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Abstract: Molecular dynamics (MD) simulation with the embedded-atom method (EAM)/alloy potential is used to investigate the
property of the nanoscale hollow spherical Nickel (Ni) powder during the laser additive manufacturing (AM) process. The
thermomechanical properties of the Ni nanopowder is also explored (1) at room temperature and (2) from room temperature to the
melting temperature during laser AM of powder bed fusion. As a result, the optimum parameters for the laser AM process are
proposed. The optimal coalescence temperature of the nanoscale hollow spherical Ni powder is in the range between 980 and 1421K,
while the melting temperature is in the range between 1320 and 1470 K. The coalescence and melting temperatures are lower than
the melting point of Ni (1728 K).
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1. Introduction

Laser AM is used in three-dimensional printing (3DP) [1-3]. Laser AM for metals is mostly used in the manufacturing process
for aerospace, machinery, biomedicine supplies, and so on to print implants, prosthetics, and medical devices. As Ni has high ductility,
corrosion resistance, chemical activity, and hardness, it is often used in electroplating, steel alloy, dyes, catalysts, batteries, and others.
In this present study, the thermomechanical property of the spherical solid and hollow Ni nanopowders such as the coalescence
temperature and melting temperature are investigated using MD simulation [2] under different conditions during the Laser AM
process.

2. Methodology

2.1. MD simulation

MD is used to calculate the motion of molecules in the atomic system. Large-scale atomic and molecular massively parallel
simulator (LAMMPS) [4-5] is one of the open-source MD simulation programs. In this study, LAMMPS is used to simulate the
structure, thermodynamics, dynamics, and force of the nanoscale hollow spherical Ni powder. Using the LAMMPS, the
thermomechanical property of the Ni powders is analyzed at the coalescence temperature and melting temperature.

2.2. Nanoscale spherical Ni model

Solid and hollow Ni nanoparticle are simulated by LAMMPS with the parameters in the non-periodic boundary condition. The
NVT ensemble (canonical ensemble) for the initial structure of Ni is the face-centered cubic (FCC) crystal structure. The disordered
atomic structure is set on the outer surface of the Ni nanoparticle, and the space of the simulation is several times larger than that of
solid and hollow Ni nanoparticle. The initial gap between the Ni nanoparticle is set to 5 A, and the lattice constant is set to 3.9201
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A, The nanoparticle sizes of the Ni nanoparticle are 16, 20, and 24a which are 3 different nanoparticle sizes for solid and hollow Ni
powders. The parameters for 6 groups are shown in Table 1 and Fig. 1.

Table 1. Parameters of solid and hollow Ni powder model in nanoscale

16a 16a 17,718 15,056
16a 20a 25,346 20,696
16a 24a 37,486 27,836
20a 20a 33,514 26,336
20a 24a 45,654 33,476
24a 24a 57,794 40,616
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Fig. 1. Cross-sectional view of the nanoscale model for solid (upper) and hollow (lower) Ni powder.

2.3. Common neighbor analysis

The EAM/alloy potential function is used to describe the atomic interaction, interactive force, position, displacement trajectory,
and electron density of the solid and hollow Ni powder with the wave function [6—8]. In the EAM/alloy potential, the energy of each
atom is embedded in the local electron density energy [8]. Common neighbor analysis (CNA) is used to visualize and explore the
internal lattice structure of the solid and hollow Ni powder at each time step and the change and occupation of the structure by
distinguishing different colors [9,10]. The gyration radius (R,) is calculated to simulate the root mean square distance from the center
of mass of each atom in the Ni powder [9,10]. (Eq. (1))

Rf] = %z mi(ri - rcm)z
13
where M is the total mass of the simulated environment, ren is the center of mass of the atom, r is the position of each atom in
the nanopowder, and all atoms in the simulated environment space are set to the subscript i.
Mean square displacement (MSD) is calculated to simulate the initial position, the displaced position, and the average distance
of the solid and hollow spherical Ni nanopowder (Eq. (2)) [9,10].

1
MSD = Nzi[r"(t) - r;(0)]?

where N is the total number of the simulated environment, # is the time, r is the position of each atom in the powder, and the
subscript  is all atoms in the simulated environment.

(M

2

3. Results and Analysis
3.1. Spherical solid Ni nanopowder model
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3.1.1. Thermal equilibration at 300 K

LAMMPS is used to simulate the force, thermodynamics, atomic mechanics, and internal structure change of the spherical solid
Ni nanopowder at room temperature (300K). Fig. 2 shows the four scales ((a), (b), (c), and (d)). The gap of the spherical solid Ni
nanopowder without being heated at Point (a) is kept at a distance of 5 A, a gyration radius of 41.17A, and a neck width of 0A. The
FCC accounts for 80.44%, while the hexagonal close packing structure (HCP) accounts for 0%, and the others account for 19.56%.
At Point (b), the Ni nanopowders contact each other due to the small size effect. The radius of gyration is 41.17A, and the neck width
is 27.97A, and FCC, HCP, and the others accounts 80.21%, 0%, and 19.79%, respectively. At Point (c), the radius of gyration is
41.17A, and the neck width 29.30A with 78.68% of FCC and 0.67%, of HCP. The other structures account for 20.65%. At Point (d),
the radius of gyration is 41.16A, the neck width is 33.72A, and FCC, HCP, and other structures 81.18%, 0%, and 18.82%, respectively.
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Fig. 2. Change in neck width and density curve of spherical solid Ni nanoparticle of 16—20a sintered by laser at 0.25K/ps at 300 and
1800 K.

