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Abstract 
The rapid solidification of the binary metallic alloy has been studied with the constant-pressure and constant-

temperature molecular dynamics technique to obtain an atomistic description of glass formation and crystallization in the 
alloy. Molecular dynamics simulations have performed through the DL_POLY open source code using on the embedded 
atom method, which is generally preferred for metallic systems to identify atomic interactions in the system. The effects of 
different cooling rates on the glass formation and crystallization of binary alloy have studied. The local atomic ordered 
structures of liquid, glass and crystalline have been characterized by the pair analysis technique. The calculated pair 
distribution functions during cooling process provided a good picture of the structural transformations, and the results are 
consistent with results of experimental and ab initio molecular dynamics works in the literature. This consistency indicates 
that the molecular dynamic results obtained in our study provide a powerful approach to obtain detailed chemical and 
topological ordering of metallic glasses, liquids and crystalline. 
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INTRODUCTION 

Understanding of the structural and 
physical properties of liquid metals is an 
important step in the processing of amorphous 
materials and of great technological 
importance to design functional materials such 
as metallic glasses (MGs)[1] or to investigate 
liquid-solid phase[2]. Besides this,due to the 
technical limitations of the experimental setup, 
the precise determination of the structural and 
chemical properties of metallic systems is 
exhausting and sometimes even impossible. 
However, a database limited to a single 
property or even a missing experimental data 
set can usually be sufficient to perform 
molecular dynamic (MD) simulations[3]. 
Recent literature reports have proven that MD 
simulations are sufficient, and then these 
simulations have been widely used for the 
study of the structures, dynamics and 
thermodynamics of liquid and solid bulk 
materials[3–9]. Recently, many semi-empirical 
potentials have been proposed to improve the 
reliability of classical MD simulations and to 
better describe the atomic interactions in the 
system, these potentials can be listed as 

follows, embedded atomic model (EAM)[10], 
modified embedded atomic model 
(MEAM)[11], tight binding (TB)[12] and 
quantum Sutton-Chen (Q-SC)[13] many-body 
potential. 

The goals of this work is to investigate the 
effects of the cooling rate on structure 
evolution of Al-based metal melts (Al60Cu40) 
through classical molecular dynamics 
simulation by using embedded atom method 
(EAM). Why did we choose the Al-Cu alloy? 
Aluminum alloys; they have very 
heterogeneous microstructures compared to 
many other metal alloys, they can form alloy 
with different elements such as zinc, 
magnesium, silicon, copper and lithium, they 
have many applications, they are highly 
resistant to heat treatment, they are good 
conductors for heat and electricity, and they 
have high resistance to corrosion. 
 

EXPOSITION 
In our study, we used the EAM potential 

proposed by Daw and Baskes[10]for the first 
time to describe the interactions between the 
Al and Cu atoms in the Al60Cu40 system. 
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Within the EAM formalism, the total energy of 
a system is formulated as: 

 

 

 
 
The EAM potential data generated by Howard 
Sheng was taken from the 
“https://sites.google.com/site/eampotentials/H
ome/AlCu” website. In order to identify 
atomic interactions in the simulation, we 
preferred the EAM potential, which was 
previously reported to be successful for 
metallic systems[14–17], and we realized the 
simulations with the DL_POLY 2.0 simulation 
package program[18].For Al60Cu40 alloy with 
6750 atoms (4050 Al atoms and 2700 Cu 
atoms), periodic boundary conditions were 
applied in all three directions. The initial 
temperature was set at 1400K, which is far 
above melting point (Tm~933K) of 
Al60Cu40alloy. The Nóse Hoover[19] 
thermostat was used to keep the temperature 
under control. The system was cooled with 
different cooling rates (γ=5 K/ps, γ=0.5 K/ps 
and γ=0.05 K/ps) from 1400 K to 200 K with 
an intervals of 50 K. 

