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Abstract: Selective laser sintering (SLS) is one of the most commonly used methods in additive
manufacturing, due to its high prototyping speed and applicability to various materials. In the
present work, molecular dynamics (MD) simulations were performed to study the thermodynamic
behaviors of the planar stacked nanoparticles (NPs) model and explore the potential capability of the
SLS process with nano-sized metal powders in the zero-gravity space environment. A multi-particle
model of titanium–aluminum (Ti–Al) core–shell NP with a particle radius of 50 Å was constructed
to investigate the characteristics of the melted pattern during sintering. Two patterns with different
spatial densities were considered to study the influence of particle stacking on the melting process.
Various core volume fractions and heating rates were examined to investigate their effects on the
quality of the final sintered product. The stacked-NPs models with core volume fractions (CVFs) of
3%, 12%, and 30% were linearly heated up to 1100 K from room temperature (298 K) with heating
rates of 0.04, 0.2, 0.5, and 1.0 K ps−1. The initial fusion temperature and final sintering temperature
for each stacking pattern were obtained via the validation from the radial distribution function, mean
squared displacement, and the radius of the gyration analysis. The 30% CVF yields the largest neck
size before the melting point, while beyond the melting point, a larger core helps delay the formation
of the fully-melted products. It is observed that using the close-packed stacked-NPs model under
a slow heating rate (long melting duration) would help form a stable, completely sintered product
with a relatively low final sintering temperature.

Keywords: core–shell nanoparticles; stacking; molecular dynamics simulation; sintering behavior

1. Introduction

Metal additive manufacturing (MAM) is capable of building complex 3D components
layer by layer, and it has attracted lots of attention for decades [1]. Compared with
traditional manufacturing, MAM can directly fabricate net or near-net shape components
with minimal post-processing, less lead time, less manufacturing costs, and less material
waste [2]. Different MAM technologies (e.g., laser-based MAM, electron beam melting,
and binder jetting) have been developed [3–5]. Among them, laser-based MAM (e.g.,
selective laser sintering/melting (SLS/SLM)) with fine metal powders has attracted more
research efforts due to the guaranteed production quality, reasonable cost, and outstanding
performance of the final product [6]. For example, NASA has spent tremendous efforts
fabricating advanced metallic aerospace components with SLS/SLM [7]. Research on
the nanoparticle (NP) sintering in the SLS process has been conducted [8], and efforts
toward developing sintering theories and performing computational simulations of the
NP sintering process have been pursued in the past few decades [9–12]. In recent years,
bimetallic NP alloys have been intensively studied because they often yield interesting
microstructures after being processed into final products. One of the interesting structures
of bimetallic NP is the core–shell morphology. It usually comes in different shapes and can
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be synthesized using either “chemical” [13–16] or “physical” [17–21] approaches. These
NPs are formed with two or more distinct materials, comprising a “core” as the inner
material and a coated “shell” as the outer material. The core and shell components have
their unique roles, which will improve the functionality of this hybrid structure; the
creation of ideal core–shell particles is critical for many industrial applications [22–25].
With the tremendous growth of computer power, much research on nanoscale structures
has relied on computational simulations, in addition to practical experiments, in the past
20 years. By taking advantage of the molecular dynamics (MD) simulation technique
with reliable interatomic force fields, many published works are available which study the
thermodynamic and mechanical properties during the melting process of the core–shell
NPs. For example, Yang et al. investigated the two-stage melting behavior of Pt/Au
icosahedral NPs with different concentrations, resulting in the melting point rising as the
concentration of Pt increases [26]. Song et al. studied the thermodynamic properties and
structure evolution during continuous heating and cooling processes by various analysis
methods [27]. Huang et al. examined the effect of core size on the melting mechanism and
thermal stability of single Au/Pt NP during continuous heating [28]. Wang et al. explored
the geometrical effects on the sintering dynamics of two equally sized Cu/Ag NPs and
observed that the mobility of the shell material can be enhanced by the core material [29].
They also considered multiple Cu/Ag NPs that were periodically arranged in 3D to study
the size and temperature dependency of the sintering process, including the porosity and
multiple particle effects [30]. Li et al. provided an extended view of the exact Cu/Ag NPs
modeling and introduced the shell thickness effect [31].

