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Abstract. A theoretical model is suggested which describes transition from plastic shear into
rotation deformation mode - deformation accompanied by crystal lattice rotations - in
nanocrystalline metals and ceramics. Within the model, the shear deformation occurs through
either grain boundary sliding or lattice dislocation slip and results in formation of pile-ups of
either grain boundary or lattice dislocations, respectively. The dislocation pile-ups create stress
fields initiating the rotation deformation (occurring through formation of immobile disclinations
whose strengths gradually increase during the formation process) in neighboring nanograins.
These processes provide transition from plastic shear into rotation deformation mode in
nanocrystalline metals and ceramics, including single-phase nanocrystalline materials with
narrow and bimodal grain size distributions as well as nanocomposites consisting of microscale
grains and nanoparticles. The conditions are calculated at which the transition is energetically
favorable in nanocrystalline Ni and a-Al,O, (corundum).

1. INTRODUCTION

Nanocrystalline metallic and ceramic materials
show unigue deformation behaviors and outstand-
ing mechanical properties due to the nanoscale and
interface effects; see, e.g., [1-12]. In particular,
specific plastic deformation mechanisms carried by
grain boundaries effectively operate in nanomaterials
characterized by large volume fractions occupied
by these boundaries and their triple junctions. Such
mechanisms include grain boundary sliding, grain
boundary diffusional creep (Coble creep) and rota-
tion deformation mode [1-12]. The mechanisms
conducted by grain boundaries significantly or even
dominantly contribute to plastic flow in
nanomaterials. In many cases, these mechanisms

operate in parallel with the conventional lattice dis-
location slip and effectively compete with it in me-
chanically loaded nanomaterials [1-12].

Of particular interest is the rotation deformation
mode — plastic deformation accompanied by local
rotations of crystal lattice within nanoscale grains —
in nanomaterials [1,12—40]. For instance, following
experimental data [18-28], computer simulations
[29—-32] and theoretical models [33—38], stress-driven
grain boundary migration represents a rotation de-
formation mechanism effectively operating in
nanomaterials. Besides, crystal lattice rotations in
nanograins without grain boundary migration were
experimentally observed in nanomaterials at plastic
and superplastic deformation regimes [1,3-15].
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Elemental carriers of rotation deformation in
nanomaterials are commonly treated to be wedge
disclinations — line defects of the rotation type —
nucleating at and moving along grain boundaries
[17,33,35-38].

The rotation deformation mode often operates in
nanomaterials in parallel with the lattice dislocation
slip and grain boundary sliding that represent typi-
cal plastic shear deformation modes. For instance,
it is the case of nanomaterials under superplastic
deformation predominantly occurring through the
grain boundary sliding and involving both the lattice
dislocation slip and the rotation deformation mode
[1,12]. In doing so, the rotation and shear deforma-
tion mechanisms can operate in neighboring grains
and produce strain incompatibilities, if transfer from
one deformation mode to another is not effective. In
their turn, the strain incompatibilities create high
local stresses capable of inducing crack nucleation.
In this context, in order to control/avoid formation of
dangerous strain incompatibilities, it is important to
understand micromechanisms for effective transi-
tion between the rotation and shear deformation
modes in nanocrystalline materials. In papers
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[41,42], such transitions were discussed in terms
of mobile disclinations as carriers of rotation defor-
mation. Recently, a new rotation deformation mode
in nanomaterials has been suggested which is as-
sociated with evolution of immobile disclinations [43].
The main aim of this paper is to suggest a specific
micromechanism for the transition from plastic shear
deformation into the rotation deformation mode car-
ried by immobile disclinations.

2. GEOMETRIC FEATURES OF
SPECIAL TRANSITION FROM
PLASTIC SHEAR INTO ROTATION
DEFORMATION MODE IN
NANOCRYSTALLINE METALS AND
CERAMICS

