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Bulk nanostructured, or ultrafine-grained (UFG) metals and alloys produced by severe plastic deformation (SPD) methods have
grain boundaries (GBs), which are in a specific, non-equilibrium state associated with extrinsic grain boundary dislocations
(EGBDs) introduced into the boundaries during deformation. In the present review, the origin of this state is analyzed basing
on the results of studies of large plastic deformations, according to which during straining the GBs accumulate mesodefects
consisting of Rybin disclinations at triple junctions and tangential EGBD arrays and inherit them after removing the load. The
main experimental evidences of the nonequilibrium character of GBs in as-prepared nanostructured materials are presented.
Main ideas and results of the structural model of UFG metals based on the physics of dislocations and disclinations are
overviewed. The latest works on molecular dynamics simulations carried out to explore the detailed atomic structure of
disclinations and nonequilibrium GBs are considered and their results are compared to the predictions of the structural model.
Mechanisms and kinetics of diffusion controlled recovery of nonequilirium GBs are described. An alternative mechanism of
athermal relaxation of nonequilirium GB structure under the action of oscillating stresses has been most recently discovered
and elucidated experimentally and by means of computer simulations. The main results of these studies are shortly reviewed too.
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HepaBHOBecHbIe TPaHNIIBI 3ePEeH B 00'beMHBIX HAHOCTPYKTYPHBIX
MaTepuanax M UX BO3BpAT MOJ| BIUSHIEM HarpeBa u
nUKIndeckoi fepopmanum. O630p
Hazapos A. AT

MucturyT npobnem ceepxiactnanocTu MetaioB PAH, yn. Xanrypuna, 39, Yia 450001, Poccus

OO6beMHBle HAHOCTPYKTYPHBIE, JWIM ylIbTpaMenko3epHuctele (YM3) Marepyasnl, NOTy4eHHbIe METONAMM MHTEHCUBHON
wiactnveckoit pebopmanyn (MIII), comepxar rpannipl 3epen (I'3), Haxopsiuecs: B crieninduyecKkoM, HepaBHOBECHOM
COCTOSIHIY, CB3AaHHOM C BHECEHHBIMU 3epHOrpaHm4HbIMK aucnokauysivu (B3T']), BBemeHHbIMU B TpaHuULbl Ipu fiedop-
Manyu. B HacrosAmeM 0630pe IpoaHaMM3MpoBaHa IPUPOJA STOTO COCTOSHMA Ha OCHOBE Pe3y/IbTaTOB VICCIeOBAHWIT 00/Ib-
HIMX [IACTUYIECKUX e opMalinii, COITacHO KOTOPBIM 1ipu fedopmupoBannu I'3 HakamauBawoT Me307edeKTbl, COCTOSIINE
U3 IVMCKIMHAINIL PpI6MHA B TPOIHBIX CTBIKAX M CUCTEMbI TAHTCHIVIaIbHBIX AMC/IOKALNI, ¥ HACTIeNYIOT X IIOCIIe CHATHA Ha-
rpysku. [IprBefieHb OCHOBHBIE SKCIIEPYMEHTa/IbHbIE JOKa3aTe/IbCTBAa HEPABHOBECHOTO XapakTepa I'3 B cBeXenpuroTos/IeH-
HBIX HAaHOCTPYKTYPHBIX MaTepuajnax. CrelaH 0630p OCHOBHBIX UJieil ¥ pe3y/IbTaTOB CTPYKTYpHON Mozienyt YM3 MeTasuios,
OCHOBAaHHOJI Ha (M3MKe AMCIOKALNIT Y AUCKINHALUIL. PaccMOTpeHbI HelaBHMe pabOTHI 110 MO/IEKY/LAPHO- AUHAMIYECKOMY
MOJIe/IVIPOBAHIO, BBIITOTTHEHHBIE /1 ICCIEIOBAHYA aTOMHOI CTPYKTYPBI AUCK/IVHALIVIL M HepaBHOBeCHBIX '3, 11 MX pe3yiib-
TaThl COIIOCTABJIEHBI C IIPefiCKa3aHUAMY CTPYKTYpHOI Mofeny. OmcaHbl MeXaHU3MbI ¥ KMHeTHKa A Hy3MOHHO-KOHTPO-
JIMPyeMOro BO3BpaTa HepaBHOBecHBIX I'3. CoBceM HeflaBHO OB OTKPBIT a/IbTepHATIBHBIN MEXaHU3M aTepMIUYECKOIl pelak-
caluyl HepaBHOBECHOU CTPYKTYpHI I'3 1oy melicTBMEM OCUMJUIMPYIOMIVX HAIPSDKEHMIL M VICCTIeOBAH KCIePYMEHTaIbHO
Y METOJIOM KOMITIBIOTepHOT'O MofiennpoBanys. CrenaH KpaTKuil 0630p OCHOBHBIX Pe3y/IbTaTOB 3TUX UCC/ICTOBAHMIL.