Alloys such as titanium–aluminide compounds usually have high-melting points, ex-
cellent mechanical responses, and low density, which are ideal materials in the automotive
and aerospace industries. Zhang et al. explored the core size effect on the thermodynamic
properties of single Ti–Al (HCP/FCC) core–shell NP during heating and freezing [10]. In
our previous work, the melting and solidification behavior of the Ti–Al core–shell NPs-
chain were studied, and the mechanical responses of the sintered chain product at room
temperature were also tested [32]. The final sintering temperature was set to 800 K, which
proved to be an ideal temperature for the NPs chain model with an Al shell. For such NPs
chain models, the effects of the core volume fraction and thermal history were examined as
the critical aspects of the final sintered product [32]. Furthermore, the advantage of using
Ti as a core material is that the FCC Ti structure covered by the entire shell is assumed
not to be easy to transit to HCP, compared with Ti as a shell material. Another published
work investigated the conductive patterns of a multi-particle model of silver NP arranged
by different stacking patterns [33]. Relatively large scale MD simulations on core–shell
NPs in a 2D planar arrangement with non-periodic boundary conditions are well suited
to study the single-layer nanoscale metal powder fabrication in the computational sim-
ulation. However, there is a lack of related research and only a few works have focused
on the sintering of multiple NPs (e.g., the 3D arrangement of multiple Cu/Ag NPs [30]).
It conveniently helps to explore the effect of the metal powder sintering problem on the
spatial density (possession density denoted by the volume ratio of NPs). Without the loss
of generality, the observations of the planar stacked-NPs model in 2D can be extended
into a 3D space. Hence, in this work, the planar stacked-NPs model with two stacking
patterns was constructed to represent one layer of a Ti–Al core–shell nanoscale powder
sample. Such a stacked-NPs model with different core sizes was used to investigate the
SLS characteristics by using MD simulations.

2. Simulation Details
2.1. Simulator and Force Field

The well-known Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software package [34] was used to perform the MD simulations. An appropriate inter-
atomic potential function is essential to ensure the reliability of the MD simulation. Thus,
the embedded atom method (EAM) force field [35,36], derived from the quasi-atom con-
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cept [37], was employed to solve the atomic interactions during the simulations. In the
EAM, each atom is assumed to be immersed in a locally uniform electron “gas,” and the
embedding energy is defined by the energy of the atom in that uniform electron “gas”
relative to the atom separated from the electron “gas.” A function of the electron density
approximates the energy per atom at the impurity site plus an electrostatic interaction.
Therefore, the total energy is a sum of all individuals [35],

Etotal = ∑
i

Fi[ρi(Ri)] +
1
2 ∑

i,j(=1)

ϕ
(

Rij
)

(1)

where Fi is the embedding energy, ρi is the density of the background at the position Ri but
without atom i, and ϕ is a short-range electrostatic pair potential. This paper took the EAM
parameters used for Ti and Al from Zope’s work [38].

2.2. Modeling of Stacked Core–Shell NPs

Several single Ti (core)/Al (shell) NP models with a radius of 50 Å were created,
inherited from our previous work [32] using ATOMSK [39]. Initially, both Ti and Al have
face-centered cubic (FCC) crystal structures with a lattice constant of 4.340 and 4.046 Å,
respectively. It is noted that the FCC Ti structure has been proven to exist via the Gibbs free
energy, the first principal calculation, and the transmission electron microscopy experiment
in some specific environments [40–43]. Such a structure has been successfully implemented
in our previous studies [11,32] and is reasonable to be applied for the core–shell NP models.
Three different Ti core volume fractions (3%, 12%, and 30%), as shown in Figure 1, were
selected to investigate the effects of the core volume fractions on the thermodynamic
properties during the sintering process. Conjugate gradient methods were performed to
minimize the potential energy that includes the core–shell interface energy of a group of
atoms in the NPs in the initial single NP models [12]. A time step of 0.002 ps and a zero
external pressure were used throughout this work. The Nosé–Hoover thermostat [44,45]
was used to control the system temperature for this work. The energy-minimized NPs
were then thermally equilibrated at room temperature (298 K) using an NVT (constant
number of particles N, constant volume of the system V, and constant temperature T)
ensemble in a relatively large, non-periodic simulation box for 1000 ps. At 298 K, the
initial atomic velocities were assigned by Gaussian distribution. The minimization and
equilibration processes aim to reduce the frozen-in stresses on the free surface and the
core–shell interface.
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Figure 1. Initial modeling of Ti–Al core–shell NPs with a core volume fraction of (a) 3%, (b) 12%, and
(c) 30%. The Ti core and the Al shell are colored yellow and blue, respectively.

