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Abstract Molecular dynamics simulation technique has
been applied to investigate melting temperature of alumi-
num. Semi-empirical potentials, based on the embedded
atom method have been employed to calculate lattice
parameter, energy per atom and mean square displace-
ments. Melting temperature is found to compare well with
the experimental results. Computer simulation studies of
some low index (111), (113) and (112) twin boundaries at
various temperatures and their effect on the melting tem-
perature are also carried out. It is observed in this study that
in the presence of twin boundaries, aluminum melts at
lower temperatures, as compared to normal melting point.

Introduction

Pure aluminum is soft, ductile, and corrosion resistant and
has a high electrical conductivity. The use of aluminum
and its alloys in automotive industry has increased in recent
years [1]. This has been attributed not only to the issue of
fuel economy, but also to that of safety, resource conser-
vation, and environment [2]. Presence of defects may
change the properties of pure metal considerably. The
effect of grain boundaries has been the subject of interest to
material scientists [3—6].

Melting temperature (7,,,) is an important parameter of a
material as it indicates its stability against heating. The
fundamental concept of melting is based on the coexistence
of the solid with the liquid phase when the free energies of
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the two phases are equal. Different theories on melting
have been proposed treating the phenomena as a homog-
enous, bulk process involving either lattice instability [7] or
the spontaneous generation of thermal defects [8]. These
descriptions do not consider effects of extrinsic defects
such as a free surface or an internal interface. However,
now a variety of experimental data exists which explains
the controlling role of an extrinsic surface [9—13]. In sev-
eral measurements it is clear that when the surface
conditions are modified, the melting can be depressed [10]
or the solid can be substantially superheated [12, 13]. In the
case of metals, disordering below T}, on aluminum surface
has been observed by Stoltze et al. [13]. Measurements
have also been carried out to investigate the possibility of
premelting transition [14, 15]. Static measurements of
energy and structures of twin boundaries for f.c.c. metals
are available in literature [16]. Premelting due to the
internal interfaces, e.g., grain boundaries, can be realized
through atomistic simulation using the method of molec-
ular dynamics (MD) [17].

The MD and other related methods of Monte Carlo [18]
have been successfully used to calculate phase diagrams of
model systems [19] as well as to study melting and freezing
phenomena [20]. These are powerful techniques for dealing
with the statistical mechanics of a many-body system.
Their applications to real materials have limitations
imposed by the interatomic potential used and the finite
system size and time duration of simulation. The advent of
many-body potentials [21-23] for metals eliminates several
basic objections against the use of conventional pair
potential [24]. MD computer simulation method, based on
many-body interatomic potentials, has become an estab-
lished tool in materials science to evaluate many properties
[25, 26]. By the use of this technique, one can investigate
and understand structures of complex system at atomic
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level and can follow the evolution of the system at each
step. Another aspect of molecular dynamics relevant to the
present study is the determination of the melting point 7},
of the simulated model.

Embedded-Atom-Method (EAM) potentials [21, 27]
have been developed for f.c.c. metals by fitting experi-
mental parameters like lattice constants, cohesive energy,
and vacancy formation energy. These potentials have
produced very useful and reliable results [28]. Akhter et al.
[29] employed EAM potential to study the three low index
surfaces of Pd, namely (100), (110), and (111), by the MD
technique. They have reported considerable premelting by
measuring the mean square vibrational amplitudes and the
structure factors. The potential with cut-off distance
between the third and fourth nearest neighbor produced
plausible results on melting temperature, specific heat,
linear thermal coefficient, and diffusion coefficient of Pd
[30]. Ahmed et al. [31] and Akhter et al. [32] have reported
thermal properties of noble metals Ag and Au by MD
simulations using EAM potential which reasonably agreed
with the experimental results. The EAM potential has also
been used to study grain boundaries in b.c.c. and f.c.c.
metals [33-35]. Recently Park et al. [6] have studied the
deformation of f.c.c. nanowires by twinning and slip using
EAM potential.

In this paper, attention has been focused on melting
temperature and the role of twin boundaries on melting of
Al by means of MD simulations using an EAM potential
function with interactions extending to third nearest
neighbor distance. We have calculated the lattice parame-
ter, energy per atom, and mean square displacement at
various temperatures and deduced the melting temperature
of the perfect crystal. Low index (111), (113), and (112)
twin boundaries were generated and finally melting
checked in the presence of these twin boundaries. The
results are compared with available data in the literature.

