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Abstract 

Nanowires, one of the nanostructured materials, are extensively used due to their unique performance and impact 

on the next generation industry. Nanowires have received significant attention from the nanotechnology research 

and application community. Therefore, it is considered a promising candidate for future nano-scale devices that 

are expected to shrink significantly in size. In this study, we investigated the effects of cross-sectional shape on the 

melting behavior of Aluminum (Al) nanowires using molecular dynamics (MD) simulation technique with 

embedded atom potentials (EAM). In the simulations, cylindrical and square cross-section nanowire models were 

used to observe the cross-section effect. During the heating process, some thermal, structural and dynamic 

properties of the system were calculated. The results show that the cross-sectional shape has an effect on the 

melting behavior of Al nanowires, but this effect does not create significant differences. Moreover, above melting 

temperatures, a thickening occurs in the region corresponding to the nanowire's midsection. After a critical 

temperature value, the nanowire transforms into nanoparticle form. 
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INTRODUCTION 

There has recently been a great deal of 

interest in metallic nanowires (MNWs) from 

a technological perspective [1–3]. Due to 

their high surface-to-volume ratio, MNWs 

exhibit unique physical and chemical 

properties that distinguish them from their 

bulk counterparts [4]. MNWs produced 

using different growth methods have a wide 

range of applications, particularly in 

electronics, optoelectronics and biosensors 

[5]. However, heat generation is an 

inevitable by-product of electronic devices 

operating. The thermal behavior of MNWs 

significantly impacts the performance and 

reliability of nano-electronic devices and 

other applications. Therefore, it is crucial to 

understand the thermal stability and 

structural properties of MNWs at different 

temperatures [1]. Atomic simulation 

techniques are a powerful tool for 

investigating the thermal stability and 

structural properties of MNWs. There are 

numerous molecular dynamics simulation 

studies available on the melting behavior of 

MNWs [6–13]. For example, Yang et al. [8] 

investigated the shape effect on the melting 

behavior of vanadium NWs using MD 

simulation. They reported that the shape of 

the wire had a strong influence on NW 

melting. Ridings et al. [11] studied the 

surface melting of nickel (Ni) and Al NWs 

MD simulation and the Landau model. They 

indicated that surface anisotropy plays a key 

role in the melting of metal NWs and their 

surfaces. In this study, we investigated in 

detail the melting mechanism of Al NWs 

with different cross-sectional shapes during 

the heating process using MD simulations 

with EAM force field. 

https://creativecommons.org/licenses/by/4.0/?ref=chooser-v1
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EXPOSITION 

EAM potentials are frequently used in 

MD simulations, as they can accurately 

describe interatomic interactions in metals 

and alloys. According to the EAM model, 

the total energy of a system consisting of N 

atoms can be expressed as follows [14,15]: 
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where  (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 known as the 

embedding energy. The ρi expression 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 this 

study, the EAM potential dataset developed 

by Sheng [16] was used to identify Al-Al 

interactions. The parallel code DLPOLY 

[17] MD simulation package was used to 

investigate the melting process of Al NWs. 

To investigate the shape effect on the 

melting behavior of Al NWs, we studied 

NWs with cylindrical and square cross-

sections. These model NWs, shown in 

Figure 1, were obtained from the ideal face-

centered cubic (fcc) crystal structure using 

square and cylindrical cross-section cutting 

methods. To eliminate the size effect, we 

took the diameter (d) of the cylindrical NW 

(CNW) and the square section length (d) of 

the square NW (SNW) as the same. 

Furthermore, the heights (H) of both NWs 

were taken as equal. The size and number of 

atoms information of the model NWs are 

listed in Table 1.  

Table 1. The d and H lengths and N number of 

atoms of Al NWs. 

To account for the effects of the surface 

on the Al NWs, periodic boundary 

conditions were applied only along the [001] 

z-axis in the MD simulations. Initial samples 

containing atoms in ideal fcc positions were 

relaxed using the following annealing cycle: 

the system was first heated to 300 K at a rate 

of 0.05 K/ps and then cooled to 0 K at a rate 

of 0.05 K/ps. The NWs were simulated using 

the NVT ensemble under constant volume 

and temperature conditions. The NWs were 

subjected to a heating process consisting of 

a series of MD simulations, with the 

temperature increased by ΔT = 100 K from 

100 K to 1200 K. In the vicinity of the 

melting point, the temperature increases 

were reduced to ΔT = 10 K to account for 

large temperature fluctuations. For each 

simulation, equilibration was performed for 

100 ps, followed by a production time of 50 

ps, to produce time-based properties at each 

temperature. The Newtonian equations of 

motion were integrated using the Leapfrog 

Verlet method with a time step of 1 fs. The 

temperature and pressure of the system were 

controlled by the Nose–Hoover thermostat 

[18] and the Berendsen barostat [19], 

respectively. 

Fig. 1. Schematic diagram of cylindrical NW 

(CNW) and square NW (SNW). 

The simplest way to determine the 

melting temperature at which a first-order 

phase transition occurs in a system is to 

monitor how the total energy changes with 

temperature. Figure 2 shows the 

temperature-dependent variation in total 

energy for Al NWs. At low temperatures, the 

total energy of both NWs increases linearly 

with temperature. At higher temperatures, 
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however, a sudden jump is observed in both 

energy curves. This jump is defined as the 

melting temperature (Tm), which is the 

temperature at which the system undergoes 

a first-order phase transition. The 

temperatures at which a sudden jump in the 

energy curve is observed are 750 K and 760 

K for CNW and SNW, respectively. The 

total energies of liquid CNW and SNW both 

increase linearly with temperature, but then 

drop abruptly at 790 K and 830 K, 

respectively. At temperatures higher than 

these, the energy curves continue to increase 

linearly with temperature. Also, the energy 

of CNW is greater than that of SNW, which 

suggests that SNW is more thermally stable. 