The equilibrated NPs with core volume fractions of 3%, 12%, and 30% were then
duplicated within the XY-plane to form planar stacked-NPs in two ways of stacking,
leading to a different number of connections around every single NP [33]. The resulting
stacked-NPs models are displayed in Figure 2. The square-aligned (A-type) stacking pattern
is a typical NP arrangement, and it forms a neat “network” pattern. The close-packed (C-
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type) stacking pattern is a particular arrangement that makes every three NPs an equilateral
triangle. Therefore, each NP of the A-type has four connection positions, while the C-type
has six. The initial surface gap between the adjacent NPs was set to 2 Å for both types to
ensure NP coalescence in the following process. The main difference between the A-type
and C-type is the initial spatial density, defined by the volume possessed by the NPs. The
initial stacked-NPs model contained NPs and pre-existing voids (space surrounded by
NPs). The thickness of one NP diameter was used to calculate the spatial density, as only
one NP layer was along the z-direction. The detailed calculations for the spatial density
are shown in Figure 2. The result indicates that the calculated spatial density of the C-type
(0.6046) is about 15% larger than that of the A-type (0.5236). In this study, the stacked-NPs
pattern was 5 by 4 along the x-axis and y-axis, respectively. The simulation box boundary
was set to a half radius of one NP away from the stacked structure in each dimension. Due
to the alignment order, the A-type stacking has a lower spatial density than the C-type.
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2.3. Simulation Process

The stacked-NPs structure has a great possibility of experiencing solid-state fusion
in a room-temperature environment. Hence, an equilibration at 298 K using an NVT
ensemble for a time duration of 1000 ps was first performed on the stacked-NPs models to
roughly simulate the solid-state sintering process. The stacked-NPs were observed to be
well equilibrated via the steady potential energy history after ~800 ps, indicating that the
1000 ps duration was sufficient for these NPs to be solid-state sintered. Figure 2 illustrates
that the NPs were independently distributed before sintering, and a stable connection
was formed between each adjacent NP once the equilibration was complete. Then, the
system temperature was ramped up linearly to imitate the laser sintering process, roughly
mimicking the temperature rise during the SLS of the metal powders. Two heating rates of
0.04 and 0.2 K ps−1 were selected to linearly ramp the system temperature up to the final
temperature of 1100 K, which was far higher than the melting point of the Al material (in
order to see the characteristics of melted Al shell). Our previous work demonstrated that
the linear temperature increments of 0.04 and 0.2 K ps−1 with EAM potential are reasonable
and applicable [11,12,32] to roughly mimic the reported temperature rise during the SLS. In
addition, previous research showed that the temperature rise of the entire metallic NPs due
to laser irradiation is approximately linear in the two-temperature model (TTM) [46,47]. It
should be noted that the time for the entire system temperature to rise to the desired final
heating temperature is usually longer than 20 ps [48]. However, depending on the laser
fluence, laser pulse number, and duration of a nanosecond laser or other common laser
irradiation, the time can range from 1–20 ns. Thus, the 17.5 and 3.5 ns time durations (298
to 1000 K) for 0.04 and 0.2 K ps−1 are within this range and could be used to “roughly”
simulate the laser heating process. Additionally, in this work, another two heating rates
of 0.5 and 1.0 K ps−1 were also introduced, to investigate the effect of the relatively fast
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heating rates (ultrafast nanosecond laser). The heating process can be used to estimate the
thermal properties (e.g., melting point) and predict the sintering behavior.

2.4. Analysis Methods

The MSD data are commonly used to measure the average distance, which refers to
the initial position of each atom. It has the form of,

MSD =
1
N

N

∑
i=1

[ri(t)− ri(0)]
2 (2)

where N is the total number of atoms, t is the time instant, and r is the current position of
each atom. In this work, MSD data are computed based on the initial coordinates of atoms
at the beginning of each sintering process.

