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Abstract. A brief review of thetheoretical modelswhich describe specific plastic deformation mechanisms of
nanograin generation in nanocrystalline and ultrafine-grained materialsis presented. In the framework of the
model s, formation of new nanograi ns and nanograin chainsoccur through stress-driven splitting and migration
of grain boundariesnear crack tipsand grain boundary structures containing disclination dipolesand quadrupol es.
Stress-driven migration of mobilegrain boundaries serves as a specific plastic deformation modeand resultsin

formation of new nanograins and nanograin chains.

1. INTRODUCTION

Ultrafine-grained (UFG) and nanocrystalline materials
(NC) characterized by superior strength represent the
subject of rapidly growing research efforts motivated
by a wide range of their current and potential applica-
tions; see, e.g.,[1-4]. The UFG structurein bulk metallic
materialsistypically formed dueto severe plastic defor-
mation that causes grain refinement in initially coarse-
grained structures. In order to control the final UFG
structurein severely deformed materials, itishighly in-
teresting to understand and describe both the nature
and micromechanisms for deformation-induced grain
refinement. Despite of the progress in this area [5,6],
micromechanismsfor deformation-induced grain refine-
ment are till the subject of intense debates. In these
circumstances, of particular interest isthe stress-driven
grain boundary migrationwhich by definition represents
a plastic deformation mode carried by migrating grain
boundaries [7,8]. It is conventionally treated that the
stress-driven grain boundary migration carries both
nanoscale plastic flow and grain growth [7,8]. In par-
ticular, this role of the stress-driven grain boundary
migration is indirectly supported by experimental ob-
servations [9,10] of the athermal grain growth in the
vicinitiesof cracksin NC materials. Recently, it hasbeen

suggested that the stress-driven grain boundary migra-
tion plays an alternative role as a process carrying nu-
cleation of new grainsin NC and UFG materials[11-14].
In doing so, the grain nucleationisconsidered asaproc-
ess occurring through splitting and migration of grain
boundaries, in parallel with splitting and movement of
grain boundary disclinations (rotational defects) [11-
14]. In papers[11-14], the two types of the initial grain
boundary structure (before the grain nucleation) were
considered: a highly stressed, disclination-free region
near acrack tip of aNC solid [13], and agrain boundary
structure containing adisclination dipolein the vicinity
of a triple junction of grain boundaries [11,12,14].
Whereas, in paper [15], rather similar situation of
nanograin chain formation was considered. In this situ-
ation, the initial grain boundary structure contains a
quadrupole of disclinations located at grain boundary
junctions of a previoudly formed nanograinin a NC or
UFG specimen. The final structure contains two
neighboring nanograins which are elongated along the
same direction and may serve as nuclel for experimen-
tally observed [16-18] nanograin agglomerates (groups
of nanograins with low-angle and/or special bounda-
ries within comparatively large grains having high-an-
gleboundaries) inNC and UFG materials.
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Fig. 1. Generation of a new nanograin and associated disclination quadrupole near a crack tip in deformed NC

materid.

2. FORMATION OF NANOGRAINS
NEAR CRACK TIPS

Paper [13] was concerned with nanograin nucleationin
disclination-freeregion near crack tip. Inthe paper [13],
a NC specimen with the mean grain size d contains a
mode | crack and issubjected to one-axistensileload ..
Fig. 1 schematically shows a two-dimensional section
of an NC solid with aflat crack of length 1. Following the
approach [11], the nanograin nucleation can serve as a
special deformation mechanism occurring through split-
ting of apre-existent GB AC intoimmobileboundary AC
and mobile boundary BD, migration of GB BD, and for-
mation of two new grain boundaries AB and CD (Fig. 1).
The nucleation of the nanograin ABCD is accompanied
by formation of a quadrupole ABCD of wedge
disclinations with the strengths +® near the crack tip
[11] (Fig. 1). The new nanograin hasarectangular form
with characteristic sizes s and p (serving aso as dis-
tances between the disclinations located at junctions of
the nanograin), and its orientation relative to the crack
planeischaracterized by angle o (Fig. 1).

The nanograin nucleation (Fig. 1) is characterized
by the energy difference AW=W,-W,, where W, isthe
energy of thesolidinitsinitial state containing the crack,
and W, is the energy of the solid in its final state con-
taining both the crack and new nanograin. The nanograin
nucleation isenergetically favorable, if AW< 0. Theen-
ergy difference AW (per unit length a ong the axisz) can
be represented as the sum of the threeterms[13]:

AW =E"+E"" +E,, (1)

where EY is the proper energy of the disclination
quadrupole, E*° isthe energy that characterizestheinter-
action between the disclination quadrupol e and the shear
stressfield c; created by the externa tensileload o, in
the solid containing the crack, and Ey isthe sum energy
of the three new grain boundaries AB, CD, and BD.

