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The molecular dynamics simulation technique with many-body and semi-empirical potentials (based on the embedded
atom method potentials) has been used to calculate the interactions of point defects with (1 1 1), (1 1 3), and (1 2 0) twin
boundaries in Au at different temperatures. The interactions of single-, di-, and tri-vacancies (at on- and off-mirror sites)
with the twin interfaces at 300 K are calculated. All vacancy clusters are favorable at the on-mirror arrangement near the
(1 1 3) twin boundary. Single- and di-vacancies are more favorable at the on-mirror sites near the (1 1 1) twin boundary,
while they are favorable at the off-mirror sites near the (1 2 0) twin boundary. Almost all vacancy clusters energetically
prefer to lie in planes closest to the interface rather than away from it, except for tri-vacancies near the (1 2 0) interface at
the off-mirror site and for 3.3 and 3.4 vacancy clusters at both sites near the (1 1 1) interface, which are favorable away
from the interface. The interaction energy is high at high temperatures.
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1. Introduction

Gold (Au) is now being used in electronics,!'! industrial
sectors, nanotechnology, and particularly nanophotonics.!'!
Gold and gold alloys have also been used as catalysts.>#1 A
gold-coated bipolar plate provides an effective way of produc-
ing electrical conductivity and corrosion results. Gold is being
used to increase the data storage capacity of devices which
use memory disks and flash drives.’! Metallic bipolar plate
technology with thin gold-coated stainless steel has also been
developed.!®7] Other examples include gold nanodots and gold
nanorods.[®!

The interaction between crystal defects plays a very cru-
cial role in many theories of the strength of materials. The
formation of cavities, denuded zones, and grain-boundary pre-
cipitates express these effects in a striking manner. As for
the mechanism of atom transport in an age hardening alloy,
it is observed that the interaction plays a very significant role.
The interaction between solute atoms and vacancies in metal
has been the subject of study in recent years. The energies
and structures of close packed vacancy clusters have been dis-
cussed in many early studies.[®~!!] Unfortunately, the elastic-
ity theory cannot be used to investigate the interaction energy.
Therefore, clearly relativistic results of interaction between
different defects can be obtained using simulation tools.

The grain-boundary shuffling mechanism in nano-
crystalline fcc metals using the molecular dynamics (MD)
method has been studied by Swygenhoven and Derlet.['?) Daw
and Baskes!!’! have developed the embedded-atom method
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(EAM) potentials. The EAM method potentials have been
used for the study of grain boundaries in bce and fcc metals
and in other applications such as deformation of fcc nanowires
by twining and slip.'%!3] Based on these potentials and the
MD (which is used in this project), different studies have been
presented for metals.1-19]

Point defects have a significant role in controlling charac-
teristics such as plasticity, strength, and electrical and ther-
mal conductivities.!”’! Point defects provide the fast grain-
boundary diffusion in grain boundaries. Studies of grain
boundaries show structural effects associated with point de-
fects, like the delocalization of vacancies as well as the va-
cancy instability at certain grain-boundary sites and intersti-

(211 The interaction of point de-

tial in grain-boundary core.
fects with twin boundaries may contribute to the change in
mechanical property. Bacon and Osetsky'?* have studied the
atomic-scale processes involved in dislocation—defect interac-
tions extensively. The strength and rupture properties of ma-
terials can be manipulated strongly by the isolation of impu-
rity atoms from grain-boundaries or other interfaces. Restric-
tions on twin-boundary motion and intensification by pinning
twinning dislocations may be caused by the result of point-
defect clusters. Serra and Bacon!>}! have shown that the mov-
ing boundaries can act as recombination centers or sinks for
defects and can provide resources to remove defects from re-
gions of radiation damage.

For nano-crystalline materials, the most fundamen-
tal deformation mode is grain-boundary sliding at room
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temperature.!”*%3] Twining is a common sort of planar defect
which has been frequently observed in fcc metals.?*28 There
are four possible distinct tri-vacancies and a single di-vacancy
cluster configuration in the (1 1 1) plane of an fcc crystal.[*’]
The interactions existing between low index twins and vacan-
cies are attractive in fcc metal.?3?! The temperature depen-
dence of the (1 1 1) twin boundary energy was reported in a
very early work 133! The static calculations for interaction ener-
gies with low-index twin-boundaries are available,??! but the
field still requires an explanation of the interactions of point
defects with twin boundaries at high temperatures, then things
can be more reliable (approaching reality) when the atomic
dynamics is involved. Attention is focused on the interaction
of small vacancy clusters with (1 1 1), (1 1 3), and (1 2 0) twin
boundaries, which are well known and have been discussed in
different studies.['>!326-28.321 The interplanar spacings of (1
11),(113),and (1 2 0) planes are 0.5773¢, 0.3015¢, and
0.2236a, respectively. The above said importance of inter-
actions of defects and the use of Au in the industrial sector
motivate us to calculate these interactions. Low index twin
boundaries such as (1 1 1), (1 1 3), and (1 2 0) are selected in
this study because they are of scientific importance,!81929-331
easy to develop conventional geometric structures, and they
also behave as stable models in simulation.

