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Abstract. A theoretical model is suggested which describes nanoscale amorphization near
crack tips in pre-cracked nanocrystalline and ultrafine-grained solids under a mechanical load.
Within the model, the amorphization processes are associated with splitting transformations of
grain boundary (GB) disclinations whose formation is initiated by GB sliding in a solid. The
nanoscale amorphization carries local plastic deformation, releases in part high local stresses
near crack tips and thus hampers crack growth in nanocrystalline and ultrafine-grained solids.

1. INTRODUCTION

Nanocrystalline and ultrafine-grained materials have
specific structura] features – very sma]] sizes of
grains and large amounts of grain boundaries (GBs)
– responsib]e for their unusua] deformation behav-
iors; see, e.g., [1–12]. In particu]ar, nanocrysta]]ine
and ultrafine-grained materials are specified by very
high strength and hardness values exceeding 2-10
times those of their coarse-grained counterparts;
see reviews [1–7]. These mechanica] characteris-
tics are attractive for a range of structural applica-
tions of materials with nanocrystalline and ultrafine-
grained structures. However, as with other high-
strength solids, nanocrystalline and ultrafine-grained
materials typically have low ductility and toughness
]imiting their use in techno]ogies [1–7].  For instance,
low toughness of nanoceramics serves as a critical
parameter suppressing their wide applications as
structural materials [1,2,6]. At the same time, there
are several examples of large enough toughness
exhibited by nanoceramics [13–20], and these ex-
amples motivate search for approaches to system-

atic fabrication of nanocrystalline and ultrafine-
grained materials having simultaneously high
strength and good fracture toughness. In the con-
text discussed, it is highly interesting to identify
and describe the toughening micromechanisms that
operate in nanocrystalline and ultrafine-grained
materials, with their specific structural features taken
into account.
Fo]]owing experimenta] data [21–24], ]oca]

amorphization (crystal-to-glass transformation) rep-
resents one of the processes occurring in vicinities
of crack tips and thereby influencing crack growth
in conventional coarse-grained materials. These
amorphization processes at crack tips are described
as those related to either stress-induced shift in
melting/amorphization temperature [21,22] or in-
tense generation of a high density of vacancies [23]
in local regions near crack tips. Also, following ex-
perimental data, computer simulations and theoreti-
cal models, the initially crystalline structures can
be locally amorphized at very high stresses in sol-
ids free from cracks; see, e.g., [25–32]. Besides, in
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Fig. 1. Formation of an amorphous region around a disclination dipole near a crack tip in a nanocrystalline
specimen deformed by grain boundary sliding. (a) General view. (b) Grain boundary sliding occurs along
grain boundary II (AC  and resu]ts in transfer of both grain boundary I (from the position AA’ to the position
BB’ and the triple junction (from the position A to the position B) over the distance p. Also, a disclination
dipole (with the distance p between the wedge disclinations) is generated in the nanocrystalline specimen
due to grain boundary sliding. (c) Disclination dipole AB is equivalent to the wall of edge grain boundary
dislocations. (d) A rectangular amorphous region with the axes s and p forms around the wall of edge
dislocations. Each dislocations delocalizes in the amorphous region, providing a uniform distribution of
edge dislocations within this region. (e) The uniform distribution of edge dislocations in the amorphous
region is equivalent to two distributions of disclinations of opposite strength, located at two opposite bound-
aries of the rectangular amorphous region.

the case of polycrystalline and nanocrystalline sol-
ids, theoretical analysis [33] and computer simula-
tions [34] have demonstrated that nanoscale
amorphization can effectively occur at GBs and their
triple junctions as a process driven by relaxation of
the elastic energy of GB disclinations (rotational
defects) in the absence of any external mechanical
]oad. With the experimenta] data [21–24] as we]] as
the results of the theoretical model [33] and com-
puter simulations [34], it is logical to expect that
local amorphization processes at GB disclinations
can come into play near crack tips in nanocrystalline
and ultrafine-grained materials, where large amounts
of GBs are present. The main aim of this paper is to
suggest a theoretical model describing nanoscale
amorphization processes near crack tips in deformed
nanocrystalline and ultrafine-grained materials, with
their specific structural features taken into consid-

eration. Within our model, the amorphization pro-
cesses carry local plastic deformation and are as-
sociated with splitting transformations of GB
disclinations that result from GB sliding.

