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Abstract: This paper investigates the ultra-fast heating process of Cu-Pd bimetallic nanoparticles
from an atomic-scale perspective, which is essential for laser manufacturing processes, such as laser
cladding and selective laser melting. The behavior of high surface ratio nanoparticles during these
processes is strongly influenced by their properties and the heating process, which is governed by
atomic dynamics. Previous studies have mainly focused on the combination process in pure metallic
nanoparticles under slow or isothermal heating, but this work demonstrates that the ultra-fast
atomic dynamic process between bimetallic nanoparticles differs significantly. Specifically, in Cu-Pd
nanoparticles, the combination process is primarily dependent on the surface atomic motion of the
lower melting point particles rather than plastic deformation in the grain boundary between particles.
Moreover, the ultra-fast heating process is size-dependent. For small nanoparticles, the atomic
kinetics exhibit two different mechanisms depending on temperature: Low-temperature jointing is
controlled by localized atomic rearrangement, while high-temperature coalition is governed by the
atomic flow of surface atomic melting in the low-temperature melting particle. The combination
mechanism is the same for large particles as it is for small particles at high temperatures. The findings
of this study provide important insights into the behavior of bimetallic nanoparticles during ultra-fast
heating and can inform the development of coat and lubricant.

Keywords: Pu-Cu nanoparticles; ultra-fast melting; molecular dynamic simulation; size effect;
coat; lubricant

1. Introduction

Nanoparticles (NPs) have been extensively studied in many areas of science, including
metallurgical coating, electrical energy production, catalysis, additive manufacturing, sens-
ing, environmental protection, and biomedicine [1–7] due to their unique size-dependent
physical and chemical properties at the nanoscale. Metallic nanoparticles are attractive
additives in lubricants for the applications of machinery and aviation fields, primarily due
to their unique characteristics of lightweight, higher thermal conductivity, load-carrying
capacity, and anti-friction characteristics [8]. Among many kinds of NPs, Cu NPs have
received significant attention and have been widely used since they cannot only improve
the tribological properties of the base oil, but also display good anti-friction and wear
reduction characteristics [9–15]. Recently, many researches focus on the use of noble metals,
such as gold, silver, and even palladium, and numerous noble metals have been currently
employed to reinforce polymer or composite coatings with the aim of improving mechan-
ical, tribological, and thermal stability properties [16–18]. The noble character of these
metals makes them very suitable for preventing the corrosion or reaction of the surfaces in
contact [19]. This property qualifies its employment as a good candidate for lubrication of
electrical contacts where a sharp increase in the contact resistance results in a fault of the
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electronic device, such as micro electromechanical system (MEMS) and nano electrome-
chanical system (NEMS) [20]. For the Pd noble NPs, a decrease in the electrical resistance
of the contact was obtained making their application suitable for small connectors and
microelectronics [21,22]. In addition, the combinations of Cu and Pd NP were studied in
the literature for catalytic reactions including oxygen reduction (ORR) [23] and hydrogen
generation reactions [24]. The Cu-Pd bimetallic NPs exhibit enhanced electrocatalytic
activity as a result of the interactions between the Cu and Pd NPs and the presence of Cu
was believed to avoid inhibition of the Pd active sites in catalytic reactions.

Metal NPs involving lubricants have a higher thermal conductivity than pure oil,
which reduces the heat generated by friction and contributes to the mechanical system’s
stability [25]. However, NPs tend to aggregate together into large-scale clusters due to
their high surface energy in the tribological process [26,27]. The tribological performance
of lubricants is strongly dependent on the stability and dispersibility of NPs in base fluids.
Researchers have concentrated on minimizing or eliminating the agglomerating and sin-
tering behavior of nanoparticles during working [28]. The generally accepted equilibrium
Cu-Pd phase diagram contains five phases: A disordered face-centered cubic solid solution
Cu1−xPdx (A1), a one-dimensional long-period superlattice structure Cu21Pd7 (1D-LPS),
intermetallic compounds Cu3Pd (L12), and Cu-Pd (B2), except for a two-dimensional
long-period superlattice structure (2D-LPS) [29,30]. For the Cu-Pd bimetallic nanoparti-
cles, the thermodynamic non-equilibrium phases are difficult to be fully described by the
equilibrium Cu-Pd phase diagram. In addition, the traditional phase diagrams do not
include surface energy effects, which are important and sometimes even dominant for
nanoparticles [31]. The molecular dynamic (MD) simulations provide an effective tool
to study the lubrication behavior at the micro-nano scale. The high temperature during
lubrication demands the atomic thermal stability properties research of sintering of NP.

