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Abstract

To investigate the effect of pressure applied during the heating process on the melting point and atomic structure of
fcc strontium, we applied it by varying the pressure from 0 GPa to 8 GPa. Interactions between strontium atoms are
described by the embedded atom method potential, which is widely used for metallic systems and shared by Sheng.
Molecular dynamics simulations were performed with DLPOLY 2.0 open-source package program. For the results
obtained under 0 GPa, the melting point, pair distribution function, and structure factor show good agreement with the
experimental results. On the other hand, it was observed that fcc strontium made a first-order solid-liquid phase transition
at higher temperatures with increasing pressure. Interestingly, with the effect of increasing pressure, abnormal behavior
was observed in the volume-temperature curves. From the results of the pair distribution function and the pair analysis
technique, it was observed that a solid-solid phase transition occurred in the system during the heating process. We hope
that the results will add to the literature in understanding the structure of fcc strontium under high-pressure and high-

temperature conditions.
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INTRODUCTION

Molecular dynamics (MD) simulations
have become a powerful tool to study many
physical and mechanical properties of systems
under conditions such as high pressure (HP)
and high temperature in fields such as physics,
biophysics, chemistry, and materials science
due to increased computational power and
software availability. MD simulations are often
used in conjunction with a wide variety of
experimental techniques such as X-ray
crystallography, neutron diffraction, cryoelectron
microscopy, nuclear magnetic resonance,
electron paramagnetic resonance, and Forster
resonance energy transfer. MD simulations
have great advantages over experimental
conditions and are an effective method for
studying the physical motions of atoms and
molecules. As it is known, a good understanding
of the physical properties of metals and their
alloys is of great importance in the advancement
of technology and new developments in many
fields. One of the most important studies on
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metals and their alloys is the examination of the
physical behavior of the material during the
heat treatment under different conditions [1-3].
This study was carried out on the element
strontium (Sr), which we have heard very little
about, but which is widely used in medicine and
fireworks and is abundant in the earth's crust,
and has a face-centered cubic (fcc) structure.
Throughout all MD simulations performed
here, the atomic interactions between Sr atoms
have been described by the embedded atom
method (EAM) potentials, which are widely
used in the literature for metals and their alloys.
The melting points of the systems heated under
different pressures were determined by using
curves such as volume-temperature and energy-
temperature. Apart from these, solid-liquid and
solid-solid phase transitions are discussed over
the results of the pair distribution function (PDF
or g(r)) and the pair analysis (PA) technique [4].
In the following sections, theoretical information
about these methods and the results obtained
from them will be presented in detail.
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EXPOSITION

The analytical form of the EAM potential is
defined as:

1
Ei = Fy Z pap (i) | + 52 ¢a3(1‘ij) €Y
j#i j#i
where ¢op(rij) denotes the pair interaction
energy between atoms i and j. o and [ are the
element types of i and j atoms. F, is the
embedding energy and it depends on the atomic
electron density (p). In our study, the data
produced by Sheng and shared on his own web
page were used as EAM potential. All MD
simulations were carried out with DLPOLY 2.0
open source code [5], which is popular among
simulation packages. The experimental lattice
parameter (a=6.08 A) [6] of Sr was used to
construct the simulation box and the dispersion
of atoms was structured in accordance with the
fce structure. The cubic cell contains 13500 Sr
atoms (15x15x15x4). A canonical ensemble
with a Berendsen thermostat and barostat was
used to control temperature and pressure.
Periodic boundary conditions were applied
along all three directions of the box in the
simulations. The time step was set to 1 fs.
Newton's equations of motion were integrated
numerically using the leapfrog Verlet
algorithm. To remove the accumulated stress on
the system, we first heated the system to 100 K
under 0 GPa and then cooled it back to 0 K.
Thus, using these initial conditions for all
pressures, the system was heated under
different pressures, starting from 0 K up to 2000
K with 50 K temperature steps. The total energy
per atom (E-T) and volume curves (V-T)
obtained from the EAM-MD simulations
during heat treatment under different pressures
(0, 2,4, 6 and 8 GPa) are shown in Figure 1 (a-
e) as a function of temperature. As seen in
Figure 1(a), the behavior of the E-T and V-T
curves obtained for 0 GPa is similar. While a
linear increase in V-T (or E-T) is observed from
low temperatures, a sudden jump appears
between 1050-1100 K, which is an indication
that the system has made a first-order phase
transition (Solid-Liquid). In addition, values

such as lattice  parameter (ajn =

6.08 Aand a’>’ = 6.08 A), cohesive energy

latt.