The radius of the gyration (Rg) data are often used to represent the shrinkage of an
object because it is calculated as the mean square distance based on the center-of-mass
position of the group of atoms,

Rg2 =
1
M

N

∑
i=1

mi(ri − rcm)
2 (3)

where M is the total mass of a group, r is the position of each atom, rcm is the center of mass
position, and subscript i runs over all atoms in the group.

OVITO [49], a widely used visualization software, was used to monitor the atomic
configuration and compute thermal the properties from the dumped data for output steps
in the LAMMPS simulation runs. It can provide many options to analyze the results. In this
work, local atomic structures were classified by applying the common neighbor analysis
(CNA) method [50]. In addition, coordination analysis by radial distribution function (RDF)
was conducted at specific temperatures to determine the melting point and validate the
actual state of the Al shell.

3. Results and Discussions

A series of MD simulations were conducted to study the sintering behaviors of the
stacked-NPs models. As stated in the previous section, each case includes two processes:
solid-state sintering and heat sintering/melting. Therefore, the corresponding observations
associated with these two processes will be presented in this section.

3.1. Solid-State Sintering Process

In this simulation, both the A-type and C-type stacked-NPs models were equilibrated
at a room temperature of 298 K. During the equilibration process, each NP will move to
contact its adjacent ones because of the free surface energy attraction [51]. The stacked-NPs
models equilibrated after 1000 ps once the potential energy reached its minimum level. The
MSD histories for the stacked-NPs were recorded during the solid-state sintering process
to investigate the effects of the stacking pattern and core volume fraction. As shown in
Figure 3, the solid-state sintered MSD values for the A-type are higher than those of the
C-type, as expected, due to the lower initial spatial density and higher shrinkage ability.
This indicates that there is not enough room for the NP to move in the C-type stacking
pattern. In addition to the moving space, the constraints for each NP also play an essential
role in the solid-state sintering process. The greater the number of constraints (six adjacent
constraints in the C-type model), the smaller the MSD values. This finding also supports
the logic that an increased number of constraints does not allow for enough space for
the movement of the NPs. An intriguing discovery is that the MSD of the NPs with a
higher core volume fraction takes longer to reach a steady averaged value. This can be
explained by the fact that the effect of the core volume fraction influences the coalescence
timing, particularly for the A-type with the substantial void space. The interface energy
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between the core and the shell may have an effect on the mobility and diffusion of the shell
atoms. However, even for the same model, the timing of the coalescence changes across the
simulation runs. Moreover, there is no difference in the C-type. Because all stacked-NPs
of each type have the same averaged value of MSD, the coalescence timing factor can be
neglected. The stacked-NPs structure quickly equilibrates after the NPs have merged and
is ready for the subsequent procedures.
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Figure 3. MSD vs. time history for the solid-state sintering of stacked-NPs model with different core
volume fractions (CVF) for (a) the A-type and (b) the C-type stacking patterns.

In fact, the sintered NPs coalesced into the neck connections (necks) when the two
spherical surfaces merged. It is necessary to measure the neck size during the solid-state
sintering process because the neck size is a crucial factor in determining the sintering
quality of the NPs. Figure 4 shows the neck size measurement for each case after the
solid-state sintering process. In general, it is observed that the neck size of the A-type is
larger than that of the C-type. The fewer necks and constraints for the A-type could be
attributed to this phenomenon, implying that higher shrinkage ability leads to larger necks.
This phenomenon can also be found in the atomic configuration. As shown in Figure 5,
some NPs in the C-type stacked model have weak necks compared to one of their adjacent
NPs, indicating that more constraints would lead to weaker (or smaller) neck sizes.
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contains some connection positions that are weakly solid-state sintered.