The rest of the present paper is arranged as follows. Sec-
tion 2 carries the salient features of the technique. Steps of
the procedure involved in the simulation work are explained.
In Section 3, the results of MD simulation are discussed for
interaction energies at 300 K along with details of twins. A
graphical presentation of calculations is also made. Finally,
the conclusions of this work are presented in Section 4.

2. Details of calculation

The routines for generating the lattice and twin bound-
aries are introduced in the dyn86 molecular dynamics simu-
lation code. The details of the MD technique can be found
in many books and articles.!*!6-1°1 The salient features of
In this code, the Nordsiesk
algorithm®#! is used with a time step of 107> s. To gener-

the technique are as follows.

ate the crystal lattice at any desired temperature, the tempera-
ture is increased using the condition of a constant number of
atoms, pressure, and temperature (NPT ensemble). The com-
putational cell used consists of 256 atoms arranged in an fcc
lattice with lattice parameter 4.08 A at 0 K. The EAM po-
tentials developed by Daw and Baskes'!3! have cut-off radius
R. =~ 5.55 A. To attain the lattice parameter at desired temper-

atures, we usel!’]

a=(4Q)"7,

where  is the calculated average atomic volume at each tem-
perature. The computational cell is generated at a specific tem-

perature while keeping the pressure constant. The system is
allowed to evolve till the cell edges and volume become con-
stant. The convergences of lattice parameter and energy per
atom with respect to the system size are checked. The use of
periodic boundary conditions in all directions diminishes the
effect of the size of the crystal on the calculation of the lattice
parameter.

For the desired direction in which the twin boundary is
generated, the fixed boundary condition is applied. Fixed
boundaries produce surfaces in these directions at the bound-
ary of crystal, otherwise the defect (twin boundary) will be re-
peated infinitely with the use of periodic boundary conditions.
To minimize the effect of the fixed boundaries on the twin for-
mation energy, enough planes must be taken along these di-
rections. The energy and atomic structure of the model are
monitored. To study the twin boundaries, a three-dimensional
model of crystallite is generated in the form of a rectangular
block of atoms, like a slab with suitable mutually perpendicu-
lar axes. The energy of a perfect crystal (Ep) is calculated in
the first step, then a twin interface is introduced in a desired
plane of the computational cell. The energy of a crystal with
twin-boundary (Ep,1) is calculated again using the condition
of a constant number of atoms, volume, and energy (NVE en-
semble). In the first step, the crystal is allowed to relax to
minimize its energy using the conjugate gradient method,*!
and then the relax energy of twin (Er) is calculated using the
following relation: 1]

Er = Ep,1 — Ep.

To create a single-vacancy cluster, an atom is replaced
by a vacancy. Similarly, to create a di-vacancy, two atoms
(nearest neighbor atoms in the (1 1 1) plane) are replaced by
two vacancies. The procedure to create a tri-vacancy (3.1,
3.2, 3.3, and 3.4 vacancy clusters in the (1 1 1) plane) has
been explained®! and graphically represented by Ahmad and
Ramzan.[*?! Firstly, a vacancy cluster is introduced in the near-
est plane to the twin boundary to study the interaction of va-
cancy clusters with twin boundaries and then in the next planes
away from it. For those vacancy clusters which do not exist in
a single plane, at least one vacancy of those clusters has to be
taken into consideration of vicinity plane from twin. For each
case, the twin—vacancy interaction energy is calculated. The

energy Ey associated with a single-vacancy is given by!3?!

Ey = Ep,v —Ep,

where Ep,y gives the energy of the crystal containing a single
vacancy. If N represents the number of atoms in a vacancy
cluster, then the energy Eyv associated with N vacancies (di-

or tri-vacancy) is calculated using the relation>®!

Env = Epyyv —NEy — Ep,
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where Ep v gives the energy of the crystal containing N va-
cancies. In the case of two or more vacancies, the interaction
of vacancies is added.*®! We have to find the energies of both
twin boundary and vacancy. The interaction energy between
the twin boundary and N vacancies is calculated using the fol-

lowing relation:13¢!

