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	 A molecular dynamics (MD) simulation method with the embedded atom model (EAM)/
alloy potential was used to investigate the thermomechanical properties of nanoscale hollow 
palladium (Pd) nanoparticle pairs during additive manufacturing (AM). The purpose was to 
explore and analyze hollow Pd nanoparticle pairs at room temperature obtained by AM. The 
thermomechanical properties of the hollow Pd nanoparticle pairs were discussed with the aim of 
proposing optimal parameters. It was shown that the nanoscale coalescence temperature of Pd 
was in the range of 750 to 1530 K and the nanoscale melting temperature was from 1414 to 1600 
K, which were much lower than the macroscopic melting point (1828.05 K) of Pd. It was found 
that solid-state sintering can occur spontaneously at room temperature. The size and geometrical 
structure of the nanoparticles and the heating rate played important roles during AM.

1.	 Introduction

	 Additive manufacturing (AM) technologies(1–3) were divided into seven categories of 
technology by the American Society for Testing and Materials International (ASTM) in 2009. 
Among them, metallic AM(4) can be subdivided into four types: powder bed fusion,(5–7) binder 
jetting,(8) sheet lamination, and direct energy deposition.(9) Metallic AM technology is more 
difficult to use in manufacturing than the others. The materials, structure, strength, 
thermodynamic parameters, stress, and strain are all key parameters of AM. The AM methods 
include sintering, bonding, melting solidification, and vapor deposition; the design concept can 
be drawn as a 3D model through computer-aided software; and the AM parameters such as the 
numbers of slice layers and support structures, temperature, and printing speed can be set. AM 
technologies have been applied to microsensors, the surface plating of special sensing material 
layers, aerospace, machinery, biomedicine, architecture, art design, and so forth.
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	 The manufcturing methods of metallic powders include atomization, electrolytic deposition, 
reduction, granulation, the use of prealloyed powders, the use of precoated powders, machining, 
and milling. The sizes and shapes of metallic microparticles and nanoparticles obtained by the 
above methods are different.
	 The formation methods of metallic nanopowders include gravity sintering, centrifugal 
compacting, pressing, extruding, slip casting, rolling, isopressing, isostatic molding, explosive 
compacting, and fiber metal processing. After the metallic nanopowder is formed, room-
temperature cooling, nitrogen cooling, or liquid nitrogen cooling is used. Afterwards, a thin film 
is coated on the surface of the metallic nanoparticles to prevent their oxidation, because some 
metallic materials cannot undergo a reduction–oxidation reaction after oxidation.
	 In general, after the coating of metallic nanoparticles, nonspherical metallic nanoparticles, 
such as cutting balls, flattened balls, double balls, collisions, ellipsoids, and water droplets, are 
removed, and the metallic nanoparticles that exceed the required size are removed by sieving to 
improve their quality. In this study, we focus on hollow palladium (Pd) nanoparticles because 
they can be used to improve the performance of nanosensors, microsensors, and sensing film 
materials used in AM technology.
	 Pd has both the lowest melting temperature and the lowest density among the platinum group 
metals. It is used in thin-film gas  sensors, catalytic converters, aircraft spark plugs, surgical 
instruments, and jewelry and as a dental implant material. In the present study, we simulated the 
thermomechanical properties of hollow spherical Pd nanoparticle pairs, and we found the 
optimal parameters under different heating parameters during laser powder bed fusion AM.

2.	 Materials and Methods

2.1	 Molecular dynamics (MD) simulations

	 MD(10–12) is based on Newton’s laws of mechanics and is used to simulate the motion and 
travel trajectories of Pd atoms, the force, and the changes in atomic structure. We used MD 
simulation to determine the thermomechanical properties of nanoscale Pd.
	 Large-scale atomic/molecular massively parallel simulator (LAMMPS)(13–15) is an open-
source MD program. It is based on the GPL open-source code and written in C language to 
support parallel, single-processor, and multiple-processor computing, and so forth. Therefore, 
we utilized LAMMPS to simulate Pd nanoparticle pairs.
	 In this paper, LAMMPS is used to investigate hollow spherical Pd nanoparticle pairs under 
different parameters in AM to observe their thermomechanical properties and to find the 
optimal parameters for hollow spherical Pd nanoparticles.

