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Abstract

In our study, we focused on the melting process of bcc iron element. In order to follow this process, Finnis Sinclair
(FS), embedded atom method (EAM) and tight-binding (TB) many-body potentials, which were widely used in the
literature, was preferred. Classical molecular dynamics (MD) simulations were performed with DLPOLY 2.0 open-source
code. Volume-temperature, energy-temperature, pair distribution function (g(r)) and pair analysis method were used to
explain the changes in the structure of bcc iron during the heating process. It was observed that all three potentials
correctly predicted their physical properties such as lattice parameter and cohesive energy. Compared to others, there
appears to be a good agreement between the liquid g(r) curve obtained from the TB potential and the experimental result
reported in the literature. However, during the heating process, it was observed that while the EAM and Tersoff potentials
yield the properties of bcc iron reliably, the TB potential could not predict the structure of bce iron at low temperatures
and the system was subjected to a solid-solid phase transition at higher temperatures. We believe that the results of this
study will provide helpful information on which potential can more accurately explain the interactions between iron atoms

in MD simulations.
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INTRODUCTION

Today, as a result of scientific and
technological developments, there have been
great advances in the field of computational
science, both in terms of software and source
and hardware. Thanks to these positive
developments, many theoretical kinds of
research that have been difficult to
experimentally and not fully understood for
several decades have been opened to work with
simulations in a computer environment, and
calculation methods based on computer
simulations have been developed [1-3]. One of
the most important points of computer
simulation techniques is to describe the
interactions of each particle with another at the
atomic level. A good representation of the
behavior of the system in terms of interaction
potential ensures that the data obtained from the
molecular dynamics (MD) simulations are in
agreement with the experimental results [4].
Many simulation methods, from quasi-experimental
to quantum mechanical computation, have been
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developed to mimic the behavior of atoms in the
scientific world. Among them, especially the
MD simulations leading experimental studies in
examining the thermodynamic and structural
properties of a material are one of the most used
methods. We used DLPOLY 2.0 open source
software as the classic MD simulation package
[5]. In our study, we focused on MD
simulations of the element iron (Fe), which is
widely used in all areas of technology. Some of
the reasons why Fe is preferred are as follows;
It has a lower price compared to other metals
and has high strength. In addition, the
automotive industry, ship hull construction, and
building construction are among the areas
where Fe is used the most. Since it is of great
importance to understand the mechanism and
kinetics of the solid-solid phase transition
observed in the heating process in Fe, scientists
have conducted many experimental and atomic
simulation studies on it [6-9]. The melting
process of bce Fe has been studied in detail by
using FS [10], EAM [11] and TB [12]
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potentials, which are popular in the literature,
since it is of great importance to accurately
describe the interactions between atoms in the
system in MD simulations.

EXPOSITION

Since the theoretical knowledge and
parameters of the three different potentials we
used will take up a lot of space, they are not
included here. Readers can find detailed
information about these potentials from the
relevant sources for FS [10], EAM [2, 11, 13,
14] and TB [12, 15-18]. The cubic simulation
box contains 6750 Fe atoms conforming to the
bce crystal lattice and periodic boundary
conditions are applied to the x-, y- and z-
directions of the box. Temperature and pressure
were kept under control with the Berendsen
thermostat and barostat and the MD simulation
timestep was set to 1 fs. The heating rate is
chosen as 10 K/ps. The system was heated at 50
K intervals from 0 K to 2500 K to obtain the
liquid phase under an NPT ensemble. The
EAM, FS and TB potentials estimate the lattice
parameter (a®*P = 2.870A) and cohesive
energy (Ec.b = —4.280 eV/atom) values of
bee Fe as aPAM = 2,875 A&, aFS = 2.872 A and
a™ =2859A,  EEAM = —4.290 eV/atom,

coh

EfS = —4.280eV/atom  and  ElB =
—4.228 eV /atom, respectively. Although the
results seem close to each other, the results of
the EAM and FS potentials show better
agreement with the experimental results
compared to the TB potential results. Volume-
temperature (V-T) and energy-temperature (E-
T) curves obtained using all three potentials
during the heating process are shown in Figure
I(a) and (b), respectively. The first thing that
stands out here is that all three potentials predict
the melting point of bcc Fe at different
temperatures. The melting points determined
from the EAM-, FS-, and TB-MD simulations
are 2300 K, 1950 K, and 1750 K, respectively,
which deviate from the experimental value
(To® = 1811K) by 27.00%, 7.68%, and -
3.37%, respectively. These results indicate that
the TB and FS potentials predict the melting
point of Fe more closely to the experiment than
the EAM potential. The second striking thing is
that while the V-T (for low temperatures only)
and E-T (up to near melting points) values