N
Ec = Epy1inv —EpyT — Env,

where EpT4pv is the energy of the crystal in the presence of
N vacancies and a twin boundary. The value of N may be taken
to be 1, 2, or 3 according to the size of the vacancy cluster.
The interlayer spacing along the three directions of the
lattice is taken into account. The original positions of the
atomic planes have to be shuffled to generate the twin bound-
ary in the crystal. This generates a disturbance of atomic dis-
tances near the twin boundaries of the crystal. After generat-
ing the defect, the computational cell is allowed to relax (i.e., it
tends to be decoupled with the interaction energy). Atoms tend
to be rearranged to nullify the high energy of the grain bound-
ary. During relaxation, the atoms near the twin boundaries
move in order of nanometer and gain minimum energy. After
the relaxation of atoms, the interplanar spacing is again calcu-
lated. The change in interplanar separation is determined. To
calculate the percentage of interlayer relaxation (d; ;1) near

the twin boundary, we usel'®!

[(Yi1 — Vi) — db]

@ % 100%,

dijv1 =
where Y is the direction perpendicular to the twin boundary,
and the bulk interplanar spacing is dy. The percentage of plane
registry relaxation (r;) of i-th plane near the twin boundary can
be calculated as''®!

= (Xtinal — Xinivial) 100%,
Ty

where X is the direction in which the whole plane is moved,
and ry is the bulk interlayer spacing.

3. Results and discussion

An experimental lattice parameter of 4.08 A is used to
generate a Au fcc crystal at 0 K with 256 atoms. Using the
preliminary NPT simulation, the crystals are generated at dif-
ferent temperatures. This provides the lattice parameter o at
different temperatures, which is used to develop a slab like
structure with the required geometry of planes for the twin
boundaries. The lattice parameter for Au at different temper-
atures is calculated using these potentials.3”! The calculated
lattice parameters agree well with the experimental values (see
Ref. [37] for graphical representation).

3.1. Plane (1 1 1) twin boundary

The crystallite with 1080 atoms is developed for the (1 1
1) twin boundary. This is a rectangular block of atoms with
faces (1 12), (11 1), and (1 1 0). The computational cell has
18 (1 12),90 (11 1), and 4 (1 10) planes. The interplanar
spacings are 0.833 A, 2.36 A, and 1.44 A along [1 12], [1 1
1], and [1 1 0] directions, respectively. The (1 1 1) twin forma-
tion energy is 4.07 mJ/m? at 0 K. The twin formation energies
at different temperatures up to 1200 K, in steps of 100 K, are
given in Fig. 1. For the (1 1 1) twin interface, the upper half
of the crystal is shuffled in the following way: taking into ac-
count the [1 1 1] direction from the middle of the crystal, the
first plane is moved positive and the second is moved negative
one interplanar spacing (0.833 A) along the [1 1 2] direction,
while the third plane remains unchanged. For the next 3 planes
(4, 5, and 6), the same pattern is repeated with keeping the [1
1 1] directions under rigid boundary condition, while others
under periodic boundary conditions. The relaxed structure of
the (1 1 1) twin boundary projected on the (1 1 0) plane has
been presented in the previous work.['®! Interlayer and registry
relaxations are not found around the (1 1 1) twin boundary due
to the high atomic density and larger interplanar spacing of the
(111) plane, and very small shuffling required to create the (1
1 1) twin-boundary, which has already been suggested for Pd,
Pt, and ALIS-1Y]
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Fig. 1. Twin formation energies for the (1 1 1), (1 1 3), and (1 2 0) twin
boundaries at different temperatures. Plot lines for (1 1 3) and (1 2 0)
interfaces show that with the increase in temperature the twin formation
energy decreases.

To determine the interaction energy for cluster 1.1, a sin-
gle vacancy is introduced near the (1 1 1) twin boundary on
either side in the first plane at 300 K, then the interaction en-
ergy is calculated. The interaction energy for cluster 1.1 in the
first plane near the (1 1 1) twin boundary is 0.0084 eV. This
process is repeated for the next 2—8 planes. It is observed that
the values of interaction energy are positive in all planes. This
shows the repulsive behavior for the single vacancy. The single
vacancy is more repulsive in the first plane but less repulsive
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in the second one (with an interaction energy of 0.00743 eV)
than that in all other planes. Similarly, cluster 2.1 is gener-
ated near the (1 1 1) twin boundary by introducing two va-
cancies. The second vacancy is generated at distance 0.835 A
(one interplanar spacing on the (1 1 1) plane) with the first va-
cancy along the [1 1 2] direction. The interaction energy for
cluster 2.1 in the first plane near the (1 1 1) twin boundary
is 0.01346 eV. The di-vacancy is repulsive almost in all 1-8
planes and less repulsive in the fourth plane (with an interac-
tion energy of 0.00949 eV) than that in all other planes. The
tri-vacancy is generated with different geometries, which are
3.1, 3.2, 3.3, and 3.4 at 300 K (see Ref. [32]). The interac-
tion energies of clusters 3.1, 3.2, 3.3, and 3.4 with the (1 1 1)
twin boundary in the first plane are 3.44741 eV, 3.11035 eV,
3.34667 eV, and 1.02761 eV, respectively. Clusters 3.1, 3.2,
and 3.3 are repulsive in all planes. This repulsion is high in
the first plane. Cluster 3.4 is subjected to a small repulsion in
the closest plane but attraction in 2—8 planes.

