
84 I A  Ovid’ko and A G  Sheinerman

© 2014 Adva]ced Study Ce]ter Co. Ltd.

Rev. Adv. Mater. Sci. 39 (2014) 84-91

Corresponding author: I.A. Ovidko, e-mail: ovidko@nano.ipme.ru

CRACK  GENERATION  INITIATED  BY  NANOSCALE  IDEAL
SHEAR  IN  CRYSTALLINE,  NANOCRYSTALLINE  AND

METAL-CERAMIC  NANOCOMPOSITE  SOLIDS

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

1St. Petersburg State Polytechnical University, St. Petersburg 195251, Russia
2Department of Mathematics and Mechanics, St. Petersburg State University, St. Petersburg 198504, Russia

Received: October 03, 2014

Abstract. A new special mechanism of crack generation in single-phase crystalline, nanocrystalline
and metal-ceramic nanocomposite solids deformed at ultrahigh stresses is suggested and
theoretically examined. Crack generation is preceded by homogeneous formation of a nanoscale
configuration of three non-crystallographic partials whose Burgers vector magnitudes continu-
ously grow during the formation process at high shear stresses. Then a crack is generated at the
dislocation with the largest Burgers vector magnitude. It is shown that cracks can be effectively
generated by this mechanism in Ni (nickel), 3C-SiC (the cubic phase of silicon carbide) and
metal-ceramic nanocomposites deformed at ultrahigh stresses.

1. INTRODUCTION

Nanocrystalline materials show unique mechanical
characteristics (superior strength, etc.) that repre-
sent the subject of intensive research efforts; see,
e.g., reviews [1–14]. The u]ique characteristics are
associated with non-conventional plastic flow
mechanisms operating in nanomaterials; see, e.g.,
reviews [1–14] a]d research papers [15–20]. I] par-
ticular, the action of standard dislocation sources
(like Frank-Read ones) is suppressed by nanoscale
and grain boundary (GB) effects in nanomaterials,
and GBs serve as obstacles for lattice dislocation
slip. In this situation, quasistatic plastic deforma-
tion of nanomaterials is hampered and occurs at
stresses highly exceeding those causing plastic
deformation of their coarse-grained counterparts
(e.g., [1–14]). Very high stresses ofte] i]itiate fast
generation and growth of cracks in nanomaterials
which thereby tend to show the brittle fracture be-

havior. The discussed behavioral features of
nanomaterials at a quasistatic mechanical load are,
in part, similar to those of conventional crystalline
(coarse-grained polycrystalline and single crystal-
line) solids deformed at high-strain-rate and indenter
load regimes. Shock wave deformation of crystal-
line solids commonly occurs at extra high stresses,
involves non-standard mechanisms for lattice dislo-
cation nucleation and plastic flow, and often initiates
brittle cracks [21]. In particular, following Meyers
[21], the action of ultrahigh shear stresses near the
shock wave front is capable of causing homoge-
neous local nucleation of lattice dislocations. In the
two-dimensional model picture of this process, two
lattice dislocations of opposite Burgers vectors
nucleate at one point and slip over short distances
in opposite directions [21] (Figs. 1a-1d). Disloca-
tions nucleating in the homogeneous way are viewed
to crucially contribute to plastic flow near the shock
wave front [21].
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Recently, it has been suggested that homoge-
neous non-local nucleation of lattice dislocations
occurs in nanocrystalline materials [22],
nanocomposites [23], nanoscale films [24,25],
nanowires [26,27], and Gum Metals [28]. (In doing
so, in the two-dimensional case, two non-crystallo-
graphic partial dislocations nucleate by a nanoscale
ideal shear at two points joined by a generalized
stacking fault, while their Burgers vector magnitude
continuously grows (from 0) during the nucleation
process [22–28] (Figs. 1a, 1e-1g). Rece]tly, this
process in titanium alloys has been experimentally
docume]ted i] “i] situ” observatio]s by high-reso-
lution electron microscopy [29]. In these materials,
the homogeneous non-local nucleation in
nanomaterials occurs at a stress level lower than
that causing the homogeneous local nucleation of
dislocations. In the context discussed, one expects

