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Stress-induced nucleation of nanoscale grains 共nanograins兲 in deformed nanocrystalline metals and
ceramics is theoretically described as a process initiated by intergrain sliding and/or lattice slip. The
nanograin nucleation occurs through splitting and migration of grain boundaries containing
disclination dipoles produced by intergrain sliding and/or lattice slip. It is shown that the nanograin
nucleation is energetically favorable in mechanically loaded nanocrystalline Al and ␣-Al2O3 in
certain ranges of their parameters and the external stress level. © 2008 American Institute of
Physics. 关DOI: 10.1063/1.2885069兴
Nanocrystalline metals and ceramics, hereinafter called
nanomaterials, in the course of plastic deformation often
show the outstanding mechanical characteristics 共superior
strength, etc.兲 attributed to the effects of the nanocrystalline
structure; see, e.g., Refs. 1–4. In particular, in parallel with
conventional lattice dislocation slip, intergrain sliding and
other interface-conducted and -controlled mechanisms of
plastic flow are treated to effectively operate in nanomaterials due to their nanocrystallinity.1–14 On the other hand, the
nanocrystalline structure can be formed in initially coarsegrained materials due to deformation processes causing grain
refinement.3,4,15,16 Deformation-induced nanocrystallization
is commonly treated to occur through continuous dislocation
ensemble evolution resulting in consequent formation of dislocation subboundaries cells and high-angle grain
boundaries.3,4,15,16 Recently, however, computer simulations17–19 have shown that nanograin nucleation occurs
through splitting and migration of grain boundaries 共GBs兲
near their triple junctions in nanomaterials 共with metallic and
covalent interatomic bonds兲 during plastic deformation. The
micromechanism and driving forces of the nanograin nucleation reported in Refs. 17–19 are unclear. The main aim of
this paper is to suggest a theoretical model describing the
nanograin nucleation in question as a special deformation
mode initiated by intergrain sliding and/or lattice slip.
Let us consider typical defect structures formed at GBs
due to lattice dislocation slip and/or intergrain sliding in deformed nanomaterials. The lattice slip in a grain interior
“supplies” lattice dislocations to a GB 关Fig. 1共a兲兴. The dislocations in the GB are spread into GB dislocations forming a
wall-like configuration 关Fig. 1共b兲兴. As a corollary, tilt misorientation of the GB, after absorption of several dislocations
with the same Burgers vectors, changes, say, by value of 0,
and triple junctions adjacent to the GB become uncompensated 关Fig. 1共b兲兴. In this case, the sums of tilt misorientation
angles at the junctions A and B become equal to 0 and −0,
respectively. In the theory of defects in solids, these junctions are wedge disclinations characterized by the disclination strength ⫾0.20 The disclinations form a dipole configuration 关Fig. 1共b兲兴.
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Also, GB disclination dipoles typically form in nanomaterials and polycrystals due to intergrain sliding 共that dominates, in particular, in superplastic deformation1,2,4兲. Following Ref. 14, intergrain sliding across a triple junction of GBs
produces a disclination dipole at a GB fragment along which
the triple junction shifts 关Figs. 1共d兲 and 1共e兲兴. In short, intergrain sliding along the horizontal GB results in the displacement of both the triple junction 共from position A to position
B兲 and the vertical GB assumed to be a symmetric tilt boundary with tilt misorientation 0. When the triple junction is
shifted by intergrain sliding from its initial position A to
position B 关Fig. 1共e兲兴, the angle gaps 0 and −0 appear at
triple junction 共point兲 A and double junction 共point兲 B at the

FIG. 1. Defect structure transformations resulting in nanograin nucleation.
Formation of a disclination dipole at a grain boundary in a deformed nanomaterial due to 关共a兲 and 共b兲兴 lattice dislocation slip causing “bombardment”
of the grain boundary by lattice dislocations. 关共d兲 and 共e兲兴 Grain boundary
sliding and associated movement of triple junction. 关共c兲 and 共f兲兴 Processes of
nanograin nucleation through splitting and migration of grain boundaries.