(E¢on, = —1.72 eV/atomand E_.}) =

—1.72 eV/atom) and melting point (TMP =

1050 Kand TP = 1042 K) [7] determined
from the EAM potential for Sr under 0 GPa are
in excellent agreement with the experimental
results in the literature [6]. Consistent with the
basic thermodynamic theory, the average
energy of the atoms increases and the average
atomic volume decreases under the influence of
the residual pressure (see Figure I(a-e)).
However, different (or abnormal) behaviors
were observed in V-T values with increasing
pressure. Moreover, in contrast to the volume
increase during the heating process under
pressures of 2-8 GPa, volume contraction is
observed, which is observed at different
temperature values for different pressures.
Various research groups have previously
reported results similar to those we observed for
metallic systems cooled under different
pressures [3, 8, 9]. This particular observation
for V-T values can be well explained by the
Clausius-Clapeyron relationship [10].
Interestingly, this behavior observed in V-T
curves is somewhat different in E-T curves.
Contrary to V-T, in the E-T curves obtained for
2 and 4 GPa pressures, no sudden changes are
observed until the melting point, while in the E-
T curves obtained for 6 and 8 GPa pressures,
sudden changes are observed at the same
temperature points as in the V-T curves. Well,
is it possible to explain the contraction observed
in the volume with the local structure based on
the current findings? Or did another phase
transition such as solid-solid occur in the
system during heat treatment? In order to give
appropriate answers to these questions, we will
focus on the structural evolution that occurs in
the system during the heating process under
different pressures in the following sections.
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Fig. 1. Temperature-dependent evolution of
volume and energy curves obtained under (a) 0
GPa, (b) 2 GPa, (c) 4 Gpa, (d) 6 Gpa and (e) 8

GPa pressure.

The g(r) function, which is of great importance
in determining the structural properties of
substances, provides very useful information
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about the structural evolution of the system
under different conditions, as it depends on the
phases of matter, the arrangement of atoms in
space and the distance relations between atoms.
The g(r) function used in MD simulations is
defined as follows [11]:

g(r) = %<i i 3(r -, )> 2)

1 J#1
where N represents the number of atoms placed
in the simulation box, and V represents the
volume of the simulation box formed by these
atoms.

1(2 ) 0 GPa
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] —— this MD study (1100 K)
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Fig. 2. Comparison of (a) g(r) and (b) S(q)
calculated for liquid Sr with experimental results [12).

The g(r) and S(q) curves calculated from the
EAM-MD simulations for liquid Sr under 0
GPa pressure are presented comparatively in
Figure 2 (a-b), together with the experimental
results [12]. Both curves show excellent
agreement with their experimental curves. All
these findings indicate that the selected EAM
potential data are successful in explaining the
physical parameters and structural properties of
Sr at both low and high temperatures. All this is
of great importance for the reliability of the
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results obtained under different pressures.
Moreover, in order to see the effect of the
pressure more clearly, the g(r)'s calculated at
2000 K for all pressure values are plotted
together in Figure 3. As expected, with
increasing pressure, the main peaks of the g(r)
curves shift towards smaller r values, while the
peak heights increase slightly.
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Fig. 3. g(r) curves calculated for different
pressures at 2000 K.

In order to answer the above questions and
avoid repetition, the sudden change points
observed in the V-T curves of 4 GPa and 8 Gpa
and the g(r) curves around melting points are
shown together in Figure 4. It is seen from the
characteristic features of the peaks of the g(r)
curves around the melting points for both
pressures that the system makes a solid-liquid
phase transition. There is a sudden decrease in
volume around 1000 K in the V-T curve
obtained for 4 GPa, and when the g(r) curves
calculated for these points are examined, no
evidence of solid-solid phase transition was
found. However, when the g(r)'s calculated for
450 K and 500 K under 8 GPa are compared, it
is clear that there is a significant difference
between them, which shows us that solid-solid
phase transition occurs in the system between
these points. From the available g(r)-curves it is
unlikely to tell what kind of crystal-like
structure the fcc-like crystal structure is
transformed into. In order to make a more
detailed comment, it is necessary to get support
from different analysis methods. In our study,
we chose the PA technique to explain this
process and included the results about it. In this
technique (or the Honeycutt-Andersen
method), the local structure (ijkl) in the atomic

cluster is defined by four basic indices. Please
see Ref [13—15]s for more detailed information.
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Fig. 4. Calculated g(r)'s for different temperature
under 4 GPa and 8 GPa pressure.

