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Triple junction nanocracks in deformed nanocrystalline materials
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Abstract

A theoretical model is suggested which describes the generation and evolution of nanoscale cracks (nanocracks) at triple junc-

tions of grain boundaries in deformed nanocrystalline materials. In the framework of the model, nanocracks in nanocrystalline

materials are nucleated at triple junctions due to accumulation of the dislocation charge, that accompanies grain boundary sliding

through triple junctions. The model accounts for experimental observation [Acta Mater. 51 (2003) 387] of triple junction nanocracks

in deformed nanocrystalline Ni. With results of the model, the effects of grain boundary diffusion on suppression of nanocrack

generation in nanocrystalline materials exhibiting enhanced ductility and superplasticity are discussed.

� 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The unique mechanical properties of nanocrystalline

materials represent the subject of intensively growing

fundamental and applied research; see, e.g., reviews

[1–4]. Of special interest for a range of applications is the

extremely high strength of nanocrystalline materials

which are essentially stronger than their conventional
coarse-grained counterparts [1–4]. However, in most

cases, superstrong nanocrystalline materials exhibit low

ductility, which limits their utility in many applications.

At the same time, several examples of substantial tensile

ductility and superplasticity in nanocrystalline materials

have been reported recently [4–19]. With the experi-

mental data discussed, it is very important to understand

the fundamentals of failure processes responsible for
brittle behavior of most nanocrystalline materials and

analyse (super)plastic deformation mechanisms capable

of effectively competing with these processes. In general,

together with the conventional lattice dislocation slip,

the plastic deformation mechanisms – grain boundary
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(GB) sliding [20–25], GB diffusional creep [26–29], triple

junction diffusional creep [30], rotational deformation

mode [24,31–33] – conducted by GB defects are treated

to cause plastic flow in nanocrystalline materials. Also,

following experimental data [5], nanovoids and nano-

cracks in ductile nanocrystalline Ni commonly nucleate

and grow at GBs and their triple junctions during plastic

deformation. In this context, with a very high volume
fraction of triple junctions of GBs in nanocrystalline

materials, of special interest are the mechanisms for

nanocrack generation at triple junctions and their cor-

relation with plastic deformation processes conducted by

GB defects. The main aim of this paper is to suggest a

theoretical model that describes nucleation and growth

of nanocracks at triple junctions, induced by GB sliding

through these junctions in deformed nanocrystalline
materials. Also, we will discuss suppression of nanocrack

generation at triple junctions due to the effects of diffu-

sion processes.
2. Grain boundary sliding and generation of nanocracks at

triple junctions of grain boundaries. Model

High-strain-rate superplastic deformation in nano-

crystalline materials is characterized by strengthening at
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Fig. 1. Transformations of grain boundary dislocations – carriers of

grain boundary sliding – at a triple junction. (a) Two gliding grain

boundary dislocations with Burgers vectors b1 and b2 move towards

the triple junction O. (b) Sessile dislocation with Burgers vector b1 þ b2
is formed at triple junction. (c) Generation of two new gliding grain

boundary dislocations that move towards the triple junction. (d) New

sessile dislocation is formed which immediately converges with the first

(see (b)) sessile dislocation at the triple junction.
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first extended stage of deformation up to plastic strain

degree �1–3 (100–300%) [13–19]. Also, the strengthen-

ing is often inherent to plastic deformation of nano-

crystalline materials exhibiting a good ductility with

plastic strain to failure ef � 0:2–0:4 [5]. The conven-
tional lattice dislocation storage (causing strengthening

in coarse-grained polycrystals) and deformationinduced

grain growth are hardly responsible for the strengthen-

ing effect in nanocrystalline materials; see the discussion

in [17,19]. In these circumstances, following model [25],

the strengthening effect occurs owing to GB sliding in

nanocrystalline materials, which leads to accumulation

of sessile GB dislocations at triple junctions and the
corresponding hampering of movement of mobile GB

dislocations through dislocated triple junctions. We

think that the sessile dislocations at triple junctions, that

give rise to the experimentally observed [13–19]

strengthening, are also responsible for the generation of

triple junction nanocracks experimentally observed [5]

in ductile nanocrystalline metals.