KnroueBble cmoBa: 06beMHbI HaHOCprKTyprIIZ Marepuari, yHpraMeTIKO3epHI/ICTbII‘/JI MaTepuajl, MHTEHCBHAA IVIACTUYECKaA ue(bopMa-
oy, TpaHNuIla 3€peH, ANCIIOKANNA, IUCKIMHAIA, MOIEKY/IApHaA IVMHaMMKa.
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1. Introduction

One of the most common processes occurring in
polycrystalline materials during plastic deformation is
the interaction of grain boundaries (GBs) with lattice
dislocations, which results in a specific, high energy state
of the GBs commonly referred to as a nonequilibrium state
[1-4]. This state is caused by the presence of extrinsic
grain boundary dislocations (EGBDs), which introduce
perturbations in the atomic structure of GBs and induce
long-range stresses near them [2-5].

Starting from pioneering works of 1990-ths, numerous
studies have demonstrated that nonequilibrium GB structure
is typical for bulk ultrafine grained (UFG) and nanostructured
materials, in particular for the ones processed by severe plastic
deformation (SPD) methods [6,7]. As such, it is considered
to affect the mechanical and physical properties of these
advanced materials. Results of the studies of nonequilibrium
grain boundaries (NGBs) and their role in the properties
of UFG materials have been overviewed in a number of
books and reviews [6-13]. Meanwhile, however, significant
advances have been achieved in this field in the last few years.
In particular, the first atomistic simulations of NGBs have
been carried out [14 - 19], and a new mechanism of structure
relaxation in these boundaries associated with ultrasonic
treatment has been discovered [20 - 30]. The present review is
an attempt to incorporate these new results into the existing
knowledge on NGBs and evaluate a potential impact of the
new knowledge to the studies of structure-property relations
in bulk UFG materials.

2. Basic notions on the formation of
nonequilibrium grain boundaries
during deformation processing

In general, various types of the nonequilibrium structure of
GBs can exist. For example, GBs having excess free volume
due to absorbed vacancies or a disordered atomic structure
formed after processing can be considered as nonequilibrium
ones, since they have an enhanced energy and can relax
during heating. NGBs of this type have been studied by
molecular dynamics (MD) simulations in [31-33]. The
distinctive feature of this type of nonequilibrium is that it
results only in short-range stresses near the boundaries and
their relaxation involves displacements of atoms only on the
atomic scale. For this reason, their effect on the properties
of nanocrystals can be very limited. On contrary, NGBs
containing EGBDs induce long-range stress fields and, as
it will be demonstrated below in Sections 6 and 7, their
recovery requires processes occurring on the scale of grain
size. Thus, our attention below will be focused on this type of
nonequilibrium, which is fundamentally different from the
others.

Origin of NGBs was most clearly elucidated by Rybin and
co-workers who studied experimentally and theoretically
the structure evolution during large plastic deformation
[34-36]. They showed that GBs, being strong barriers for
slip propagation, accumulated dislocations arising due to a
mismatch of the strains of neighboring grains, which had
different orientations with respect to the loading direction

and were deformed by dislocation glide on different sets of
slip systems. These dislocations form specific EGBD systems,
which can be conventionally divided into two types of
mesodefects composed of dislocations with Burgers vectors
normal and tangential to the GB planes. The former are
described by means of disclinations located on grain junction
lines and are called junction disclinations [34 -37]. In order
to distinguish this notion of junction disclinations from other,
not always correct, interpretations, we will further call them
also Rybin disclinations. Rybin disclinations are rotational
defects, which arise due to the mismatch of misorientations of
boundaries meeting at the junctions and have been shown to
be main drivers of grain subdivision into fragments, since, on
accumulating a certain level of their strength, the disclinations
originate broken dislocation boundaries growing from the
junctions into the grains. This is the fundamental basis of
grain refinement by SPD processing [35].

