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Sintering is an important approach for the alloying of different metals, which is affected by factors such as temperature, grain size,
and material properties. And it represents a complex thermodynamic process. This paper had adopted the molecular dynamics
methods to investigate the evolution process of nanostructure during the sintering of Cu and Au nanoparticles. The changes in
crystalline during the nanosintering process were observed, and the radial distribution function of atoms, the shrinkage ratio,
and the sintering neck of the systems were discussed. The initial sintering temperature and melting temperature of the system
were obtained; at the same time, the characteristics of the sintering neck with changes in temperature during the nanosintering
process were revealed.

1. Introduction

With the rapid development of manufacturing and process-
ing industries, people have raised multiple performance
requirements for equipment and materials, such as ultrahigh
hardness, superb abrasion resistance, favorable heat resis-
tance, sufficient toughness, and long-acting lifetime [1]. In
the microelectronics field [2, 3], the electronic packaging
materials have increasingly developed towards the direction
of microminiaturization and high performance, and the
dimension of the produced microscale solder joint has
changed from millimeter level to microorder, and it is also
the inevitable trend to develop towards the nanoscale
(1 nm = 10−9 m). Nanomaterials refer to the solids with
nanoscale size in at least one direction [4]. Typically, their
surface effect is far greater than that of bulk and microscale
solids, which is ascribed to their huge specific surface area.
As a result, they have distinctly different properties compared

with those of macroscopic substances. Meanwhile, as the
most important part in electronic packaging technique, the
reliability of solder alloy at nanoscale has attracted wide
attention. As is well-known, the mechanical and thermal
properties of nanoscale materials are obviously dependent
on size, which is the phenomenon that cannot be observed
in materials of conventional scale. Therefore, it is of great
significance to investigate the various characteristics of
nanoscale solder alloy, so as to analyze the lifetime reliability
and the manufacturing process.

High-temperature electrically vacuum solders, which are
mainly applied in electrical and electronic techniques, as well
as microelectronics connection technology, have the basic
characteristics of favorable wettability and mechanical-
electrothermal properties. At present, the Au-based series
solders are frequently used in electronically vacuum industry.
Notably, the Au-Cu solders have relatively suitable melting
point and pretty good mobility, which can also fill the fine
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space. Most importantly, they possess favorable wettability
for metals, such as Cu, Fe, Co, and W, together with their
alloys [5, 6]. However, they are associated with the adverse
defects such as hot crack and pore under moderate to high
temperature (1400~1500K), thus markedly reducing the
joint mechanical performance. The huge surface energy effect
makes it possible for low-temperature sintering of Cu/Au
nanoparticles (NPs), which can thereby maintain the high-
temperature electronically vacuum solders at the relatively
high working temperature, optimize their thermomechanical
coupling performance, and enhance their service life.

Generally, NPs have small size dimension, and their
microscopic characteristics are distinctly different from the
macroscopic ones. Consequently, they cannot be accurately
observed and measured through the conventional experi-
mental approaches. Molecular dynamics (MD) [7–12] simu-
lation is an effective approach to simulate the atomic motion
based on the Newtonian mechanics, which has been widely
adopted by numerous scholars to examine the melting
mechanism and sintering characteristics of Cu and Au NPs.
For instance, Zhu and Averback [13, 14] investigated multi-
ple Cu NP sintering processes and pointed out the important
influence of grain boundary sliding on the sintering rate.
Additionally, Arcidiacono et al. [15] used the theoretical
model and MD methods to examine the sintering processes
of Au NPs with various diameters, and their results under-
scored the dominant role of grain boundary diffusion in
the sintering process of Au NPs at the size of over 2 nm.
Li et al. [16] investigated the sintering processes of Cu
NPs under various heating rates, and their results suggested
that the initial sintering temperature [17] was dependent on
the heating rate. Besides, Zeng et al. [18] examined the effects
of six typical grain diffusion mechanisms on the sintering
process. Taken together, the above studies have comprehen-
sively summarized the sintering process of Cu and Au mono-
mer NPs. However, the temperature-related parameters and
microscopic mechanisms during their alloying processes
have not been further investigated yet.

In this paper, Cu and Au NPs were used as the objects of
the study, to investigate the connection mechanism, melting
mechanism, and neck variation rule during their alloying
process using the MD simulation method, which provided
guidance for the variation trends of connection temperature
and melting temperature during the process of low-
temperature sintering.