Let us consider geometric features of the specific
micromechanism for the transition from plastic shear
deformation (grain boundary sliding or lattice dislo-
cation slip) into the rotation deformation mode car-
ried by immobile disclinations in nanocrystalline
metals and ceramics. To do so, we start with a dis-
cussion of such geometric features in the case of
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Fig. 1. Shear and rotation deformation modes in a nanocrystalline specimen containing a mesoscopic
sliding surface. (a) Enhanced grain boundary sliding along the mesoscopic sliding surface stops at a grain
whose geometry prevents such a sliding. Grain boundary dislocations are accumulated at the mesoscopic
sliding surface near the grain. (b) Lattice dislocations are emitted from a triple junction into the grain. They
transform into grain boundary dislocations whose slow climb controls the rate of both dislocation emission
from the triple junction and thereby grain boundary sliding. (c) Shear deformation mode transforms into
rotation deformation occurring in the grain. The rotation deformation involves slow climb of grain boundary
dislocations, and the climb rate controls the rate of grain boundary sliding.
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superplastic deformation of nanocrystalline materi-
als with narrow grain size distributions (Fig. 1a).
Following experimental data [44—46], when plastic
flow occurs predominantly through grain boundary
sliding, it is highly localized in mesoscopic sliding
surfaces in nanomaterials at superplastic and high-
strain deformation regimes. Each mesoscopic slid-
ing surface represents a chain of several grain bound-
aries having approximately parallel planes and con-
ducts cooperative grain boundary sliding character-
ized by very large values of local plastic strain (Fig.
la) [44-46]. In general, one expects that a
mesoscopic sliding surface, at least at the first stage
of its formation, consists of several plane fragments
divided by grains whose geometry prevents intense
grain boundary sliding (Fig. 1a). Further evolution of
the system in such grains as well as in other grains
whose neighboring grain boundaries conduct grain
boundary sliding is conventionally treated to occur
through emission of lattice dislocations from triple
junctions (Fig. 1b) [47,48]. The lattice dislocations
reach a grain boundary (opposite to a triple junction
emitting the dislocations) and transform into grain
boundary dislocations (Fig. 1b). Then the emitted
dislocations create stress fields that suppress both
further emission of lattice dislocations from the triple
junction and thereby grain boundary sliding [47,48].
However, when the grain boundary dislocations climb
far from the triple junction, the junction again be-
comes active as the lattice dislocation source. In
these circumstances, after some time interval, the
system will reach its dynamic equilibrium state in
which the dislocation emission from the triple junc-
tion is completely compensated by the climb of grain
boundary dislocations (Fig. 1b). The latter process
is slow, because its rate is caused by grain bound-
ary diffusion. As a result, the slow climb of grain
boundary dislocations controls comparatively fast
processes of both emission of lattice dislocations
from triple junctions and thereby grain boundary slid-
ing (for details, see [47,48]).

