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In this paper, we perform a computer simulation
to investigate the melting point at zero pressure of B2
NiAl intermetallic alloy by using LAMMPS with EAM
potential developed by Mishin et al. Simulation box
contains 20%20%20 unit cells with 16000 atoms, periodic
boundary conditions are applied in three directions. To
verify the quality of Mishin potential we first conduct
several simulations to calculate defects formation
energy, cohesive energy, equilibrium lattice constant and
elastic constants of this alloy at absolute zero. The main
simulation is performed by using one-phase method
in NPT ensemble. Simulation results are analyzed and
visualized by Ovito using radical distribution function and
common neighbor analysis method. We observe B2 NiAl
bulk alloy that begins to melt at 1840 K and crystallizes
at 1153 K with critical cooling rate higher than those
of almost other alloys. The good agreement between
simulation results and experiment suggests that we should
continue using Mishin potential for further work in B2
NiAl case study with more sophisticate simulation.
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[IprMeHeHO KOMIIBIOTEPHOE MOJAECIUPOBAHUE JUIS HC-
CJICZIOBaHMS TOUKH IUIABJICHUS TIPU HYJICBOM JaBICHUU
narepmeraumaa NiAl co ceepxcrpykrypoit B2 ¢ ncrnomns-
30BaHMEeM Lammps mporpaMMHOro KOMILIEKCA ¢ HOTEH-
[[UAJIOM B3aUMOJEHCTBHSI aTOMOB, TIOJIy4€HHOI'O MO Me-
TOJy MOTpYXEHHOTO aToma B padore Y. Mishin u ap.
Paccunrannslii 6110k kpucramia conepskain 20x20x20 aine-
MEHTAapHBIX siueek, Brimovarommx 16000 atoMoB, K rpaHu-
I1aM PacyeTHOTO OJIOKA ITPUKJIA/(IBAJICH TIEPUONUECKHE
TpaHUYHbBIC YCIIOBUS B TpeX HanpasieHusx. /s Bepudu-
Kal[uy KadecTBa moTeHuana Y. Mishin u apyrux Obutm
BBITIOJIHEHBI KOMIIBIOTEPHBIC SKCTIEPUMEHTBI [0 BBIYHCIIC-
HHIO SHEPT Uil 00pa30BaHus TOUCYHBIX NE(DEKTOB, SHEPTHU
KOT'€3WH, PABHOBECHOTO NapaMeTpa PeleTKH U yIIPpyrux
KoHcTaHT crutaBa NiAl npu abcomoTHoM Hyste. OcHOBHAs
Ipoleaypa MOAEIMPOBaHUs OblIa MMPOBECHA 110 METO-
ny onHodaznoro PVT ancam6mus. Pesynbrarser Mmomenu-
poOBaHUs OBUIM NPOAHAIM3MPOBAHBI M BU3yAITM3UPOBaA-
HBI C UCIIOJIb30BaHUEM IIPOIpaMMHOTO KomIuiekca Ovito
U ¢ QYHKIMH PaguajbHOTO pacIpeesicHus U aHan3a
oOmero yncia coceseil aromoB. MccienoBacst HHTEp-
metaumu NiAl cBepxcTpykrypsl B2 B 00beme HaunHas
¢ Temrepatypsl miasneHus: 1840 K u BO3HUKHOBEHHUS
KpucTtannusauuu npu temneparype 1153 K ¢ Beicokoit
CKOPOCTBIO OXJIaXAEeHHUsS. XOpOIlIee COrnacue pesylib-
TaTOB MOZEIMPOBAHMS M AKCIICPUMEHTAIBHBIX JaHHBIX
MOATBEPKJIAET BO3MOXKHOCTh IPUMEHEHHUS IOTEHLUANA
Y. Mishin n apyrux s gajgbHEHIINX padoT 1o uccie-
JoBaHuio crutaa NiAl cBepxcTpykTypsl B2.

Knioueswte cnosa: MonexyisipHast JTUHaMuKa, lammps, Me-

TOJ IMOTEHIIMAJIAa MMOTPYKECHHOI'0 aTOMa, TOYKa IIaBJICHUS,

(1)8.30Bl>lﬁ nepexon, KpuThuieCKkass CKOPOCThb OXJIaXKICHUA,

JarpaMMa TeMIlepaTypHO-BPEMEHHOH TpaHc(hOpManu.
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1. Introduction

NiAl possesses seven different crystal phase: B2, B1, L1,
L1, B32, “40” (NbP prototype) and B20 [1]. Among these
structures, B2 (CsCl-type, Pm3m space group) is the most
stable one both at ambient and very high pressure at room
temperature [2]. The B2 NiAl compound is of particular
interest from a mechanical point of view that motivate its
extensive use in industry [3]. This class of intermetallic alloys
is very promising materials for high temperature and pressure
applications. Currently, it is being examined for use in diesel
engine turbocharger rotors, high-temperature die and molds,
hydro turbines, and cutting tools due to excellent oxidation
resistance, high melting temperature, low density (5.9 g/cm®)
and high thermal conductivity (4 to 8 times those of Ni,Al
superalloys) [4-6].