Two single- and di-vacancies are generated on both sides
of the twin interface at on- and off-mirror positions. To obtain
the off-mirror position, single- and di-vacancies are shifted by
one interplanar spacing (T, = 0.833 A) along [1 1 2]. On-
and off-mirror positions are repulsive for both single- and di-
vacancies but less repulsive in the first plane than that in all
other planes. The single vacancy behaves the same at on- and
off-mirror sites for 2-8 planes. The di-vacancy shows less re-
pulsion in the second plane and more repulsion in the third,
fourth, and fifth plane at the off-mirror position than that at
the on-mirror position, and the same behavior is found in the
sixth, seventh, and eighth plane. The tri-vacancies are also cal-
culated in the pair form at on- and off-mirror positions. The
tri-vacancy clusters are repulsive in the first plane at both on-
and off-mirror sites. This repulsion is increased for clusters
3.1 and 3.2 and decreased for clusters 3.3 and 3.4 at the sec-
ond plane, and then the interaction almost remains the same
in 2-8 planes. The values of interaction energy near the (1 1
1) twin boundary at O K are comparable with the results given
by Ahmad and Ramzan??! The plots in Ref. [32] have the
same trend as the interaction energy calculated, but small dif-
ferences in magnitude are found due to different metals and
temperatures for the calculations (see Ref. [32] for graphical
representation).

The effects of temperature on the interaction energy for
clusters 1.1, 2.1, and 3.1 are calculated near the (1 1 1) twin
boundary in the first pane and illustrated in the temperature
range of 0-1000 K, in steps of 100 K, in Figs. 2—4, respec-
tively. With the increase in temperature, there are no consid-
erable effects on the interaction energy for clusters 2.1 and
3.1. While for cluster 1.1, the repulsion with the (1 1 1)
twin boundary decreases with the increase in temperature (by
an average value of —0.00085 eV for 100 K), and it shows an
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Fig. 2. Interaction energies of a single-vacancy cluster in the first plane
near the (1 1 1), (1 1 3), and (1 2 0) twin boundaries in the temperature
range of 0-1000 K.
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Fig. 3. Interaction energies of di-vacancy cluster at the first plane near
the (1 11),(113),and (12 0) twin boundaries in the temperature range
of 0-1000 K.
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Fig. 4. Interaction energies of tri-vacancy cluster in the first plane near

the (1 11),(113),and (1 20) twin boundaries in the temperature range

of 0-1000 K.
attractive behavior at 600 K. At low temperature, due to the
high atomic density of the (I 1 1) plane, the relaxation of
atoms is difficult and the single vacancy faces repulsion. With
the increase in temperature, the interlayer separation and dis-
tances between the atoms increase, and the relaxation takes
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place easily. Further increase in temperature induces more at-
traction for the 1.1 vacancy cluster with interface and shows
(maximum attraction) interaction energy —0.062 eV at 900 K.
At 1000 K, a small decrease in attraction is observed.

3.2. Plane (1 1 3) twin boundary

The computational cell with 880 atoms for the (1 1 3) twin
boundary consists of (3 3 2), (1 1 3), and (1 1 0) planes. The
simulation cell at 0 K has 44 (3 3 2) planes with interplanar
spacing of 0.87 A, 110 (1 1 3) planes with interplanar spac-
ing of 1.23 A, and 4 (1 1 0) planes with interplanar spacing of
144 A,

To generate the twin boundary in the middle of the com-
putational cell, the upper half of the crystal is shuffled in the
following manner: taking into account the [1 1 3] direction
from the middle of the crystal, the first plane is moved pos-
itive, while the tenth plane is moved negative ten interplanar
spacings of the [3 3 2] direction (8.72 A); the second plane is
moved negative, while the ninth plane is moved positive two
interplanar spacings of the [3 3 2] direction (1.64 A); the third
plane is moved positive, while the eighth plane is moved nega-
tive eight interplanar spacings of the [3 3 2] direction (6.96 A);
the fourth plane is moved negative, while the seventh plane is
moved positive four interplanar spacings of the [3 3 2] direc-
tion (3.49 A); the fifth plane is moved positive, while the sixth
plane is moved negative six interplanar spacings of the [3 3 2]
direction (5.19 A). The same sequence is repeated in the next
ten (11-20) planes along the [1 1 3] direction in the same way.

