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Abstract

The atomic structure of solid and liquid cadmium was investigated by molecular dynamics simulations using the tight-
binding many-body potentials. Four different cooling rates (10, 2, 0.2 and 0.02 K/ps) were chosen to investigate the effect of
cooling rate in the rapid solidification process. In order to monitor the structural evolution of the system during the cooling
processes, methods such as pair distribution function, structure factor, Honeycutt-Andersen bond type index analysis etc.
were used. The melting point of hcp cadmium was found to be 560+10 K, which is in agreement with the experimental melting
point of 594.3 K. It was observed that there is a good agreement between the experimental results reported in the literature
for liquid cadmium and the total pair distribution function and structure factors we calculated. A first-order phase transition
is not observed for rapidly cooled (10 and 2 K/ps) liquid cadmium, whereas a liquid-solid phase transition is observed for
slower cooling rates (0.2 and 0.02 K/ps). According to the results of the Honeycutt-Andersen analysis, 1431, 1541 and 1551
bonded pairs, which indicate the existence and development of icosahedral order, are dominant in rapidly cooled systems,
while 1421 bonded pairs, which represent fcc-like crystalline structures, dominate in slower cooling systems. It has been
observed that the tight-binding many-body potential accurately predicts the physical properties of cadmium at both low and
high temperatures.
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INTRODUCTION

A hexagonal closed packed (hcp) cadmium
(Cd) element with a low melting point (594.3 K
[1]) has great importance due to its use in many
fields. It is found in nature mostly in the form
of cadmium sulfide (CdS) or among zinc ores.
Cd is almost the only substance that gives the
yellow color to paint, soap, textile, and paper.

where an electronic topological transition
usually occurs at high pressures, and this is still
a matter of open debate [2]. These unique
properties of the element Cd motivated us to
further research it. Thus, we focused on the
heating and cooling process of Cd. To
investigate the effect of cooling rate on Cd
microstructure, the system has been cooled with

Cadmium sulfate is used as a mild antiseptic in
medicine. Moreover, accumulators with Cd
electrodes have a longer life than lead batteries.
Cadmium bromide and cadmium iodide give
silver nitrate collodion plates in photography
the iodide necessary for the formation of silver
iodide. Moreover, as a pure metal, Cd is an
essential material for the construction of control
rods in nuclear reactors. It is used as a coating
on steel, iron, copper and zinc as it provides
resistance to corrosion. Since Cd crystallizes in
the hcp structure with an unusually large c/a
axial ratio, there are many theoretical and
experimental studies on it in the literature [2—
4]. This anomaly is observed in solid zinc,

four different cooling rates (y1=10, y2=2, y3=0.2
and y4=0.02 K/ps). In these processes, the
structural evolution of Cd has been followed by
the classical molecular dynamics (MD)
simulation method. In simulations, the tight
binding (TB) many-body potential which is
widely preferred for metallic systems in the
literature, i1s employed to express interactions
between Cd atoms [5]. We used the OVITO
program to monitor and analyze atomic
simulation results [6].

EXPOSITION

In the TB second-moment approximation
(SMA), the band energy of the system is
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proportional to the square root of the second
moment of the state density. The assumptions
underlying this approach have been reviewed
by Cleri and Rosato [5]. The form of the
potential energy (Uy) is given as [7-9]:

Ug= ) (BF +EP), ®

g
where ER and Ef represent a repulsive potential
and cohesive band energy term, respectively.

Ef = z Ui (r35), (2)

j#i
r..
Uj; (ri]-) = Aexp [—p (I‘_z - 1)] 3)
Y,
Ef = Z by (ryj), 4)
j#i
r..
dij(ri) = & exp [—Zq (1‘_2 - 1)] 5)
The values of TB potential parameters for Cd
are listed in Table 1.

Table 1. TB potential parameters for the Cd [5].

