triple junctions.

It is conventionally viewed that GB sliding in
nano- and microcrystalline materials under
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(super)plastic deformation is effectively accommo-
dated by emission of lattice dislocations from triple
junctions into grain interiors, their glide across
grains, absorption at GBs, transformation into GB
dislocations and diffusion-assisted climb of GB dis-
locations [4,27–29]  Figs% 1a and 1b)% In the situa-
tion under consideration, diffusion-assisted climb of

Fig. 1. Grain boundary sliding and its
accommodation micromechanisms in a
nanocrystalline specimen. (a) Grain boundary sliding
occurs along grain boundaries and stops at triple
junctions of grain boundaries. Grain boundary
dislocations are accumulated at the grain boundaries
near the triple junctions. (b) Lattice dislocations are
emitted from a triple junction into a grain. They
transform into grain boundary dislocations whose
slow climb controls the rate of both dislocation
emission from the triple junction and thereby grain
boundary sliding. (c) Grain boundary sliding along
grain boundary A

1
A is accommodated by rotational

deformation which involves slow climb of grain
boundary dislocations and grain boundary sliding
along neighboring grain boundaries.

GB dislocations serves as the rate controlling pro-
cess which thereby crucially contributes to basic
characteristics of (super)plastically deformed nano-
and microcrystalline materials [4,27–29]% For
instance, the accommodation mechanism  Figs% 1a
and 1b) is treated to be responsible for strain rate
sensitivity value of m 0.5 in microcrystalline
materials showing superplasticity [4,27,28]. In
nanocrystalline materials, the same accommodation
mechanism is modified due to nanoscale effects,
and this modification leads to deviations of strain
rate sensitivity from its “microcrystalline” value of
m 0.5 [29,30].

GB diffusion in vicinities of triple junctions can
also directly accommodate GB sliding in
nanomaterials [26,31]. In this situation, one can
distinguish optimum ranges of parameters that
characterize cooperative actions of GB sliding and
GB diffusion, namely, the ranges of parameters at
which tensile ductility of high-strength nanomaterials
enhances [26]. Within these optimum ranges,
stress-strain curves of nanocrystalline specimens
have rather extended stages specified by a moder-
ate strain hardening that suppresses plastic strain
instabilities and, at the same time, does not initiate
crack generation instabilities [26].

The third micromechanism capable of effectively
accommodating GB sliding in nanomaterials is
rotational deformation, plastic deformation
accompanied by rotations of the crystal lattice within
nanoscale grains [32–34]  Figs% 1a and 1c)% In
general, following experimental data [1,33,35–40],
computer simulations [41,42] and theoretical models
[32,43–46], crystal lattice rotations in nanograins
are rather widespread in nanomaterials at plastic
and superplastic deformation regimes. In particular,
the rotational deformation mode often operates in
nanomaterials in parallel with GB sliding; see [1–5]
and references therein. In this context, it is logical
to think that rotational deformation can serve as one
of dominant accommodation micromechanisms for
GB sliding on the nanoscale level. This view is
indirectly supported by the fact that lattice slip is
severely hampered in nanomaterials with finest
grains [1,4,5,14], and thereby its role in GB sliding
accommodation diminishes with decreasing grain
size of a specimen. For instance, the number of
lattice dislocations that can be emitted from a triple
junction  Figs% 1a and  1b) dramatically decreases
with decreasing grain size [29]. When this number
is around 1 to 3, the effect of lattice dislocations
within a grain is hardly significant compared to the
effects of GB dislocations whose slip and climb
carry rotational deformation.
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Besides, the standard representations on ac-
commodation of GB sliding through lattice disloca-
tion emission from triple junctions [27–30]  Figs% 1a
and 1b), in fact, are focused on the initial stage of
plastic flow through GB sliding as the dominant
deformation mode. GB sliding at this first stage can
be divided into several elementary processes, each
occurring in an isolated GB and its vicinity (Figs. 1a
and 1b). In contrast to the standard representations,
the idea of accommodation of GB sliding through
rotational deformation is more relevant in descrip-
tion of the second deformation stage where GB slid-
ing processes simultaneously occur in many GBs.
At the second deformation stage, a grain of a de-
formed specimen typically has most its boundaries
containing active GB dislocations that slip and/or
climb along these boundaries, contributing to GB
sliding and rotational deformation (Figs. 1a and 1c).

