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Abstract 
In this study, the evolution of the atomic structure of liquid calcium (Ca) cooled with different cooling rates (10-0.02 

K/ps) was investigated using the classical molecular dynamics simulation method. The embedded atom method many 
body potentials, which are widely preferred in molecular dynamics simulations, were used to describe the interactions 
between Ca atoms in the system. Volume temperature curves, pair distribution functions, structure factor and Honeycutt-
Andersen method were used to examine the changes in the atomic structure of liquid Ca during the cooling process. A 
good agreement was observed between the pair distribution functions and structure factors curves calculated from 
molecular dynamics simulations for liquid Ca and the experimental and other molecular dynamics simulation results in 
the literature. Current findings have shown that liquid Ca, which is cooled faster, exhibits properties unique to amorphous 
structures at lower temperatures. On the other hand, it has been found that when the system is given more time to cool 
(or is cooled more slowly), crystal nucleation begins and the size of this nucleation increases, eventually making the 
system transition from a liquid to a crystalline structure. According to the results of Honeycutt-Andersen pair analysis 
method, 1551, 1431 and 1541 bonded pairs are more common in amorphous systems, while 1441 and 1661 bonded pairs 
are more popular in crystalline structures. It is believed that the results of the study will provide useful information to the 
literature about the development of the atomic structure of Ca, which has a wide range of uses in our lives. 
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INTRODUCTION 
    With the developing technology and increasing 
demand, many materials are needed today and 
feverish work is carried out to produce them. 
However, producing new materials and 
conducting research and development studies 
on them can be both laborious and expensive. 
As such, it is of great importance to be able to 
explain the physical properties of that material 
at the atomic scale in accurate, fast, reliable and 
inexpensive ways [1]. Today, with the spread of 
supercomputers and the parallel development 
of the software industry, the adverse effects of 
experimental studies such as time, manpower, 
and cost can be alleviated to some extent [2–4]. 
The most commonly used methods in the 
literature to investigate the physical properties 
of materials; quantum-based molecular dynamics 
(MD) simulation methods and classical MD 
simulation methods based on the solution of 
Newtonian equations of motion [5]. Although 

quantum MD simulations produce reliable 
results close to experimental results, they have 
some disadvantages such as slow computation 
and working with very few atoms. Because of 
these disadvantages, classical MD simulation 
methods are preferred because they are cheaper, 
can work with millions of atoms, require less 
computing power, have a more easily 
understandable theoretical background, can 
produce reliable results with accurate 
modeling. Thus, in our study, we focused on the 
effect of cooling rate on the evolution of the 
atomic structure of liquid calcium (Ca) during 
the cooling process by taking these advantages 
of classical MD simulations. We used the 
embedded atom method (EAM) potential to 
express the interactions between Ca atoms in 
the system. It has been reported in previous 
studies that the EAM potential produces 
successful results in explaining the structural 
properties of Ca under different conditions [1, 6]. 
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EXPOSITION 
According to the EAM model, the total 

energy rising from the interactions between 
atoms in a system with N atoms is defined as, 

 

Ei = Fα ��ραβ�rij�
j≠i

� +
1
2
�ϕαβ�rij�
j≠i

,             (1) 

 

where ϕαβ�rij� is the pair-interaction energy 
representing the repulsive interactions between 
two atoms. The second term Fα is the 
embedding energy, which depends on the 
charge density 𝜌𝜌𝑖𝑖, which includes attractive 
interactions. All simulations throughout the 
cooling process were performed using the 
DL_POLY_2.0 open-source simulation 
program [7]. During the simulations, NPT 
isothermal isobaric ensemble was used under 0 
GPa pressure. Pressure and temperature were 
controlled with a Berendsen barostat and 
thermostat. Periodic boundary conditions were 
applied to all directions of the cell, which 
consists of a total of 13,500 Ca atoms. Velocity 
form of the Verlet algorithm was used to solve 
the equations of motion, and the time step was 
taken as 1 fs. In order to guarantee the liquid 
structure, the system was equilibrated by 
holding it at 500 ps at 1700 K, which is high 
enough than the experimental melting point 
(Tm

