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Abstract 
In recent years, nanoparticles, which play an important role in the development of nanotechnology, have been 
the focus of attention of many researchers. Metallic nanoparticles have many unique physical and chemical 
properties such as high thermal and electrical conductivity, high flexibility and strength, optical transmittance 
and chemical inertness compared to bulk materials due to surface effects. For the development and production 
of new nano-technological devices, a good understanding of the thermal, mechanical and electronic properties 
of nanoparticles is required. In this study, we investigated the structural and dynamic properties of metallic 
aluminum (Al) nanoparticles during the melting process using classical molecular dynamics (MD) simulation 
technique. In MD simulations, the interactions between Al atoms were described using embedded atom 
potentials (EAM). In order to observe how the thermal, structural and dynamic properties of Al nanoparticles 
change depending on the particle size and temperature, the potential energy, pairs distribution function, mean 
square displacement and diffusion coefficient of the system were calculated. The results obtained from MD 
simulations clearly showed that the melting point of nanoparticle increases as the particle size increases, and 
the structural and dynamic properties are directly related to the particle size and temperature. 
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INTRODUCTION 
     Reacting metallic nanoparticles (NP) 
have recently become the focus of attention 
of many researchers as they play an 
important role in the development of some 
production technologies in the industry [1–
4]. Since the development of these products 
is directly related to the thermodynamic 
history of the reacting metallic NPs, a 
model needs to be developed to explain 
thermal events such as melting and 
evaporation of these NPs [1]. At the 
nanoscale, particles exhibit many thermo-
physical properties that are different from 
those found at the microscale. As the size 
decreases beyond a critical value due to the 
increase in the surface area-to-volume ratio, 
the melting temperature deviates from the 
bulk value and becomes a size-dependent 
property. The decrease in the size of 
metallic NPs causes a significant decrease 
in the melting temperature. This can deeply 

affect the chemical activities of the 
nanoparticle [2]. 
     Al NPs are a frequently used material in 
reacting metallic nanoparticle applications 
due to their exceptional energetic properties 
such as increased catalytic activity and 
higher reactivity [3,5]. The melting 
temperature of these particles plays an 
important role in determining the ignition 
and combustion temperature of metal-based 
energetic materials. Therefore, it is 
important to characterize the particle size-
dependent melting process of Al NPs. Due 
to the difficulty of performing thermal 
experiments on nanomaterials, many 
researchers have recently used MD 
simulation techniques to study the thermal 
properties of Al NPs [3,4,6,7]. Liu et al. [3] 
investigated the relationship between defect 
concentration and extra storage energy in 
Al NPs using MD simulation method with 
reactive force field. They found that as the  
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defect concentration increases, the extra 
storage energy increases and after melting, 
the extra storage energy almost disappears. 
Puri et al. [6], the effects of surface charge 
development on the melting of Al NPs were 
investigated by MD simulation using 
different interaction potentials. They 
reported that the melting points of Al 
particles have a linear relationship with the 
particle size and the evolution of surface 
charges during the melting process is 
negligible. In this study, structural and 
dynamic properties of metallic Al NPs such 
as potential energy, pair distribution 
function (PDF), square mean displacement 
(MSD) and diffusion coefficient were 
investigated during the melting process 
using MD simulation with EAM force field. 
 
EXPOSITION 

In MD simulations, EAM potentials are 
frequently used, which can accurately 
describe the interatomic interactions for 
metals and their alloys. According to the 
EAM model, the total energy of a system 
consisting of N atoms is written as [8]: 
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where φ (rij) is the pair interaction potential 
energy function and Fi(ρi) is the energy 
required to place an atom i at a lattice point 
where the electronic charge density ρi is 
located. This energy is called the 
embedding energy. ρi is the sum of the 
atomic charge densities of the neighboring 
atoms surrounding atom i. rij is the distance 
between atoms i and j. In the literature, 
there are both analytical and numerical 
EAM potential energy functions that have 
been successfully used in MD simulations. 
In this study, we used the EAM potential 
data developed by Sheng [9] to describe the 
interactions between Al atoms. All MD 
simulations for Al NPs and bulk system 
were performed using DLPOLY parallel 
code simulation package [10]. In order to 
observe the effect of particle size on the 
thermal, structural and dynamic properties 