3.2. Heat Sintering Process

After the solid-state sintering process, the stacked-NPs models were heated up to
1100 K to mimic the heat sintering process. In this section, a series of atomic configurations,
simulated temperatures, and several related values will be presented to illustrate the
heat sintering behaviors. The stacked-NPs models with a 30% core volume fraction in
both types are taken as examples without loss of generality. Figures 6 and 7 illustrate
the atomic configurations for the A-type and C-type stacked models during this heat
sintering process, respectively. Each inset in Figures 6 and 7 corresponds to a specific
instant (or temperature). This work mainly aims to provide a view from the MD simulation
to determine the ideal fusion temperature range of the NPs and to avoid overheating
situations that may cause energy loss. Hence, in this work, the sintering of these nanoscale
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stacked-NPs is regarded as complete once all the pre-existing voids have vanished. It
should be noted that this definition was based on the atomic configuration of the simulated
models at each moment and may not be applicable to the laser sintering of a microscale
metal powder. At this completely sintered state, the shell does not need to be completely
melted to liquid (Figures 6c and 7c). Another landmark event was recorded during the
heat sintering process (also referred to as the melting process). This event is denoted as
“quick aggregation,” in which the NPs started to aggregate together tightly, as shown in
Figures 6b and 7b. In the present paper, the temperatures that correspond to these two
states are called aggregation temperature and “no-void” temperature (denoted as Ta and
Tnv, respectively). Table 1 lists the Ta and Tnv for all simulated cases.
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Table 1. Aggregation temperature (Ta) and “no-void” temperature (Tnv) for both types with 3%,
12%, and 30% core volume fraction (CVF) NPs under 0.04, 0.2, 0.5, and 1.0 K ps−1 heating rate (HR)
melting processes.

A-Type C-Type

HR (K ps−1) CFV Ta (K) Tnv (K) Ta (K) Tnv (K)

0.04
3% 882 886 810 862

12% 874 882 812 860
30% 880 886 812 860
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Table 1. Cont.

A-Type C-Type

HR (K ps−1) CFV Ta (K) Tnv (K) Ta (K) Tnv (K)

0.2
3% 876 892 830 876

12% 882 890 834 886
30% 878 892 836 882

0.5
3% 886 904 846 884

12% 886 906 848 884
30% 888 910 850 888

1.0
3% 900 918 852 890

12% 902 922 856 892
30% 892 920 856 894
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Figure 7. Example cross-sectional view of atomic configurations of the C-type stacked-NPs model
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and (d) at a relatively high temperature of 1050 K; panel (d) reveals the state of Ti cores in a large
liquid oval with a melted Al shell in 3D view.

From Table 1, the Ta and Tnv are obtained at rising values with increasing heating
rates, implying that slower heating rates lead to sufficient atomic interactions within a
relatively longer simulation duration. For the A-type stacked-NPs model, sufficient atomic
interactions with a 0.04 K ps−1 heating rate result in less than a 10 K difference between Ta
and Tnv. In contrast, the difference enlarges to more than 20 K with a 1.0 K ps−1 heating
rate. This demonstrates that higher heating rates lead to shorter durations for forcing
the atoms to fill the void. Therefore, the extra energy that can be considered as a higher
temperature is required. For the C-type stacked-NPs model, the Ta and Tnv for all the
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simulation cases are less than those of the A-type, roughly about 40 K, because the denser
stacking pattern has six necks and a much smaller void size (Figure 7a). It makes the atoms
of the Al shell more easily fill the voids and causes the stacked-NPs to become completely
sintered earlier. Additionally, the spatial density and void size of the C-type model also
make the atoms require more thermal energy for fusion. Therefore, the difference between
Ta and Tnv for all the cases is about 50 K, which is larger than that of the A-type model.
Another interesting finding is that the Ta and Tnv for the C-type with a 0.04 K ps−1 heating
rate are particularly low, which shows that a denser C-type model and sufficient duration
for atomic interactions would tremendously reduce the final sintering temperature. Finally,
it can be noted that all the temperatures listed in Table 1 are lower than the melting point
for the Al material at the macroscale (933 K). This can be attributed to the presence of large
free surface energy in the MD simulations at the nanoscale. Furthermore, the core volume
percentage appears to have a slight effect on Ta and Tnv because the Ti cores were not
directly involved in the melting process of the Al shell at 1000 K.