Fig. 1. Local (a-d) and non-local (a, e-g) generation of a dislocation dipole under the action of an ultrahigh
stress. Local generation of a dislocation dipole implies generation of a  dipole of lattice dislocations at close
proximity to each other followed by an increase of the distance between the dislocations. Non-local genera-
tion of a dislocation dipole involves the generation of a dipole of non-crystallographic dislocations with small
Burgers vector magnitudes (joined by a generalized stacking fault). In this process, the magnitude of the
dislocation Burgers vectors increase and eventually reaches that of lattice dislocation Burgers vectors.  The
wavy line represents the generalized stacking fault between dislocations with non-crystallographic Burgers
vectors.

that homogeneous non-local nucleation of lattice
dislocations can occur near the shock wave front in
crystalline, nanocrystalline and nanocomposite sol-
ids. With the dominant role of dislocations gener-
ated in the (local and/or non-local) homogeneous
way in high-strain-rate deformation, these disloca-
tions are expected to cause strong effects on frac-
ture of crystalline, nanocrystalline and
nanocomposite solids deformed at high stresses.
Similar processes and effects can occur at high
stresses generated in solids under indenter load-
ing. The main aim of this paper is to suggest and
theoretically describe a new mechanism for crack
nucleation involving non-local homogeneous pro-
cesses of dislocation nucleation in GBs, interphase
boundaries and grain interiors of crystalline,
nanocrystalline and metal-ceramic nanocomposite
solids deformed at ultrahigh stresses.
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2. GEOMETRY OF CRACK
GENERATION INITIATED BY
NANOSCALE IDEAL SHEAR IN
SOLIDS

Let us consider the geometric aspects of the spe-
cial mechanism for crack generation involving non-
local homogeneous processes of dislocation nucle-
ation in crystalline (single crystalline and coarse-
grained polycrystalline) solids deformed at ultrahigh
stresses. For simplicity, we consider here the model
case where the specimen is under a uniaxial ten-
sile load 

0
, although our analysis can be extended

to more typical situations of uniaxial compression
or more complicated stress states typical of shock
loading. The only requirement in all the cases is the
action of high shear stresses at different disloca-
tion slip planes during mechanical loading. Within
our model, the mechanism for crack generation is
realized as a two-stage process (Fig. 2) in a region
where high shear stresses operate. In its initial state,
the region is free from any defects (Fig. 2a). The
first stage of the mechanism represents the non-
local homogeneous nucleation of a nanoscale con-
figuration of three non-crystallographic partials whose
Burgers vector magnitudes continuously grow dur-
ing the nucleation process at ultrahigh shear
stresses ]ear the shock wave fro]t (Figs. 2b–2d).
Then a crack is generated at the dislocation with
the largest Burgers vector magnitude (Fig. 2e).

As to more details, at the first stage, the shear
stress  induces the homogeneous generation of
three edge dislocations, A, C

1
, and C

2
, through ideal

nanoscale shears (Fig. 2b). This mechanism has
bee] co]sidered i] detail i] Refs. [22–28]. I] spirit
of the approach [22–28], the dislocatio]s A, C

1
, and

C
2
 are characterized by Burgers vector magnitudes

B, s
1
, and s

2
, respectively, that gradually increase

(from 0) during their formation process (Fig. 2b). The
dislocations C

1
 and C

2
 are connected with disloca-

tion A by two planar defects called generalized stack-
ing faults. According to the dislocation charge con-
servation law, the total Burgers vector of the three
dislocations is equal to zero. Let the dislocations
form in two planes symmetric about the plane nor-
mal to the tension direction. We assume that under
the action of a very high shear stress the Burgers
vectors of the dislocations increase until their mag-
nitudes become equal to the magnitudes of the
Burgers vectors of a lattice dislocation, and the
stacking faults that join dislocations C