Fixed boundaries are applied along the [1 1 3] direction,
while the other directions have periodic boundaries. The twin
formation energy for the (1 1 3) twin is 450.97 mJ/m? at 0 K.
The twin formation energy for the (1 1 3) interface at different
temperatures (0—1200 K) is given in Fig. 1. The twin forma-
tion energy of the (1 1 3) twin boundary decreases by an aver-
age of 11.71 mJ/m? with an increase of 100 K. The relaxed (1
1 3) twin-interface structure projected on the (1 1 0) plane has
been presented in Refs. [18] and [19].

The maximum relaxation of interlayer separation is of dy;
spacing (between interface and first plane), which is about 8%
expansion. Similarly, the maximum contraction is about 6%
of di, spacing (between the first and the second planes). The
maximum percentage of registry relaxation in r; (second plane
from the interface) is about 4% along the [3 3 2] direction. The
multilayer relaxation behavior near the (1 1 3) twin boundary
.); while the

plane registry relaxation has no regular order. These results of
[18]

oscillatorily extends through the layers (+,-,+, ..

relaxation are comparable to the early finding.

To calculate the interaction energy at 300 K for clus-
ter 1.1, a single vacancy is introduced in the closest (first)
plane on either side of the (1 1 3) twin boundary. The in-
teraction energy for cluster 1.1 in the first plane near the (1

1 3) twin boundary is —0.0697 eV (attractive). This process
is repeated for the next 2—8 planes. The interaction energy
is less than zero in all planes. This shows an attractive be-
havior for a single vacancy in all planes. The single vacancy
is more attractive in the second plane with an interaction en-
ergy of —0.08442 eV and less attractive with an interaction
energy of —0.06782 eV in the fifth plane than in all other
planes (see Fig. 5(a)). The average variation in the interac-
tion energy of the single vacancy is +0.008721 eV. Similarly,
cluster 2.1 is generated near the (1 1 3) twin boundary by
introducing two vacancies. The interaction energy for clus-
ter 2.1 in the first plane near the (1 1 3) twin boundary is
—0.0458 eV at 300 K, which is more attractive than that in all
other planes. The di-vacancy is attractive in all 1-8 planes and
less attractive in the third plane (with an interaction energy of
-0.03896 eV) than that in all other planes (see Fig. 5(a)). The
average variation in the interaction energy of the di-vacancy is
4 0.023371 eV. Figure 5(b) presents the results of interaction
energy at 300 K for the tri-vacancy with different geometries
3.1, 3.2, 3.3, and 3.4. The interaction energies of clusters
3.1, 3.2, 3.3, and 3.4 with the (1 1 3) twin boundary are
—0.04524 eV, 0.00162 eV, —0.17415 eV, and —0.17123 eV,

respectively, in the first plane. Cluster 3.2 is repulsive almost
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Fig. 5. Interaction energies of (a) single and di-vacancies and (b) four
tri-vacancy clusters against the plane number near the (1 1 3) twin
boundary at 300 K.
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in all planes with a small variation in magnitude. Clusters 3.1,
3.3, and 3.4 are attractive in all planes with a small variation
in interaction energy. Cluster 3.1 is less attractive in all planes
than clusters 3.3 and 3.4.

Single- and di-vacancies are also generated on both sides
of the twin interface at on- and off-mirror positions. To obtain
the off-mirror position, single- and di-vacancies are shifted by
T, = 0.87 A (one interplanar spacing) along [3 3 2]. Clusters
1.1 and 2.1 present (throughout) an attractive behavior at off-
mirror positions and a repulsive behavior at on-mirror posi-
tions, as given in Figs. 6(a) and 6(b). Single- and di-vacancies
are less repulsive at on-mirror position and more attractive at
off-mirror position at plane numbered as 1, and for beyond
planes, this repulsion slightly increases (attraction slightly de-
creases with small fluctuations). Similarly, tri-vacancies are
also calculated in the pair form at on- and off-mirror positions.
The interaction energies of tri-vacancy at 300 K on either side
of the (1 1 3) twin boundary at on- and off-mirror sites are plot-
ted in Figs. 7(a) and 7(b). At on-mirror sites, the tri-vacancy
clusters are attractive in the first plane, and this attraction re-
duces in the second plane and almost the same with small vari-
ations up to the eighth plane (see Fig. 7(a)). At off-mirror sites,
all tri-vacancy clusters are repulsive (see Fig. 7(b)). This re-
pulsion increases in the second plane up to the eighth plane for

