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Nanoscale amorphization at disclination quadrupoles in deformed
nanomaterials and polycrystals
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Special micromechanism of nanoscale amorphization 共crystal-to-glass transition in nanoscale
regions兲 in deformed nano- and polycrystalline materials is suggested and theoretically described.
The nanoscale amorphization occurs through transformation of disclination quadrupoles generated
during plastic deformation. It is shown that the nanoscale amorphization at disclination quadrupoles
is energetically favorable in nano- and polycrystalline Si and Si3N4 deformed at high applied
stresses in certain ranges of their structural parameters. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2953448兴
Following experimental data, computer simulations, and
theoretical models,1–20 nano- and polycrystalline materials
deformed at very high stresses often show the specific behaviors. Of particular interest is the phenomenon of amorphization or, in other terms, crystal-to-glass transition occurring in nano- and polycrystalline materials deformed under
shock-wave deformation, indenter load and ball milling; see,
e.g., Refs. 2–4, 9, and 15–17. Sometimes, chemical factors
are significantly involved in amorphization processes in deformed solids.2,3 At the same time, there are several examples where chemical factors do not operate, and only extra
high levels of elastic strains and stresses play the crucial role
in driving the amorphization.4,9,15–17 For instance, the experimentally observed formation of nanoscale intragranular
amorphous bands that occur parallel to specific crystallographic planes in shock-loaded B4C polycrystals can be attributed to a sudden collapse of the lattice due to the stressinduced loss of shear rigidity.16 In other cases, plastic
deformation in coarse-grained polycrystals is supposed to
create high-density ensembles of defects 共point defects, dislocations, twins, and sub-boundaries兲, and the crystal structure in some local regions transforms into the amorphous
structure when the energy of a crystal with defects in these
regions increases up to the energy of the amorphous state.18
In nanocrystalline materials, generation and evolution of defects during plastic deformation are essentially different from
those in their coarse-grained counterparts.5–14,21,22 For instance, densities of point defects and dislocations in grain
interiors are commonly very low because grain boundaries
共GBs兲 effectively absorb point defects21,22 and lattice
dislocations.8,12 In this context, there is large interest in identification of micromechanisms of experimentally observed9,17
amorphization in deformed nanomaterials. The main aim of
this paper is to suggest and theoretically describe a special
amorphization micromechanism effectively operating in both
nanomaterials and polycrystals. The micromechanism represents nanoscale amorphization through transformations of
GB disclinations 共line defects associated with abrupt
changes/gaps in GB misorientation23,24兲 intensively generated in both polycrystals and especially nanomaterials deformed at high stresses.
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In parallel with lattice dislocation slip, GB sliding, Coble
creep, stress-driven twinning, and rotational deformation are
considered as deformation modes significantly contributing
to plastic flow in nanocrystalline materials,6–8,10–14 Following theoretical models,7,10,11,14 the rotational deformation
共plastic flow associated with crystal lattice rotations兲 in nanomaterials involves formation and evolution of wedge disclinations. Such disclinations were experimentally observed
in iron under ball-mill treatment resulting in the nanostructure formation25 as well as in deformed coarse-grained polycrystals; see review23 and references therein. Within the theoretical approach,7,10,14 disclinations form nanoscale
quadrupole configurations in deformed nanomaterials, in particular, during stress-driven migration of GBs 共Ref. 7兲 关Fig.
1共a兲兴, GB-sliding-initiated rotational deformation11 关Fig.
1共b兲兴, and nanograin nucleation14 关Fig. 1共c兲兴. At the same
time, the formation of disclination quadrupoles in nanomaterials is still awaiting experimental verification.
A wedge disclination quadrupole creates high elastic
stresses within the crystalline rectangular area 关ABCD in
Fig. 1共c兲兴 bounded by the disclinations,23 while its stresses
outside the rectangular area are comparatively low. The