 In most cases, in nanomaterials under
quasistatic mechanical loading, rotational
deformation is a slow, diffusion-controlled process
[45]. Therefore, when GB sliding is accommodated
by rotational deformation, the latter significantly or
even crucially influences the behavior of
nanomaterials during superplastic deformation and
creep processes dominated by GB sliding. Gutkin
et al. [32] and Bobylev et al. [34] theoretically
described geometric and energy characteristics of
rotational deformation as a process accommodating
GB sliding. In particular, it was revealed that
rotational deformation initiated by GB sliding
represents an energetically favorable process in wide
range of parameters of nanomaterials under plastic
deformation. However, previous theoretical
examinations [32,34] were not concerned with the
kinetics of rotational deformation accommodating
GB sliding in nanomaterials. (Bobylev et al. [34]
suggested using a standard equation to describe
plastic strain rate in microcrystalline materials, but
in reality it is too rough to adequately take into
account the specific features of deformation
behaviors of nanomaterials deformed by cooperative
GB sliding and rotational deformation processes.)
At the same time, the kinetics of plastic deformation
processes is of critical importance for calculation of
stress-strain curves and other characteristics of
materials during plastic and superplastic deformation
tests. The main aims of this paper are to describe
the kinetics of GB sliding and rotational deformation
operating cooperatively, calculate the corresponding
dependences of the flow stress on plastic strain and
estimate values of plastic strain rate in
nanocrystalline materials predominantly deformed
by GB sliding accommodated by rotational

deformation. Also, the effects of combined GB slid-
ing and rotational deformation processes on ductil-
ity of nanomaterials will be discussed.

2. GRAIN BOUNDARY SLIDING AND
DIFFUSION-CONTROLLED
ROTATIONAL DEFORMATION IN
NANOCRYSTALLINE MATERIALS.
MODEL

Let us consider a nanocrystalline solid under a
remote tensile load s. We focus our analysis on the
situation where plastic flow in the solid occurs mostly
through GB sliding accommodated by rotational
deformation whose rate is controlled by GB diffusion.
As it has been noted in Section 1, both GB sliding
and rotational deformation effectively operate in
nanocrystalline materials at superplastic and high-
strain deformation regimes. During superplastic
deformation, mesoscopic sliding surfaces – chains
of GBs with approximately parallel planes – are often
formed in nanocrystalline materials, and GB sliding
occurs along them [47–49]% A mesoscopic sliding
surface typically consists of several flat segments
separated by grains whose geometry prevents GB
sliding (Fig. 1a). These GB configurations of
superplastic nanocrystalline materials serve as
carriers of pronounced combined actions of GB
sliding and rotational deformation [34]. Below we
will theoretically examine this pronounced
manifestation of GB sliding and rotational
deformation in nanocrystalline structures.

Within our model, we consider a model
hexagonal grain ABCDEF in a two-dimensional
section of a nanocrystalline specimen where
mesoscopic sliding surfaces, AA

1
 and DD

1
, are

formed which are separated by the grain in question
(Fig. 2). Let the boundaries of the grain have the
same length d, and two GBs, BC and EF, are parallel
with the mesoscopic sliding surfaces making an
angle of 45° with the direction of the tensile load 
(Fig. 2). The applied load  creates nonvanishing
shear stresses at the mesoscopic sliding surfaces
adjoining to the grain ABCDEF. These shear
stresses initiate and drive GB sliding along the
surfaces (Fig. 2).