The sintering mechanism of Cu and Pd NPs has been extensively studied by experi-
mental and molecular simulations. Most of the attention has been given to studying the
sintering of pure metal nanoparticles under isothermal heating nowadays [32]. Zhang
et al. [33] reported that the as-synthesized Cu nanoparticles, as a water-based lubricant
additive, can significantly improve the tribological properties of distilled water, and some
Cu nanoparticles in the solution accelerate the heat transfer process, which also results in
good tribological properties. Yuan et al. [34] found that the composite lubrication system
with the modified copper nanoparticles applied as the lubricant additives exhibits good
friction-reduction and wear-resistance on the tribological properties of cylinder liner-piston
ring. Moreover, Pd nanoparticles have a host of attractions at the same time. Sánchez-López
et al. [35] gained effective anti-wear performance specimen by using surface-modified Pd
nanoparticles (2 nm-core size) and the excellent anti-wear response is explained by the
formation of a metal-containing transfer film and their action as counter-face spacers avoid-
ing direct contact by the experiment. Moreover, they reported that the Pd nanoparticles
are useful as a thin solid lubricant film in reciprocating motion yielding a comparable
tribological behavior [36]. In addition, many MD simulations are performed to shed light
on Cu and Pd nanoparticles. Kart et al. [37] reported that the melting temperatures of
the copper nanoparticles increased as the size of the nanoparticles increases during the
MD simulation method utilizing the Quantum Sutton-Chen (Q-SC) many-body force field.
Kalteh et al. [38] reported on the convective heat transfer of an argon-copper nanofluid
in a copper nanochannel under Poiseuille flow conditions. The result showed that the
aggregation of nanoparticles reduces the mobility of the atoms and the amount of solid-like
layer around the nanoparticles, which reduces the Nusselt number. Marashi et al. [39]
studied the stability and melting behavior of palladium clusters with 2–20 shells of cub and
icosahedron structures using MD simulation and embedded-atom method (EAM) force
field. The result showed that the cub clusters of intermediate size transform to icosahedron
at elevated temperatures and both cub and icosahedron are stable up to the melting point
for larger sizes. Valencia et al. [40] reported that nanocrystalline shells at large strains of a
constant flow stress regime are observed even for deformations as high as 80% due to the
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grain boundary activity during the MD simulation of Pd hollow nanoparticles. However, it
is expected that the sintering mechanism will differ from the case of pure metals due to the
differing physical and chemical properties and their interactions when different metals are
involved in lubrication behavior involving the fast heating rate in high temperature. Wang
et al. [41] observed that the Cu nanoparticle is enriched on the Cu-Pd nanoalloy surfaces at
the high Cu/Pd ratio during the growth of Cu-Pd nanoalloys encapsulated in carbon-shell,
which is attributed to the relatively low surface free energy of Cu. Delhommelle et al. [42]
found that the free energy of nucleation strongly depends on the composition of the alloy
and the free energy barrier for the equimolar alloy is more than two times larger than the
pure metals during the MD simulation of the nucleation process of Cu and Pd nanoalloy.
Celik et al. [43] reported the forming of crystal phase related to the presence of crystal-type
polyhedrons and Cu concentration in the research of the crystallization mechanism from
amorphous matrix during the annealing progress in Cu-Pd and Cu-Pt alloy systems by
using MD simulation with the embedded-atom method.

In this study, we investigated the sintering process of Cu-Pd bimetallic NP with
diameters ranging from 2 nm to 18 nm at high heating rates using molecular dynamic
simulations based on the second nearest-neighbor modified embedded-atom method
(2NN MEAM). Our MD simulations provide atomic-level insights into the entire dynamic
sintering process. By analyzing various parameters, such as average atomic potential
energy, radial distribution functions (RDF), non-Gaussian parameters (NGP), radius of
gyration, shrinkage ratio, and mean square displacement (MSD) for systems with different
nanoparticle sizes, we examined the atomic motion of atoms under different temperatures
at various positions within each particle. Using CNA structure, particle shear strain,
and structural snapshots, we analyzed the sintering dynamic properties of the Cu-Pd
bimetallic NP in detail. The methodology, results, and discussions will be presented in
the following sections. Moreover, the result may provide atomic understanding for some
specific applications of Cu-Pd bimetallic NP in lubricant.