Let us discuss the scenario of the evolution of
the defect structure, resulting in the generation of a

triple junction nanocrack in mechanically loaded

nanocrystalline materials. In doing so, with experi-

mental observation [5] of lattice dislocations in ductile

nanocrystalline Ni and experimental data [16,17] indi-

cating on GB sliding and the existence of lattice

dislocations in nanocrystalline materials under high-

strain-rate superplastic deformation, we assume that
both the GB sliding and conventional lattice disloca-

tion slip cause plastic flow of a ductile nanocrystalline

specimen. Following theoretical representations [23,25],

GB dislocations – carriers of GB sliding – undergo

transformations at triple junctions. Actually, when a

mechanical load is applied to the specimen, mobile GB

dislocations (with the Burgers vector being parallel to

GB planes) move causing GB sliding (Fig. 1(a)). They
are stopped at triple junctions of GBs, where GB

planes are curved and thereby dislocation movement is

hampered (Fig. 1(a)). At some critical shear stress, GB

dislocations overcome triple junctions, in which case a

sessile GB dislocation is formed at the triple junction

(Fig. 1(b)) [25]. This process is an elementary act of

(super)plastic deformation involving GB sliding in

nanocrystalline materials characterized by a very high
volume fraction of triple junctions. The process under

consideration repeatedly occurs in a deformed nano-

crystalline solid and is accompanied by an increase of

the Burgers vector of the sessile dislocation at each

step (Fig. 1(c) and (d)). We think that a nanocrack at

the triple junction is generated to release the strain

energy of the sessile GB dislocation resulted from

numerous acts of GB sliding at the triple junction
(Fig. 2). In doing so, mobile GB dislocations that

carry GB sliding also influence the nanocrack genera-

tion (Fig. 2).
Let us examine the energy characteristics of the

generation of a triple junction nanocrack, which nucle-

ates in the stress fields of the three GB dislocations with

the Burgers vectors b1, b2 and b3 and the external stress

reij (Fig. 2). In the framework of our model, the nano-

crack is assumed to be flat, and orientation of the

nanocrack plane is arbitrary. That is, the nanocrack

may nucleate either in grain interior (Fig. 2(a)) or along
a GB adjacent to the triple junction (Fig. 2(b)).

For our analysis, we introduce the three rectangular

coordinate systems (x; y), (x1; y1) and (x0; y0) as shown in

Fig. 2. In doing so, the x-axis coincides with the direc-

tion of nanocrack plane growth (nucleation), and the x1-
axis coincides with the direction of the Burgers vector

b1. In the chosen coordinate system (x0; y0), the external

stress tensor reij has the only one non-zero component:
rex0y0 ¼ s.

In the framework of our model, the geometric pa-

rameters of the defect configuration (Fig. 2) in question

are as follows. The mobile GB dislocations with Burgers

vectors b1 and b2 are distant by respectively l1 and l2
from the triple junction. The angle between GB planes

containing these dislocations is b. Burgers vectors b1, b2
and b3 make angles a1, a2 and a3, respectively, with the x-
axis. The angle between the axes x0 and x is c (Fig. 2). The
angles a1, a2, b and c are in the following relationships:

a2 ¼ a1 þ b, c ¼ a1 þ b=2� p=2. For simplicity, we

also assume: b1 ¼ b2 ¼ b. In these circumstances, the



Fig. 2. Generation of flat nanocrack at a triple junction (a) in nanograin interior or (b) along a grain boundary plane. (c)–(e) Geometrical rela-

tionships between the parameters of the system.
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following relationships are valid: b3 ¼ 2nb cosðb=2Þ, and
a3 ¼ arccosðcos a1þcos a2

2 cosðb=2Þ Þ.
3. Equilibrium length of triple junction nanocrack

In order to quantitatively characterize the nanocrack

generation, we will calculate in the first approximation

the equilibrium length Le of a nanocrack. In the situ-

ation discussed (Fig. 2), the equilibrium length of the

nanocrack is defined as that corresponding to the

minimum energy of the system (for details, see below).