The radial distributed function (RDF) is commonly used to describe the pair density
distribution as a function of the distance of an atom from another atom, for every pair
of atoms. Therefore, it is also adopted in this research to investigate the heat sintering
behaviors, such as the spatial density variation and the sintered state, for the stacked-NPs
models. The corresponding RDF data of the A-type and C-type stacked-NPs models with
30% core volume fraction and 0.5 K ps−1 heating rate are shown in Figure 8a,b, respectively.
Initially, at a room temperature of 298 K, the stacked-NPs models experienced a solid-state
sintering process, and the RDF curve, which is plotted with a green dotted line in the
figure, is a typical shape for a solid. Then, the peaks at mid- to long-range distances will
be smeared out gradually with the temperature rising (i.e., the heat sintering process).
As mentioned in previous paragraphs, parts of the NPs start to merge rapidly with their
adjacent NPs, and the configuration in the entire stacked-NPs model will shrink in-plane
when the temperature reaches Ta. Therefore, the peaks at mid- to long-range distances of
the RDF data curves decrease dramatically, as shown in the blue dashed lines in Figure 8a,b.
It means that the Al shell can still be regarded as solid at Ta, but the fluidity is generally
higher than that at room temperature. In addition, the other RDF curves with different
temperatures, such as Tnv and 950 K, also demonstrate that the higher the temperatures,
the fewer the peaks in the RDF curves.
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Figure 8. Radial distribution function (RDF) curves of the Al shell at four different temperatures for
cases with a 30% core volume fraction and a 0.5 Kps−1 heating rate in (a) the A-type and (b) the
C-type: 298 K, ~Ta, ~Tnv, and 950 K (exceeds the melting point); all cases have relatively the same
RDF curves at their own Ta but not at Tnv.
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The values of Ta and Tnv in the RDF curves shown in Figure 8 are denoted in bold font
in Table 1. According to Figure 8a, the RDF curve of Tnv (910 K) is nearly identical to that
of 950 K, and no long-range peaks occur on these two RDF curves. Therefore, it can be said
that the melting point for the Al shell in the A-type with 0.5 K ps−1 is about 910 K. This
temperature causes the Al shell to fully melt. However, the Tnv for the A-type with 1.0 K
ps−1 has exceeded this melting point, and some voids still exist, despite the Al shell being
melted, which implies that a relatively higher heating rate may not generate a well-sintered
stacked-NPs product. Contrary to the previous A-type stacked model results, the C-type
RDF curve at Tnv (Figure 8b) still has some peaks and noticeable differences with the one
at 950 K. This phenomenon can be explained by the fact that the Tnv is not close to the
melting point in this condition. Additionally, this difference between the results of A-type
and C-type models coincides with the measured Tnv value for both types in Table 1. The
C-type (~860 to ~890 K) can form “no-void” atomic configurations with a relatively lower
temperature than the A-type (~880 to ~920 K), which indicates that the surrounding NPs
of the C-type stacking model have more constraints, so that the aggregation ability of the
C-type is less than that of the A-type. It also indicates that the advantage of the C-type is
that it can be fully sintered without pre-existing voids and can maintain a solid-state to
avoid the out-of-plane deformation of the stacked-NPs, such as bending or twisting.

The relative Rg is also an excellent index to monitor the shrinkage of the stacked-NPs,
to ensure the geometric quality of the final sintered product, especially in the z-direction, as
a drastic rising of relative Rgzz value is observed at a specific temperature range (870 to 880
K in Figure 9). For the planar stacked-NPs, the ideal final sintered product would still be
an in-plane, “pie-like” shape (Figures 6c and 7c), rather than being melted into a colossal,
oval-like body (Figures 6d and 7d). The thickness of the fully sintered “pie-like” shape
product should be slightly larger than that of the initial or solid-state sintered model; thus, a
10% shrinkage limit threshold, which can be considered as the out-of-plane expansion limit,
is set for the z-direction. Based on this relative Rg threshold, the corresponding temperature
(TRg) was measured and listed in Table 2 for each case. It is found that the TRg is generally
quite close to the Tnv for each case, proving that the completely sintered products are of a
good quality, without exceeding the expansion threshold in the z-direction. Moreover, some
cases with Rgzz exceeding the 10% threshold, such as ~20%, can still have the “pie-like”
shape structure. Similar to the observations in Table 1, the core volume fraction has no
effect on TRg.
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Figure 9. Relative Rg along z-direction (Rgzz) curves for 30% core volume fraction (CVF) cases with
all heating rates in (a) the A-type and (b) the C-type.
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Table 2. Corresponding temperature at 10% expansion threshold in z-direction (TRg) for both types
with 3%, 12%, and 30% core volume fraction (CVF) NPs under 0.04, 0.2, 0.5, and 1.0 K ps−1 heating
rate (HR) melting processes.