It is observed that the overall structural state of the Ni nanopowder is stable from Points A to C (Fig. 3). The spherical solid Ni
nanopowder under the heating of laser sintering is stable from Points C to D. This indicates that the nanopowders coalesce together.
The internal structure of the spherical solid Ni nanopowder gradually changes from Point D to E while the atomic lattice structure
changes drastically due to melting. After Point E, the spherical solid Ni nanopowder melts in the complete melting region.
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Fig. 3. Change in Gyration radius and density curve of spherical solid Ni nanoparticle of 16—20a sintered by laser at heating rates of
0.25K/ps at 300 and 1800 K.

3.1.2. Laser sintering

The distance of the atomic displacement trajectory of the spherical solid Ni nanopowder becomes the largest under laser sintering
heating at a heating rate of 0.25K/ps as shown in Fig. 4. The nanoscale coalescence temperature of the spherical solid Ni nanopowder

is in the range between 1287 and 1515K (Fig. 5), and nanoscale melting temperature of spherical solid Ni nanopowder is in the range
between 1420 and 1568K (Fig. 6).
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Fig. 4. MSDs of spherical solid Ni nanoparticles at different heating rates of 0.25, 0.5, and 1K/ps and different temperatures between

300 and 1800K.
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Fig. 5. Coalescence temperature as a function of the number of atoms (10000—60000) of spherical solid Ni nanoparticles at 3 laser
heating rates of 0.25, 0.5, and 1K/ps.
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Fig. 6. Melting temperature as a function of the number of atoms (10000—60000) of spherical solid Ni nanoparticles at 3 laser heating
rates of 0.25, 0.5, and 1K/ps. The dotted line is for the melting point of Ni, 1728 K.
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3.2. Hollow spherical Ni nanopowder model
3.2.1. Thermal equilibration at 300 K

Spherical hollow Ni nanopowders maintain an initial distance of 5 A. The gyration radius is 47.81A, the neck width is 0A, and
FCC, HCP, and other structures account for 67.14%, 0%, and 32.86% at Point a (Fig. 7). At Point b, the spherical hollow Ni
nanopowder is in the solid sintering process due to a small effect. Spherical hollow Ni nanopowder particles no longer maintain the
distance but contact with each other. The gyration radius is 47.81A, the neck width is 28.15A, FCC accounts for 67.13%, HCP
accounts for 0%, and the others account for 32.87%. At Point c, the gyration radius is 47.81A, the neck width is 38.61A, and FCC,
HCP, and other structures account for 66.10%, 0.54%, and 33.36%, respectively. At Point d, the structure state of the spherical hollow
Ni nanopowder is in equilibrium with the gyration radius of 47.72A, the neck width of 37A is. FCC accounts for 67.77%, HCP
accounts for 0%, and the other structures account for 32.23%.
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Fig. 7. Change in neck width and density curve of spherical hollow solid Ni nanoparticle of 16—20a sintered by laser at 0.25K/ps at
300 and 1800 K.
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Fig. 8. Change in neck width and density curve of spherical hollow solid Ni nanoparticle of 16—20a sintered by laser at 0.25K/ps at
300 and 1800 K.

3.2.2. Laser sintering

The laser sintering region is divided into 4 sections, which are relatively stable (from Points A to C in Fig. 8). The overall
structure of the spherical hollow Ni nanopowder is stable. From Points C to D in Fig. 8, the spherical hollow Ni nanopowders coalesce
together due to being heated under laser sintering. The internal structure of the spherical hollow Ni nanopowder begins to melt from
Point D, and completely melts after Point E of Fig. 8. In Figs. 4 and 9, the trajectory distance of the atomic displacement of the
spherical hollow Ni nanopowder becomes the largest under laser sintering at the heating rate of 0.25K/ps. The nanoscale coalescence
temperature of the spherical solid Ni nanopowder is in the range of 1287 and 1515K (Fig. 10), while that of the spherical hollow Ni
nanopowder is in the range of 1420 and 1568 K (Fig. 11). Fig. 8 shows that when being heated by the laser sintering, the melting
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temperature of the hollow spherical Ni nanopowder is in the range of 980 and1421 K. Fig. 9 shows that the melting temperature is in
the range of 1320 and 1470K which is shown by the cut-off radius and potential energy function.
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Fig. 9. MSDs of spherical hollow Ni nanoparticles at different heating rates of 0.25, 0.5, and 1K/ps and different temperatures between
300 and 1700K.
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Fig. 10. Coalescence temperature as a function of the number of atoms (10000—50000) of spherical solid Ni nanoparticles at 3 laser
heating rates of 0.25, 0.5, and 1K/ps.
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Fig. 11. Melting temperature as a function of the number of atoms (10000—50000) of spherical hollow Ni nanoparticles at 3 laser
heating rates of 0.25, 0.5, and 1K/ps. The dotted line is for the melting point of Ni, 1728 K.

4. Conclusions

As Ni has high ductility, corrosion resistance, chemical activity, and hardness, it is mainly used in electroplating, steel alloy,
dyes, catalysts, batteries, and others. Thus, it is important to understand the thermomechanical properties of the spherical Ni
nanopowder under different conditions during the laser AM process which is used to manufacture it. In this study, coalescence
temperature and melting temperature are also determined using MD simulation. In this present study. The coalescence temperature is
in the range of 980 and 1421K and of 1287 and 1515K for the spherical solid and hollow Ni powders. The melting temperature is in
the range of 1420 and 1568K and 980 and 1421 K. for the spherical solid and hollow Ni nanopowders. The lower the heating rate,
the better the diffusive effect of Ni atoms. The solid-state sintering of the spherical hollow Ni nanoparticle occurs at 300K. The
coalescence temperature and melting temperature of the spherical solid and hollow Ni nanopowders are lower than the melting point
of Ni metal (1728 K) [9-11].
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