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Abstract
A theoretical model is suggested, which describes a decay of low-angle
grain boundaries in deformed nanocrystalline materials (NCMs). In the
framework of the model, lattice dislocations that form a low-angle boundary
are under the action of the forces owing to external (applied) and internal
stresses. The balance of the forces causes the critical shear stress at which a
low-angle boundary decays. Such decay processes result in the formation of
high-density ensembles of mobile lattice dislocations that are capable of
inducing plastic flow localization (shear banding) in mechanically
loaded NCMs.

1. Introduction
Nanocrystalline materials (NCMs) exhibit outstanding deformation behaviour whose fundamental mechanisms are under
intensive discussion (see, e.g., [1–15]). Such materials are
often extremely hard and brittle [16], but some nanocrystalline metals, ceramics and alloys exhibit even superplasticity
[17–21]. The ductility of an NCM is often controlled by its
ability to suppress plastic flow localization in shear bands, nuclei of the necking [22]. This has generated interest in the identification of deformation mechanism(s) acting in shear bands
in NCMs, which potentially will allow one to influence the
processes of plastic flow localization. In general, plastic and
superplastic deformation mechanisms in NCMs are supposed
to be lattice dislocation slip [1, 2], grain boundary (GB) sliding [10–14], GB diffusional creep [3–5], triple junction diffusional creep [6], twinning [15] and rotational deformation
mode [7–10], which compete with each other. In this paper,
we will focus our consideration on ductile NCMs with comparatively large grains with size d  30 nm, in which the
lattice dislocation slip is dominant. The action of conventional lattice dislocation sources such as Frank–Read sources
is modified and sometimes suppressed in such materials due
to nanoscale and interface effects [23]. In these circumstances, GBs whose volume fraction is very high in NCMs
can serve as effective sources of lattice dislocations [9, 10],
strongly affecting plastic flow. In previous theoretical models [9, 10] of emission of lattice dislocations by high-angle
GBs in nano- and fine-grained materials, the intensity of
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the emission events is assumed to be controlled by movement and transformations of GB dislocations and disclinations. These processes are too slow to cause the formation
of high-density ensembles of mobile lattice dislocations that
would carry large plastic strains in shear bands. At the same
time, NCMs contain low-angle boundaries consisting of lattice dislocations [24]. Such low-angle boundaries undergo
structural transformations under the action of internal stresses
in coarse-grained polycrystalline materials (see [25–27] and
references therein), in which case it is natural to think that
low-angle boundaries can undergo dramatic transformations
under the action of applied stresses in mechanically loaded
NCMs, too. The main aim of this paper is to suggest a theoretical model that describes decays of low-angle tilt boundaries under the shear stress action as processes that produce
high-density ensembles of mobile lattice dislocations in local
regions of NCMs.

2. Model
Let us consider a model low-angle tilt boundary terminated
at triple junctions of GBs in a nanocrystalline sample
(figure 1(a)). The low-angle boundary in its initial state in
the absence of mechanical load is represented as a straight
wall of periodically arranged edge dislocations, each having
Burgers vector b. The low-angle boundary is characterized by
the tilt misorientation angle θ being in the Frank relationship
(sin(θ/2) = b/2h [25]) with parameters (period h and Burgers
vector magnitude b) of the dislocation arrangement in the
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released from the decayed low-angle boundary move, causing
local plastic deformation and the formation of an elongated
grain. Following experimental data [22, 28], such elongated
grains are characteristic structural elements of shear bands in
nanocrystalline Fe.
Notice that the decay of the low-angle boundary removes
it from the triple junctions, which thereafter transform into
uncompensated double junctions (figure 1(d)). The upper
and lower junctions become uncompensated stress sources of
the disclination type, characterized by disclination strength
−ω = −θ and ω = θ , respectively. The stress field of the
disclination dipole serves as the hampering force for movement
(release) of the lattice dislocations from the low-angle tilt
boundary and its decay. It is taken into account in our
calculations of the critical shear stress τc (at which the decay
occurs) in the rest of this paper.