Due to the approximately flat geometry of
mesoscopic sliding surfaces, GB sliding along them
is enhanced. GB sliding along the surfaces AA

1
 and

DD
1
 is carried by GB dislocations which, for

geometric reasons, are hampered at the triple
junctions A and D, respectively (Fig. 2). Due to this
hampering process, GB dislocation pile-ups are
formed at the mesoscopic sliding surfaces. The
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Fig. 2. Grain boundary sliding and dislocation climb
in a model two-dimensional fragment of a
nanocrystalline solid. Dislocations glide over grain
boundaries A

1
A and D

1
D towards triple junctions A

and D. After that they move (through climb and slip)
along the boundaries of the hexagonal grain
ABCDEF. Dislocations of opposite signs moving
from triple junctions A and D, respectively, meet each
other at grain boundaries CD and AF and eventually
annihilate. Arrows indicate the directions of
dislocation motion.

dislocation pile-ups serve as stress concentrators
[34,50,51] and thereby provide a high level of local
stresses near their heads, in particular, in the grain
ABCDEF. The high stresses induce rotational
deformation in the grain (Fig. 2). Thus, GB sliding
and its accommodating rotational deformation occur
cooperatively in a nanocrystalline specimen.

As to more details, let us consider evolution of
GB dislocations reaching the triple junctions A and
D due to GB sliding (Fig. 2). Under the action of the
external load  (concentrated at the GB dislocation
pile-up heads), these dislocations climb over GBs
AB and DE. Then new GB dislocations come to
triple junctions A and D due to GB sliding. Under
the action of both the applied load and the stresses
of neighboring dislocations these dislocations climb
over GBs AB, DE, AF, and CD, leaving the place for
new sliding dislocations at the GB junctions A and
D. In the course of plastic deformation this process
repeats many times. When dislocations climbing
over GBs AB and DE come to the points B and E,
respectively, they start to slip over GBs BC and EF
towards the junctions C and F. From the above

junctions these dislocations climb over GBs CD and
FA until they react with the opposite-sign dislocations
climbing over the same GBs in opposite directions
(Fig. 2). This GB dislocation evolution provides
rotational deformation in the grain ABCDEF
(Fig. 2).

The GB dislocations at triple junctions A and D
hamper the glide of new dislocations to these
junctions due to the dislocation-dislocation
interaction, thereby resulting in strain hardening. At
the same time, when GB diffusion is fast enough,
these dislocations rapidly climb away from triple
junctions A and D. In doing so, the dislocations react
with dislocations of opposite sign and annihilate,
thus reducing strain hardening. Thus, GB sliding
along mesoscopic surfaces and diffusion-controlled
rotational deformation (Figs. 1 (a and c) and 2) cause
competing effects on strain hardening

In order to estimate the combined effects of GB
sliding and rotational deformation on strain
hardening in nanocrystalline solids, we have
performed computer simulations of dislocation
motion over GBs of the examined hexagonal grain
(Fig. 2). The simulation procedure implemented is
similar to the discrete dislocation dynamics
approach but incorporates dislocation climb over
GBs. Within our model, we postulate that new edge
GB dislocations slip over mesoscopic sliding
surfaces AA

1
 and DD

1
 due to intense GB sliding.

These new GB dislocations appear at triple
junctions A and D at regular time intervals determined
by the specified strain rate . Then the GB
dislocations climb over GBs adjacent to the triple
junctions (Fig. 2). In a first approximation, the climb
velocity k

c

( )  of the k-th GB dislocation is calculated
using the formula [29,52] for the velocity of isolated
dislocations climbing over an infinite flat GB as

k

gbk nn

c

s B

D

R k T

( )

( ) exp 1 ,


 (1)

where D
gb

 is the GB self-diffusion coefficient, R
S
 is

the dislocation screening length, k

nn

( )  is the
component of the total stress tensor created at the
core of the considered k-th climbing dislocation by
the applied stress and other dislocations, n  is the
normal to the GB,  is the atomic volume, k

B
 is the

Boltzmann constant, and T is the absolute
temperature. The direction of dislocation climb along
a GB is specified by the sign of the stress 

nn
 and

the sign of the climbing dislocation. For a GB
dislocation with an elementary Burgers vector
magnitude b 0.1 nm, we put R

S
=2d. In parallel

with the applied load, the dislocation stresses
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contribute to the total stress k

nn

( ) . These stresses
are calculated here for the case of an infinite isotropic
solid characterized by the shear modulus G and
Poisson ratio .

