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A method for the construction of initial structures for molecular
dynamics simulations of nanocrystals with nonequilibrium grain
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A method for the construction of initial atomic models of nanocrystals with extrinsic grain boundary dislocations (EGBDs) in
grain boundaries (GBs) for molecular dynamics (MD) simulations is developed. The method is realized for f.c.c. nanocrystals
with columnar grains having common crystallographic axis [112] parallel to the column axis and thus divided only by [112]
tilt GBs. This system is convenient for studies of interactions between GBs and lattice dislocations, since each grain can
be deformed by edge dislocations of only one slip system, which have lines parallel to the [112] axis. In order to introduce
extrinsic dislocations to the boundaries of a selected grain, its contour is assumed to be strained by a given shear strain y so
that a contour of a freely sheared grain is formed. This contour is filled in by atoms of a f.c.c. lattice with [112] direction parallel
to the column axis and then the grain thus formed is subjected to an elastic shear strain —y. This results in a deformed grain
having the original shape, on the boundaries of which precursors of EGBDs are formed. In order to prevent these precursors
from spontaneous annihilation during MD relaxation, one can temporarily fix GB atoms, or apply a proper external stress,
or do both. A case study is carried out using two different protocols of MD relaxation to determine atomic structures and
energies of nonequilibrium GBs.
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Mert o MMOCTPOCHMS NUCXOAHDBIX CTPYKTYP I/1A MOIEKY/IAPHO-
AVMHAMHNYECCKOTO MOJCTUPOBAHNA HAHOKPUCTATIOB
C HECPAaBHOBCCHBIMI I'paHNIIaMM 3€PEH, COACPKAINMU
BHE€CCHHbIC NN CTOKaAONN

Hazapos A.A.", Myp3saes P. T.

NucturyT npobnem cBepxiactnaHocTu MetaioB PAH, yn. Xanrypuna, 39, Yba, 450001, Poccns

PaspaboTraH MeTOJ| IIOCTPOEHNMsI MCXOHBIX ATOMHBIX MOJIe/ieli HAHOKPUCTA/ITIOB C BHECEHHBIMI 3€PHOTPAHNYHBIMU JJUICTIO-
karysamu (B3ID) B rpanunax sepeH (I'3) i MoIeKy/IApHO-AMHAMIYECKOIO MOfIeIIpOBaHsA. MeTop peann3oBaH I CIIy-
Yas T.I.K. HAHOKPUCTA/JIOB C KOJMIOHYATBIMU 3€pHaMU, UMeIIINMU obiiee Kpucramiorpadudeckoe Hampasiaenme [112],
IapaJUIeJIbHOe OCU KOJIOHHBI, U TaKVIM 00pa3oM pasfje/leHHbIMY TOJIBKO I'paHMIjaM HakloHa [112]. Ora cucteMa ynoOHa
IS MICCIeOBaHMA B3aVMOJeVICTBIIL MEeXAY '3 U pellleTOYHBIMY AVICIOKALVIAMM, TaK KaK KaXkKJoe 3¢pHO B Hell MOXET Jie-
$hopMupPOBaTHCS CKONIbYKEHNEM KPaeBBIX JUCTOKAINIT TOMBKO OJHOM CUCTEMBI CKObYKEH NS, TMHNN KOTOPBIX Mapajiie/ibHbI
HarpasjeHuio [112]. [Ing Toro 4To6bl co3paTh BHECEHHbIE NUCTOKALMY B TPaHNUIIAX BBIOPAaHHOTO 3epHa, MBIC/ICHHO JIOITY-
CKaeTCs, YTO ero KOHTYp HedopMMpOBaH CABUIOM Ha 3a[aHHYIO BEIMYMHY ), TaK YTO 00pas3yeTcs KOHTYp CBOOOLHO Je-
($hOopMMPOBAaHHOTO 3epHa. DTOT KOHTYP 3aIllONHACTCA aTOMaMU LILK. PelleTKM ¢ HalpaBleHueM [112], mapajiebHbIM ocu
KOJIOHHBI. 3aTeM 00pa3oBaHHOE TaKUM 00pa3oM 3epHO lepOopMUpyeTcs YIPYTUM CABUIOM Ha —). B pesynbrare obpasyercs
IedopMMUPOBaHHOE 3€PHO, MMeolllee ICXORHYI0 GpOopMy, B IpaHNUIIaX KOTOporo Gopmupyiorcs npexypcopst B3Il Uto6br
IIPeNATCTBOBATb CaMOIIPOVI3BOIBHON aHHUTWIALIMY STUX IPEKYPCOPOB IPM MOJIEKY/IAPHO-AVHAMUYECKOI peTaKcalui,
MO>XHO BPeMEHHO (PMKCHpPOBATb aTOMbI B I'3, IPUIOKUTh COOTBETCTBYIOLee BHEIIHee HAIIpsDKEHNUe VIV OFHOBPEMEHHO
cIenarh U To, ¥ gpyroe. [IpoBeieH aHa/I3 KOHKPETHOTO IIpUMepa ¢ MCIIOIb30BaHMeM IBYX Pa3HbIX IIPOTOKOJIOB MOJIEKY/IAP-
HO-JIVIHaMIYeCKOJl peslaKcallliy, OIpeie/leHbl aTOMHbIe CTPYKTYPBI U 9HEPIUY HepaBHOBECHBIX I'3.

