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A model is suggested which describes a special mechanism for rotational deformation (plastic deformation accompanied by crystal lattice rotation) in nanocrystalline metals and ceramics. Within the model, the special rotational deformation occurs in a nanograin through formation of immobile disclinations whose strengths gradually increase during the formation process as a result of
grain boundary sliding and diﬀusion. The conditions are calculated at which the special rotational deformation is energetically
favorable in nanocrystalline Ni, a-Al2O3 (corundum) and TiN-based ceramics.
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Plastic deformation mechanisms in nanocrystalline
metals and ceramics showing outstanding mechanical
properties are the subject of rapidly growing research efforts (e.g. [1–5]). It has been recognized that, in parallel
with conventional lattice dislocation slip, alternative
deformation mechanisms are capable of essentially or
even crucially contributing to plastic ﬂow of nanocrystalline materials (NCMs). These alternative mechanisms
are grain boundary (GB) sliding, twin deformation, Coble creep and rotational deformation [1–5]. The latter
mechanism represents plastic deformation accompanied
by crystal lattice rotations. In particular, following
experimental data [6–16], computer simulations [17–20]
and theoretical models [21,22], stress-driven GB migration (carrying athermal grain growth) is treated as a
rotational deformation mechanism eﬀectively operating
in NCMs. Furthermore, crystal lattice rotations in
nanograins without GB migration were experimentally
observed in NCMs during plastic deformation
[1,23,24]. Elemental carriers of rotational deformation
in NCMs are treated as interfacial wedge disclinations
[7,21,25–27]. A wedge disclination represents a rotational line defect located at either a GB or a triple junction of GBs and characterized by a disclination strength,
the rotational misﬁt (angle gap) [27–29]. For instance, a
wedge disclination at a tilt GB is the line dividing GB
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fragments with diﬀerent tilt misorientation angles,
whose diﬀerence is the disclination strength. A wedge
disclination exists at a triple junction of tilt boundaries
if the sum of tilt misorientation angles of these boundaries is non-zero [27–29]. The non-zero sum (angle
gap) serves as the disclination strength.
Following the standard view on rotational deformation in conventional coarse-grained polycrystals [28]
and NCMs [27], an elemental act of rotational deformation is the movement of a dipole of wedge disclinations
characterized by constant strengths of opposite signs
±x (Fig. 1a–c). Within this standard view, the movement of disclination dipoles in NCMs is associated with
such structural transformations as GB migration [21]
(Fig. 1a–c) or dislocation emission from GBs [27]. The
main aim of this paper is to suggest and theoretically describe a special (new) rotational deformation mechanism
that operates in NCMs without disclination dipole
movement. The special mechanism represents rotational
deformation occurring in a nanograin through the formation of immobile disclinations at nanograin boundary junctions (Fig. 1a, d, and e). The mechanism is
speciﬁed by a gradual increase in the strengths of the
immobile disclinations during their formation process
due to GB sliding and diﬀusion (Fig. 1a, d, and e).
Let us consider the geometric features of the special
rotational deformation in NCMs. For simplicity, we restrict our consideration to a two-dimensional grain structure (which serves as a good model for columnar
nanoscale structures of ﬁlms and a ﬁrst-approximation
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Figure 1. Geometry of crystal lattice rotations in nanocrystalline
materials. (a) Initial state containing a rectangular grain ABDC. (b, c)
Standard rotational deformation occurs through generation and
movement of wedge disclinations (triangles). The moving wedge
disclinations are located at the ends A0 and C0 of migrating grain
boundary. (d, e) Special rotational deformation occurs in a nanograin
through formation of immobile disclinations (triangles) whose
strengths gradually increase during the formation process conducted
by grain boundary dislocation slip and climb. (g, f) Diﬀusionaccommodated grain rotation that does not contribute to plastic ﬂow.
The elliptical insets at the arrows in (a), (b), (d) and (f) highlight the
corresponding micromechanisms for crystal lattice rotations in
nanograins.

model for bulk NCMs) containing a rectangular nanograin. Within our model, when a nanocrystalline specimen is mechanically loaded, the special rotational
deformation in the nanograin ABDC occurs through
the formation of immobile disclinations whose strengths
gradually increase (Fig. 1a, d, and e). In doing so, the formation and evolution of the wedge disclinations at the
edges of the rectangular nanograin ABDC is realized
by means of both GB sliding along GBs AB and CD
and parallel diﬀusion. More precisely, GB sliding is carried by GB dislocations that are nucleated at GBs AB
and CD and slip under the action of the applied shear
stress over these GBs (Fig. 1d). In parallel with GB sliding, diﬀusion occurs (which is driven by the stresses arising in the course of GB sliding) and provides GB
dislocation climb over the vertical GBs AC and BD
(Fig. 1d and e). As a result, two GB dislocation walls
of opposite signs form at the vertical GBs AC and BD
(Fig. 1d and e). The formation of these dislocation walls
results in plastic deformation of the grain. In addition,
the GB dislocation walls create stresses and produce extra tilt misorientation of the vertical GBs AC and BD
(Fig. 1d and e), compared to the initial state (Fig. 1a).
Following the theory of defects in solids [28], ﬁnite GB

