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Abstract. The atomic level study of NiTi alloy at high temperature is very important to
understand the mechanism of NiTi fabrication, in partial the process during the hot working. In
the atomic investigation using molecular dynamics simulation, the use of the interatomic
potential greatly affects the results. Therefore, the suitability of the interatomic potential applied
in some specific condition has to be examined. In our previous work, we have tested the
performance of EAM and MEAM potential to reproduce the lattice constant of NiT1i alloy. Our
previous results have shown that the MEAM potential work better than the EAM potential. In
this research, we further investigate the performance of EAM and MEAM type potential to
describe the melting behavior of nickel, titanium, and NiT1 alloy. We find from the current result
that the accuracy of the MEAM potential is better than EAM potential in high temperature MD
simulations.

1. Introduction

Nickel and titanium are two kinds of precious metals. These metals are widely used with other metal in
many applications. Nickel and titanium can also be used together as the alloy metal which is also called
nitinol. NiTi alloy 1s the interesting material exhibiting shape memory effect (SME). This material can
return to its original structure at specific temperature after it is deformed into other shapes. The structural
change of the NiTi alloy 1s very sensitive to the composition of nickel and titanium atoms and the heat
treatment. By these properties, NiTi is categorized as the shape memory alloy (SMA) [1.2]. NiT1 alloy
has some valuable properties such as high electrical resistivity, corrosion resistance, highly
biocompatible, water resistance and many others. Therefore this material are widely used as the
biomaterial, medical devices, and military devices [3-5].

Although NiT1 alloy has many potential applications, however the fabrication process of this material
1s not easy. This problem may cause the increase of the NiTi alloy price. The theoretical study of the
atomic behavior of NiTi alloy will guide the researcher and the industry to understand the mechanism
of its formation during the fabrication. The fabrication process of NiT1 alloy is done both in the high
and the low temperature conditions. To the best to our knowledge, there are only few molecular
dynamics (MD) simulation works investigating of NiTi behavior at high temperatures [6-8]. However,
those reported papers did not concern with the composition of atomie structure of nickel, titanium, and
NiTi alloy in their melting temperatures. It is known that the interatomic potential plays a crucial role
in MD simulations. Therefore, the interatomic potential has to be evaluated before it is used to obtain
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the result in MD simulations. Recently, two interatomic potentials are developed for NiTi alloys, i.e.
standard embedded-atom-method (EAM) potential by Zhou et al. [9] and modified EAM (MEAM)
potential by Ko et al. [10]. This study aims to investigate the usability of these potentials in high
temperature simulation condition. We determine the performance of these potential based on the
accuracy of each potential in obtaining the melting temperature of the systems.

2. Methods
In this section, we present the detail of the interatomic potentials employed in our MD simulation. The
procedures for the calculation and the analysis of the results are also explained thoroughly.

2.1. Interatomic potentials

Two types of the interatomic potentials, i.e., the EAM [11,12] and the MEAM [13] are used to describe
the interactions between atoms in the simulation system. The formalism of the total energy in the EAM
type potential is written as [10]

E=3 [1'; (p,)+ %;}@ (8, )J

. O]
where F; is the embedding energy as the function of the average electron density ;: and ¢, is the pair

potential between atoms i and j separated by a distance R, . The electron density of atom i is obtained

from the sum of the electron density of the neighbouring atom j,

Pi :ij(Rg'i)
J#i X (2)
In the MEAM potential, the angular terms are included in the formulation of the total atomic electron
density to account the directional character of bonding. The total atomic electron density is obtained
from the combnation of partial electron density from different angular contribution with weighting
factor # in which & = 1 - 3. Each partial electron density is the function of atomic configuration and
the atomic electron density p*” (h =0 -4),

P (R)= pyexpl-p" R/ 7, ~1)] ®

s

where p . S*, and r, are atomic electron density scaling factor, decay lengths, and the nearest-
neighbor distance in the equilibrium reference structure, respectively.

The parameters of the EAM and the MEAM potential are normally fitted from the results of the ab
initio calculations. In this simulation, we choose the EAM and MEAM parameters for NiT1 system
generated by Zhou et al. [9] and Ko et al. [10], respectively.

2.2. Simulation procedure and results analysis

All the MD simulations are carried out using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package [14]. At first, we generate the atomic configuration of nickel, titanium,
and NiT1 system in fec, bee, and b2 crystal structure, respectively. The dimensions of the supercell 1s 10
% 10°< 20 unit cells along the x-, y-, and z-directions. Figure 1 shows the initial structure of the nickel,
the titanium, and the NiTi alloy systems.

[
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Figure 1. The initial configuration of a two-phase system of (a) nickel, (b) titanium, and (¢) NiTi
alloys. The green and gray balls correspond to nickel and titamum atoms, respectively.

The constant temperatures and the pressure are achieved in this simulation using the NPT Nosé-
Hoover procedure [15,16]. The Verlet algorithm is used to solve the equations of motion numerically.
The timestep of our MD simulation is 1 fs. Each MD simulation is performed for 100 ps (100.000 MD
steps). The atomic configurations are visualized using the Ovito software [17]. In this simulation, we
calculate the melting temperature 7', of nickel, titanium, and NiT1 alloy using a method, so called two-
phase approach which exhibit the good accuracy in our previous simulation of aluminium system [18].
It initial configuration consist of two different structure, i.e., crystal and liquids. The atoms located in
the upper half of the system are melted, while the lower half atoms are maintained in the crystal structure.

The density profile analysis is used to observe the spatial structure of the system [19]. The atomic
structures in the system are identified by Bond-angle analysis [20].