Calculation of the thermodynamic melting point is
not trivial for bulk metal, as has been shown by various
study groups [7], in which several methods have been
published. Generally, evaluating the melting point
is not a straightforward approach because it requires
the calculation of Gibbs free energies, which is a multi-
stage process that needs several different molecular
dynamics simulations. In case of B2 NiAl alloy many
studies have conducted to find its melting point under
various pressure, however the results are significant
different between these research groups [1, 2, 4].
The discrepancies may come from different method
and potential applied. Even in the simplest case when
pressure equal zero, there are two different experiment
values of B2 NiAl melting point 1911 K and 1995 K were

reported from literature [2, 4, 8]. The authors of this work
would like to provide another perspective to this classical
problem in thermodynamics.

Many potentials have been developed for Ni-Al
system, including the Finnis-Sinclair potential of Yan and
the EAM potentials by Foiles and Daw, Voter and Chen.
However, in this work, to investigate the melting point
for bulk B2 NiAl we chose the embedded-atom-method
(EAM) potential developed by Mishin et al [1]. This
potential was developed in 2009 using empirical fitting
method. The version, which is compatible with LAMMPS,
is available for download from http://www.ctcms.nist.gov/
potentials/.

To assess the qualities of this potential, at first we
performed several simulations to determinate the defect
formation energy, lattice constant, elastic constants and
cohesive energy at absolutely zero. The results were given
on Table 1, 2.

According to the table 1 the smallest formation energy
is Ni, and then V, and V . Therefore in NiAl alloy, when
Ni is rich, the most possible defect is antisite Ni on Al
sublattice. But when Al is rich because the formation
energy of Al .is higher than that of V then V|, is most
possible defect in the NiAl alloy. These predicts are good
agreement with experiment result for defect behavior
of Ni-rich and Al-rich NiAl alloy [3].The calculation
results from table 1, 2 prove that, this potential accurately
reproduces many properties on B2 phase, therefore, it
is appropriate to use Mishin potential to perform more
challenging molecular dynamic simulations.

Table 1: The defect formation energy from our simulation and other results

Type of defect This work Caro [9] Wang [10]
V,, 1.14 1.07 1.063
\ 1.76 1.63 1.335
Antisite Al 225 2.11 2347
Antisite Ni,| -0.32 -0.25 -0.150

Table 2: Lattice constant, cohesive energy and elastic constants of B2 NiAl

Parameter This work Experiment [1, 6]
Lattice constant a (A°) 2.83 2.88
Cohesive Energy E (eV) -4.51 -4.50
C, (GPa) 186 199
C,, (GPa) 132 137
C,,(GPa) 113 116
Bulk Modulus (GPa) 150 157

2. Calculation of melting point

In this paper we were performed a molecular dynamics
simulation based on one-phase method [7] to calculate
the melting point of B2 NiAl alloy at zero pressure.
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This method is empirical, which based on the classical
nucleation theory [2]. In this method, there is a sudden
change in volume (potential energy) when solid is
heating at superheating temperature T, far beyond
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the melting temperature T _, and when liquid is cooling
at supercooling temperature T far below T, . The volume-
temperature V-T (or potential energy-temperature) curve
show the hysteresis effect of heating solid and cooling
liquid. The melting point T, can be estimated from T,
and T by the following formula [2, 7, 11]

h

Tm = Tsh + Tsc_ TshTsc . (1)

The simulation was performed within NPT
thermodynamic ensemble using LAMMPS-an open
classical molecular dynamics code [12]. In our lab
LAMMPS was compiled with MPI and GPU package
by NVIDIA CUDA toolkit to accelerate computing
efficiency. Simulation box contains 20x20x20 unit
cells with 16000 atoms, periodic boundary conditions

are applied in three directions. During simulation,
thermodynamic properties such as energy, enthalpy,
temperature, pressure, volume... were closely monitored.
The solid phase simulation began from a perfect B2
lattices The first 1 ns (10° timesteps) was using to equilibrate
to the temperature of 300 K with Nose-Hoover themostat and
barostat method [13] was applied to control temperature and
pressure (0 bar). After that the equilibrium system was used
by increasing temperature from 300 K to 2500 K far beyond
estimate melting point in 3 ns with heating rate ~ 7.33x10" K/s.
The next 1 ns was used to archive equilibrium at 2500 K. This
approach was used for the equilibrium liquid phase in which
the temperature was decreased in 20.5 ns with cooling rate
~ 1.07x10" K/s from 2500 K to 300 K, far below estimate
T . The Potential Energy-Temperature curve (figure 1) was
plotted from LAMMPS’s data file after simulation finished.

B2 NiAl Heating-Cooling diagram
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Figure 1: Heating-cooling curve of B2 NiAl at zero pressure, the red line
and the blue line are heating curve and cooling curve, respectively

From the figure 1 it is apparent that in heating curve
there is a sudden change in potential energy at superheating
temperature T, =2345 K and at supercooling temperature

T_=1106 K in cooling curve. Therefore, according to
formula [2, 7, 11] the melting point at zero pressure of B2
NiAl is approximately 1840 + 25 K.

