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Abstract. A special micromechanism for formation of nanoscale voids in deformed nanocrystalline
materials is suggested and theoretically described. Within our description, the nanovoid nucle-
ation represents a process driven by release of the elastic energy of disclination quadrupoles
formed due to grain boundary splitting and migration. It is shown that the nanovoid nucleation at
disclination quadrupoles occurs as an energetically favorable process in deformed nanocrystalline
a-ALO, (sapphire), Si (silicon), and Ni (nickel) in wide ranges of their parameters.

1.INTRODUCTION

The mechanical properties of solids are crucially
influenced by generation and evolution of defects;
see, e.g., [1-10]. In particular, deformation-induced
formation of voids at grain boundaries (GBs) and
their triple junctions shows significant effects on
mechanical properties of microcrystalline, ultrafine-
grained and nanocrystalline materials at various
plastic and superplastic deformation regimes [11-
13]. For instance, voids serve as nuclei of ductile
dimples at fracture surfaces or, more generally, car-
riers of ductile fracture processes [14,15]. Also, voids
can stop propagation of brittle sharp cracks (when
a sharp crack tip reaches a void and thereby be-
comes blunt), in which case their presence in a
deformed specimen enhances its ductility. At the
same time, voids cause external stress concentra-
tion [16,17] and thus contribute to decrease in duc-
tility. Besides, nanoscale voids strongly influence
the elastic properties of solids [18,19].

With the effects of voids on the deformation be-
havior of solids, of particular interest are fundamen-
tal micromechanisms for their deformation-induced

formation in solids. In microcrystalline and ultrafine-
grained materials at superplastic deformation, de-
formation-induced formation of voids is treated to
occur as a local process releasing high local
stresses created by either GB dislocation pile-ups
stopped at triple junctions and ledges of GBs
[11,12,20] or lattice dislocation pile-ups stopped at
GBs [11,13]. When the grain size of a material de-
creases down to the nanometer scale, pile-ups of
GB and lattice dislocations cease to be formed due
to evident geometric restrictions. In this context,
one expects that specific micromechanisms (differ-
ent from those operating in coarse-grained polycrys-
tals and ultrafine-grained materials) for deformation-
induced formation of voids come into play in
nanocrystalline materials with finest grains. This view
is based on the fact [21-23] that, in parallel with
conventional lattice dislocation slip, specific defor-
mation modes effectively operate in nanocrystalline
materials with finest grains. Among such deforma-
tion modes, there are GB sliding [21-23] as well as
stress-driven GB migration [22,24-30] which may
be accompanied by splitting of GBs and formation
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Fig. 1. Formation of a nanoscale elliptic void and a nanoscale amorphous region at a disclination quadru-
pole in nanocrystalline specimen deformed by stress-driven splitting and migration of grain boundaries. (a)
General view. (b) Stress-driven splitting of a high-angle tilt boundary into immobile tilt boundary AB and
mobile tilt boundary that migrates towards the position CD. The cooperative process in question results in
formation of the new nanograin ABCD. Also, a quadrupole of wedge disclinations A, B, C, and D (with
disclination strengths +® and the distances s and p between the wedge disclinations) is generated in a
nanocrystalline specimen due to grain boundary splitting and migration. (c) A nanoscale elliptic void (with
the axes a and b) forms which absorbs the disclination quadrupole. (d) A nanoscale amorphous region

nucleates at the disclination quadrupole.

of new nanograins [31,32]. GB sliding produces GB
disclination dipoles [33,34], while stress-driven GB
migration and nanograin formation produce GB
disclination quadrupoles [28-32,35] in
nanocrystalline materials. These disclination con-
figurations create high stresses in local regions of a
solid [28-35], and formation of nanovoids can serve
as a process releasing the stresses. Recently, a
theoretical model has been suggested describing
formation of nanovoids at GB disclination dipoles in
nanocrystalline materials [15]. We think that a simi-
lar nanovoid nucleation process can occur at GB
disclination quadrupoles as well (Figs. 1a-1c). The
main aim of this paper is to theoretically describe

formation of nanoscale voids at GB disclination qua-
drupoles (Figs. 1a-1c) in nanocrystalline materials,
examine its energy characteristics and compare
them with those for formation of nanoscale amor-
phous regions at disclination quadrupoles (Fig. 1d).