Grain subdivision models based on Rybin’s concept were
considered in [38-40]. In [38,39], an energetic criterion was
used, according to which splitting of a grain can occur by the
formation of new boundaries, if it results in an energy gain
with respect to the energy of a system of junction disclinations.
The grain splitting model based on this consideration
was implemented in visco-plastic self consistent (VPSC)
simulations and successfully used to describe the process of
grain subdivision and texture evolution during large shear
deformation [40].

More recently, extensive direct two-dimensional
dislocation dynamics simulations of the fragmentation
process have been carried out [41-44]. These studies have
confirmed that Rybin disclinations play a key role in the
grain subdivision process resulting in a self-organization of
dislocations into new misorientation boundaries. Moreover,
the formation of partial disclinations in strain gradients
during large shear deformation was directly demonstrated in
MD simulations [45].

As far as SPD processing assumes an application of very
large, but finite strains, after the removal of deformation load
the microstructure of material inherits the defects induced
by straining all but some amount of dislocations, which can
move under the action of internal stresses and annihilate
or sink somewhere. Therefore, the main part of defects
accumulated in GBs will remain there resulting in a NGB
structure in an as-processed UFG material.

3. Experimental evidences of
nonequilibrium grain boundary structure
in ultrafine grained materials

Experimental evidences of the nonequilibrium structure of
GBs in SPD-processed UFG materials are very diverse. The
very first confirmations came from electron microscopic
observations, which showed a specific, strain contrast
consisting of extinction contours from GBs in as prepared
UFG materials as opposed to the band contrast from GBs
in well annealed metals [6,7]. This contrast was interpreted
as an indication on the presence of high internal stresses in
these materials. Since the density of lattice dislocations in
UFG materials is usually low, these internal stresses were
suggested to arise from the NGBs, which were formed
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during severe deformation. Moderate annealing resulted in
the relaxation of the GB structure that did not involve any
significant grain growth. The extinction contours in the
grains disappeared, and the GBs acquired their usual band
contrast. An example of such a behavior is presented in
Fig. 1 [11].

The fact that the internal stresses observed are induced
by GBs is confirmed by direct high-resolution transmission
electron microscopic (HRTEM) observations of several SPD-
processed nanostructured metals and alloys [46-48]. It is
worth of noting that in [46] an ingenious method of artificial
Moiré pattern formation by superimposing a perfectly
periodic grid printed on a transparent film on HREM
images was used in order to visualize and measure the lattice
distortions in nanocrystalline Ni,Al. As we will see below in
Section 5, the same method can be used to visualize lattice
distortions in computer simulated nanocrystals with NGBs.

Quite recently, a new method of strain mapping based
on HRTEM has been used to analyze the defect content of
a triple junction in nanocrystalline Pd and the existence of
a disclination on this junction has been directly proved [49].

X-ray diffraction studies of bulk nanostructured materials
have shown that root mean square (rms) microstrains in these
materials can be as high as tenths of percent and depend on
the method of processing used and post-processing storage
conditions [10, 11, 50 - 52]. In nanocrystalline Ni, Al prepared
by SPD rms strain of 1% was observed [53].

Enhanced energy of GBs in UFG materials is measured
in differential scanning calorimetric (DSC) studies, which
detect an energy release in a temperature range, where no
significant grain growth occurs, that can be interpreted
to occur due to the relaxation of NGBs [53-55]. In [56],
measurements of GB dihedral angles by means of scanning
tunneling microscopy were used to study the distribution of
GB energies in UFG copper and nickel processed by equal-
channel angular pressing (ECAP). These studies have shown
that in the as-prepared state GBs have higher energies, while
with annealing the distribution of GB energies becomes
narrower, energies of GBs decrease.