1
 and C

2
 with

dislocation A disappear (Fig. 2c). After that, dislo-
cations C

1
 and C

2
 move away from dislocation A

Fig. 2. Formation of a dislocation with a large
Burgers vector and crack in a deformed solid as a
result of ideal local shears. (a) Initial dislocation-
free state. (b) Dislocation A, B and C with growing
Burgers vectors are formed in the deformed solid.
Dislocations B and C are joined with dislocation A
by stacking faults. (c)  The Burgers vectors magni-
tudes of dislocations A, B and C reach those of
lattice dislocations. As a result, stacking faults dis-
appear. (d) Under the action of the applied stress,
dislocations B and C move away from dislocation
A. (e) New dislocations with growing Burgers vec-
tors nucleate by local shears. The Burgers vector
magnitude of dislocation A increases. (f) A crack
nucleates at dislocation A.
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(Fig. 2d). The above process sequentially repeats (Fig. 2e) and eventually results in the formation of a
dislocation A with a large Burgers vector. When the Burgers vector magnitude of dislocation A becomes
large enough, a crack nucleates at this dislocation (Fig. 2f). Thus, sequential formation of dislocations with
increasing Burgers vectors under an ultrahigh shear stress can lead to the generation and subsequent
growth of a crack.

In order to calculate the conditions for crack generation, we consider a mechanically loaded solid
containing a dislocation with the Burgers vector B-s

1
-s

2
 directed as shown in Fig. 3a. We suppose that the

shear stress forces this dislocatio] to ‘emit’ two ]o]-crystallographic dislocatio]s with the Burgers vectors
-s

1
 and -s

2
, connected by stacking faults with the pre-existent dislocation. As a result, the dislocation with

the Burgers vector B-s
1
-s

2
 transforms into the dislocation with the Burgers vector B, connected by stacking

faults with the dislocations having the Burgers vectors -s
1
 and -s

2
 (Fig. 3b). The magnitudes of the Burgers

vectors -s
1
 and -s

2
 are assumed to be identical, they are designated by s, the length of stacking faults is

specified by d, and the angle between the Burgers vectors -s
1
 and -s

2
 and the plane normal to the load

direction is denoted as . Then the magnitude of the Burgers vector B-s
1
-s

2
 equals to B-2s sin .

3. ENERGY AND STRESS CHARACTERISTICS OF CRACK GENERATION
THROUGH NANOSCALE IDEAL SHEAR IN CRYSTALLINE AND
NANOCRYSTALLINE METALS AND CERAMICS

In our analysis of the dislocation reaction illustrated in Fig. 3, we assume that this reaction can occur if it is
energetically beneficial and calculate the energy variation W associated with the dislocation reaction. The
energy variation W is defined as the difference of the system energies after the dislocation reaction (see
Fig. 3b) and prior to it (Fig. 3a).  In the elastically isotropic case, the energy W (per unit length of
dislocations) is calculated as

 sf

D B s d
W B s B s

B B

d d B
s sd p d

s s s

2

2 2

0

2 sin
2sin ln 4 2 sin sin ln 1

2

2 sin
2 1 cos 2 ln 2sin 1 2ln ln sin2 2 ( ) ,

  

   







 (1)

where D = G/[2 (1 - )], G is the shear modulus,  is Poisso]’s ratio, p = s/b, b is the magnitude of the
elementary Burgers vector of a lattice dislocation in a non-stressed lattice, and 

sf
(p) is the energy of the

generalized stacking fault per its unit area. The energy change associated with the first dislocation reaction
(characterized by the formation of dislocations -s

1
 and -s

2
joined by stacking faults with the dislocation

s
1
+s

2
) is equal to W(B = 2s sin ).

Fig. 3. Geometry of the dislocation reaction in a deformed crystalline solid. A dislocation with the Burgers
vector B-s

1
-s

2
 (a) transforms into the dislocation with the Burgers vector B joined by generalized stacking

faults with the dislocations with the Burgers vector -s
1
 and -s

2
 (b).
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Let us plot the dependences W(s/b) for the
exemplary case of Ni characterized by the follow-
ing values of parameters: G = 73 GPa, = 0.34,
and b = 0.25 nm. For Ni, the dependence 

sf
(p) has

been found to be as follows [30]:

m

m m

sf

m

p p

p p p

p p
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For definiteness, we put = /4, and d = 15 nm.
The dependences W(s/b) for different values of 

