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Molecular dynamics simulation of the relaxation of a grain
boundary disclination dipole under ultrasonic stresses
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Effect of oscillating tension-compression stresses on the atomic structure of a [112] tilt grain boundary (GB) containing a
disclination dipole in nickel is simulated by molecular dynamics method. Initial system for simulations was constructed by
joining together bicrystals containing symmetric tilt GBs £ = 11/62.96° and X = 31/52.20°, so the disclination dipole had
astrength w = 10.76°. The as-constructed system was relaxed at temperature T'= 300 K for time interval 150 ps. Then a sinusoidal
uniaxial stress was applied along the normal to tilt axis in GB plane and its effect on the structure and energy of the bicrystal was
studied. The period of the stress was equal to 160 ps, up to 5 cycles of deformation were applied. The model used is convenient
for studies of dislocation absorption or generation by GBs, since only edge dislocations of a single slip system can nucleate and
glide in each grain. The simulations have shown that the oscillating stress results in a generation of lattice dislocations by the GB,
their glide across grains and sink at appropriate surfaces. The dislocations are nucleated at GB regions where the stress field of
the disclination dipole facilitates this process, so the latter results in a compensation of the disclination stress fields and recovery
of an equilibrium GB structure and energy. It is concluded that lattice dislocation generation by nonequilibrium GBs can be an
underlying mechanism of a relaxation effect of ultrasound on the structure of heavily deformed metals.
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MonexynapHO-FMHAMN4YeCKOe MOieIPOBaHMe peTaKcalin 3ep-
HOTPAaHNYHOTO TVCKIMHATTVMIOHHOI'O TUIIOIA 11O/ BOSHef/’ICTBI/IeM
YIBTPa3BYKOBBIX HANIPsKEHUI
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VIHCTHTYT mpo67ieM CBepXIUmacTidHOCTH MeTamnos PAH, yn. Cr. Xanrypuna 39, 450001, Yoa, Poccns

MeTtopoM MONEKYNAPHON AMHAMUKM IPOBEEHO MOJENMPOBAHNE BIMAHUA OCUWIIMPYIOMNX HaIPsOKEHMI CKaTuA-pac-
TSDKEHMs Ha aTOMHYIO CTPYKTYpy rpanuipl 3epeH (I'3) ¢ ocblo HakoHa [112], comepskalneil AYCKINHALMOHHDI JUIIO/b,
B HuKesle. VcxomHas cucTeMa i MOAEMIVPOBaHNA OblIa IOCTPOEHA IIyTeM CTBIKOBKM OVIKPUCTAJUIOB, COlep>KalllUX Ipa-
HUIIBI HAaK/TOHA X = 11/62.96° u ¥ = 31/52.20° Tak 4TO AVICKIMHALMOHHBIN AVIIONb MMeNT MOLTHOCTD, paBHYI w = 10.76°.
[TocTpoenHas TakuM 06pa3oM crucTeMa ObUIa MOABEPrHyTa penakcanyy npu temieparype T = 300 K B TeyeHue BpeMeHU
150 mic. 3aTeM BJO/Ib HOPMaIU K OCU HaK/IOHA B IVIOCKOCTH ['3 OBIIO IIPUIOXKEHO CUHYCOMAa/IbHOE OGHOOCHOE HAalIPSDKEHNe,
U M3Y4YEHO €ro BIMAHME Ha CTPYKTYPY U 9Hepruio 6ukpucramia. Ilepyon HanpshxeHit cocTaisan 160 1c, Obm mputoxe-
HBI 10 5 UMK/I0B fiepopManyn. Vcronbp3yemas Mofenb yooOHa I M3ydeHVs IOIVIOLEHNA VIN UCITYCKAHUA AUCTOKALMI
TpaHUIIaMU 3€PEH, TaK KaK B KaXX/IOM 3epHe MOTYT 3aPOK/IaThCA U CKOJIb3UTh TONBKO KpaeBble JUCTOKAIIMY O HONM CUCTEMBI
CKOMbXXeHnA. MopienupoBaHue MoKasaso, YTO OCIVIIIMPYIOllee HaNpsyKeHNe IPUBOAUT K TeHepaluy ITPaHNIIell peleToy-
HBIX IVCIOKAIUI, MX CKOJIbKEHMIO TI0 3€PHAM M CTOKY Ha COOTBETCTBYIOINMX IOBEPXHOCTAX. JIMCIOKauy 3apoXK/aroTcs
B 0o0macTaAX ['3, B KOTOPBIX [0JIe HAIPsDKEHWIT AUCKIVHALIVOHHOTO AMIIONA 00JIerYaloT 3TOT IPOLece, II09TOMY ITOCTeHMI
MIPMBOAUT K KOMIEHCALVN TI0/IeVl HAIIPsXKeHMIT UCK/INHAIIVIOHHOTO AUIIONSA 1 BO3BPATy PaBHOBECHOI CTPYKTYPBI U 3HEp-
ruu I'3. CenaH BBIBOJ, 4TO MCIYCKaHMe AUCTIOKALNI HepaBHOBECHBIMM I'3 MOXKeT OBITh OCHOBHBIM MEXaHJM3MOM pejlaKca-
L[VIOHHOTO BO3/IeJICTBMA Y/IbTPa3ByKa Ha CTPYKTYPY CHIBHO JiehOpMIPOBaHHBIX METaJI/IOB.