Let us introduce the coordinate system (x,y) as
shown in Fig. 2. Then the stress k

nn

( )  in formula (1)
is calculated as follows: k k

nn yy

( ) ( )  for the points at
the horizontal facets, AB and ED, of the examined
grain ABCDEF, and k k

nn xx

( ) ( )  for the points at the
vertical facets, AF and CD, of the examined grain.
In turn, the stresses k

xx

( )  are calculated as follows:

N
k d

xx j xx k j k j

j
j k

s x x y y( )

1

( , ),
 (2)

N
k d

yy j yy k j k j

j
j k

s x x y y( )

1

( , ),
(3)

where N is the number of climbing dislocations,  is
the applied load, as above, s

j
 is the (positive or

negative) ratio of the projection of the Burgers vector
of the j-th climbing dislocation onto the x-axis to the

projection b/ 2  of the elementary GB dislocation
Burgers vector b (b 0.1 nm), d

xx
(x

k 
- x

j
,y

k 
- y

j
) and

d

yy
(x

k 
- x

j
,y

k 
- y

j
) are the stress components created

by the j-th dislocation in the point (x
k
,y

k
) provided it

has an elementary dislocation Burgers vector with
the projection on the x-axis equal to b/ 2 .

The stress components d

xx
(x,y) and d

yy
(x,y) of

the dislocation with the Burgers vector b =
(b/ 2 )(e

x
 + e

y
) (where e

x
 and e

y
 are the unit vec-

tors directed along the x- and y-axis, respectively)
are calculated using the expressions [50] for the
stress field of a dislocation in an isotropic infinite
solid as follows:

d

xx

y x

x y

D b x y x b y x y

x y

2 2 2 2

22 2

( , )

3 3
,

 


 (4)

x yd

yy

D b y b x x y
x y

x y

2 2

22 2
( , ) ,




(5)

where D = G/[2 (1 - )], b
x
 = b

y
 = b/ 2 .

Also, in our simulations, we consider the
possibility of dislocation coalescence. We assume
that two GB dislocations coalesce, if their distance
is smaller than the Burgers vector magnitude  of an
elementary GB dislocation. The velocities of non-

elementary dislocations (resulting from coalescence
processes) are assumed to be inversely proportional
to their Burgers vector magnitudes. For simplicity,
we do not consider splitting of non-elementary GB
dislocations. Also, we suppose that, when
dislocations reach junctions B and E, they very
rapidly glide along nanoscale GBs BC and EF to
the junctions C and F, respectively. With this
assumption, in our simulations, the coalescence of
gliding and climbing GB dislocations at the junctions
C and F is considered, and GB dislocation
distributions over the GBs BC and EF are neglected.

At every simulation time step, we calculate the
velocities of all the dislocations (determined by the
local normal stresses created by other dislocations
and the applied load) and compute the new time
step in such a way that the displacements of all the
dislocations during this time step do not exceed
some specified value. If a climbing dislocation
passes the point B or E, it is automatically moved
to the point C or F, respectively. If a climbing
dislocation passes the point C or F, it is
automatically moved to the point B or E,
respectively.

The plastic strain  resulting from GB dislocation
motion under consideration serves as an important
characteristic of the deformation processes in a
nanocrystalline specimen. We roughly estimate the
plastic strain as Nb/d, where N is the number of
dislocations that have slipped over GB AA

1
. (Also,

for symmetry reasons, N is equal to the number of
dislocations that have slipped over GB DD

1
). In these

circumstances, plastic strain rate  is given as
b/( td), where t is the time interval between

the moments of dislocation formation at triple
junction A, and t is the deformation time ( t t/N for
N >> 1). Thus, the time interval t is expressed in
terms of strain rate  as t = b/( d).