exp = 1113 K [8]) of Ca. Then, the liquid 
system was cooled with different cooling rates 
(γ1=10, γ2=5, γ3=1, γ4=0.1 and γ5=0.02 Kps-1) 
from 1700 K to 200 K with ∆T= 50 K intervals. 
The temperature-dependent variation of the 
volume of the system per atom (V-T) obtained 
by the five cooling rates is shown in Figure 1. 
In the high-temperature region (900 K-1700 K) 
for the five cooling rates, the volume of the 
system changes linearly and their curves almost 
overlap each other. This indicates that the atoms 
have enough mobility in this region and move 
fast enough that they can easily adapt to the 
current temperature. At low temperatures, the 
volume behaves in different slopes and shapes 
depending on the cooling rate of the system. 
The volume change is continuous under fast 
cooling rates of γ1=10 Kps-1 and γ2=5 Kps-1 and 
shows no indication of liquid-solid phase 
transition. The mobile atoms in the liquid 
system tend to move more slowly under these 
cooling rates because the viscosity of the liquid 

constantly increases as the temperature drops 
[9]. However, in V-T curves obtained for 
slower cooling rates of γ3=1 Kps-1, γ4=0.1 Kps-

1 and γ5=0.02 Kps-1, an evident discontinuity is 
observed at 600 K, 700 K and 750 K, 
respectively, this indicates that a first-order 
phase transition has occurred in the system. 
These results show that the slower a system is 
cooled, the higher its transition temperature 
(crystallization temperature). This phenomenon 
has also been observed in many other studies. 
Unlike the others, at a cooling rate of γ4=0.1 
Kps-1, two different changes are observed in the 
V-T curve between 600 K and 750 K, which 
will be discussed later with different analysis 
methods. 

 

 
Fig. 1. Temperature-dependent evolution of 

volume for five cooling rates. 
 
In MD simulations, the pair distribution 
function (PDF or g(r)) is one of the most 
preferred methods to characterize the local 
structure of the system and to obtain 
information about the distribution of atoms. It 
is also the probability to find another atom at a 
distance r from a central one. It can be 
expressed as [10, 11]: 

g(r)=
V
N2  ��

𝑛𝑛𝑖𝑖(𝑟𝑟)
4𝜋𝜋𝑟𝑟2∆𝑟𝑟

𝑖𝑖

� .                     (2) 

The liquid structure factor (S(q)), calculated 
from the Fourier transform of g(r), is shown in 
Figure 2 along with orbital-free ab-initio MD 
(OF-AIMD) simulation [12] and experimental 
[13] results. The liquid g(r) obtained from the 
EAM-MD simulations is in excellent 
agreement with both the experimental 
(excluding first peak height difference) and OF-
AIMD simulation results. This is one of the 
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indications that the chosen potential accurately 
and reliably describes the interactions between 
Ca atoms. 
 

 
 

Fig. 2. Comparison of S(q) (1100 K) calculated for 
liquid Ca with experimental and OF-AIMD 

simulation results (1113 K). The inset depicts 
liquid g(r)'s. 

 
Figure 3 presents a comparison of g(r)'s 

calculated at different temperatures for various 
cooling rates (γ1=10 Kps-1, γ3=1 Kps-1, and 
γ5=0.02 Kps-1). We did not include the results 
of other cooling rates in this graph, because it 
may cause visual pollution. The g(r)'s of the 
system cooled using the three cooling rates at 
1000 K and 1500 K are very similar and they 
produce wider and lower peaks as in the g(r) of 
the liquid systems. This supports the fact that 
the atoms in the system can move fast enough 
at these temperatures, as discussed above. 
When the temperature is reduced to 600 K, 
g(r)'s calculated for the cooling rates of γ1=10 
Kps-1 and γ3=1 Kps-1 are similar to each other 
and exhibit specific behavior to liquid 
structures, while g(r) obtained from γ5=0.02 
Kps-1 shows sharp and distinct peaks specific to 
crystalline structures. It is seen from the figure 
that the g(r)'s at 300 K exhibits different 
behavior for the three cooling rates. The first 
peak height of g(r), calculated from the cooling 
rate of γ1=10 Kps-1, increases and the widths of 
the main peaks decrease, while splitting is 
observed at the second maximum of the g(r) 
curve. These findings show that the short-range 
and medium-range order develops in the faster 
cooled system and there is a transition from 