2. Model and Simulation Details

2.1. Simulation Model. In this paper, the large-scale atomic/-
molecular massively parallel simulator (LAMMPS [19]) was
utilized for MD simulation, and the embedded atom method
(EAM) potential [20–22] was utilized for describing atom
interactions within the systems. The EAM potential energy
between atoms was expressed as follows.

Φ = 1
2〠i≠j

φ rij
� �

+〠
i

F ρið Þ, ð1Þ

where the first item is the two-body potential, F represents
the embedded function, ρi stands for the electron density
of i atom, while ρi =∑jρðrijÞ, ρðrijÞ is the electron density
function. Among them, F and ρ have contained multiple
specific parameters, which can be determined through fit-
ting the known experimental data, such as elastic constant,
equilibrium lattice constant, bulk modulus, and vacancy
formation energy. The EAM potential parameter of Cu/Au
adopted in this paper had been verified in our previous
research [16, 23].

As shown in Figure 1, the simulation system in this
paper was constituted by the 10 nm Cu NPs (a total of
44330 Cu atoms) and the 10nm Au NPs (a total of
30875 Au atoms), the initial structure was the face center
cubic (FCC) structure, and the initial distance between
two NPs was 5Å (1Å = 10−10 m). The dimension of the

simulation box was 252:7 × 252:7 × 252:7Å3
. More details

about the construction of the initial model were described
elsewhere [16].

2.2. Computational Parameters. The periodic boundary
conditions were adopted at the X, Y , and Z directions,
which corresponded to the crystal orientations of [1,0,0],
[0,1,0], and [0,0,1], respectively [24, 25]. The time step
of the system was set at 1 fs (1 fs = 10−15 s); specifically,
the system was relaxed for 1,000,000 steps at room tem-
perature (T = 300K) in the NVT ensemble; subsequently,
the temperature was linearly increased to 1700K at the
heating rate of 350K/ns within 4,000,000 steps. The
Nosé-Hoover algorithm was employed for temperature
control in the simulations [26] with the damping parame-
ter of 100 fs. Ovito [27], the open visualized software, was
employed to analyze the crystal form changes during the
entire sintering process.
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Figure 1: The model for sintering of Cu/Au nanoparticles.

2 Journal of Nanomaterials



3. Results and Discussion

3.1. Alloying Process of Cu/Au NPs. Figure 2 shows the lattice
evolution of the Cu/Au NPs during the alloying process. As
could be observed, two particles with identical diameter
maintained the intact FCC structure under ambient temper-
ature, which was destroyed as the temperature increased.
With the aggravation in atomic thermal vibration, these
two NPs attracted mutually as a result of the huge surface
energy, thereby reducing the mutual distance. When these
two NPs became close to each other, they rotated to search
for the binding crystal face that had the lowest contact
energy. Specifically, they contacted each other under the
action of adhesion at the temperature of about 945K. Note-
worthily, the contact process was dynamic and continuous,
but it was difficult to define the contact temperature, so
945K was generally defined as the initial sintering tempera-
ture T is.

Thereafter, the compressive stress between these two NPs
widened the contact part; in other words, the sintering neck
was enlarged [28]. The vacancy migration direction during
the sintering process was consistent with the direction of
the reduced vacancy concentration [29].

ΔCV = CV0 exp −
γκΩ
KT

� �
− 1

� �
, ð2Þ

where CV represents the difference in vacancy concentration
(difference in the vacancy concentration between the sinter-
ing neck surface and within the nanoparticle), CV0 stands
for the vacancy concentration at the surface curvature of
κ, γ is indicative of the material surface energy, Ω suggests
the atom volume, K indicates the Boltzmann constant, and
T is the absolute temperature.

According to equation (2), there was a negative curvature
in the sintering neck, suggesting that the vacancy concentra-
tion on the sintering neck surface was higher than that within
the nanoparticle, so the atoms moved along the opposite
direction of vacancy migration. In other words, the atoms
moved along the internal nanoparticle to the sintering neck
surface, thus enlarging the sintering neck. As displayed in
Figure 2, the neck growth rate was rather fast at the initial
neck formation stage (T = 945K‐965K); thereafter, the neck
growth rate became slower and even relatively stable, since
the sintering rate was in direct proportion to the excess sur-

face area. Based on equation (3), the excess surface area
became smaller and smaller as the neck dimension increased,
and the sintering rate was gradually reduced until a balance
was reached [30].

da
dt

= −
1
τ

a − asð Þ, ð3Þ

where a is the total surface area at the sintering time of
t, τ stands for the characteristic sintering time, and as
demonstrates the total surface area of the nanoparticle
after sintering.