KiroueBble c1oBa: rpaHula 3epeH, HepaBHOBECHAsI CTPYKTYPA, AUCKINHALINS, YIbTPa3ByKOBast 06pab0oTKa, 3epHOrPAaHUYHbIIT BO3BPAT,
MOJIEKy/IApHAs JUHAMUKA.
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1. Introduction

Nonequilibrium state of grain boundaries (GBs) is a typical
feature of the structure of heavily deformed materials such
as, for example, ultrafine grained (UFG) metals processed by
severe plastic deformation methods [1, 2]. This state is mainly
caused by extrinsic grain boundary dislocations (EGBDs)
absorbed during plastic deformation and is characterized
by long-range internal stresses and excess energy of the GBs
[1]. Disclinations forming dipole or higher-order multipole
configurations are the most common elements of the
nonequilibrium GB structure [1,3]. Internal stresses induced
by nonequilibrium GBs cause a low thermal stability and
reduced ductility of UFG metals [2] and should be relaxed
to enhance these properties. Recently, ultrasonic treatment
(UST) has been shown to have a potential of improving the
thermal stability, ductility and impact toughness of UFG
materials [4-7]. Experimental studies have shown that
under UST a relaxation of nonequilibrium GBs and related
internal stresses occurs in UFG nickel processed by both
high-pressure torsion [4] and equal-channel angular pressing
[5-7]. Effect of oscillating stresses on plastically deformed
nanocrystals was simulated by molecular dynamics on a
model two-dimensional nanocrystal [8]. However, the use of
a two-dimensional model cannot provide full information on
the atomic mechanisms of structural changes in GBs under
ultrasound. Therefore, the present work is devoted to a study
of the behavior of a nonequilibrium GB under oscillating
loading using a three dimensional model of a bicrystal.

2. Model description and simulation procedure

A bicrystal of nickel containing a tilt GB with misorientation
axis [112] is chosen for simulations. In bicrystals of this
system plastic deformation of the grains can occur by a
nucleation and glide of edge dislocations of only one slip
system, which have the lines parallel to the tilt axis. Recently,
interactions of GBs with lattice dislocations in aluminum
have been extensively studied on an example of this system
[9].

Computational model was constructed as follows. First,
two bicrystals with [112] tilt GBs £ = 11/62.96° and one with
GB X = 31/52.20° are prepared. At their ends all bicrystals
are bounded by {111} crystallographic planes or by planes
normal to the GB plane (Fig. 1). In a geometric model of
> = 31 tilt boundary there are pairs of too close atoms near
the GB plane, which are indicated in Fig. 1 by ellipses. These
pairs are combined each to one atom lying in the GB plane.
The bicrystals are put into contacts at their ends in a way that
their GBs continue each other, so that material overlaps at one
end of the ¥ = 31 bicrystal and voids at the other end form.
By applying appropriate shears, these overlaps and voids
are eliminated and {111} planes of the bicrystals are fitted
to each other. The composed bicrystal constructed by this
way allows for applying periodic boundary conditions along
the x axis. Since displacement fields of disclinations involve
not shears but rotations, the way of construction described
results in a high energy state, which will relax during
energy minimization, when appropriate displacements are
established.