0

are shown in Fig. 4a. As it follows from Fig. 4a, the
dependences W(s/b) have complicated characters.
It is seen that the dislocation reaction requires over-
coming an energetic barrier. This energetic barrier
is absent in the case of a very high stress 

0
 (11.5

GPa or more). However, this stress exceeds the
theoretical fracture stress for Ni and, therefore, this
case is not shown in Fig. 4a. To estimate the criti-
cal stress for the formation of lattice dislocations
by local shears, we assume that this process is

Fig. 4. The energy variations W (a) and W’ (b)
associated with the emission of lattice (a) and grain
boundary (b) dislocations by ideal local shears vs.
the normalized magnitudes s/b (a) and s/b

GB
 (b) of

the dislocation Burgers vectors. possible if W(p = 1)  0 and ( W/ p)|
p=1

 0. In
this case, the dislocation reaction requires overcom-
ing an energetic barrier. We assume that this ener-
getic barrier can be surmounted through thermal fluc-
tuations during mechanical loading. Then for the case

= /4 and d = 15 nm, these conditions are satis-
fied if  

0 
> 4.9 GPa and 

0 
> 7.9 GPa, at B = 0.7 nm

and B = 1.5 nm, respectively.
We now consider nanocrystallne materials con-

taining large amounts of grain boundaries (GBs) and
their triple junctions. In nanocrystalline materials,
there is a typical situation where dislocations with
the Burgers vectors -s

1
 and -s

2
 are generated at GBs

(Fig. 5). In doing so, the Burgers vectors of the dis-
locations formed due to ideal nanoscale shears in-
crease until their magnitudes reach the magnitude
b

GB
 of the Burgers vector of GB dislocations (b

GB

b/3). In order to calculate in a first approximation
the energy W’(s/ b

GB
) characterizing the formation

of a dipole of non-crystallographic GB dislocations,
we use the expression for W’(s/ b), where we re-
place b by b

GB
 and multiply the specific energy

sf
(s/ b

GB
) of the stacking fault by a factor of 0.1. The

introduction of the latter factor accounts for the fact
that the energy of a stacking fault in a GB is much
smaller than in a grain interior.

The dependences W’(s/ b
GB

) for Ni with =
/4, B = 0.7 nm, d = 15 nm and different values of 

0

Fig. 5. Geometry of the dislocation reaction in a
deformed nanocrystalline solid. (a) Nanocrystalline
solid under a tensile load (general two-dimensional
view). (b,c) A dislocation with the Burgers vector B-
s

1
-s

2
 (b) transforms into the dislocation with the

Burgers vector B joined by grain boundary general-
ized stacking faults with the dislocations with the
Burgers vector -s

1
 and -s

2
 (c).
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are shown in Fig. 4b. As is seen in Fig. 4b, if the
stress 

0
 is not too high, the dislocation reaction

requires surmounting an energetic barrier (see the
two upper curves in Fig. 4b). However, for high
enough stress, this reaction can occur in a non-
barrier way (see the lowest curve in Fig. 4b). For
the parameter values used in Fig. 4b, the non-bar-
rier dislocation formation by local shears is pos-
sible at 

0
>6.3 GPa. Considering the formation of

GB dislocations by local shears, we assume, as
previously, that this process is possible if W’(s/
b

GB 
= 1)  0 and 

s b
W s b

GB
GB / 1

( / ( / )) | 0. For the
case Ni with = /4 and d = 15 nm, these condi-
tions are satisfied if 

0 
> 4.2 GPa and 

0 
> 7.4 GPa,

at B = 0.7 nm and B = 1.5 nm, respectively.
The conditions for the formation of local shears

have also been performed for 3C-SiC characterized
by the following parameter values: G = 160 GPa,

= 0.45, and b = 0.435 nm. Since the specific
stacking fault energy for 3C-SiC is extremely low
(

0 
= 10-4 J/m2 [31]), the energy 

sf
(p) of the general-

ized stacking fault can be neglected for this mate-

rial. Then, for = /4, B = 2b 2 = 1.23 nm, and
d = 15 nm, we obtain that the formation of lattice
dislocations by local shears is possible if 

0 
> 28

GPa. This stress exceeds the theoretical fracture
strength for 3C-SiC, and so the formation of lattice
dislocations by local shears in 3C-SiC is not likely.
At the same time, the formation of GB dislocations
by local shears in nanocrystalline 3C-SiC is pos-
sible if 

0 
> 17 GPa. This stress level is also ex-

tremely high but can possibly be reached in 3C-SiC
in the course of shock loading.