2. Materials and Methods

To simulate ultra-fast melting and examine atomic-level properties, we conducted clas-
sical MD simulations using the large-scale atomic/molecular massively parallel simulator
(LAMMPS) [44]. The interactions potential among bimetallic atoms were described by the
second nearest-neighbor modified embedded-atom method, as reported by Ga-Un Jeong
et al. [45]. We built a bulk face-centered cubic lattice of Cu with the lattice parameter of
3.615 Å and a decent center cubic lattice of Pd with a lattice parameter of 3.89 Å [46], and
periodical boundary conditions were imposed in the simulations. The ultra-fast melting
process was simulated under the NVT ensemble, utilizing a 1 fs time step. During simula-
tion, the number of atoms N, volume V, and temperature T remained constant, and data
were recorded at every 2000 ps intervals. The desired temperature and ambient pressure
were maintained by Noe-Hoover thermostat [47] and Berendsen approach [48], respectively.
Atomic motion equations were integrated using the Verlet-velocity algorithm [49] with a
1 fs time step.

Prior to the simulation of nanoparticle sintering, the two nanoparticles range from
2 nm to 18 nm in the initial structures with surface separation distance of 0.2 nm apart, and
were first fully relaxed using the NVT ensemble at 300 K for 300 ps with a time step of 1 fs.
Upon starting MD simulations, all nanoparticles were first quasi-statically relaxed to a local
minimum energy state through the conjugate gradients method [50]. After full relaxation,
the nanoparticles were subjected to a continuous heating process. During the simulation of
sintering process using NVT ensemble, the whole system was heated from 300 K to 2500 K
at the heating rate of 1 K/ps and thermodynamic data were output every 1000 frames. We
plot the temperature and time at the bottom and top of the figures for convenience. The
change in surface facets, the common neighbor analysis (CNA) [51], and the atomic strain
analysis were qualitatively and quantitatively analyzed by the OVITO open visualization
tool and OVITO Python open-source scripts [52].
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We should mention that the angular momentum of nanoparticles was adjusted to zero
every 100 steps by subtracting a rotational component from each atom. The anisotropic
characteristics of crystalline materials can easily cause shape changes and drift of the center
of mass, leading to the spontaneous rotation of the particles, which is commonly observed
in the simulation of crystalline NP [53]. The fixed angular momentum does not affect the
motions on the surface and simplifies the analysis process.

As the crystal structure of Cu is face-centered cubic (FCC), the lattice constant is
0.3606 nm, and the Cu-Cu bond length is about 0.258 nm. On this basis, we define the Cu
atoms with a distance of less than 0.258 nm from the surface of the nanoparticle as surface
Cu atoms, whereas the atoms with a distance greater than 0.258 nm from the surface of the
Cu nanoparticle are defined as internal Cu atoms [54]. The defining of Pd NP surface and
internal atoms follows the same method.

In this study, we simulated the melting point of Cu and Pd NPs with varying sizes by
calculating the potential energy changes during an ultra-fast heating process. In addition,
the melting point of each case was estimated based on the average potential energy and
temperature curve. By comparing the calculated melting point and NP size, we were able
to establish a relationship between the NP size and melting point, and thus explore the size
effect of NP.

The radial distribution function (RDF) is the probability distribution to find the center
of an atom in a given position at a radial distance r from the center of a reference sphere,
which can describe the one-dimensional order of a homogeneous system [55,56]. The RDF
is defined as:

g(r) =
V
N

n(r)
4πr2∆r

(1)

where N is the total number of atoms, V is the volume of the system, and n(r) represents
the number of atoms in the thickness of ∆r at the radius (r) of the nanoparticles.

In the MD simulation of NP, the radius of gyration Rg is calculated as [57]:

Rg =

√√√√ 1
M

N

∑
i=1

mi(ri − rcm) (2)

where M is the total mass of atoms in the simulation system, mi is the mass of the atom i, ri
is the position of the atom i, and rcm is the center of mass position.

The shrinkage ratio Sr is an important indicator of the degree of sintering, the shrinkage
ratio Sr is calculated as [58]:

Sr =
∆L
L0

=
L0 − L

L0
(3)

where L0 and L are the distance between the center of the initial moment (the temperature
is 300 K) and the moment of t, respectively. ∆L is the difference between L0 and L.

The mean square displacement (MSD) can be calculated by taking the average of the
square displacement over all atoms in the simulation, which is defined as [59]:

MSD =
1
N

N

∑
i=1

[ri(t)− ri(0)]
2 (4)

where N represents the total number of atoms, ri(0) and ri(t) represent the positions of the
atom at the time constants 0 and t, respectively. The MSD is monitored in the simulation to
describe the displacement of atoms during the ultra-fast sintering process.

