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Atomic mechanisms of high-speed migration of symmetric tilt
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Molecular dynamics simulations of structural rearrangements in nanocrystalline Ni with the symmetric tilt grain boundary
(GB) X5 (310) [001] under shear loading were conducted. It was found that GB can be displaced in the direction perpendicular
to the shear loading direction. To activate the displacement, it is necessary to reach the threshold value of the shear stress.
The GB displacement is abrupt and is due to a certain sequence of displacements of the atomic planes adjacent to the GB. These
planes are successively rebuilt from the structure of one grain to the structure of another grain in the process of GB migration.
The velocity of GB migration can reach several hundred meters per second and depends on the rate of shear loading. The use of
periodic boundary conditions prevents the rotations of the grains. As the simulated tilt GB is symmetric, both of the crystallite
grains will have the same shear moduli in the direction of the applied loading. The shear loading of the crystallite with such a
structure does not lead to any volume driving forces. The GB displacement was entirely due to the coupling effect. The shear
stress curve as a function of time has a sawtooth shape. The GB experiences displacement upon reaching the maximum value of
the applied shear stresses. Despite the high stress values, the GB displacement did not cause the nucleation of the defect structure
in the crystallite. The GB migration is accompanied by a change in the volume of atoms involved in structural rearrangements.
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ATOMHDBIE MEXaHN3MBbI BBICOKOCKOPOCTHON MUT'PALIMN
CUMMETPUYHbBIX HAK/IOHHBIX T'PAaHUIL] 3ePEeH
B HAHOKPUCTA/I/Ie HUKe/IA

3onbaukos K. IL.", Kpsoxesuu [I. C., Kopuyranos A. B.

MuctutyT dusuku npounoctn u Marepuanosefenust CO PAH, mp. Akagemudecknii, 2/4, Tomck, 634055, Poccus

IIpoBeieHO  MOJIEKY/LAPHO-AMHAMUYECKOE MOJEIMPOBAHUE CTPYKTYPHBIX IIepeCTPOeK B KPUCTA/UIATAX HUKENA
C HaKJIOHHOJI CMMeTpM4HOII rpanuneit seper (I'3) Y5 (310) [001] nmpu caBuroBoM Harpyxkenmu. O6HapyskeHo, uro I'3
MOXKET CMeIlaTbCsA B OOKOBOM U NEepIIeHVIKY/IAPHOM HaIlpaB/IeHM! K HallpaBeHUIo ciBura. /I akTyBalmMy CMeIeHus
HEeOOXOAMMO [OCTVDKEHIE TIOPOTOBOT0 3HaYeHMsl HampsDKeHus casura. Cmernenne I'3 HOCUT CKauKooOpasHbIl XapakTep
U 0OYC/IOB/ICHO IIOC/IefOBAaTeNbHOCTBIO M3 TpeX XapaKTePHBIX CMeEIIeHMiI aTOMHBIX IUIOCKOCTell, Ipueramomux k 3.
B mpouecce Murpanuu I'3 9Ty II0cKoCcTH IOCTIE[OBATe/IBHO IIePeCTPanBaIOTCA U3 CTPYKTYPDI OFHOTO 3€PHA B CTPYKTYPY
mpyroro 3epHa. CKOpocTb cMeleHVs ['3 MOXKeT cOCTaB/IATh HECKOTIBKO COTEH METPOB B CEKYHNIY M 3aBMCUT OT CKOPOCTHU
COBUIOBOTO Harpy>keHmdA. Vcnonp3oBaHue IepUOAMYECKUX TIPAHUYHBIX YCIOBUII IPeJOTBPAllla/io IIOBOPOTHI 3epeH.
ITockonbKy MOZIeTMPOBAINCh CUMMeTpPUYHbIe HAKJIOHHBIe I'3, To 06a 3epHa KpUCTa/UINTA MMeIU OffTHAKOBbIE MOLY/IM CIABUATA
B HAIIPaBJICHNUN IIPUIOKEHHOTO HarpyXeHusa. COBUroBoe Harpy)<eHye KPUCTa/UIUTA C TaKOJ CTPYKTYpOIl He IPUBOAVIIO
K BO3HMKHOBEHVIO KaKVUX-TMOO ABIDKYIIMX CMI B ob6beMe MaTepuana. Cmemenye I'3 ObIIO IIOTHOCTBIO 0OYC/IOBIEHO
a¢p¢pexToM B3amMocBsA3U. KpuBas 3aBMCMMOCTY COBUTOBOTO HAIIPSDKEHMS OT BPEMEHM MMela MIooOpasHyn ¢GopMmy.
I'3 ncnobIThIBaMa CMeleHre B OOKOBOM 1 HOPMa/JbHOM HAlpPaBIeHMHU K €€ IUIOCKOCTH, KOTfa MPVJIOYKEHHAs! CIBUTOBAs
Harpyska JOCTUra/Ia MAaKCUMa/IbHOI'O 3HAUYCHNA U Ha4MHa/Ia CKAYKOOOpa3HO yMeHbIIaThcA. HecMOTps Ha BBICOKNE 3HAYEHNA
HaIpsDKeHMI, cMelleHe ['3 He BBI3BIBAJIO 3apox/ieHue edeKTHOI CTPYKTYpPhI B MOAEIMPYeMOM KpUCTa/UTe. Murpanus
I'3 obecreunBanach CKAYKOOOPA3HBIMU M3MEHEHVSIMY aTOMHBIX 00'beMOB B IITIOCKOCTSIX, KOTOPble TPaHCHOPMUPOBAIICH
U3 CTPYKTYPBI OGHOTO 3€pHA B CTPYKTYPY APYTOro.