Atomic interactions were described by the embedded
atom method (EAM) potential fitted to the lattice
parameter a, = 3.52 A, cohesive energy ¢, = 4.45 eV and
other characteristics of nickel [10]. During simulations,
periodic boundary conditions were applied along x and z
directions. The cell sizes along these directions were equal to
H_=3/2[112] = 12.93 A and H_= 30h, + 6h, = 139.26 A,
where h and h, are the periods of tilt GBs £ = 11 and X = 31,
respectively. In the direction of y axis the system had a finite
size equal to H =190 A and, respectively, open surfaces. After
the relaxation without an applied stress surface layers with
thickness 10 A were eliminated from both sides of the system
for further simulations in order to exclude the surface steps
arisen during this relaxation. In the rest system, next 10 A
thickness layers are excluded from all energy calculations.

The system constructed by the procedure described above
was equilibrated by molecular dynamics run according to the
following protocol. First, 5000 steps energy minimization
at zero temperature was done with atoms in the GB plane
fixed at their positions. Second, the system was kept at
temperature 300 K for 30000 steps at the same constraints.
Then the constraints were removed and 40000 more steps
were done at the same temperature. So, in total the system
evolved in time interval 150 ps with time step 2 fs. The state
so obtained was used for further simulations at the same
temperature of 300 K by applying a sinusoidal stress along
x axis: p_= p_sin[(271/7)t], the period of which was equal to
7 = 160 ps. Coordinates of the particles were recorded in an
XYZ format file with a time step 2 ps in order to visualize
the dynamics of structural changes during straining. Atomic
energies were calculated prior to straining and after each
loading cycle. In order to catch average positions of vibrating
atoms at 300 K and calculate their potential energies more
correctly, each of these states was finally subjected to a very
short, 200 time steps energy minimization.

All simulations were carried out by molecular dynamics
code XMD [11]. Visualization of the structures was done
using the codes RasMol [12] and OVITO [13]. Simulations
were carried out for two values of the stress amplitude
p., = 200 and 500 MPa.

The results of simulations were analyzed in terms of
observing the GB structure changes and lattice dislocation
emission during deformation, changes of the simulation
cell size H , and the change of the total energy of the system
(except for surface layer atoms) with the number of cycles.
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Fig. 1. Schematics of the construction of a computational cell.
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3. Simulation results

Atomic structure of the GB in the region of disclination dipole
at temperature T = 300 K is presented in Fig. 2. One can see
that parts of GB outside the disclination dipole consist of a
sequence of one type structural units, which correspond to
B-type structural units of favored GB X = 11. Basing on the
results of calculations of [112] tilt GB structures in another
f.c.c. metal, aluminum [9], inside the dipole a GB structure
of £ = 31 GB consisting of structural units sequence ABBBB
could be predicted, where A is the structural unit of ideal
lattice plane {110}. One can see that this is the case for
the most part of this GB segment, but the leftmost A unit
has transformed during relaxation. This transformation
occurred by dislocation emission to the upper grain under
the high internal stress induced by the disclination dipole.
This dislocation is located on a distance of a few interatomic
distances from the source structural unit and indicated by
outlining the corresponding planes in the figure. Emission
of the next dislocation to the bottom grain would complete
the transformation of A unit to B one, but, presumably, the
stresses were not enough for this. In the upper and bottom
grains one can see two more lattice dislocations. Analysis
shows that these are dislocations formed in the grains due to
a highly nonequilibrium state of the initial structure made by
only shears. Thus, the time interval of the MD protocol used
to simulate the applied stress-free bicrystal was not enough
to obtain a fully equilibrated system. However, this will not
cause any disadvantage for further studies, since the three
residual dislocations will immediately leave the bicrystal
during loading.