We used energy and volume curves for 
temperature-dependent changes of the glass 
transition and crystallization processes. Figure 
1 shows the change in the total energy 
obtained with different cooling rates as a 
function of temperature. As can be seen from 
the figure, the total energy curves obtained for 
all cooling rates are almost linearly reduced 
between 1400 K and 550 K. At lower 
temperatures, the energy curves for the γ=5 
K/psand γ= 0.5 K/pscooling rates show a slight 
slope difference and continue to decrease 
almost linearly. In this temperature range, 
where the slope difference occurs, it is thought 
that the system transitioned from liquid to 
amorphous structure. The intersection points 
of the linear fit lines drawn to the energy 
curves in the low and high temperature ranges 
have been taken as the glass transition 
temperature (Tg) of the system. The Tg's 
determined at the end of this process are 
approximately 434 K for γ=5 K/psand about 

390 K for γ= 0.5 K/ps, and the Tg calculated 
for γ= 0.5 K/ps is shown in Figure 1. In our 
simulation, we observed a systematic 
relationship between cooling rate and Tg. In 
other words, we observed a decrease in Tg's 
with decreasing cooling rate. When the system 
is cooled with a cooling rate of γ=0.05 K/ps, 
there is a sudden break in the energy curve at 
low temperatures, unlike other cooling rates. 
This case shows that if enough time is given to 
the system, the crystal nucleation continues to 
increase and finally the system is transitioned 
from liquid to solid state. 
 

 
 

Fig. 1. Total energy as a function of temperature 
for Al60Cu40 alloy calculated with EAM potential 

 
We used the pair distribution function 

(PDF) g(r) to define the structural 
characterization of the system cooled by 
different cooling rates [20,21]. It is defined as; 

 

 

 
The PDF curves obtained with the cooling rate 
of γ=0.5 K/ps for the Al60Cu40 alloy examined 
in this study were plotted in Figure 2 and 
compared with the experimental data 
measured by Wang et al.[22]. Our results are in 
good agreement with the experimental results. 
As expected from the cooled systems, it can be 
clearly seen that the first peaks of g(r)'s are 
sharper and higher with the decrease of 
temperature. This is an indication that the short 
range order (SRO) of the system increases 
during the cooling process. 

https://sites.google.com/site/eampotentials/Home/AlCu
https://sites.google.com/site/eampotentials/Home/AlCu
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Fig. 2. Total PDFs of experimental at 1323 K 

[22]and simulated amorphous Al60Cu40 at different 
temperatures for cooling rate of γ=0.5 K/ps 

 
The total PDF curves obtained at 300K for 

three different cooling rates are shown in 
Figure 3. The g(r) curves of the system cooled 
with the cooling rates of γ=5 K/ps and γ=0.5 
K/ps are very similar to each other.In order to 
see the small differences that occur for these 
cooling rates in a little more detail, we have 
drawn the first and second peaks of the PDF 
curves by zooming and we have shown them 
in the insets of Figure 3. The figure shows that 
when the system is cooled more slowly, the 
main peaks of the PDF curves are so high and 
sharp.In this case, the system is related to the 
atomic order and SRO. On the other hand, the 
g (r) curves of the system cooled with a slower 
cooling rate of γ=0.05 K/ps produce peaks of 
typical bcccrystal-like structures(this case will 
be discussed in the following sections.). So all 
the main peaks are much sharper and much 
more noticeable. These results are consistent 
with the other analysis results mentioned 
above. 

 

