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Abstract

A theoretical model is suggested which describes the suppressing effect of grain boundary diffusion on the nanocrack generation

in nanocrystalline materials under high strain rate superplastic deformation. In the framework of the model, grain boundary sliding

intensively occurs in deformed nanocrystalline materials and causes the storage of grain boundary dislocations at triple junctions of

grain boundaries. Relaxation of the stresses of these dislocations occurs via either the nanocrack generation or enhanced diffusional

mass transfer in vicinities of triple junctions, depending on the material, structure and deformation parameters. If the former relax-

ation mechanism is dominant, nanocracks are intensively generated and converge giving rise to the brittle behavior of a nanocrys-

talline specimen. If the second relaxation mechanism is dominant, diffusion suppresses the nanocrack generation and thereby

promotes superplastic deformation in a nanocrystalline material.
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1. Introduction

High strain rate superplasticity (with the strain rate

up to 10�2 s�1) of nanocrystalline materials such as

Ni3Al, Al- and Ti-based alloys [1–8] is a remarkable

phenomenon which is different from both superplastic-

ity of microcrystalline solids and conventional low

ductility of nanocrystalline materials. First of all,
nanocrystalline materials commonly exhibit the super-

plastic behavior at higher strain rates and lower tem-

peratures compared to their micro-grained

counterparts. Also, high strain rate superplasticity in

nanocrystalline materials is characterized by very high

flow stresses and the essential strengthening at the

extensive stage of deformation [1–8]. It is contrasted
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to superplasticity of microcrystalline materials, occur-

ring at low flow stresses without pronounced strength-

ening [9]. In addition, most nanocrystalline materials

show low ductility due to either brittle fracture or

plastic flow localization (followed by necking) at low

plastic strain [10–13]. In this context, recent experi-

mental observations of high strain rate superplasticity

[1–8] (and similar data on good ductility [14–17]) of
nanocrystalline materials give exciting evidence for

the unusual deformation behavior of such materials.

This creates high interest in understanding the funda-

mentals of superplasticity in the nanocrystalline mat-

ter, motivated by a wide range of potential

applications of simultaneously superplastic and super-

strong nanocrystalline materials.

Following reviews [7,8] of experimental data on
high strain rate superplasticity of nanocrystalline

materials, grain boundary (GB) sliding is identified

as the dominant mode of superplastic deformation in
ll rights reserved.
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such materials. Also, the lattice dislocation slip and

rotational deformation mode (occurring via movement

of GB disclinations and causing crystal lattice rota-

tions in nanograins [18–23]) essentially contribute to

superplastic deformation [7,8]. Based on these experi-

mental data [7,8], a theoretical model [24,25] has been
suggested describing the unusual strengthening in

superplastic nanocrystalline materials as the phenome-

non related to GB sliding which occurs via GB dislo-

cation movement and leads to the storage of GB

dislocations at triple junctions of GBs. In these cir-

cumstances, the GB storage provides the strengthening

that prevents shear banding and thereby macroscopic

necking followed by failure. On the other hand, the
GB dislocation storage is capable of causing the stress

concentration and consequent generation of nano-

cracks in the vicinities of triple junctions; see a theo-

retical model [26]. These theoretical representations

account for experimental data [14] on observation of

triple junction nanocracks in nanocrystalline Ni show-

ing a good ductility. Triple junction nanocracks can

be treated as nuclei of cracks that grow along GB
planes and converge giving rise to macroscopic inter-

granular fracture often observed experimentally in

nanocrystalline bulk materials and coatings [11,14].

In doing so, following a theoretical model [27] and

molecular dynamics simulations [28], nucleation of tri-

ple junction nanocracks is enhanced near the tips of

macroscopic cracks and thereby accelerates macro-

scopic crack propagation. Also, convergence of nano-
cracks growing along different GB planes is effectively

described as a percolation process [29] resulting in the

macroscopic intergranular fracture at a critical con-

centration of nanocracks in a mechanically loaded

nanocrystalline specimen. Besides, as noted by Kumar

et al. [11,14], triple junction nanocracks can serve as

sites for nucleation of dimples experimentally observed

at fracture surfaces in nanocrystalline materials. Thus,
taking into account the experimental data [11,14],

molecular dynamics simulations [28] and theoretical

representations [26,27], triple junction nanocracks have

been identified as the typical defects initiating macro-

scopic fracture processes in nanocrystalline matter. In

this context, it is highly interesting to identify the

mechanisms that are capable of suppressing the gener-

ation and growth of triple junction nanocracks in de-
formed nanocrystalline materials. In particular, such

mechanisms are of crucial importance for understand-

ing the fundamental nature of superplasticity, because

the suppression of nanocrack generation is among the

most important issues for superplastic flow. The main

aim of this paper is to suggest a theoretical model

describing the suppression of the generation and

growth of triple junction nanocracks in deformed
nanocrystalline materials as the phenomenon related

to enhanced diffusion processes in GBs.
2. Grain boundary sliding and generation of nanocracks in

deformed nanocrystalline materials

Let us consider a nanocrystalline solid under super-

plastic deformation occurring via both GB sliding (dom-

inant mode) and conventional lattice dislocation slip. In
the framework of our model, the combined action of

these deformation mechanisms is realized as follows.

In nanograins of the mechanically loaded material, lat-

tice dislocations are generated and move towards GBs

(Fig. 1(a)). The lattice dislocations are absorbed by

GBs (Fig. 1(b)) where they split into GB dislocations

(Fig. 1(c)). We assume that the splitting results in the

formation of GB dislocations of two types: gliding and
climbing GB dislocations with the Burgers vectors being

parallel and perpendicular to the GB plane, respectively

(Fig. 1(c)). The gliding dislocations move under the ac-

tion of the external stress along GB planes towards tri-

ple junctions. At a certain level of the stress, the

gliding dislocations reach triple junctions where they

converge (Fig. 1(d)). As a result of this dislocation reac-

tion, sessile dislocations are formed at triple junctions
(Fig. 1(d)). With increasing plastic strain e, the discussed
process repeatedly occurs (Figs. 1(e)–(g)), in which case

the Burgers vector magnitude B of the triple junction

dislocation grows. At the same time, the triple junction

dislocation elastically interacts with mobile GB disloca-

tions gliding towards the triple junction. As shown in

other papers [24,25], the elastic interaction hampers

the GB dislocation movement (GB sliding) and thereby
causes the strengthening of nanocrystalline materials.