3. Results and discussion

Figure 1. Decay of low-angle tilt boundary with the misorientation
angle θ represented as a periodic dislocation wall terminated at triple
junctions A and B (parameters θ1 , θ2 , θ1 , θ2 are misorientation angles
of adjacent boundaries). (a) Dislocation wall in its initial state (in
the absence of mechanical load). (b) Shear stress τ causes blowing
of the dislocation wall. (c) One of the dislocations releases from the
dislocation wall. (d) Dislocation wall completely decays resulting in
the formation of a dipole of uncompensated disclinations with
strengths −ω and +ω at triple junctions A and B, respectively.

boundary. Also, for definiteness, the tilt misorientation θ is
assumed to be in compensating relationships, θ +θ1 +θ2 = 0 and
−θ +θ1 +θ2 = 0, with the tilt misorientation parameters, (θ1 , θ2 )
and (θ1 , θ2 ), of the GBs adjacent, respectively, to the upper and
bottom triple junctions shown in figure 1(a). In other words,
the finite dislocation wall in its initial state (figure 1(a)) is
terminated by disclinations that completely compensate for the
disclination defects (shown as triangles in figure 1) at the upper
and lower junctions of its adjacent GBs characterized by the tilt
misorientation parameters, (θ1 , θ2 ) and (θ1 , θ2 ), respectively.
The action of a shear stress τ on the edge dislocations
composing the low-angle tilt boundary in a mechanically
loaded nanocrystalline sample causes displacements of these
dislocations (figure 1(b)) from their initial positions shown
in figure 1(a). At some critical value τc of the shear stress,
one of the edge lattice dislocations composing the low-angle
boundary releases and starts moving far from the initial
boundary plane (figure 1(c)). As is evident (and proved by
further analysis in this paper), the release of the first dislocation
from the low-angle boundary (figure 1(c)) is immediately
followed by decay of the boundary (dislocation wall) as a
whole (figure 1(d)). As a result, a group of lattice dislocations
270

Let us calculate the critical shear stress τc by methods of
two-dimensional dislocation dynamics. We have used the
two-dimensional approximation just to catch the principal
peculiarities of the decay process and roughly estimate the τc .
A more accurate three-dimensional simulation is much more
cumbersome and is now under preparation. We expect that
the results of both the two- and three-dimensional approaches
would give similar results in the case when the dislocation
displacements are small compared to the length of the
boundary.
Each dislocation in the low-angle boundary in a
mechanically loaded NCM (figure 1(b)) is under the combined
action of the forces caused by the shear stress, other
dislocations belonging to the boundary, and the disclination
dipole.
Let us calculate these forces and write the
corresponding equations for dislocation movement. In doing
so, we assume that dislocations can move along one slip
plane (along the x-axis in the coordinate system shown in
figure 1(a)), in which case only the x-projections of the
forces play the role. The solution of the system of equations,
describing one-dimensional movement of dislocations, will be
expressed as dependences xi (t), where xi is the coordinate of
the ith dislocation (i = 1, . . . , N), and t is time.
In the framework of the approach discussed, the force
acting on the ith dislocation belonging to the low-angle
boundary may be written as follows:
Fi = bτ + Db2

N

(xi − xk ){(xi − xk )2 − (yi − yk )2 }
{(xi − xk )2 + (yi − yk )2 }2
k=1


− Dbω

k=i

x i yi
xi (yi − d)
− 2
2
2
xi + y i
xi + (yi − d)2


,

(1)

where D = G/[2π(1 − ν)], G is the shear modulus, ν is
the Poisson ratio, xi and yi = ih are the coordinates of
the ith dislocation, and d denotes the tilt boundary length
(the distance between the triple junction disclinations that
form the dipole (see figure 1)). The first term of formula (1)
describes the force due to the shear stress τ , the second term
describes the force of interaction with the other dislocations
of the boundary [29], and the third describes the force of
interaction with the disclination dipole [30].
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With the forces given by formula (1), equations for
movement of the dislocations composing the low-angle tilt
boundary (figure 1(a)) read
m

dxi
d 2 xi
+β
= Fi ,
dt 2
dt

i = 1, 2, . . . , N.

(2)

First derivatives dxi /dt in these equations take into account the
dislocation movement friction (associated with the dynamic
retardation of the crystalline lattice to dislocation movement),
and β is the viscosity coefficient. The dislocation mass m is
given by the standard approximation [31], m = ρb2 /2, where
ρ is the material density.
To solve numerically the system of equation (2), we have
used the conventional software Mathematica 4. The following
characteristic values of parameters have been chosen for the
exemplary case of nanocrystalline Fe (whose deformation
behaviour was experimentally studied in [22, 28]): G =
82 GPa, ν = 0.29, lattice parameter a = 0.287 nm, b =
1
a111 = 0.25 nm, ρ = 7800 kg m−3 , dislocation mass (per
2
unit length of dislocation line) m = 2.4 × 10−16 kg m−1 , and
β ≈ 5 × 10−5 Pa s [31]. For these values of parameters, we
have considered the behaviour of a low-angle tilt boundary
composed of N = 10 dislocations and characterized by tilt
misorientation angle θ = 0.1 (≈5.7˚), in which case ω = 0.1
and h = 10b.
Some typical plots x5 (t), for the fifth dislocation located
at the boundary centre, have been calculated at different values
of τ ranging from 0.5 to 1.6 GPa (see figure 2). For our
analysis, the fifth dislocation at the GB centre has been chosen,
because the decay of a boundary is expected to begin at its
centre where the effect of the disclination dipole is minimized.
This expectation has been confirmed by our calculations.
For relatively low stress values (here 1.57 GPa), the fifth
dislocation makes some oscillations and is finally stabilized
at some equilibrium position, which is shifted further with
increasing stress value (curves 1–5 in figure 2). When the
stress magnitude becomes larger than a critical value τc (here
τc = 1.58 GPa), the dislocation moves far away from its initial
position (curves 6 and 7 in figure 2).