More evidences have been obtained by extensive studies
of mechanical and physical properties such as elastic moduli,
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Fig. 1. Transmission electron micrographs of nanostructured Cu
processed by high pressure torsion: the as-prepared state (a); after
annealing at 150°C (b).

internal friction, electric and magnetic properties, which
in as-prepared UFG materials are significantly modified as
compared to their coarse grained counterparts and recover
usual values upon annealing [6-8]. Diffusion coeflicient
is a characteristic particularly sensitive to the GB atomic
structure. Several studies showed that UFG metals processed
by high-pressure torsion (HPT) and ECAP possessed GB
diffusion coefficient several orders of magnitude higher than
in coarse-grained polycrystals and recovered ordinary values
on annealing [57-59]. It should be noted, however, that
quantitative results on the diffusion coefficient enhancement
in UFG metals are still controversial. Wilde and co-workers
[60,61] studied the diffusion coefficient in UFG nickel and
copper processed by ECAP and found that in these materials
ultra-fast diffusion paths were formed due to percolating
porosity along triple junctions. Application of back pressure
during ECAP and processing by HPT, which also suppresses
the formation of pores and cracks, results in a much lower
diffusion coefficient [61]. Therefore, the change of GB
diffusion coeflicient is greatly related to processing regimes.
Determining the intrinsic behavior of GB diffusion in UFG
metals is still a problem, which, probably, can be addressed
by molecular dynamics simulations.

4. Structural model of SPD-processed
bulk nanostructured materials

The key points of dislocation and disclination based
structural model of SPD-processed materials are explained
as follows.

Consider an idealized model of polycrystal depicted in
Fig. 2a. Let the polycrystal be deformed by tension as indicated
by arrows under the applied stress. Let, for convenience,
only two grains symmetrically oriented with respect to the
tension axis, be deformed by glide of dislocations on a single
slip plane. Such a simplified model is presented here, since,
as discussed in Section 5, it can be most conveniently used
for atomistic simulations of NGBs [18]. Since dislocation
glide is limited by GBs, each grain supplies to its boundaries
a system of dislocations, which are coupled into dipoles and
have the total Burgers vector equal to zero. If one decomposes
dislocations in each GB to the ones with Burgers vectors
normal and parallel to boundary planes, one will obtain
two subsystems: arrays of tangential EGBDs and those of
normal EGBDs represented by means of Rybin disclinations
(Fig. 2b). This subdivision following the ideas by Rybin et al.
[34-36] was used in [62 - 64] to model the structure of SPD-
processed UFG metals. Apart from these components, one
more component of the NGB structure was proposed, which
consisted in a generally disordered distribution of EGBDs
in each GB [65] and had been shown to result in long-range
stress fields of GBs [4, 66]. However, further studies have
shown that in the most of UFG metals except for refractory
ones this component can relax at room temperatures [67],
thus they should not be as significant as the above mentioned
two components.

In order to make the model analytically tractable, a simpler
nanocrystal, in which the grains have a square parallelepiped
shape, was considered in [62 - 64]. Basing on linear elasticity
theory of dislocations [68] and disclinations [69], rms elastic
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strains and excess GB energies were estimated as functions of
the rms strength of disclinations, <Q?>'"2, and rms density of
tangential dislocations (Burgers vector per unit GB length),
<B*>'"2. The results of these estimates are collected in Table 1,
where G is the shear modulus, v the Poisson’s ratio and d the
grain size.

It is important to note that the excess GB energy due to
both types of mesodefects increases quadratically with the
strength of disclinations and density of EGBDs. This is typical
for dislocation and disclination type defects [68,69].

Numerical estimates in [62-64] were made for
“reasonable” values of the strength of defects <Q*>'?=~
<p*>"2=0.02 and rms strains of the order of 1% and GB
excess energies of the order of 1 Jm™ were found that is in
a satisfactory agreement with experimental data. It should
be pointed out, however, that quantitative comparisons of
calculated rms strains with the experimental data can be done
with a great caution, since there is no direct correspondence
between the scheme of calculating this quantity and
experimental determination; moreover, the measurements
of rms strains are generally based on different methods
and can result in different values. Also, there is not enough
experimental information on the parameters of mesodefects
due to the difficulties of their experimental measurements.
For this reason, computer simulations aimed at estimating
the limiting densities of EGBDs seem to be important.