Table 3: Melting point of B2 NiAl at zero pressure

Results This work

Zhang [2]

Experiment 1 [2] Experiment 2 [8]

T (K) 1840

1850

1911 1995

To verify the melting point we were using radical
distribution function g(r) (RDF), it is one of the most
powerful technique to analyze the structure of material,
particularly for liquid. The RDF for B2 NiAl system can
be calculated as follow:

J, 2

v
g;(r)= NN Zj;(

where V is volume of the system, n,, (r —&8r/2,r +8r/2)
is average number of atom j surrounding atom i in a

n, (r—38r/2,r+38r/2)

4mr’dr
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spherical shell within r+ 81‘/ 2,N, Nj are total number
of atom i and j.

Figure 2 depicts the RDF curves of B2 NiAl from our
simulation at 300 K, 1840 K, and 2500 K, respectively.
At 300K curve depicting crystalline state with well-
defined RDF peak up to 5.5 A°, indicate solid structure.
With the temperature increasing up to 1840 K, these
peaks begin to vanishing peak height with very broad
RDF peaks, indicate liquid state. At 2500 K the second
RDF peak is complete vanished means it was completely
melted.
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Figure 2: RDF curve of NiAl from melting simulation at 300 K, 1840 K, 2500 K

It should mention that we chose the simulation time
for cooling process (20.5 ns in 20.5 million time steps)
much longer than heating process (3 ns) because we
have to achieve the cooling rate lower than critical
cooling rate k of B2 NiAl so crystallization process can
be happen. Without crystallization, the sudden change
of potential energy in cooling curve will no longer exist.
The temperature, at which the crystallization process
begins to occur can be estimated from heating-cooling
diagram as figure 4, or from RDF curve when the height

of second peak starting to increase, indicate ordered solid
structure. However, in this article we used the common
neighbor analysis method integrated in Ovito [14, 15]
because this method gives more detail information about
structure type of bulk NiAl during simulation. It was
found that the crystallization of disordered liquid NiAl
in cooling process is starting at approximately 1153 K.
At the supercooling temperature T =1106 K as visualized
on figure 3 by Ovito, 52% atoms in simulation box have
recovered to B2 ordered from disordered liquid NiAl.

Color Structure Count Fraction Id
v Other 7608 47.5% 0
v FCC 6 0.0% 1
v/ B HCp 58 04% 2
v/ ] BCC 8328 52.0% 3
v ICO 0 0.0% 4

Figure 3: Structure type of simulation box at 1106 K in cooling process

When metallic liquids solidify at the cooling rates
higher than critical cooling rate k, nucleation can be
suppressed, producing metallic glasses with an amorphous
structure. Under such circumstances, the liquid structure
with a short-range order remains in a solid amorphous
state without long-range translation order. Each material
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has its own critical cooling rate k, which can be estimated
from the position of the “nose” on the time-temperature-
transformation (TTT) diagram [16]. Most alloys require
a critical cooling rate of about 10° K/s for the formation
of an amorphous structure, while pure-element metals
require critical cooling rates as high as 10" K/s [17, 18].
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In our simulation of cooling process, the temperature
of simulation cell was decreased from 2500 K to 300 K
in 20.5 ns. The default simulation time step is 1 fsmeans
the cooling rate in our simulation is approximately

1.07x10" K/s. We concluded that the critical cooling
rate of B2 NiAl have to be 10° times bigger than critical
cooling rate for most alloys.
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Figure 4: Time-Temperature-Transformation diagram
for crystallization of the supercooling (undercooled) liquid NiAl alloy [19]

Figure 4 shows the Time Temperature Transformation
diagram of NiAl intermetallic in the work of Levchenko
et al [19]. This is the first time the TTT diagram
for crystallization of stoichiometric intermetallic NiAl has
been determined using MD simulation. From this diagram
we can be estimate the critical cooling rate for the formation
of amorphous NiAl. It was found to be very high, about
10" — 10" K.s™!, this value is agree well with the cooling
rate from our MD simulation. Unlike almost others alloy,
the critical cooling rate of liquid NiAl alloy is comparable
with similar estimations for pure metal [18, 19].

Conclusion

The good agreement between the results from our
work and experiment, simulation results from other

research group have proven that the Mishin potential
well suited for simulation of NiAl behavior in B2
phase. It should be noted that the time-temperature-
transformation diagram in the work by Levchenko et al
[19] was obtained from molecular dynamic simulation
with another version ofMishin EAM potential, which
was particularly developed for B2 NiAl in 2002 [20].
However, this potential predicted the melting point of B2
NiAlby using two-phase method at 1520 K, 20% lower
than experiment value of 1911 K.Therefore, it is expected
to obtain more accurate time-temperature-transformation
diagram for B2 NiAl alloy with the same potential using
in our work. This problem will be discussed more detail
in our future work.
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