
54 I A  OPCdTEI and A .  SBeCneLGan

© 2014 Advanced Study Center Co. Ltd.

Rev. Adv. Mater. Sci. 39 (2014) 54-60

Corresponding author: I.A. Ovid'ko, e-mail: ovidko@nano.ipme.ru

EFFECT  OF  COOPERATIVE  GRAIN  BOUNDARY  SLIDING
AND  NANOGRAIN  NUCLEATION  ON  CRACK  GROWTH

IN  NANOCRYSTALLINE  MATERIALS  AND
METAL-CERAMIC  NANOCOMPOSITES

I.A. Ovid’ko1,2,3 and A.G. Sheinerman1,2,3

1St. Petersburg State Polytechnical University, St. Petersburg 195251, Russia
2Institute of Problems of Mechanical Engineering, Russian Academy of Sciences, Bolshoj 61,

Vasilievskii Ostrov, St. Petersburg 199178, Russia
3Department of Mathematics and Mechanics, St. Petersburg State University, St. Petersburg 198504, Russia

Received: September 29, 2014

Abstract. A new mechanism of fracture toughness enhancement in nanocrystalline materials
and metal-ceramic nanocomposites is suggested. The mechanism represents the cooperative
grain boundary sliding and nanograin nucleation (CGBSNN) process near the tips of growing
cracks. It is shown that this mechanism can increase the critical stress intensity factor for crack
growth in nanocrystalline and nanocomposite materials at least by a factor of 2 to 3 (or even more
in some cases), as compared to the case of pure brittle fracture, and thus considerably en-
hances the fracture toughness of such materials.

1. INTRODUCTION

Single-phase nanocrystalline materials (NMs) and
nanocrystalline-matrix composites (NMCs) show
excellent mechanical properties that are of high in-
terest from both fundamental and applied viewpoints
(see, e.g., original papers [1–16] and reviews [17–
23]). First of all, these solids are specified by supe-
rior strength and hardness. At the same time, single-
phase NMs and NMCs are often characterized by
low values of ductility and fracture toughness, which
severely li]it their practical utility [17–23]. However,
in some cases, NMs and NMCs show considerable
tensile ductility at roo] te]perature [11,17,24–26]
as well as functional fracture toughness [27–31].
One of logical explanations of enhanced ductility
and/or functional fracture toughness in several
nanomaterials is based on the ideas that specific
deformation modes operate on the nanoscale, and,
in several cases, these modes are effective in pro-

viding enhanced ductility and/or toughness; for a
review, see [32]. In particular, grain boundary (GB)
sliding is viewed to be a GB deformation mode that
often crucially contributes to plastic flow and tough-
ness enhance]ent in nanocrystalline ]aterials [17–
23,33]. Recently, it has been theoretically revealed
that, in nanocrystalline materials, GB sliding can
cooperatively and effectively operate with other GB
deformation modes, such as stress-driven GB mi-
gration [34] and stress-driven nanograin nucleation
[35]. In the former case, the cooperative GB sliding
and migration process has been theoretically rec-
ognized as the nanoscale deformation mode that
can very effectively improve fracture toughness of a
nanocrystalline specimen where it operates [36].
At the same time, the effect of another cooperative
defor]ation ]ode – the cooperative GB sliding and
nanograin nucleation (CGBSNN  process – on frac-
ture toughness in nanomaterials is unclear. The main
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aim of this paper is to theoretically describe the
role of the CGBSNN process in hindering crack
growth and estimate the effect of this process on
fracture toughness in single-phase NMs and metal-
ceramic nanocomposites.

2. COOPERATIVE GRAIN BOUNDARY
MIGRATION AND NANOGRAIN
NUCLEATION NEAR A CRACK TIP.
MODEL

Let us consider the geometric features of the
CGBSNN in a deformed nanocrystalline specimen
containing a crack (Fig. 1). Within our model, the
crack is flat, and the specimen is under a tensile
load 

0
 normal to the crack plane (Fig. 1a). The ap-

plied load and high stress concentration near the
crack tip can induce both GB sliding and GB split-
ting followed by migration of the new GB, in which
case a and new nanograin nucleates near this crack
tip (Fig. 1). These processes release, in part, high

Fig. 1. Grain boundary deformation processes in
nanocrystalline specimen near a crack tip. (a) Gen-
eral view. (b) Initial configuration I of grain bound-
aries. (c) Configuration II results from pure grain
boundary sliding. Dipole of disclinations AC is gen-
erated due to grain boundary sliding. (d) Configura-
tion III results from cooperative grain boundary slid-
ing and nanograin nucleation process. Five
disclinations at points A, B, C, D and E are gener-
ated due to this cooperative process.

elastic stresses near the crack tip and thereby can
slow down crack growth. It is logically assumed that
the intensity of CGBSNN process and its effect on
crack growth strongly increase with a decrease of
the distance between the crack tip and GBs involved
in this process. With this assumption, the domi-
nant effect of the CGBSNN process on crack propa-
gation is caused by this process in vicinity of the
crack tip.