We think, that besides this conventional evolu-
tion scheme (Fig. 1b), the enhanced grain bound-
ary sliding can transform into the slow rotation de-
formation mediated by diffusion-assisted climb of
grain boundary dislocations in these grains (Fig. 1c).
For illustration of the defect structure transforma-
tion responsible for transition from grain boundary
sliding into the rotation deformation, let us consider
a model rectangular grain ABCD whose geometry
prevents intense grain boundary sliding in a
mesoscopic sliding surface in a deformed
nanocrystalline specimen (Fig. 2). As a result of
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the intense grain boundary sliding, two pile-ups of
grain boundary dislocations are formed in horizon-
tal fragments EF and GH of the mesoscopic sliding
surface in the vicinity of the grain ABCD, as shown
in Fig. 2. Within our model, both the external stress
and stresses created by the grain boundary dislo-
cation pile-ups initiate special rotation deformation
by the immaobile disclination mechanism considered
in Ref. [43]. More precisely, the formation and evo-
lution of the wedge disclinations at the edges of the
rectangular nanograin ABCD is realized by means
of grain boundary sliding along horizontal grain
boundaries AB and CD as well as grain boundary
dislocation climb along vertical grain boundaries AC
and BD. In doing so, grain boundary sliding is car-
ried by grain boundary dislocations that are nucle-
ated at grain boundaries AB and CD and slip under
the action of the applied shear stress over these
GBs (Fig. 2b). In parallel with grain boundary slid-
ing, grain boundary dislocation climb occurs over
the vertical grain boundaries AC and BD, in which
case the dislocations start to climb from the triple
junctions A, B, C, and D (Fig. 2c and 2d). As a
result, two grain boundary dislocation walls of op-
posite signs form at the vertical grain boundaries
AC and BD (Figs. 2c and 2d). The formation of these
dislocation walls results in plastic deformation of
the grain. Also, the grain boundary dislocation walls
create stresses and produce extra tilt misorientation
of the vertical grain boundaries AC and BD (Figs. 2c
and 2d), compared to the initial state (Fig. 2a).
Following the theory of defects in solids [49,50],
finite grain boundary dislocation walls, AC and BD,
create elastic stresses and local lattice rotations
effectively approximated as those created by a qua-
drupole of wedge disclinations located at the
nanograin edges A, B, C, and D (Figs. 2c and 2d).
As to more details, according to definition of
disclinations in nano- and polycrystalline solids
[49,50], a wedge disclination represents a rotation
line defect located at either a grain boundary or a
triple junction of grain boundaries and characterized
by the disclination strength, the rotation misfit (angle
gap). For instance, a wedge disclination at a tilt
grain boundary is the line dividing grain boundary
fragments with different tilt misorientation angles,
whose difference is the disclination strength. A wedge
disclination exists at a triple junction of tilt bound-
aries, if the sum of tilt misorientation angles of these
boundaries is non-zero [49,50]. The non-zero sum
(angle gap) serves as the disclination strength. In
particular, it is the case under consideration (Figs.
2c and 2d), because extra tilt misorientation of the
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Fig. 2. Model of rotation deformation initiated by grain boundary sliding. (a) Initial structure containing a
rectangular grain ABCD. Two pile-ups of grain boundary dislocations are formed at segments EF and GH of
mesoscopic sliding surface. (b) New grain boundary dislocations are generated at horizontal grain bound-
aries AC and BD under the action of the external shear stress and the stress fields of the pile-ups of grain
boundary dislocations. (c) and (d) Special rotation deformation occurs in a nanograin through formation of
immobile disclinations (triangles) whose strengths gradually increase during the formation process con-
ducted by grain boundary dislocation slip and climb. In the situation (d), the system reaches its dynamic
equilibrium state in which the dislocation generation at the horizontal grain boundaries AB and CD as well
as within the mesoscopic sliding surface segments EF and GH is completely compensated by the disloca-

tion annihilation at the triple junctions F and G.

vertical grain boundaries AC and BD violates the
initial balance of grain boundary misorientations at
the triple junctions A. B, C, and D. The strength
magnitudes of the disclinations under our consider-
ation (Figs. 2c and 2d) gradually increase with ris-
ing the density of grain boundary dislocations at
the vertical grain boundaries AC and BD.

The grain boundary dislocations of the pile-up in
the segment EF (GH, respectively) of the
mesoscopic sliding surface have Burgers vectors
with directions opposite to those of Burgers vectors
of grain boundary dislocations that climb along the
vertical grain boundary AC (BD, respectively) (Fig.
2). As a corollary, when the grain boundary disloca-
tions having opposite Burgers vector directions meet
at the triple junctions F and G, they annihilate. In
these circumstances, after some time interval, the
system reaches its dynamic equilibrium state in
which the dislocation generation at the horizontal
grain boundaries AB and CD as well as within the

mesoscopic sliding surfaces EF and GH is com-
pletely compensated by the dislocation annihilation
at the triple junctions F and G. The dynamic equilib-
rium state is characterized by the presence of im-
mobile disclinations having some equilibrium
disclination strengths and creating local lattice ro-
tations. In section 3, we will consider the energy
and stress characteristics of this dynamic equilib-
rium state.

Now let us turn to a discussion of the special
transition in other situations, different from that
shown in Figs. 1c and 2. First, note that the grain-
boundary-sliding-induced emission of lattice dislo-
cations from triple junctions (Fig. 1b), in fact, cre-
ates a pile-up consisting of both lattice and grain
boundary dislocations. The pile-up can induce the
rotation deformation in the neighboring grain (grain
[lin Fig. 1b) in the same way as with the pile-ups of
grain boundary dislocations at mesoscopic sliding
surfaces (Figs. 1c and 2).
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Fig. 3. Transition of plastic shear into rotation de-
formation mode occurs in (a) ceramic
nanocomposite containing nanoparticles at grain
boundaries, (b) ceramic nanocomposite containing
nanoparticles in grain interiors, and (c) nanomaterial
with a bimodal grain size distribution (for details,
see text).

