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Abstract

In the present study, the melting process of the face-centered cubic strontium (Sr) element, was investigated by
classical molecular dynamics simulation. The embedded atom model and Morse potentials, which are from two
different families, were used to describe the interactions between Sr atoms. The periodic boundary conditions were
applied in all three directions of the simulation box containing 6912 atoms. All simulations were performed with the
DL _POLY package program developed in the Daresbury laboratory. The first order phase (solid-liquid) transition
during the heating process was monitored by using different analysis methods. The results obtained using both potential
functions were discussed by comparing with each other and with other results in the literature.
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INTRODUCTION

Strontium (Sr) is one of the most common
elements in nature and is even the 15th most
abundant element in the earth's crust.
Consumption of Sr is usually in the form of
strontium carbonate. It is commonly used in
high-voltage television tubes in the form of
carbonate. Sr is also used in the manufacture
of ceramic ferrites, which are used in the
automotive industry, iron ore separators,
copiers and special alloys. Sr, which has a
large atomic radius, is also used to neutralize
x-rays. Apart from these, strontium sulfide is
used in fireworks and paints; strontium nitrate
is used in the pharmaceutical industry and in
fireworks because it gives a deep red color to
the flame; Strontium oxide is a compound also
used in pharmaceuticals and is used as an
intermediate in the production of strontium
ferrite. Strontium hydroxide is a compound
used in sugar mills to recover sugar from
molasses. Strontium silicate compound, on the
other hand, is an important ingredient in the
production of high-quality iron [1]. Sr is also
known as a bone trace element and has
chemical similarity with calcium (Ca) element,

so most researchers use it as a replacement ion
for Ca in Hydroxyapatite (HAp) [2, 3]. It is
accepted that partial substitution of Ca with Sr
can improve the biological properties of HAp
[4]. Moreover, it has been stated in some
studies that the inclusion of Sr in HAp can
increase the dissolution rate of HAp as well as
increase the adsorption capacity of drugs [5].
In recent years, Sun et al. [6] have studied the
effects of Sr incorporation into Mg-Zn-Ca
biodegradable bulk metallic glass by both
molecular dynamics (MD) simulation and
density functional theory calculation. They
observed that the results of the newly obtained
Mg-Zn-Ca-Sr BMG were quite consistent with
previously reported experimental results. The
fact that its usage area is so wide and that it
gives unique properties to the materials it is
added to, increases the interest in Sr element
and its alloys even more today. Thus, in the
present study, we focused on the changes in
the atomic structure of pure Sr during the
heating process. To describe the interactions
between Sr atoms in all MD simulations, we
chose the embedded atom model (EAM) and
Morse potentials, which are widely preferred

in the literature. In the following sections, the
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results obtained from the MD simulations will
be discussed in detail using different analysis
methods.

EXPOSITION

In classical MD simulations, EAM
potentials are mostly preferred to describe
pairwise interactions in metals and metal
alloys. According to this approximation, the
total energy E; of the i atoms is given as:

E, =Fa[zpaﬁ(nj)}+%2¢aﬂ(w) (1

J# J#i

where o and f are the element types of atoms i
and j. Fo is the embedding energy that is
expressed as a function of atomic electron
density (p). ¢@ap(ri) is the pair interaction
energy between i and j atoms separated at a
distance of r; from each other. The EAM
potential data used in the present study were
taken from Sheng [7] who reproduced and
shared it into literature. Another energetic
function used here is the Morse pair potential,
which is widely preferred in MD simulations.
The energy function of the Morse potential is
given as:

b =Dyl g ) )

where 7;; is the distance between i and j atoms,
ro is the equilibrium bond length, Dy is the
potential well depth. « is a parameter that
controls the width of the potential. Morse
potential parameters for pure Sr are given in
Table 1 [8].

Table 1. Morse potential parameters used for pure Sr.

Do(eV) a (A ro(A)

Sr-Sr 0.1513 0.73776 4.988

All simulations were performed with the
DL POLY 2.0 package program developed by
Smith et al. [9] at Daresbury laboratories and
offered as open source. Initially, the system
was formed in the face-centered cubic (FCC)
structure, which is the most stable structure for
solid Sr. The periodic boundary conditions