KnroueBbie cmoBa: HEpaBHOBECHAA IrpaHNIla 3€pEH, BHECEHHAsA 3€pHOTrpaHYIHaA AUC/IOKal Vs, S9HEPTNA, MOJIEKY/IsApHasA AUHaMMKa.
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1. Introduction

During  low-temperature  plastic  deformation  of
polycrystalline materials their grain boundaries (GBs) act
as strong barriers for slip and accumulate extrinsic grain
boundary dislocations (EGBDs) [1,2]. This results in a
specific structure of GBs, which is commonly referred to
as the nonequilibrium structure [3-5]. Nonequilibrium
GBs induce long-range internal stress fields and possess
an enhanced specific energy that results in their different
properties and effect on the properties of polycrystals as
compared to equilibrium GBs typical for well annealed
materials [2,4]. For instance, nonequilibrium GBs have an
enhanced diffusion coeflicient [6,7], GB sliding ability [2],
significantly influence the mechanical [8] and even electronic
properties of polycrystals [9].

The nonequilibrium GB structure is typical for the
structure of bulk nanostructured materials processed by
severe plastic deformation (SPD) methods [10,11]. Electron
microscopic observations showed that after SPD the GBs had
a specific strain contrast indicating on high internal stresses
in grains [12], while differential scanning calorimetric studies
revealed an excess energy release due to the GB recovery
without a grain growth [13].

Starting from the most general concepts concerning
the interaction of GBs with lattice dislocations during
plastic flow, Rybin and co-authors [14] developed a theory
of fragmentation of materials, i.e., grain subdivision, which
is a basis of SPD-processing of metallic materials. Basing
on this theory, dislocation and disclination models of
nonequilibrium GB structure in nanostructured materials
were proposed [15-17]. These models allowed one to
evaluate some important structural and energetic parameters
of SPD-processed nanomaterials such as root mean square
elastic strain and excess GB energy.

A more direct study of the properties of nonequilibrium
GBs and their effect on the properties of polycrystals requires
the knowledge of their atomic structure, for which molecular
dynamics (MD) simulations are needed. A key part of this
study is a construction of appropriate atomistic models,
which include necessary configurations of defects to study.

In the literature, several atomistic studies of
nonequilibrium GB structures in bicrystals and nanocrystals
have been reported recently [18-20]. In these studies,
however, the nonequilibrium structure was either introduced
into GBs by pseudo-random local shifts of GB atoms from
their equilibrium positions [18] and creating free volumes
[19], or was assumed to occur simply due to the Voronoi
construction [18,20]. However, these kinds of initial structures
do not capture the main features of nonequilibrium GBs such
as the existence of EGBDs, which are the only sources of
long-range stress fields of GBs. So far, by authors’ knowledge,
there have been no atomistic studies of nonequilibrium GBs
containing EGBDs.

In the present work, a method for the construction of
atomic models of nanocrystals with nonequilibrium GBs
containing EGBDs is proposed on an example of a nickel
columnar nanocrystal with the column axis [112]. A case
study of the structures of nanocrystals using two different

protocols of MD relaxation is carried out and the excess
energy of GBs for these structures is calculated.

