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Molecular Dynamics Simulation of Nucleation from Undercooled Melt of Nickel-
Aluminum Alloy and Discussion on Polymorphism in Nucleation
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Nucleation from undercooled melt of Ni—Al alloy is investigated by molecular dynamics (MD) simulation. Multiple nucleation of NiAl
nuclei with B2 structure appears from undercooled melt of Ni-50 at%Al, which forms a fine microstructure of B2-NiAl. On the other hand,
stepwise phase transition happens from undercooled melt of pure Ni, which is known as Ostwald’s step rule. That is, body-centered-cubic (BCC)
phase appears first from the undercooled melt and then face-centered-cubic (FCC) nucleation occurs from the inside of previously existing BCC
nucleus. Origin of the polymorphism in stepwise nucleation of Ni and the preferential nucleation of B2-NiAl from melt of Ni-Al alloy is

discussed on the basis of classical nucleation theory.
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1. Introduction

Nucleation is a fundamental phenomenon of a first-order
phase transition and it appears on every scene of pattern
formation process.” In association with materials science and
metallurgy, nucleation is essential for producing practical
products of metallic materials since most of metallic
materials are produced via nucleation and solidification.?)
Therefore, it is essential to understand a nature of nucleation
from both fundamental and practical viewpoints. However,
it is not straightforward to capture a kinetic picture of
nucleation since it is difficult to observe nucleation directly
during production process of practical materials. Meanwhile,
molecular dynamics (MD) simulations have contributed to
shed light on a kinetic picture of nucleation® such as
nucleation rate,*> polymorph,®”) non-classic behavior®? and
athermal nucleation.'”? Moreover, multiple nucleation in
recent large-scale MD simulations with more than billion
atoms enabled direct formation of polycrystalline micro-
structure via nucleation,''? which drastically pushed up the
role of MD simulations in the field of computational
metallurgy.'>'¥ For more information, MD studies on
nucleation in past few decades are closely reviewed by
Sosso and coworkers.?)

However, MD studies on nucleation of alloy system are
not so many at present compared to those of pure metals
whereas most of practical products of metallic materials
consist of alloys and compounds. This is mainly due to the
lack of established potentials for alloys system in the past.
Fortunately, recent progress in the development of interatomic
potentials for many practical alloys including intermetallic
compounds'>!'? encourages us to push forward MD
simulations of nucleation for various alloy systems such as
Ni-Pd,'® Ni-Ti,'? Al-Cu,”” Ni-AL*" Cu—Zr,2" Ni-Zr??
and Ni-Al-Pt>® However, there are few studies of
contentious processes of nucleation, solidification and micro-
structure formation of intermetallic compounds although
some recent works start capturing a kinetic aspect of one
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nucleus of intermetallic compounds.?’?? To this end,
nucleation and subsequent solidification of alloy system
including intermetallic compounds are investigated by large-
scale MD simulations in this study. Here, homogeneous
nucleation from undercooled melt of Ni—Al alloy is examined.
Ni-Al alloy is employed as a model case, in which NiAl has
a body center cubic (BCC)-based (B2) structure in spite of
both Ni and Al have face centered cubic (FCC) structure.
Also, Ni-Al alloy is a good example since it is one of the most
practical nickel-base alloy. This paper is organized as follows.
After describing the simulation methodology in Section 2,
nucleation and solidification from undercooled melt of Ni-
50 at%Al is examined in Section 3.1 and those of pure Ni
is examined for comparison in Section 3.2. Origin of the
polymorphism in stepwise nucleation of Ni and the
preferential nucleation of B2-NiAl from melt of Ni-Al alloy
is discussed on the basis of classical nucleation theory in
Section 4. The conclusions are provided in Section 5.