2. FORMATION OF NANOSCALE
VOIDS AT DISCLINATION
QUADRUPOLES. GENERAL
ASPECTS

Let us consider a nanocrystalline solid consisting
of nanoscale grains divided by GBs. The solid is
under aremote tensile load. Atwo-dimensional sec-
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tion of the solid is schematically shown in Fig. 1a.
We examine the situation where stress-driven GB
migration contributes to plastic flow of the
nanocrystalline solid (Figs. 1a and 1b). Such a situ-
ation is rather typical during plastic deformation of
nanocrystalline materials [22,24-28]. Sometimes,
splitting and migration of GBs occur cooperatively
and result in formation of a new nanograin (Figs. 1la
and 1b). Hereinafter, for definiteness, we will focus
our examination to the namely situation with nucle-
ation of a new nanograin through splitting and mi-
gration of GBs (Figs. 1a and 1b).

Following [28-32,35], GB disclination quadru-
poles typically form due to stress-driven GB migra-
tion. For instance, Fig. 1b schematically shows the
stress-driven splitting of a high-angle tilt boundary
into immobile tilt boundary AB and mobile tilt bound-
ary that migrates towards the position CD. The co-
operative process in question results in formation of
the new nanograin ABCD (Figs. 1a and 1b). Also,
the angle gap  appears at the GB junctions Aand
D, and the angle gap - appears at the GB junc-
tions B and C (Fig. 1b), where o is the tilt
misorientation of the migrating boundary; for details,
see [28-32,35]. In the theory of defects in solids,
the junctions A, B, C, and D with the angle gaps t®
represent wedge disclinations which are character-
ized by the strengths tw® [36,37] and form a
guadrudipole configuration. Hereinafter we consider
a GB disclination quadrupole ABCD characterized
by both the disclination strengths +® and arms (the
distances between disclinations) p and s (Fig. 1b).

By analogy with microtube formation at disloca-
tions in semiconductors [38,39] and nanovoid for-
mation at disclination dipoles in nanocrystalline
materials [15], we think that one of the channels for
relaxation of stresses created by the disclination
quadrupole is formation of nanovoid, as shown in
Fig. 1c. More precisely, disclination quadrupoles
create high stresses in their vicinity. The stress re-
laxation can effectively occur through nucleation of
a nanovoid that “absorbs” both the disclinations and
the highly stressed region in their vicinity, as it is
schematically shown in Fig. 1c. In doing so, as with
the nanovoid formation in thin films [40] and at
disclination dipoles in nanocrystalline materials [15],
the nanovoid nucleation at a disclination quadrupole
represents a slow process occurring through mi-
gration of vacancies towards the highly stressed
region where their coagulation produces the
nanovoid.

3. ENERGY CHARACTERISTICS OF
FORMATION OF NANOSCALE
VOIDS AT DISCLINATION
QUADRUPOLES

Let us examine the energy characteristics of the
nucleation of a nanovoid at a disclination quadru-
pole (Fig. 1). For simplicity, we consider a two-di-
mensional section of a nanocrystalline solid whose
structure is constant along the direction perpendicu-
lar to the section. (This two-dimensional picture ef-
fectively describes the nucleation of nanovoids in
nanocrystalline films and serves as a first approxi-
mation model for the same process in bulk
nanocrystalline materials.) Within our approach, the
nanovoid in a two-dimensional section of the solid
represents an ellipse with sixes, a and b, of its axes
(Fig. 1). The ellipse sizes a and b are chosen from
the conditions that (i) the nanovoid absorbs com-
pletely the disclination quadrupole and its vicinity;
and (ii) the ellipse perimeter is minimum at given
sizes, s and p, of the disclination quadrupole. Based
on the conditions, we take a =kp \/E and b =

ks \/E , where the non-dimensional parameter k =
1.1.