When the temperature reached about 1160K, the dimen-
sion of the sintering neck would be rapidly increased under
the action of NP surface melting. At this moment, the FCC
structure in the entire system was no longer dominant, while
the number of amorphous structure was rapidly increased,
indicating that the entire system had begun melting. At the
temperature of about 1350K, the entire system melted,
because the melting point of the Cu/Au alloy bulk was
reached, and the two NPs fused to form the new NP with
the diameter of about 12.6 nm (d0 = 1:26d) [31].

3.2. Initial Sintering Temperature and Melting Temperature

3.2.1. Melting Temperature (Tm). The melting mechanism
plays a critical role in the sintering process, while the
melting temperature is the temperature at which the entire
system begins to melt. To obtain the melting temperature
of the system, this paper applied the radial distribution
function (RDF) to determine the melting temperature of
the Cu/Au alloy NPs [32].

G rð Þ = dN
ρ4πr2dr , ð4Þ

where N indicates the total particle number, ρ represents
the ratio of local particle density to the average density,
and GðrÞ suggests the RDF at the distance of r away from
the specific particle.

According to equation (4), the RDF described the occur-
rence probability of other particles around the coordinates of
a specific particle within a certain range (cutoff radius),
which was used to describe the particle orderliness. As
observed from Figure 3, the different color curves represented

0ns
300K

FCC

1.0ns
650K

1.8ns
945K

1.9ns
965K

2.4ns
1160K

3.0ns
1350K

4.0ns
1700K

HCP

BCC

ICO

Figure 2: The alloying process for sintering of Cu/Au nanoparticles.
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the system RDF values at various temperatures. Typically, the
cutoff radius value was set at 6Å, suggesting that only the
interactions between particles within the 6Å range of a spe-
cific particle were taken into consideration. The interlayer
spacing of the spherical shell was 0.01Å, indicating that the
particle distribution within that spherical shell should be
calculated at an interval of 0.01Å. At T = 300K, the RDF
displayed 5 relatively ordered peaks, demonstrating that all
particles in the entire system were orderly arranged at this
moment. However, these 5 peaks were markedly reduced as
the temperature elevated. Noteworthily, the third peak was
decreased again and then tended to be gentle, while the entire
RDF values showed that the overall trend of atoms was order-
ing at the short range whereas disordering within the long
range, revealing that the particles under such temperature
entered the disordering status (melting status).

According to Figure 4, the magnified curve graph of the
third RDF peak with temperature clearly displayed its
variation trend; as a result, the melting temperature Tm was
determined. Specifically, the 9 curves in different colors from
the top to the bottom represented the RDF curves at the
temperature of T = 300K to T = 1700K, and the value of
the third peak was reduced as the temperature increased. In
addition, the flat degree of curve (disordering) was also
enhanced with the increase in temperature. At T = 1200K
and T = 1700K, the same flat degree occurred near the third
peaks of the three curves, indicating that the system showed
the disordered state within such a temperature range (the
melting state). At T = 1150K, the curve showed distinctly
different states from the those of the above three curves,
which revealed that the system had not reached the melting
state at that temperature. To sum up, the melting tempera-
ture of the present Cu/Au alloy NPs should be set within
the range of T = 1150K to T = 1200K, which was consistent
with the 1160K obtained previously.

3.2.2. Initial Sintering Temperature (Tis). The initial sintering
temperature refers to the system temperature at which the
particles contact and connect with each other [33]. The entire
system density begins to exponentially increase when the
particles begin to contact each other [34, 35]; meanwhile,
the spacing between particles also begins to shrink, while
the macroscopic substance intensity and hardness are closely
correlated with the connection tightness degree between
particles.

Within the dozens of picosecond (1 ps = 10−12 s) when
the particles began to contact each other, the distance
between particles was first rapidly reduced during the entire
sintering process. As a result, the shrinking ratio was used
to determine the range of the particle initial sintering temper-
ature. As shown in Figure 5, the black full line represented
the variation curve of shrinkage ratio with temperature.