With increasing plastic strain degree e, the dislocation

reactions at a triple junction (Figs. 1(e)–(g)) give rise

to a significant increase of the Burgers vector magnitude

B of the triple junction dislocation. We suppose that, as

a result of this process, B can reach large values being of

the order of a nanometer or more (Fig. 1(g)). We will

call triple junction dislocations with large Burgers vec-
tors (Fig. 1(g)) superdislocations. The triple junction

superdislocations create tensile stresses that are capable

of inducing the formation of nanocracks in the vicinity

of triple junctions (Fig. 1(h)) at some critical plastic

strain [26].

Diffusion of atoms along GBs provides a partial

relaxation of stress fields created by triple junction

superdislocations. This relaxation gives rise to an in-
crease of the critical plastic strain value at which triple

junction nanocracks (Fig. 1(h)) are generated. In certain

ranges of parameters of the system, GB diffusion is able

to suppress the nanocrack generation near triple junc-

tions during the extensive stage of plastic deformation.

In the context discussed, we think that the diffusion-in-

duced suppression of the nanocrack generation is very

important for high strain rate superplasticity of the
nanocrystalline matter. In order to reveal the conditions

at which triple junction nanocracks (Fig. 1(h)) are gen-



Fig. 1. Formation of superdislocation and nanocrack at triple junction of grain boundaries. (a) Lattice dislocations move under the external stress

action towards grain boundaries. (b) Dislocations are trapped by boundaries. (c) Trapped dislocations split into gliding and climbing GB

dislocations. Grain boundary dislocations in boundaries OA and OB glide towards triple junction O. (d) As a result of dislocation reaction, sessile

dislocation is formed at triple junction O. (e), (f) and (g) Glide of new GB dislocations along boundaries OA and OB and their reactions at triple

junction O leads to the formation of triple junction superdislocation. Triple junction superdislocation splits into dislocations that glide along

boundary OC and sessile superdislocation that stays at triple junction O. (h) Nanocrack is generated in stress field created by sessile triple junction

superdislocation.
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erated in deformed nanocrystalline materials, we will de-

scribe in the next section the evolution of the superdislo-

cation stresses which is governed by GB diffusion.
3. Diffusion-assisted relaxation of superdislocation stress
field

Let us consider a triple junction superdislocation

(Fig. 1(g)) whose stress field, in part, relaxes through dif-

fusional mass transfer. The Burgers vector magnitude of

the superdislocation is assumed to be constant. This cor-

responds to the ‘‘post-deformation situation’’ where the

superdislocation is generated by the preceding plastic
deformation and creates the stress field evolving in a

nanocrystalline sample under no-loading conditions. It
is hardly possible to analytically describe the diffusion-

assisted evolution of the stress field of the triple junction

superdislocation in time, because of the complicated

geometry of a triple junction and adjacent GBs. In these

circumstances, we will consider a simplified case of a

superdislocation located in a flat GB (Fig. 2). This case
reflects the key aspects of the problem and, at the same

time, can be described in a convenient analytical way.

So, we consider a model elastically isotropic infinite

bicrystal containing a flat GB (Fig. 2). The disloca-

tion-free boundary is characterized by a constant thick-

ness db (Fig. 2(a)). For the purposes of this paper, let us
consider an edge (super)dislocation trapped by the

boundary at the time moment t = 0 (Fig. 2(b)). In the
coordinate system shown in Fig. 2, the center plane of

the boundary coincides with the plane y = 0, the



Fig. 2. Flat grain boundary in bicrystal. (a) Non-dislocated boundary.

(b) Boundary contains dislocation whose stresses induce grain bound-

ary diffusion and create elastic strains of adjacent grains.

Fig. 3. Real triple junction and adjacent grain boundaries. (a)

Nucleation of nanocrack near triple junction. (b) Nucleation of

nanocrack along a grain boundary with a step. (c) Nucleation of

nanocrack along a grain boundary containing gliding and intrinsic

sessile boundary dislocations.
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dislocation line is located at the z-axis, and the disloca-

tion Burgers vector B = Bxex + Byey makes an arbitrary

angle with the GB plane.

With the dislocation geometry shown in Fig. 2(b), the

dislocation creates the tensile stresses capable of induc-
ing the nucleation of a nanocrack along the GB segment

located to the left of the dislocation. In this situation,

details of both the stress distribution and vacancy trans-

port in the half-space located to the right of the disloca-

tion are not essential for a description of the nanocrack

nucleation. This allows us to use the first approximation

model of the system as a bicrystal and neglect the real

triple junction geometry (Fig. 3(a)) with the two GBs lo-
cated to the right of the dislocation. Also, consideration

of the real situation, taking into account such details as

GB non-planarity, GB character, GB misorientation

and associated distribution of intrinsic GB dislocations,

the presence of pile-ups of gliding GB dislocations, de-

tails of the (super)dislocation core, etc. (Fig. 3) is very

cumbersome, sensitive to selection of many parameters,

space-consuming and definitely beyond the scope of one
paper. At the same time, these details can be treated as

the second approximation ones whose account is not
crucial for understanding the key aspects of diffusion-

mediated suppression of nanocrack nucleation in de-

formed nanocrystalline materials.

For instance, the nanocrack slightly changes the
direction of its growth at GB steps (Fig. 3(b)). In this

case, besides the failure mode I (normal failure), which

is realized in the case of a step-free, flat GB, the failure

mode II (shear failure) contributes to the nanocrack

growth along GB with steps. However, as shown by

Gutkin and Ovid�ko [23], the contribution of the shear

mode is proportional to sin h, where h is the angle be-

tween the GB plane with steps and the step-free GB
plane. Steps provide very low values (several degrees)

of the deviation angle h (Fig. 3(b)) and thereby very

weakly affect the nanocrack nucleation. The pile-ups

of gliding GB dislocations consist of highly distant dis-

locations with small Burgers vector magnitudes of the

order of 0.1 nm [30] (Fig. 3(c)). Also, intrinsic GB dislo-

cations – carriers of GB type and misorientation – are

characterized by Burgers vectors having magnitudes of
around 0.1 nm [30] (Fig. 3(c)). In this situation, the ef-

fects of gliding and intrinsic GB dislocations on the

nanocrack nucleation along a GB is negligibly low com-

pared to that of the triple junction superdislocation hav-

ing a Burgers vector magnitude of the order of 1 nm.