In calculation of Le, we will use the configurational
force method [34] effectively exploited in analysis of the

generation of plane microcracks in the stress fields of

superdislocations [34], dislocation pile-ups [34], discli-

nation loops [35], lamellar terminations in eutectics [36]

and wedge line disclinations [37]. Following [34], the

configurational force F is defined as the elastic energy

released when the crack moves over a unit distance. In

the situation with the plane strain state of an elastically
isotropic solid, examined in this paper, F can be written

in its general form as follows [34]:

F ¼ pð1� mÞL
4G

�r2
yy

�
þ �r2

xy

�
; ð1Þ

where G is the shear modulus, m is the Poisson ratio, and
�ryy and �rxy are the mean weighted values of the stress

tensor components ryy and rxy , respectively. These mean
weighted stress tensor components are calculated using

the following formula [34]:

�riy ¼
2

pL

Z L

0

riyðx; y ¼ 0Þ
ffiffiffiffiffiffiffiffiffiffiffi
x

L� x

r
dx; i ¼ x; y: ð2Þ

The equilibrium length Le of the nanocrack is de-

rived from the balance F ¼ 2ce between the release F of

the elastic energy and the formation of two new

nanocrack surfaces characterized by the surface energy

density ce per unit area. Here ce ¼ c, the surface energy

density per unit area of the free surface, when the

nanocrack nucleates in the grain interior (Fig. 2(a)),

and ce ¼ c� cs=2, when the nanocrack nucleates along
a GB (Fig. 2(b)) characterized by the energy density cs
per unit area of GB plane. The nucleation of the triple

junction nanocrack (Fig. 2) is energetically favorable, if

F > 2ce, and unfavorable, if F < 2ce.
Let us calculate the stress tensor components rxy and

ryy figuring in formula (2). Each component contains

the four constituent terms:

riy ¼ rb1
iy þ rb2

iy þ rb3
iy þ re

iy ; ð3Þ

where i ¼ x; y, re
iy is the external stress, and rb1

iy , r
b2
iy and

rb3
iy are the stress fields created by GB dislocations with

Burgers vectors b1, b2 and b3, respectively. With (3)

substituted to formula (2), we have:

�riy ¼ �rb1
iy þ �rb2

iy þ �rb3
iy þ �re

iy ; ð4Þ
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where �rbk
iy (k ¼ 1; 2; 3) and �re

iy are the mean weighted

values of the stress field components rbk
iy and re

iy ,

respectively.

In order to calculate the stresses rb1iy , we write the

expressions [38] for the stress field components rb1ij
created by the dislocation the with Burgers vector b1
in the coordinate system (x1; y1). In doing so, we

have:

rb1
x1x1

¼ �Db1
y1ð3x21 þ y21Þ

r41
; ð5Þ

rb1
y1y1

¼ Db1
y1ðx21 � y21Þ

r41
; ð6Þ

rb1
x1y1

¼ Db1
x1ðx21 � y21Þ

r41
; ð7Þ

where D ¼ G=½2pð1� mÞ�, and r21 ¼ x21 þ y21 ¼ x2 þ
2l1x cos a1 þ l21. The stress field components rb1

yy and rb1
xy

of the dislocation under consideration are expressed
through the stresses rb1

x1x1
, rb1

y1y1
and rb1

x1y1
as follows:

rb1
yy ¼ rb1

x1x1
sin2 a1 þ rb1

y1y1
cos2 a1 þ rb1

x1y1
sin 2a1; ð8Þ

rb1
xy ¼ 1

2
rb1
x1x1

�
� rb1

y1y1

�
sin 2a1 þ rb1

x1y1
cos 2a1: ð9Þ

In their turn, the coordinates x1 and y1 are in the
following relationships with x and y:

x1 ¼ l1 þ x cos a1 þ y sin a1;

y1 ¼ �x sin a1 þ y cos a1:
ð10Þ

With (5)–(7) and (10) substituted to formulas (8) and (9),

we find:

rb1
yy ðx;y¼ 0Þ

¼Db1 sina1
2l1 cosa1

r21

�
þð2� cos2a1Þ

x
r21

�2l1 sin2a1 sina1
x2

r41
�2sin2 a1

x3

r41

�
;

ð11Þ

rb1
xy ðx;y¼0Þ

¼Db1
l1 cos2a1

r21

�
þð2�cos2a1Þcosa1

x
r21

�2l1 sin
2a1 cos2a1

x2

r41
�2sin2a1 cosa1

x3

r41

�
:

ð12Þ

The mean weighted values �rb1iy ¼ 2
pL

R L
0
rb1iy ðx; y¼0Þffiffiffiffiffiffi

x
L�x

p
dx of the stresses rb1iy are obtained by integration of

expressions (11) and (12). They read: �rb1iy ¼ ðDb1=LÞgiy
ðl1; a1Þ, where
gyyðl;aÞ

¼ sina 2

(
þ

ffiffiffi
l
d

r
~lcosða�u=2Þþcosðu=2Þ

~d2

"
�2cos

u
2

#)
;

ð13Þ

gxyðl; aÞ ¼ 2 cos a 1

 
�

ffiffiffi
l
d

r
cos

u
2

!