The nucleation of the nanovoid is energetically
favorable, if the energy change AW =W, - W, <0.
Here W, is the energy of the initial (void-free) state
with the disclination quadrupole (Fig. 1a), and W, is
the energy of the final state containing a nanovoid
(Fig. 1b). The energy change AW (per unitlength of
a disclination or, in other terms, per unit length of
the nanovoid in the three-dimensional solid) can be
represented as the sum of the three terms:

self

AW =W, -W_ -W_, (1)

where W_is the free surface energy of the elliptical
nanovoid, WS:f is the proper energy of the
disclination quadrupole absorbed by the newly
formed nanovoid, and W, is the energy of the GBs
of the nanograin ABCD that disappears due to the
nanovoid formation.

The free surface energy W, of the elliptical
nanovoid per its unit length can be written as fol-
lows:

bZ
WS = ZaysEil——zj, (2)

a

where v, is the specific (per un/i;[ area) energylng the
free surface, and E(m) = ) (1— msin’ 9) de
is the complete elliptic integral of the second kind.
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The proper energy W__, of the disclination quadru-
pole in aninfinite isotropic solid is given by the stan-
dard expression [41]:

W = > (1+€)In[1+t7 ]-t*mt*),  (3)

where t = s/p, D = G/[2=(1 - V)]. The energy W, of
the absorbed GBs (with lengths s and p) of the rect-
angular nanograin ABCD is evidently given as:

ng zZ(S-ﬁ-p)ng, (4)

where Vgo is the specific (per unit area) GB energy.

Formulas (1)-(4) allow one to calculate the en-
ergy change AW. In the scientifically and techno-
logically interesting cases of nanocrystalline ce-
ramic o-AlLO, (sapphire), nanocrystalline Siand Ni,
we calculated AW. In doing so, we used the follow-
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Fig. 2. Contour maps of the critical disclination
strength o, (characterizing the formation of a
nanoscale elliptic void) in the coordinate space of
the disclination quadrupole sizes p and s, for (a)
a-AlLO,; (b) Si; and (c) Ni.

273’

ing typical values of parameters of a-ALO, [42]:
G =169 GPa, v=0.23[42],y,=1.5J/m? y, =0.5
J/m?[43]; the following typical values of parameters
of Si: G =68.1 GPa, v =0.218 [44], y, = 1.5 J/m?,
Vo= 1 J/m?[45]; and the following typical values of
parameters of Ni: G = 73 GPa, v=10.34,y,=2.28
Jim?, y,, = 0.866 J/m? [44]. Our calculations have
shown that there are intervals of parameters, corre-
sponding to the energetically favorable formation of
an elliptic nanovoid at the disclination quadrupole
(AW <0) in nanocrystalline a-AlLO,, Si, and Ni. From
the equation AW = 0 one finds a critical value o, of
the disclination strength o characterizing the qua-
drupole. Inthis case, o is defined as the minimum
value of the disclination strength, at which the
nanovoid generation at the disclination quadrupole
is energetically favorable. We calculated the depen-
dence of the critical disclination strength o on the
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Fig. 3. Contour map of the ratio o_/w_; in the coor-
dinate space of the disclination quadrupole sizes p
and s (for details, see text).

disclination quadrupole sizes p and s (Fig. 2). As it
follows from Fig. 2, the most effective stress rela-
tion through the nanovoid formation at a disclination
quadrupole — or in other terms, the lowest value of
the critical disclination strength o, corresponds
to the square-like shape (p = s) of the newly formed
nanograin ABCD. That is, the nanovoid formation is
enhanced at square nanograins (or those having the
shape close to square), compared to the nanovoid
formation at elongated nanograins. Also, as it fol-
lows from Fig. 2, the nanovoid formation is enhanced
when the quadrupole sizes p and s increase.