dislocation walls, AC and BD, create elastic stresses
eﬀectively approximated as those created by a quadrupole of wedge disclinations located at the nanograin
edges A, B, C and D (Fig. 1d and e). The strength magnitudes of these disclinations gradually increase with the
increase in the density of GB dislocations at the vertical
GBs AC and BD.
Note that all the disclinations carrying the special
rotational deformation (Fig. 1d and e) are immobile,
in contrast to the disclinations carrying GB migration
(Fig. 1b and c). Also, the special rotational deformation
(Fig. 1a, d, and e) driven by mechanical stresses is diﬀerent from grain rotations (Fig. 1a, f, and g) [30–32] driven
by a release of the GB energy (dependent on the boundary misorientation parameters). Following Refs. [30–
32], such grain rotations are completely accommodated
by diﬀusion (Fig. 1f and g), do not create elastic stresses
and do not contribute to plastic ﬂow, in contrast to the
special rotational deformation (Fig. 1a, d, and e).
Thus, following our geometric analysis, the special
rotational deformation eﬀectively occurs through the
formation of a quadrupole of immobile wedge disclinations whose strengths gradually increase (see Fig. 1a, d,
and e). Let us examine the energy characteristics of this
special rotational mechanism in a plastically deformed
nanocrystalline solid. Let the solid contain a rectangular
nanograin with the dimensions s and d, located as shown
in Figure 1a. Suppose that rotational deformation occurs in the nanograin under the shear stress s or, in other
words, the grain is plastically sheared (through GB sliding and diﬀusion) in the xy-plane by an angle x (Fig. 1a,
d, and e). This rotational deformation leads to the formation of a quadrupole of wedge disclinations with
the strengths ±x (Fig. 1e). The energy DW associated
with the formation of the quadrupole (per unit disclination length) is the sum of the quadrupole self-energy and
the energy of its interaction with the shear stress s. (In
doing so, we neglect the resistance to GB dislocation slip
contributing to the formation of the disclination quadrupole, because it is commonly low, at least, at high temperatures.) In the standard approximation that the
nanocrystalline specimen is an elastically isotropic solid,
with the approach [21], we ﬁnd:


Dd 2
2xst
x2 ½ð1 þ t2 Þ lnð1 þ t2 Þ  t2 ln t2  
;
DW ¼
D
2
ð1Þ
where t = s/d, D = G/[2p(1  m)], G is the shear modulus, and m is the Poisson’s ratio.
The dependences of DW (in units of Dd2/2) on x are
presented in Figure 2, for various values of the normalized stress s/D and grain aspect ratio s/d. Figure 2 shows
that the energy DW has a minimum at a certain (equilibrium) value x0 of the absolute disclination strength. The
equilibrium disclination strength x0 is derived from the
relation ðoDW =oxÞjx¼x0 ¼ 0 as follows:
st
:
ð2Þ
x0 ¼
D½ð1 þ t2 Þ lnð1 þ t2 Þ  t2 ln t2 
The dependence of the parameter Gx0/[2p(1  m)s] on
the grain aspect ratio s/d is shown in Figure 3. From
Figure 3 it follows that the equilibrium disclination
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Figure 2. Dependence of the energy change DW associated with the
formation of a disclination quadrupole (in units of Dd2/2) on the
disclination strength x.
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Figure 3. Dependence of the parameter Gx0/[2p(1  m)s] (characterizing the equilibrium disclination strength x0) on the grain aspect ratio
s/d.