2. Plastic strain of a grain and
formation of EGBDs

In order to elucidate the idea behind the construction
method, imagine an infinitely elongated grain with a square
shaped cross section, which can be plastically deformed
by slip on the planes of a single slip system parallel to the
horizontal plane (Fig. la). The grain is not isolated but
surrounded by other grains as a whole considered as an
effective matrix grain. The only role of this effective grain
is to make the probe grain a part of bulk material and form
boundaries with the grain under consideration, which are
non-transparent for lattice dislocations.

Assume now that the grain is deformed plastically under
an applied simple shear y, while the matrix deforms only
elastically. Then dislocations causing the strain of the island
grain will cross the latter and be trapped by its boundaries
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Fig. 1. Schematics of the formation of dislocations in the boundaries
of a probe grain surrounded by a matrix due to a simple shear of the
grain (a), distortion of an isolated grain by the same shear (b) and
formation of EGBD “precursors” by an opposite elastic shear (c).
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thus forming EGBDs as shown in Fig. la. Definitely, this
will result in the formation of a metastable nonequilibrium
structure of the GBs, which is the cause of long range elastic
strain fields around the boundaries in both the probe and
matrix grains and an excess energy of elastic nature.

Now imagine that the grain is taken out from its place and
deformed freely by the same simple shear y. This will result
in a plastic distortion of the grain as shown in Fig. 1b, i..
the grain will have no elastic strains but steps on its surfaces
are formed due to the emergence of dislocations. If we take
this plastically distorted grain as an initial system, subject it
to an elastic shear of opposite sign —y and put back inside its
previous place, the surface steps will be located in the GBs
and become “precursors” of EGBDs (Fig. 1c).

The main difference of these EGBD precursors from real
EGBDs formed due to the constrained slip as in Fig. 1a is that
during their creation all elastic strain has been localized in
the probe grain, while in the system of Fig. 1a it is distributed
in the strain field of dislocations, i.e. in both the probe and
matrix grains. Therefore, special atomic relaxation procedures
should be applied to the structure obtained by the creation of
EGBD precursors to redistribute the elastic strain fields.

3. Construction of initial structure for
[112] columnar f.c.c. nanocrystals

The idea of introducing dislocations in GBs for a construction
of atomic models is the most conveniently realized for the
case of quasi-two-dimensional systems, i.e. for nanocrystals
consisting of columnar grains infinitely elongated in
one direction. A particularly convenient and physically
meaningful system of this kind is the one consisting of f.c.c.
grains with the column axis [112]. When the applied stress
has only components normal to this axis, the grains will
deform by slip of only edge dislocations with the Burgers
vector 7[110] and lines parallel to [112]. This greatly
facilitates the detailed atomistic analysis of the processes
of dislocation-GB interactions. Recently, such a system has
been used by Shimokawa et al. [21] to study the interaction
of [112] tilt GBs with lattice dislocations.

Let us consider a computational cell containing a
columnar f.c.c. nanocrystal schematically presented in
Fig. 2. The cell consists of four grains, which have a common
crystallographic axis [112], the direction of which coincides
with that of the z-axis. The grains have a regular hexagon
shape cross section with an edge a. Maximum size of the
hexagons, d =24, will be taken as the grain size.

The grains of the system can be given arbitrary
orientations with a crystallographic direction [112] parallel
to the z-axis. As an example, consider a specific case, when
grains 1 and 2 have orientations of slip planes parallel to xOz
and yOz planes, respectively, and grains 3 and 4 are rotated
to angles +20° from the orientation of grain 1 to form a
symmetric high-angle tilt GB between each other.

In order to construct a nanocrystal with equilibrium GBs,
the grains are directly filled in by atoms belonging to crystal
lattices of corresponding orientations. The system thus
obtained is checked to find the pairs of too closely spaced
atoms in GB regions. In these pairs, one of the atoms is

Fig. 2. Schematic rendering of the computation cell for columnar
f.c.c. nanocrystals with a [112] axis and the formation of EGBDs
due to shear strains of its two grains.

eliminated to avoid too strong repulsive interactions during
the start of simulations.