þ
ffiffiffi
l
d

r
sinðu=2Þ � ~l sinða� u=2Þ

~d2
sin a;

� p < a6p: ð14Þ

In formulas (13) and (14), we have used the follow-

ing designations: d ¼ ðl2 þ 2lL cos aþ L2Þ1=2, u ¼ arctan
sin a

~lþcos a
þ pHð�~l� cos aÞ signa, ~l ¼ l=L, and ~d ¼ d=L.

HðxÞ is the Heaviside function (HðxÞ ¼ 1, if x > 0, and

¼ 0, if x < 0). The geometric interpretation of the pa-

rameters d and u is evident from Fig. 2(e).
The mean weighted values �rb2iy and �rb3iy of the stress

field components rb2iy and rb3iy , respectively, are calculated

in the same way as �rb1iy . In doing so, we find:
�rb2iy ¼ ðDb2=LÞgiyðl2; a2Þ, and �rb3iy ¼ ðDb3=LÞgiyð0; a3Þ. In
order to calculate �reiy , we will write the components reyy
and rexy in the coordinate system (x; y) as follows:

reyy ¼ s sin 2c, and rexy ¼ s cos 2c. Since the stresses reiy
are constant, we have: �reiy ¼ 2

pL

R L
0
reiy

ffiffiffiffiffiffi
x

L�x

p
dx ¼ reiy . As a

corollary, one finds �reyy ¼ s sin 2c, and �rexy ¼ s cos 2c.
With the above formulas for �rb1iy , �r

b2
iy , �r

b3
iy and �reiy and

formula (4) substituted to formula (1), and conditions

b1 ¼ b2 ¼ b and b3 ¼ 2nb cosðb=2Þ taken into account,

we get the following expression for the configurational

force F :

F ¼ Gb2

16pð1� mÞL

� gyyðl1;a1Þ
�(

þ gyyðl2; a2Þ þ gyyð0;a3Þ

þ sL
2pð1� mÞGb sin 2c

�2

þ gxyðl1;a1Þ
�

þ gxyðl2;a2Þ

þ gxyð0; a3Þ þ
sL

2pð1� mÞGb cos 2c

�2
)
: ð15Þ
4. Results of model

The dependences of F (in units of Gb=½16pð1� mÞ�) on
non-dimensional length L=b of the nanocrack, given

by formula (15), are shown in Fig. 3, for b ¼ 2p=3,
s=G ¼ 0:01, l1 ¼ l2 ¼ 100b, m ¼ 0:3 and different values

of n and a1. The horizontal lines show values of the

effective surface energy density 2ce (in units of

Gb=½16pð1� mÞ�) in the cases of the nanocrack nucleat-



Fig. 3. Dependence of the configurational force F (in units of

Gb=½16pð1� mÞ�) on non-dimensional length L=b of the nanocrack, for

b ¼ 2p=3, s=G ¼ 0:01, l1 ¼ l2 ¼ 100b, m ¼ 0:3; n ¼ 10 and a1 ¼ �p=3,
p=3 and 2p=3 (see curves 1, 2 and 3, respectively) as well as n ¼ 5 and

a1 ¼ �p=3, p=3 and 2p=3 (see curves 1
0
, 2

0
and 3

0
, respectively). Hor-

izontal lines show values of the effective surface energy density 2ce (in
units of Gb=½16pð1� mÞ�) in the cases of the nanocrack nucleating in

the grain interior (solid line) and along GB plane (dashed line), for

c=ðGbÞ ¼ 0:1 and (a) cs=ðGbÞ ¼ 0:07 and (b) cs=ðGbÞ ¼ 0:03.

Fig. 4. Dependencies of non-dimensional equilibrium nanocrack length

Le=b on parameter n, for b ¼ 2p=3, s=G ¼ 0:01, l1 ¼ l2 ¼ 100b,
m ¼ 0:3; a1 ¼ �p=3, 0 and 2p=3 (see curves 1, 2 and 3, respectively).