E(V) A(V) g P 10 (A)
Cd 04720 0.0416 3.9080 13.6390 2.9800

All MD simulations were performed with the
DLPOLY software, general-purpose atomic
simulation package developed by Smith and his
work group [10]. The simulations were
performed in a box with 12960 Cd atoms under
three-dimensional periodic boundary
conditions. The Berendsen thermostat and
barostat were used to control temperature and
pressure, respectively. The leapfrog Verlet
algorithm with a time step of 1 fs (or 0.001 ps)
was used to solve the equations of motion. The
initial configuration was created by placing the
positions of the Cd atoms in the unit cell in
accordance  with the hcp  crystalline
arrangement. The isothermal-isobaric (NPT)
ensemble (constant number of atoms, pressure,
and temperature) was used throughout the
heating and cooling process. First, the system
was heated with an interval of 50 K from 0 K to
700 K. Then, the liquid system, which was
equilibrated by annealing at 700 K, was cooled
down to 50 K with four different cooling rates
(y1=10, y2=2,v3=0.2 and y4=0.02 K/ps). In order
to determine the melting point more precisely,
the region where the first-order phase transition
was observed was studied at 10 K intervals. The
volume-temperature (V-T) curves obtained

during the heating and cooling processes are
shown in Figure 1. As expected, the volume of
the heated system increases, and there is a sharp
increase in the V-T curve around 560 K,
representing the solid-liquid phase transition.
The calculated melting temperature TMP =
560 Kshows good agreement with the
experimental melting temperature Tg © =
594.3K [1], considering the differences
between MD simulations and experimental
conditions. Interestingly, at lower temperatures
(around 200-250 K), there is an unexpected
decrease in volume, but it is difficult to
conclude whether it is a solid-solid phase
transition. This observation will be discussed in
the following sections with different analysis
methods. We will consider the cooling process
under two main headings; the first is the liquid-
amorphous transformation, and the second is
the liquid-crystal phase transition. The volume
decreases almost linearly up to around 350 K
for all cooling rates and they are each close to
each other. For cooling rates of y1=10 and y>,=2
K/ps, the V-T curve changes smoothly after
vitrification, whereas for cooling rates of y3=0.2
and y4=0.02 K/ps, a sudden change in V-T over
a narrow temperature range indicates a
crystallization event. From these findings, it
can be seen that the phase formation during the
cooling process is highly dependent on the
cooling rates.
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Fig. 1. Change of volume as a function of
temperature during heating and cooling processes.

The pair distribution function (PDF or g(r)) has
been used to characterize the atomic structure
through both processes. It also provides useful
information for us to follow and interpret phase
transitions. Thus, the total g(r) is defined as [11]
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where N and Q represent the total number of
atoms in the simulation box and its volume,
respectively. The calculated g(r) and structure
factor (SF or S(q)) for liquid Cd at 620 K are
shown in Figure 2 together with the
experimental results (623 K) [12]. As can be
seen from the figure, there is a perfect
agreement between the g(r) and S(q) curves we
calculated from the TB-MD simulations and
their experimental data. This is proof that the
TB potential we selected can successfully
explain the structural properties of liquid Cd.

?
° exp.

this study 21

rA)
Fig. 2. Comparison of calculated (620 K) and
experimental (623 K) g(r) and S(q) curves for
liquid Cd.

Figure 3 presents a comparison of the g(r)'s
calculated at different temperatures with the
cooling rates of y>=2 and y4=0.02 K/ps, and the
g(r)'s calculated during the heating process. In
order to avoid repetition and visual pollution,
the results obtained for other cooling rates are
not included in this figure. The main peaks of
the g(r) curves calculated during the heating
process exhibit peak behavior specific to
crystalline structures. These are narrow and
high peaks. With increasing temperature, the
heights of these peaks decrease and their widths
increase. And finally, when the temperature is
increased by 600 K, some of these peaks
disappear and the visible peaks exhibit a
behavior specific to liquid structures, that is,
they now have much wider and lower heights.
This is also a sign that the system is melting.
The g(r) curves calculated for the heating and