The superdislocation core radius is of the order of 1

nm, too. In this case, the superdislocation core is local-

ized at the triple junction and does not affect the nucle-
ation of extended nanocrack (with the equilibrium

length being around several nanometers; see Sections 4

and 5) along a GB segment adjacent to the triple junc-



Fig. 4. Elastic strain of grain of bicrystal is created by surface loads

qx(x,t) and qy(x,t) being equivalent to the dislocation stress field. (a)

Non-strained state. (b) Strained state.
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tion. In the circumstances discussed, we will use the

model system shown in Fig. 2(b) which allows us to

effectively describe in the first approximation the role

of GB diffusion processes in suppression of the nano-

crack nucleation and growth in deformed nanocrystal-

line materials.
Let us designate the dislocation stress field created in

the plate-like GB region as rjk(x,t), where j,k = x,y,z. In

the considered situation with an elastically isotropic

bicrystal, the stress field components rjk(x,0) at the ini-

tial time moment t = 0 are given by the following stan-

dard formulas [31]:

rxxðx,0Þ ¼ ryyðx,0Þ ¼ ABy=x, rzzðx,0Þ ¼ 2mABy=x,

rxyðx,0Þ ¼ ABx=x, rxyðx,0Þ ¼ rxzðx,0Þ ¼ ryzðx,0Þ ¼ 0:

ð1Þ

Here A = G/[2p(1 � m)], G is the shear modulus, and m is
the Poisson ratio. For t > 0, stress-driven diffusion pro-
cesses occur causing a partial relaxation of the disloca-

tion-induced stresses rjk.
Commonly, the GB diffusion coefficient Db is larger

by several orders than the bulk diffusion coefficient;

see e.g. [30,32]. Therefore, in the framework of our

model, we consider only fast diffusion occurring along

GB. The stress relaxation effects of slow bulk diffusion

will be neglected. The GB diffusion coefficient Db is as-
sumed to be constant in time. In these circumstances,

in order to describe evolution of the dislocation stres-

ses rjk(x,t) in time, we will use the method suggested

by Evans et al. [33] for the calculation of the stress

concentration in the tip of a GB crack. Let d(x,t) be

a change of the GB thickness due to both the presence

of the dislocation in the boundary and consequent dif-

fusion induced by the dislocation stresses (Fig. 2(b)).
Let J be the number of atoms diffusing along the

GB plane z = 0 per both unit of time and unit of

the GB width. Then, from the mass conservation law

it follows that [33]

X
oJ
ox

þ od
ot

¼ 0, ð2Þ

where X is the atomic volume. The linearized diffusion

equation can be written as follows [33,34]:

XJ ¼ �Dbdb
kBT

ol
ox

: ð3Þ

Here kB denotes the Boltzmann constant, T the absolute
temperature, and l the chemical potential. The chemical

potential is associated with the effects of the dislocation

stress field, in which case it is written as l = �rX, where
r = (rxx + ryy + rzz)/3. From formulas (2) and (3) one

finds the following diffusion equation:

DbdbX
kBT

o
2r
ox2

þ od
ot

¼ 0: ð4Þ
In order to describe evolution of the stresses rjk(x,t), we
should take into account that a change in the GB thick-

ness due to the presence of the dislocation and stress-

relaxing diffusion processes (Fig. 2(b)) induces elastic

strains in the grains adjacent to the boundary. At the ini-

tial moment t = 0 the displacements uy created by the
dislocation [31] are symmetric about the GB plane

y = 0, irrespective of the direction of the dislocation

Burgers vector. As a result, these displacements are sym-

metric about the GB plane x = 0 at any time moment t.

Therefore, the elastic displacements of the border lines

between the GB region and adjacent grain interiors are

equal to ±d/2 (Fig. 2(b)). In other words, the change d
in the GB thickness is twice as large as each of the elastic
displacements in question. In calculation of the stresses

rjk(x,t), for definiteness, we consider the upper grain

adjacent to the boundary. The action of the stresses

rjk(x,t) at the border line between the upper grain and

the GB is equivalent to that of distributed loads

qj = �ryj (Fig. 4). The loads are given as:

qy(x,t) = �ryy(x,t), qx(x,t) = �rxy(x,t), �1 < x < 1.

These formulas allow us to find the expressions for the
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displacements, ux(x,t) and uy(x,t), of the border line.

More precisely, these expressions can be found from

the general formulas [35] for the displacements in a

plane stress state and the standard replacement [35]

m ! m/(1 � m) (at the same value of the shear modulus

G) to obtain the plain strain displacements of interest.
In doing so, we get:

uxðx,tÞ ¼
1� 2m
4G

Z 1

�1
qyðw,tÞsignðw� xÞ dw

� 1� m
pG

Z 1

�1
qxðw,tÞ ln jw� xj dw, ð5Þ

uyðx,tÞ ¼ � 1� m
pG

Z 1

�1
qyðw,tÞ ln jw� xj dw

� 1� 2m
4G

Z 1

�1
qxðw,tÞsignðw� xÞ dw: ð6Þ

Following the approach of [33,36], we suppose that

ryyðx,tÞ ¼ �qyðx,tÞ ¼
R1
�1 C1ðx,tÞ expðixxÞ dx, rxyðx,tÞ ¼

�qxðx,tÞ ¼
R1
�1 C2ðx,tÞ expðixxÞ dx, where i ¼

ffiffiffiffiffiffiffi
�1

p
. In

these circumstances, from (5) and (6) we find:

uxðx,tÞ ¼ � 1

2G

Z 1

�1
½ið1� 2mÞC1ðx,tÞ

þ 2ð1� mÞC2ðx,tÞsign x� expðixxÞ
x

dx, ð7Þ

uyðx,tÞ ¼ � 1

2G

Z 1

�1
½2ð1� mÞC1ðx,tÞsign x

� ið1� 2mÞC2ðx,tÞ�
expðixxÞ

x
dx: ð8Þ

With expression (7) for ux and the equation
ryy ¼

R1
�1 C1ðx,tÞ expðixxÞ dx substituted into the rela-

tionship [35] oux/ox = [1/(2G)][(1 � m)rxx � mryy], we

find:

rxxðx,tÞ ¼
Z 1

�1
½C1ðx,tÞ � 2iC2ðx,tÞsign x� expðixxÞ dx:

ð9Þ
Substitution of formula (9), the expression for ryy and

relation rzz = m(rxx + ryy) to the definition

r = (rxx + ryy + rzz)/3 gives

rðx,tÞ ¼ ð2=3Þð1þ mÞ
Z 1

�1
½C1ðx,tÞ� iC2ðx,tÞsign x�expðixxÞ dx:

ð10Þ

Account for the equality d = 2uy and substitution of

the expressions for r and d into diffusion equation

(4) yields:

C1ðx,tÞ ¼ C10 expð�a1jx3jtÞ,
C2ðx,tÞ ¼ C20 expð�a2jx3jtÞ, ð11Þ

where a1 = (1 + m)GDbdbX/[3(1 � m)kBT] and a2 = 2

(1 � m) a1/(1 � 2m). Inserting the first of formulae (11)
into the relation
ryyðx,tÞ ¼
Z 1

�1
C1ðx,tÞ expðixxÞ dx,

one obtains:

ryyðx,tÞ ¼
Z 1

�1
C10ðxÞ expð�a1jx3jtÞ expðixxÞ dx: ð12Þ

From formula (12) it follows that

ryyðx,0Þ ¼
Z 1

�1
C10ðxÞ expðixxÞ dx: ð13Þ

The reverse Fourier transform of Eq. (13) results in:

C10ðxÞ ¼
1

2p

Z 1

�1
ryyðx,0Þ expð�ixxÞ dx: ð14Þ

With the expression (1) ryy(x,0) = ABy/x substituted into

formula (14), we have:

C10 ¼ � iABy

2
sign x: ð15Þ

Substitution of (15) into formula (12), with the replace-

ment x = p/(a1t)
1/3, yields:

ryyðx,tÞ ¼
ABy

ða1tÞ1=3
f1ðx=ða1tÞ1=3Þ, ð16Þ

where

f1ð~xÞ ¼
Z 1

0

e�p3 sinðp~xÞ dp: ð17Þ

The function f1ð~xÞ can also be presented in terms of gen-

eralized hypergeometric series.
The coefficient C20(x) and the stress rxy(x,t) are ob-

tained in the same fashion as the coefficient C10(x)
and the stress ryy(x,t) as follows:

C20ðxÞ ¼ � iABx

2
sign x, ð18Þ

rxyðx,tÞ ¼
ABx

ða2tÞ1=3
f1ðx=ða2tÞ1=3Þ: ð19Þ

Substitution of the expressions (15) and (18) for C10 and

C20 to formula (9) yields the following expression for the

stress rxx(x,t):

rxxðx,tÞ ¼
ABy

ða1tÞ1=3
f1ðx=ða1tÞ1=3Þ �

ABx

ða2tÞ1=3
f2ðx=ða2tÞ1=3Þ,

ð20Þ
where

f2ð~xÞ ¼ 2

Z 1

0

e�p3 cosðp~xÞ dp: ð21Þ

The function f2ð~xÞ can also be presented in terms of gen-

eralized hypergeometric series. In the limit as t ! 0 the

stress rxx(x,t), given by (20) and (21), satisfies the condi-

tion (1) rxx(x,0) = ABy/x.

Thus, formulas (16), (17) and (19)–(21) describe the

diffusion-assisted evolution of the superdislocation
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stress field rjk(x,t). The dependence f1(x/(a2t)
1/3) = rxy

(x,t)(a2t)
1/3/(ABx) figuring in formula (19) is presented

in Fig. 5(a). The function f1(x/(a2t)
1/3) characterizes the

dependence of the stress rxy on the coordinate x. As fol-

lows from formula (16), the x-dependence of the stress

ryy is characterized by the function f1(x/(a1t)
1/3) and

has the same character as the x-dependence of the stress

rxy. As follows from Fig. 5(a), f1(0) = 0 and, as a corol-

lary, rxy(x = 0,t) = ryy(x = 0,t) = 0 at t > 0. So, GB dif-

fusion removes singularities in the expressions for the

dislocation stresses rxy and ryy, as with the previously

analyzed case [33] of a GB crack.

The function f1ð~xÞ has its maximum at

x ¼ ~xmax � 2:15 and minimum at ~x ¼ ~xmin � �2:15: The
maximum and minimum values of this function are

f1ð~xmaxÞ � 0:586 and f 1ð~xminÞ � �0:586, respectively.

As a corollary, the stresses ryy(x,t) and rxy(x,t) have ex-
treme points x � ±2.15(a1t)

1/3 and x � ±2.15(a2t)
1/3,

respectively, at which their values are equal to

±0.586ABy/(a1t)
1/3 and ±0.586ABx/(a2t)

1/3, respectively.

When the time t grows, the extreme points of the stresses

rxy(x,t) and ryy(x,t) deviate from the dislocation line,
and their magnitudes decrease.
Fig. 5. (a) Dependences f1(x/(a2t)
1/3) and f2(x/(a2t)

1/3) which charac-

terize the coordinate dependences of the stresses created by dislocation

in flat grain boundary in bicrystal. (b) Dependences (x/(a2t)
1/3)f1(x/

(a2t)
1/3) and (x/(a2t)

1/3)f2(x/(a2t)
1/3) which characterize the time depen-

dences of the stresses created by dislocation in flat grain boundary in

bicrystal.
The coordinate dependence of the stress rxx (see for-

mula (20)) has a different character. Besides the term

associated with the By-component of the dislocation

Burgers vector, the stress rxx includes the term associ-

ated with the Bx-component of the dislocation Burgers

vector, which is absent in the absence of GB diffusion.
In particular, if By = 0, the stress rxx results from diffu-

sion only and disappears if diffusion does not occur. In

this case, the stress rxx originates from diffusion induced

by the stress component rxy. In the case By = 0, the

coordinate dependence of the stress rxx is characterized

by the function f2(x/(a2t)
1/3) plotted in Fig. 5(a). As is

seen in Fig. 5(a), the stress rxx has no singularity at

x = 0 and oscillatory decreases with the distance |x| from
the dislocation line.

The time dependences of the dislocation stresses in

the GB are presented in Fig. 5(b). This figure depicts

the curves (x/(a2t)
1/3)f1(x/(a2t)

1/3) = xrxy/(ABx) and (x/

(a2t)
1/3)f2(x/(a2t)

1/3) = xrxx(By = 0)/(ABx) vs. a2t/x
3. As

follows from Fig. 5(b), the dislocation stresses rxy and

ryy first quickly decrease, then rapidly increase and

slowly decrease. The stress rxx(By = 0) first becomes
negative (for Bx > 0), then changes its sign to positive,

then rapidly grows in magnitude, and then slowly de-

creases with time. In the limit of t! +1, all the dislo-

cation stress components tend to zero, that is,

diffusion provides a complete relaxation of the superdis-

location stresses in the GB region.
4. Diffusion and nanocrack generation in vicinity of

superdislocation with constant Burgers vector

In order to quantitatively characterize the nanocrack

generation induced by the superdislocation stress field,

we will calculate in the first approximation the equilib-

rium length le of the nanocrack. In doing so, with the re-

sults of the previous section, we will take into account
relaxation of the superdislocation stresses due to diffu-

sional mass transfer in the vicinity of the superdisloca-

tion. The Burgers vector magnitude B is assumed to be

constant. That is, we consider the ‘‘post-deformation sit-

uation’’. (The nanocrack generation in vicinity of a

superdislocation with the Burgers vector magnitude B

growing in time will be considered in Section 5.)