2.2	 Atomic model preparation

	 We set the simulation environment range to be larger than that of hollow spherical Pd 
nanoparticle pairs. In the examined system, the initial temperature was set to 300 K, the 
simulation step was set to 2 fs, nonperiodic boundary conditions were set, and the environment 
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was set as the constant-temperature, constant-volume ensemble (NVT), also referred to as 
the canonical ensemble. The embedded atom model (EAM)/alloy potential form and the Velocity 
Verlet integration method were used. The lattice structure of Pd was set to 3.8904 Å, that of face-
centered cubic (fcc) Pd,(16,17) and the initial gap between two nanoparticles in the pair was set to 
5 Å in LAMMPS. The heating temperature was linearly increased from 300 to 2100 K. After 
several test simulations, the shell thickness of the hollow spherical Pd nanoparticles was set to 4 
Å, which was close to the minimum thickness of a hollow Pd nanoparticle. We set three 
nanoparticle diameters (16a, 20a, and 24a), three groups of the same nanoparticle size, and three 
groups of different nanoparticle sizes, as shown in Table 1 and Fig. 1. The heating rate was set to 
1, 0.5, and 0.25 K/ps.

2.3	 Auxiliary analysis and calculation

	 LAMMPS with the EAM/alloy potential(18) can describe the atomic interaction forces,(19) 
positions, and trajectories of hollow spherical Pd nanoparticles at each time step in metallic AM, 
where the electron density was obtained from the wave function. The atoms required to be 
calculated for each atomic energy were then embedded in the local electron density energy 
range.(20) The whole fitting procedure was proposed in an earlier study.(21)

	 The Velocity Verlet algorithm was integrated to obtain the positions, velocities, and physical 
quantities of the atoms of the hollow spherical Pd nanoparticles. The canonical ensemble (NVT) 
was the ensemble that represents the possible states in thermal equilibrium at a fixed 
temperature. Under the spatial constraints of the environment, the total number of atoms (N), 

Fig. 1.	 (Color online) Cross-sectional view of hollow Pd nanoparticle pairs.

Table 1
Description of hollow Pd nanoparticle pairs.

D1 D2 Atoms
16a 16a 15056
20a 20a 26336
24a 24a 40616
16a 20a 20696
16a 24a 27836
20a 24a 33476
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temperature (T), pressure (P), volume (V), and energy (E) balance in the environment. The neck 
width was the distance between the outermost parts of two hollow spherical Pd nanoparticles at 
room temperature.
	 Common neighbor analysis (CNA)(22) was used to simulate the hollow spherical Pd 
nanoparticles in metallic AM and visualize each lattice structure at each time step. The color of 
Pd atoms in the disordered atomic structure was white (HTML:#ffffff), the color of the fcc 
structure was green (HTML:#66ff66), and the color of the hexagonal close-packed (hcp) 
structure was blue (HTML:#00007f).
	 The gyration radius (Rg) [Eq. (1)] was used to calculate the root mean square distance 
between the atoms and the center of mass of the hollow spherical Pd nanoparticles in metallic 
AM. The total mass of the simulated environment space was set to M, the center of mass of an 
atom was set to rcm, the position of each atom in the nanoparticle was set to r, and the subscript i 
in Eq. (1) was used to denote all atoms in the environment.(23)

	 ( )22 1
g i i cm

i
R m r r

M
= −∑ 	 (1)

	 By analyzing the mean square displacement (MSD) [Eq. (2)], we obtained the initial position, 
final position, and average displacement of all the atoms inside the hollow spherical Pd 
nanoparticle pairs in the metallic AM process. The total mass of the space was set to N, the time 
was set to t, the position of each atom in the nanoparticles was set to r, and the subscript i in Eq. 
(2) was used to denote all atoms in the space.(24,25)

	 ( )2( ) (01 )i i
i

M r
N

tSD r= −∑ 	 (2)