To describe correlations between velocities at different times along an equilibrium
trajectory, the position auto-correlation function (XACF) is an equilibrium property of a
system, which is defined as [60]:

XACFi =
〈[ri(t)× ri(0)]〉
〈[ri(0)× ri(0)]〉

(5)
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where ri(t) is the position of ith atom at time t and < > denotes the ensemble average. The
position at the initial condition is represented with ri(0). XACF describes the degree of
correlation between time t and initial time, which can provide information about the motion
of atoms in the molecular system, such as the diffusion behavior and viscosity of atoms.

The non-Gaussian parameter (NGP) or α2 measures the statistical heterogeneity of an
underlying random variable, which is defined as [61,62]:

α2 =
3
〈
∆r4〉

5〈∆r2〉2
− 1 (6)

where < > denotes the ensemble average; therefore, <∆r4> and <∆r2> could be calculated
based on the position of atom in the generated dump file.

During the continuous heating process of a specific system, if the MSD value is homo-
geneous or the displacement from each atom remains statistically the same by following the
Gaussian distribution, then the value of α2 is zero. However, if certain atoms start to execute
the displacements that are larger than other atoms or show non-Gaussian distribution,
such as in surface disordering, the value of α2 starts to rise [63]. Thereafter, we can capture
sensitively the starting temperature of surface disordering and related melting processes
according to the change in α2.

3. Result and Discussion
3.1. Macroscopic Sintering Process
3.1.1. The Potential Energy Evolution and Structure Evolution

Figure 1 illustrates the atomic potential energy of NPs with diameters ranging from
2 nm to 18 nm at a heating rate of 1 K/ps. The sum of atoms in the NPs range from 646
to 466,108. To better demonstrate the variation of average particle potential energy with
temperature under different sizes, corresponding curves were shifted along the Y-axis to
prevent overlapping. As shown in the figure, the atomic average potential energy curve
is divided into two types based on NP size, indicating the size effect of NP. The average
particle potential energy before the first peak decreases as the particle radius increases
due to the decrease in surface/volume atomic ratio. The melting region shifts to a higher
temperature as for the larger NP, consistent with the size-dependent single NP melting
process. This is due to the fact that the atomic cohesion energy increases with the increase
in coordination number in larger samples, following the increase in surface/volume atomic
ratio. However, the average potential energy curve shows a single peak when the diameter
is below 4 nm. In the low-temperature stage, the curve increases linearly with temperature
until it reaches a certain temperature, then jumps significantly due to NP melting, followed
by a potential energy drop and decrease in a certain region due to the large mixing enthalpy
of Pd and Cu atoms during the sintering process [64]. Since the non-melting atomic
proportion of Pd in small samples is limited, the melting peak of Pd is covered by the Cu
and Pd atomic mixing process. Above 6 nm, the average potential energy curve shows two
peaks related to the melting of Cu and Pd NPs during the sintering process, in contrast to
the pure nanoparticle sintering process. The slopes of the potential energy curve before the
Cu surface melting region near the first peak are similar, with a significant nonlinear region,
in contrast to the sharp energy jumps in the slow heating and step-like heating process.
The nonlinear region corresponds to the solid-to-liquid transition process, featuring the
atomic melting and sintering kinetics under an ultra-fast heating rate. The region between
two peaks corresponds to the coexistence of the liquid-state Cu NP and the solid state in
the core part of Pd NP. Under the influence of the mixing process between two different
atoms, the melting dynamic of the Pd NP deviates from the pure Pd NP melting process.
In contrast to the average atomic potential energy curve before the first peak, the value
between the first and second peak increases with the rise in NP diameter.
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Figure 1. The average potential energy of the whole system during the heating process of different
sizes. The two red arrows in the inset picture located in the upper left show the melting temperatures
of Cu and Pd NP, respectively, and the diameters ranging from 2 nm to 18 nm.