0‘10 L T T L} T L T T
O---0--_g. —--0---0
Vs ’ ®-- ~-o- " -®
> ’ (a)
L o
> 0.05f E
9
—
(]
8
g ok —X— cluster 1.1 mirror i
= - -@- - cluster 1.1 off-mirror
2
—
]
g
S —0.05F « v % -
/ I
70.10 1 1 1 1 1 1 1 L
1 2 3 4 5 6 7 8
Plane number
0.050 T T T T T T T T
-e
7 0.025F - (b) |
} 7
19 [ ]
-
% 0F —X— cluster 2.1 mirror J
o - -@- - cluster 2.1 off-mirror
o
S —0.025F -
- | —

g X /\X/X_._x
~ —0.050 -
70'075 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8

Fig. 6. Interaction energies of (a) single-vacancy and (b) di-vacancy

Plane number

clusters on either side of the (1 1 3) twin boundary at 300 K.

—X— cluster 3.1 (a)
—0.02F E
S - -@- - cluster 3.2
L ---A--- cluster 3.3
% luster 3.4 -
E 004k V- - - cluster 3. ' i
3 By T ’
............... X i Y LI
g ’X- T e ~ jg\ ~ "
E g e X/X— e
s 70,06 | \X/ -
Bt
s
—0.08L— L L L L L ! L
1 2 3 4 5 6 7 8
Plane number
T T T '/X\)'(————' '
(b)
0.06 | 7T
,‘v. .'v‘
>® (o ~“ ’a ~~‘
L 0.05F VA v AR v
> v
%ﬂ X —X— cluster 3.1
£ 0.04 F ! - -@- - cluster 3.2 7
g } Y cluster 3.3
£ 003F v -.57--- cluster 3.4 ]
s | el A - ° -2
9 jx "'-"‘\., \),—A R Soonie ”-
: 0.02 | I{‘ \‘.. \.,‘ -
— v
v
0.01 il : L L ! ' :

1 2 3 4 5 6 7 8
Plane number

Fig. 7. Interaction energies of tri-vacancy clusters at 300 K on either
side of (1 1 3) twin boundary at (a) on- and (b) off-mirror sites.

all tri-vacancy clusters. Clusters 3.1 and 3.4 are more repulsive
than clusters 3.2 and 3.3.

The interaction energies for clusters 1.1, 2.1, and 3.1 near
the (1 1 3) twin boundary in the first pane in the temperature
range of 0—1000 K, in steps of 100 K, are plotted in Figs. 2—
4, respectively. Clusters 1.1, 2.1, and 3.1 have the interaction
energies of —0.08455 eV, —0.09987 eV, and —0.06432 eV,
respectively, at 0 K. The increase in temperature has consider-
able effects on the interaction energy for all vacancy clusters.
The interaction energy averagely increases by 0.007686 eV,
0.009079 eV, and 0.005847 eV (for 100 K increase in temper-
ature) for clusters 1.1, 2.1, and 3.1, respectively. This increas-
ing trend is more prominent for di-vacancy near the (1 1 3)
twin boundary. At 1000 K, the interaction energies become
—0.04743 eV, -0.01812 eV, and —0.01104 eV for clusters 1.1,
2.1, and 3.1, respectively. It means that at O K all the vacancy
clusters are attractive, while with the increase in temperature
this attraction decreases.

3.3. Plane (1 2 0) twin boundary

A rectangular block of 960 atoms is used for the (1 2 0)
twin boundary with mutually perpendicular 30 (2 1 0), 160 (1
20),and 2 (0 0 1) planes at O K. The 9.12 A is the interplanar
spacing along [2 1 0] and [1 2 0] directions, while 2.04 A is the
spacing along the [0 O 1] direction. The relaxed (1 2 0) twin
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structure projected on the (0 0 1) plane can be seen in Ref. [18].
The relaxed twin formation energy at 0 K is 1293.52 mJ/m?.
Averagely 33.86 mJ/m? twin formation energy decreases with
100 K increase in temperature. The twin formation energy for
the (1 2 0) twin interface in the temperature range of 0—-1200 K,
in steps of 100 K, is given in Fig. 1.

To generate the (1 2 0) twin interface, the upper half of
the crystal is shuffled along the [1 2 0] direction in the follow-
ing manner: considering from the middle of the crystal, the
first plane is moved four inter planar spacings (3.67 A) along
negative, the second plane is moved two interplanar spacings
(1.82 A) along positive, the third plane is moved two interpla-
nar spacings along negative, the fourth plane is moved four
inter planar spacings along positive [2 1 0] direction, and the
fifth plane remains unchanged. The same sequence is repeated
in the next five 6-10 planes along the [1 2 0] direction.