A-Type C-Type

HR (K ps−1) CFV TRg (K)

0.04
3% 886 867

12% 880 871
30% 884 870

0.2
3% 890 879

12% 889 881
30% 892 884

0.5
3% 902 889

12% 899 894
30% 904 888

1.0
3% 922 896

12% 923 898
30% 915 897

Similar to the solid-state sintering process, the MSD profiles are also used to check
the average movement of all the atoms in each case. The MSD profiles with respect to the
temperature for all the stacked-NPs models are plotted in Figure 10. For each simulation
case, the heating rate makes the MSD profiles different when the heating temperature
reaches a specific temperature. In this paper, this specific temperature is denoted as Tcirt
and is defined as the temperature associated with an abrupt increase in MSD values. From
Figure 10, the higher heating rates delay the MSD value ascent for all the stacked-NPs
models after the Tcrit (~880 K for the A-type and ~840 K for the C-type). Moreover, a higher
heating rate may prevent the NPs from being over-fused at a narrow temperature range
and make the stacked-NPs prone to becoming thicker, “pie-like” structures. Furthermore,
the results with a 0.04 K ps−1 heating rate for both the A-type and C-type stacked models
demonstrate an almost vertical rise of the MSD profile, which indicates that the Al shell
starts to melt, and NPs quickly aggregate in a narrower temperature range. This result
is mainly due to the fact that lower heating rates correspond to longer durations for the
interaction of the surface atoms. Additionally, there seems to be no stacking pattern effect
on the stacked-NPs models with the same core volume fraction and heating rate. As can be
seen from Figure 10a–f, the shapes of the curves are almost the same for each heating rate.
With the same stacked model, heating rate, and heating temperature higher than Tcrit, a
higher core volume fraction leads to smaller MSD values. This means that the larger core
does indeed help to stabilize the planar stacked structures to delay the formation of the
large liquid oval.

To further investigate the melting behaviors of the stacked-NPs model, the cross-
sectional views in the XY-plane of the crystal structure for the A-type and C-type models
with a 30% core volume fraction were selected and summarized in Figure 11. This crystal
structure was obtained by using the CNA method. Several stacking faults can be seen in
Figure 10a,e during the solid-state sintering process at the interface between the Ti core
and the Al shell near the neck. However, stacking faults do not occur at the final stage of
the melting process, as shown in Figure 10d,h. This can be explained by the fact that the
melting point for the Al material is much lower than that of the Ti material, and the FCC Al
atoms become disordered when the temperature increases. Figure 10c,g show that the FCC
Ti core retains its structure at a relatively low temperature, even as the Al shell melts. This
phenomenon demonstrates the protective ability of the shell material in such a synthesized
core–shell NP. This ability will prevent the FCC crystal structure of the precious Ti core
from transforming to HCP while increasing the temperature.
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Figure 10. Effect of heating rate on the mean squared displacement (MSD) for different core volume
fractions (CVF) in both stacking types; (a) A-type, 3% CVF; (b) A-type, 12% CVF; (c) A-type, 30% CVF;
(d) C-type, 3% CVF; (e) C-type, 12% CVF; (f) C-type, 30% CVF.
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ment. As expected, the NPs coalesce with their adjacent ones to form four or six necks in 
the A-type and C-type stacked-NPs models, respectively. Due to the denser NPs in the 
space, the MSD value for solid-state sintered NPs of the C-type stacked model is less than 
that of the A-type. Because more constraint was added by the extra two necks, the mobility 
of the NPs in the C-type is limited, and some necks were weakly formed during such a 
low-temperature environment. The neck size and the number of necks contribute to the 
stability of the sintered NP network, and they are two influential aspects in the subsequent 
melting process. Hence, the measured neck size for the A-type stacked model is generally 
more prominent than that of the C-type. In addition, the 30% core volume fraction cases 
have the largest neck size for each type, indicating that the core–shell interface energy will 
affect the thermodynamic responses of the shell. Specifically, a stronger fusion ability is 
assumed to be obtained with a larger neck size. 

Figure 11. Example atomic configurations of stacked-NPs model with 30% core volume fraction in
both types at different instants (temperatures): (a,e) at 298 K, (b,f) at 700 K, (c,g) at Ta, and (d,h) at Tnv.