As shown in Figure 2a, the temperatures corresponding to the first and second peaks
of the potential energy curve (Figure 1) both show an increasing trend as the size increases.
Among the NPs ranging from 2 nm to 4 nm, the first peak and the second peak of the
potential energy curve change most significantly. When the diameter of NP exceeds 6 nm,
the three curves’ growth rate slows down with continued size increase and becomes a
linear relationship between the temperature and diameter of NP. The melting temperature
difference between two NPs is represented by the temperature difference between the first
peak and the second peak of the temperature-potential energy curve, which increases with
the rising temperature before stabilizing at about 400 K around 10 nm. This stabilization
occurs since the melting temperature of NPs difference is the same as the melting tem-
perature difference for these two bulk metals. To describe the homogeneous mixture of
these two particles, we chose the stabilized first peak in Cu-Pu partial RDF, as shown in
Figure 3d. The size-dependent stabilized RDF curve shown in Figure 2a indicates that the
temperature of uniform mixing of two different types of NPs shows a similar trend to the
melting temperature of the NPs, but it is slightly higher for Pd NPs. As the diameter of NP
increases, the temperature difference between them increases, suggesting that larger NPs
require a higher temperature and a longer sintering time. This information can provide
theoretical guidance for achieving an appropriate temperature for homogeneous mixing of
NPs during the ultra-fast sintering processes.

Moreover, Figure 2b depicts the relationship between the melting temperature and
inverse NP diameter. As the inverse diameter of NPs increases, the melting temperature
of Cu NP decreases. However, in the case of 2 nm and 4 nm NP, the relationship between
temperature and D−1 deviates from the Gibbs–Thomson equation, which suggests that
the melting point is proportional to D−1 for the same range of NPs. This deviation is also
observed in other systems, such as Ag and Au NP [65], which can be attributed to the larger
surface/volume atomic ratio in smaller particles. This difference results in two modes of
melting, namely pre-melting for small NP and melting mode for large NP. Consequently,
these different melting modes lead to two distinct sintering mechanisms.
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Figure 2. (a) The relationship between the first peak’s temperature and the size of nanoparticles in
Figure 1 (red line), the second peak’s temperature and the size of nanoparticles in Figure 1 (blue line),
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the surface RDF curve stabilized temperature of different sizes. (b) The relationship between the
inverse of diameter (D−1) and the melting temperature.
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3.1.2. The Average Crystal Structure Evolution

The melting and sintering process of NPs can also be detected through spatial topo-
logical structure information, which provides a more intuitive view of the atomic packing
or mixture process. In this paper, the partial RDF is used to facilitate the structure evolu-
tion during the ultra-fast heating process. As shown in Figure 3a,b, with an increase in
temperature, the peak value remains unchanged, but the curve gradually becomes rougher,
and the peak width also increases, indicating an increase in the disorder degree of atoms
in the particles as the temperature rises. Moreover, for temperatures below the melting
point, the RDF curve of Cu NP has a well-defined peak near 2.58 Å, which represents the
distance between the nearest neighboring atoms of the FCC structure of Cu [66]. This offers
further confidence and confirms the validity of the adapted potential function for the Cu
and Pd mixture system. Additionally, the first peak width of the RDF curve begins to
widen, and the second peak disappears when the temperature reaches the melting point,
indicating that the volume of disorder structure is primary, and the system has become
liquid. Figure 3c shows that the peak of RDF between Cu and Pd becomes notably above
1500 K and the peak height gradually increases as the temperature rises, implying an
increase in the number of Cu-Pd pairs. Furthermore, the temperature-dependent first peak
for Cu-Cu and Pd-Pd pair decreases gradually with the increasing temperature, while the
Cu-Pd pair show the opposite trend. In addition, all RDF values become constant after
2000 K, indicating the homogeneous mixing of the two NPs. Therefore, the starting point
of the constant RDF value (RDF stabilized temperature) is a more rigorous variable for
evaluating the effective mixing of the NPs rather than the melting temperature. The size
dependence of the RDF curve stabilized temperature is presented in Figure 2a.

The RDF curve depicted in Figure 3 illustrates the overall structural changes during
the sintering process. Since the surface atoms play a crucial role in determining this process,
Figure 4 shows the RDF curve of the surface atoms in Cu NP at the point of the abrupt
increase in the sintering neck radius temperature. It is evident that the partial RDF of
2 nm and 4 nm NP differs from the others, indicating that the sintering neck grows under
a different mechanism under this temperature. The presence of a large first peak and a
second peak in the 2 nm and 4 nm NP suggests that their surface atoms still retain an
ordered crystal structure rather than a disordered liquid state with a single broad peak seen
in the larger NP. This corresponds to the facet shape of the small NP at 1100 K in Figure 5,
as well as the aggregation of Cu atoms at the sintering neck in Figure 6.
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3.1.3. Sintering Neck Radius and Shrinkage Ratio