Figure 2. Plots x5 (t) for the fifth dislocation, one of two central
dislocations of a low-angle tilt boundary consisting of N = 10 edge
dislocations and having the misorientation angle θ = 0.1 ≈ 5.7˚, for
different values of the shear stress τ = 0.5 (curve 1), 1 (2), 1.3 (3),
1.5 (4), 1.57 (5), 1.58 (6) and 1.6 GPa (7).

As noted earlier, the decay of the boundary begins at
its centre when the fifth (central) dislocation is released
from the boundary (figure 1(c)). Following our calculations,
immediately after the central dislocation has moved far enough
from the initial boundary plane (figure 1(c)), the boundary
dramatically decays as a whole (figure 1(d)). That is, all
the dislocations composing the boundary move far from its
plane during a very short time interval. In these circumstances,
in order to calculate critical parameters at which the low-angle
boundary decays as a whole, it is sufficient to characterize the
behaviour of only one (central) dislocation.
In this manner, we have analysed stability and decay of
low-angle tilt boundaries with different parameters. This has
allowed us to reveal critical values of the shear stress τc at
which the decay (figure 1) of low-angle tilt boundaries with
different characteristics occurs. The dependence of τc on
boundary misorientation θ is shown in figure 3, for N = 5,
10 and 20. As follows from figure 3, τ grows in a tentatively
linear way with rising θ . It is indicative of the crucial
contribution of the boundary misorientation and thereby the
strength of the disclination dipole to the stability of lowangle tilt boundaries under the shear stress action. Curves
corresponding to different values of parameter N at a constant
value of θ are very close (see figure 3). This means that
the dependence of τc on the number N of dislocations and
thereby the boundary length d(=Nh) at a constant value of θ
is very weak. In this context, in particular, very short GBs in
very small grains and comparatively long GBs in large grains
decay at close values of the critical stress τc , if they have the
same misorientation parameters. At the same time, the action
of Frank–Read sources of lattice dislocations is suppressed
in very small grains of NCMs in which only the decay of
low-angle boundaries provides the effective generation of
mobile lattice dislocations. In this event, τc represents a very
important characteristic of plastic flow in NCMs. In contrast,
in conventional coarse-grained materials, where Frank–Read
sources are activated at shear stresses lower than τc , the decay
of low-angle boundaries does not play any essential role in
plastic deformation processes.
The decay of a low-angle tilt boundary in a mechanically
loaded nanocrystalline sample results in the formation of
moving lattice dislocations that carry local plastic deformation
and come to the neighbouring GBs (figure 1(d)). The lattice

Figure 3. Dependence of the critical shear stress τc on the
misorientation angle θ of a tilt boundary consisting of N = 5, 10
and 20 edge dislocations (from top to bottom). The critical stress τc
characterizes the decay of the tilt boundary as a whole (see text).
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dislocations elastically interact with other lattice dislocations
composing neighbouring low-angle GBs. This interaction
is able to cause decays of the neighbouring low-angle GBs,
accompanied by avalanche-like release of new mobile lattice
dislocations.

4. Conclusions
Thus, the decay of a low-angle boundary in a mechanically
loaded nanocrystalline solid gives rise to local plastic
deformation in the grain where the low-angle boundary decay
has occurred and in its neighbouring grains. In this context,
the shear-stress-induced decay of a low-angle tilt boundary can
trigger the formation of a shear band (thin, sheet-like region
where high plastic strain is localized) in the nanocrystalline
solid. In this event, the critical shear stress τc characterizes
the initial stage of local plastic deformation occurring via
generation and development of shear bands. According to
calculations given in this paper (see figure 3), the shear stress
τc ranges from 0.5 GPa (for θ ≈ 2˚) to 2.5 GPa (for θ ≈ 10˚),
which characterizes the decay of low-angle tilt boundaries with
different misorientation parameters in nanocrystalline Fe. Its
mean value τc  = 1.5 GPa coincides with the experimentally
measured [28] value of the shear stress at which shear bands
with elongated grain structure are formed in nanocrystalline Fe.
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