KnroueBbie cmoBa: HaHOKPUCTa//ZIMIECKNE MaTepMaabl, MUTpaliiA TPaHNUI] 3€PE€H, CIBUTIOBOE HAarpy>XeHNe, aTOMHbIE CMEIEHNA, MOIEKY -
JIApHAA IVTHaAMMKa.
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1. Introduction

Nanocrystalline metals have a wide range of unique physical
and mechanical properties, in particular, ultrahigh strength
and hardness, increased wear resistance due to nanoscale
and interface effects [1-3]. High demand for nanostructured
materials in various practical applications stimulates
the active study of the role of their internal structure, in
particular, the grain boundaries (GB) in the features of
plasticity nucleation and development under mechanical
loading [4,5]. However, the small grain size creates
significant difficulties for the study of important details of
the deformation behavior of such materials at the atomic
level within the framework of experimental approaches. Due
to the rapid progress of computer technologies, simulation
is becoming an increasingly powerful and effective tool for
studying, analyzing and predicting various fundamental
static and dynamic properties of nanocrystalline materials.

The most accurate simulation method for studying the
properties of materials at the atomic level is based on the first-
principles approach. However, the size of the system under
study in this case is limited by several thousand atoms. An
alternative to this approach is molecular dynamics simulation
based on a semi-empirical interatomic potential, which
allows studying systems containing up to several billions
of atoms [6]. The widespread use of molecular dynamics
simulation has led to a significantly deeper understanding
of the deformation mechanisms of metal materials [3,7].
This progress has been also considerably promoted by the
improvement of visualization tools [8] and methods for
identifying various structural defects [9,10] used in analyzing
structural changes on the atomic scale.

Molecular dynamics simulation of the mechanical
response and deformation mechanisms of nanocrystalline Al
under uniaxial tension was carried out in [11]. The authors
studied in detail the deformation mechanisms induced by
grain boundaries in nanocrystalline Al It was shown that the
role of those mechanisms increased significantly as the grain
size decreased to the nanometer scale. In this case, the usual
dislocation deformation mechanisms are gradually replaced
by the GB-induced mechanisms [12].

Note that shear stresses are realized in materials at almost
any mechanical loading. The shear-coupled GB motion is an
important mechanism for the plasticity of nanocrystalline
metals. Simulation of the behavior of the ¥9[110](221) and
¥17[110](223) symmetric tilt GBs in iron crystallite under shear
loading is carried out using the molecular dynamics method
in [13]. The authors investigated the effect of temperature and
strain rate on the shear-coupled GB motion. They calculated the
coupling factor (the ratio of the GB translation velocity to the
GB migration velocity) and built the dependence of that factor
on the misorientation angle for the [110] symmetric tilt GB of
bcc metals. Several geometric models of the coupling factor for
metals with an fcc lattice were proposed in [3]. The model had
two modes that corresponded to the ideal Burgers vectors of
dislocations in bcc metals. The values of the coupling factor
for one of the modes are in good agreement with the results of
molecular dynamics simulation for both investigated GBs.