3. Results and Discussion

In this section, we compare the melting temperature of the nickel, titanium, and NiT1i alloy estimated
from two-phase approach by employing EAM [9] and MEAM [10] potentials in the MD simulations.
Further, we also report our results of the atomic structure composition when the systems reach the
melting temperatures.

3.1. Melting temperatures of nickel, titanium, and NiTi alloys

One of the method widely used to estimate the melting temperature of the metal system in the MD
simulation is two-phase approach. This method is known for its accuracy compared with other method.
In our previous MD simulation of aluminium system, it has been shown that the result from two-phase
approach is better than that one from one-phase approach [18].

The MEAM potential has been reported to outperform the EAM potential at low temperature
simulations of NiTi alloy [10, 21]. The MEAM potential by Ko et al. can reproduce the more accurate
lattice parameter of NiTi alloy than the EAM potential by Zhou et al. [21]. The martensitic
transformation of NiTi alloy can also be described accurately using MEAM potential [10]. However,
the result can be different in other simulation condition. Therefore, we currently examine the
performance of MEAM and EAM potential for nickel, titanium, and NiTi alloy at high-temperature MD
simulation. The higher accuracy of the calculated melting temperature indicates the better performance
of the potential at high temperature.
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Figure 2. The atomic density profiles of nickel system (upper) and its scatter plots of atomic position
In x- vs. z-axis (lower) The structures are obtained from the results of MD simulation at (a) 7" < 7.

Figure 2 shows the atomic density profile and the scatter plots of the atomic position in x- vs. z- axis.
The density profile and the scatter plot of the nickel atoms at the temperature T" of the system below the
melting temperature 7', are found in figure la. It 1s clearly shown that the structure 1s in the regular
arrangement indicating the that the recrystallization occurs in this temperature. When the MD simulation
are performed at the melting temperature (7' = 7,,) as it appears in figure 1b, the liquid part induce the
melting of some atoms in the crystalline part. In this figure, the atoms around the crystalline boundary
transform into the liquid structure. It can be seen in figure lc that the all the nickel atoms change into
the liquid structure when the temperature of the system is higher than the melting point (7"> 7.,). In this
condition, the atomic structure is completely disordered.

Table 1. The melting temperatures of nickel, titanium, and NiT1 alloys obtained from the
experimental data and from this MD simulation by employing MEAM and EAM potentials.

Melting Temperature 7, (K) Accuracy (%)
Experiment® MEAMP EAMP MEAM EAM
Ni 1728 1900 +25 1525 +25 90.04 % 88.25 %
Ti 1943 1725 £25 1550 £25 88.78 % 79.77 %
NiTi 1583 2200 £25 1500 £25 61.02 % 94.76 %
* from ref. [22, 23].
b This work.

The melting point of nickel, titanium, and NiT1 alloy from experimental data and our calculated
results are presented in table 1. The calculated melting temperature of nickel, titanium, and NiTi alloy
using MEAM potential are around 1900 K, 1725 K. and 2200 K, respectively. The results of nickel and
NiTi alloy system overestimate the experimental values [22.23], while the calculated melting point of
titanium below the experimental value [22,23]. When the EAM potential is employed in the simulation,
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nickel erystal melt at 1525 K and titanium erystal change to the liquid at 1550 K. The NiTi alloy melt
at 1500 K when using the EAM potential. All the results of EAM potential are lower than the
experimental values [22.23]. It also can be seen in table 1 that the results of MEAM potential exhibit
much better accuracy for the system with one species of atom. However, the accuracy of EAM potential
is better than the MEAM potential for the alloy system. These results show that the EAM potential
outperforms the MEAM potential at high temperature simulation of NiTi alloy, in particular around the
melting temperature. It is also shown in our previous simulations that the EAM-type potentials for Al
and FeCu alloy give the aceeptable performance at high temperature condition [18,24].

3.2. Atomic structures in the melting temperature

In this subsection, we show the composition of the atomic structure of the nickel, titanium, and NiTi
alloy at their calculated melting temperatures. This information is important to understand the behavior
of the melting process for each system.
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Figure 3. The population of local atomic structure at the calculated
melting temperature of nickel, titanium, and NiTi alloy by employing
MEAM potential by Ko et al. and EAM potential by Zhou et al.

Figure 3 shows the population of the atomic structure at the calculated melting temperature of nickel,
titanium, and NiTi alloy using MEAM and EAM potential. It can be seen from figure 3 that in all
simulation system, the population of the atomic structures are dominated by the liquids by more than 50
percent. The small population of the original crystalline structure of the system is still found. Some other
crystalline structure are also formed in this condition. Irom these results, we know that the single crystal
structure of nickel, titanium, and NiTi alloy will form some other crystal structure before they transform
into the liquids structure.

4. Conclusion

We have evaluated the performance of the MEAM potential by Ko et al. and the EAM potential by Zhou
et al. for nickel, titanium, and NiT1 alloy system at high temperature MD simulations. We have obtained
the calculated melting temperatures in those simulation systems using two-phase method. In this
simulation, the accuracy of MEAM is slightly better than the EAM potential for the nickel and titanium
system. The accuracy as high as 94.76 % for NiTi alloy system can be achieved by implementing the
EAM potential, while the MEAM potential gives only 61.02 % of accuracy. These result shows that the
EAM potential by Zhou et al. outperforms the MEAM potential by Ko et al. for high temperature
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simulation of NiTi alloy. Further, we also investigate the atomic structure of the nickel, titanium, and
NiTi alloy at the melting temperature. We found in all system that the liquid dominates the structures
composition by more than 50 %. It can also be seen that some types of the crystal structures are formed
before the atoms melt.
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