4. Concluding Remarks

A series of MD simulations that mimicked the selective laser sintering (SLS) process
were conducted to explore the thermodynamic sintering behaviors of the Ti–Al core–shell
planar stacked nanoparticles (NPs) model. Two stacking patterns (i.e., A-type and C-type)
were implemented to study the effect of spatial density on the NPs sintering process. The
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A-type stacking pattern arranges the NPs into a neat, squared “network,” while the C-
type stacking pattern makes every three NPs an equilateral triangle. Initially, there are
pre-existing voids among the adjacent NPs. The void size determines the spatial density of
each specific stacked-NPs model. These two models roughly represent the two limits of the
spatial density range of the planar stacked-NPs (supposing no gap between the adjacent
ones). Ti is the core material with three core volume fractions of the NP coated by an Al
shell. The initial crystal structure is FCC for both Ti and Al. Several melting processes with
heating rates of 0.04, 0.2, 0.5, and 1.0 K ps−1 were performed to investigate the effect of
the heating rate on the heat sintering behaviors and characteristics of the final sintered
products. All simulations were performed in a vacuum environment.

During the solid-state sintering process at room temperature, mean squared displace-
ment (MSD) curves were plotted to demonstrate the coalescence of the NPs with a negligible
initial gap. Such simulations reflect the equilibration of stacked-NPs at room temperature
and imitate the nanoscale metal powder stored in a room temperature environment. As
expected, the NPs coalesce with their adjacent ones to form four or six necks in the A-type
and C-type stacked-NPs models, respectively. Due to the denser NPs in the space, the
MSD value for solid-state sintered NPs of the C-type stacked model is less than that of
the A-type. Because more constraint was added by the extra two necks, the mobility of
the NPs in the C-type is limited, and some necks were weakly formed during such a
low-temperature environment. The neck size and the number of necks contribute to the
stability of the sintered NP network, and they are two influential aspects in the subsequent
melting process. Hence, the measured neck size for the A-type stacked model is generally
more prominent than that of the C-type. In addition, the 30% core volume fraction cases
have the largest neck size for each type, indicating that the core–shell interface energy will
affect the thermodynamic responses of the shell. Specifically, a stronger fusion ability is
assumed to be obtained with a larger neck size.

In this simulation, the melting point of the Al shell is 910 K. Heating rates of 0.04, 0.2,
0.5, and 1.0 K ps−1 were implemented to heat the stacked-NPs models to 1100 K in the
melting process. When the temperature exceeds the melting point, the planar stacked-NPs
models quickly melt into a large liquid oval, which contains solid Ti cores with a higher
melting point. Moreover, a larger core helps to stabilize the planar stacked structures
by delaying the formation of the liquid oval. When the system temperature reaches the
aggregation temperature (Ta), which slightly depends on the core volume fraction, the
NPs start to quickly aggregate in several locations and to form a “pie-like” entity. The
pre-existing voids disappear when the temperature increases to the “no-void” temperature
(Tnv). The corresponding Ta and Tnv are obtained at higher values with an increased heating
rate, because higher heating rates will cause shorter durations for atomic interactions. The
stacked-NPs model would require extra energy (reflected in the higher temperatures) to
force the atoms to fill the voids with higher heating rates. Both Ta and Tnv are ~40 K less
in the C-type models due to the denser stacking pattern with six necks and a relatively
small void size, which the Al shell atoms can quickly fill, thus reducing the total time
for a complete sintering process. Moreover, the lower Ta and Tnv values in the C-type
indicate the requirement of more thermal energy to fuse the Al shell material, resulting
in a consistent difference between Ta and Tnv of ~50 K compared to that of ~20 K in the
A-type. The radial distribution function data for the C-type models reveal that the Al shell
could still be in a solid state when the NPs are completely sintered, even under a faster
heating rate. On the contrary, the A-type model initially looks clean and tidy, but it will be
challenging to maintain the desired “pie-like” structure of the final sintered product when
the temperature reaches the melting point of the shell material.

In the real-world SLS process, a large amount of nanoscale metal powders is dis-
tributed randomly in the 3D space. Although the present work demonstrates the sintering
behaviors only for the 2D planar stacked-NP model, the results could be extended to a 3D
environment, for the further prediction of the laser sintering process at the nanoscale. In a
limited space, the NPs will stack up to form a close-packed structure with great possibil-
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ity. The MD simulation results suggest that the C-type stacked-NPs model with a slower
heating rate and a longer melting duration would help to fabricate a stable, fully sintered
product at a relatively low final sintering temperature.
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