Let us consider geometry of the CGBSNN pro-
cess in a nanocrystalline speci]en (Fig. 1 . Fig.
1a shows a two-dimensional section of a deformed
nanocrystalline specimen. Within the model [35],
sliding along the GB A

1
A by a distance x occurs

under the applied stress and transforms the initial
configuration I of GBs (Fig. 1b) into configuration II
(Fig. 1c). GB sliding is assumed to be accommo-
dated, in part, by emission of lattice dislocations
from triple junctions (Fig. 1c). Besides, following
[37,38], GB sliding results in the formation of a di-
pole of wedge disclinations A and C in configuration
== (Fig. 1c  characterized by strengths ± , whose
magnitude  is equal to the tilt misorientation of the
GB (AB is assumed to be a symmetric tilt bound-
ary). The distance between the disclinations A and
C is has an arm equal to the magnitude x of the
relative displacement of grains (Fig. 1c).

We further assume [35] that, in parallel with GB
sliding, nanograin nucleation occurs as well. Dur-
ing this process, the GB AB splits into the two GB
fragments: the immobile fragment (also called AB)
and the mobile GB fragment DE, which, for simplic-
ity, is supposed to be a symmetric tilt boundary.
The GB fragment DE under the action of the re-
solved shear stress moves over the distance y from
its initial position AB (Fig. 1d). Hereinafter, for sim-
plicity, we consider the GB configuration with pla-
nar and parallel GBs AC and BE, in which case the
length of the migrating GB does not change. Fol-
lowing [35,39,40], the splitting and migration of the
GBs under consideration lead to the following trans-
formations of the GB disclinations: (1) the
disclination A characterized by the strength in its
initial state (Fig. 1c) splits into the new disclination
A with the strength  - ’ and the new disclination D
with the strength ’ (Fig. 1d); (2) a new disclination
dipole BE with disclination strengths ± ’ is formed
(Fig. 1d). In doing so, the strength ’ is equal by
magnitude to the misorientation angle of the new
GB DE. The area ADEB represents a new nanograin
whose formation is associated with migration of the
GB DE and corresponding movement of disclination
dipole DE.
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3. EFFECT OF COOPERATIVE GRAIN
BOUNDARY MIGRATION AND
NANOGRAIN NUCLEATION ON
CRITICAL STRESS INTENSITY
FACTOR IN NANOCRYSTALLINE
SOLIDS

Now let us consider the effect of the applied tensile
load and a long flat mode I crack on the CGBSNN
process in a nanocrystalline speci]en (Fig. 1 . The
specimen is supposed to be an elastically isotropic
solid characterized by the shear modulus G and
Poisson’s ratio . The vertical GB is assumed to be
normal to the crack growth direction and make an
angle  with the grain boundaries AA

1
 and BB

2
 (Fig.

1b). Let the triple junction A be distant by p from the
crack tip and the length of all GBs in the initial state
(Fig. 1b  be denoted as d. In order to calculate the
parameters of the CGBSNN process, first, let us
calculate the energy change W associated with
the formation of the disclination configuration shown
in Fig. 1d. The energy change W can be written
as follows:

j j j j j j

j j
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in the polar coordinate system with the origin at the
crack tip (j = 1,2,3,4,5; see Fig. 1); 
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) is the energy of the interac-

tion between the jth and kth disclinations (in the
solid with a crack), A

sl
 is the work of the stress 

il

done on GB sliding, which does not account for the
formation of disclinations, and E

GB
 is the total

change of GB energies in the course of the CGBSNN
process. Values of the indices j=1,2,3,4 and 5 cor-
respond to the disclinations at points D, C, E, B
and A, respectively. The disclination strengths 
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= ’, 

2 
= - , 

3 
= - ’, 

4 
= ’, and

5 
= - ’. The coordinates (r
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In Eq. (1), we neglected the resistance to GB
sliding related to the “friction” of the grain boundary
AA

1
. The energy term W (r, , ) appearing in for-

mula (1) can be written as W (r, , ) = [G 2d2h(r/
d)]/[4 (1 - )], where h(r/d) is a known   function
[41]. Similarly, the energy term W
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-
(r, , ) is given as [36]:
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The work A
sl
 of the stress 

il
 done on GB sliding

is calculated as the work of the stress 
il
 neces-

sary to transfer a dislocation with the Burgers vec-
tor magnitude x (equal to the length of GB sliding)
across a grain boundary AA

1
 of length d [36]. In

doing so, one finds:
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where 
I

K  is the stress intensity factor associated
with the applied load 

0
.