Also, the transition from grain boundary sliding
into the rotation deformation (Figs. 1c and 2) can
occur in ceramic nanocomposites consisting of
microscale grains with nanopatrticles at either grain
boundaries (Fig. 3a) or in grain interiors (Fig. 3b) as
well as nanomaterials with a bimodal structure con-
sisting of large grains embedded into a
nanocrystalline matrix (Fig. 3c). In the first case,
grain boundary sliding commonly occurs along grain
boundaries, and nanoparticles serve as obstacles

for this process. The grain boundary sliding is ham-
pered at the nanoparticles and can induce the rota-
tion deformation (Fig. 3a).

In the case of nanocomposites consisting of
comparatively soft microscale grains with hard
nanoparticles in grain interiors (Fig. 3b), plastic flow
starts to occur by the lattice dislocation slip in “soft”
grain interiors. The nanopatrticles serve as obstacles
for lattice dislocations that can form pile-ups near
the nanoparticles and induce the rotation deforma-
tion in them (Fig. 3b).

Plastic flow in nanomaterials with a bimodal
structure (Fig. 3¢c) commonly starts to occur by the
lattice dislocation slip in “soft” large grains, while
the comparatively “hard” nanocrystalline matrix is
not involved into the first stage of plastic deforma-
tion [4,11]. In these circumstances, one expects
that lattice dislocation pile-ups are formed near grain
boundaries serving as obstacles for the lattice dis-
location slip (Fig. 3c). The lattice dislocation pile-
ups create stresses capable of initiating the rota-
tion deformation in nanoscale grains adjacentto large
grains at the second stage of plastic deformation
(Fig. 3c). The discussed examples (Figs. 1 and 3)
represent typical scenarios for transition from plas-
tic shear deformation (grain boundary sliding or lat-
tice dislocation slip) into the rotation deformation
mode carried by immobile disclinations in
nanocrystalline metals and ceramics.

3. ENERGY CHARACTERISTICS OF
SPECIAL TRANSITION FROM
PLASTIC SHEAR INTO ROTATION
DEFORMATION MODE IN
NANOCRYSTALLINE METALS AND
CERAMICS

Let us consider the energy characteristics of the
special transition from plastic shear into rotation
deformation mode in nanomaterials. To do so, for
simplicity, we will examine such characteristics in
the two-dimensional model situation with rectangu-
lar crystalline grain ABCD dividing two segments
EF and GH of a mesoscopic sliding surface in a
nanocrystalline specimen (Fig. 2). Two pile-ups of
grain boundary dislocations are formed in the seg-
ments, EF and GH, perpendicular to the vertical grain
boundaries AC and BD, as shown in Fig. 2. Each of
the dislocation pile-up at the mesoscopic sliding
surface segment EF (GH, respectively) is supposed
to consist of n identical edge dislocations with
Burgers vectors b (—b, respectively). The head dis-
locations of the pile-ups are located at centers of
the vertical grain boundaries AC and BD (Fig. 2). In
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accordance with our previous description of the spe-
cial transition (section 2), it results in the genera-
tion of a quadrupole of immobile wedge disclinations
at triple junctions A, B, C, and D in the superposi-
tion of both the external stress 1 and the stress
field created by the dislocation pile-ups (Fig. 2). The
disclination quadrupole is characterized by sizes
2p x 2g and disclination strengths +w. Within our
model, the nanocrystalline specimen containing the
disclination quadrupole is assumed to be an elasti-
cally isotropic solid having the shear modulus G
and the Poisson ratio v. The model (Fig. 2) is simple
enough for its effective theoretical analysis and, at
the same time, captures the essential microme-
chanics of the special transition from plastic shear
into rotation deformation mode in nanomaterials.
Let us calculate the energy change AW due to
the generation of a disclination quadrupole in the
framework of the model (Fig. 2) under consideration.
The energy change has the three terms:
AW =W! +2W " - A, (1)

int

Here W' is the proper energy of the disclination
qguadrupole; A denotes the work of the external
stress 1, which is spent to the generation of the
disclination quadrupole; and W ™ is the energy that
characterizes the interaction between the
disclination quadrupole and one of the dislocation
pile-ups. With symmetry of the model (Fig. 2) taken
into account, the interaction of the disclination qua-
drupole with the dislocation pile-up at the
mesoscopic sliding surface segment EF is identi-
cal to that with the dislocation pile-up at the
mesoscopic sliding surface segment GH. Therefore,
WI:I’“ is multiplied by factor 2 on the right-hand side
of formula (1).