cooling processes at 600 K and 700 K overlap,
indicating that there is enough free space in the
system for the atoms to move. At 400 K and 500
K, the g(r) curves calculated for both cooling
rates overlap, while the curves obtained from
heating produce peaks specific to crystal-like
structures. When the temperature is lowered
further, the g(r) curves obtained from two
different cooling rates at 300 K and 200 K
exhibit very different behavior from each other.
The g(r)'s calculated for the cooling rate of y,=2
K/ps are similar to those of liquid systems, but
unlike them, a splitting occurs at the second
maximum peaks, which indicates the
development of medium-range order and is
characteristic ~ of amorphous  structures.
However, there are differences in the positions
and heights of the peaks of g(r) obtained in the
heating and cooling processes towards larger r
values, which may be due to the proportionality
of atoms with different hcp and fcc orders in
both processes.

heating y=2 Kips
cooling y,=2 Kips

cooling y,=0.02 Kips

700 K

600 K
500 K

g(r)

LI L L L L
3 4 5 6 7 8 9 10 11 12
rA)
Fig. 3. g(r) curves calculated at different
temperatures during heating (y=2 K/ps) and

cooling (y>=2 and y4=0.02 K/ps) processes.

There are many methods in the literature to
determine the glass transition temperature (Tg)
and crystallization temperature (T¢). Among
them, one of the analysis methods that gives the
simplest and most accurate results is the Wendt-
Abraham parameter (RYA=gmin/gmax) [13].
Recently, Celtek et al. performed a minor
modification on the RWYA correlation and
defined the new correlation as
(RMWA=(gnin/gmax)?) [8, 14]. Here gmin and gmax
are the first minimum and maximum of g(r),
respectively. As an example, the temperature-
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dependent evolution of the RMWA parameter
calculated for a cooling rate of y»=2 K/ps is
shown in Figure 4. We determined the
intersection point of the fit curves drawn
separately for the low and high-temperature
regions as Tg. The results of the fit procedure
are given embedded in the inset of the figure for
both regions. According to the RMWA
parameter, Tg's for y1=10 and y.=2 K/ps have
been determined as ~360 K and ~340 K,
respectively, and T¢'s for y3=0.2 and y4=0.02
K/ps have been determined as ~250 K and ~300
K, respectively.
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Fig. 4. Evolution of the R""* parameter as a
function of temperature for a cooling rate of y>=2
K/ps.

The evolution of the topological arrangement of
the system during the cooling or heating
processes is analyzed using the Honeycutt-
Andersen (HA) bond type index, which
provides analysis based on the atomic pairs and
the atomic arrangement around them [15, 16]. In
the HA method, a sequence of four indices such
as ijkl 1s used to characterize the local
environment of the pair. For example, the only
bonded pair in the fcc crystal is 1421, while the
hcp crystal has the numbers 1422 and 1421. The
1661 and 1441 bonded pairs are related to a bee
crystal. The 1551 bonded pair is characteristic
of the icosahedral order, while the 1431 and
1541 are characteristic of the defective
icosahedral structure [17, 18].
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Fig. 5. Fraction of the most popular HA bonded

pairs calculated for cooling rates of (a) y1=10
K/ps,

(b) y2=2 K/ps, (c) y3=0.2 K/ps and (d)
14=0.02 K/ps.