A single vacancy is created (firstly) in plane 1 (closest
plane) near the (1 2 0) twin boundary on either side at 300 K
and then it is generated in turn in the next planes (2, 3, ...,
8) away from the twin interface. The interaction energy with
twin is calculated for each case. The single vacancy has an
interaction energy of —0.11146 eV in the first plane at 300 K.
Figure 8(a) shows that cluster 1.1 presents an attractive behav-
ior in the first, second, and seventh planes, while in all other
planes its behavior is repulsive with more repulsion in the
fourth pale (with an interaction energy value of 0.05993 eV).
Similarly, the di-vacancy is generated near the (1 2 0) twin
boundary by generating two vacancies. The interaction en-
ergy for cluster 2.1 in the first plane at 300 K is —1.08788 eV.
The di-vacancy is repulsive beyond the third plane up to the
eighth plane and more repulsive in the fourth plane (with
an interaction energy value of 0.09789 eV) than that in all
other planes (see Fig. 8(a)). The interaction energy of four
tri-vacancy clusters against the plane number near the (120)
twin boundary at 300 K is given in Fig. 8(b). The interaction
energies of clusters 3.1, 3.2, 3.3, and 3.4 are —1.80849 eV,
—2.09657 eV, —0.55262 eV, and —1.73817 eV, respectively,
in the first plane. All four tri-vacancies are subjected to attrac-
tion in planes 1 and 2. This attraction is low for cluster 3.3 and
high for cluster 3.2.

A pair of single- and di-vacancies is generated on both
sides of the twin interface at on- and off-mirror positions.
To obtain the off-mirror position, single- and di-vacancies are
shifted by 7, = 9.12 A (one interplanar spacing) along [2 1 0].
Figures 9(a) and 9(b) show that at off-mirror positions, clus-
ters 1.1 and 2.1 are attractive in the first and the sixth planes
and cluster 1.1 also has small attractions in the seventh and the
eighth planes, while they are repulsive in all other planes. In
the case of on-mirror positions, these clusters present repul-
sive behaviors in all planes. However, the di-vacancy is more
repulsive than the single vacancy in all planes at the on-mirror

positions. The on-mirror position is less repulsive in the sec-
ond plane for di-vacancy and in the fourth and the fifth planes
for single vacancy than the off-mirror position. Similarly, tri-
vacancies are also calculated in the pair form at on- and off-
mirror positions. The interaction energies of tri-vacancy clus-
ter on either side of the (1 2 0) twin boundary at on- and off-
mirror sites are represented in Figs. 10(a) and 10(b). At on-
and off-mirror sites, the tri-vacancy clusters are repulsive in
the first plane. This repulsion increases for the on-mitror sites
in the second plane for all tri-vacancy clusters and decreases
in the case of the off-mirror sites for all tri-vacancy clusters in
the third plane. The interaction energies at the on-mirror posi-
tions for clusters 3.1 and 3.4 in the third and the fourth planes
are high and then gradually decrease with small variations for
clusters 3.1, 3.2, and 3.4, while cluster 3.3 is more repulsive
in 5-8 planes at the on-mirror positions. Clusters 3.1 and 3.4
are more repulsive in the fifth plane at the off-mirror sites, and
almost all tri-vacancy clusters are less repulsive in the seventh
and the eighth planes.

Effects of temperature on the interaction energy for
single-, di-, and tri-vacancies are calculated near the (1 2
0) twin boundary in the first pane at the temperature ranging
from 0 K to 1000 K in steps of 100 K (see Figs. 2—4). Clusters
1.1, 2.1, and 3.1 have the interaction energies of —0.07367 eV,
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Fig. 8. Interaction energies of (a) single- and di-vacancies and (b) four
tri-vacancy clusters in different planes near the (1 2 0) twin boundary at
300 K.
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—1.21345 eV, and —1.94543 eV, respectively, at 0 K. In the
closest plane near the (1 2 0) twin boundary, all these vacancy
clusters present attractive behaviors. However, with the in-
crease in temperature, the interaction energy increases and at-
traction reduces. The interaction energies averagely change
by 0.006697 eV, 0.110314 eV, and 0.176857 eV for clus-
ters 1.1, 2.1, and 3.1, respectively, with a 100 K increase in
temperature. The interaction energies become —0.04176 eV,
—0.14568 eV, and —1.03448 eV for single-, di-, and tri-
vacancies, respectively, at 1000 K.