Computational technique

We mainly followed ‘dyn86’ molecular dynamics (MD)
Foiles code containing DYNAMO routine. We introduced
lattice and twin generating routines according to the
requirement of the problem. The detailed MD technique
can be found in literature [21, 27]. The salient features of
the technique as applied in our case are given here.
Nordsieck’s algorithm [36] with a time step of 107'° s was
used to solve classical equations of motion for atoms
interacting by EAM interatomic potential [21, 27]. The
computational cell used consisted of 256 atoms arranged
on an f.c.c. lattice. All simulations were carried out using
periodic boundary conditions in the x, y, and z directions of
the cubic simulation cell, and the cut-off distance was kept
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between the third and fourth nearest neighbor distance.
Simulation was carried out in different statistical ensem-
bles. We used the condition of constant number of atoms,
pressure, and temperature (NPT) ensemble to calculate the
lattice parameters at various temperatures. The computa-
tional cell was generated at a specific temperature while
keeping the pressure constant; the system was allowed to
evolve till the cell edges and volume become constant. The
lattice constants thus obtained are used to generate the bulk
f.c.c. crystal at various temperatures.

A discrete three-dimensional lattice model of a crystal
with desired defect can be simulated by using results
obtained by NPT ensemble below melting at various tem-
peratures. The energy and atomic structure of this model is
monitored along with all of its details. In order to study the
twin boundaries, three-dimensional model crystallite gen-
erated is in the form of a rectangular block of atoms, with
suitable mutually perpendicular axes. All the atoms in the
computational region are free to move. The faces parallel
to the interfaces are kept under fixed boundary conditions,
while periodic boundary conditions are imposed on rest of
the faces. The energy of the perfect crystal ‘E}’ is first
calculated, then a twin interface is introduced at the center
of the computational cell. The energy of the crystal is again
calculated ‘E, + y’ (which is energy of the crystal with
defects) using the condition of constant number of atoms,
volume, and energy (NVE) ensemble simulations. The
energy of the twin ‘E,’ can be calculated as

Ey=Epy — E

The crystal is first allowed to relax to minimize its energy
by conjugate gradient method [37], and then relaxed energy
of the twin is calculated.

Results and discussion

To calculate the lattice parameter at various temperatures
we used NPT simulation. The computational cell is gen-
erated at a particular temperature and then keeping the
pressure and temperature constant. The system is allowed
to evolve till the cell edges and volume become constant.
The lattice parameter is calculated from a = (49)1/ 3,
where Q is the calculated average atomic volume at each
temperature.

Melting temperature

The internal energy per atom ‘E(T)’ was calculated as a
function of temperature from 300 to 1,200 K using NPT
simulation. Results are plotted in Fig. 1 which shows a
sudden jump between 900 and 905 K. The data for the
energy per atom is fitted to a third order polynomial in the
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Fig. 1 Energy per atom (eV) and lattice parameter (z&) at various
temperatures. A sudden change is seen in both curves at the same
temperature 900 K, which is melting temperature of Al

temperature range 300-800 K below melting temperature
as given in the following equation:

0 -nenz) w(z) ()

where ‘E(T)’ is energy per atom at temperature ‘7" in ‘eV’
and T, = 900 K is the melting temperature obtained in the
present study. The values of constants Ey,, A, Ay, and A3
are summarized in Table 1.

Calculated lattice parameter ‘a(7)’ as a function of
temperature is also shown in lower curve of Fig. 1. A
sudden change in lattice parameter at same temperature
indicates the transition from solid to liquid face where it
was observed for energy per atom. The data for lattice
parameter is also fitted to a third order polynomial in the
temperature range below melting temperature (300-800 K)
as given by the following equation:

en-wn(£) on(F) (1)

The obtained values of constants ag, B;, B, and Bs are also
given in Table 1.