Finally, the energy E
GB

 incorporates the energy
of the new GB DE, the energy of the new GB frag-
ment AC, and the energy variation of the GB AB
associated with the change of its misorientation.
For simplicity, we assume that the GBs A

1
A and

DE as well as the GB AB (both prior to and after its
splitting) represent high-angle GBs whose
misorientation angles are far from those of special
GBs. With this assumption, in a first approxima-
tion, we will think that the specific energies of all
these GBs do not depend on their misorientation
angles and are approximately the same. Then we
have: E

GB GB
(d + x), where 

GB
 is the typical spe-

cific GB energy.
Thus, we have obtained appropriate expressions

for all the energy terms appearing in Eq. (1) for the

???
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total energy W. With these formulas, we calcu-
lated the contour maps W (x/d, y/d) (Fig. 2), in the
situation with nanocrystalline Ni and br

I IC
K K . Here

br

IC
K G4 /(1 )  is the critical value of the stress

intensity factor in the absence of disclinations (that
is, in the case of brittle fracture) and  is the spe-
cific surface energy. In plotting Fig. 3, we used the
following typical values of parameters of
nanocrystalline Ni and its structure: G = 76 GPa, 
= 0.31, = 2 J/m2 [42], = 2 /3, d = 15 nm, p = d,
and = 30°. The curve with an arrow in Fig. 3 shows
the possible path of the system evolution. As it fol-
lows from Fig. 3, the minimum of W (x/d, y/d) cor-
responds to some equilibrium values x = x

0
 and y =

y
0
 of the lengths of sliding along the GB A

1
A and

migration of the new GB DE, respectively.
We now consider the effect of the disclination

configuration, resulting from the CGBSNN process,
on the fracture toughness of a nanocrystalline solid.
To do so, we will use the standard crack growth
criterion [43] based on the balance between the driv-
ing force related to a decrease in the elastic energy
and the hampering force related to the formation of
new free surfaces during crack growth. In the ex-
amined case of the plane strain state, this criterion
is given [43] by

I II
K K

G

2 21
2 ,

2
  (4)

Fig. 3. Normalized critical stress intensity factor
K

IC
/ br

IC
K  vs grain size d for nanocrystalline Ni.

Fig. 2. Contour map of the energy change W as-
sociated with the cooperative grain boundary slid-
ing and nanograin nucleation process (near the tip
of a large mode I crack in nanocrystalline Ni) in the
coordinate space (x/d, y/d). The energy W is given

where K
I
 (mode I) and K

II
 (mode II) are the stress

intensity factors for normal (to crack plane) and shear
loading, respectively. In the considered situation
where the crack growth direction is perpendicular
to the direction of the external load, the coefficients
K

I
 and K

II
 are given by the expressions

q q

I I I II II
K K k K k, ,   (5)

where q

I
k  and q

II
k  are the stress intensity factors re-

lated to the internal stresses created by the
disclinations located near the crack tip (Fig. 1).

Within the above macroscopic mechanical de-
scription, the effect of the local plastic flow – the
CGBSNN process resulting in the formation of
wedge disclinations – on crack growth can be ac-
counted for through the introduction of the critical
stress intensity factor K

IC
. In this case, the crack is

considered as that propagating under the action of
the tensile load perpendicular to the crack growth
direction, while the presence of the disclinations
simply changes the value of K

IC
 corresponding to

the case of brittle crack propagation. In these cir-
cumstances, the critical condition for the crack
growth can be represented as (e.g., [44]): 

I IC
K K .

With substitution of Eq. (5) into Eq. (4) and the
use of the critical condition 

I IC
K K , one finds the

following expression for K
IC

 [36,41]:

br q q

IC IC IIC IC
K K k k

2 2

.  (6)

The quantities in Eq. (6) are defined as follows:
br

IC
K G4 /(1 ) , as above, 

I IC

q q

IIC II K K
k k ,


 and

I IC

q q

IC I K K
k k .


 It should be noted that the quantities

q

IIC
k  and q

IC
k  depend on K

IC
, and, thus, Eq. (6) pro-

vides the appropriate formula for the determination
of K

IC
.