The interfaces with high atomic density each have a large
interplanar spacing and vice-versa. The atomic relaxation of a
plane is proportional to the interplanar spacing and inversely
proportional to the atomic density in that plane. Therefore,
the interfaces with low atomic density have high twin forma-
tion energy and vice-versa. The disturbance of atoms is maxi-
mum at the interface, while the other part of the crystal is per-
fect. Therefore, the plane registry and interlayer relaxations
decrease with movement away from the interfaces and after
a dozen of planes become negligible. The interplanar spacing
and energy per atom increase with the increase in temperature.
With large distances between atoms and high energy, the gen-
eration of twins and the relaxation in the crystal both become
easy. Therefore, the twin formation energy decreases with the
increase in temperature.

Considerable relaxations can be seen near the (1 1 3) and
(12 0) twin boundaries. Compact interfaces relax less than the
high-index interfaces because of the lack of symmetry in high-

s.18:381 The (1 2 0) interface is more open (has

index interfacce
a lower atomic density) than the (1 1 1) and (1 1 3) interfaces.
Therefore, comparatively strong relaxation is found near the
(1 2 0) twin boundary. The interplanar spacing of the (1 1 3)
interface is less (0.2761a) than that of the (1 1 1) interface
and the relaxation is easy near the (1 1 3) twin boundary com-
pared with the (1 1 1) interface. Therefore, the (1 1 1) interface
shows a repulsive behavior and the (1 1 3) interface presents
an attractive behavior for vacancy clusters. The bulk atoms
have electric and ionic symmetry arrangements throughout the
bulk; therefore, some modifications are required in the charge
configuration near the interface. The force field changes com-
pared with the bulk atoms with normal coordinates. Some
relaxations appear as the field changes; the interlayer spac-
ing changes around these twin interfaces. During the planes
moving in the direction perpendicular to the interface, the reg-
istry of atomic planes may be changed due to the relaxation
of planes in the direction parallel to the boundary. A proper
charge redistribution around the grain boundaries is facilitated
by these multilayer relaxations. In the process of relaxation,
the spacing around the twin interface relaxes more than the
bulk interplanar spacing. Since at the interfaces, the atomic
density is less (coordinates less than 12 which is required for
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the fcc crystal) than that in the bulk (normal coordinates), the
relaxation is easy near the interface. Therefore, most vacancy
clusters feel more attractive in the planes closest to the inter-
face and less attractive or repulsive with away from it. It means
that the vacancy clusters tend to move towards the twin inter-
faces. Although the relaxation is easy at high temperature,
with the increase in temperature, energies and dynamic behav-
iors (repulsion) of atoms increase. Therefore, almost for all
vacancy clusters, the interaction energy increases at high tem-
peratures.

The convergences of interaction energies with respect
to the system size for all twin boundaries are checked.
Enough planes are taken along the fixed boundary and the
use of periodic boundary conditions along two dimensions
diminishes the effect of size of the crystal on calculations.
The results presented in this work are reliable as they have
been obtained using a well established set of computer pro-
grams, which have produced reasonable results for other fcc

11,16-19,36,37.39-43] The simulated results of interaction

metals.[
energy with twin boundaries of vacancy clusters are satisfac-
tory in the sense that the atomic relaxations are all consistent
with what might be anticipated using the hard sphere model

and are comparable to the results of the previous findings.3%36]

4. Conclusions

We conclude that the twin formation energy decreases
with the increase in temperature for the (1 1 3) and (1 2 0)
twin boundaries, except for the (1 1 1) twin boundary. This
decreasing trend is more prominent for the (1 2 0) twin bound-
ary than that for the (1 1 3) twin boundary. The (1 1 1) twin
interface has a low twin formation energy, and there is no con-
siderable interlayer and registry relaxations around the twin
interface due to the comparatively high planar atomic density
and larger interplanar. The (1 2 0) twin interface has a high
twin formation energy and shows greater interlayer and reg-
istry relaxations around the twin interface. Almost all vacancy
clusters are favorable in the closest planes and the repulsion
increases as they move away from the boundaries at on- and
off-mirror sites, except tri-vacancies near the (1 2 0) interface
at off-mirror sites and clusters 3.3 and 3.4 at on- and off-mirror
sites near the (1 1 1) interface. The on-mirror arrangements are
favorable for all vacancy clusters near the (1 1 3) twin bound-
ary. Single- and di-vacancies are more favorable at the on-
mirror sites near the (1 1 1) twin boundary, while these are
attractive at the off mirror sites near the (1 2 0) twin boundary.
At high temperatures, the attraction decreases for all vacancy

clusters, except for the single vacancy near the (1 1 1) inter-
face.
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