In order to calculate the stress-strain depen-
dence, we need to calculate the flow stress at ev-
ery time interval t. In the following, we consider
the shear flow stress t created by the applied load 
at GB AA

1
. The shear stress  is related to the ten-

sile load  by the relation  = /2. The flow stress 
is calculated as the critical (lowest) stress neces-
sary for the energy-barrier-free motion of a GB dis-
location from the junction A

1
 towards the junction A.

This stress corresponds to the case where the pro-
jection of the force acting on the dislocation at GB
AA

1
 (with the Burgers vector in the direction A

1
A;

see Fig. 2) in the direction A
1
A is positive at any

point of GB AA
1
.  The expression for  is written as
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N
y d

k x y k k

k

s x x y y

x y A A

1

1

max ( , ),
2

( , ) ,



 (6)

where 
y
 is the tensile yield stress of the simulated

material. In formula (6) the Cartesian coordinate
system (x’,y’) is chosen in such a way that the      x’-
axis is directed along the vector A

1
A (see Fig. 2).

The maximum in formula (6) is calculated
numerically by calculating the expression in
brackets in large enough number of points of the
GB A

1
A and choosing the maximum of the calculated

values. The initial stress  at the time t = 0 is set
equal to 

y 
/2.

3. RESULTS OF SIMULATIONS

Using the above simulation procedure, we have cal-
culated the stress-strain dependences, for
nanocrystalline Ni and Al

2
O

3
. In the case of Ni, we

used the following parameter values: d = 20 nm,
G = 79 GPa [53], = 0.31 [53], = 1.09410-29 m3

[53], 
y 

= 0.8 GPa [54], T = 350K and D
gb 

=
D

gb0
exp[-Q/(RT)], where D

gb0 
= 1.810-12 m2s-1 [55],

Q = 46 KJ/mol [55], and R = 8.31 J/(mol K) is the
universal gas constant. For Al

2
O

3
, we exploited the

following parameter values: d = 20 nm, G = 169
GPa [56], = 0.23 [56], = 0.8710-29 m3 [56], 

y

= 0.2 GPa, T = 1200K, D
gb0 

= 2 m2s-1 [57] and Q =
400   KJ/mol [57].

The dependences of the flow shear stress  on
the plastic strain , for nanocrystalline Ni and
nanocrystalline ceramic -Al

2
O

3
, are presented in

Fig. 3a and 3b, respectively, at various values of
strain rate . As it is seen, for the high enough
strain rate of = 510-3 s -1, GB sliding and
associated accumulation of GB dislocations near
triple junctions A and D lead to dramatic strain
hardening at the initial deformation stage. As a result,
the flow stress  reaches high values of 2 GPa, for
Ni, and 3.5 GPa, for Al

2
O

3
, at low plastic strain of

= 0.01. At the same time, for the comparatively
low strain rate of   = 10-4 s-1, the flow stress rapidly
grows up to values of around 1.2 GPa, for Ni, and of
0.8 to 1 GPa, for Al

2
O

3
. Then, strain hardening stops,

and the flow stress is approximately constant with
further increase in plastic strain. The flow stress
saturates in nanocrystalline Ni and Al

2
O

3
, because

these materials during deformation at  = 10-4 s-1

rapidly reach their dynamic equilibrium states in
which the strain hardening effect of GB sliding (that

Fig. 3. Dependence of the flow shear stress  on
plastic strain  for the deformed nanocrystalline Ni
(a) and Al

2
O

3
 (b) under uniaxial tensile loading, for

d = 20 nm, T = 350K (a) and 1200K (b) and various
values of strain rate .

produces accumulation of GB dislocations at triple
junctions which stop GB sliding) is completely com-
pensated by the strain softening effect of diffusion-
controlled rotational deformation (that leads to an-
nihilation of GB dislocations).