2. GEOMETRIC FEATURES OF
NANOSCALE AMORPHIZATION
PROCESSES NEAR CRACK TIPS
IN NANOCRYSTALLINE AND
ULTRAFINE-GRAINED SOLIDS

Let us consider a pre-cracked nanocrystalline solid
consisting of nanoscale grains divided by GBs. Let
the solid be under a remote tensile load and con-
tain a mode I crack whose tip approaches a triple
junction of GBs. A two-dimensional section of the
solid is schematically shown in Fig. 1a. For the aims
of this study, it is sufficient to use a two-dimen-
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sional picture that captures physics of the
amorphization process under our consideration.

GB sliding and other GB deformation mecha-
nisms crucially contribute to plastic flow in
nanocrystalline materials with finest grains (of sizes
20 nm  in wide temperature ranges [3–5]. A]so,

GB sliding serves as the dominant mode of super-
plastic deformation in nanocrystalline materials with
intermediate grains (of sizes ranging from approxi-
mately 20 to 100 nm) and ultrafine-grained materi-
als (having grain sizes in the range from approxi-
mately 100 to 1000 nm) at elevated temperatures
[1,3,7]. As a corollary, GB sliding can play an es-
sential role in nanoscale amorphization processes
in nanocrystalline and ultrafine-grained materials
during their (super)plastic deformation, and this as-
pect is involved in our model of such processes.

As to details, let us examine the situation where
the external load concentrated at the crack tip in-
duces GB sliding along one GB adjacent to the crack
tip in a nanocrystalline or ultrafine-grained speci-
men (Fig. 1 . Fo]]owing [35–37], GB disc]ination di-
poles typically form due to GB sliding. For instance,
Fig. 1b schematically shows the transfer of a high-
ang]e ti]t boundary I (from the position AA’ to the
position BB’  due to GB s]iding a]ong the high-ang]e
boundary II (AC). In the initial state, the triple junc-
tion A of high-angle GBs is supposed to be geo-
metrically balanced. (There is no angle gap at the
triple junction A or, in other words, the sum of tilt
misorientation angles at this triple junction is equal
to zero.) As a result of transfer, the angle gaps 
and -  appear at the GB junctions A and B, respec-
tively (Fig. 1b), where   is the tilt misorientation of
the high-ang]e boundary I [38–40]. In the theory of
defects in solids, the junctions A and B with the
angle gaps ±  represent wedge disclinations which
are characterized by the strengths ±  [41,42] and
form a dipole configuration. Hereinafter we consider
a GB disclination dipole produced by GB sliding,
located near a triple junction of GBs and character-
ized by both the disclination strength  and arm
(the distance between disclinations) p (Figs. 1a and
1b). In other terms exploited in the theory of defects
in solids [42], such a disclination dipole is equiva-
lent to a finite wall of GB dislocations distributed
between the points A and B (Fig. 1c).

We think that one of effective channels for relax-
ation of stresses created by the disclination dipole
is the nanoscale amorphization associated with
splitting transformations of GB dislocations, as it is
schematically shown in Figs. 1c and 1d. More pre-
cisely, the GB dislocations move during their split-
ting transformations and thereby carry local plastic

deformation (Figs. 1c and 1d). Since the GB dislo-
cations are not lattice ones, their movement is ac-
companied by formation of a disordered region
AXYB in the wake of the GB dislocations, as it is
schematically shown in Fig. 1d. This disordered
region is logically treated as the amorphous region.
That is, in the case under our examination, the
nanoscale amorphization occurs and serves as a
special mode of plastic deformation (see also [32]).
Its driving force is related to both a decrease in the
elastic energy of the GB dislocations and the work
of the plastic deformation carried by the GB dislo-
cations during their splitting.

 As to details, within our model, we consider a
rectangular amorphous region AXYB with sizes s
and p (Fig. 1d). For simplicity, as a first approxima-
tion, we assume that dislocations are continuously
distributed over the amorphous region with a con-
stant density (Fig. 1d). Although in practice, the
density of dislocations in a specified point of the
amorphous region should depend on the coordinate
of this point with respect to the crack tip, our ap-
proximation significantly simplifies the calculations
and, at the same time, gives us a rough estimate
for the critical parameters of the amorphization.