were applied in all three main axes of FCC
crystal structure containing 4 atoms in the unit
cell and the total number of atoms in the MD
simulation cell was determined to be 6912
(4x(12x12x12)). The velocity form of Verlet
algorithm was used to solve Newton's motion
equations. The temperature and pressure were
controlled by the Berendsen thermostat and
barostat throughout the simulations. The
system was heated the starting from 0 K up to
1600 K (with 50 K increments), a temperature
well above the melting point of Sr (Tm = 1042
K [10], 1050 K [11]), using the isothermal-
isobaric (NPT) ensemble and the time step of 1
fs. The temperature-dependent changes of the
energy per atom during the heating process for
the EAM and Morse potentials are shown in
Fig. 1. While the calculated energies values for
Morse and EAM potentials change almost
linearly up to 600 K and 1100 K, respectively,
a sudden change is observed at these points.
This shows that the system passes from solid
to liquid phase by making a first-order phase
transition at 600 K for Morse potential and
1100 K for EAM potential. These results show
that the Morse potential predicts the melting
point of Sr with a deviation of -52.02% and the
EAM potential with a deviation of +5.57%
when compared with the experimental melting
point given in Ref [10]. The present findings
show that the EAM potential predicts the
melting point of Sr quite successfully when
compared to the Morse potential. The cohesive
energies for EAM and Morse potential were
determined as -1.72 eV/atom and -1.08
eV/atom, respectively, which shows that the
EAM potential results are in good agreement
with the experimental value (-1.72 eV/atom
[10]) in the literature. In addition, the
snapshots of the simulation box at 50 K, 1100
K, and 1150 K are given in the inset of the
figure (only for EAM potential). As in crystal-
like structures, while Sr atoms have an ordered
structure at 50 K, this order disappears at the
melting point at 1100 K with increasing
temperature, and the structure takes on a form
in which both the crystal and liquid phases
coexist. When the temperature rises to 1150 K,
all the atoms in the box become completely
disordered, which is a clear indication that the
system is now liquid.
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Fig. 1. Evolution of energy per atom as a function
of temperature during the heating process.

The temperature-dependent variation of the
lattice parameters determined during the
heating process for both potentials are shown
in Fig. 2 together with the experimental value
[10]. As expected, the lattice parameters
determined for both potentials increase with
increasing temperature, and a sudden increase
is observed around the melting point, just like
in the energy-temperature curves. The lattice
parameter determined for the EAM potential is
quite consistent with the experimental value,
and the Morse potential produces much larger
values than the experimental value. The values
calculated and discussed up to this section are
indispensable for successful MD simulations
of a material. In other words, an interatomic
potential that cannot predict these values well
will fail to predict the physical properties of
the material and the results it produces cannot
be trusted. According to the results available
so far, Morse potentials are not very successful
in determining the structural and other
properties of Sr. Contrary to Morse potential,
EAM has been quite successful in explaining
many properties of Sr.

8.2
8.0 1 —e—EAM potential /o
7.8 4 —o— Morse potential p,o
7.6 -] Experimental data o°
7.4 50°°
] o0
7124 00°°
< 7.0 ©0°°
® oo 00000000000
6.6 —
6.4 eoooooeee®
6.2 ood’
0000000
2 e e i BLE B e L
0 200 400 600 800 1000 1200 1400 1600

T(K)
Fig. 2. Lattice parameters as a function of

temperature for both potentials. Experimental data
are taken from Ref [10].

The pair distribution function, g(r), represents
the probability of finding another atom at a
distance r from a reference atom. g(r) (or
structure factor S(g)) curves are frequently
used to determine phase transitions during
heating and cooling processes, as well as to
characterize the structural properties of solid,
liquid, and amorphous systems [12—16] The
expression of g(7) used in the MD simulation
1s as follows;

pf N N
g(r) =—2<225(r—r,, )> G)

N i j#
where V' and N represent the volume of the
simulation box and the number of atoms in the
box, respectively. S(g) is obtained from the
Fourier transform of g(») as follows;

S(q)=1+ 47rpTr2 SINGT (o)~ 1)dr 4)
0 qr

where p is the average number density. The
g(r) curves calculated for both potentials at
different temperatures are given together in
Fig. 3. There are differences in the positions of
the main peaks of g(r)'s obtained at 300 K for
both potentials, but they produce sharp main
peaks, which are characteristic of FCC crystal
structure. At 500 K, although the main peak of
g(r) for the EAM potential soften slightly, g(r)
still has very prominent FCC peaks, whereas
for the Morse potential the main peak of g(r)
decreases significantly at this temperature,
which is attributed to the fact that the system
contains complex structures together. With the
increase in temperature, the g(r) curves
calculated for the Morse potential at
temperatures of 700 K and above exhibit softer
and larger amplitude peaks reflecting the
characteristic of liquid structures. On the other
hand, the sharp peaks still seem to be
dominant for the EAM potential. The heights
of these peaks decrease and the width of them
increase with increasing temperature. Finally,
when the temperature is increased to 1300 K,
the g(r) curve calculated for the EAM
potential now shows a peaks specific to liquid
state, and this behavior is a clear signature of
the melting of the system.
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Fig. 3. Comparison of simulated g(r)'s at different
temperatures for EAM and Morse potentials.