3.	 Results and Analysis

3.1	 Thermal equilibration at room temperature

	 In the present paper, the MD process consists of three stages: relaxation, thermal equilibrium, 
and laser sintering. First, the hollow spherical Pd nanoparticle pairs were heated for 1000 ps at 
300 K. When the hollow spherical Pd nanoparticle pairs were constructed and the internal atoms 
were artificially removed, internal stress was generated, making it necessary for them to be 
heated to relax the internal stress and adjust the inner and outer surface tension of the hollow 
spherical Pd nanoparticle pairs and the fcc structure of the Pd. Thus, the lattice was distorted and 
the internal stress was relieved.
	 LAMMPS was used to analyze the hollow spherical Pd nanoparticle pairs at room 
temperature not heated by the laser. Six combinations (16a–16a, 20a–20a, 24a–24a, 16a–20a, 
16a–24a, and 20a–24a in Table 1) were observed, and the Pd nanoparticles were all self-sintered 
and coalesced owing to the nanoscale size effect.
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	 We take the 16a–20a hollow spherical Pd nanoparticle pairs as the reference example to 
explain the thermomechanical behaviors of the hollow spherical Pd nanoparticle pairs. Points a, 
b, c, and d in Fig. 2 correspond to the changes in the hollow spherical Pd nanoparticle pairs at 
different time steps. At Point a, the initial gap of the hollow spherical Pd nanoparticle pairs is 5 
Å, the radius of gyration is 46.70 Å, the neck width is 0 Å, fcc accounts for 66.97%, hcp accounts 
for 0%, and other structures account for 33.03%. At Point b, the Pd nanoparticle pairs self-sinter 
and coalesce owing to the nanoscale size effect, and the neck width rapidly increases. At Point b, 
the radius of gyration is 46.69 Å, the neck width is 27.18 Å, fcc accounts for 66.77%, hcp 
accounts for 0.05%, and other structures account for 33.18%. The hollow spherical Pd 
nanoparticle pairs coalesce to increase the content of the disordered atomic structure to its 
highest value. At Point c, the radius of gyration is 66.26 Å, the neck width is 36.79 Å, fcc 
accounts for 66.77%, hcp accounts for 0.28%, and other structures account for 33.46%. At Point 
d, the internal atomic structure of the hollow spherical Pd nanoparticle pairs reaches the 
equilibrium state and the neck width stabilizes. The radius of gyration is 46.63 Å, the neck width 
is 35.25 Å, fcc accounts for 66.70%, hcp accounts for 0.57%, and other structures account for 
32.73%.

3.2	 Laser sintering

	 LAMMPS was used to model the hollow spherical Pd nanoparticle pairs in the metallic AM 
process. The hollow spherical Pd nanoparticles were heated by a laser, causing their internal 
atomic structure to change. The atomic structure, force, trajectory, and thermomechanical 
properties were observed at different time steps. The system was gradually heated from 300 to 
2100 K at heating rates of 0.25, 0.5, and 1 K/ps. Laser sintering was divided into four stages 

Fig. 2.	 (Color online) Time histories of neck width and number density of surface and disordered atoms for cross-
sectional view of 16a–20a hollow Pd nanoparticle pairs.
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under different time steps: a relatively stable stage, a coalescence stage, a melting stage, and a 
completely melted stage.
	 In Fig. 3, we use the 16a–20a hollow spherical Pd nanoparticle pairs as an example to explain 
the thermomechanical behaviors of the hollow spherical Pd nanoparticle pairs at 0.25 K/ps. From 
Point A to Point C in Fig. 3, the hollow spherical Pd nanoparticles are in a relatively stable state; 
from Point C to Point D under gradual heating, the hollow spherical Pd nanoparticle pairs begin 
to coalesce (coalescence stage); from Point D to Point E, the hollow Pd spherical nanoparticles 
begin to melt into a metallic liquid, causing their internal structure to change relatively abruptly 
(melting stage). After Point E, the hollow spherical Pd nanoparticles are completely melted into a 
metallic liquid (completely melted stage).
	 In Fig. 4, we use the 16a–20a hollow spherical Pd nanoparticle pairs as an example to explain 
the temperature dependence of the MSD for the hollow Pd nanoparticle pairs at three laser 
heating rates. It was found that the Pd atoms start to diffuse at 1175 K at a heating rate of 1 K/ps, 
at which the MSD of the Pd atoms is 1530 Å2.
	 Figure 5 shows the temperature dependence of the MSD for the hollow Pd nanoparticle pairs 
at the heating rate of 1 K/ps. It was found that the atomic diffusion temperature of hollow Pd 
nanoparticle pairs is between 910 and 1200 K, and that the MSD of Pd atoms is between 1320 
and 2150 Å2. Figure 6 shows the temperature dependence of the MSD for the hollow Pd 
nanoparticle pairs at the heating rate of 0.5 K/ps. The atomic diffusion temperature of the hollow 
Pd nanoparticle pairs is between 825 and 1105 K, and the MSD of Pd atoms is between 1841 and 
3112 Å2. Figure 7 shows the temperature dependence of the MSD for the hollow Pd nanoparticle 
pairs at the heating rate of 0.25 K/ps. The atomic diffusion temperature of the hollow Pd 
nanoparticle pairs is between 770 and 990 K, and the MSD of Pd atoms is between 2216 and 
4179 Å2.

Fig. 3.	 (Color online) Temperature dependence of the gyration radius and number density of surface and 
disordered atoms for the hollow Pd nanoparticle pairs with diameters of 16a and 20a (heating rate of 0.25 K/ps).
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	 According to Figs. 5–7, the onset temperature and MSD of the 20a–20a and 16a–24a hollow 
Pd nanoparticle pairs are relatively similar regardless of the heating rate. The onset temperature 
of the 20a–20a hollow Pd nanoparticle pairs is 910 K and the MSD is 1655 Å2 at 1 K/ps. The 
onset temperature of the 20a–20a hollow Pd nanoparticle pairs is 825 K and the MSD is 2425 Å2 
at 0.5 K/ps. The onset temperature of the 20a–20a hollow Pd nanoparticle pairs is 861 K and the 
MSD is 3224 Å2 at 0.25 K/ps.