The equilibrium length le of the nanocrack (Fig. 2(b))
is defined as that corresponding to the minimum or

maximum energy of the system. If the system energy

has a minimum, the equilibrium of the nanocrack is sta-

ble, whereas if it has a maximum, the equilibrium is

unstable. In calculation of le, we will use the configura-

tional force method [37] effectively exploited in analysis

of the generation of plane microcracks in the stress fields

of superdislocations [26,37], dislocation pile-ups [37],
disclination loops [38], lamellar terminations in eutectics

[39] and wedge disclinations [23,40]. Following [37], the



Fig. 6. Dependences Q(l/B,Z). Horizontal line shows value of param-

eter j. Nanocrack growth is suppressed (energetically unfavorable) if

Q(l/B,Z) < j.

1354 I.A. Ovid�ko, A.G. Sheinerman / Acta Materialia 53 (2005) 1347–1359
configurational force F is defined as the elastic energy re-

leased when a crack moves over a unit distance. In the

situation with the plane strain state of an elastically iso-

tropic solid, examined in this paper, F can be written in

its general form as follows [37]:

F ¼ pð1� mÞl
4G

�r2
yy þ �r2

xy

� �
, ð22Þ

where �ryy and �rxy are the mean weighted values of stress

tensor components ryy and rxy, respectively. These

weighted stress tensor components are calculated using

the following formula [37]:

�rmyðl,tÞ ¼
2

pl

Z l

0

rmyðx,tÞ
ffiffiffiffiffiffiffiffiffiffi
x

l� x

r
dx, m ¼ x,y: ð23Þ

The equilibrium length le of the nanocrack is derived
from the balance F(l = le) = 2ce between a release F of

the elastic energy and the formation of two new nano-

crack surfaces characterized by the surface energy den-

sity ce per unit area. Here ce = cs � cb/2, where cs is the
specific surface energy and cb is the specific energy of

the GB per unit area of its plane. The nucleation of

the nanocrack (Fig. 1(b)) is energetically favorable, if

F > 2ce, and unfavorable, if F < 2ce.
In the following we suppose that the dislocation

Burgers vector is perpendicular to the GB plane and

has the form B = �Bey. As follows from formula

(19), for such a dislocation rxy(x,t) ” 0. Therefore, we

have: �rxy � 0. In order to calculate �ryy , we represent

the factor sin p~x in the expression (17) for f1ð~xÞ as a

power series: sin p~x ¼
P1

n¼0ð�1Þnðp~xÞ
2nþ1

ð2nþ1Þ!. Substitution of

the latter equality into formula (17) and its integration
yield:

f ð~xÞ ¼ 1

3

X1
n¼0

ð�1Þn C½ð2nþ 2Þ=3�
ð2nþ 1Þ! ~x2nþ1; ð24Þ

with C(u) being the gamma function. With m = y, substi-

tution of (16) and (24) into formula (23) and consequent

integration in this formula yield: �ryyðl; tÞ ¼ �ðAB=lÞ
gðl=ðatÞ1=3Þ, where

gðpÞ ¼ � 2

3

X1
n¼0

C½ð2nþ 2Þ=3�ð4nþ 4Þ!
ð2nþ 1Þ!½ð2nþ 2Þ!�2

� p2

16

� �nþ1

: ð25Þ

The function g(p) can also be represented through gen-

eralized hypergeometric series. For large values of

p(p P 20), the direct calculation of the function g(p) in

accordance with formula (25) is complicated. In this sit-

uation, it is convenient to use the asymptotic representa-

tion g(p ! 1) � 2 � 0.90p�1/2.

After substitution of formula (22), expression for �ryy ,

equations �rxy ¼ 0 and A = G/[2p(1 � m)] into the condi-
tion F(l = le) = 2ce, we find the following equation for

the equilibrium length of a nanocrack:

Qðle=b; ZÞ ¼ j: ð26Þ
Here Q(p,Z) = (1/p)g2(p/Z), j = 32 p(1 � m)ce/(GB), and
Z = (at)1/3/B.

The dependences Q(l/B,Z) are presented in Fig. 6, for

various values of parameter Z characterizing the diffu-

sion-assisted relaxation of the superdislocation stresses.

Also, for comparison, dashed curve 1 in Fig. 6 shows
the values of Q(l/B,Z) at Z = 0, corresponding to the sit-

uation where diffusion is absent. The horizontal line in

Fig. 6 shows the value of the parameter j (j � 0.6) in

the case of B = 2 nm, for nanocrystalline Ni character-

ized by the following averaged values of parameters:

cs = 1.725 J/m2 [31], cb = 0.69 J/m2 [31], G = 0.79 · 1011

Pa [41], and m = 0.31 [41]. Growth of the nanocrack is

energetically favorable, if Q(l/B,Z) > j.
With this criterion, for Z > 0, we distinguish the fol-

lowing two cases, depending on the relationship between

j and Z:

(i) The horizontal line j = 0.6 intersects the curve Q(l/

B,Z) at two points, l/B = le1/B and l/B = le2/B

(le1 < le2), which correspond to the equilibrium

lengths of the nanocrack l = le1 and l = le2, respec-
tively (see curves b and c in Fig. 6, respectively).

(For definiteness, the lengths le1 and le2 are shown

in Fig. 6, for the parameter values corresponding

to curve c).

(ii) The horizontal line j = 0.6 lies above the curve Q(l/

B,Z) and does not intersect it (see curve d in Fig. 6).