2. Simulation Methodology

MD simulations are performed using Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS).2% An
embedded atom method (EAM) potential fitted by Purja Pun
and Mishin®> is employed for the interatomic potential of
Ni-Al binary system. The parameter files for the EAM
potential listed on the Interatomic Potentials Repository
(IPR) at National Institute of Standards and Technology
(NIST)'>1®) are utilized for the MD simulation. The velocity—
Verlet method is used to integrate the classical equation of
motion with a time step of 1.0fs. The Nose-Hoover
thermostat and barostat’®>” are employed to control temper-
ature and pressure. The open visualization tool (OVITO)?® is
used for visualization of simulation results and post-analyses
by adaptive common neighbor analysis (a-CNA)*? to
identify local atomic structures. The initial configurations
for the melt of Ni-50 at%Al and Ni are prepared by heating
FCC crystals of Ni and NiAl with 4,000,000 atoms in a cell
of 35.2nm?* (100 x 100 x 100 unit cells) at 3000K for 1ps
with the isobaric-isothermal ensemble. Then, obtained initial
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structures are relaxed at 1100 K for 3000 ps with the same
ensemble and nucleation and subsequent solidification
processes are investigated. Periodic boundary condition is
employed for all calculations. Note that the melting point of
pure Ni of this EAM potential is approximately 7;, = 1680 &
20K, which is estimated by the convergence temperature
technique.3®*" Detail of this estimation is summarized in
Appendix A. After main MD simulations, atomic config-
urations are analyzed by a-CNA?? to identify local atomic
structures such as FCC, BCC and liquid for all atoms in the
simulation cell. Main MD calculations are performed on a
high performance computing (HPC) cluster system with
Intel(R) Xeon(R) E5-2690 (8 cores/CPU) and 256 cores (32
CPUs) are parallelized with the message passing interface
(MPI).

3. Results

3.1 Nucleation and solidification of NiAl from under-
cooled melt of Ni-50 at% Al

Figure 1(a) shows snapshots of the simulation cell during
3000 ps calculation of nucleation and solidification from
undercooled melt of Ni—50at%Al. Atoms are colored
according to local atomic structure defined by a-CNA.
Atoms with other configurations by a-CNA (i.e., liquid, grain
boundary and other defects) are not shown for the clarity of
the figure. It is confirmed from snapshots that multiple
events of nucleation happen simultaneously around 200 ps
and many of small grains with BCC configuration are
subsequently formed. Then, small grains grow into a fine
microstructure via solidification by 1000ps. There is no

(@)

significant difference in the snapshot after 1000 ps. The
structure with BCC configuration defined by a-CNA
basically corresponds to B2 structure of NiAl as discussed
later. Figure 1(b) shows time dependence of the number
of atoms for each local atomic structure defined by a-CNA
and that of potential energy per atom in the system. Atoms
with BCC configuration drastically increases as soon as
multiple nucleation happens and correspondingly the number
of atoms with Frank’s icosahedral (ICO) and other
configurations (i.e., liquid) decreases. Although the number
of atoms with FCC and hexagonal close-packed (HCP)
configurations slightly increases at the initial stage, these
numbers are negligible compared to that of BCC config-
uration. The potential energy monotonously decreases as
nucleation and subsequent solidification proceed. The drop
of potential energy becomes the largest at around 750 ps. It
corresponds to the drastic increases of atoms with BCC
configuration and the decrease of atoms with ICO and other
configurations, which represents phase transition from liquid
to solid phase.

Figure 2 shows the snapshot of atomic configuration for
representative grains obtained after 3000 ps calculation,
which is colored by elemental species. The other grains are
not shown for the clarity of the figure. As clearly shown in
the enlarged view, Ni and Al atoms are arranged alternately.
Extracted atoms consist of the sublattice of BCC structure,
which is a typical B2 structure (see Fig. 3(a)). This agrees
with the knowledge from phase diagram.3? Then, when does
the B2 structure appears? Figure 3(b) shows snapshots of
atomic configuration at the initial stage of nucleation from
undercooled melt of Ni-50at%Al. In the snapshots, only

Fig. 1

Number of atoms

Potential energy
E/ eV atom-1

1000 2000 3000
Time, tips

(a) Snapshots of the simulation cell during 3000 ps calculation of the nucleation and solidification from undercooled melt of

Ni-50at%Al at 1100K. Blue, red, green yellow atoms represent atoms with BCC, HCP, FCC and Franks’ icosahedral (ICO)
configurations defined by adaptive common neighbor analysis (a-CNA). Atoms with other configurations (i.e., liquid, grain boundary and
other defects) are not shown for the clarity of the figure. (b) Time dependence of the number of atoms for each local atomic structure (top)
with an enlarged view around starting point (middle) and the potential energy per atom in the system (bottom).
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extracted
atoms

Fig. 2 Snapshots of atomic configuration for representative grains obtained after 3000 ps calculation. Red and blue atoms represent Al and
Ni, respectively. Black thick lines represent sides of the calculation cell. The inset shows the enlarged view of atomic configuration of Ni
and Al atoms in the grain observed from [001] direction. Structure of atoms extracted from the area shown by black square in the

enlarged view is also drawn.
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Fig. 3 (a) Crystal structures of B2 and BCC structures. (b) Snapshots of atomic configuration at the initial stage of nucleation from
undercooled melt of Ni-50at%Al. Red and blue atoms represent Al and Ni, respectively. In the snapshots, only atoms with BCC
configuration defined by a-CNA are shown. Scale bars represent 1.5 A.