obtained from the EAM and FS potentials are
very close to each other, the results of TB
potential differ from them. Another interesting
observation is that there is a slight deviation
around the melting point in both curves
obtained from the TB potential. It is difficult to
get information from these graphs as to whether
this is a statistical error or a sign of a solid-solid
phase transition, but this point will be addressed
later by interpreting the different analysis
results.
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Fig. 1. Variation of (a)V and (b) E values obtained
from EAM, FS and TB potentials as a function of
temperature during the heating process.

How atoms are arranged in space, that is,
their atomic-scale structure, is characteristic of
the fundamental material. The analysis of pair
distribution functions (PDF or g(r) is one of the
most widely used analysis methods to
characterize the atomic scale structure of
materials with limited structural coherence. The
form of the g(r) function used in MD
simulations is given as follows [19-21].

_Q [Xin(0)
g(n) = N2 \4mr2Ar/’

(1)
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where Q represents the volume of the system
and N represents the total number of atoms in
the system. n(r) indicates the number of
particles in a spherical volume element of
thickness Ar. Figure 2 depicts the comparison of
liquid g(r) calculated from the TB potential
(1850 K) with the experimental g(r) curve
(1833 K). EAM and FS potential results are not
included here because they have melting point
at temperatures higher than the experimental
value. It can be seen from the figure that there
is a good agreement between the TB-MD
simulation results and the experimental g(r).
This indicates that the TB potential can
successfully explain the structural properties of
liquid Fe.
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Fig. 2. Comparison of g(r) calculated from TB-MD
simulations at 1850 K with experimental g(r)

(1833 K).

The g(r) calculated using three potentials at
different temperatures (500, 1000, 1500, 2000
and 2500 K) are shown in Figure 3. At 500,
1000 and 1500 K, the g(r) calculated from the
EAM- and FS-MD simulation are very similar
to each other and produce characteristic peaks
special to bee structures. On the other hand, g(r)
calculated from the TB-MD simulation
produces peaks that are completely different
from the others and specific to the hcp/fcc
crystal structures. This is an interesting
situation and is thought to be due to the TB
potential parameters being fitted to the physical
properties of yFe at high temperatures [12].
Another reason may be due to the instability of
Fe during the heating process, such as bcc-fce
and fcc-bee phase transitions. In addition, the
g(r)'s calculated from the EAM- and TB-MD
simulation at 2500 K are similar, but the first

peak of g(r) calculated from the FS has a greater
width than the others.
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Fig. 3. g(r) curves calculated at different
temperatures from the EAM-, FS- and TB-MD
simulations.

It is of great importance to know what kind
of changes occur in the microstructure of the
sample examined during the heating or cooling
processes [4]. However, g(r) analyzes are
insufficient to obtain information about small
clusters of atoms in the system. Thus, in our
study, Honeycutt-Andersen (HA) bond type
index analysis [22, 23], which explains the
relationship between bonded pairs and their
neighboring atoms, was used in order to analyze
the changes in the microstructure of the system
in a more detailed and reliable way. In this
method, 1421 bonded pairs represent fcc
crystal, 1421+1422 bonded pairs hcp crystal,
1441+1661 bonded pairs bec crystal, 1551
bonded pairs icosahedral and 1431+1541
bonded pairs represent defective icosahedral
order, and other uncommon bonded pairs are
not given here. The fraction of HA bonded pairs
most prevalent in the system during the EAM-
MD, FS-MD, and TB-MD simulations is shown
in Figure 4 as a function of temperature. The
temperature-dependent fraction of HA bonded
pairs obtained from the EAM-MD and FS-MD
simulation is almost the same. A noticeable
change in the fraction of all bonded pairs is
observed at the melting point. At this point,
while the fraction of 1431 and 1551 bonded
pairs, which are more common in liquid and
amorphous systems, increase sharply, a
significant decrease is observed in the fraction
of all other pairs.
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Fig. 4. Fraction of HA indices most commonly
found in the system throughout the (a) EAM-MD,
(b) FS-MD, and (c) TB-MD simulations.