The situation (i) is realized when the maximum of the
curve Q(l/B,Z) is higher than j and thereby the maxi-

mum value of the function ZQ(l/B,Z) is larger than

jZ. Since Q(l/B,Z) = (B/l) g2(l/(BZ)), the equation

ZQ(l/B,Z) = g2(l/(BZ))/[l/(BZ)] is valid. As a corollary,

ZQ(l/B,Z) represents a function of the sole argument l/

(BZ). Numerical estimates show that the maximum of

this function is about 0.83. Therefore, the situation (i)

comes into play, if jZ < 0.83.
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The nanocrack growth is energetically favorable, pro-

vided Q(l/B,Z) > j. As a consequence, in the situation

(i), a decrease of the nanocrack length is energetically

favorable, if either l < le1 or l > le2, and unfavorable, if

le1 < l < le2. Thus, the equilibrium of a nanocrack with

the length l = le1 is unstable, while the equilibrium of a
nanocrack with the length l = le2 is stable. In order to

form a stable nanocrack with the length l = le2, the sys-

tem should overcome an energetic barrier. The nano-

crack nucleus should grow with the help of thermal

fluctuations until its length l reaches the value of le1.

Then its athermal growth until the state with l = le2 be-

comes energetically favorable. Further growth of a

nanocrack (extension of the nanocrack to the range of
l > le2) is energetically unfavorable. With increasing time

t, the parameter Z increases, and the range le1 < l < le2,

in which the nanocrack growth is favorable, decreases

(see curves 2 and 3 in Fig. 6). This tendency reflects

the effect of GB diffusion providing a partial relaxation

of the superdislocation stresses.

For jZ > 0.83, the situation (ii) is realized in which

the horizontal line j = 0.6 lies above the curve Q(l/
B,Z) (see curve d in Fig. 6). In this situation, growth

of a nanocrack in GB is energetically unfavorable at

any values of l. That is, the nanocrack generation is

completely suppressed by diffusion, for given constant

value (B = 2 nm) of the superdislocation Burgers vector

magnitude.

For comparison, dashed curve a in Fig. 6 illustrates

the situation (iii) where diffusion is absent (Z = 0). In
this situation, examined in detail in paper [26], le1 = 0

Q(l/B,Z) > j when l < le2. In the situation (iii), the nano-

crack nucleus athermally grows until its length l reaches

the value of le2. In other words, when diffusion is absent

or negligibly small, the system quickly reaches in a non-

barrier way its stable state with a triple junction nano-

crack of the length le2. In order to generate the

nanocrack, the system does not need to overcome any
energetic barrier, in contrast to the situation (i). Also,

the situation (iii) is contrasted to the situation (ii) where

the nanocrack generation is completely suppressed by

diffusion.

Thus, the GB diffusion provides the suppressing effect

on the nanocrack generation near triple junctions con-

taining superdislocations with constant Burgers vectors.

The suppressing effect exhibits itself in a pronounced
way in nanocrystalline materials with high diffusivity.
5. Nanocrack generation in vicinity of superdislocation

with Burgers vector growing in time

Let us consider the formation of a triple junction

nanocrack in the vicinity of a superdislocation whose
Burgers vector magnitude B grows in time due to GB

sliding (Fig. 1). Such processes of the nanocrack forma-
tion at triple junctions occur intensively during

(super)plastic deformation of nanocrystalline materials;

see experimental data [14] and theoretical model [26].

In the situation discussed, GB sliding causes an increase

of the superdislocation Burgers vector magnitude B and

thereby enhances the nanocrack formation. At the same
time, GB diffusion provides a partial relaxation of the

superdislocation stresses and, thus, hampers the nano-

crack formation.

It is hardly possible to analytically calculate the equi-

librium length of a nanocrack (Fig. 1(h)) in the stress

field of the triple junction superdislocation. Therefore,

in this paper, the stress field of the triple junction super-

dislocation will be approximated as that of a superdislo-
cation at a flat GB in a bicrystal (Fig. 2(b)). Now let us

turn to a description of evolution of Burgers vectors that

characterize triple junction superdislocations in de-

formed nanocrystalline materials. As noted above, GB

sliding through triple junctions in nanocrystalline mate-

rials under high strain rate superplastic deformation

causes the Burgers vectors of triple junction dislocations

to grow with rising time t (or plastic strain degree e ¼ _et,
with plastic strain rate _e being constant) (Fig. 1) [24,25].

In the first approximation, we assume that the Burgers

vector magnitude B characterizing the triple junction

dislocation runs parallel with the time t (or plastic strain

degree e): B ¼ bt ¼ be=_e, where b is a constant parame-

ter. Then the stress rs
yyðx; tÞ created by the superdisloca-

tion near the triple junction can be represented as the

superposition of the stresses dryy(x, t � t 0) created at
the time moment t 0 by the triple junction dislocations

with the infinitesimal Burgers vectors dB(t 0) = b dt 0.

Such dislocations are formed during the time interval

from t 0 to t 0 + dt 0. Their stress field dryy(x,t � t 0) is given

by formula (16), with t and B being replaced by t � t 0

and dB(t 0), respectively. That is, dryy(x,t � t 0) =

dB(t 0)ryy(x,t � t 0)|B = 1. Thus, we have:

rs
yyðx; tÞ ¼ b

Z t

0

dt0ryyðx; t � t0ÞjB¼1: ð27Þ

With the left- and right-hand sides of formula (27) mul-

tiplied by the factor ½2=ðplÞ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=ðl� xÞ

p
, after integration

over x from 0 to l, we get:

�rs
yyðl; tÞ ¼ b

Z t

0

dt0�ryyðl; t � t0ÞjB¼1: ð28Þ

Here �rs
yyðl; tÞ and �ryyðl; t � t0Þ are the mean weighted

values of the stresses rs
yyðx; tÞ and ryy(x,t � t 0), respec-

tively, in which case �rs
yyðl; tÞ ¼ ½2=ðplÞ�

R l
0
rs
yyðx; tÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x=ðl� xÞ
p

dx; and �ryyðl; t � t0Þ is given by both the

expression �ryyðl; t � t0Þ ¼ �ðAB=lÞg½l=ða1=3ðt � t0Þ1=3Þ�
and formula (25). After substitution of the expression

for ryy(l,t � t 0) into formula (28) and replacement of

variables, s = (t � t 0)/t and s = bt/b (with b being the

Burgers vector magnitude that characterizes an elemen-

tary gliding GB dislocation), we find:



Fig. 7. Dependences Q 0(l/b), for the following values of parameters: (a)

Z 0 = 50; (b) s = 20. Horizontal lines show value of parameter j 0.