atoms with BCC configuration defined by a-CNA are shown.
Apparently, B2 structure already appears at the very
beginning of the nucleation before 100 ps. Therefore, it is
considered that the B2 structure of NiAl appears directly via
nucleation rather than via preferential nucleation of Ni and
(or) Al matrix and subsequent phase transition into B2 phase.
The reason of preferential nucleation of B2 structure is
quantitatively discussed from kinetic viewpoint in Section 4.

3.2 Nucleation and solidification of pure Ni from
undercooled melt
Next, nucleation and solidification from undercooled melt
of pure Ni is examined using same interatomic potential for
comparison. Figure 4(a) shows snapshots of the simulation
cell during 3000ps calculation of nucleation and solid-
ification from undercooled melt of pure Ni. Atoms are

colored according to local atomic structure defined by a-
CNA. Atoms with other configurations by a-CNA (i.e.,
liquid, grain boundary and other defects) are not shown for
the clarity of the figure. In the initial stage, atoms with ICO
configuration appears in the liquid phase and a BCC nucleus
appears among them. Then, the BCC nucleus quickly
changes into FCC one and FCC crystal including several
stacking faults grows into all parts of the system. Unlike the
case of Ni-50at%Al, only one nucleus grows larger via
nucleation from the undercooled melt of pure Ni and an FCC
single crystal with several stacking faults is formed as a
result.

Figure 4(b) shows time dependence of the number of
atoms for each local atomic structure defined by a-CNA and
that of potential energy per atom in the system. As observed
in the snapshot, the number of atoms with ICO configuration
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Fig. 4 (a) Snapshots of the simulation cell during 3000 ps calculation of nucleation and solidification from undercooled melt of pure Ni at
1100 K. Blue, green, red and yellow atoms represent atoms with BCC, FCC, HCP and Franks’ icosahedral (ICO) configurations defined
by a-CNA, respectively. Atoms with other configurations are not shown for the clarity of the figure. (b) Time dependence of the number
of atoms for each local atomic structure (top) with an enlarged view around starting point (middle) and the potential energy per atom in

the system (bottom).

increases at the beginning, which is followed by the increase
of the number of atoms with BCC configuration as shown
in the enlarged view. This trend agrees with our previous
simulation of homogeneous nucleation of BCC-Fe from
undercooled melt iron,'? in which the local accumulation of
atoms with the ICO configuration in the undercooled melt
enhanced the nucleation of BCC-Fe nuclei. Then, the number
of atoms with FCC configuration drastically increases while
those of ICO and BCC configuration decreases. As the
number of atoms with FCC configuration increases, that of
HCP configuration slightly increases. However, this repre-
sents the formation of stacking faults in FCC rather than that
of HCP phase as shown in the snapshot. Note that CNA
technique does not distinguish between stacking fault in FCC
and bulk HCP structure in general. Interestingly, potential
energy as a function of time drops in two steps. That is, first
drop happens when the number of atoms with ICO and
subsequent BCC configuration increases. After a short
plateau stage, second drop happens when the number of
atoms with FCC configuration increases. Since BCC phase
is metastable and FCC phase is stable for pure Ni, it is
considered that stepwise phase transition happens, which
leads to polymorphism during the nucleation stage.
Nucleation of metastable phase from undercooled melt
under large undercooling temperature has long been known
as Ostwald’s step rule®® and it has been widely observed in
experiments over many years.>*>7) According the Ostwald’s
step rule, free energy hierarchy, which is relative magnitude
of driving forces among the possible phase transitions, causes
stepwise phase transition via metastable phases. The stepwise
phase transition has been widely discussed from thermody-

namic viewpoint’® and these discussions have contributed
the interpretation of rapid cooling technique from practical
viewpoint.>” On the other hand, polymorphism during
nucleation has been also found in recent MD simula-
tions.®”3® In these studies, BCC-like nucleus first appeared
and transformed into FCC crystals from inner of the
preordered cluster even though the Lennard-Jones potential
was employed, in which FCC structure should be stable.
Figure 5 shows snapshots of stepwise phase transition during
the nucleation from undercooled melt of pure Ni observed in
Fig. 4. A BCC nucleus appears from undercooled melt and
it transforms into FCC one from inner of the cluster, which
agrees with previous reports by MD simulations.®”) There-
fore, it is considered that the stepwise phase transition occurs
via polymorphism within nucleus rather than mere competi-
tion between BCC and FCC nucleation from undercooled
melt.