In the discussed model geometry, following Ref.
[33], the energy W' is written as follows:

W, = 2D’ {1 +t°)In( +t%) -'Int’F,  (2)

where t=p/q, D=G/[21(1-V)]. Also, following Ref. [33],
the work A is given as:

A = 4twpg. (3)

Let WI:I’“ (x) be the energy that characterizes the
interaction of the disclination quadrupole with the
ith dislocation belonging to a pile-up and having the
coordinate x, (i = 1,...,n) in the coordinate system
associated with the disclination quadrupole center,
as shown in Fig. 2d. (In this coordinate system,
both the dislocation pile-ups are located in the plane
y=0.) The sum interaction energy W "™ figuring on
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the right-hand side of formula (1) represents the sum
of the energies over indexiranging from 1ton. The
energy can be calculated in the standard way [51]
as the work spent to the generation of the i-th dislo-
cation in the stress field created by the disclination
qguadrupole. In doing so, with known expressions
for the stress fields of the disclinations [49], we find:

(x, —p)° +9q’

W (x.) = Dubqg In —.
(x, +p) +q

int (4)
Then, the sum interaction energy Win'j'd is written
as:

n —0) +q°
AR :DoobqZIni(xi P) *a

int £ (Xi +p)2 +q2’ (5)

Following the method [51], the coordinates x, of the
dislocations belonging to the pile-up are calculated
as roots of the first derivatives of the corresponding
Laguerre polynoms. With formulas (2), (3) and (5)
substituted to the expression (1), after some alge-
bra, we find the energy change AW as follows:

AW = 2D§ g’ {L+t*)In(L +t°) ~t* Int’ [ +

gt~ ©

, U
—— ~2(U/D)agt
= (X +qt)" +q U
The dependences AW (in units of 2Db?) on w are
presented in Fig. 4, for various values of the exter-
nal shear stress (t/D) and parameter t=p/q at n=5
and g=100b. For q[110Onm and typical value of the
Burgers vector magnitude b = 0.1nm of grain bound-
ary dislocations, the length of the dislocation pile-
up is ~100b=10nm at given values of the param-
eters of the system.

Strictly speaking, though the expression (6) might
be written in normalized parameters (AW/(2Db?),
1/D, x,/b, g/b), it is not universal for all materials. It
is because the dislocation coordinates x, depend
on material parameters. Nevertheless, our calcula-
tions have shown that sensitivity of x, on material
parameters is weak, since the crucial contribution
to the total interaction energy W ™ is given by the
head dislocations of the pile-up, and the coordinates
of the head dislocations weakly depend on material
parameters. In this context, despite the fact that
the dependences shown in Fig. 4 are calculated in
the case of Ni (with G=73 GPa, v=0.34 [53]), these
dependences are, by practice, universal. In particu-
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Fig. 4. Dependences of AW (in units of 2Db?) on disclination strength w, for various values of the external
shear stress (1/D) and parameter t=p/g at n=5 and g=100b. Curves 1, 2, and 3 correspond to values of t/D

=0.01, 0.03, and 0.05, respectively.

lar, for nanocrystalline ceramic a-Al,O, with elastic
constants (G=169 GPa, v=0.23 [53]) significantly
differing from those of Ni, the dependences in ques-
tion are very close to those shown in Fig. 4.

According to Fig. 4, the energy AW has its mini-
mum at some equilibrium value of the disclination
strength w,. The equilibrium value is derived from
the condition (0AW/0w) LMO:O as follows:

= (x,-p) *q’
2(1/D)gt by I
Z (x, +p) *q 7)
2q[L+t*)In@L+t*) —-t* Int’]

0

The dependences of w, on parameter p/q are pre-
sented as solid curves in Fig. 5, for n=5, g=100b
and various levels of the external stress. For com-
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Fig. 5. Dependences of the equilibrium disclination strength w, on parameter p/q are shown as solid curves
in the presence of the dislocation pile-ups, for n=5, g=100b and various levels of the external stress. Solid
curves 1, 2, and 3 correspond to values of 1/D=0.01, 0.03 and 0.05, respectively. For comparison, dashed
curves are presented which show the dependences of the equilibrium value w, on parameter p/q in the
situation where the dislocation pile-ups are absent. Dashed curves 1', 2' and 3' correspond to values of 0.03

and 0.05, respectively.
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Fig. 6. Dependences of the equilibrium disclination strength w, on parameter p/q, are shown as solid curves
in the presence of the dislocation pile-ups, for 1/D=0.05, q=100b and various values of n. Curves 1, 2, and