Shear loading can lead to high-speed migration of
GBs in nanocrystalline materials [14]. Depending on the

angle of misorientation of the grains and the shear rate, the
speed of GB migration can vary in a wide range and reach
several hundred meters per second. Although high values of
stresses can be achieved during the shear loading process,
high-rate displacement of GBs occurs without nucleation
of structural defects.

This paper is devoted to the study of the behavior of a
symmetric tilt GB in nanocrystalline nickel under high-
rate shear loading. The choice of nickel as an object of study
is due to the widespread use of nickel alloys in various
practical applications and the presence of reliable interatomic
interaction potentials for this metal.

2. Methods and setup

Asin [15-17], the software package LAMMPS [18] based on
the molecular dynamics method was used for simulations.
The interatomic interactions in Ni were described on
the basis of the embedded atom method potential [19].
The simulated sample had the shape of a parallelepiped
and contained about 70000 atoms (Fig.1). The size of
the simulated sample was ~110x110x60 A. Periodic
boundary conditions were set in the X and Z directions.
Regions with a thickness of 15 A from each surface
in the Y direction were declared grips (colored yellow
in Fig. la). The grips were displaced as a whole in
opposite directions along the X axis with a velocity of
5 m/s. The initial temperature of the sample was 300 K.
Simulations were carried out for crystallites containing the
¥5(310)[001] symmetric tilt grain boundary. The gamma-
surface minimization algorithm [20] was used to construct
GBs. The results of simulations were visualized with
graphical package OVITO [8]. The volume per atom in the
simulated sample was called atomic volume. To find it, a
Voronoi polyhedron was constructed for each atom and its
volume was calculated.

3. Simulation results
3.1. GBs migration

The results of the calculations showed that the application
of shear loading led to high-speed migration of GBs (Fig. 1).
To analyze the features of the GB migration in the crystallite,
a vertical layer was selected. It is colored yellow in Fig. 1.
It can be seen that the atoms of the region located between
the initial and final positions of the GB (Fig. 1b) have a
pronounced gradient of displacements. At the same time,
the atoms of the regions located above and below the initial
and final positions of the GB are displaced along with their
grips at equal distances. This behavior of grain boundaries,
called the shear-coupled grain boundary motion, was
found experimentally [21] and plays an important role
in the growth of grains and recrystallization processes.
To characterize this GB motion, the coupling factor is used,
the definition of which is given in the introduction. It can
also be defined as the ratio of the amount of the lateral
displacement of the grains (S) to their normal displacement
(H) (see Fig. 1b):
b=S/H.
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Fig.1. (Color online) The structure of the crystallite and the position of the GB at different instants of time after the start of the loading: 0 ps (a);
after 300 ps (b). The arrows in the figure (a) show the direction of the grip motion. The orange line in the figure (b) shows the position of the
atoms, which formed a vertical straight line along the center of the sample before loading.

The magnitude of the coupling factor depends primarily
on the structure of the GB and can vary with the crystallite
temperature for some GBs [13]. It is approximately equal to 1
for the GB considered in this paper.

Fig. 2 shows the dependence of the shear stress 1 and
the position of the GB on time. It is clearly seen that the
GB migration is intermittent and correlates well with the
sawtooth-shaped behavior of the T,, curve. To activate the
displacement, it is necessary to reach the threshold value
of the shear stress. Thus, the pieces of growth on the stress
curve correspond to the plateaus on the GB displacement
curve. The drop pieces on the T_ curve correspond to the
movement of the GB. The discreteness of the structure and
the symmetry of the GB lead to a periodicity of changes in
the curves in Fig. 2. At the same time, deviations from the
periodicity are associated with thermal fluctuations of the
atomic system of the simulated crystallite.

Analysis of structural rearrangements shows that there
is a certain sequence of transformations of typical structural
elements leading to the GB migration. Fig. 3 shows a
fragment of the structure containing a GB region at different
points in time. In the normal direction to the plane of the
figure, the fragment consists of two (001) atomic planes.
Atoms in the immediate vicinity of the GB, which initially
belonged to the upper grain, are marked in color. Note
that the blue and orange atoms belong to the same plane
in the normal direction to the figure, while the green and
pink atoms belong to the other plane. It was found that the
colored atoms of the upper grain successively occupy three
positions in the structure of the GB, before adjusting to the
structure of the lower grain (Fig. 3). The rearrangement
of colored atoms from the upper grain to the structure of
the GB, the successive occupation of three positions in the
structure of the GB, and then the transformation to the
structure of the lower grain are accompanied by four strong
stress drops (Fig. 2) and the corresponding displacements
in the XY plane, the values of which are given in the Table 1.
The sequence of these four displacements provides the
movement of the GB in the lateral and normal direction to
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Fig. 2. (Color online) The dependence of the shear stress and the
position of the GB on time.

its plane and the rearrangement of border atoms from the
structure of one grain to the structure of another.