liquid to the amorphous structure during 
cooling. Moreover, the main peaks of g(r) 
calculated for γ3=1 Kps-1 cooling rate produce 
peaks with the same positions as the main peaks 
of g(r) calculated for γ5=0.02 Kps-1, but they 
have softer peaks. The g(r)'s obtained by the 
γ5=0.02 Kps-1 shows peaks specific to the bcc 
crystalline structures, thus the results of slower 
cooling with the γ3=1 Kps-1 suggest that apart 
from the presence of bcc clusters in the system, 
other clusters develop in the system. 
 

 
 

Fig. 3. Comparison of g(r)'s calculated at different 
temperatures for cooling rates of γ1=10 Kps-1, 

γ3=1 Kps-1, and γ5=0.02 Kps-1. 
 

Although g(r) gives useful information about 
the atomic structure development of the system, 
it does not provide information about the 
microstructure of the system. Honeycutt-
Andersen (HA) bond index [14–17] and 
Voronoi tessellation (VT) [18, 19] analysis are 
generally used to obtain detailed information 
about the local structure of the system. In the 
HA method, pairs of atoms and their local 
surroundings are characterized by integers ijkl. 
According to this technique, 1551 bonded pairs 
represent ideal icosahedra, 1541 and 1431 
bonded pairs defective icosahedra. 1421 
bonded pairs represent face-centered cubic 
(fcc) crystal structures, 1422+1421 bonded 
pairs represent the hexagonal closed-packed 
(hcp), 1661 and 1441 bonded pairs represent 
body-centered cubic (bcc) crystal structures. 
The diagrammatic nomenclature and 
configurations of the different HA bonded pairs 
most commonly seen in our study are shown in 
Figure 4. 

 



II-336 
International Scientific Conference “UNITECH 2022” – Gabrovo 

 
Fig. 4. Schematic representation of the most 

common HA bonded pairs indices. The red and 
green balls represent the root pair atoms and their 

common neighbors. 
 

The fractions of the most common bonded 
pairs according to the HA analysis results of the 
data obtained for the three cooling rates during 
the cooling process are shown in Figure 5 as a 
function of temperature. It can be seen from the 
figures that the bonded pairs 1551, 1431 and 
1541 are the most dominant in the high-
temperature regions. These bonded pairs 
continue to dominate even at low temperatures 
for a cooling rate of γ1=10 Kps-1. This is an 
indication that the system transitions from 
liquid to the amorphous structure at low 
temperatures during the rapid cooling process. 
Another important observation is that while 
1551 bonded pairs tend to increase from 1700 
K to 700 K, they tend to decrease below 700 K, 
and a slight increase is observed in the fraction 
of bonded pairs representing crystal structures 
in this process. This shows that during the rapid 
cooling process, crystal nucleation started to 
occur at low temperatures, but these nuclei did 
not have the opportunity to grow because there 
was not enough time. Looking at the results 
shown in Figure 4(b) for the γ3=1 Kps-1 cooling 
rate, it can be seen that the results are quite 
similar to the results for γ1=10 Kps-1 at high 
(600 K and above) temperatures. However, a 
sudden decrease is observed in the fraction of 
popular bonded pairs around 600 K, while a 
sudden increase is observed in 1421 bonded 
pairs representing fcc crystal structures as well 
as 1441 and 1661 bonded pairs representing bcc 
crystal structures. It shows that this system has 

transitioned from a liquid structure to a 
polycrystalline one dominated by atoms in bcc 
crystal order. In order to provide a visual 
overview of this explanation, we show the 
atoms in bcc, hcp and fcc crystal order at 300 K 
in the inset of the figure. 

 

 

 

 
 

Fig. 5. Temperature-dependent evolutions of 
fractions of some HA bonded pairs obtained for (a) 
γ1=10 Kps-1, (b) γ3=1 Kps-1, and (c) γ5=0.02 Kps-1 

cooling rate during the cooling process. 
 