The continuous uniform distribution of edge dis-
locations shown in Fig. 1d can be considered as an
array of dislocation walls located between the op-
posite boundaries, AX and BY, of the amorphous
region. In the theory of defects [42], each disloca-
tion wall located between these boundaries is
equivalent to a dipole of wedge disclinations. As a
result, the uniform dislocation distribution over the
amorphous region (Fig. 1d) is equivalent to the two
uniform distributions of wedge disclinations over the
boundaries AX and BY (Fig. 1e). (This equivalence
is important for our examination, because it is con-
venient to use terms of disclinations in the calcula-
tions of the energy characteristics for the
amorphization process.) The disclinations at the
opposite boundaries AX and BY have opposite
strength. Both distributions of the disclinations are
characterized by the linear density 1/s. The total
strengths of the disclinations distributed over the
boundary AX and BY are  and - , respectively (Fig.
1e).

Thus, the amorphization (associated with local
plastic deformation) within a rectangular region
around GB disclination dipole (Fig. 1e) is accompa-
nied by the delocalization of the dipole of GB
disclinations over two boundaries of the amorphous
region. This scenario describes the nanoscale
amorphization at GB disclination dipoles produced
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by GB sliding in nanocrystalline and ultrafine-grained
materials.

3. ENERGY CHARACTERISTICS OF
NANOSCALE AMORPHIZATION
PROCESSES NEAR CRACK TIPS
IN NANOCRYSTALLINE AND
ULTRAFINE-GRAINED SOLIDS

In order to reveal the conditions for the generation of
the amorphous region around the disclination dipole
(Fig. 1e), we calculate the energy change W as-
sociated with its formation. The energy change W
can be presented as W = W2 - W1 , where W1 is
the energy of the initial state (prior to the
amorphization) (Fig. 1b), and W2 is the energy of
the final state containing an amorphous region (Fig.
1e). The formation of the amorphous region is ener-
getically favorable, if W < 0. The energy change

W  (per unit disclination length) can be represented
as follows:

cg gb am
W W W W W W ,


    (1)

where W  is the change of the disclination dipole
energy due to the amorphization, W   is the
change of the total energy of the interaction of the
disclinations with the stress field created by the
applied load near the crack tip, Wcg is the energy of
the boundary between the crystalline and amorphous
regions, Wgb is the energy of the GB fragments that
disappear due to the amorphization, and Wam is the
excess energy of the amorphous phase compared
to the crystalline state.

In the following, we model the nanocrystalline
specimen as an infinite elastically isotropic solid
with the shear modulus G and Poisson’s ratio 
and consider the crack as a semi-infinite one. In
this case, one of the disclinations composing the
dipole, by practice, is located at the crack free sur-
face and does not create any stresses. As a corol-
lary, the disclination dipole shown in Fig. 1b, in fact,
represents a disclination. We also introduce two
coordinate systems (x, y) and (x’, y’) with the origin
at the crack tip (Fig. 2). Let the x-axis lie in the
crack plane, the y’-axis correspond to the direction
of GB sliding, and the x’-axis to the direction of the
expansion of the amorphous nucleus (Fig. 2). Also,
let the angle between the x- and x’-axes be equal to

. The energy variation W  can be represented as
W  = Wdis - W , where Wdis is the self-energy of

the continuous distribution of the disclination dipoles
in the solid with a crack, and W  denotes the en-
ergy of the disclination of strength - , located near
the crack tip, at the point (x’=0, y’=p).

The proper energy W  of the disclination of
strength -  in an infinite isotropic solid with a semi-
infinite crack can be written [43] as

D p
W F

2 2

( ),
2

 (2)

where F( ) is the known function calculated in Ref.
[43], and D = G/[2 (1 - )].