4. Discussion

Here, polymorphism in a small nucleus is discussed from
kinetic viewpoint. According to classical nucleation theory,”
nucleation of spherical nucleus with radius » in the
undercooled melt cause a difference in free energy as:

4
AG = 4nrog — gm3AGV (1)

where AGy is the difference in Gibbs free energy between
liquid and solid, and oy is the solid-liquid interfacial energy.
Now, let us consider eq. (1) for following three cases: (i)
BCC nucleation from undercooled melt, (i) FCC nucleation
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Fig. 5 Snapshots of stepwise phase transition during the nucleation from undercooled melt of pure Ni. Scale bars represent 0.5 nm. Blue,
green and red atoms represent atoms with BCC, FCC and HCP configurations defined by a-CNA, respectively. Atoms with other

configurations are not shown for the clarity of the figure.

from undercooled melt, and (iii) FCC nucleation from BCC
crystal. To discuss our MD results quantitatively, AG) and
og, for above three cases should be derived using the EAM
potential employed in this study.”> AG) can be derived using

the following Gibbs-Helmholtz equation relation:**)

a (AG AH
EGIN @
P
where AHy (= H. — Hs) is the difference in enthalpy, H
between liquid (L) and solid (S) and T is the temperature.

Since AGy becomes zero at the melting point 7,,, following
relation is obtained.

T /
AGy(T) = T/ %ﬂ’ (3)

T T2

Since the enthalpy can be directly calculated from MD
simulation, AGy can be derived from the difference in
enthalpy between solid and liquid.*® Assuming temperature
dependence of enthalpy to be linear as H =aT + b (a, b:
constant), eq. (3) can be summarized as

AGUT) = (.~ agTlog 7+ (b9 (1= )
Thus, AGy is derived using parameters, ar, as, by and bsg.
Figure 6(a) shows temperature dependence of enthalpy of
liquid, FCC crystal and BCC crystal of pure Ni calculated
using the EAM potential employed in main MD simulations.
Systems with 32000 (20 x 20 x 20 unit cells), 4000 (10 x
10 x 10 unit cells), and 16 atoms (2 x 2 x 2 unit cells) are
employed for liquid, FCC and BCC phase. Note that a small
system is employed for BCC Ni to utilize constraint of
structure by periodic boundary condition since BCC crystal
of Ni is not stable basically. From fitting lines in Fig. 6(a),
parameters ¢ and b are estimated to be ap =4.04 x
10_4, bL = —4.46, Aas(Fce) = 2.83 % 10_4, bS(FCC) = —445,
as@ccy = 2.57 x 107 and  bggccy = —4.41, respectively.
Substituting these values in eq. (4), temperature dependence
of the difference in Gibbs free energy between liquid and
BCC, liquid and FCC, and BCC and FCC around 1100K is
derived as shown in Fig. 6(b). AGy between liquid and FCC
phase is approximately 2.5 times larger than that between
liquid and BCC phase at 1100 K.

On the other hand, it is not straightforward to estimate
solid-liquid interfacial energy for the BCC-liquid interface
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Fig. 6 Temperature dependence of (a) enthalpy of liquid, FCC crystal and
BCC crystal and (b) the difference in Gibbs free energy between liquid
and FCC, liquid and BCC, and BCC and FCC for pure Ni by the EAM
potential employed in main MD simulations.

since BCC phase does not exist stable at high temperature.
Therefore, we employed the Turnbull’s equation,*” og =
aAHyp*3, where p is the number density of crystal and «
is the Turnbull’s coefficient. Here, apcc = 0.55 and apcc =
0.29 are employed, which are derived by fitting solid-
liquid interfacial energies of various metals from MD
simulations.*"  ppcc = 91.71 atom/nm’> and pgcc = 84.28
atom/nm’ are employed, which are directly derived from
MD simulations in Fig. 6(a) at 1100 K. Using values of AH)
in Fig. 6(a), osy(rcc) and ogp cc) are estimated to be 320 and
148 mJ/m?, respectively. Most of the previously reported
values of ogyrcc) for pure Ni are within the range between
250 and 350 mJ/m?.4%4243) Therefore, solid-liquid interfacial
energy estimated from our MD results are considered to be
reasonable. Moreover, grain boundary energy of BCC-FCC
hetero-interface, ogcc/rec is calculated from the difference
between the energy of a BCC-FCC bicrystal and the total
energy of the constituent crystals.>!) Here, we employ a BCC-
FCC hetero-interface with Nishiyama-Wassermann (N-W)
relation* known as (110)gcc//(111)gcc and [001]gcc//
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Fig. 7 Difference in free energy as a function of nucleus size for (i) BCC
nucleation from undercooled melt (blue curve), (ii) FCC nucleation from
undercooled melt (green curve) and (iii) FCC nucleation from BCC
crystal (black curve) at 1100 K.