It should be noted that the simulated values of
the flow stress oscillate with , especially in the
case of low . These oscillations are related to the
details of the simulation procedure. More precisely,
within our model, we consider only plastic flow in
one grain and its vicinities, in which case the
calculated flow stress  at a specified time moment
strongly depends on the precise positions of climbing
dislocations at this moment. For instance,
according to our simulations of plastic flow in one
grain and its vicinities at low  (e.g.,  = 10-5 s-1),
the number of dislocations near triple junctions A
and D is small (typically 1 or 2), and the local flow
stress is highly sensitive to their positions. In the
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case of high strain rate, the number of dislocations
in the vicinities of triple junctions A and D is large
enough, and the precise positions of dislocations
exert small influence on the local flow stress. As a
result, in this case, the oscillations of the flow stress
have low amplitudes. These oscillations should
disappear if one considers GB sliding and rotational
deformation processes occurring simultaneously in
multiple grains and calculate the flow stress as an
average of the local flow stresses for various grains.

Based on the calculated stress-strain
dependences, one can estimate strain rate
sensitivity, m = ln / ln , serving as an important
parameter specifying plastic flow in solids. According
to our calculations for nanocrystalline Ni and Al

2
O

3
,

values of m are typically in the range from 0.1 to 0.4
for Ni and from 0.1 to 0.6 for Al

2
O

3
, when plastic

strain rate  is within the interval from 10-5 s-1 to
510-3 s-1. These values are of the same order as
those (> 0.33) typical for conventional superplasticity
exhibited by microcrystalline and ultrafine-grained
materials at elevated temperatures.

The general trend of the calculated m( ) depen-
dence for nanocrystalline Ni and Al

2
O

3
 is that m in-

creases with rising plastic strain , for low values of
, and is nearly constant, for large enough values of
 (at which the flow stress  weakly varies with ;

see, e.g., the curves corresponding to  = 10-4 s-1

in Figs. 3a and 3b). Also, m, on average, decreases
with a decrease in strain rate . These two trends
are associated with the fact that, for low strains and/
or high strain rates, diffusion does not have enough
time to significantly change dislocation positions
and therefore exerts an inessential effect on the flow
stress . Also, the calculated values of m oscillate

Fig. 4. Dependences of the flow shear stress  on
plastic strain  for nanocrystalline Ni at various grain
sizes d and deformation temperatures T.

with  due to the previously discussed oscillations
of the flow stress ( ).

In addition to the sensitivity to , the flow stress
shows the sensitivity to both temperature T and grain
size d% Fig%  4 presents the dependences ( ) for
nanocrystalline Ni at various values of grain size d
and deformation temperature T. As it follows from
Fig. 4, the flow stress  decreases with an increase
in temperature T and/or decrease in grain size d.
This behavior is related to the trends that the rate of
GB dislocation climb grows with rising temperature,
and the annihilation rate of climbing dislocations at
GBs increases with diminishing grain size.

As it has been noted above, for high enough
values of  and low enough values of , a
nanocrystalline solid under a mechanical load
reaches a dynamic equilibrium state characterized
by low strain hardening or its absence. We attribute
this equilibrium state to a balance between the strain
hardening effect of GB sliding and the strain softening
effect of diffusion-controlled rotational deformation.
In terms of GB dislocations, a dynamic equilibrium
state corresponds to the situation where climbing
GB dislocations are distributed over GBs and rapidly
annihilate with dislocations of opposite signs. In
doing so, intense annihilation processes prevent
accumulation of sliding GB dislocations near triple
junctions A and D. In order to illustrate this
statement, Fig. 5 presents GB dislocation
configurations in nanocrystalline Ni deformed at
plastic strain rate of  = 10-4 s-1, for various values
of plastic strain . As it is seen in Fig. 5, for
 < 0.05, the populations of GB dislocations near