Figure 5 displays a temperature-dependent analysis of the sintering neck radius (X),
normalized radius of gyration, and shrinkage ratio. The results show that the sintering
process is dependent on the diameter of NP. The insert picture in Figure 5a illustrates the
curve of the sintering neck radius (X) for 2 nm and 4 nm NP, while the insert picture in
Figure 4e describes the calculation method of the shrinkage ratio. For the 2 nm and 4 nm NP,
the sintering process shows two steps that can be divided into five stages: Slow fluctuation
and slow increase (Stage I), first rapid increase (Stage II), initial stable (Stage III), second
rapid increase (Stage IV), and final stable state (Stage V), respectively. In Stage I of 2 nm
NP, as shown in Figure 5e, all curves fluctuated within a small range, corresponding to the
NP relaxation process. In Stage II, the first rapid growth of the sintering neck commences,
which relates to surface reconstruction that forms a lower energy state of the facet shape
rather than the sphere shape, which is evident from an atom snapshot. Moreover, the
surface reconstruction is a result of localized surface atomic rearrangement elaborated later
in this work. Interestingly, many reports have already proven the facet state in small NPs or
clusters [67–71]. In Stage III, the surface reconstruction finishes, and the sintering process
reaches a stable state with atomic thermal fluctuations. In Stage IV, the neck radius and the
normalized radius of gyration undergo the second abrupt increase, while the normalized
gyration radius meets an abrupt drop. This phenomenon may relate to the surface atomic
pre-melting of Cu NP, and the sintering neck radius (X) and shrinkage ratio almost remain
constant in Stage V.

With an increase in NP diameter, the sintering process in 6 nm to 18 nm NP can be
divided into three stages (as shown in Figure 5e): Slow increase and fluctuation state (Stage
I), rapid increase state (Stage II), and stable state (Stage III), respectively. Stage I is similar to
the Stage I of 2 nm and 4 nm NPs, but with smaller fluctuations. As the temperature rises,
the surface atoms of Cu NPs reach the melting temperature; atom flows near the sintering
neck into the neck alley for capillary effect, leading to the abrupt increase in the sintering
neck and shrinking rate in Stage II. As seen in Figure 5a, the temperature for the abrupt
increase in the sintering neck radius is mostly the same in 6 nm to 18 nm nanoparticles,
around 1600 K. In the later part, there exists a sudden increase in the sintering neck radius
that relates to the melting of surface atoms, which are almost independent of NP size.
The surface pre-melting begins at around 0.7 times of the melting point (Tm), and this
temperature was considered the theoretical sintered temperature [72,73]. Furthermore,
Stage III in larger NPs differs from the smaller ones (2 nm and 4 nm). For the smaller NPs,
the melting points of two kinds of NPs are near, and the mixing process finishes quickly.
However, for the larger NP, the melting temperature in Cu and Pd NP differs (as seen in
Figure 2), and the mixing process experiences a relatively long time. All the curves continue
to increase until the melting point of Pd NP, then exhibit a slight increase.

3.2. Sintering Mechanism
3.2.1. Atomic Characterization

The atomic snapshots displayed in Figure 5 indicate that both Cu and Pd atoms have
structured quasi-sphere shape under 300 K. As the temperature increases, the sphere shape
gradually turns into a facet shape, and then merges into one sphere particle after melting
at around 1300 K. In contrast to the stable sphere shape in larger NPs, the facet shape is
supposed to be the stable state in smaller NPs or clusters (2 nm). It has been confirmed
by both experiments and theoretical calculations [74,75]. At lower temperature, the sur-
face atoms lack sufficient energy to overcome the energy barrier. Therefore, their atomic
potential energy fluctuates in the original position. However, the increasing temperature
provides additional energy for surface atom migration, resulting in a facet state, which
leads to the sintering neck radius increase shown in Figure 5. To determine the structural
changes during the sintering process, we used CNA analysis to describe the atomic struc-
ture of the NP (as shown in Figure 6b). The results show that the atoms in the surface and
sintering neck are in other atomic types, while the inner atoms remain in an FCC state
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at 300 K. As the temperature increases, some hexagonal closest-packed (HCP) structures
form in the sintering neck region due to the shear and shuffle of Cu and Pd atoms. This
results in a relatively looser structure, larger shear strain, and stress at the sintering neck as
shown in Figure 6d. At 1200 K, all Cu atoms turn into other types, corresponding to the
melting of Cu NPs in Figure 1. Since the melting temperature of bulk Pd is higher than
bulk Cu, the interior of Pd NP remains in an FCC state at 1200 K. After reaching the Pd NP
melting temperature, all atoms become other types. Figure 6c shows the atomic potential
energy of the NPs. It indicates that the surface atoms have higher energy than the inner
ones. Additionally, the potential energy of Pd NP is relatively lower than Cu NP. After
interacting with the Cu NP, the Pd atomic potential energy turns into a significantly lower
state, which may be ascribed to the large negative mixture enthalpy of Cu-Pd bimetallic
nanoparticles [76].