Fig. 2. Temperature-dependence of total energy 

for Al NWs. 

Table 2 shows a comparison of the Tm and 

heat of fusion (ΔHm) values obtained from 

MD simulations for Al CNW and SNW with 

those for the bulk. The melting temperature 

was calculated from the energy difference 

between the solid and liquid phases in the 

total energy curve. Details of this calculation 

and the results for the bulk can be found in 

our previous work [15]. The Tm and ΔHm 

values of both NWs are lower than those of 

the bulk. The Tm and ΔHm values of SNW 

are higher than those of CNW. 

Table 2. Tm and ΔHm obtained from MD  

  simulation for Al NWs and bulk system. 

Fig. 3. PDFs of Al (a) CNW (b) SNW at different      

         temperatures during the heating process. 



International Scientific Conference “UNITECH'2025” Gabrovo 

We studied the structural evolution of Al 

NWs during the heating process using the 

pair distribution function (PDF). The PDF, 

g(r), is defined as [20]: 

𝑔(𝑟) =
Ω

𝑁2
〈(∑ 𝑛𝑖

𝑁𝑖

İ=1
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where is Ω the volume of unit cell, and N is 

the number of atoms in simulation box. 

Figure 3 shows the PDFs of the Al CNW and 

SNW at different temperatures. At 300 K, 

both NW PDFs exhibit behavior that is 

characteristic of an FCC crystal structure. As 

the temperature increases, the PDF 

amplitudes decrease while the peak widths 

increase. At 760 K for the CNW and 770 K 

for the SNW, the PDFs exhibit behavior 

indicative of a liquid phase. At temperatures 

where a sudden drop in the energy curve is 

observed, the PDFs of both NWs continue to 

exhibit liquid phase behavior. 

Fig. 4. Temperature-dependence of diffusion 

coefficients for Al CNW and SNW. 

A first order phase transition can be 

identified by examining how diffusivity a 

measure of the mobility of the atoms in the 

system varies with temperature. The 

diffusion coefficient encompasses the 

system's dynamic properties and can be 

derived from the positions and velocities of 

atomic projections in MD simulations. It is 

expected that the diffusion coefficient will 

be related to the path of a particle over time, 

indicating that the square mean displacement 

(MSD) will be linearly related at large time 

values. The diffusion coefficient, D, can be 

calculated using the Einstein correlation [21]: 

t

MSD
D lim

t 6→

= (3) 

where t is the diffusion time, MSD of the 

atom in the MD simulations can be described 

as [21]: 
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Fig. 5. Snapshots of Al (a) CNW and (b) SNW at 

        different temperatures during heating. 
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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. Figure 4 illustrates the 

temperature-dependent variation in the 

diffusion coefficients of Al CNW and SNW. 

The diffusion coefficients of both NWs are 

almost zero from 100 K to 700 K. While an 

increase in the diffusion coefficients was 

observed starting from 700 K, a sudden 

increase in the diffusion coefficient was 

observed at the melting temperatures of both 

NWs. This behavior suggests that the atoms 

in the system have detached from their 

lattice points and are moving freely, as they 

would in a liquid. Additionally, there is a 

sudden change in diffusion coefficients at 

790 K for CNW and at 830 K for SNW. 

Figure 5 shows snapshots of atomic 

coordinates obtained from MD simulations 

at different temperatures for Al CNW and 

SNW. From 100 K to 300 K, both NWs 

maintain their fcc crystal structure. At 700 

K, the atoms on the surface of the CNW 

begin to leave the lattice points in the 

crystalline arrangement, but the surface 

atoms of the SNW still maintain their 

crystalline structure. At melting 

temperatures, the atoms on the surface of 

both NWs move randomly, as in the liquid 

phase. Above their melting temperatures, a 

thickening occurs in the middle section of 

the wire for both NWs. CNW and SNW 

transform into spherical nanoparticles at 790 

and 830 K, respectively. This explains the 

sudden drop in the energy curve and 

diffusion coefficients. Since the geometric 

structure of a spherical nanoparticle (NP) is 

more stable than that of a NW, the observed 

decrease in the energy curve is an expected 

result. 

CONCLUSION 

In this study, the effect of cross-sectional 

shape on the melting behavior of Al NWs 

was investigated in detail using MD 

simulations with EAM potentials. The 

results indicated that the Tm and ΔHm values 

of both NWs are lower than those of their 

bulk. The Tm and ΔHm values of SNW are 

higher than those of CNW. Furthermore, the 

total energy of SNW is lower than that of 

CNW. This indicates that SNW is thermally 

more stable than CNW. Above the melting 

point, thickening occurs in the middle region 

of the wire for both NWs. The cause 

triggering this thickening may be surface 

melting occurring in the NW. For both CNW 

and SNW, at critical temperatures (Tc), the 

NW transforms into the NP form. The Tc 

values for CNW and SNW are 790 K and 

830 K, respectively. Consequently, it can be 

stated that the cross-sectional shape factor 

affects the melting behavior of Al NWs.   
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