559

International Scientific Conference “UNITECH 2022” — Gabrovo



The temperature-dependent evolution of the
nine most common bonded pairs for the four
cooling rates is shown in Figure 5 (a-d). The
results for cooling rates of y1=10 and y>=2 K/ps
show that the majority of pairs at all
temperatures are 1551, 1541 and 1431 bonded
pairs, indicating that icosahedral packing
dominates due to more favorable energy [19].
This indicates that the short-range order has
developed in the system and that the system has
changed from a liquid to an amorphous state.
For lower temperatures, they are followed by
1422 and 1421 bonded pairs representing the
hep/fce crystal. Consistent with the above
results for these cooling rates, no change is
observed to indicate a first-order phase
transition. As can be seen in Figures 5(c) and
5(d), the results of cooling rates of y3=0.2 and
v4=0.02 K/ps show different behavior
compared to the results of other cooling rates.
At high temperatures, while the fraction of pairs
representing ideal icosahedral and defective
icosahedral order is high, a sudden decrease in
their fraction and a very sharp increase in 1421
bonded pairs representing fcc crystal order are
observed around 350 K. This abrupt change in
the bonded pairs indicates that the more slowly
cooled system makes a liquid-crystalline phase
transition at these temperature points. 1421
bonded pairs are followed by 1422 bonded
pairs. For a cooling rate of y3=0.2 K/ps, the
fraction of 1421 (or 1422) bonded pairs
increases to around ~55% (or ~17%) at 50 K,
while this ratio rises to around ~70% (or ~12%)
for y4=0.02 K/ps. This shows us that in the
formation of the crystal order of the system in
the slow cooling process, the hcp and fcc crystal
structures are in a race, and in the system that is
cooled more slowly, the pairs representing the
fce structure dominate compared to the other
pairs. To support these results with visual data,
we have shown the fcc and hcp atom
distributions in the simulation boxes in the
heating and cooling (only for cooling rates of
v3=0.2 and y4=0.02 K/ps) processes at 300K
together in Figure 6. While the number of atoms
with hep crystal order is high during the heating
process, it is seen that atoms with a certain
amount of fcc order begin to form between
them. Findings from the cooling rate of y3=0.2
K/ps show that the atomic distributions with
hcp and fee crystalline order are in a random

manner and the number of atoms with fcc
crystalline order is higher. The snapshots taken
for the system cooled with y4=0.02 K/ps
cooling rate are quite different and interesting
from the others. From the snapshots, it is seen
that the hcp and fcc atoms in the upper and
lower regions of the simulation box are
separated into layers, while interestingly, the
middle region of the box is completely filled by
atoms with fcc crystalline order. All these
findings are consistent with the results
discussed above.

f 300 K ]
cooling y4=0.02 K/ps

heating y=2 K/ps

Fig. 6. Snapshots of the simulation box obtained

for the heating and cooling (y3=0.2 and y,=0.02
K/ps) processes at 300K.

\,

heating v4=0.02 K/ps
200 K 1,

Fig. 7. Snapshots showing the crystalline order
in the simulation box during the heating process at
200 K and 250 K.

There is no evidence that the small change
observed in the 200-250 K regions of the V-T
curve obtained for the heating process in Figure
1 is a solid-solid phase transition. However, to
present a different perspective, we present the
maternity images showing the crystal
arrangement at 200 K and 250 K in Figure 7. As
can be seen from the snapshots, a noticeable
increase is observed in the number of atoms
with fcc crystalline order when the temperature
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is increased to 250K. The increase in the
number of atoms with fcc order may be the
reason for the small volume change that has
been mentioned.

CONCLUSION

The evolution of the microstructure of the hep
crystalline Cd during the heating and cooling
processes was investigated by MD simulations
using the TB-SMA potential. The results show
that the TB-SMA potential accurately predicts the
melting point of solid Cd and the calculated g(r)
and S(q) for liquid Cd are in excellent agreement
with the experimental results. While no evidence
of first-order phase transition has been observed
for the rapidly cooled (y1=10 and y>=2 K/ps)
liquid Cd, the liquid-solid phase transition has
been observed for the more slowly cooled (y3=0.2
and y4=0.02 K/ps) system. For cooling rates of
vi=10 and y,>=2 K/ps, 1551, 1541 and 1431
bonded pairs representing icosahedral and
defective icosahedral order were dominant at all
temperatures, while for other cooling rates, 1421
and 1422 bonded pairs were dominant at lower
temperatures. For the systems cooled slowly, Ty
values decreased while Tc values increased.
Interestingly, Cd with hcp crystalline order
exhibited a distribution suitable for fcc crystalline
order when cooled with a cooling rate of y4=0.02
K/ps. We believe that the results will contribute
to the understanding of the behavior of Cd
during the cooling and heating process.
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