Fig. 5.	 (Color online) Temperature dependence of 
the MSD for the hollow Pd nanoparticle pairs at 1 
K/ps.

Fig. 4.	 (Color online) Temperature dependence of 
the MSD for the hollow Pd nanoparticle pairs with 
diameters of 16a and 20a at three laser heating rates.

Fig. 7.	 (Color online) Temperature dependence of 
the MSD for the hollow Pd nanoparticle pairs at 0.25 
K/ps.

Fig. 6.	 (Color online) Temperature dependence of 
the MSD for the hollow Pd nanoparticle pairs at 0.5 
K/ps.
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	 Figures 5–7 also show that the onset temperature of the 16a–24a hollow Pd nanoparticle pairs 
is 910 K and the MSD is 1645 Å2 at 1 K/ps. The onset temperature of the 16a–24a hollow Pd 
nanoparticle pairs is 825 K and the MSD is 2435 Å2 at 0.5 K/ps. The onset temperature of the 
16a–24a hollow Pd nanoparticle pairs is 770 K and the MSD is 3250 Å2 at 0.25 K/ps.
	 In Figs. 5–7, it was found that the greatest displacement of Pd atoms occurs when the MSD 
curve changes rapidly. The starting diffusive temperature of the Pd atoms is highest at a heating 
rate of 1 K/ps. The atomic diffusive trajectory of Pd is the most uniform and the MSD reaches its 
highest value at a heating rate of 0.25 K/ps.
	 From the auxiliary analyses of the cut-off radius and the potential energy of Pd, we found that 
the coalescence temperature of the hollow spherical Pd nanoparticle pairs is between 750 and 
1530 K, as shown in Fig. 8, where the error bars indicate the temperature range in which rapid 
neck growth occurs. Figure 8 shows that the coalescence temperatures of the 16a–20a hollow 
spherical Pd nanoparticle pairs are between 859 and 1414 K at 1 K/ps, between 859 and 1465 K 
at 0.5 K/ps, and between 859 and 1465 K at 0.25 K/ps.
	 From the auxiliary analyses of the cut-off radius and the potential energy of Pd, we found that 
the melting temperature of the hollow spherical Pd nanoparticle pairs was between 1414 and 
1600 K, as shown in Fig. 9, where the error bars indicate the range of melting temperatures, with 
the symbols located at their centers. Figure 9 shows that the melting temperature of hollow 
spherical Pd nanoparticle pairs of 16a–20a is between 1414 and 1600 K at 1 K/ps, between 1465 
and 1565 K at 0.5 K/ps, and between 1465 and 1565 K at 0.25 K/ps. Figure 9 also shows that the 
melting temperature of the nanoscale Pd was much lower than that of macroscopic Pd (1828.05 
K). 

Fig. 8.	 (Color online) Coalescence temperature as a function of heating rate for hollow Pd nanoparticle pairs with 
three laser heating rates. The error bars indicate the temperature range in which rapid neck growth occurs.
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	 When the heating rate of hollow spherical Pd nanoparticle pairs was 1 K/ps, the atomic 
diffusive temperature was between 910 and 1200 K and the MSD of atomic diffusion was 1320–
2150 Å2. When the heating rate was 0.5 K/ps, the atomic diffusive temperature was between 825 
and 1105 K and the MSD of atomic diffusion was 1841–3112 Å2. When the heating rate was 0.25 
K/ps, the atomic diffusive temperature was between 770 and 990 K and the MSD of atomic 
diffusion was 2216–4179 Å2.

4.	 Conclusions

	 We observed the thermomechanical properties of nanoscale Pd under different AM 
parameters. The coalescence temperature of Pd nanoparticles was found to be between 750 and 
1530 K, and the melting temperature of Pd nanoparticles was found to be between 1414 and 1600 
K. It was concluded that the coalescence and melting temperatures of hollow spherical Pd were 
much lower than the melting point of macroscopic Pd (1828.05 K). The solid-state sintering of 
hollow spherical Pd can occur spontaneously at room temperature. Our results indicate that the 
size and geometrical structure of nanoparticles and the heating rate play important roles during 
the AM process.

Fig. 9.	 (Color online) Melting temperature as a function of number of atoms for Pd nanoparticle pairs with three 
laser heating rates. The error bars indicate the range of melting temperatures, with the symbols located at their 
centers. The dotted line is the macroscopic melting point of Pd (1828.05 K).
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