As can be seen from the above analysis, the migration
of the ¥5(310)[001] symmetric tilt GB occurs without
nucleation of any structural defects. The use of periodic
boundary conditions prevents the rotations of the grains.
Since the simulated tilt GB is symmetric, both of the crystallite
grains will have the same shear moduli in the direction of
the applied loading. Shear loading of a crystallite with such
a structure does not lead to any volume driving forces. The
displacement of GB is entirely due to the coupling effect.

3.2. Atomic volume change

It is known that the nucleation and development of plasticity
in metals and alloys are accompanied by a local increase in
the volume in the region of nucleation and at the front of
the propagation of structural defects [16,22]. Structural
transformations that determine the GB migration do notlead
to the nucleation of structural defects, but the GB migration
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Fig. 3. (Color online)The fragment of the crystallite structure containing the GB at different instants of time after the start of the shear:
22.5 ps (a); 25 ps (b); 34 ps (c); 43 ps (d). Lines indicate the structural elements of the GB.

Table 1. Displacements of the colored atoms in Fig. 3 that provide the GB migration during shear loading.

Displacements, A (X; Y)
1 3 4
Blue atoms 0.6; 0.0 0.4;0.1 -0.5; 0.0 -0.6; 0.1
Green atoms 0.6; -0.1 0.4; -0.4 -0.5; -0.5 -0.6; 0.0
Orange atoms 0.6; 0.0 0.5;0.1 0.5; 0.0 -0.6;0.1
Pink atoms 0.6; 0.0 0.5; 0.1 0.4;,-0.4 -0.5;-0.5

is the mechanism of the plastic deformation itself. One can
expect that these transformations can also occur under
conditions of significant deviations of the atomic volume.
In the present work, we studied the features of volume
change for those lattice atoms that are rearranged from the
structure of one grain to the structure of another one during
the GB migration. The atoms of two alternating planes
along the Z direction, through which the GB migrated, were
selected to analyze the features of their volume changing.
ThecalculationresultsforblueatomsinFig.3,belongingtoone
plane, and green atoms in Fig. 3, belonging to another plane,
are shown in Fig. 4. Vertical lines in Fig. 4 correspond to the
points of time for which the GB structure is shown in Fig. 3.
It is seen from Fig. 4 that the values of the atomic
volume corresponding to the vertical lines are in good

agreement with the structures shown in Fig. 3. Thus, the
characteristic values of the atomic volume are related
to the specific positions of the selected atoms in the
structural unit of the GB, which is marked by lines in Fig. 3.
Green atoms, when the GB is passing through them,
experience a significant jump in volume (~25%) compared
with the initial value. Atoms of another plane, marked in
blue, slightly reduce the atomic volume compared to the
initial value when the GB is passing through them.

Note that the atomic volumes at 22.5 ps and 43 ps are
characterized by slightly elevated values: ~105% for blue
atoms and ~103% for green atoms (Fig. 4). In spite of the fact
that the atoms at the indicated points of time belong to the
grains, their proximity to the GB leads to an increase in their
volume.
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Fig. 4. (Color online) The change in the average atomic volume in
different planes parallel to the GB over time.

4. Conclusions

The migration of a symmetric tilt grain boundary in
Ni crystallite under shear loading was simulated using
the molecular dynamics method. The sequence of
structural transformations of the characteristic structural
elements of the GB and the adjacent grain lattice,
ensuring the migration of the GB, was determined.
The GB movement had a jump-like nature. The shear
stress curve as a function of time had a sawtooth
shape. The GB experienced lateral and normal
displacement when the applied shear stresses reached
their maximum value and began to decrease rapidly.
It was shown that the GB migration was accompanied by a
change in the volume of atoms which belong to the planes
involved in structural rearrangements.
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