Construction of initial structures with nonequilibrium
GBs is carried out according to the idea described in the
previous section. Grains 3 and 4, provided that they are
isolated, will be distorted into the regions highlighted by a
grey color in Fig. 2, if some simple shear strain y by slip of
dislocations in (111) slip planes is applied to each of them. In
order to obtain corresponding grains with EGBDs, one has
simply to distort crystallites with perfect lattices occupying
the gray regions into the ones provided for grains 3 and 4,
respectively. In fact, there is no need in an explicit definition
of the distorted grain regions. Instead, one can fill in larger
regions by atoms belonging to lattices of appropriate
orientations, then apply shear distortions —y with respect
to the centers of grains 3 and 4 and then select only those
atoms, which belong to these grains. Finally, we will obtain
grains 3 and 4 containing precursors of EGBDs schematically
depicted in Fig. 2.

For symmetric mutual orientations of grains 3 and 4 the
EGBDs will be located symmetrically with respect to the
planes of GBs between these grains. Despite the uniform
strains of grains, distributions of EGBDs along host GBs can
be not exactly uniform, since crystallography can impose
some irregularities. Such irregularities are typical for grain
boundary dislocations in periodic grain boundaries [22].
In the present research, we will not be interested in exact
positions of individual EGBDs in the GBs but will consider
the EGBD systems formed as mesodefects, which are
responsible for long-range internal stress fields and enhanced
elastic energy. Also, we will not calculate the exact values of
EGBD densities, which are different on different GBs, but
will characterize the degree of nonequilibrium by the value
of shear distortion y. Knowing this parameter, one can easily
calculate the density of EGBDs for any of the GBs of the
deformed grains. Varying the values of y, nanocrystals with
different degrees of GB nonequilibrium can be created.
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4. Simulation procedures

Pairs of opposite signed dislocations formed by the above
described construction method are attracted to each
other and will immediately annihilate, if one starts energy
minimization without precautions. In order to avoid this,
several atomic relaxation protocols can be used.

1. One can select GB atoms and temporarily fix them
at their positions unless the other part of the system relaxes
to an equilibrium, then remove the restrictions and carry out
a full relaxation.

2. An appropriate external stress to the computation
cell can be applied in order to induce shear stresses that will
clamp the dislocations to GBs.

3. One can combine the fixing of GB atoms with the
application of external stress.

Each of these procedures allows one to redistribute the
elastic strain field of EGBD precursors to make it as more
as similar to the one of real EGBD systems. This will fix
the dislocations to their metastable positions and further
relaxation without constraints will lead to fully relaxed
structures of nanocrystals with the GB defects.

For case studies, protocols 1 and 2 have been used to
simulate a nanocrystal with the GB nonequilibrium created
by shear strain y=0.10.

Molecular dynamics simulations were carried out for
nickel using embedded atom method (EAM) potential
developed in [23]. Corresponding lattice parameter is equal
to a,=0.352 nm and cohesion energy to £¢=4.45 eV. The
grain size of nanocrystals was set equal to d=15 nm. The
period of computation cell along [112] axis was equal to
h_=3a/2|[112]|=1.293 nm. Periodic boundary conditions
with constant pressure were applied along all directions (zero
along x and z and zero or p along y).

Energy minimization was done by molecular dynamics
code XMD [24]. Time step of 2 fs was used overall.

When using Protocol 1, atoms having energies higher
that —4.20 eV were chosen for fixing. This allowed one to
select 3642 high energy atoms among 69426 atoms in total.
Visualization has shown that all these atoms are located in
GBs and, depending on a particular GB, belong to layers with
thickness of 1 to 2 interatomic distances. Note that the choice
of the energy level conventionally dividing low and high
energy atoms can be one more parameter by varying which
one can try to obtain different final relaxed structures from
the same initial ones. Applying this constraint, 4000 steps
of relaxation were done followed by 20000 steps without
constraints.

In Protocol 2, tensile stress p=7 GPa was applied along
the y-axis and the system relaxed for 2000 steps under this
stress. Then the stress value decreased to zero by decrements
of 1 per cent after each 100 steps. Finally, 10000 steps of
relaxation were applied at zero external stress.

In both protocols, intermediate atomic structures were
recorded to an XMOL file in order to visualize the structure
changes during relaxation.

Atomic structures were visualized by visualization codes
RasMol [25] and OVITO [26].