Inafirst approximation (neglecting the effects of the
crack onthe disclination quadrupol e stresses), the proper
energy W of the disclination quadrupole is given by
the following standard expression [19] for the
disclination quadrupole energy inaninfinite, elastically
isotropic solid [13]:

2 2
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Fig. 2. Dependence of the energy difference AW on the
nanograin sizes s and p.
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Fig. 3. Formation of a nanograin chain near disclinated nanograin in an UFG specimen. (a) A mechanically loaded
specimen with the UFG structure. (b) Initial state with previously formed nanograin ACYX containing disclination
quadrupole. (¢) Formation a new nanograin ABDC through stress-driven splitting and migration of the grain bound-
ary AC. (d) Formation of a nanograin chain due to growth (elongation) of grains ACYX and ABDC.

wheret =g/p.
The energy E%° figuring in formula (2) iswritten as
follows[13,20]:

(3)

where S is the area bounded by the disclination
quadrupole, S’ isthe integration parameter, and ciy isa
component of the stressfield 6; (in the coordinate sys-
tem (x,y); seeFig. 1) created by the external tensileload
o, inthe solid containing the crack. The expression for
ciy can befoundin Ref. [21]. The energy Ey of thenew
grain boundaries AB, CD, and BD isevidently given by
formula[13]:

E" = —(x)_[ Gide',
S

Ey =7,(25+ ), (4)

withy, being the grain boundary energy per unit area of
a boundary plane.

Formulas(1)-(4) alow oneto find the energy differ-
ence AW[13]. The dependence of the energy difference
AW on the sizes s and p of the new nanograin in the
example case of NC ceramic a-Al O, ispresented in Fig.
2. Incalculations, thefollowing typical values of param-
etersof a-Al,O,wereused [22,23]: G=169 GPa, v =0.23,
y=15J? y,= 0.5 Jn?. The external stressc, issup-
posed to be equal to 1 GPa; this value is typical for
mechanical tests of nanocrystalline ceramics. The crack
length L ischosen asL =800 nm. Thisvalueiscloseto
(but dlightly lower than) the Grifith crack length in
a-AlO, at the considered stresslevel. The characteris-
ticangleischosen as o = 70°.

Arrowsin Fig. 2 show evolution in the space (s,p),
corresponding to the most energetically favorable for-
mation/growth of the new nanograin. Asit followsfrom
Fig. 2, the most energetically favorable growth of the
new nanograin is specified by a simultaneous increase
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in the nanograin sizessand p. That is, for any value of
thesizes, theequilibrium rectangular shape (correspond-
ing to the minimum energy difference AW(s,p) of the
new nanograin is specified by equilibrium size P

Thus, the nanograin generation through stress-
driven splitting and migration of grain boundaries near
crack tipsis energetically favorable in wide ranges of
parameters of deformed NC materials. Formation of new
nanoscale grains and associated disclination
quadrupoles near crack tips relaxes stresses concen-
trated near these tips and enhances the fracture tough-
nessin NC materials.

3. FORMATION OF NANOGRAIN
CHAINS NEAR DISCLINATED
NANOGRAINS

In paper [15], amode situation of nanograin chainsfor-
mation in the vicinities of previously nucleated
nanograins containing disclination quadrupolesis con-
sidered (Figs. 3aand 3b). Inthe framework of the model
[15], anew nanograin is nucleated in the vicinity of the
pre-existent nanograin as follows. The grain boundary
AC splitsinto theimmobile grain boundary (also called
AC) and the mobile grain boundary BD that migrates
under the external shear stresst (Fig. 3c). Themigration
causesplastic flow (within the area swept by the migrat-
ing boundary BD) and is accompanied by formation of
new grain boundaries AB and CD (Fig. 3c). Thejunction
points B and D of the mobile grain boundary contain
the disclinations with strengths +. These disclinations
form amobile dipole configuration and are resulted from
splitting of theinitial disclinations A and C with strengths
+w, (Figs. 3b and 3c). Asaresult of the splitting trans-
formations of the grain boundary AC and the
disclinations, a new disclinated nanograin ABCD is
formed (Fig. 3¢).

The distance between the grain boundaries AC and
BD is denoted as p. In general, during the structural
transformation, the external shear stress T can cause
migration of thegrain boundary AC aswell (Fig. 3d). In
these circumstances, geometry of the structural trans-
formation (Figs. 3b-3d) is specified by changesin both
the sizesp and s. Finally, note that a series of structural
transformations like that shown in Figs. 3b-3d can pro-
duce new nanograins. Nanograin chains (Fig. 3d) serve
as nuclei of nanograin agglomerates (groups of
nanograins with low-angle and/or specia boundaries
within comparatively large grains having high-angle
boundaries) that typicaly formin NC and UFG materias
under severeplastic deformation [16-18].