5. Atomistic simulations of disclinations
and non-equilibrium grain boundaries

First MD simulations of disclinations were carried out
in [70,71] using two-dimensional models of perfect
disclinations. These studies indicated on the possibilities
of energetically favorable amorphization at or dislocation
emission from the disclination cores.

Three-dimensional MD  simulations of partial
disclinations were carried out in several works [72-76].
In these works, single negative disclinations with different
strength values in cylindric bicrystals and tricrystals of
nickel and titanium were studied. It was found that for any
radius of the cylinders, a critical disclination strength existed
above which it resulted in a nanocrack or pore formation at
the disclination core. This critical strength decreases with
an increase of the radius of cylinder. For nickel, it can be
estimated from the following equation:

0 =55.7°/JR, 1)

where R is substituted in nanometers [72]. Given the fact
that the stress fields of disclinations in polycrystals scale with
the grain size d, the latter can be substituted into Eq. (1) to
estimate the upper limit of disclination strengths. This gives
the values 4 + 5° for grain sizes about d=100+200 nm.

Due to the Franks vector conservation law for
disclinations, nanocracks or pores, which open near the
cores of overcritical disclinations, can continue from junction
to junction. This can explain the formation of a percolating
porosity in UFG metals observed in [60,61].

A more realistic model of NGBs containing dipoles of
partial disclinations was considered in [15-17]. In these
works, wedge disclination dipoles were introduced into [112]

tilt GBs in Ni. Such a system is very convenient for studies,
since it allows for generation and movement of straight edge
dislocations of only one slip system with the lines parallel to
the tilt axis. A map of atomic energies calculated by molecular
dynamics clearly showed that the NGB induced long-range
stresses [16].

Quite recently, an even more realistic atomistic model of
nanocrystalline f.c.c. metals with NGBs has been proposed
[18,19]. The computational cell in this model consisted of
four columnar grains with the column axis [112] so that the
GBs between them were all [112] tilt GBs. A special method
of construction has been proposed to introduce EGBDs in
GBs in this nanocrystal. In order to form EGBDs on the
boundaries of a selected grain, it is assumed to be removed
from its place, freely deformed by dislocation glide, then

b

Fig. 2. Schematic representation of the trapping of lattice dislocations
by grain boundaries during plastic deformation (a) and resulting
components of the NGB structure (b). White and black triangles in
(b) denote negative and positive disclinations, respectively.

Table 1. Rms strain and excess energy of NGBs due to Rybin
disclinations and tangential EGBD arrays in a nanocrystal

NGB component | Rybin disclinations | Tangential EGBD arrays
Rms strain g!=0.1<?>""? gl =~0.3<p>""?

Excess energy _ G<Q*>dIn2 _ G<f*>d(n-2In2)
per GB unitarea| "=~ 16m(1-v) Vo™ 4m(1-v)
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strained back elastically and embedded into the polycrystal.
Then the system with EGBD precursors is subjected to
energy minimization with special precautions preventing the
EGBDs’ annihilation. The geometry of the computational cell
used in [18,19] and created EGBD system are schematically
presented in Fig. 2a.

An energy map of a nanocrystal with EGBDs and the
corresponding energy scale are given in Figs. 3a,b. One can
see that inside the grains of the nanocrystal there are high
energy atoms that is an indication of high internal long-range
stresses.

Interestingly, lattice distortions caused by the EGBDs
can be easily visualized using Moiré patterns as in the case
of HREM images [46]. In the present case, these patterns
can form due to a superposition of the nanocrystalline
lattice images onto the perfectly periodic lattice made
by the computer screen pixels. Such a pattern obtained
by an appropriate vizualization of the atomic structure
corresponding to the energy map of Fig. 3a is presented in
Fig. 3c.

6. Diffusion controlled grain boundary recovery

The nonequilibrium structure of GBs is a metastable, high
energy one and relaxes towards equilibrium, if overcoming
of energy barriers preventing the mobility of atoms becomes
possible. One of the most general ways of providing this
possibility is annealing, which allows for significant GB
diffusion. The process of relaxation of NGB structure
usually referred to as the grain boundary recovery is very
important for the stability of the structure and properties
of UFG materials and in particular for high-temperature
deformation and superplasticity.