3 correspond to values of n=3, 5, 7, respectively.

parison, dashed curves are presented in Fig. 5 which
show the dependences of the equilibrium value on
parameter p/q in the earlier examined [43] situation
where the dislocation pile-ups are absent. (In this
situation, b=0 in formula (7)). As it follows from Fig.
5, the equilibrium value w, increases by several times
due to the presence of the dislocation pile-ups.
Besides, dashed curves have their minimums at
p/b=1 [43], while minimums of the dependences
w,(p/q) correspond to larger values of p/q in the situ-
ation where the dislocation pile-ups exist. In the case
of Ni, for n=5, g=100b and the typical stress level
1=0.5GPa, formula (7) gives w =0.050=2.9° at p/g=1,
®,=0.131=7.5° at p/g=0.1, and w,=0.053=3° at
p/g=10. In the case of a-Al,O, , for, n=5, g=100b
and the typical stress level 1 =2 GPa, formula (7)
gives: ®=0.072=4.1° at p/g=1, w,=0.187=6° at
p/g=0.1, and w=0.104=6° at p/q=10.

The sensitivity of the equilibrium value w, on the
number n of dislocations composing a pile-up is il-
lustrated in Fig. 6 where curves 1, 2, and 3 corre-
spond to n=3, 5, and 10, respectively. In these cal-
culations, other parameters are taken as follows:
1/D=0.05, q=100b. As it follows from Fig. 6, w, in-
creases with rising n.

4. DISCUSSION. CONCLUDING
REMARKS

Thus, in this paper, we suggested a theoretical model
describing the special micromechanism for transi-
tion from plastic shear into rotation deformation mode

in such nanomaterials as single-phase nanocrys-
talline materials with narrow and bimodal grain size
distributions as well as nanocomposites consisting
of microscale grains and nanoparticles. The plastic
shear in these materials occurs through either grain
boundary sliding or lattice dislocation slip. Some
structural elements serve as obstacles for the plas-
tic shear, in which case pile-ups of either grain bound-
ary or lattice dislocations are formed near these
structural elements. For instance, pile-ups of grain
boundary dislocations in mesoscopic sliding sur-
faces are formed near grains that prevent grain
boundary sliding and separate various segments of
mesoscopic sliding surfaces (Figs. 1c and 2). The
dislocation pile-ups create stress fields initiating the
rotation deformation in the grains in question (Figs.
1cand 2). The rotation deformation occurs through
slip and climb of grain boundary dislocations at grain
boundaries of such grains and results in local rota-
tions of their crystal lattices. These processes in a
grain are effectively described as formation of im-
mobile disclinations located at triple junctions of grain
boundaries of the grain and characterized by
disclination strengths gradually increasing during the
formation process (Figs. 1c and 2). After some time
interval, the system reaches its dynamic equilib-
rium state characterized by the presence of immo-
bile disclinations having some equilibrium
disclination strengths and creating local lattice ro-
tations. Our calculations (section 3) have shown that
the special transition from plastic shear into rota-



Transition from plastic shear into rotation deformation mode in nanocrystalline metals and ceramics

tion deformation mode is energetically favorable in
nanocrystalline Ni and a-ALO,. In doing so, typical
values of the equilibrium disclination strength w,
range from around 3°to 7.5°in nanocrystalline Ni at
the stress level 1=0.5 GPa, and from around 4° to
11°in nanocrystalline a-Al O, at the stress level 1=2
GPa.

