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A B S T R A C T   

A molecular dynamics (MD) simulation was performed on the coalescence kinetics and mechanical behavior of 
the pressure-assisted Cu nanoparticles (NPs) sintering at low temperature. To investigate the effects of sintering 
pressure and temperature on the coalescence of the nanoparticles, sintering simulations of two halve Cu NPs 
were conducted at the pressure of 0–300 MPa and the temperature of 300–500 K. A transition of the dominant 
coalescence kinetics from slight surface diffusion to intensive grain boundary diffusion and dislocation driven 
plastic flows were found when pressure was applied. Furthermore, atomic trajectories showed the effect of 
temperature on sintering was strongly dependent on the microstructures of Cu NPs. The atomic diffusion around 
defects can be significantly promoted by the elevated temperature. Additionally, based on the sintered structures, 
uniaxial tension simulation was implemented with a constant strain rate. Stress–strain curves and evolution of 
dislocation activities were derived. Improved mechanical behaviors, including larger elastic modulus and larger 
tensile strength, were obtained in the structure sintered under higher pressure and temperature. Among this 
study, sintering temperature and pressure consistently exhibited the same relative impact on affecting both 
coalescence and the mechanical properties of the sintered structure.   

Introduction 

The wide bandgap (WBG) semiconductors, represented by SiC and 
GaN, are promising candidates in high-power semiconductor devices 
because of its great merits of higher power density, larger breakdown 
voltage, and higher operation temperature, compared to conventional Si 
devices [1–5]. However, one of the big challenges for the WBG 
semiconductors-based power devices is the reliability issue of the die- 
attach layer. As the physical limits of lead-free solder cannot meet the 
high operating temperature required for next-generation WBG semi-
conductors power devices, an alternative die-attach material with better 
thermal dissipation and mechanical behaviors is practically needed [6]. 

In the past decades, low-temperature sintering of metallic nano-
particles has attracted extensive attention as a promising die-attach 
technology, because it enables NPs coalescence at a low temperature 
and sustaining great thermomechanical properties at high temperature. 
U. Scheuermann et al. in the 1990 s first reported the low-temperature 

sintering of Ag NPs for power electronics packaging, in which the ad-
vantages of this technology, e.g., the small variation of thermal con-
ductivity and the less build-in stress, were presented [7]. After that, 
many works demonstrated that the die-attach layer using sintered NP 
has better thermal, mechanical, and electrical properties, compared to 
the common lead-free solder layer [8–11]. 

Generally, the coalescence of NPs during sintering involves at least 
five mechanisms for mass transport, including grain boundary diffusion, 
surface diffusion, volume diffusion, dislocation activity, and surface 
evaporation–condensation [12]. The contributions of diffusion mecha-
nisms on the evolution of particle’s shape were theoretically studied in 
the works of Coblenz et al. [13], Venkateshwarlu et al. [14] and Djohari 
et al. [15,16]. By using Frenkel’s model based on continuum theory 
[17,18], those work showed that the atomic concentration gradient and 
stress gradient contributed the driving forces for the mass transport of 
NPs from the cent to the surface, resulting in the NPs coalescence. At the 
atomic scale, molecular dynamic (MD) studies on NPs sintering provided 
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an insight in understanding various NPs coalescence (Cu [19,20], Au 
[21], Fe [22], Ta [23]). Goudeli et al. established a two-NP model to 
investigate the thermodynamic process of Cu NPs sintering [24]. It was 
found that elevated temperature can lead to a larger degree of NPs 
coalescence by affecting its atomic diffusion rate as well as the degree of 
plastic deformation. Except that, Ding et al. investigated the effect of the 
relative crystal orientation on neck growth, in which it was observed 
that a reorientation of particles took place to match a preferred crys-
talline orientation at the beginning of the sintering [25]. Additionally, 
the work done by Grammatikopoulos et al. studied the size effect on NPs 
sintering [26]. It was found that the smaller NPs have more dislocation 
nucleation, growth, and sliding of stacking faults at the junction of 
nanoparticles, compared to larger NPs, which efficiently promote the 
NPs to coalesces into the larger and uniform grains. 

The pressure is another significant influential factor on NPs coales-
cence. From the perspective of experiments, Knoerr and Schletz reported 
that the density of the sintered layer of Ag NPs can be improved from 
58% to 90% when the sintering pressure increased from 0 MPa to 30 
MPa [27]. The increased density corresponded to the improvement of 
electrical and thermal conductivity of the sintered Ag layer. Zhao et al. 
applied pressure-assisted sintering in power electronic packaging, and 
better reliability performance was obtained compared to those soldered 
power module [28]. Therefore, the sintering pressure is necessary to 
ensure excellent reliability of the sintered layer in a harsh environment. 
Based on the continuum theory, it is believed that the external pressure 
applied on NPs can be amplified at the neck region, which further causes 
a large mechanical stress gradient from the mass central to the neck 
surface, accelerating the atomic immigration towards the neck region. 