The quantities q

I
k  and q

II
k  appearing in the above

expression are given [36,41] by the following rela-

in units of 10-8 J/m.
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tions: q
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Using the above expressions, one can numeri-
cally solve Eq. (6) for K

IC
 in the following way. For a

preset value of 
I

K , one calculates the energy change
W and the equilibrium GB migration lengths x

0
 and

y
0
 that correspond to a minimum of W. Substitut-

ing the obtained values of x
0
 and y

0
 into Eqs. (7), we

deduce the values of q

IC
k  and q

IIC
k . Then we compute

the quantities q

IC
k  and q

IIC
k  with the assumption that

I
K  = K

IC
. On the next step, we calculate K

IC
 using

Eq. (6) and estimate the difference between the so
obtained value of K

IC
 and the value of 

I
K . Then we

vary the preset value of 
I

K  and repeat the above
procedure until the value of K

IC
 (given by Eq. (6))

becomes equal to the value of 
I

K  with sufficient
accuracy.

In order to estimate the effect of the disclinations
produced by the CGBSNN process (Fig. 1) on crack
growth, one should compare the critical stress in-
tensity factor K

IC
 with the quantity br

IC
K . To do so, we

have calculated the ratio K
IC

/ br

IC
K  in the case of

nanocrystalline Ni, for 
GB 

= 0.866 J/m2 [45] and vari-
ous values of . The dependences of K

IC
/ br

IC
K  on grain

size d are presented in Fig. 3 at p = d, for = 30°
and 45°. Fig. 3 demonstrates that the CGBSNN pro-
cess can increase K

IC
 by two to three times com-

pared to the case of brittle fracture. Also, Fig. 3
demonstrates that, as the grain size increases from
3 to 100 nm, the ratio K

IC
/ br

IC
K  first increases and

then decreases. The maximum values of K
IC

/ br

IC
K

correspond to grain sizes of 15 and 5 nm, for =
30° and 45°, respectively. In the corresponding
ranges of grain sizes exceeding these values (15
and 5 nm, for = 30° and 45°, respectively), the
ratio K

IC
/ br

IC
K  decreases with increasing grain size.

This implies that the enhancing effect of the exam-
ined deformation mechanism on the critical stress
intensity factor K

IC
 (characterizing fracture tough-

ness of nanocrystalline solids) is especially pro-
nounced for small grain sizes. This is in contrast to
the situation with lattice dislocation emission from
crack tips – the conventional toughening ]echa-
nis] in ]etallic ]aterials – whose enhancing ef-

fect on the fracture toughness of nanocrystalline
metals rapidly decreases with a decrease in grain
size [46].

4. CONCLUDING REMARKS

Thus, the results of our calculations show that co-
operative sliding along a single GB and nanograin
nucleation can make the critical stress intensity
factor K

IC
 several times larger. Apparently, coopera-

tive GB nanograin nucleation and sliding along vari-
ous GBs can increase the value of K

IC
 further and,

as a result, may lead to a significant improvement
of fracture toughness, as compared to the case of
pure brittle fracture. For example, if one supposes
that cooperative GB migration and sliding can in-
crease the value of K

IC
 by a factor of 6 (as com-

pared to the case of pure brittle intragrain fracture),
they would obtain: K

IC
 = 6 br

IC
K 5.33 MPa.m1/2 in the

case of nanocrystalline Ni. The obtained value of
K

IC
 for nanocrystalline Ni is still much smaller than

typical values of K
IC

 for polycrystalline Ni, which are
as large as several tens of MPa.m1/2. However, in

Fig. 4. Grain boundary deformation processes in
nanocrystalline metal-ceramic composites near a
crack tip. (a) General view. Metallic and ceramic
grains are schematically shown as blue and brown
polygons, respectively. (b) Initial configuration I of
grain boundaries. (c) Configuration II results from
pure grain boundary sliding. (d) Configuration III re-
sults from cooperative grain boundary sliding and
nanograin nucleation process.
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combination with other toughening mechanisms (lim-
ited dislocation emission from crack tips, stress-
driven GB migration, diffusion, etc.), the suggested
mechanism of cooperative GB sliding and nanograin
nucleation can result in good fracture toughness of
nanocrystalline materials, documented in several
experi]ents (e.g., [27–30] .

Finally, note that the suggested theoretical model
is relevant to the description of the effect caused by
the CGBSNN process on fracture toughness of
metallic and ceramic NMs as well as metal-ceramic
nanocrystalline composites (Fig. 4). In the latter
case, GB sliding (as a constituent of the CGBSNN
process) can occur along metal/metal, metal/ce-
ramic and/or ceramic/ceramic interfaces, depend-
ing on both their resistivity to this sliding and stress
levels near crack tips, and GB migration (as a con-
stituent of the CGBSNN process) can occur in me-
tallic and/or ceramic grains. This variety of constitu-
ent processes of the CGBSNN provides its flexibil-
ity and enhancement in metal-ceramic
nanocrystalline composites.
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