Figure 7 displays the detailed atomic types (a), CNA snapshots (b), atomic potential
energy (c), and shear strain (d) of sliced 6 nm Cu-Pd NPs under different temperatures. The
atomic type snapshots indicate that both Cu and Pd atoms have a structured sphere shape
under 300 K. With an increase in temperature, the NPs remain in a sphere shape, but with a
rougher surface, which differs from the 2 nm results. The sintering neck radius increases
with the temperature. As shown in the evolution of atomic species in Figure 7a, several Cu
atoms on the surface diffuse onto the Pd NP surface before melting, and then the melted Cu
atoms wrap around the Pd atoms above the melting temperature of Cu NP. By comparing
the atomic species in the sintering neck radius at 1500 K and 1600 K, we can state that
the rapid growth of sintering necks is controlled by the Cu atomic flow on the surface of
NPs. The atomic flow under melting is governed by the curvature radius, where a larger
curvature radius leads to faster atomic flow, as evidenced in the sintering neck radius in
Figure 5a. Some hexagonal closest-packed (HCP) structures and disorder structures (the
position of dislocations) are present in the sintering neck of Cu NP under 300 K, resulting
from plastic deformation during relaxation and ration of the NP. However, during the
following sintering process at high temperatures, it seems that the plastic deformation
at lower temperatures has limited effect on the ultra-fast sintering process, which differs
from sintering in the mono-element sintering at constant temperature. In summary, for
the smaller NP, the growth of neck radius is governed by localized atomic diffusion at low
temperatures, whereas for the larger NP, the growing sintering neck radius is dominated
by atomic flow under NP surface melting.
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3.2.2. The Shell Atomic Energy and Motion Pattern

Figure 8a exhibits the temperature dependence of the average atomic potential energy
(AAPE). It can be observed that the smaller NPs have higher average atomic potential
energy than larger ones. All AAPE curves exhibit a similar pattern, gradually increasing
with temperature, then decreasing in a certain temperature range before resuming an
increasing trend. The reduction in magnitude correlates with an increase in NP size. For Cu
NP with diameters ranging from 6 nm to 18 nm, the transition temperature is approximately
constant at 1300–1400 K. This temperature corresponds to 0.65–0.70 of the reported 0.7 Tm
criterion considering that the bulk Cu melting point in this study is 1980 K [77]. Therefore,
the AAPE transition temperature signifies the melting of shell part atoms. The dotted
lines represent the temperature at which the abrupt growth neck radius occurs, which
follows the transition temperature. By integrating the results from the atomic snapshots,
sintering neck growth occurs due to the flow-melting of atoms. Additionally, since Cu-Pd
bimetallic nanoparticles have considerable negative enthalpy, the decrease in AAPE implies
an increasing number of Cu atoms shifting toward the Pd NP.
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mean square displacement (MSD), and the insert figure in (b) shows the MSD curve change
temperature under different size, (c) the non−Gaussian parameter (NGP), and (d) the position
auto−correlation function (XACF) of 6 nm Cu NPs shell part.

To quantify the atomic motion in detail, we present MSD, NGP, and XACF in Figure 8b–d.
The MSD curve depicts the average displacement of shell atoms, indicating limited atomic
displacement before melting, with gradual increase afterward. Samples with larger NPs
exhibit a greater MSD since they provide more room for atomic movement. NGP is an
effective indicator of the number of atoms in various movement patterns. After complete
melting, NGP shows a value of zero for all samples, suggesting the random movement of
atoms. Except for the 2 nm case, NGP presents a single peak across all ranges, with the peak
height reducing with the increasing NP size, while peak temperature increases with the rise
in NP diameter. This indicates that larger NPs undergo more random atomic movement,
experiencing distinct movement patterns during ultra-fast heating, and corresponding
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to the three sintering stages presented in Figure 4e. However, for 2 nm and 4 nm NP,
the NGP at low temperature is non-zero, indicating that the atom movement follows
certain rules to shape facets as shown in Figure 4d. The double peak for the 2 nm sample
signifies two diverse movement patterns during the sintering process, which corresponds
to the abrupt growth of sintering necks. The XACF curve demonstrates how the atomic
movement correlates with their original position. For NP with diameter larger than 2 nm,
the XACF remains at the value of 1 until it reaches the melting temperature, indicating the
atomic vibration around their original location. Meanwhile, the decrease in XACF for 2 nm
NP at low temperature indicates the movement away from their origin location, with a
significantly smaller magnitude compared to the melting state at 1300 K. Consequently, the
formation of facet state occurs due to localized rearrangement.