The energy Wdis of the distribution of
disclination dipoles can be presented [44] in the
form:

p s

dis

dis x x x x
W x y*

0 0

(1/ 2) d d , 
   (3)

where dis

x x  is the component of the stress field cre-
ated by the distribution of the disclination dipoles,
and 

x x

*

 is the eigenstrain created by this disclination
distribution in the amorphous region. The stress dis

x x
created by the distribution of the disclination dipoles
is calculated using the expressions for the corre-
sponding component 

x x  of the stress field created
by the disclination of strength , located at the point
(x’ = x’0, y’ = y’0), in a solid with a crack, as follows:

s
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Fig. 2. Geometry of the amorphous region with
disclinations near a crack tip.
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The eigenstrain 
x x

*

 created in the amorphous region by the distribution of the disclination dipoles is
calculated using the expression [44] for the eigenstrain created by an individual disclination as

x x
y s* / .
  (5)

The expression for the stress 
x x  created by a disclination in an infinite isotropic solid with a flat semi-

infinite crack is given [45] by

x x
ge2 2 /Re 4 cos ,  (6)

where g z z( ) ,   and  and  are the complex potential of the disclination in the solid with a
crack, z = x + iy=(x’ + iy’ e-i  is the coordinate in the complex plane, and i = 1 . The expressions for the
complex potentials are as follows [43]:

z z z zD
z z z z z

z z z z

0 0 0 0

0 0

0

( ) ln ,
2 2


  


 (7)

z z z zD
z z z z z

z z z z

0 0 0 0

0 0

0

( ) ln ,
2 2


  


(8)

where z0 = x0 + iy0 = (x0’ + iy0’ e
-i   is the complex coordinate of the disclination.

Now the self-energy Wdis is ca]cu]ated through the substitution of formu]ae (4 –(8  to formu]a (3 , and the
energy difference W  is computed using formu]ae (2 –(8  and the re]ation W  = Wdis - W .

The energy change W  associated with the interaction of the disclination with the stress field created
by the applied load in the solid with a crack is calculated using the known expression [43] for the interaction
of the individual disclination with this stress field. The final expression for the energy change W  follows
as

s

I
x pK

W s x x p x p
3 / 43 / 2 3 2 2 3 / 2 3

0

arccot /4
(1/ ) cos cos d cos ,

2 2 4 23 2


 
   (9)

where KI is the stress intensity factor associated with the applied load.
The energy Wcg of the boundary between the amorphous and crystalline regions is calculated as

cg cg
W s p2 ,  (10)

where cg is the specific energy of the boundary. The energy Wgb of the GB segment of length p that
disappears as a result of the formation of the amorphous region is given by

gb gb
W p,  (11)

where gb  is the GB specific energy. Finally, the energy Wam follows as

am
W g sp,  (12)

where g  is the specific (per unit volume) excess energy of the amorphous region.
Thus, we have derived the expressions for all the terms figuring in formula (1) for W. Let us calculate

W for the case of nanocrystalline ceramic SiC. To do so, we will use the following parameter values typical
for SiC: G = 217 GPa, = 0.23, cg = gb = 0.5 J/m2, and g = 6.75 109 J/m3. We also put = /3 and KI = 1.3
MPA m1/2. The chosen value of KI corresponds to the theoretical estimate [43] for the SiC fracture toughness
in the case of brittle fracture. Based on the results of Ref. [46], we calculated the equilibrium values of the
length p of GB sliding for the above parameter values and various values of . The, we calculated W for
various values of s. It appeared that the formation of the amorphous region is energetically favored if its width
s is smaller than some critical value sc (s<sc). The critical value sc decreases with decreasing the disclination
strength  and rising the equilibrium length p of this region. Also, the dimensions of the amorphous region
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are rather small. For example, at = 12° we have:
p 4 nm, sc  1 nm. The small dimensions of the
amorphous region testify that amorphization in
nanocrystalline solids at quasistatic loading can
occur only in the nanoscale vicinities of crack tips,
where the local stresses are very high.

4. CONCLUDING REMARKS

Thus, the nanoscale amorphization can occur at
GB disclination dipoles (Fig. 1) and serve as a spe-
cial mode of local plastic deformation near crack
tips in nanocrystalline and ultrafine-grained solids
under a mechanical load. Within our theoretical
model presented in this paper, the amorphization
processes are associated with splitting transforma-
tions of GB disclinations whose formation is initi-
ated by GB sliding. The nanoscale amorphization
in a pre-cracked solid carries local plastic deforma-
tion, provides strain energy relaxation and thereby
hinders both the generation of nanocracks near the
crack tip and the propagation of the pre-existent
crack. To summarize, the stress-induced formation
of nanoscale amorphous regions at GB disclination
dipoles (Fig. 1) near crack tips plays the role as a
toughening micromechanism capable of effectively
contributing to increase in fracture toughness in
nanocrystalline and ultrafine-grained solids.
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