4. COMPETITION BETWEEN
FORMATION OF NANOSCALE
VOIDS AND NANOSCALE
AMORPHIZATION AT
DISCLINATION QUADRUPOLES IN
NANOCRYSTALLINE SILICON

In parallel with the nanovoid formation processes,
there are alternative ways for relaxation of the local
stresses created by GB disclination quadrupoles.
One of such ways is the formation of nanoscale
amorphous regions (nanoamorphization) at
disclination quadrupoles (Fig. 1d) [46]. In general,
the amorphous phase has the structure and me-
chanical properties significantly different from those
of the crystalline phase (see, e.g., [47-54]), and for-

mation of nanoscale amorphous regions dramati-
cally changes the deformation behavior of a solid.
In this context, it is interesting to compare the con-
ditions for the nanovoid formation and those for
nanoamorphization at GB disclination quadrupoles.

Following Ref. [46], nanoamorphization at GB
disclination quadrupoles (formed during deformation-
induced nucleation of nanograins; Fig 1 d) is char-
acterized by the critical disclination strength o _, of
the quadrupole, that is, the minimum disclination
strength at which the energetically favorable
nanoamorphization at the disclination quadrupoles
occurs. With both the dependences presented in
Fig. 2 and results of paper [46], we compared the
critical disclination strength o, characterizing the
nanovoid formation and the critical disclination
strength w_, (given by formula (5) in paper [46]). The
dependence of ratio o_/w_, on the disclination qua-
drupole sizes p and s is presented in Fig. 3. As it
follows from Fig. 3, when the size p is small and/or
the size sis small, the amorphization at a disclination
guadrupole is more energetically favorable than the
nanovoid formation in silicon.

5. CONCLUDING REMARKS

Thus, following the results of our theoretical analy-
sis, the generation of nanovoids at disclination qua-
drupoles (Figs. 1a-1c) can effectively occur as an
energetically favorable process driven by stress re-
laxation in deformed nanocrystalline materials. Such
nanovoids slowly nucleate in the stress fields of GB
disclination quadrupoles formed at GB junctions due
to nanograin nucleation. According to our estimates
(Fig. 2), the nanovoid formation is enhanced at
square nanograins (or those having the shape close
to square), compared to the nanovoid formation at
elongated nanograins in nanocrystalline o-Al,O,, Si,
and Ni. In the case of nanocrystalline Si, it is found
that the nanoscale amorphization at a disclination
guadrupole (Fig. 1d) is more energetically favorable
than the nanovoid formation (Fig. 1¢) at the starting
stage of nanograin growth (when the quadrupole size
p is small and/or the quadrupole size s is small).
Our theoretical model accounts for experimen-
tal observation [55-57] of nanovoids at GBs in de-
formed nanocrystalline metals (Ni and Au). In the
framework of the model, intense local plastic flow
results in nanograin nucleation which precedes the
nanovoid formation. The nanovoid formation is a slow,
diffusion-controlled process. Deformation-induced
nanovoids (Fig. 1c¢) can serve as nuclei for viscous
dimple rupture structures experimentally observed
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[58-63] at fracture surfaces of nanocrystalline ma-
terials.

Finally, note that large pile-ups of lattice dislo-
cations — stress sources that often induce the gen-
eration of voids and brittle cracks in conventional
coarse-grained polycrystals — are hardly formed in
nanoscale grains of deformed nanocrystalline ma-
terials [23,31,32]. Therefore, the formation of
nanovoids at GB disclination quadrupoles (Fig. 1c),
as with the formation of nanovoids at GB disclination
quadrupoles [15], can play the role of the dominant
fracture process at the nanoscale level in
nanocrystalline materials showing ductile fracture
behavior.
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