The splitting transformation (Figs. 3b-3d) ischarac-
terized by the energy change AW=W, - W,, where W, is
the energy of the defect configurationinitsinitial state

with the o, - disclination quadrupole (Fig. 3b), and W, is
the energy of the defect configuration in its final state
(Fig. 3d). Thetransformationisenergetically favorable,
if AW<O0. Interms of thetheory of defectsin solids, the
energy change AWiswritten asfollows[15]:

AW =E" +E' +E" " +E" " +E» " +

int int

o-(o, -0 5
E.'""+E -E -E. (5)

int

Here E™, E., E™ " and E_ arethe proper elastic ener-
gies of the dipole XY of +o, -disclinations, the dipole
BD of =*w-disclinations, the dipole AC of
+(w,-w)-disclinations and the initial quadrupole XACY
of +w,- disclinations, respectively; E ™ is the energy
that characterizes the elastic interaction between the
dipole XY of +w-disclinations and the dipole BD of
+o- disclinations; E» "~ isthe energy that character-
izes the elastic interaction between the dipole XY
of +w,-disclinations and the dipole AC of
+(w,-w)-disclinations; E"“*™ is the energy that char-
acterizes the elastic interaction between the dipole
BD of +w-disclinations and the dipole AC of
+(w,-w)-disclinations, E, denotes the sum of the spe-
cific energies (per unit area) of the new grain bounda-
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Fig. 4. The map of the energy difference AWinthe coor-
dinate plane of » and sat the external stressvaluet =1
GPa, for (a) NC ceramics a-Al, O, (sapphire) and (b) NC
Al
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ries AB, CD, and BD; and E_ is the work spent by the external shear stress w to displacements of the disclination
dipolesAC and BD (Fig. 3d).
After some calculation one can find the expression for the energy change DW (see[15], for details):

Do’ L+ p L'+p°) Doo L’ L* +(s+ p)°
AW = —2| ?In 2p+p2In Zp +——| L'In——=+"L"In 2( Zp)
2 L p 2 L'+s L'+p

L* +(s+ p)° L' +s L+ p
( ?) et g zp
(s+p) S p

(6)

+(s+p)°In j—((ooAS-‘r(D p)Lt+(2(p+As) +L)y,.

The maps AWin coordinates of the arm s of theinitial +eo-disclination quardrupole and the disclination strength o
of the mobile +w-disclination dipolein the exemplary cases of NC ceramics a-Al, O, (sapphire) and NC Al (aluminum)
arepresented in Fig. 4. In calculations, the following typical values of parameterswere used [23,24]: G = 169 GPaand
v=0.23, for a-AlLO,; and G =26.5 GPaand v = 0.34, for Al. Theval uesy,, of the energy of specia grain boundaries
in a-Al,O, and Al are as follows: v = 0.05 ¥m? [25] and y/, = 0.1 Jm?[26]. The arm and strength of the initial
+w,-disclination dipole AC (Fig. 1b) aretakenasL = 10 nmand » = 30°, respectively.

Asit follows from Fig. 4, the splitting process is energetically favorable when the initial distance between the
grain boundaries XY and AC has value of s~ 37 nm at the disclination strength o’ ~ 5°, for a-Al O, (Fig. 4a); and
s,®31nmat w’~ 14°, for Al (Fig. 4b). In both the cases under examination, when the distance s (with the proviso that
s>s) increases, so doestheinterval of disclination strength values w at which the splitting process is energetically
favorable (Fig. 4).

Thus, the splitting transformations of grain boundaries of previously formed nanograins with disclination
quadrupolesat their junctions (Figs. 3b-3d) are energetically favorable and can initiate nucl eation of new nanograins
in nanocrystalline a-Al,O,and Al in wide ranges of their parameters. Nanograin chains (Fig. 3d) are resulted from
these transformations.

4. CONCLUDING REMARKS

Thus, formation of the nanograins and nanograin chainsis energetically favorable in wide ranges of parameters of
deformed UFG and NC materials. It is shown that the generation of nanograins near crack tips causesapartial stress
relaxation near cracks. Besides, the stress-driven nanograin formationin NC ceramicsis expected to be more effec-
tive as a deformation and toughening mechanism, compared to the stress-driven grain growth, because migration of
pre-existent grain boundaries in nanoceramics is often suppressed by the difference in the chemical composition
between the grain interiors and grain boundaries. Also, it is shown that the nanograin chains may serve as nuclei for
experimentally observed [ 16-18] nanograin agglomerates (groups of nanograinswith low-angleand/or special bounda-
ries within comparatively large grains having high-angle boundaries) in NC and UFG materials. The suggested
theoretical representations on plastic flow occurring through generation of nanograins at grain boundariesin UFG
materialsare well consistent with the experimental observation [27] of nanograins generation at grain boundariesin
cobalt.
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