The dashed horizontal line corresponds to the minimum critical length

Lc ¼ 15b at which the nanocrack is generated.
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ing in the grain interior (solid line) and along a GB plane

(dashed line), shown in Fig. 2(a) and (b), respectively.

The generation of the nanocrack in the grain interior is

energetically favorable in the range of parameters where
the curve F ðL=bÞ lies above the solid line in Fig. 3. The

generation of the nanocrack along a GB plane is ener-

getically favorable in the range of parameters where the

curve F ðL=bÞ lies above the dashed line in Fig. 3.

The equilibrium length of the nanocrack corresponds to

the point where the curve F ðL=bÞ and the horizontal line

(solid line in the case of the nanocrack in the grain in-

terior, and dashed line in the case of the nanocrack
nucleating along a GB plane) intersect. In Fig. 3, the

equilibrium length of the nanocrack in grain interior and

along a GB is denoted as Lvole and LGB
e , respectively. For

L < Le, the nanocrack growth is energetically favorable

until its length L reaches Le.
Notice that the growth of a triple junction nanocrack

(Fig. 2) is energetically favorable in the only case where

its length is lower than its equilibrium value. It is con-

trasted to the situation with microcracks generated in

either the external constant stress field or the stress fields
of disclinations [37] (rotational defects which are typical

structural elements of non-equilibrium GBs [39–42] and

carriers of rotational deformation in poly- and nano-

crystalline materials [24,31–33,40]). Such a microcrack

starts to rapidly grow, if its length is larger than some

critical value. In contrast, the formation of a triple

junction nanocrack (Fig. 2) with the length L > Le is

energetically unfavorable. The stable state of the nano-
crack is characterized by L ¼ Le that corresponds to the

minimum energy of the system. This feature of triple

junction nanocracks generated in the stress field of a

sessile GB (super)dislocation is related to the fact that

the dislocation stress field rapidly falls with increasing

distance from the dislocation line, while the external

stress s weakly influences the nanocrack generation.

(Analysis shows that the external stress s is low com-
pared to the dislocation stress field at distances 6 d
(with d being the grain size) from the dislocated triple

junction.)

The notion of a nanocrack (or, more generally, crack)

has its sense when the nanocrack length is larger than

some critical minimum length Lc � 5a � 15b (with a
being the crystal lattice parameter) at which the binding

between the atoms of the opposite surfaces of the
nanocrack is completely broken. In this context, we treat

the generation of a nanocrack to occur, if its equilibrium

length Le P Lc. In the opposite case (Le < Lc), the

binding between the atoms of the opposite surfaces of

the nanocrack causes it to shrink and disappear.

The dependences of the equilibrium length Le of a

triple junction nanocrack on the parameter n (charac-

terizing the Burgers vector of the sessile GB (super)dis-
location and plastic strain degree) are shown in Fig. 4
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for different values of the angle a1. As follows from Figs.

3 and 4, the equilibrium length Le rapidly increases with

rising parameter n in both the cases of the nanocrack

growing in the grain interior and along a GB. The da-

shed horizontal line in Fig. 4 corresponds to the critical
minimum length Le ¼ 15b of a nanocrack. The points

where this horizontal line intersects the curves LeðnÞ
correspond to the values of n at which the nanocracks

are generated. These values are close to 5, indicating

that a stable nanocrack is nucleated at a triple junction

after just several (about 5) acts of the GB dislocation

transformation (Fig. 2) have occurred at the triple

junction. Also, as follows from Fig. 3, Le grows when the
angle b between GB planes decreases, because b3 grows
with decreasing b as well. At the same time, the equi-

librium length Le rapidly falls with rising the surface

energy density ce.
In Fig. 5, the equilibrium lengths Lvole of nanocracks

are plotted as functions of the angle a1 for n ¼ 5 (curve

1) and n ¼ 10 (curve 2). As follows from Figs. 3 and 5,

the equilibrium length Le of the nanocrack (growing
either in a grain interior or along a GB) is highly sen-

sitive to the angle a1 that characterizes orientation of the

nanocrack plane. For the triple junction nanocrack

growing along a GB plane, the angle a1 is determined by

geometry of the triple junction and its adjacent GBs.