of Al NPs during the melting process, three 
different sized NPs were studied. The 
diameters (or numbers of atom) of the 
nanoparticles labeled NP-1, NP-2 and NP-3 
used as models in MD simulations were 3.0 
nm (856 atoms), 5.1 nm (4028 atoms) and 
10.0 nm (31544 atoms), respectively. Al 
NPs were extracted from an ideal face-
centered cubic (fcc) crystal structure of size 
25ao x25ao x25ao using a series of spherical 
cutoff radii (ao=4.05Å for Al [11]). The 
NPs were simulated under constant volume 
and constant temperature NVT ensemble 
without periodic boundary conditions, 
while the bulk system was simulated under 
constant temperature and constant pressure 
NPT ensemble with periodic boundary 
conditions. The classical equations of 
motion are integrated using the Leapfrog-
Verlet algorithm with a time step of 1fs. 
The temperature and pressure of the system 
are controlled by the Nose-Hoover 
thermostat [12] and the Berendsen borastat 
[13], respectively. The stable structure at 0 
K was obtained by first annealing the initial 
configuration at T=300 K using 100000 
MD time steps and then cooling it to T=0 K 
with a cooling rate of 0.05 K/ps. The 
annealed nanoparticle is almost identical to 
the initial configuration except for the 
relaxed surface atoms. For each NP and 
bulk, the system was subjected to a heating 
process consisting of a series of MD 
simulations with a temperature increase of 
ΔT=100 K. Around the melting point, the 
temperature increment was reduced to 
ΔT=10 K, taking into account large 
temperature fluctuations. Simulations were 
performed at each temperature for 100000 
MD time steps. The first 50000 MD time 
step of the 100000 MD time step was used 
to equilibrate the system and the last 50000 
MD time step was used to generate the time 
averaged features.  
    In the Results section, we first discuss 
the thermal properties which are frequently 
used to determine the first-order phase 
transition. As it is known, the melting point 
of a system can be easily estimated 
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Table 1. Physical quantities obtained from MD simulation for Al NPs and bulk system. 

 
 
from the characteristic behavior of the 
caloric curves with temperature. For this 
purpose, the temperature-dependent change 
curves of potential energy for Al 
nanoparticles and bulk system are shown in 
Figure 1. 
 

 
Fig. 1. Temperature dependence of potential 

energy for Al NPs and bulk system. 
 
The potential energy for NPs and bulk 
system increases linearly with increasing 
temperature. This linear behavior breaks 
down with increasing temperature and a 
sudden increase in potential energy occurs. 
The temperature at which this sudden 
increase occurs is defined as the melting 
temperature at which the first-order phase 
transition occurs. As temperatures higher 
than the melting point increase, the linear 
behavior between potential energy and 
temperature continues. The potential 
energies of NPs are higher than that of bulk 
due to their high surface energy. Also, as 
the particle size decreases, the potential 
energy increases. Some physical quantities 
such as melting temperature (Tm), heat of 

fusion (ΔHm), lattice constant (ao) and 
cohesive energy (Ecoh) obtained from MD 
simulation for Al NPs and bulk system are 
listed in Table 1 comparison with available 
experimental data [11,14]. The Tm predicted 
from the characteristic behavior of caloric 
curves for Al NPs are lower than those for 
bulk Al. Also, Tm decreases as the size of 
the NP decreases. The Tm obtained from 
MD simulation for bulk Al is in good 
agreement with the experimental value. As 
shown in Figure 1, the ΔHm was obtained by 
calculating the energy difference between 
the solid phase and the liquid phase. The 
ΔHm of bulk Al obtained from MD 
simulation is larger than that of NPs and is 
consistent with the experimental result. ΔHm 
increases as the size of NP increases. The 
most basic parameters representing a crystal 
structure are ao and Ecoh. As can be seen 
from Table 1, ao and Ecoh obtained from 
MD simulations for bulk Al are in good 
agreement with the experimental results. 
This result shows that the EAM potential 
used to describe the interactions between Al 
atoms in the MD simulation can accurately 
describe the structure of the system at low 
temperatures (around room temperature). In 
other words, we can say that the MD 
simulations performed using the EAM 
potential produce accurate results for Al 
NPs and the bulk system. The PDF 
describes the probability of finding another 
particle at a distance r from a reference 
atom (or particle). PDF depends greatly on 
the type of matter, thus it varies greatly for 
solids, amorphous, liquids and gases. 
Therefore, PDF is the most important 
structural function that is frequently used to 
analyze structural properties, whether the 
system in question is crystalline or non-
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crystalline. The expression of the PDF, g(r), 
is as follows [15]: 
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where N and Ω represent the number of 
atoms, and volume of the simulations cell, 
respectively. In order to test whether the 
EAM potential that we used to describe the 
interatomic interactions in MD simulations 
correctly describes the system at high 
temperatures, the PDF of liquid bulk Al 
obtained from the MD simulation in Figure 
2 was compared with the experimental 
result [16]. 
 

 
Fig. 2. The PDFs of liquid bulk Al simulated 

under 0 GPa pressure. 
 