However, above-mentioned understandings on the underlying rela-
tion between external pressure and microstructure evolution during NPs 
sintering are not clear. In particular, the question of how pressure affects 
dislocation activity, surface and bulk transport is still open. In the pre-
vious studies, to study the effect of pressure on coalescence, a multi-NPs 
system was usually adopted that pressure can be applied on the simu-
lation box. Srivastava et al. applied 15 GPa on many ligands coated Au 
NPs to figure out the compression behaviours [29]. In addition, Cheng 
et al. applied 0, 0.25 and 2 GPa to reveal the effect of pressure on 
densification behaviours of many Cu NPs [30]. Furthermore, the rela-
tionship between the mechanical properties of the sintered structure and 
the sintering behavior is also attractive. By assigning an elongation rate 
of simulation box along one direction, Yang et al. implemented tensile 
testing simulation on pressureless sintered porous Cu structure at a 
strain rate of 1 × 108 s− 1 and stress–strain curves were derived [31]. 
Similarly, Zhang et al. investigated the mechanical strength by per-
forming MD tension simulation on a 41-Nickle NPs sintered system with 
a strain rate of 1 × 109 s− 1 [32]. But the effect induced by sintering 
pressure was not investigated. To reveal the role of pressure, efforts also 
have been conducted in the two-NP model, where the interconnection 
process between NPs can be more concentrated on. Wang et al. quali-
tatively analyzed the dislocation-stress interaction under compression 
condition, while the sintering pressure was not quantitatively controlled 
and the mechanical properties were not evaluated [33]. Furthermore, 
Zhang et al. directly applied certain tensile strains on pressureless sin-
tered NP pair, instead of continuous tension behaviours [32]. 

In the present study, by using the MD calculation method, we 
developed a two-hemispherical NPs model to investigate pressure- 
assisted sintering of Cu NPs at a low temperature. The effect of 
various pressure magnitudes on Cu NPs sintering was revealed. The 
sintering dynamics and microstructure evolutions were analyzed, 
including neck growth, mean-square displacement (MSD) variations, 
grain boundary development, and dislocation activity. The mechanisms 
behind the pressure-assisted sintering were discussed. Moreover, on the 
basics of pressure-assisted sintered Cu NPs, uniaxial tensile tests with a 
constant strain rate were employed to investigate its mechanical 
behaviors. 

Simulation methodology 

In this study, Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) was employed to conduct all the simulations [34]. 
The classical embedded atom method (EAM) potential developed by 
Adam et al. [35] was applied for describing the interactions between Cu 
atoms. This potential has been proven to accurately calculate the 
cohesive energy, lattice parameters, elastic constants, phase diagram 
and high-temperature properties of Cu NPs [36–39]. Newton’s equation 
of motion was integrated with the Verlet algorithm. The atomic con-
figurations in our study were visualized by a 3D visualization software, 
OVITO [40]. 

Normally, the coalescence for Cu NPs at a low temperature (<573 K) 
mostly occurs at the contacting neck. The region far away from the neck 
slightly affects the sintering efficiency of Cu NPs. Thus, in the present 
model as shown in Fig. 1, two hemispherical Cu NPs with an indentor at 
the top and a basement at the bottom were constructed. In this model, 
the basement is used to fix the position of the structure and the indentor 
is used to apply pressure. Based on previous studies, a radius of NP 
within 1.4 – 3 nm is feasible to reveal the sintering kinetics 
[26,31–33,41]. Thus, in the present study, the radius of a single Cu NP is 
selected as 2.5 nm and the length of indentor and basement is 10 nm. 
The simulation box has 10,048 atoms for both hemispherical Cu NPs and 
32,000 atoms in total. In addition, in many published works, 2–5 Å 
initial distance between NPs were selected. Therefore, in the present 
study, a 3.6 Å initial distance is selected, that is the length of lattice 
constant of Cu and located in the acceptable range reported in the 
literature [42–44]. 

In all simulations, a timestep of 1 fs was chosen for calculation and 
the periodic boundary condition was applied in the three dimensions. 
The positions and velocities of each Cu atoms were recorded in every 1 
ps. Fig. 1 exhibits the geometric parameters obtained in the simulation. 
To obtain the neck size, a dynamically allocated block region with 3.5 Å 
thickness was empirically defined in the neck region, containing less 
than three layers of Cu NPs. The neck size at each specific timestep was 
calculated from the coordinates of boundaries atoms along [010] direc-
tion. Furthermore, the MSD of the entire system was calculated to 
evaluate the degree of coalescence, which can be computed by using the 
following equation, 

MSD =
1
N

∑N

i=1
[ri(t) − ri(0) ]2 (1)  

where N is the number of atoms, ri(t) and ri(0) are the position of atom i 
at time t and 0, respectively. 