The distance between particles was defined as the dis-
tance between the mass centers of two NPs, which was
105Å under the initial condition (Figure 1). The shrinkage
ratio was calculated as follows [36].

ξ = D −Dcom
D

, ð5Þ

where D stands for the distance between the mass centers of
two NPs at T = 300K, and Dcom indicates the real-time
distance between the mass centers of two NPs.

According to Figure 5, the shrinkage ratio with the
changing temperature during the entire nanoparticle sinter-
ing process experienced two vertical rising processes (3~4,
5~6); among which, the first vertical rising process (3~4)
was closely correlated with the particle initial sintering.
Within the temperature range of 300K-945K, the relative
distance between particles remained almost unchanged.
However, when the temperature reached about 945K, the
particles suddenly contacted each other, and the shrinkage
ratio vertically increased immediately due to the great effect
of surface energy until the temperature reached 965K. In
conclusion, the initial sintering temperature range was
945K-965K, and the initial sintering temperature was finally
determined to be about 945K, which was consistent with the
945K obtained in the previous study.

3.3. The Sintering Neck. The sintering neck is an important
product during the nanoparticle sintering process, which is
the inevitable consequence of the coupling effect of surface
curvature gradient and vacancy concentration gradient. Spe-
cifically, the sintering neck begins with the mutual contact
between particles and ends up with the elimination of the
NP surface curvature concentration gradient, as demon-
strated in [37]

σ = γκ = γ
1
R1

+ 1
R2

� �
: ð6Þ

Among which, σ is the sintering driving force, γ stands
for the material surface energy, and κ represents the
surface curvature.
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Figure 3: The curve of RDF variation with temperature during the
Cu/Au sintering-alloying process.
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Equation (6) shows the additional pressure difference on
the irregular surface during the sintering process, which also
represents the sintering driving force. According to Figure 6,
there were corresponding curvature radii of each curvature
on the sintering neck and surface. Nonetheless, the irregular
and uneven surface resulted in the production of additional
pressure difference σ; as a result, the convex surface (particle
surface) was subjected to the compressive pressure, while the
concave surface (sintering neck surface) was susceptible to
the pulling stress. It was the natural trend that substance flo-
wed from the high curvature region to the low curvature

region, which thereby resulted in the elimination of surface
curvature concentration gradient, finally leading to the
increase in the sintering neck dimension. It was shown in
Figure 7 that the curve within the range of the black rectan-
gular frame showed a vertically increasing trend, suggesting
that the dimension of the sintering neck was enlarged rapidly
within a short period of time. Obviously, such phenomenon
was correlated with the action of the pressure difference σ.

Thereafter, the system experienced about 0.5 ns of the
relatively stable stage (Figure 2). Noteworthily, the diame-
ter ratio of sintering neck to NPs (x/d) ranged from 0.72
to 0.83 (Figure 8), which was identical with the findings
by Kobata et al. [37], thus verifying the reliability of our
MD simulation. When the temperature reached the melt-
ing point of NPs, the sintering neck became larger due
to the action of spheroidization produced by NP melting,
until two NPs fused into a greater NP (d0 = 1:26d).
According to Figure 9, the final alloy particle volume
was equal to the sum of the initial volumes of the isovolu-
metric Cu and Au NPs. Then, d0 = d was deduced based on
the mathematical formula, which was the above-mentioned
1.26-fold relationship.
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4. Conclusions

In this study, the Cu/Au nanoparticle alloying process is
investigated; the temperature characteristics of the system
and the variation rule of the sintering neck with temperature
are also analyzed. The FCC structure of the system trans-
forms into the amorphous structure with the increase in tem-
perature. During the contact and melting process of these
two NPs, the sintered neck diameter has experienced two ver-
tical growths with the changing temperature. The vacancy
concentration on the sintering neck surface is higher than
that within the NPs, which results in the rapid growth of
the sintering neck at the initial neck formation period. Addi-
tionally, the additional pressure difference between the con-
vex surface and concave surface of the sintering system
leads to the rapid growth of the sintering neck during the
melting process. Besides, the system melting temperature is
preliminarily determined to be 1160K based on the RDF of
atoms at different temperatures. The initial sintering temper-
ature range of the system is determined to be about 945K,
which can be identified by the shrinkage ratio variation with
temperature.
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