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Abstract

Due to their critical importance for science and technology, metallic nanoparticles have become the focus of many
researchers in recent years. Thanks to their unique physical and chemical properties, they have many applications,
ranging from mechanics and magnetics to optoelectronics and medicine. Nano-scale solidification is a crucial
stage in additive manufacturing technology, as it influences the microstructure and performance of the finished
product. In this work, we have studied in detail the microstructural evolution of a liquid nickel (Ni) nanoparticle
consisting of 10192 atoms during its rapid cooling using molecular dynamics (MD) simulations. The solidification
points of Ni nanoparticles were estimated for different cooling rates from the change in potential energy of the
system during the rapid cooling process. The microstructural evolution was analyzed in detail using pair
distribution functions (PDFs), Honeycutt—Andersen (HA) pair analyses, and atomic configuration images. The
results show that the cooling rate has a profound effect on the micro-structure of the solidified Ni nanoparticle.
While liquid Ni nanoparticle tend to form a crystalline phase when cooled at cooling rates of 0.1, 0.5 and 1.0 K/ps,

the system tends to form a glassy structure at cooling rate of 20.0 K/ps.
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INTRODUCTION

Metallic nanoparticles (MNPs) hold an
important place in the field of nanoscience
and nanotechnology due to their interesting
physical and chemical properties that are
quite different from their bulk forms [1-3].
Nano-scale solidification is a crucial step in
additive manufacturing technology as it
affects the microstructure and performance
of the final product [4]. Solidification from
the liquid is the preferred technique for
preparing MNPs. The properties of a
material depend on its microstructure,
enabling the production of metallic materials
with exceptional properties. Therefore, it is
crucial to understand the microstructural
evolution of MNPs during the solidification
process [5]. The crystallization process that

occurs during the transition from the liquid
to the solid state was studied using various
experimental methods [6-9]. However, due
to various factors involved in homogeneous
nucleation, it is difficult to analyze the
nucleation process during crystallization
using experimental methods, and only
limited information can be obtained. On the
other hand, MD simulations are a powerful
method for monitoring atomic motions
during phase transitions, allowing one to
study metal cooling at a rate not possible
with experimental techniques. Therefore,
there are many MD simulation studies on the
solidification processes of MNPs in the
literature  [3,5,10-13]. For example,
Samanteray et al. [5] investigated the micro-
structural evolution of metal nanoclusters
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during the solidification process by
subjecting them to different cooling rates
using MD simulation. They reported that the
cooling rate profoundly affects the structure
of the solidified nanoclusters. Agudelo et
al. [3] examined the size effect on the
solidification process of Ni nanoparticles
using MD simulation. They observed that
the solidification temperature increased with
increasing particle size. In this study, we
performed MD simulation with Sutton-Chen
(SC) potential to investigate the effects of
cooling rate on the micro-structural
properties and solidification and glass
transition temperatures of the system during
the rapid cooling process of liquid Ni NP.

EXPOSITION

In this study, the quantum Sutton-Chen
(Q-SC) potential, which was reparametrized
based on the Sutton-Chen (SC) potential by
Cagin et al. [14], was used to describe the
interactions between Ni-Ni in  MD
simulations. According to the Q-SC model,
the total energy, E, of a system of N atoms
can be written as follows [15]:

Evor = Xi Ei, (1)
E;=X;¢ [Zjii%v(rij) - Pil/z]s (2)
v(ry) = <%)” ()
pi =Xz 0(1ij) = Xjsi (Ta—u)m 4)

where, 7;; is the distance between the atoms i
and j, and V (r;) is the double potential
energy between the atoms i and
representing repulsive interactions in total
energy. p; is the energy density function of
the atom 7, representing the attractive term in
total energy. & ¢, a, n and m are potential
parameters. The values of these parameters
calculated by Cagin et al. [14] for Ni are
listed in Table 1.