The temperature-dependent evolution of those
most commonly found in the system among the
bonded pairs obtained from the PA analysis
technique under three different pressures (0, 4
and 8 GPa) is shown in Figure 5. As seen in
Figure 5(a), the fraction of 1421 bonded pairs
representing the fcc crystalline structure
gradually decreases in the system heated under
0 GPa pressure, while the fraction of 1541 and
1431 bonded pairs, which are more common in
liquid and amorphous structures, gradually
increases. Finally, a sharp change in these
curves is observed at the melting point. For the
system heated under a pressure of 4 GPa, the
fraction of 1421 bonded pairs is around 100%
at 0 K, but interestingly, their fraction drops
sharply by around 30% when the temperature is
increased to 50 K. From 100 K their fraction
increases and reaches its maximum value at
around 500 K, and finally their fraction
gradually decreases again until around the
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melting point. The results in Figure 5(b) show
that the applied pressure and increasing
temperature affect the crystalline order of the
system and as a result, some of the 1421 bonded
pairs transform into other clusters. However,
despite all this, the dominance of 1421 bonded
pairs continues until around the melting point,
which is proof that the solid-solid phase
transition does not occur in the system. These
findings support the other results discussed
above. Finally, we obtained findings showing
significant changes in the microstructure of fcc
Sr heated under 8 GPa pressure and plotted
them in Figure 5(c). When the temperature is
increased from 0 K to 100 K, the fraction of
1421 bonded pairs decreases from 100% to
around 80%, and then increases to around 95%
of their fraction. A sudden decrease is observed
in the fraction of 1421 bonded pairs in the
region between 450 K-500 K, while an increase
is observed in the fraction of 1441 and 1661
bonded pairs representing bee crystal structures
and 1541 and 1431 bonded pairs representing
distorted icosahedra structures. To provide a
better overview of the solid-solid phase
transition observed here, we have classified the
bonded pairs as bcc (1441+1661), hcptfce
(1421+1422), icos (1431+1541+1551),

other types and presented in the inset of Figure
5(c). Between 450K and 500K, the fraction of
bee type clusters increases to ~52% and the
fraction of icos types to ~27%, while the
fraction of fccthep types decreases to around
~19%. The results show that fcc Sr undergoes a
solid-solid phase transition in this range, but a
polycrystalline structure is formed rather than a
transition from fcc structure to single bcc
crystal order. The results of the present study
show that the microstructure and many
structural properties of fcc Sr change
significantly under conditions such as HP and
high temperature during heat treatment. We
believe that the results will guide further studies
to understand the structural properties of Sr
nanoparticles and their mechanical properties
under tension conditions. Figure 6 depicts the
distribution of fcc, bee and other types in the
solid-solid phase transition occurring between
450-500 K under 8 GPa. At 450 K, the atoms
that make up the system appear to have a
distribution specific to fcc structures, while bec

and other types crystal structures are very rare.
Moreover, when the temperature is increased
by 500 K, a significant decrease is observed in
the number of fcc clusters, while a significant
increase is observed in the number of bcc and
other clusters. This supports the results
obtained with different analyzes above and
gives us a visual view.
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Fig. 5. Temperature-dependent fractions of the
most common PA bonded pairs obtained under
pressures of (a) 0 GPa, (b) 4 GPa and (c) 8 GPa..
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Fig. 6. Distribution of fcc, bee and other types at
450 K and 500 K under 8 GPa.

CONCLUSION

The melting process and microstructure
evolution of fcc Sr under different pressures
have been investigated by MD simulations
using EAM potentials. We observed that the
EAM potential predicted the lattice parameter,
cohesive energy and melting temperature of the
element Sr with high accuracy. Also, g(r) and
S(q) calculated for liquid Sr showed excellent
agreement with the experimental results. The
melting point increased with increasing
pressure and significant changes were observed
in the microstructure of the system. Solid-solid
phase transition occurred between 450-500 K
(500-550 K) under 8 GPa (6 GPa). The results
of the PA analysis technique showed that most
of the atoms with the fcc crystal arrangement in
the phase transition have been oriented towards
the bec crystal arrangement.
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