FIG. 1. Wedge disclination quadrupoles and amorphization in deformed
nanomaterials. Formation of quadrupole of disclinations 共triangles兲 during
共a兲 stress-driven migration of GBs, 共b兲 GB-sliding-initiated rotational deformation, and 共c兲 nanograin nucleation. 共d兲 Amorphization occurs in nanoscale
region ABCD due to transformation of initial disclinations shown in 共c兲.
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stress level within the rectangular area is close to that created
by an isolated disclination in a nanowire. Following computer simulations,26 the disclination line core in a nanowire
can spread into the nanoscale amorphous zone, and this
nanoscale amorphization is driven by a decrease in the disclination strain energy.26 In the context discussed, we think
that the amorphization can also occur in a nanoscale rectangular area bounded by the disclinations generated during
plastic deformation in nanomaterials, as shown in Figs. 1共c兲
and 1共d兲. In this transformation, the disclinations spread into
the amorphous area ABCD. The stresses created by the initial
disclination quadrupole in the rectangular area ABCD 关Fig.
1共c兲兴 relax, and the corresponding decrease in the elastic energy drives the amorphization. On the other hand, the amorphous region ABCD 关Fig. 1共d兲兴 is characterized by a positive
difference in the energy between the amorphous and crystalline phases, and this difference hampers the amorphization
process. Also, the amorphization is accompanied by formation of the crystal/glass interface ABCD 关Fig. 1共d兲兴 which
replaces pre-existent GBs 关Figs. 1共a兲–1共c兲兴. That is, the
amorphization leads to transformation of GBs into the
crystal/glass interface. The transformation either drives or
hampers the amorphization, depending on the energies of the
interfaces involved in it.
Let us calculate a change ⌬W in the total energy of the
system due to the amorphization in the nanoscale area ABCD
关Figs. 1共c兲 and 1共d兲兴. The system in its initial state contains a
disclination quadrupole specified by sizes p and q and by the
disclination strengths ⫾ 关Fig. 1共c兲兴. The energy change ⌬W
共per unit of disclination length兲 has the three terms:

⌬W = ⌬g pq + ⌬Wi − Wqel ,

共1兲

where ⌬g is the difference in the energy 共per unit volume兲
between the amorphous and crystalline phases, ⌬Wi is the
difference in the energy of interfaces due to their transformation, and Wqel is the elastic energy of the initial disclination
quadrupole. The latter is calculated in the standard way23 as
follows:
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where G is the shear modulus and  is the Poisson’s ratio.
In order to calculate the interface energy change ⌬Wi,
one needs to identify the initial configuration of interfaces of
the region ABCD 关Fig. 1共c兲兴. Below we will consider the two
typical cases. 共i兲 The region ABCD in its initial state is
bounded by four general GBs AB, BC, CD, and DA 关Fig.
1共c兲兴. They are characterized by the specific energy 共per unit
area of interface兲 ␥gb. After amorphization 关Fig. 1共d兲兴, these
GBs transform into crystal-glass interface ABCD characterized by the specific energy 共per unit area of interface兲 ␥a−c.
共ii兲 The region ABCD in its initial state is bounded by four
special boundaries whose specific energies are low and can
be neglected in a first approximation. After amorphization,
crystal-glass interface ABCD characterized by the specific
energy 共per unit area of interface兲 ␥a−c is formed.
In the case 共i兲, the interface energy change ⌬Wi is given
as

⌬Wi = 2共p + q兲共␥a−c − ␥gb兲.

共3兲

Here 2共p + q兲 is the sum length of all interfaces bounding the
area ABCD. In case 共ii兲, we have ␥gb = 0, and the interface
energy change ⌬Wi is as follows:

⌬Wi = 2共p + q兲␥a−c .