Table 1. O-SC potential parameters for Ni

Metal g(eV) c a(A) nom

Ni 7.3767x10°  84.745 35157 10 5

All simulations for spherical Ni NPs were
performed in this study using the DLPOLY

parallel code simulation package [16]. The
model NP used in the simulations had a
diameter of 6 nm and number of atoms of
10192. The liquid Ni NP was formed using
the following procedure: first, the NP was
obtained by cutting it into a sphere from a
face-centred cubic (fcc) crystal structure.
The NP in the crystalline phase was then
heated from 100 K to 1800 K at a rate of 0.5
K/ps. Finally, the NP was equilibrated at
1800 K for 100 ps to obtain a randomly
distributed configuration in the liquid state.
To observe the effect of the cooling rate on
the solidification behavior of liquid Ni NPs,
the system was cooled from 1800 K to 100
K at cooling rates of 0.1, 0.5, 1.0 and 20.0
K/ps, respectively. All MD simulations were
performed using the NVT canonical
ensemble, with  periodic  boundary
conditions not applied to account for surface
effects on the particle. The Leapfrog Verlet
algorithm was used to solve the classical
equation of motion with a time step of 1.0 fs.
The desired temperature and ambient
pressure were controlled by the Nose—
Hoover thermostat [17] and the Berendsen
[18] approximation, respectively.

The solidification temperature of a liquid
NP can be estimated by monitoring
temperature-dependent changes in the
system's thermodynamic properties. The
potential energy curves obtained from MD
simulations for different cooling rates of
liquid Ni NP are shown in Figure 1 in
comparison with the heating curve.
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Fig. 1. Temperature-dependence of the
potentials energy of Ni NP.
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During the heating process, the potential
energy increases linearly with temperature
up to the melting temperature (Tm). At Th,
the system undergoes a first-order phase
transition, resulting in a sudden change in
the potential energy curve. In the liquid
phase, the energy curve continues to increase
linearly with temperature. During rapid
cooling, the potential energy decreases
linearly with decreasing temperature. A
sudden decrease in potential energy occurs
at cooling rates of 0.1 K/ps, 0.5 K/ps and 1.0
K/ps. This sudden decrease in the caloric
curve is a clear indication that the system is
transitioning from the liquid to the solid
phase. As shown in Figure 1, the temperature
at which this sudden decrease occurs is the
solidification temperature (T¢) of the system.
However, at a cooling rate of 20.0 K/ps, no
sudden change in potential energy is
observed; instead, there is a change in the
slope of the energy curve. This behavior
indicates that the system transforms into an
amorphous (glassy) structure at a cooling
rate of 20.0 K/ps. The glassy transition
temperature (Tg) can be obtained by finding
the intersection of the linear fit curves
applied to the potential energy curve (see
inset in Figure 1). The Tm, Tc and T values
estimated from the energy curve for Ni NP
are listed in Table 2. As the cooling rate
increases, the T, decreases.

Table 2. T,,, T, and T, values of Ni NP.

Rate Tu(K) T (K) T,(K)
Heating 0.5 K/ps 1310 — -
Cooling 0.1 K/ps - 950
Cooling 0.5 K/ps -- 900 -
Cooling 1.0 K/ps -- 850
Cooling 20.0 K/ps --- - 610

The most effective method of obtaining
information on the structural evolution of a
liquid Ni NP during rapid cooling is to
analyze the PDF, HA pair analysis and MD
simulations  snapshot in relation to
temperature. The most straightforward
method of determining whether a system is
in a solid, liquid or glassy phase is to
calculate the PDF. The PDF, g(r), can be
calculated as follows [19]:

Q N N
- (ST o

i iz
where N and Q represent the number of
atoms, and volume of the simulations cell,
respectively. Figure 2 shows the PDFs of
liquid Ni NPs cooled at different rates at 300
K, compared with the PDF obtained from the
heating process at the same temperature. The
characteristic behavior of the PDF for at a
cooling rate of 0.1 K/ps corresponds well
with that of the ideal fcc crystal structure. As
the cooling rate increases, the peak heights
of the PDFs decrease, while their widths
increase. The PDF continues to exhibit the
characteristic behavior of an fcc-like crystal
structure up to a cooling rate of 20.0 K/ps.
However, the PDF of NP for a cooling rate
of 20.0 K/ps clearly demonstrates that the
system has a glassy structure due to the
splitting observed in the second peak, which
differs from the characteristic behavior of
the liquid phase.

splitting

d(r) (arbitrary unit)

0 2 . 4I- - 6 - é - 10
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Fig. 2. PDFs of liquid Ni NP cooled with

different cooling rates at T=300 K.