As can be seen from Figure 2, both MD and 
experimental PDFs show the characteristic 
behavior of the liquid phase. The MD 
results are in excellent agreement with the 
experimental result. This result is a clear 
evidence that the EAM potential data used 
in MD simulations are quite successful in 
describing the physical properties of bulk 
Al in the solid phase at low temperatures 
and in the liquid phase at high 
temperatures. Figure 3 shows the PDFs of 
Al NP-3 at different temperatures. At 300 
K, the PDF shows the characteristic 
behavior of an ideal fcc crystal structure. 
While the peak amplitudes of the PDF 
decrease with increasing temperature, the 
peak widths increase. At 760 K, PDF 
cannot fully characterize either the 
crystalline phase or the liquid phase. As is 

known, a system exhibits both the solid 
phase and the liquid phase at the melting 
point. From the PDFs behavior for Al NP-3, 
the temperature at which these two phases 
coexist is 760 K. This temperature 
corresponds to the melting point of the 
system. This result supports the Tm 
predicted from the thermal properties. At 
770 K above the melting point, the PDF 
shows the characteristic behavior of the 
completely liquid phase. 
 

 
Fig. 3. PDFs of Al NP-3 at different 

temperatures during the heating process. 
 
    Information about the dynamic behavior 
of the NP during the melting process can be 
obtained by analyzing physical properties 
such as the diffusion coefficient and MSD. 
The diffusion coefficients of the atoms 
forming the NP, D, are calculated by using 
the Einstein equation [17]: 

t
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where t is the diffusion time, MSD of the 
atom in the MD simulations can be 
described as [17]: 
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where ri (to) is the position vector of the ith 
atom for the system in its initial 
configuration and ri (t) is the position vector 
of ith atom at time t. The change of MSDs 
calculated for Al NP-3 at different 
temperatures with respect to time is plotted 
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in Figure 4. At 300 K and 600 K, the MSD 
curves exhibit crystal-like characteristic 
behavior. There is a significant increase in 
the slope of the MSD curve at Tm=760 K. 
This increase is a dynamic indicator that 
there are both liquid-like structures and 
solid-like structures in the system at the 
melting point. This result supports the 
melting behavior observed in the static 
structure. The slope of the MSD curve 
increased even more at 770 K above the 
melting point. This indicates that all atoms 
constituting the NP exhibit liquid-like 
dynamic properties. 
 

 
Fig. 4. Time-dependent changes of MSDs 

obtained at different temperatures for Al NP-3. 
 
The diffusion coefficients calculated from 
the MD simulations for Al NPs and bulk 
system are plotted as a function of 
temperature in Figure 5. The diffusion 
coefficients of all NPs and bulk system 
increase abnormally at their melting points. 
This increase shows that the atoms forming 
the system are mobilized in the system by 
getting rid of their lattice points. In other 
words, each system starts to melt at the 
melting point and exhibits liquid-like 
behavior. Thus, the accuracy of the melting 
points estimated from thermal properties 
was tested once again with the 
characteristic behavior of dynamic 
properties. After the melting point, the 
diffusion coefficients of NP-1 and NP-2, 
which are smaller in size, are larger than 
those of NP-3 and show large oscillations 
with increasing temperature. However, for 
NP-3, diffusion coefficient increases 

linearly with temperature after the melting 
point and shows similar behavior to the 
bulk system. This situation can be 
explained by the fact that the atoms forming 
the NP are more thermally unstable since 
the surface area to volume ratio increases as 
the particle size decreases. 
 

 
Fig. 5. Temperature-dependence of diffusion 

coefficient for Al NPs and bulk system. 
 
The snapshots of the atomic 

configuration during the melting process 
can provide important information about 
the dynamic process of the NP. In this 
context, the snapshot atomic images 
obtained from the MD simulation at 
different temperatures Al NP-3 are given in 
Figure 6.   

 

 
Fig. 6. Snapshots of NP-3 at different 

temperatures during the melting process. 
 

As can be seen from the snapshots, the 
atomic arrangement on the NP surface at 
300 K is in an ideal fcc crystal structure. At 
600 K, the surface atoms begin to leave the 
lattice points due to the temperature 
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increase due to the lack of bonds and the 
existing metallic bonds begin to break. This 
is an indication that pre-melting has begun 
in the surface region of the NP before the 
melting point. At the melting point, at 760 
K, the atomic order in the surface region of 
the NP is completely disrupted and a liquid-
like layer is formed. At 770 K, the NP melts 
homogeneously and the atoms have liquid-
like atomic motion. 

  
CONCLUSION 

In this work, the structural and dynamic 
properties of Al NPs during the melting 
process were investigated using classical 
MD simulation with EAM potentials. 
Results from MD simulations showed that 
particle size not only changes the thermal 
properties of the NP but also dramatically 
changes its structural and dynamic 
properties. The melting point and heat of 
fusion of the NP increase with increasing 
particle size and are lower than those of the 
bulk for all NPs. Dynamic properties show 
that even in the low temperature region, the 
thermal stability of NP-1 and NP-2 is 
poorer than NP-3. At temperatures above 
the melting point, as the particle size 
decreases, significant oscillations in the 
diffusion coefficient occur, while these 
oscillations disappear as the size increases. 
Additionally, at temperatures lower than the 
melting point, a pre-melting occurs on the 
surface of the NP. 
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