共4兲

Substitution of formulas 共2兲–共4兲 into the expression 共1兲, with
values of parameters ⌬g, ␥a−c, and ␥gb taken from either the
corresponding experiments or computer simulations, allows
one to calculate the total energy change ⌬W characterizing
the nanoscale amorphization 共Fig. 1兲.
Let us calculate the energy change ⌬W in the
scientifically and technologically important cases of silicon
共Si兲 and silicon nitride 共Si3N4兲. In our calculations, for Si,
we use the following typical values of the parameters:
G = 68.1 GPa,  = 0.218,27 ⌬g = 0.100 eV/atom, and ␥a−c
= 0.102 eV/atom.28,29 Since the mean interatomic distance in
Si is 0.27 nm,29 one finds the energies ⌬g and ␥a−c per unit
volume and unit area, respectively, to be given as ⌬g
= 8.13⫻ 108 J / m3 and ␥a−c = 0.231 J / m2.29 The energy ␥gb of
general GBs is taken from computer simulations30 of the
energy of symmetric tilt boundaries in Si. The simulations30
show the typical energy ␥gb ⬇ 1 J / m2 of general GBs. With
these values of ␥a−c and ␥gb, for Si, one finds that the interface energy change ⌬Wi, given by formula 共3兲, is always
negative, while ⌬Wi, given by formula 共4兲, is always positive.
In our calculations concerning Si3N4, we use the following typical values of the parameters:31 G = 119 GPa,  = 0.2,
and the energy32 ⌬g = 9.86 kJ/ mol or 共in units of J / m3兲
⌬g = 1.69⫻ 109 J / m3. For Si3N4, we have not found values
of the energies ␥a−c and ␥gb in the literature. In these circumstances, in our calculations, we use the interface energy
change ⌬Wi written through a model parameter ␥* as follows: ⌬Wi = 2共p + q兲␥*, where values of ␥* are taken from
some reasonable range.
Figures 2共a兲 and 2共b兲 present the dependences ⌬W共p兲
characterizing Si and Si3N4, respectively, for q = 5 nm and
various values of the disclination strength . For both Si and
Si3N4, the calculation was performed in the case of ⌬Wi
⬍ 0. For Si, we used formula 共3兲, while, for Si3N4, the parameter ␥* was taken as ␥* = −0.5 J / m2. Curves 1, 2, 3, and
4 in Fig. 2 correspond to values of  = 0.2, 0.3, 0.4, and 0.5,
respectively. The dependences ⌬W共p兲 are calculated in the
range of p ⬎ 2 nm because lower values of p correspond to
the situation where the disclinations are very close to each
other and use of the continuum theory of disclinations is
hardly relevant. To describe this situation, atomistic simulations are needed which are beyond the scope of our continuum approach.
The dependences in Fig. 2 show that, for any value of p,
with rising the disclination strength , the total energy
change ⌬W gradually decreases and becomes negative at
some critical value of  = c. 共For small enough p, we have
⌬W ⬍ 0 at any value of  关Fig. 2共a兲兴, in which case c = 0.兲
The critical value of  = c is found from the relationship
⌬W = 0 as follows:
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strength c ⬍ 0.5, when the interface energies and p are
taken in reasonable ranges.
To summarize, with theoretical results of this paper,
nanoscale amorphization in deformed nanomaterials and
polycrystals can effectively occur as a process associated
with transformations of deformation-produced disclination
quadrupoles 共Fig. 1兲. Here it has been shown that the nanoscale amorphization is energetically favorable in nano- and
polycrystalline Si and Si3N4 deformed at high applied
stresses in certain ranges of their structural parameters. In
particular, the nanoscale amorphization effectively occurs
through transformations of disclination quadrupoles 共Fig. 1兲
in Si and Si3N4, if the disclination strength exceeds its critical value c.
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the Russian Foundation of Basic Research 共Grant No.
08-01-00225-a兲, and Russian Academy of Sciences Program
“Structural Mechanics of Materials and Construction
Elements.”
FIG. 2. Dependences of the total energy change ⌬W on the disclination
quadrupole size p in 共a兲 Si and 共b兲 Si3N4. Curves 1, 2, 3, and 4 correspond
to values of  = 0.2, 0.3, 0.4, and 0.5, respectively.
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The nanoscale amorphization 共Fig. 1兲 is energetically unfavorable, if  ⬍ c, and favorable otherwise.
Figure 3 presents the dependences c共p兲, given by formula 共5兲, for Si. Solid and dashed curves in Fig. 3 correspond to the interface energy change ⌬Wi, calculated by formulas 共3兲 and 共4兲, respectively. From Fig. 3, it follows that
the critical disclination strength c ⬍ 0.5, for any reasonable
values of p. Such strength values are typical for deformationproduced disclinations in nanomaterials.7,10,14 A similar situation occurs with silicon nitride. For Si3N4, we calculated the
dependences c共p兲 and found that the critical disclination

FIG. 3. Dependences of the critical disclination strength c on disclination
quadrupole size p in Si. Solid and dashed curves correspond to the interface
energy change ⌬Wi, calculated by formulas 共3兲 and 共4兲, respectively. Curves
1, 2, and 3 共1⬘, 2⬘, and 3⬘兲 correspond to values of q = 5, 10 and 15 nm,
respectively.
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