[110]gcc. The N-W relation is employed as one of the
representative semi-coherent interfaces of BCC-FCC hetero-
interface, which fits with a rectangle cell with periodic
boundary condition. The size of constituent crystals is
484.8 x 77.49 x 28.7 A% with 129600 atoms for BCC crystal
and 484.8 x 77.49 x 35.2 A% with 210180 atoms for FCC
crystal, respectively. opcc/rec is estimated to be 821 m)J /m?.
Note that opcc/rcc depends on the orientation relationship
between BCC and FCC crystals and therefore the value of
osceyrec employed here is a reference value as a first
approximation.

Figure 7 shows AG as a function of nucleus size at 1100 K
for (i) BCC nucleation from undercooled melt, (ii)) FCC
nucleation from undercooled melt and (iii) FCC nucleation
from BCC crystal, which are defined by eq. (1) with
parameters derived above. Comparing case (i) and (ii), AG
for BCC nucleation from undercooled melt is lower than that
of the FCC nucleation for nucleus of radius smaller than 4 A.
Therefore, it is reasonable that BCC nucleus first appears in
the undercooled melt in the MD simulation. This is due to the
effect of lower solid-liquid interfacial energy of BCC-liquid
interface than that of FCC-liquid interface. However, the
difference in AG of BCC and FCC nucleation from liquid is
not so significant, which does not exclude the possibility of
direct FCC nucleation from the undercooled melt. After these
two lines cross around 4 A and AG of FCC nucleation from
liquid becomes lower than that of BCC case at larger radius
than 4 A. However, it does not mean instantanecous phase
transformation from BCC to FCC phase since these two lines
represent for AG of BCC and FCC nucleation from liquid
phase. Rather, it is important to compare cases (i) and (iii).
That is, AG for FCC nucleation from BCC matrix becomes
lower than that for BCC nucleation from undercooled melt at
larger than 9 A, where these two lines are crossing. That is,
FCC nucleation can occur from the inside of previously
existing BCC nucleus with a radius of approximately 1 nm
or larger since the emergence of FCC from BCC phase is
energetically favorable compare to further growth of BCC
phase. Actually, the radius in short-axis direction of the
elliptical nucleus at 1100ps in Fig. 5 is about 1.2-1.3 nm.
Therefore, above discussion well explains the polymorphism
in nucleation found in our simulation.

Next, preferential nucleation of B2 structure of NiAl from
undercooled melt of Ni-50 at%Al is discussed from kinetic
viewpoint in the same manner as above discussion on the
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Fig. 8 (a) Temperature dependence of enthalpy of liquid alloy of Ni—
50at%Al and B2-NiAl crystal. (b) Difference in free energy as a function
of nucleus size for B2-NiAl nucleation from undercooled melt of Ni—
50at%Al (red curve) at 1100 K. For comparison, FCC-Ni nucleation from
undercooled melt of pure Ni (green curve) at 1100K in Fig. 7 is drawn.

polymorphism. Figure 8(a) shows temperature dependence of
enthalpy of the melt of Ni-50 at%Al and the B2-NiAl crystal
around 1100K using the EAM potential employed in main
MD simulations. Systems with 1000 Ni and 1000 Al atoms
(10 x 10 x 10 unit cells of B2 structure) are employed for
both cases. From fitting lines in Fig. 8(a), parameters a and b
in eq. (4) are estimated to be a; = 4.20 x 1074, by = —4.45,
asez) = 2.83 x 10~ and bsp2) = —4.52, respectively. The
melting point of B2-NiAl crystal of the EAM potential
employed in this study is 1780 = 20K by the convergence
temperature technique.’®3!) Substituting these values in
eq. (4), the difference in Gibbs free energy between Ni—
50 at%Al melt and B2-NiAl (AGy) at 1100K is estimated to
be 9.93 x 1072V /atom. Number density of B2-NiAl crystal
(pB2.Nial) at 1100K is estimated to be 83.7 atom/nm3 from
the MD simulation in Fig. 8(a) at 1100 K. The solid-liquid
interfacial energy of the B2(NiAl)-liquid (Ni-50at%Al)
interface, ogppania 1S estimated to be 195mJ /m? from
the Turnbull’s equation with values agcc = 0.29 and AH)
estimated from Fig. 8(a).