triple junctions A and D rapidly increase with rising
plastic strain (see Figs. 4a and 4b). (Also, note that
the numbers of dislocations at GBs AB and DE are
larger than those at GBs AF and CD. This difference
is due to the action of the applied stress which
increases the rate of dislocation climb over horizontal
GBs compared to that over vertical GBs.) With a
further increase in plastic strain  (see Figs. 5c and
5d), the populations of GB dislocations near triple
junctions A and D just weakly increase. Also, with
an increase in , one can observe the accumulation
of the dislocation charges at junctions C and F,
associated with the difference of dislocation climb
rates over horizontal and vertical GBs. In spite of
this aspect, dislocations of opposite signs climbing
over GBs CD and AF react and eventually annihilate.
The dislocation annihilation hinders the accumulation
of large dislocation charges near triple junctions A
and D and thereby impedes dramatic strain
hardening.
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In the previous consideration, we have consid-
ered the case of plastic flow with a constant strain
rate. In parallel with this case, we have also simu-
lated the situation of creep, where plastic deforma-
tion occurs under the action of a constant tensile
load  that creates a constant shear stress = /2
in the plane making the angle of /4 with the loading
direction. To simulate the creep case, we assumed
that dislocation can glide to the corners A and D of
the examined grain over GBs A

1
A and D

1
D if the

shear stress  exceeds the critical shear stress for
this process (calculated as described above). The
dependences of strain rate  on strain  for
nanocrystalline Ni are presented in Fig. 6, for the
case of d = 20 nm, T = 350K and various values of
stress  (Fig. 6a) as well as for the case of the
specified stress  = 1 GPa and various values of
grain size d and absolute temperature T (Fig. 6b).
Fig. 6a demonstrates that at small values of strain
, strain rate  decreases. This is associated with

dislocation accumulation near the corners A and D
of the examined grain, which hinders plastic flow.
At larger strains, strain rate, although oscillates,
stays on average constant. This is associated with
the annihilation of dislocations of opposite signs at
the GBs of the examined grain, which prevents further

Fig. 5. Dislocation configurations at grain boundaries of a model hexagonal grain ABCDEF in deformed
nanocrystalline Ni at  = 10-4 s-1,  =0.025 (a), 0.05 (b), 0.1 (c) and 0.2 (d). The sizes of dislocations signs
are proportional to the magnitudes of their Burgers vectors.

dislocation accumulation near the corners A and D.
Fig. 6a also demonstrates the evident fact that
strain rate  increases with the flow stress . Also,
as it follows from Fig. 6b, strain rate  increases as
grain size d decreases or/and temperature T
increases.

4. DISCUSSION

The dependences ( ) presented in Fig. 3 are
indicative of the following behavioral features of
nanocrystalline materials (Ni and Al

2
O

3
) deformed

cooperatively by GB sliding and diffusion-controlled
rotational deformation.

(i) The flow stress-strain dependences at com-
paratively high strain rates of  = 510-3 and
10-3 s-1 are characterized by both dramatic strain
hardening at the initial deformation stage and high
values of the ultimate shear stress. Such shear
stresses can occur only at local regions near
powerful stress concentrators/sources. For instance,
GB dislocation pile-ups can be formed at
mesoscopic sliding surfaces and create very high
local stresses in grains near pile-up heads, that is,
grains where rotational deformation is realized. Strain
hardening inherent to nanocrystalline materials
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Fig. 6. Dependence of the strain rate  on plastic
strain  for deformed nanocrystalline Ni under uniaxial
tensile loading, for (a) d=20 nm, T=350K and various
values of ; and (b) = 1 GPa and various values of
grain size d and temperature T.

deformed at high strain rates of  = 510-3 and
10-3 s-1 (Fig. 3) suppresses plastic strain instability
at least for plastic strain  0.05 and thus enhances
tensile ductility of these materials. After the initial
stage, the second deformation stage takes place
 Fig% 3)% It is characterized by an approximately
constant level of the flow stress with no strain
hardening. At the same time, plastic flow of
nanocrystalline Ni and Al