The energy per atom and the lattice parameter, plotted in
the Fig. 1 as a function of temperature, clearly reveal a
sudden jump between 900 and 905 K. Therefore it is

Table 1 The constants of expressions for energy per atom and lattice
parameters

Energy Lattice parameter

E, —3.50532 ap 4.0608
Ay 0.76954 B, 0.03901
A 0.77825 B 0.19811
As 0.40721 B; 0.05879

concluded that the melting temperature of Al lies between
900 and 905 K. There is no superheating observed. When
the system was cooled from higher temperature, the tran-
sition from liquid to solid state was observed between 825
and 800 K. This indicates the presence of supercooling.

The mean square displacements (MSD) of bulk atoms
also give indication of the melting transition. At melting,
these displacements increase enormously and the magni-
tudes become a few tenths of the interatomic distances
[38]. The MSD values at different temperatures are cal-
culated using the following equation:

1 lvf

(Vi) = g, 2 Ire) = e = ).
where ‘r;’ is the instantaneous position of atom i in the
direction x and ‘t’ is the time interval after which the
configurations were recorded. The angular brackets ()
denote the time average taken over all N; recorded con-
figurations. There is an abrupt jump in MSD at temperature
900 K, which is the melting temperature of the Al obtained
from the energy per atom and lattice parameter as well. As
the mean square displacements increase by the order of
magnitude after melting, a log scale plot is given in Fig. 2.
It is clear that mean square displacements increase linearly
with temperature up to the point of transition and then there
is a sharp increase in values.

We deduced that 900 K is the melting temperature of
the Al obtained from the energy per atom, lattice param-
eter, and mean square displacements. Our result of 900 K
melting temperature of Al agrees reasonably with the
experimental value of 933 K [39] as compared to the value
given by Mitev et al. [40], which is 980 K. This is an

35 T T T T T

30} L

25} .

20F E

15| -

Log(MSD)

10 -

0.5

OO 1 1 1 1 1
500 600 700 800 900

Temperature(K)

Fig. 2 Mean square displacement as a function of temperature. A
sharp increase is observed in the value of mean square displacement
at 900 K
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excellent way for the judgment of the exact melting point
of a material by observing the variation in lattice param-
eter, energy per atom, and mean square displacements.

Melting in the presence of twin boundaries

To study the effect of twin boundaries on melting we
generated the model f.c.c. crystal consisting of a three-
dimensional rectangular block of atoms. The twin bound-
ary is located as close as possible to the center of the
model. After generating a model twined crystal, atoms
were allowed to relax from their initial approximate posi-
tions to their equilibrium configuration using conjugate
gradient method. The size independency was achieved by
the use of periodic boundaries in the calculation of twin
formation energy. The crystallite developed for the (111)
twin boundary is a rectangular block of atoms having faces
(112), (111), and (110). The computational cell has
18(112), 24(111), and 2(110) planes. The (111) faces are
kept fixed while the other faces are under periodic
boundary conditions. The twin boundary is generated on
the central plane of the model. The relaxed structure of
(111) twin interface is shown in Fig. 3a. This fully relaxed
(111) twin boundary has energy 84.53 mJ/m” at 0 K. The
computational cell for (113) twin boundary consisted of
44(332), 22(113), and 2(110) planes. Rigid boundary
conditions are applied on the faces parallel to (113) twin
interface and cyclic periodic boundary conditions are
applied on the faces perpendicular to the (113) twin
interface. The twin boundary is generated at the middle
(113) plane. The fully relaxed structure of (113) twin is
shown in Fig. 3b which has energy 209.19 mJ/m* at 0 K.

The model crystal used to create a (112) twin boundary
is a rectangular block of atoms with 24(111), 18(112), and
2(110) planes. The (112) faces are kept under rigid
boundary conditions, whereas the other four faces are
simulated with periodic boundary requirements. The twin
is generated at the center of the model. In the unrelaxed
structure of (112) twin, atoms in the plane adjacent to the
composition plane lie at a separation of 0.2082a, which is
nearly 58% of the first neighbor distance in perfect crystal.
So one can expect a high energy for (112) twin interface.

Fig. 3 Relaxed structure
projected on (110) plane
showing two adjacent layers of
(a) (111) twin, (b) (113) twin,
and (c) (112) twin boundary.
Horizontal mid-lines show twin
boundaries

PR a)
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The fully relaxed structure of (112) twin is shown in
Fig. 3¢ which has energy 500.28 mJ/m?” at 0 K.