To understand the micro-structure of a
system, the HA pair analysis technique can
be used [13,20-22]. HA indices consist of
four integers (i, j, k, and /), each serving a
different function in defining the local
structure. The first integer i is used to define
the bond between two given atoms. If the
root pairs are bonded, the first integer i is 1,
otherwise it is 2. The second integer j is the
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Fig. 3. Temperature dependent variation of the
HA index of liquid Ni NP at various cooling
rates.

number of adjacent neighboring atoms
common to the root pairs, the third integer k
is the number of close neighbor bonds
between these common neighbors, and the
fourth integer / is a parameter used to
distinguish between local structures when i,
Jj, and k are the same. In this work, bond type
1551 represents the ideal icosahedron (icos),
and bond types 1541 and 1431 represent the
defective icosahedron (deficos). The 1421
bond type is the characteristic bond type for
the fcc crystal structure; the 1421+1422
bond types are the characteristic bond types
representing the hexagonal close-packed hep
crystal structure, and the 1661+1441 bond
types are the characteristic bond types
representing the body-centered cubic (bcc)
crystal structure. The total of bond types
other than these is called other bond types.
The temperature dependent change of HA
indices calculated from MD simulation at
different cooling rates for liquid Ni NP
during the rapid cooling process is plotted in
Figure 3. For cooling rates of 0.1 K/ps, 0.5
K/ps, and 1.0 K/ps, the percentage of HA
index types changes abruptly at temperatures
corresponding to Tc.. Below T., the
percentage of fccthcp HA index types
increases rapidly, while the percentage of
icostdeficos HA index types decreases.
Almost no change is observed in the
percentage of bcc types during the
solidification period for each case. At 300 K,
the percentage of fcct+hcp HA index types is
higher than the other types for cooling rates
of 0.1 K/ps, 0.5 K/ps, and 1.0 K/ps.
Furthermore, as the cooling rate increases,
the percentage of fccthep types decreases,
while the percentage of icost+deficos HA
index types increases. For the cooling rates
of 0.1 K/ps, 0.5 K/ps, and 1.0 K/ps, the
percentages of fccthcp HA index types are
81%, 75%, and 74%, respectively. These
results indicate that the liquid Ni NP
transforms into a polycrystalline structure
dominated by fcc crystal structures. The
percentage of icost+deficos types in the
system at 300 K is greater than the
percentage of fcct+hep types. The dominance
of icostdeficos types, representing the
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glassy structure, in the system is a clear
indication that the liquid Ni NP transforms
into a glassy structure. This result supports
the PDF results.

Another way to gain insight into the
structural changes of a system during the
cooling process is to observe the snapshots
obtained from the MD simulation. Snapshots
of the liquid Ni NP at different temperatures
for a cooling rate of 0.1 K/ps are shown in
Figure 4. From 1800 K to 950 K, the atomic
configuration exhibits a random atomic
distribution, similar to that of a typical liquid
system. At 950 K, an atomic configuration
similar to that of a crystalline structure
begins to form. This atomic order becomes
more pronounced as the temperature
decreases. At 300 K, it is clearly seen that
the NP is in a crystalline phase.

T=1800 K T=1500 K

T=1000 K

T=950 K

T=600 K

T=300 K

Fig. 4. Snapshots of liquid Ni NP at different
temperatures for a cooling rate of 0.1 K/ps.

CONCLUSION

In this study, the effect of cooling rate on
the  micro-structural  changes and
solidification temperatures of liquid Ni NPs
with a diameter of 6.0 nm and number of
atoms 10192 during the rapid cooling
process was investigated using MD
simulation techniques. The results show that,
from cooling rate of 0.1 K/ps to a critical
cooling rate of 20.0 K/ps, the liquid Ni NP
transforms into a polycrystalline structure
dominated by the fcc crystal structure after
cooling. At a critical cooling rate of 20.0
K/ps, the NP tends to form a glassy structure.
Furthermore, the solidification temperatures
of the system are directly related to the
cooling rate. As the cooling rate increases,
the solidification temperatures decrease. In
summary, the cooling rate can be said to be
an effective factor in the microstructural
changes of liquid Ni NPs during
solidification.
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