5. Simulation results and discussion

Video files demonstrating the processes of relaxation by
protocols 1 and 2 are presented in supplementary files
Relax_1.mp4 and Relax_2.mp4, respectively. In these videos,
common neighbor analysis [27] has been used to visualize
atoms with different neighborhoods, so the dislocation and
GB cores (white atoms) and stacking faults (red atoms) can
be seen. The videos show that during relaxation the GBs
emit a few partial dislocations into grains that results in a
partial relaxation of the GB nonequilibrium structure. These
dislocations in some cases glide across the whole grain and
are trapped by opposite GBs, in other cases the dislocations
stop in the grains. Different numbers of dislocations at
different positions are generated in the two ways of relaxation
used and this allows one to assume that somehow different
relaxed structures are obtained.

Presented in Fig. 3a—c are the atomic energy maps for
the equilibrium structure of nanocrystal, when no EGBDs
are introduced into GBs, and for nonequilibrium structures
obtained by the two simulation protocols.

In the equilibrium structure, all atoms in grain interiors
have energies close to the energy of atoms in a perfect
lattice, —4.45 eV. All high-energy atoms are located at GBs,
therefore, elastic strains in this nanocrystal are localized in
a thin layer with the thickness of about a couple interatomic
distances, i.e. have a short-range character. This is typical
for equilibrium GBs. On the contrary, energy maps for the
nanocrystals with nonequilibrium GBs show the presence of
high energy atoms in the grains even far from GBs. Therefore,
elastic strains induced by these GBs cover the distances
much larger than the crystallographic width of GBs, i.e.
have a long-range character. This is a characteristic feature
of nonequilibrium GBs [4,11]. Visually, the energy levels are
higher in the case of using the second protocol of relaxation,
i.e. when applying a temporary external stress (Fig. 3b).
This is confirmed by a calculation of the average energy
of defects per unit area of GBs. The total area of GBs per
simulation cell is equal to S=6dh_ and, dividing the energy
of defects to this value, one can obtain y , =1.279 Jm™ for the
equilibrium nanocrystal and 1.469 Jm2and 1.563 Jm™ for the
nonequilibrium nanocrystals relaxed by Protocols 1 and 2,
respectively. Since only a couple of partial dislocations are
located in grains, all these defect energies can be attributed
to GBs. Correspondingly, excess energies of nonequilibrium
GBs, i.e. the differences between their energies and that of the
equilibrium GB, are equal to y,_ = 0.190 and 0.284 Jm™ for the
two nonequilibrium nanocrystals, respectively.

An inspection of Fig. 3b and ¢ shows that energy maps in
grains 3 and 4 are more or less symmetric with respect to the
plane of the GB between them that can be expected due to the
symmetry of EGBD systems in the initial systems. However,
due to a partial relaxation by a non-symmetrical emission of
lattice dislocations (see video files in supplementary material)
the exact symmetry is destroyed.

Although no direct comparisons of the energy maps
presented in Fig. 3b, ¢ to stress field maps can be done, they
can be qualitatively compared. A significant part of the
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GB mesodefect caused by EGBDs is represented by triple
junction disclinations, which arise due to a mismatch of
GB misorientation changes induced by normal components
of the EGBDs [11,14]. A qualitatively similar field of shear
stresses is typical for a quadrupole of disclinations (see, for
example, [28]).

Thus, the case studies show that by MD relaxation of
initial structures constructed by the method proposed, one
can obtain model nanocrystals having nonequilibrium GBs
and the grains nearly free of dislocations. Also, applying

-5.000 -4.448 -4.445 -4.440 -4.435 0.000

E, eV
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Fig. 3. Atomic energy maps for the relaxed structures of a nanocrystal
with equilibrium GBs (a) and with nonequilibrium GBs obtained by
MD protocols 1 (b) and 2 (c) and corresponding energy levels (d).

different kinds and levels of strains on different grains by
means of the method, one can create particular types of
mesodefects with different values of strength in GBs to study
the role of these mesodefects in the energetics, kinetics and
mechanical properties of nanocrystals.

Obviously, the method can be developed for the case of
more general, three-dimensional nanocrystals, for example,
for those created by Voronoi construction. In this case,
however, more complicated transformations including slip
on several systems should be applied to each grain.

6. Conclusions

We have proposed a method for the construction of computer
models of nanocrystalline metals with nonequilibrium GBs,
i.e.,, with GBs containing EGBDs based on shear straining
of grains. A case study for [112] columnar nanocrystals has
shown that the method allows one to obtain nanocrystals
with a desired level of nonequilibrium, which have an
enhanced GB energy and long-range internal strains. The
method can be generalized for the case of three dimensional
nanocrystals.
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