Energy of defects in the system per unit GB area is
equal to y = 1.45 Jm™2, while an equilibrium X = 11 GB has
a significantly lower energy y, = 0.54 Jm™. Thus, due to the
disclination dipole and three dislocations the excess energy
of the system per unit GB area is equal to y_ = 0.91 Jm~. We
will take this as a reference for comparing the GB energy after
oscillatory loading with different amplitudes.

During the tension stage of oscillatory loading the
GB generates lattice dislocations. The dislocations are
nucleated only at A-type structural units unless all of them
are transformed into B-type units and the GB becomes an
equilibrium ¥ = 11 tilt boundary. An example of dislocation
generation is presented in Fig. 3a,b. In Fig 3a, a dislocation
emission has transformed the A structural unit into B-unit
and the dislocation is on a distance of a few atomic spacings
from the source. After a lapse of 2 ps time the dislocation
moved towards the surface. The surfaces are ideal sinks for
dislocations and the latter never come back to the GB during
compression stages of the applied stress. Thus, the sinusoidal
uniaxial stress exerts an asymmetric effect on the GB structure
resulting on its release from the extrinsic defects. This results
in a relaxation of long-range stress fields and energy of the
GB. This is proved by energy maps of the GB before cyclic
treatment and after five cycles of straining under the stress p |
=500 MPa (Fig. 4). One can see that in the initial state the GB
induces significant long-range stresses, so many atoms in the
grains also have high energies (Fig. 4a). After cycling the GB
completely recovers a very regular structure typical for the
> =11 GB (Fig. 4b). A calculation shows that the GB energy

for this structure is equal to y, = 0.61 Jm™ that is very close to
the energy of equilibrium > = 11 GB, Ver The slight difference is
due to the fact that y  was calculated by a complete relaxation
at T = 0K, while y, by only 200 steps of energy minimization
after molecular dynamics run at T'= 300 K.

Effect of cyclic treatment depends on its amplitude.
For p, = 500 MPa a complete relaxation occurs already
during the first cycle, while at the stress amplitude 200 MPa it
is incomplete even after five cycles.
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Fig. 2. Atomic structure of X = 11 GB containing a disclination dipole
at T=300 K.
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Fig. 3. A typical example of lattice dislocation emission from a GB
under cyclic loading.
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Fig. 4. Energy maps of a bicrystal containing a disclination dipole (a)
and with a relaxed structure after five cycles of loading with stress
amplitude 500 MPa (b).
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4. Discussion

The present simulations show that a nonequilibrium
GB containing a disclination-type defect can relax to its
equilibrium structure under the effect of oscillating tension-
compression stresses. When the applied shear stress and
internal stress induced by defects are added, the GB emits
lattice dislocations to compensate the disclination dipole.
This process is asymmetric, since the dislocations sink at
the surfaces and are not returned back during the change of
applied stress sign.

In a real polycrystalline material, there are at least two
types of sinks for lattice dislocations generated from GBs:
trapping by opposite GBs and annihilation or other stress-
screening reactions with dislocations emitted from other
GBs. One can expect that both these processes are irreversible
and tend to reduce the overall internal stresses in material.
Thus, the conclusion on the relaxation of nonequilibrium
GB structure under ultrasonic treatment will be valid for real
polycrystals too.

A similar study of the effect of UST on nonequilibrium
GB has been carried out recently on an example of X =
15/78.46° tilt GB containing a disclination dipole with the
strength about 15° [14]. For this case, stress amplitudes as
high as 1.7 GPa were necessary for nucleation of dislocations.
In the present case, stress amplitudes above 200 MPa were
enough for a complete relaxation of the disclination dipole in
several loading cycles. Therefore, depending on geometrical
parameters of GBs and the types and strength of extrinsic
defects, which they contain, a broad spectrum of critical
ultrasonic stress amplitudes for equilibration of GBs can exist.

5. Conclusion

The application of a periodic tension-compression stress
to a deformed material can result in a relaxation of the
nonequilibrium structure of its grain boundaries. This
relaxation occurs by an emission of lattice dislocations by
grain boundaries leading to a compensation of their extrinsic
defects and can be considered as an underlying mechanism

of the effect of ultrasonic treatment on the structure and
properties of UFG materials processed by deformation
methods.
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