This is a clear indication of the first-order solid-
liquid phase transition at these points of the
system. Another point is that both potentials
preserve the structure of bee Fe up to its melting
point, and in fact, the solid-solid phase
transitions observed experimentally during the
heating process of Fe are not observed. The
situation is much different in the TB-MD
simulation results shown in Figure 4(c).

Although the initial system was formed
according to the bee crystal lattice, it is seen that
the fraction of 1421 and 1422 bonded pairs
around 0 K is around 100% and the fraction of
1441+1611 bonded pairs is around 0%. While
there is almost no change in the difference of
bonded pairs in the system until around 700 K
with increasing temperature, a decrease begins
in the fractions of 1421 and 1422 bonded pairs,
while an increase in the fraction of 1431 and
1541 bonded pairs begins at the same rate.
There is no noticeable increase in the number of
1441 and 1661 bonded pairs representing the
bce structure, but interestingly, a marked jump
between 1500 K and 1750 K is observed in the
fraction of these pairs and 1541 bonded pairs.
This abnormal behavior is also consistent with
the V-T and E-T results discussed above. The
results for all three potentials at different
temperatures (500 K, 1500K and melting
temperature) are visualized using the OVITO
software [24], and the distributions of bcc, fcc
and hcp crystalline atoms in the system are
shown in Figure 5, 6 and 7. Supporting the
results given in Figure 4, the snapshots obtained
from the EAM-MD and FS-M simulation are
quite similar to each other. The distribution of
atoms with bcc order is always dominant up to
the melting point, while the distribution of
atoms with the other hcp and fec crystal order
increases slightly with increasing temperature.
This is an indication that the EAM and FS
potentials maintain the structure of bcc Fe
throughout the melting process. Considering
the snapshots taken from the TB-MD
simulation, it is seen that the atoms in the hcp
and fcc crystal arrangement are more at low
temperatures, while the distribution of atoms in
bce crystal order is sparse. Interestingly, with
increasing temperature, the number of atoms in
hep and fce crystal order decreases, while the
number of atoms in bcc order increases
significantly. Especially the visible increase in
the number of bce atoms at 1750 K sheds light
on the reason for the abnormal change observed
in this temperature range in the other analysis
results discussed above. In the light of these
findings, in our next study, we will focus on
investigating the bee-hep/fee phase transition of
Fe under different pressures using the TB
potential.
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Fig. 5. Snapshots showing the distribution of
atoms arrayed in bce, hep, and fee crystalline
patterns at 500 K, 1500 K and 2300 K throughout
the EAM-MD simulations.

T

L

Fig. 6. Snapshots showing the distribution of
atoms arrayed in bce, hep, and fee crystalline
patterns at 500 K, 1500 K and 1950 K throughout
the FS-MD simulations.

Fig.7. Snapshots showing the distribution of atoms

arrayed in bce, hep, and fee crystalline patterns at

500K, 1500 K and 1750 K throughout the TB-MD
simulations.

CONCLUSION

In this study, the melting process of Fe has
been investigated by MD simulations using
EAM, FS and TB many-body potentials. At low
temperatures, it has been observed that the EAM
and FS potentials predicted the physical
properties of Fe element such as lattice parameter
and cohesive energy better than the TB potential.
On the other hand, the TB potential predicts the
melting point of Fe more accurately than other
potentials. The g(r) of liquid Fe calculated from
the TB-MD simulations shows good agreement
with the experimental g(r) reported in the
literature. The EAM and FS potentials maintain
the structure of bec Fe throughout the heating
process, while the TB potential predicts the
structure of Fe to be stable in the hep/fee crystal
order even at low temperatures. The results from
the EAM-MD and FS-MD simulations are very
similar, and their HA analysis results show that
1441 and 1661 bonded pairs are the most
dominant pairs during the heating process. In TB-
MD simulations, 1421 and 1422 bonded pairs
were the most dominant pairs, while a significant
increase was observed in 1441, 1661 and 1541
bonded pairs with increasing temperature,
especially around the melting point. We believe
that our results will provide useful information to

11-355

International Scientific Conference “UNITECH 2022 — Gabrovo



the literature in MD simulation studies of Fe
under different conditions.
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