0003-6951/2008/92共8兲/081914/3/$23.00
92, 081914-1
© 2008 American Institute of Physics
Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

081914-2

Appl. Phys. Lett. 92, 081914 共2008兲

S. V. Bobylev and I. A. Ovid’ko

horizontal GB, respectively.14 Points A and B are considered
as wedge disclinations with the strengths ⫾0.20 They form
a dipole 关Fig. 1共e兲兴.
GB disclination dipoles under applied stress tend to
move causing rotational deformation.20,21 Also, GB disclinations tend to split because the splitting is driven by decrease
of their elastic energy.20,22 Combining these processes, one
finds that GB disclinations can move and split causing nucleation of a nanograin 共nanograin IV兲, as shown in Figs. 1共c兲
and 1共f兲. For definiteness, we consider evolution of the disclination dipole shown in Figs. 1共e兲 and 1共f兲. The distance
between the disclinations of the initial dipole 关Fig. 1共e兲兴 is p.
Within our model, the nanograin IV nucleates through splitting of the GB AB into the immobile GB AB and the mobile
GB CD 关Fig. 1共f兲兴. In general, the splitting of the GB is
accompanied by the splitting of the initial dipole of GB disclinations with strengths 0 and −0 关located at points A and
B, respectively; see Fig. 1共e兲兴 into two dipoles: the immobile
dipole of GB disclinations with strengths 1 and −1 共located at points A and B, respectively兲 and the mobile dipole
of GB disclinations with strengths 2 and −2 共located at
points C and D, respectively兲, see Fig. 1共f兲. For definiteness,
we choose misorientations of GBs generated due the nanograin nucleation 关Fig. 1共f兲兴 as those providing the disclination strength conservation law during the splitting: 0 = 1
+ 2. The disclination dipole CD moves over distance q in
grain III. The crystal lattice in area ABCD swept by the
moving GB CD is misoriented relative to lattices in grains I,
II, and III 关Fig. 1共f兲兴. In this case, the area ABCD represents
the nanograin IV whose formation is associated with movement of disclination dipole CD that carries plastic deformation. As a corollary, the nanograin formation 关Fig. 1共f兲兴
serves as a special deformation mode in nanomaterials and
polycrystals.
Let us calculate the energy change ⌬W 关per unit length
of a line perpendicular to Fig. 1共f兲兴 that characterizes the
nanograin formation 关Fig. 1共f兲兴. The change ⌬W contains the
six terms:
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are the proper elastic energies of
Here,
dipole of wedge disclinations with strengths ⫾0, ⫾1,
⫾2, respectively, Wint is the energy that characterizes the
interaction between the disclination dipoles with strengths
⫾1 and ⫾2, A is the work spent by the external shear
stress  to movement of the 2 dipole, ⌬Wgb is the change in
the GB energy due to GB splitting that accompanies nucleation of the grain IV.
The energy change ⌬Wgb 关per unit length of a line perpendicular to Fig. 1共f兲兴 is estimated as
⌬Wgb = ␥gb共p + q兲.

共2兲

Here, ␥gb is the specific energy of a tilt GB per unit of its
area. In most materials, the GB energy ␥ versus tilt misorientation , for  ⬎ 15°, is a slowly increasing or approximately constant function of  共with energy “cusps” associated with special GBs in some narrow intervals of 兲.23 For
simplicity, we do not consider special GBs and assume
␥gb共兲 to be constant. Other five terms on the right-hand side
of formula 共1兲 are calculated by standard methods20 of the
theory of disclinations in solids. In doing so, we find the
following expression for the energy change ⌬W:

FIG. 2. The dependence of the energy difference ⌬W on the distance q
moved by grain boundary CD in Al 共see solid curves兲, for 0 = 0.6 and 
= 0.4 GPa; Al2O3 共see dashed curves兲, for 0 = 0.3 and  = 1.2 GPa. Curves
1, 2, and 3 共as well as 1⬘, 2⬘, and 3⬘兲 correspond to the disclination dipole
size p = 3, 5, and 10 nm, respectively.
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where D = G / 关2共1 − 兲兴, G is the shear modulus, and  is
the Poisson ratio.
With formulas 共2兲 and 共3兲, we calculated the total energy
change ⌬W in nanocrystalline Al and nanoceramic ␣-Al2O3.
In the calculations, we used the following typical values of
parameters: for Al,24 G = 26.5 GPa and  = 0.34; for
␣-Al2O3,25 G = 169 GPa and  = 0.23. Also, for definiteness,
the disclination strengths are assumed to obey equations 1
= 0 and 2 = 0. The grain size 共playing role of the upper
limit of q and p兲 is taken as d = 15 nm. Following experimental data,26,27 the specific energy of the 关110兴 tilt boundaries
with  ⬎ 15° in Al is around ␥gb = 0.4 J / m2. In the
experiment,28 energies of high-angle tilt boundaries with 
⬎ 15° in a ␣-Al2O3 bicrystal with the 关0001兴 rotation axis
were measured and found to be in the range from
0.4 to 0.7 J / m2. For definiteness, in our calculations of ⌬W
in ␣-Al2O3, we used value of ␥gb = 0.5 J / m2. Figure 2 shows
⌬W共q兲 in the case of Al 共see solid curves兲, for 0 = 0.6, 
= 0.4 GPa, and p = 3, 5, and 10 nm 共see curves 1, 2, and 3,
respectively兲. Dashed curves in Fig. 2 shows ⌬W共q兲 in the
case of ␣-Al2O3, for 0 = 0.3,  = 1.2 GPa, and p = 3, 5, and
10 nm 共see curves 1⬘, 2⬘, and 3⬘, respectively兲.
Note that the atomistic details of the GB splitting dominate at its very initial stage, for q ⬍ 2 nm. To describe such
details, atomistic simulations are needed which are beyond
the scope of our continuum approach. At the same time, the
energy profit of the GB splitting 关Figs. 1共e兲 and 1共f兲兴 in the
range of q 艌 2 nm is critical for the splitting to occur, because the very initial stage 共q ⬍ 2 nm兲 may occur through
thermally assisted formation of steps at the initial GB, if the
splitting of the GB at q 艌 2 nm is energetically favorable. In
this context, we will focus our analysis to the situation where
p , q 艌 2 nm. In this situation, the nucleation of the grain IV
关Fig. 1共f兲兴 is characterized by the absence of any energy
barrier, if the following inequalities are valid:
⌬W共q = 2 nm兲 艋 0,

冏

共⌬W兲
q

冏

艋 0.

共4兲
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In terms of the applied stresses, the non-barrier nucleation of the grain IV 关Fig. 1共f兲兴 occurs, if the applied shear
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In summary, we have theoretically described stressinduced nucleation of nanograins in deformed nanomaterials
as a process initiated by intergrain sliding and/or lattice slip.
It has been shown that the stress-induced nucleation of nanograins occurs in the energy nonbarrier way in nanocrystalline Al and ␣-Al2O3 in certain ranges of their parameters and
the applied stress level. Our model accounts for results of
computer simulations17–19 and experiments30,31 showing
grain nucleation at triple junctions of GBs in deformed nanomaterials and polycrystals.
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FIG. 3. The dependence of the critical shear stress c on the size p of the
disclination dipole AB in 共a兲 Al 共curves 1, 2, 3, and 4 correspond to the
disclination strength 0 = 0.5, 0.6, 0.7, and 0.8, respectively兲 and 共b兲 Al2O3
共curves 1, 2, 3, and 4 correspond to the disclination strength 0 = 0.1, 0.15,
0.2, and 0.25, respectively兲.
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