(Curves 2 and 2
0
in Fig. 3 show dependences F ðL=bÞ, for

such a nanocrack with a1 ¼ p=3). In these circum-

stances, the equilibrium length LGB
e of a nanocrack nu-

cleating along a GB plane can be either larger or lower

than the equilibrium length of a nanocrack nucleating in

grain interior. The former case (LGB
e > Lvole ) illustrated in

Fig. 3(a) is realized at large values of the GB energy

density cs. In doing so, the nucleation of the triple

junction nanocrack growing along a GB is energetically

preferred compared to the nanocrack growing in grain

interior. The second case (LGB
e < Lvole ) illustrated in

Fig. 3(b) is realized at low values of cs. In this case, the

nucleation of the triple junction nanocrack growing in

grain interior is preferred.
Fig. 5. Dependencies of non-dimensional equilibrium nanocrack length

Lvole =b on angle a1, for b ¼ 2p=3, s=G ¼ 0:01, l1 ¼ l2 ¼ 100b, m ¼ 0:3;

n ¼ 5 and 10 (see curves 1 and 2, respectively).
5. Effects of diffusion on nanocrack generation

In a nanocrystalline material characterized by a dis-

tribution in grain size, different deformation mecha-

nisms operate which are the conventional lattice
dislocation slip, the GB sliding, Coble creep, triple

junction diffusional creep and rotational deformation

[20–33]. These mechanisms compete with each other and

nanocrack generation in releasing the internal stresses

and thus cause the deformation behavior of the mate-

rial. In doing so, diffusion processes in nanocrystalline

materials are capable of strongly affecting the competi-

tion between different deformation and failure mecha-
nisms. At the same time, diffusion is crucially influenced

by action of these mechanisms. A detailed analysis of

the very complicated relationships between deforma-

tion, failure and diffusion processes is beyond the scope

of this paper focused on nucleation and evolution of

triple junction nanocracks. Here, with results of our

theoretical model, we will briefly discuss only the effects

of diffusion on suppression of the nucleation of triple
junction nanocracks in deformed nanocrystalline mate-

rials.

GB diffusion can be highly enhanced in nanocrys-

talline materials due to the action of lattice dislocation

slip which ‘‘supplies’’ dislocations to GBs where these

trapped dislocations climb, split into GB dislocations

and annihilate causing the intensive generation of excess

GB point defects that carry GB diffusion [43–45]
(Fig. 6). The enhanced GB diffusion gives rise to the

three following effects responsible for suppression of

nucleation of triple junction nanocracks: (i) Sessile dis-

locations formed at triple junctions due to GB sliding

intensively climb towards each other and annihilate

(Fig. 7), in which case they stop to be the stress sources

initiating the nucleation of nanocracks. (The rate of the

dislocation climb is controlled by diffusion and thereby
highly enhanced in nanocrystalline materials with high

diffusion coefficients.) (ii) The enhanced diffusion pro-

vides intensive movement of interstitial atoms to the

local regions where high tensile stresses of the sessile

triple junction dislocations exist (Fig. 8). In these cir-

cumstances, the tensile stresses, in part, are relaxed, and

the nucleation of nanocracks is hampered. (iii) The en-

hanced GB diffusion provides the effective action of
Coble creep [26–29] and triple junction diffusional creep

[30] which thereby effectively compete with GB sliding.

As a corollary, the contribution of GB sliding to plastic

flow decreases, in which case growth of Burgers vectors

of the sessile dislocations – nuclei of triple junction

nanocracks (Fig. 2) – slows down or stops.

We think that these three effects of GB diffusion

(enhanced owing to the action of conventional lattice
dislocation slip) give rise to enhanced ductility exhibited

by nanocrystalline Ni [5] and materials with bimodal

(nano-plus micro-grained) structures [46], as well as to



Fig. 6. Enhancement of grain boundary diffusion due to absorption of

lattice dislocations by grain boundaries (schematically). (a) Lattice

dislocations (large open dislocation signs) move under the shear stress

action. (b) Climbing dislocations (small open dislocation signs) re-

sulted from splitting of absorbed lattice dislocations form dipole

configurations at grain boundaries. (c) Annihilation of climbing dis-

locations forming dipole configurations results in the formation of

high-density ensembles of non-equilibrium point defects – vacancies

(open circles) and interstitials (full circles) – that carry enhanced grain

boundary diffusion.

Fig. 7. Sessile dislocations generated (due to grain boundary sliding) at

neighbouring triple junctions climb towards each other.