The GB recovery in UFG metals was studied on the
basis of dislocation modeling in [77,78]. This process is
controlled by the removal of EGBDs from GBs to neighbor
boundaries through triple junctions that in general requires
the GB diffusion. According to the models, relaxation of
EGBD arrays of the two types, which have been described
above in Sections 2 and 4, occurs as follows (Fig. 4). Sessile
EGBDs, which constitute the dislocation content of junction
disclinations, under mutual repelling forces sequentially
approach the junctions and energetically favorably dissociate
there into two EGBDs whose Burgers vectors lie on
corresponding GBs (Fig. 4a). These dislocations easily leave
the junctions by glide to annihilate with opposite dislocations
somewhere at the centers of corresponding GBs. Therefore,
the process of annealing of sessile EGBD arrays is controlled
by a climb of the dislocations to triple junctions. Gliding
EGBDs form a pile-up at triple junctions (Fig. 4b). Here the
lead dislocations dissociate into two EGBDs with Burgers
vectors normal to the planes of two neighboring GBs, which
can now leave the junction by pure climb.

In a limit of an infinitesimal Burgers vector of the
dislocations, one deals with a continuous diffusion model,
in which the stresses of EGBDs are relaxed by diffusion of
vacancies from dilated GB zones to compressed ones (the
corresponding directions of vacancy flow are indicated by
dotted arrows in Figs. 4a, b). In both cases, the recovery process
requires diffusion to distances scaling with the GB length, i.e.
the grain size. Accurate calculations based on the continuum
GB diffusion and discrete dislocation analyses have shown
that both models are characterized by an exponential law of
time dependence of the average EGBD density:

Q=0 exp(-t/t), p=B,exp(-t/t), ()

0.000

-4.435
-4.440
-4.445

-4.448

-5.000

b c

Fig. 3. Atomic energy map of a nanocrystal with NGBs containing EGBDs (a) with corresponding energy scale (b) and a Moiré pattern

indicating the distortions of crystal lattice in the grains (c).

a

b

Fig. 4. Mechanism of relaxation of normal EGBD arrays (junction disclination dipoles) (a) and tangential EGBD arrays (b).
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with a characteristic time approximately equal to

t ~ kT (3)
1008D,GV.

where d is the grain size, 8D, is the GB diffusion width times
GB self-diffusion coefficient and V is the atomic volume.
For pure UFG Cu a significant relaxation of the
structure and properties occurs during 1 hour annealing at a
temperature T=400 K [6,7]. A calculation of the characteristic
relaxation time according to Eq. (3) by using the parameter
values 8D, =2.35x107* m’/s, Q,=107.2 kJ/mole [79],
G=5x10*MPa, V =1.18 x 10 m’ gives a value of {, = 60 min,
which is in excellent agreement with the experimental data.

7. Relaxation of nonequilibrium grain
boundaries induced by cyclic straining

The GB recovery driven by diffusion is not the only possible
way of relaxation of NGBs. In principle, EGBDs can be
removed from GBs by external forces caused by an applied
stress.

There have been several studies on the effect of mechanical
loading on the nonequilibrium structure of GBs having
a non-EGBD nature. In [31] the authors noted that plastic
deformation of nanocrystals as-constructed by Voronoi
tessellation resulted in a reduction of the number of atoms
having coordination numbers less than 12 like annealing.
This means that ordering of the GB atomic structure
occurred. In [33] a relaxation effect of cyclic loading on the
atomic structure and energy of nanocrystals constructed by
the same method was found.

The effect of cyclic loading on the structure of NGBs
containing EGBDs, which are typical for SPD-processed
nanostructured materials, was studied recently in [15-19].
The idea behind these studies is as follows. EGBDs induce
high internal stresses, which in the absence of applied load
are in a mechanical equilibrium. When an external stress
is applied and at some place has the same sign as internal
one, it can activate there an emission of dislocations from
GBs resulting in a decrease of their dislocation charge. If the
applied stress oscillates symmetrically, the unidirectional
internal stresses introduce an asymmetry into this dislocation
emission process, i.e. an irreversible GB relaxation can occur.
Moreover, if the applied stress amplitude is reasonably low,
there will be no macroscopic plastic deformation of material
and the only effect of cyclic loading will be the structural
modification.