The fractions of HA bonded pairs at high 

temperatures of the system cooled with a 
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cooling rate of γ5=0.02 Kps-1 are similar to that 
of other cooling rates, but around 750 K a sharp 
decrease is observed in all popular pairs, while 
a sharp increase is observed in the fraction of 
1661 and 1441 bonded pairs. This shows that, 
unlike the others, the liquid system transitions 
to the solid phase with a bcc crystal order of 
around 750 K. It is possible to confirm this from 
the snapshots of the simulation boxes at 300 K 
given in the inset of the figure. In addition, 
these observations and findings are consistent 
with the results presented and discussed in 
Figure 3. All these results show that the selected 
cooling rate has an important role in the 
evolution of the atomic structure during the 
rapid solidification process. In order to clarify 
the abnormal behavior observed between 750K 
and 600K in the V-T curve obtained for the 
γ4=0.1 Kps-1 cooling rate in Figure 1, the 
snapshots of crystal and other ordered atoms at 
these temperatures and the calculated g(r)'s of 
them are shown together in Figure 6. From the 
snapshots, it is seen that the number of atoms 
with bcc, hcp and fcc order in the system at 750 
K is almost non-existent. The g(r) curves on the 
side supports this results. It is understood from 
the figure that the other bonded pairs, which are 
mostly in liquid and amorphous structures in 
the system at this temperature, are in the 
majority because the total g(r) curve of the 
system and the g(r) curve of the other pairs 
overlap.  

 

 
 

Fig. 6. Snapshots of bcc, hcp and fcc atoms at 
different temperatures for a cooling rate of γ4=0.1 

Kps-1, and the g(r) curves calculated for them. 

When the temperature is reduced to 700 K, 
it can be seen from the snapshots that atoms in 
bcc order fill most of the system, but also exist 
the atoms in hcp and fcc order at a non-
negligible portion. A similar scene is observed 
at 650 K, except for the increase in the number 
of atoms in fcc crystal order. Current findings 
indicate that the system stabilizes in a 
polycrystalline order in this temperature range. 
It is possible to observe this from the 
relationship between the g(r) curves. The total 
g(r) curves reflect the characteristics of all other 
atoms, mostly bcc atoms, in their respective 
proportions. Finally, when the temperature is 
reduced by 600 K, it is seen that the bcc order 
is dominant in the system and there is a 
noticeable decrease in the number of atoms 
with hcp and fcc order. In addition, it is seen 
that the total g(r) curve and the g(r) curves 
calculated only for bcc atoms almost overlap.  
These findings show that the system transitions 
from the polycrystalline order to the bcc 
crystalline order at 600 K and explain the 
reason for the abnormal behavior observed in 
the V-T curves of γ4=0.1 Kps-1 at these 
temperatures. 
 
CONCLUSION 

In the present study, the evolution of the 
atomic structure of liquid Ca during the rapid 
solidification process was investigated by the 
MD simulation method using five different 
cooling rates and EAM potential. The g(r) and 
S(q) curves calculated from the EAM-MD 
simulations show excellent agreement with the 
experimental and OF-AIMD simulation results 
previously reported in the literature. It has been 
observed that the time given for the cooling of 
the system during the cooling process has an 
important role in the evolution of the atomic 
structure of the system. For faster cooling rates 
(γ1=10 Kps-1 and γ2=5 Kps-1), no phase 
transition was observed in the system and the 
liquid system cooled at these rates evolved into 
an amorphous structure. In the second 
maximum of the g(r)'s, a splitting, typical for 
amorphous structures, is observed. According 
to HA analysis results, 1551, 1541 and 1431 
bonded pairs were found to be popular, showing 
the presence of icosahedral and defective 
icosahedral order in the system at these cooling 
rates. When the system was cooled with slower 
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cooling rates (γ3=1, γ4=0.1 and γ5=0.02 Kps-1), 
a liquid-solid first-order phase transition 
occurred in the system at temperatures below 
the melting point. HA analysis shows that the 
system cooled with γ3=1 Kps-1cooling rate is 
balanced in polycrystalline order, while at 
cooling rates of γ4=0.1 and γ5=0.02 Kps-1, bcc 
crystal order dominates at low temperatures. 
We believe that the results will contribute to a 
better understanding of the evolution of the 
atomic structure of liquid Ca during the rapid 
solidification process. 
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