Fig. 8. Diffusional flow of interstitial atoms causes a partial relaxation

of tensile stresses created by triple junction dislocation.
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high-strain-rate superplasticity exhibited by nanocrys-

talline materials [11–19]. In doing so, the combined ac-

tion of lattice dislocation slip and GB sliding as

dominant deformation modes is crucial. These defor-

mation modes cause mutually consistent plastic flow of

both grain interiors and GBs. In addition, the lattice

dislocation slip provides ‘‘bombardment’’ of GBs by
lattice dislocations which lead to enhancement of GB

diffusion (Fig. 6). The enhanced diffusion suppresses
nucleation of GB-sliding-induced nanocracks in nano-

crystalline materials which threreby exhibit a good

ductility or even superplasticity.
6. Concluding remarks

In this paper, it has been theoretically revealed that

the nucleation of nanocracks in deformed nanocrystal-

line materials can effectively occur at triple junctions

(Fig. 2) due to GB sliding. The driving force of the nu-

cleation of triple junction nanocracks is the release of the

elastic energy associated with the GB-sliding-induced
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storage of GB dislocations at triple junctions. A triple

junction nanocrack (Fig. 2) is characterized by the

equilibrium length Le that corresponds to the stable, low-

energy state of the nanocrack. The equilibrium length Le
is highly sensitive to the parameters characterizing
the triple junction geometry, the specific energy of the

nanocrack surface, and GB dislocation storage at the

triple junction. In particular, triple junction nanocracks

nucleate and rapidly grow with rising the Burgers vectors

of GB dislocations generated and accumulated at triple

junctions due to GB sliding. More precisely, a stable

nanocrack is nucleated at a triple junction after just

several (about 5) acts of the GB dislocation transfor-
mation (Fig. 2) have occurred at the triple junction. In

contrast, enhanced diffusion processes are capable of

suppressing the nanocrack generation at triple junctions

in mechanically loaded nanocrystalline materials in

which the lattice dislocation slip (causing increase of GB

diffusion coefficient) and GB sliding act as dominant

deformation mechanisms.

The theoretical model suggested in this paper ac-
counts for experimental observation [5] of nanocracks

nucleated at triple junctions in deformed nanocrystalline

Ni samples exhibiting a substantial ductility. These

samples were fabricated by electrodeposition methods,

taking care about absence of nanocracks and nanopores

in as-prepared state. Therefore, triple junction nano-

cracks observed by Kumar et al. [5] in ‘‘in-situ’’ exper-

iments during plastic deformation in nanocrystalline Ni
are definitely induced by deformation processes. Notice

that our model predicts a certain stability of triple

junction nanocracks. This prediction is in agreement

with experiments [5] in which a good ductility of de-

formed nanocrystalline materials and a non-cata-

strophic character of failure processes have been

detected. Also, lattice dislocation slip and GB sliding

have been identified as dominant deformation modes in
nanocrystalline materials exhibiting a substantial duc-

tility [5] and superplasticity [17,19]. This corresponds to

basic statements of our model, because the lattice dis-

location slip supplies lattice dislocations to GBs where

they split into sessile and mobile GB dislocations. These

mobile GB dislocations move through triple junctions

and cause the dislocation charge storage (Fig. 1) fol-

lowed by nanocrack nucleation (Fig. 2) at these junc-
tions. In this context, however, it should be noted that

the suggested mechanism for nucleation of triple junc-

tion nanocracks may be not effective in nanocrystalline

materials with the very fine grain sizes d < 30 nm. Ac-

tually, lattice dislocation slip is suppressed in very small

nanograins [47,48], in which case it can not support in-

tense GB sliding. In addition, GB dislocation pile-ups

can not be sustained in nanocrystalline materials with
very fine grain sizes. As a corollary, movement of GB

dislocations through triple junctions is hampered in such

materials, compared to nanocrystalline materials with
relatively large grains where the stress concentration at

GB dislocation pile-up heads enhances movement of GB

dislocations through triple junctions [23].

Finally, notice that the suggested model is effective in

a description of failure processes in mesoscale ceramic
crystals where lattice slip is suppressed but GB sliding is

allowed (for details, see [49] and references therein). The

cracks at triple junctions of grain boundaries in such

mesoscale crystals are able to nucleate due to GB sliding

in the same way as triple junction nanocracks in nano-

crystalline materials (Fig. 2).
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