Indeed, a series of experimental studies have been
obtained in the last decade, which gave the evidence of a
significant relaxation effect of ultrasonic treatment (UST) on
the structure of GBs in SPD-processed UFG metals.

In the first study [20] it was shown that oscillating
tension-compression stresses with amplitudes in the range
40+ 140 MPa resulted in a decrease of microhardness, rms
microstrain, notable increase of the thermal stability of
microstructure in nanostructured Ni processed by HPT.
Structural studies showed that GBs changed their diffraction
contrast as in the case of moderate annealing, i.e. their
relaxation occurred. Later studies of HPT-processed Ni
have shown that the effect of UST is not monotonous: first

an increase of the GB energy, rms strains, microhardness
occurs with an increase of the UST amplitude, then all these
characteristics decrease indicating on the GB relaxation
[24,25]. Studies using ECAP-processed Ni revealed an
uncommon effect of UST on mechanical properties: at
stress amplitudes 50+ 90 MPa it resulted in a simultaneous
enhancement of both the elongation to failure and ultimate
strength at room temperature tensile tests [22].

In order to understand the effect of UST on the structure
of UFG metals, two kinds of simulations have been carried
out basing on molecular dynamics [14-19] and two-
dimensional dislocation dynamics [26 - 30].

The first molecular dynamics simulations were done
for a two-dimensional model nanocrystal, in which the
NGB structure was created by plastic deformation of an
as-constructed atomistic model [14]. This work allowed
one to predict many qualitative effects related to UST such
as the relaxation of GBs, internal strains, and increase of the
fraction of high-angles boundaries. All these predictions are
confirmed by experimental data presented in [20,24,25].

The three-dimensional atomistic simulations were based
on columnar bicrystal and nanocrystal models considered
in Section 5. When oscillating stresses with the amplitudes
of several gigapascals are applied, the GBs generate partial
lattice dislocation, which glide across the grains and sink
at the surfaces in the case of bicrystal and opposite GBs
in the case of nanocrystal. In several cycles of loading, the
GBs become free of EGBDs and acquire an equilibrium
structure, which does not cause long-range internal stresses.
As an example, Fig. 5 presents an atomic energy map for the
nanocrystal whose energy map was given in Fig. 3a [19]. The
GB relaxation occurred here by a generation and movement
of partial lattice dislocations that resulted in a curved shape
of GBs and formation of stacking faults, which are visualized
in the figure by gray lattice atoms having a slightly higher
energy than the one of white f.c.c. lattice atoms. Nevertheless,
the structure given in Fig. 5 has an energy similar to that of a
nanocrystal with equilibrium GBs.

Thus, the molecular dynamics simulations have shown
that NGBs can relax and acquire equilibrium structures
under cyclic straining by a mechanism of lattice dislocation
generation. This process has a threshold character

Fig. 5. Atomic stress map of [112] columnar nanocrystal of Ni with
initially nonequilibrium structure after straining by 10 cycles with
stress amplitude 4 GPa.
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[15-17,19] and can occur only at stress amplitudes higher
that a certain critical value. Obviously, this mechanism is
caused by a reduction of the stress necessary for dislocation
emission from NGBs as compared to equilibrium GBs. The
enhancement of dislocation emission by GBs due to their
deformation distortions has been recently predicted on the
basis of continuum theory of dislocations [80].

Discrete dislocation simulations of the relaxation in a
system of edge dislocations in a model quasi-two-dimensional
grain, the junctions of which contain Rybin disclinations, have
been carried out in [26 - 30]. It is assumed that this is a probe
grain in a deformed polycrystal the other grains of which are
considered as an effective medium, which is not deformed
plastically, but accepts all elastic fields of defects. The GBs are
nontransparent for dislocations, i.e. any dislocation entering
a GB is trapped there. Two cases have been considered when
the dislocations belong to a single [26 - 29] or three [30] slip
systems. The basic idea for this study, which was first proposed
in [21] is that under a combined effect of the ultrasound and
junction disclinations the dislocations could enter the GBs
or rearrange to form low-angle boundaries cancelling the
disclinations.