Nanocrack growth is suppressed (energetically unfavorable), if Q 0(l/

b) < j 0.
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�rs
yyðl; tÞ ¼ � As

l=b
Iðl=b; Z 0sÞ: ð29Þ

Here

Iðp; vÞ ¼
Z 1

0

g
p

s1=3v1=3

� �
ds ð30Þ

and Z 0 = a/(bb2). As a result, we have the expression for

rs
yy , which allows us to find the equation for the equilib-

rium length l ¼ l0e of a nanocrack generated in the stress

field of the triple junction superdislocation with a grow-

ing (in time) Burgers vector. This equation can be found

in the same way as Eq. (26) (describing the equilibrium
length l = le of a nanocrack generated in the stress field

of the dislocation with a constant Burgers vector) is ob-

tained from the expression for �ryy . In doing so, after

some algebra, we get the equation for l0e:

Q0ðl0e=bÞ ¼ j0; ð31Þ
where Q 0(p) = s2I2(p,Z 0s)/p, and j 0 = 32p(1 � m)ce/(Gb).

The dependences Q 0(l/b) are presented in Fig. 7, for

different values of s (Fig. 7(a)) and Z 0 (Fig. 7(b)). The

horizontal lines show the value of the parameter j 0

(j 0 = 12). This value corresponds to the values of cs,
cb, G and m for nanocrystalline Ni (see above) and to

the magnitude b = 0.1 nm of elementary Burgers vectors

that characterize the gliding GB dislocations. Growth of

the nanocrack is energetically favorable, if Q 0(l/b) > j 0.
As with the nanocrack generated in the stress field of a

superdislocation with a constant Burgers vector (see

Fig. 6), there are the following situations: for Z 0 > 0,

the nanocrack growth in the stress field of a triple junc-

tion superdislocation with a growing Burgers vector is

either energetically favorable in the range I 0e1 < l < l0e2
(see curves b and c in Figs. 7(a) and (b)) or unfavorable

at any value of the nanocrack length l (see curve 1 in
Fig. 7(a) and curve d in Fig. 7(b)). In the idealized case

with Z 0 = 0 (dashed curve in Fig. 7(b)), where diffusion

is absent, the nanocrack is characterized by one equilib-

rium length l0e2 (whereas l
0
e1 ¼ 0). In this case, the nano-

crack growth is energetically favorable, if l < l0e2, and
unfavorable, if l > l0e2.

Let us describe the behavior characteristics (in partic-

ular, the equilibrium lengths l0e1 and l0e2) of nanocracks
as functions of the following parameters measured and

controlled in experiments: plastic strain e, plastic strain

rate _e and temperature T. To do so, we should express

parameters s and Z 0s (figuring in formula for Q 0(p))

through e, _e and T. In the framework of our model,

the Burgers vector magnitude B (that characterizes the

triple junction superdislocation) grows due to GB slid-

ing which occurs via movement of GB dislocations
and their convergence at triple junctions (Fig. 1). In

these circumstances, as shown in [25], the mean number

n of dislocation convergence reactions at a triple junc-

tion is in the following approximate relationship with
plastic strain eGB conducted by GB sliding in a deformed

nanocrystalline sample: n = 500eGB, where

eGB = 0.5e � 0.7e. At the same time, the Burgers vector

magnitude B of the triple junction superdislocation
(Fig. 1) is related to n as follows [25]: B = b0nb, where
b0 = 0.1–0.8 is the factor taking into account the triple

junction geometry. With this formula substituted into

the expression s = bt/b = B/b, we find: s = 500b0 eGB.

For definiteness, we suppose that b0 = 0.5 and

eGB = 0.5e, in which case s is expressed through e as fol-
lows: s = 125e.

Now let us express the parameter Z 0s (figuring in the
formula for Q 0(p)) through e, _e and T. From the defini-

tions of the parameters s, Z 0 and a (s = bt/b, Z 0 = a/
(bb2), and a = (1 + m)GDbdbX/[3(1 � m)kBT], respec-

tively) as well as formula [30] Db = Db0exp[�Qb/(RT)],

we find: sZ 0 ¼ ð1þ mÞGDb0db exp½�Qb=ðRT Þ�Xe
=½3ð1� mÞ_eb3kBT �. This expression and the relationship

s = 125e allow us to calculate Q0ðl0e=bÞ (figuring in Eq.

(31)) and the equilibrium lengths l0e ¼ l0e1 and l0e ¼ l0e2
(being solutions of Eq. (31)) as functions of the param-

eters e, _e and T.
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The calculated dependences of the non-dimensional

equilibrium lengths l0e1=b and l0e2=b on plastic strain e
are presented in Fig. 8, for various values of parameters
_e and T as well as the following values of parameters

that characterize nanocrystalline Ni: cs = 1.725 J/m2

and cb = 0.69 J/m2 [31], G = 0.79 · 1011 Pa, m = 0.31,
and X = 1.094 · 10�29 m�3 [41], Db0 = 1.75 · 10�6

m2 c�1 and Qb = 110 kJ/mol [41,42]. The dependences

of l0e1=b and l0e2=b on plastic strain e are shown as,

respectively, falling and rising curves in Fig. 8. For the

same values of parameters _e and T, these dependences

originate from the same point corresponding to a critical

plastic strain e00 (see Fig. 8). For e < e00, the nanocrack

growth is unfavorable for any nanocrack length. For
e > e00, the growth of a triple junction nanocrack be-

comes energetically favorable in the nanocrack length

interval l0e1 < l < l0e2. In this situation, in order to form

a stable nanocrack with the length l ¼ l0e2, the system

should overcome an energetic barrier. The nanocrack

nucleus should grow with the help of thermal fluctua-

tions until its length l reaches the value of I 0e1. Then its

athermal growth until the state with l ¼ l0e2 becomes
energetically favorable. Further growth of the nano-

crack is forbidden.

As follows from Fig. 8, when plastic strain eð> e00Þ in-
creases, so does the equilibrium length l0e2, while the

equilibrium length l0e1 decreases. The first equilibrium

length l0e1 is weakly sensitive to the parameters _e and

T, in contrast to the second equilibrium length l0e2 which
exhibits a significant growth with rising T and decreas-
ing _e.