3.2.3. The Size Dependence of Sintering Time

As shown in Figure 9, the sintering time depends on the process of sintering, and the
duration of sintering increases with the diameter of NP. This increase shows a similar trend
to the stabilized time of the RDF curve. When the diameter of the nanoparticle increases
from 2 nm to 6 nm, both the sintering time and the time for RDF curve stabilization
increase sharply. This indicates that localized atomic rearrangement driven by relative
energy costs a significant amount of time. However, this kind of rearrangement weakens
when NP reaches a diameter above 6 nm, and the rate of increase in time cost for these
two phenomena slows down. Additionally, when the NP size reaches 15 and 18 nm, the
sintering time and stabilized time of the RDF curve remain nearly constant despite an
increase in NP diameter. Furthermore, during the Cu-Pd dissimilar nanoparticles ultra-fast
sintering process described in this paper, the sintering process is mainly affected by NPs
with low melting points.
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Combining all the results above, we can conclude that the sintering mechanism of
two different NPs is size-dependent. For the small NP, the sintering process involves
two different mechanisms depending on the sintering temperature. The low-temperature
sintering mechanism is related to localized atomic rearrangement driven by relative energy
to form the lower-energy facet state rather than the sphere state. Meanwhile, the high-
temperature sintering mechanism is governed by surface melting atomic flow. For larger
NPs, the sintering process is the same as for small particles at high temperatures due
to surface melting atomic flow. Additionally, the sintering process is mainly controlled
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by NP with low melting points. After the low melting point metal melts, it will wrap
around the high melting one, accelerating the atomic diffusion of the higher melting point
at the interface. This atomic dynamic behavior from MD simulation may provide some
atomic insight and guide to the specific behavior during the fast heating process of the
NP addictive coat and high-temperature lubricant, such as Cu and Pd NPs in lubricant
additive [78], corrosion-resistant metal film [79], etc.

4. Conclusions

In summary, MD simulations were employed to investigate the atomic movement of
Cu-Pd bimetallic nanoparticles based on the MEAM potential with MD tool of LAMMPS
and OVITO. During the ultra-fast heating process of heterogeneous Cu-Pd bimetallic
nanoparticles, the atomic average potential energy curve, radius of gyration, shrinkage
ratio, MSD, NGP, XACF, CNA structure, and other snapshots of the Cu-Pd bimetallic
nanoparticles system with diameters ranging from 2–18 nm were studied, and the main
conclusions are as follows:

(1) The ultra-fast heating process of Cu-Pd bimetallic nanoparticles has an apparent
size effect. For the 2 nm and 4 nm diameter systems, the number of particles is small, the
shape is close to the space polyhedron, and the atomic rearrangement phenomenon is clear.
The sintering process of the system with a diameter larger than 4 nm presents an apparent
“double peak phenomenon”.

(2) The sintering process involves two different mechanisms depending on the sinter-
ing temperature. For small particles, the low-temperature sintering mechanism is related to
the localized atomic rearrangement driven by the relative energy to form the lower-energy
facet state rather than the sphere state. In addition, the high-temperature sintering mecha-
nism is governed by surface melting atomic flow. Moreover, the sintering process is the
same as for small particles at high temperatures due to the surface melting atomic flow for
large NPs. The sintering process is mainly controlled by NPs with low melting points.

(3) The sintering behavior of the bimetallic nanoparticles under ultra-fast heating rate
mainly depend on the low melting NPs. For the nanoparticles larger than 2 nm, the melting
of Cu NP is earlier than the Pd NP under the same conditions, and the movement of the
shell part of NP is earlier than the core part of NP. The shell part first reaches the melting
point, and then drives the core part to reach the melting point.

In addition, the ultra-fast laser sintering process of heterogeneous Cu and Pd bimetallic
NPs under different heating rates is noteworthy and needs to be explored in future studies.
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