The g(r) and S(g) curves calculated for the
EAM (at 1150 K) and Morse (at 1050 K)
potentials of liquid Sr are plotted in Fig. 4
together with the experimental data reported
by Waseda (1053 K) [17]. While both the g(7)
and S(g) curves calculated for the EAM
potential are in good agreement with the
experimental data, the positions and heights of
their peaks for the Morse potential are very
different from the experimental data. The
consistency between the EAM-MD
simulations and the experimental data
indicates that the EAM potential can
accurately describe the interactions between Sr
atoms in the system and predict the positions
of the atoms. Morse potential, on the other
hand, gives unsuccessful results for Sr and
cannot accurately describe the physical
properties of Sr by MD simulation method, so
it is recommended to reconsider the potential
parameters. At the same time, these results
also support the results discussed above.
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Fig. 4. Calculated (a) g(v) and (b) S(q) curves for
EAM (at 1150 K) and Morse (at 1050 K) potentials
of liquid Sr. Experimental data have been taken
from Waseda (at 1053 K) [17].

In our study, we obtained information about
the evolution of the microstructure of the
system throughout the heating process, using
the Honeycutt-Andersen (HA) index analysis
method to describe the process well [18]. In
the HA technique, four different integer index
sequences, ijkl, are used to characterize the
local environment of bonded pairs. The first
integer i indicates whether the two given
atoms are bonded. That is, the first integer is 1
if the root pairs are bonded, 2 otherwise. The
second integer j represents the number of
nearest neighbor atoms in common with pairs
of roots. The third integer £ gives the number
of nearest neighbor bonds between these
common points. If the fourth integer is /, itis a
parameter used to distinguish local structures
when the first three integers (i, j, k) are the
same. According to this technique, 1431 and
1541 bonded pairs are characteristic of
defective icosahedra, while 1551 bonded pairs
are characteristic of icosahedra order. 1421
and 1422 bonded pairs are characteristic of
FCC and hexagonal close-packed (HCP)
crystal structures, respectively. Finally, the
1661 and 1441 bonded pairs are characteristic
of the body-centered cubic (BCC) crystal
structure. The schematic representation of the
most common bonded pairs mentioned is
given in Fig. 5.
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Fig. 4. Display of some of the most common
bonded pairs [19].

With the HA method applied to the data
obtained from the EAM-MD and Morse-MD
simulations, the most common bonded pairs
(1421, 1422, 1661, 1441, 1551, 1541 and
1431) in the system have been determined and
their temperature-dependent evolutions are
presented in Fig. 5. This figure also represents
the temperature-dependent microstructure
changes during the first-order phase transition.
In Fig. 5, the percentage of 1421 bonded pairs
found at low temperatures has been 100% for
both potentials. Since the 1421 bonded pairs
represent the FCC structure, this indicates that
the system is stable in the FCC crystal
structure. The percentage of these bonded
pairs decreases with increasing temperature,
with a sharp decrease around the melting point
for each potential, dropping to almost 0%.
Meanwhile, a certain increase is observed in
other bonded pairs depending on the
increasing temperature. Of particular interest is
the increase of 1541 bonded pairs representing
defective FCC clusters. This means that 1421
bonded pairs start to deteriorate with the effect
of temperature and they are replaced by 1541
bonded pairs. These results show that there are
significant changes in the structure of Sr
during the heating. In other words, 1421
bonded pairs representing the natural structure
of the system, turn into 1431 and 1541 bonded
pairs and other bonded pairs with increasing
temperature. In terms of HA analysis results, it
has been observed that the system maintains
its stable structure during the heating process
at both potentials.
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Fig. 5. Temperature-dependent variation of the
most dominant bonded pairs according to HA
analysis of (a) EAM-MD and (b)Morse-MD
simulation results.

CONCLUSION

In this study, EAM and Morse potentials
were used to investigate the effect of potential
functions on some physical properties of FCC Sr
such as structural evolution and melting point
with the help of MD simulation method. While
the EAM potential is successful in explaining all
the physical properties of Sr calculated in this
study, the Morse potential cannot respond to the
demands. This once again reveals how important
the selected potential in MD simulations is. A
review of Morse potential parameters for Sr is
recommended, and it is thought that the results
of the current study will encourage scientists to
examine the dynamic, mechanical properties and
behavior of Sr under pressure.
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