Now let us calculate the conditions at which the
generation of the crack (Fig. 1e) formed at a dislo-
cation with a large Burgers vector B (formed as
shown in Figs. 2 and 4) is energetically favored. We
consider the situation where a high mechanical load
creates a dislocation with a large magnitude of the
Burgers vector, after which the load is removed. Note
that very high shear stresses typically operate at
deformation tests (high-strain-rate deformation, in-
denter load, high-pressure load in diamond anvils)
related to high-stress compression that hinders
crack generation. However, for a short time period
immediately after the deformation test, the disloca-
tions with large Burgers vectors are logically as-
sumed to exist (Fig. 1d) and initiate cracks (Fig.
1e). In order to calculate the conditions at which
the crack generation (Fig. 1e) is energetically fa-
vored, we use the energy criterion of crack growth
[24]. Then the growth of the crack is energetically
beneficial, if the crack length l is smaller than its
equilibrium length l

e
 (l < l

e
), where

e

e

GB2

.
8 1

l  (3)

e 
=  for an arbitrary crack in a ceramic and an

intragrain crack (GB crack) in a metal, and 
e 
=  -

b
/2 for a GB crack in a metal,  is the specific sur-

face energy, and 
b
 is the GB energy per its unit

area. The term 
b
/2 appears in formula (3) because

GB cracks in metals are supposed to remove a frag-
ment of GB characterized by excess specific en-
ergy 

b
. For Ni, we have:  2 J/m2, 

b 
= 0.69 J/m2.

With these values of  and 
b
, we obtain for the case

of a GB crack that at B = 0.7 nm, l
e
 = 1.3 nm. In

this case, the equilibrium crack length is extremely
small. However, in the case B=1.5 nm, one obtains:
l
e
 = 6 nm, so that the equilibrium crack length sub-

stantially increases. For a GB crack in 3C-SiC, at
B = 1.23 nm,  2 J/m2 (an estimate of surface
energy for 6H-SiC [33]) and 

b 
= 0/8 J/m2, we have

l
e
 = 11 nm. This means that dislocations with large

Burgers vectors formed during mechanical loading
can induce the formation of nanocracks that can
promote further fracture of the nanocrystalline solid.

4. ENERGY AND STRESS
CHARACTERISTICS OF CRACK
GENERATION THROUGH
NANOSCALE IDEAL SHEAR IN
METAL-CERAMIC
NANOCOMPOSITES

We now consider crack generation through
nanoscale ideal shear in metal-ceramic
nanocomposites having two typical structures (see,
e.g., [1,3,34,35]): nanocrystalline nanocomposites
containing metallic and ceramic nanograins (Fig.
6), and microcrystalline-metal-matrix nanocompos-
ites containing ceramic nanoparticles at GBs (Fig.
7). In these situations, non-crystallographic dislo-
cations having the Burgers vectors-s

1
 and -s

2
 are

generated at interphase boundaries (Figs. 6 and 7).
For the estimates of the energy and stress charac-
teristics of the crack generation through nanoscale
ideal shear in metal-ceramic nanocomposites, one
needs to know the energy of generalized stacking
faults within interphase boundaries. In general, metal-
ceramic interphase boundaries carry both dilatation
and orientation mismatches between adjacent crys-
tallites. Such boundaries possess very different struc-
tures and thereby are specified by widely varying
values of the generalized stacking fault energy 

SF-IB

(being highly sensitive to the interphase boundary
structure). In this case, for the aims of this paper,
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we will use the following approximate estimates for
the energy in question:

SF-IB
= m

sf
, where the factor

m is in range from 0.05 to 2, and 
sf
 is the general-

ized stacking fault energy in the metallic phase.
For simplicity, in a first approximation, we will also
characterize metal-ceramic nanocomposites as iso-
tropic solids characterized by averaged elastic
moduli. To do so, we will employ the Reuss ap-
proximation, where the effective Young moduus  of
a metal–ceramic ]a]ocomposite is give] as follows
(e.g., [36]): E=E

1
E

2
/(E

1 2 
+ E

2 1
). Here E

1
 and E

2

are the Young moduli of the metal and ceramic
phase, respectively, while 

1
 and 

2
 are the volume

fractions of the metal and ceramic phases. Simi-
larly, we i]troduce the effective Poisso]’s ratio as

= (
1 1

E
2 
+ 

2 2
E

1
)/(E

1 2 
+ E

2 1
), where 

1
 and 

2

are Poisso]’s ratios of the metal a]d ceramic phase,
respectively.

We ]ow focus o] the case of Ni–3C-SiC (metal-
ceramic) nanocomposites. For definiteness, we put

1 
= 0.7 and 

2 
= 0.3 and = /4, which yields: s

1 
=

s
2 
= s. Employing the relation G = E/[2(1 + )] and

the elastic moduli of Ni and 3C-SiC specified above,
one obtains the following averaged elastic constants
of the Ni–3C-SiC ]a]ocomposite: G = 87 GPa and

= 0.36. Although we co]sider Ni–3C-SiC i]ter-
phase boundaries as incoherent, we assume that

Fig. 6. Geometry of the dislocation reaction in a
deformed nanocrystalline nanocomposite contain-
ing metallic and ceramic nanograins. (a)
Nanocrystalline nanocomposite under a tensile load
(general two-dimensional view). (b,c) A dislocation
with the Burgers vector B-s

1
-s

2
 (b) transforms into

the dislocations with the Burgers vectors B, -s
1
 and

-s
2
 (c).

Fig. 7. Geometry of the dislocation reaction in a
deformed microcrystalline-metal-matrix nanocom-
posite containing ceramic nanoparticles at grain
boundaries. (a) Microcrystalline-metal-matrix
nanocomposite under a tensile load (general two-
dimensional view). (b,c) A dislocation with the
Burgers vector B-s

1
-s

2
 (b) transforms into the dislo-

cation with the Burgers vectors B, -s
1
 and -s

2
 (c).

the shear along the interfaces associated with the
formation of non-crystallographic dislocations in-
creases the specif ic interphase energy by

SF-IB
=m

sf
. Here for a rough estimate of the depen-

dence of 
sf
 on s, we exploit formula (2), where we

put p = s/b
i
 and b

i
 = 0.1 nm.

Then from formulas (1) and (2) one obtains that,
for = /4 and d = 15 nm, the dislocation reaction
shown in Figs. 6 and 7 occurs at 

0 
> 5.6–5.8 GPa

at B = 0.7 nm, and at 
0 
> 9.2–9.3 GPa at B = 1.5

nm (for m = 0.05 to 0.2). For the case of a GB crack
in the Ni phase, the equilibrium crack lengths are
l
e 
= 1.7 nm for B = 0.7 nm and l

e 
= 7.6 nm. This

means that, as in the case of nanocrystalline Ni,
the generation of a GB nanocrack with a length of
several ]a]ometers or more i] the Ni–3C-SiC
nanocomposite requires the formation of a disloca-
tion with the magnitude of the Burgers vector of
around 1.5 nm or more. Such dislocations can be
generated at ultrahigh stresses, for example, in the
course of shock loading.

5. SUMMARY

Thus, we have suggested a mechanism for brittle
fracture of solids at ultrahigh stresses arising in the
course of shock loading in single-phase and
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nanocomposite materials. This mechanism involves
homogeneous generation of dislocations with grow-
ing Burgers vectors resulting in the formation of dis-
locations with large Burgers vectors, which, in turn,
induce the formation of nanoscale cracks. Such
nanocracks can serve as carriers of fracture and
promote failure of materials.
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