strength x0 is lowest for a equilateral grain (with s = d)
and increases with the increase in the ratio of the larger
grain dimension to the smaller one. For the case of a
grain in nanocrystalline Ni, we have [33]: G = 73 GPa
and m = 0.34. Then, for the typical ﬂow stress s =
0.5 GPa, from formula (2) one obtains: x0  0.02 
1.2° for s/d = 1, and x0  0.05  2.9° for s/d = 10 or
1/10. For the case of nanocrystalline a-Al2O3 (corundum) with G = 169 GPa and m = 0.23 [34] and s =
1 GPa, we obtain: x0  1.2° for s/d = 1, and x0  2.9°
for s/d = 10 or 1/10. For the case of a grain in nanocrystalline TiN-based coatings [35] (whose elastic moduli are
approximated by the elastic constants, G = 240 GPa and
m = 0.25, of TiN) and s = 3 GPa, we have: x0  2.5° and
6° for s/d = 1 and 10, respectively.
Let us roughly estimate the plastic strain associated
with the special rotational deformation in NCMs. Let
rotational deformation in a grain be associated with
the formation of n GB dislocation dipoles with a Burgers vector magnitude b at the vertical GBs AC and
BD (Fig. 1e). According to the Orowan formula [36],
these dislocation dipoles create the plastic shear strain
cg =nb/d inside the grain. At the same time, the formation of n GB dislocation dipoles is equivalent to the formation of a quadrupole of wedge disclinations with
strengths ±x (Fig. 1e). Hence, nb/d has the following
relation to the disclination strength x: nb/d = 2 tan(x/
2) or, in the typical situation where x is low, nb/d  x
[28]. As a corollary, in the case we are considering here
(Fig. 1e), the plastic strain in the plastically deformed
grain is cg  x. With this approximate relation and the
above estimates of x in nanocrystalline Ni, a-Al2O3
and TiN-based ceramics, one ﬁnds that cg ranges from
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0.02 to 0.1. These values of the plastic strain inside
grains deformed by the special rotational mechanism
are close to the total macroscopic strain e (e  0.02–
0.05; see Refs. [1–5]) at which most NCMs are fractured.
Thus, the special rotational mechanism is capable of
signiﬁcantly contributing to the plastic strain of real
NCMs, if the fraction F of grains deformed by this
mechanism is large enough.
Let us derive the stress–strain relationship for NCMs
deformed solely by the special rotational mechanism.
For simplicity, assume that all the grains represent identical squares with sides of length d and deform independently of each other. In general, the average strain
created by the plastically deformed grains depends on
the kind of loading and orientations of grain facets with
respect to the loading direction(s). However, as a ﬁrst
approximation, we can put e  Fcg, where e is the mean
macroscopic strain created by the rotational deformation. In this case, with formula (2) (taken for m = 0.3
and t = 1) and the relation x0  cg, one ﬁnds:
s 0:3e

:
ð3Þ
G
F
For example, formula (3) gives: s/G  (3/2)e, for
F = 0.2, and s/G  0.6e, for F = 0.5.
The strain hardening described by formula (3) is
attributed to the storage of GB dislocations at GBs
(e.g. vertical GBs AB and CD shown in Fig. 1d and e)
during special rotational deformation. The GB dislocations form ﬁnite walls (Fig. 1d and e) creating stress
ﬁelds that hamper further dislocation nucleation and
movement in both the interior regions of nearest nanograins and their GBs. This hampering eﬀect increases
when the density of GB dislocations in the walls (or,
in other words, the absolute value x of the strengths
of the corresponding disclinations) grows. The hampering eﬀect is speciﬁed by the length scale equal to the
screening length for the stress ﬁelds of disclinations
forming a quadrupole. The screening length is around
the interspacing between the nearest disclinations
[27,28]. The latter is around the grain size (Fig. 1d and
e), in which case the hampering eﬀect contributes to
strain hardening on the grain size level in NCMs. At
the same time, the special rotational deformation is carried by GB sliding and diﬀusion, which are thermally
activated and can therefore be considered as rate-limiting processes (Fig. 1a, d, and e). Thus, the special
rotational deformation represents a rate-limiting deformation mechanism which produces strain hardening
on the grain size level in NCMs.
Note that the strain hardening attributed to the storage of GB dislocations at GBs is inherent to NCMs. As
with the special rotational deformation, other deformation mechanisms (say, emission of lattice dislocations
from GBs, their transfer across grain interiors and
absorption at opposite GBs [3–5,20]) create excess GB
dislocations at GBs in NCMs. The strain hardening
attributed to the storage of GB dislocations in NCMs
is diﬀerent from the strain hardening attributed to the
storage of lattice dislocations in grain interiors in
coarse-grained polycrystals. Furthermore, note that the
special rotational deformation is carried by both GB
sliding and diﬀusion, which are intensive in NCMs in
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certain situations. In particular, GB sliding and associated diﬀusion processes play a dominant role in superplastic deformation of ultraﬁne-grained solids and
NCMs [1,5,37–39]. In addition, GB diﬀusional creep
(Coble creep) and GB sliding serve as rate-limiting
deformation mechanisms that eﬀectively operate at low
stresses and strain rates [4,40]. GB sliding is also intensive at very high stresses and strain rates (see Ref. [3]
and references therein). In this context, one expects the
special rotational deformation to be capable of making
a crucial contribution to plastic ﬂow of NCMs in the
situations discussed.
To summarize, we have suggested a theoretical model
describing a special mechanism for rotational deformation in nanocrystalline metals and ceramics. The special
rotational deformation occurs in a nanograin through
the formation of immobile disclinations whose strengths
gradually increase during the formation process as a
result of both grain boundary sliding and diﬀusion. This
mechanism is diﬀerent from both standard rotational
deformation, which occurs through the movement of
wedge disclinations, and diﬀusion-accommodated grain
rotations, which do not contribute to plastic ﬂow. It is
theoretically shown that the special rotational deformation is energetically favorable in nanocrystalline Ni, aAl2O3 and TiN-based ceramics over wide ranges of
structural parameters and mechanical loads.
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