The (111), (113), and (112) twin interfaces are simulated
in the temperature range 0-800 K, in steps of 100 K. The
formation energies of these twin interfaces against tem-
perature are plotted in Fig. 4. We observed that the (111)
twin interface with high planer atomic density and greater
interplanar spacing has low twin formation energy. The
(112) twin interface with low planer atomic density and
smaller interplanar spacing has high twin formation energy.
The present results of twin interfaces are satisfactory in the
sense that the atomic relaxations which occur are all con-
sistent with what might be anticipated using hard sphere
model. The relative energies which have been deduced are
acceptable. The magnitudes of most of the twin formation
energies are lower than the earlier simulated results of
these interfaces, obtained by using Ackland many-body
potential for other f.c.c. metals [16].

For observing the effect of twin interfaces on melting
temperature, the internal energy per atom and lattice
parameter are calculated as a function of temperature in the
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Fig. 4 The plot of twin formation energy (mJ/m?) versus temperature
(K) for (111), (113), and (112) twin boundaries. All the plot lines
show that with the increase of temperature twin formation energy
reduces
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range 300-1,100 K with 100 K steps using NPT simulation
for (111), (113), and (112) twined crystallites. Results of
energy per atom for (111) twined crystallite are plotted in
Fig. 5a, which shows a sudden jump between 875 and
885 K. A plot of calculated lattice parameter as a function
of temperature is also given in Fig. 5a. A transition can
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Fig. 5 Energy per atom (eV) and lattice parameter (A) of Al (a) with
(111) twin, (b) with (113) twin, and (¢) with (112) twin at various
temperatures

again be noted at the same temperature where it was
observed for energy per atom. These transitions in lattice
parameter and energy per atom curves confirmed that the
melting point of the (111) twined crystallite is 875 K,
which is 25 K lower, as compared to simulated normal
melting point. Results of energy per atom and lattice
parameter as a function of temperature for (113) twined
crystallite are plotted in Fig. 5b, which shows a sudden
jump between 850 and 860 K for both curves. Thus the
melting point of the (113) twined crystallite is at 850 K,
which is 50 K lower, as compared to normal melting point
of the perfect crystal. Similarly, these transitions in lattice
parameter and energy per atom are plotted in Fig. 5c for
(112) twined crystallite. The jumps in curves are between
800 and 810 K. We estimated the melting point of the
(112) twined crystallite to be 800 K, which is 100 K lower
than normal simulated melting point.

Atoms in the grain-boundary core have higher poten-
tial energy than that of the bulk atoms and it seems
reasonable that the interface can become thermally dis-
ordered before the bulk or has its own melting transition.
Indirect experimental evidence and theoretical consider-
ations [41, 42] support such behavior. Near the twin
boundaries atomic density is different as compare to
normal plane. With the increase in temperature, the
number of self interstitials and vacancies increases around
the twin plane, thus the diffusion is likely to begin in
crystal at the twin boundaries. At a sufficiently high
temperature, in the vicinity of twin plane, the atoms are
in complete disorder. This disordering and diffusion can
lead to premelting near twin boundaries, which enhance
the effect of melting process. Therefore the bulk crystal
with twin boundaries melts at lower temperature than the
normal melting point.

We observed that the transition from solid to liquid face
takes place in the range of 10 K temperature for twined
crystallite, while transition range was 5 K for perfect
crystal. Transition temperature with defects increased. So
we can say that there is superheating observed as compared
to normal crystal. Thus sharpness of the melting point is
reduced. Our calculations estimate T,,(111) =~ 875 +
10K, T,(113) = 850 £ 10K, and T,,(112) = 800 =+
10 K for (111), (113), and (112) twined -crystallites,
respectively. We observed that there is smaller effect on
melting temperature with (111) twin boundary and greater
effect with (112) twin boundary. Sudden change in lattice
parameter and energy per atom is used to investigate the
melting point of metals. This was also used by Akhter et al.
[30, 33] and Ahmed et al. [32]. The results presented in this
paper can be relied upon as they have been obtained using a
well-established suit of computer programs, which have
already produced plausible results for other f.c.c. metals
[30-33].
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