2
O

3
 at both the initial and

second deformation stages is specified by rather
high values of strain rate sensitivity (m = ln / ln )
ranging from 0.1 to 0.4, for Ni, and from 0.1 to 0.6,
for Al

2
O

3
. These values are of the same order as

those (> 0.33) typical for conventional superplasticity
exhibited by microcrystalline and ultrafine-grained
materials at elevated temperatures. Thus, when
nanocrystalline Ni is deformed cooperatively by GB
sliding and rotational deformation, it is characterized

by a rather high strain rate sensitivity which en-
hances its tensile ductility.

(ii) The flow stress-strain dependences of
nanocrystalline materials (Ni and Al

2
O

3
) deformed

at comparatively low strain rates of   = 10-4 and
10-5 s-1 are characterized by a nearly constant flow
stress (Fig. 3). (Its values in the case of Ni are typical
for real nanocrystalline specimens under an exter-
nal load even if powerful stress concentrators are
absent. For instance, these values are close to
those documented in experiments with tensile
deformation of nanocrystalline Ni-15%Fe alloy [58].)
That is, the deformation stage with pronounced strain
hardening is in fact absent at such strain rates. At
the same time, as with nanocrystalline Ni deformed
at high strain rates, plastic flow of nanocrystalline
Ni at comparatively low strain rates is specified by
rather high values of strain rate sensitivity m ranging
from 0.1 to 0.4. With these values of m, one expects
enhancement of tensile ductility for nanocrystalline
Ni deformed cooperatively by GB sliding and
rotational deformation.

5. CONCLUDING REMARKS

In this paper, a model was suggested describing
the kinetics of GB sliding and its accommodating
rotational deformation in nanocrystalline materials.
Within the model, GB sliding initiates and is
accommodated by rotational deformation occurring,
in its turn, through GB sliding and diffusion-controlled
climb of GB dislocations (Figs. 1(a and c) and 2).
That is, GB sliding plays a double role as a process
which simultaneously initiates and conducts
rotational deformation. Rotational deformation also
plays a double role as a process that
simultaneously accommodates GB sliding and
has it as its constituent process (Figs. 1(a and c)
and 2).

We performed computer simulations of
cooperative GB sliding and rotational deformation
processes in a nanocrystalline specimen (Figs. 1(a
and c) and 2). As a result, we calculated the
dependences of the flow stress on plastic strain in
nanocrystalline Ni and Al

2
O

3
 (Fig. 3) as well as

estimated typical values of strain rate sensitivity m
of nanocrystalline Ni in the situation where GB sliding
and diffusion-controlled rotational deformation serve
as the dominant deformation modes. The
dependences presented in Fig. 3, in particular, show
that nanocrystalline Ni and Al

2
O

3
 deformed at

comparatively high strain rates of  = 510-3 and
10-3 s-1 are characterized by pronounced strain
hardening at the initial deformation stage and nearly
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constant high values of the flow shear stress at the
second deformation stage. Strain hardening at the
initial deformation stage suppresses plastic strain
instability and thereby enhances tensile ductility of
nanocrystalline materials under examination. In the
case of deformation at sufficiently low strain rate
and/or high temperatures, intense GB diffusion
decreases the flow stress level and can slow down
or, possibly, completely eliminate strain hardening.
Also, we found that plastic flow of nanocrystalline
Ni and Al

2
O

3
 loaded at low and high strain rates is

specified by rather high values of strain rate
sensitivity  (ranging from 0.1 to 0.4, for Ni, and from
0.1 to 0.6, for Al

2
O

3
, in the examined intervals of

strain rate and temperature). With these values of
m, nanocrystalline Ni deformed cooperatively by GB
sliding and rotational deformation tends to exhibit
enhanced tensile ductility. This theoretically revealed
deformation behavior is well consistent with
experimental data on tensile deformation of
nanocrystalline Ni and Ni-Fe15% alloy [58,59].
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