Figure 8(b) shows AG as a function of nucleus size for
B2-NiAl nucleation from undercooled melt of Ni—50 at% Al
at 1100 K. For comparison, AG for FCC-Ni nucleation from
undercooled melt of pure Ni at 1100K in Fig. 7 is drawn.
Note that AG for FCC-Ni nucleation from undercooled melt
of pure Ni is employed for comparison since there is no
significant difference in the solid-liquid interfacial energy of
NiAl-liquid interface for the case of melt of pure Ni and that
of Ni-50 at%Al as far as assuming the Turnbull’s relation.*”)
It is confirmed that AG for B2-NiAl nucleation from
undercooled melt of Ni-50at%Al is much lower than that
of the FCC-Ni nucleation at any nucleus size. This is because
OSL(B2-NiAl) is smaller than OSL(FCC) and AGV between Ni—
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50 at%Al melt and B2-NiAl is larger than that between liquid
and FCC-Ni. Larger AGy for B2-NiAl than that of FCC Ni is
mainly caused by larger cohesive energy of B2-NiAl crystal
(—4.51 eV /atom®)) compared to that of FCC-Ni (—4.45
eV /atom?”). It is considered that this trend is applicable for
the case of FCC-Al nucleation since solid-liquid interfacial
energy of FCC-based crystal is basically larger than that of
BCC-based crystal according to the Turnbull’s relation.*?)
Therefore, it is reasonable that the B2 structure of NiAl
appears directly via nucleation rather than via preferential
nucleation of matrix phase in our MD simulation. Moreover,
low energy barrier for the nucleation of B2-NiAl well
explains the nucleation of B2-NiAl from an early stage
(i.e., almost no incubation time), whereas the nucleation of
pure Ni has a long incubation time of approximately 1000 ps
at the same temperature.

5. Conclusions

In this study, nucleation from undercooled melt of Ni-Al
alloy is investigated by MD simulation. NiAl nuclei with B2
structure directly appears from the undercooled melt of Ni—
50at%Al. On the other hand, stepwise phase transition
happens in the nucleation from undercooled melt of pure Ni.
That is, FCC nucleation occurs from the inside of previously
existing BCC nucleus. The origin of such polymorphism is
discussed on the basis of the classical nucleation theory.
Emergence of FCC from BCC phase is energetically
favorable compare to further growth of BCC phase at a
certain size of nucleus. Moreover, the preferential nucleation
of B2-NiAl from undercooled melt of Ni-50 at%Al is well
explained by the classical nucleation theory. In conclusion, it
is significant in this study to shed light on a kinetic aspect of
polymorphism in nucleation from atomistic viewpoint since it
is not straightforward to discuss it only from the observation
from experimental approach. Moreover, it is encouraging
us from viewpoint of computational metallurgy that various
types of nucleation can be explained using one consistent
interatomic potential universally. The concentration de-
pendence of nucleation for various practical alloys will be
studied in the next step.
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Appendix A. Estimation of melting point by converging
temperature technique.

Melting point in MD simulation using an interatomic
potential tends to deviate from the experimental value mainly
due to the difficulty of directly reading the melting point from
the interatomic potential curve itself.3!) Therefore, the
melting point defined by the interatomic potential should be
known in advance of main MD simulation. The melting point
of pure metal is estimated from equilibrium temperature of
a solid-liquid biphasic system, where the planar solid-liquid
interface does not move.*" Figure Al shows time de-

1800 i

1700 ]

Temperature, T/K
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Fig. A1 Time dependence of temperature of a solid-liquid biphasic Ni

system calculated by the EAM potential employed in main MD
simulation.

pendence of the temperature of a solid-liquid biphasic Ni
system with 96,000 atoms in a cell of 70.4 x 70.4 x 311.2 A
calculated by the EAM potential employed in main MD
simulation.?® The biphasic system is first relaxed with the
isobaric—isothermal ensemble for 50 ps at 1600, 1670, and
1800 K. Then, the system is relaxed with the isenthalpic—
isobaric ensemble for 950ps. Temperatures converge to
approximately 1680 + 20 K, which is regarded as the melting
point of Ni expressed by this EAM potential.
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