 
Fig. 3. Total PDF curves at 300K for Al60Cu40 

alloy cooled using different cooling rates 

In order to get more detailed information 
about what is going on in adisordered system, 
we look at the pair analysis where a pair atom 
and its common neighbors are taken as basic 
units. We used Honeycutt-Andersen (HA)[23] 
pair analysis technique, which is an effective 
technique for filtering the number of different 
local structures within the simulation system. 
The number of 1551, 1541 and 1431 bonded 
pairs (ICOS types) in liquid is a direct 
measurement of the degree of icosahedral 
order. The 1421 and 1422 bonded pairs (fcc 
and hcp types) and the 1661 and 1441 bonded 
pairs (bcc types) are the characteristic bonded 
pairs for the fcc and hcp crystal structure and 
for the bcc crystal structure, respectively. 
Please see to ref [17,24] for more detailed 
information. Figure 4 (a) shows that the 
number of 1551 and 1541 bonded pairs 
corresponding to an icosahedron cluster at the 
cooling rate of γ=0.5K/ps increase rapidly as 
the temperature decreases. With decreasing 
temperature, the number of bonded pair of 
1551 rises to ~25% and occupies a dominant 
position in the system, indicating that the 
liquid Al60Cu40 receives amorphous condition 
during the cooling process with a cooling rate 
of γ=0.5K/ps. Interestingly, the fraction of the 
1661 and 1441 bonded pairs, representing the 
bcc crystal structure, is increasing with 
decreasing temperature. Although there are 
clusters pointing mostly to amorphous 
structure in the rapidly solidified system, it is 
seen that there are also significant clusters in 
the system indicating different crystalline 
structures. The results obtained with the γ=5 
K/ps cooling rate produce similar results with 
γ=0.5K/ps and are not shown here to avoid 
repetition. 
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Fig. 4. Fractions of HA indices of Al60Cu40alloy as 
a functions of temperature: (a) forcooling rate of 
γ=0.5 K/psand (b) forcooling rate of γ=0.05 K/ps 

 
Figure 4(b) illustrate the fractions of the 

HA indices obtained by the cooling rate of 
γ=0.05 K/ps. In the results obtained from this 
cooling rate, it clearly shows that ICOS types 
are dominant at high temperatures (between 
1400 K and 550 K). However, unlike other 
cooling rates, the fraction of the 1551 and 
1431 bonded pairs have been decreased 
suddenly at about 550K, while the fraction of 
the 1541 bonded pairs increased suddenly. 
This is an interesting case because the 1541 
bound pairs are mostly found in amorphous 
and liquid states and represent the distorted 
icosahedral ordering. Furthermore, at this 
temperature, the fraction of the 1441 and 1661 
bonded pairs representing the bcc crystal 
structure, the 1321 bonded pairs representing 
the rhombohedral structure, and the 1422 
bonded pairs representing the hcp crystal 
structure, are increasing suddenly. These 
analysis results show that when the system is 
given enough time, the system transition from 
liquid structure to crystal structure. The 
distribution of bcc type clusters at 300K is 
around ~41%, indicating that the structure 
tends to be bcc crystal, but it is not possible to 
give accurate information about the structure 
of the system due to the large amount of other 
types of clusters. 

 

 
Fig. 5. Variation of ICOS type (1431,1541 and 

1551), fcc and hcp type (1421 and 1422), bcc type 
(1441 and 1661), and random type (1311, 1321 
and others) for different cooling rates at 400 K 

Figure 5 illustrates the distribution of 
different types of clusters obtained for all 
cooling rates at 400 K. According to HA 
analysis, the results obtained using γ=5 K/ps 
and γ=0.5K /ps cooling rates are very similar. 
On the other hand, while the distribution of 
ICOS types decreases for the cooling rate of 
γ=0.05K/ps, the distribution of bcc crystal and 
other types increases. These results show that 
different cooling rates cause significant 
changes in the system. ICOS-type clusters 
appear to play an important role for all cooling 
rates. 
 
CONCLUSION 

In summary, the glass formation and 
crystallization processes of the Al60Cu40 binary 
alloy cooled using different cooling rates have 
been investigated with EAM-MD simulations. 
The calculated PDF results are consistent with 
the experimental results previously reported in 
the literature. According to the HA bond-pair 
analysis, it has been found that a large part of 
the local structures of the rapidly solidified 
system for the cooling rates of γ=5 K/ps and 
γ=0.5 K/pshave been composed of ICOS-type 
(1551, 1541 and 1431) clusters. It was 
observed that while the fraction of ICOS-types 
decreased with decreasing cooling rate, 
especially the fraction of bcc-type (1441 and 
1661) crystal clusters increased. As a result, it 
has been observed that when the system is 
cooled with a cooling rate of γ=0.05 K/ps, 
liquid-solid phase transition around Tc~500 K 
occurs. These results indicate that the effect of 
cooling rate causes significant changes in the 
Al-Cu system. 
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