The special transition (Figs. 1c and 2) from grain
boundary sliding to the rotation deformation in
nanocrystalline materials represents a mechanism
for accommodation of grain boundary sliding, which
is alternative to the conventional accommodation
(Fig. 1b) through emission of lattice dislocations
from triple junctions, their transformations into grain
boundary dislocations and climb of grain boundary
dislocations. The rate of the special transition pro-
cess is controlled by comparatively slow climb of
grain boundary dislocations, whose rate, in its turn,
is controlled by grain boundary diffusion. As a cor-
ollary, the rate of the special transition (Figs. 1c
and 2) is identical to the rate of the conventional
accommodation (Fig. 1b) which, following Refs.
[47,48], is controlled by the rate of grain boundary
diffusion providing climb of grain boundary disloca-
tions. In this context, the rate of grain boundary slid-
ing controlled by the special transition process can
be described by the following rate equation [48,54]
of the grain boundary sliding accommodated by the
conventional mechanism in nanocrystalline materi-
als:

dstbs AD_Gb %g@g ®

Here de  /dt denotes the rate of plastic strain car-
ried by grain boundary sliding, ttime, A is a dimen-
sionless constant (=10), D the coefficient of grain
boundary diffusion, b the dislocation Burgers vector
magnitude, o the stress, d the grain size, k the
Boltzmann constant, and T the absolute tempera-
ture.

Also, as it was noted in section 2, the grain
boundary sliding accommodated by emission of lat-
tice dislocations from triple junctions (Fig. 1b), in
fact, creates a pile-up consisting of both lattice and
grain boundary dislocations. The pile-up can induce
the rotation deformation in the neighboring grain
(grain Il in Fig. 1b) in the same way as with the pile-
ups of grain boundary dislocations at mesoscopic
sliding surfaces (Figs. 1c and 2).

Also, the special transition from grain boundary
sliding into the rotation deformation can occur in
ceramic nanocomposites consisting of microscale
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grains with nanoparticles (Figs. 3a and 3b) and
nanomaterials with bimodal grain size distributions
(Fig. 3c). Inthe case of nanocomposites consisting
of microscale grains with nanoparticles at grain
boundaries (Fig. 3a), grain boundary sliding com-
monly occurs along grain boundaries. The
nanoparticles serve as obstacles for this process,
and pile-ups of grain boundary are formed near them.
Such pile-ups can induce the rotation deformation
(Fig. 3a). In the case of nanocomposites consisting
of comparatively soft microscale grains with hard
nanoparticles in grain interiors (Fig. 3b), plastic flow
starts to occur by the lattice dislocation slip in “soft”
grain interiors. The nanopatrticles serve as obstacles
for lattice dislocations that can form pile-ups near
the nanoparticles and induce the rotation deforma-
tion in them (Fig. 3b). Plastic flow in nanomaterials
with bimodal grain size distributions (Fig. 3c) com-
monly starts to occur by the lattice dislocation slip
in “soft” large grains, while the comparatively “hard”
nanocrystalline matrix in not involved into the first
stage of plastic deformation. In these circumstances,
one expects that lattice dislocation pile-ups are
formed near grain boundaries serving as obstacles
for the lattice dislocation slip (Fig. 3c). Then the
lattice dislocation pile-ups create stresses capable
of initiating the rotation deformation in nanoscale
grains adjacent to large grains (Fig. 3c). In the light
of the discussed examples (Figs. 1, 2, and 3), the
transition from plastic shear deformation (grain
boundary sliding or lattice dislocation slip) into the
rotation deformation mode carried by immobile

Fig. 7. Rotation deformation (caused by preceding
grain boundary sliding and/or lattice dislocation slip)
in nanopatrticles leads to partial relaxation of high
stresses near a crack tip and thereby enhances
fracture toughness of a ceramic nanocomposite.
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disclinations can be a typical process in single-
phase nanocrystalline materials and nanocompo-
sites under plastic deformation. Further experimen-
tal examination of the special transition is needed
to identify its role in deformation behaviors of
nanocrystalline metals and ceramics.

Finally, note that the rotation deformation is en-
hanced by high stresses in nanomaterials. There-
fore, the rotation deformation (caused by preceding
grain boundary sliding and/or lattice dislocation slip)
is enhanced near a growing crack tip (Fig. 7) where
local shear stresses are very high. The rotation de-
formation is accompanied by formation of wedge
disclination quadrupoles whose stresses, accord-
ing to Ref. [35], compensate for in part the stresses
concentrated near the crack tip. As a corollary, the
rotation deformation leads to partial relaxation of
stresses near a crack tip and thereby is expected
to enhance fracture toughness of ceramic
nanocomposites.
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