Indeed, the discrete dislocation simulations have
shown that under oscillating stresses the dislocations can
move to GBs and trap there. These dislocations have the
signs opposite to the ones of EGBDs which constitute the
disclination quadrupole and this process always results in
a cancellation of the disclinations. In the case of multiple
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slip systems the mutual interactions of lattice dislocations
play an important role. If the amplitude of stresses is
low and density of dislocations is high, the latter form a
substructure consisting of finite tilt boundaries. An example
is given in Fig. 6, where the distribution of 300 hundred
dislocations in the initial state (a) and after the action of
five thousand cycles of oscillating shear stress with different
amplitudes (b, c) are presented [30]. Here, the amplitude is
determined by a certain dimensionless parameter K, which
appears during the normalization of dislocation movement
equations. With an increase of parameter K, more and more
dislocations reach the boundaries and less dislocations
form substructure. The intermediate structures (b,c)
result in a slight increase of the rms stresses in the grain,
i.e. in a higher elastic energy of the system, while at higher
amplitudes corresponding to Fig. 6d, the internal stress field
of the total system of defects is significantly lower that in the
initial state [30].

These simulations show that relaxation of the
nonequilibrium structure of GBs in severely deformed
nanostructured materials under ultrasound actions can occur
also by trapping of lattice dislocations at GBs. This is possible,
if there are sufficient dislocations in the grains or dislocation
sources can operate under the ultrasound. Multiplication of
dislocations during UST of ordinary materials is observed at
stress amplitudes less than 10 MPa [81], therefore, in UFG
metals dislocation generation can be expected at stresses of
several dozens of megapascals. Increase of internal strains
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Fig. 6. Distribution of edge dislocations of three slip systems in a quasi-two-dimensional grain with a junction disclination quadrupole in the
initial state (a) and after 5000 cycles of shear stress oscillations with dimensionless amplitude of K=0.3 (b), 0.5 (¢) and 1.0 (d).
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in experiments reported in [24,25] occurs at about 30 MPa.
Therefore, the observed behavior of an increase of internal
stresses followed by relaxation with an increase of the UST
amplitude can be explained by the interaction of lattice
dislocations and NGBs.

Thus, the results of experimental and computer simulation
studies of the effect of high frequency cyclic stresses are in
good mutual agreement and demonstrate that UST can serve
as an efficient alternative to annealing to equilibrate the
structure of SPD-processed UFG materials and modify their
mechanical properties.

In [22] the following qualitative comparison between
the effects of annealing and UST was proposed. The
thermodynamic state of an as-prepared UFG metal can be
considered as a point in the phase space. Phase trajectories
of the system during annealing and UST start from this point
but in general will be different. Therefore, UST can lead the
system to states, which are not accessible by annealing. The
final configurations of the system in the two cases will be also
different and this will cause different properties of the UFG
materials after these treatments. Of course, a combination of
annealing and UST can lead to even a wider variety of ways
of structure and property modification.

8. Concluding remarks

In the present paper, we have reviewed the recent progress
in experimental and theoretical studies of NGBs in SPD-
processed materials in connection with earlier developed
models. We have found that in general, these results are
in a good agreement and at present allow one to construct
realistic atomistic models. These models can now be applied
to study the effect of NGB structure on mechanical, diffusion
properties of UFG metals. Moreover, the nonequilibrium
state can be quantified in terms of long-range stresses and
energies through atomistic calculations.

The concept of nonequilibrium grain boundaries can
be useful not only for bulk, but also for two-dimensional
nanomaterials. For instance, NGBs with disordered networks
of disclination dipoles has been recently analyzed in
grapheme [82].

Affecting the nonequilibrium structure of GBs, ultrasonic
treatment of UFG materials can give a new tool for a
modification of the properties of these materials and allow for
obtaining combinations of properties, which can be different
from those obtainable by ordinary treatments, for example,
by annealing.

In general, we can state, in addition to conclusions of a
recent review [12], that grain boundary engineering based
on a control of the nonequilibrium structure of GBs through
various methods can provide new possibilities for obtaining
new extraordinary properties of UFG and nanostructured
materials.
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