Also, as it is evident from Fig. 8, the first equilibrium

length l0e1 at temperature T P 550 K is rather high

ðl0e1 > 100b ¼ 10 nmÞ, even for high values of plastic

strain rate and plastic strain (_e ¼ 10�2 c�1 and e = 0.5,

respectively). At the same time, the thermally activated
Fig. 8. Dependences of the non-dimensional equilibrium lengths l0e1=b
(falling curves a, b, c and d) and l0e2=b (rising curves a 0, b 0, c 0 and d 0) on

plastic strain e, for the following values of parameters: T = 450 K,

_e ¼ 10�2 c�1 (curves a and a 0); T = 450 K, _e ¼ 10�3 c�1 (curves b and

b 0); T = 500 K, _e ¼ 10�2 c�1 (curves c and c 0); and T = 550 K, _e ¼ 10�2

c�1 (curves d and d 0).
generation of a nanocrack with a large length

l0e1 > 100b ¼ 10 nm is hardly possible. It is indicative

of effective diffusion-induced suppression of the nano-

crack generation in deformed nanocrystalline Ni at

T P 550 K. This phenomenon also comes into play in

other nanocrystalline materials in certain ranges of their
parameters, temperature and parameters of mechanical

loading. It is of high importance for high strain rate

superplasticity exhibited by the nanocrystalline matter.
6. Concluding remarks

In this paper, it has been theoretically revealed that
the generation of nanocracks in nanocrystalline materi-

als can be effectively suppressed due to the stress relax-

ation effect of GB diffusion. Triple junction

nanocracks – typical defects experimentally observed

by Kumar et al. [14] in deformed nanocrystalline Ni –

have been theoretically analyzed in detail. Such nano-

cracks are generated in the stress fields of superdisloca-

tions formed at triple junctions as a result of GB sliding
along adjacent GB planes. Enhanced GB diffusion pro-

cesses provide a partial relaxation of triple junction dis-

location stresses and thereby hamper or even completely

suppress the nanocrack generation at triple junctions

during the extensive stage of (super)plastic deformation

in nanocrystalline materials.

Thus, in nanocrystalline materials in which GB slid-

ing essentially contributes to plastic flow, there is a com-
petition between the two key factors affecting the

nanocrack generation. The first factor is GB-sliding-

induced storage of superdislocations at triple junctions,

which enhances the nanocrack generation and growth.

The second factor is the GB-diffusion-mediated relaxa-

tion of the superdislocation stresses, which hampers

the nanocrack generation. At the first stage of plastic

deformation, the superdislocation Burgers vectors are
small, and thereby the driving force for the nanocrack

generation at triple junctions is low. With rising plastic

strain degree e, the superdislocation Burgers vectors

grow. At some critical value e00 of plastic strain, the stor-
age of superdislocations at triple junctions becomes suf-

ficient to cause the intense generation of triple junction

nanocracks. The critical plastic strain e00 is small at high

enough values of plastic strain rate _e and sufficiently low
temperature T. In these circumstances, nanocrystalline

materials show brittle behavior. However, for relatively

small values of _e and high enough temperature T, the

critical plastic strain e00 is large (see e.g. curves 4 and 4 0

in Fig. 8). That is, during the extensive stage of

(super)plastic deformation, the stress relaxation effect

of GB diffusion is dominant, which causes suppression

of the nanocrack generation. Generally speaking, de-
spite suppression of the nanocrack generation, failure

processes in nanocrystalline materials can occur through
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shear banding and macroscopic necking [43]. Therefore,

nanocrystalline materials show superplasticity, if both

the nanocrack generation and shear banding are simul-

taneously suppressed during the extensive stage of plas-

tic deformation.

Lattice dislocation slip and GB sliding have been
experimentally identified as dominant deformation

modes in nanocrystalline materials exhibiting a substan-

tial ductility [14] and superplasticity [6–8]; see also theo-

retical models [44–46]. This corresponds to the key

statements of our model, based on the idea of interac-

tion between lattice dislocation slip, GB sliding, GB dif-

fusion, and failure processes. So, the lattice dislocation

slip supplies lattice dislocations to GBs where they split
into climbing and gliding GB dislocations (Fig. 1). The

climbing GB dislocations move to new positions and

annihilate, in which case they emit point defects and

cause GB diffusion enhancement [47]. The gliding GB

dislocations (resulting from the splitting of trapped dis-

locations) carry GB sliding which leads to the formation

of superdislocations at triple junctions (Fig. 1). The

stresses created by the superdislocations are relaxed
via either the nanocrack generation or enhanced GB dif-

fusion in the vicinity of these junctions. If the former

mechanism for stress relaxation is dominant, intense

generation and convergence of triple junction nano-

cracks result in the brittle behavior of a nanocrystalline

specimen. If the second relaxation mechanism is domi-

nant, the nanocrack generation is suppressed in a de-

formed nanocrystalline specimen which therefore is
able of exhibiting a good ductility or even

superplasticity.

In the context discussed, of particular interest are

experimental data [7,48] on observations of both grain

rotation and GB sliding simultaneously occurring in de-

formed nanocrystalline materials. Grain rotation occurs

in nanocrystalline materials when it is effectively accom-

modated by enhanced diffusion along GBs [49]. In these
circumstances, experimental observation [7,48] of grain

rotation in nanocrystalline materials under plastic and

superplastic deformation regimes is indicative of the en-

hanced GB diffusion processes in these materials. At the

same time, cracks have not been experimentally ob-

served in these materials [7,48]. Thus, experimental data

[7,48] indicate that both GB sliding and GB diffusion oc-

cur in deformed nanocrystalline materials without crack
nucleation. These experimental data support our model

which naturally explains them as follows. GB sliding oc-

curs but does not induce nanocrack nucleation in de-

formed nanocrystalline materials, because GB diffusion

provides its effective suppression.

In addition, the suggested model is indirectly sup-

ported by the experimental data [2] on degradation of

superplastic properties of nanocrystalline materials after
a short thermal treatment. More precisely, Islamgaliev

et al. [2] reported that nanocrystalline materials fabri-
cated by severe plastic deformation method and then

subjected to a short heat treatment do not show super-

plastic behavior, in contrast to as-fabricated materials.

In the experiment [2], heat treatment is not enough in-

tense to cause grain growth but is sufficient to induce

annihilation of the non-equilibrium GB vacancies gener-
ated in nanocrystalline materials during their fabrication

by severe plastic deformation. In terms of our model,

after heat treatment, the density of GB vacancies

abruptly decreases and thereby the GB diffusion (occur-

ring mostly by GB vacancy transport) becomes a low-

intensity process which is not able of suppressing the

nanocrack nucleation. As a result, though a nanocrys-

talline specimen in its as-fabricated state shows super-
plasticity, heat treatment leads to its dramatic

degradation.

Finally, notice that the role of the lattice dislocation

slip in nanocrystalline materials diminishes with decreas-

ing the grain size. Such deformation mechanisms as Co-

ble creep [50–52] and triple junction diffusional creep

[53] are capable of essentially contributing to plastic

flow in nanocrystalline materials with the finest grains.
In these materials, where the lattice dislocation slip does

not operate, deformation and fracture processes can oc-

cur in a different way compared to the case described in

this paper.
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