The sintering simulation can be divided into three periods, as 
described in Fig. 2 with different colours: (1) we first minimized the 
energy of the system, the coordinates of the atoms were iteratively 
adjusted (<1000 iterations) until the change in energy between outer 
iteration was < 1 × 10− 8 or the length of the global force vector was < 1 
× 10− 8 eV/Å. After that, we relaxed the system at 300 K in the NVE 
ensemble for 50 ps, (2) then the system was heated up to various target 
temperatures (300 K, 400 K, 500 K) within 200 ps and relaxed for 
another 200 ps in the NPT ensemble. (3) After that, external pressure 
was assigned to the top three layers of the indentor to simulate the 
pressure-assisted sintering. In this step, four different pressures were 
selected (0, 100, 200, 300 MPa). Afterwards, the entire model was run 
for 800 ps in the NVT ensemble to reach its equilibrium state. As a note, 
in the present study, to distinguish the independent effects of tempera-
ture and pressure on Cu NPs sintering, the 2nd step was conducted in 
NPT ensemble with “zero pressure” to avoid the effect from pressure 
variation on the simulation box. Similarly, the 3rd step was conducted in 
the NVT ensemble with constant temperature to avoid the effect of 
temperature variation. 

To evaluate the mechanical properties of the sintered structure, the 
simulation of tensile testing at room temperature was conducted to 
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derive the stress–strain curves. Firstly, we removed the pressure applied 
on indentor and relaxed the entire structure for 500 ps at 300 K in the 
NVT ensemble, to restore its elastic deformation formed in sintering 
simulation and obtain an equilibrium state. After that, atoms at the top 
three layers of the indenter were assigned an upward velocity with a 
constant strain rate, 7 × 108 s− 1, and the average stress for entire sin-
tered Cu NPs was calculate by using following formulation [45]: 

σab = −
1
V

[
∑

i
mvavb +

1
2
∑

i

∑Np

n=1

(
r1a F1b + r2a F2b

)
]

(2) 

where the first term is the kinetic energy contribution to the total 
stress, m is the mass of atom i, a and b take on values x, y, z to generate 
the different components. The second term represents the viral contri-
bution due to intra and intermolecular interactions. Np is the neighbour 
of atom i, r1 and r2 are the positions of the 2 atoms in the pairwise 
interaction, and F1 and F2 are the forces on the 2 atoms resulting from 
the pairwise interaction. V is the volume of the system to calculate 
stress, which is equal to the product of atoms number and atomic volume 
in sintered Cu NPs in the present study. In addition, only a uniaxial 
tensile loading was applied on structure, thus the zz component was 
used to derive the stress and the stresses in xx and yy direction were 
neglected. 

Simulation results and discussion 

Coalescence kinetic of the pressure-assisted Cu NPs sintering 

A whole coalescence process of the pressure-assisted Cu NPs sinter-
ing under 300 MPa and 500 K is presented. As Cu is one of typical face- 
centered cubic (FCC) metals with low stacking fault energy (SFE), the 
FCC and hexagonal close-packed (HCP) structures can be transformed to 
each other with thermal or mechanical stimuli such as heating, pres-
suring, or plastic deformation [46]. Thus, in Fig. 3, the evolution of the 
total dislocation length and the fraction of HCP ratio are plotted. Data 
points were recorded every 1 ps. Furthermore, Fig. 4 shows the cross- 
sections of Cu NPs at several time points, as noted in Fig. 3, where the 
changes of FCC and HCP structures during sintering are recorded to 
describe the microstructure evolution. The dislocations and different 
crystal structures were identified by dislocation analysis (DXA) [47] and 
common neighbour analysis (CNA) [48]. 

Based on the information shown in Figs. 3 and 4, the entire sintering 
dynamics can be divided into three periods. In the first period, we relax 
the system at 300 K with constant system energy for 50 ps. Two Cu NPs 
approach to each other, forming a small neck and causing the reduction 
of the free surface. To prevent the localized higher energy and temper-
ature at the neck region, the velocities on the translational degrees of the 
atoms are rescaled every 0.01 ps. Then, atoms are further relaxed for 
energy minimization, forming minor dislocations and HCP crystalline 
structure. However, with the neck growth, the dislocation and atoms in 
HCP are gradually vanished, as plotted from 0 to 50 ps in Fig. 3. At 50 ps, 
a stable structure with neck size, R = 2.54 nm, is obtained at the end of 
the first period, as state < 2 > shown in Fig. 4, in which the FCC lattice is 
the dominating lattice structure, and no grain boundaries are found at 
the neck region. 

In the second period, the system is heated to 500 K within 200 ps and 
kept at 500 K for another 200 ps. As the atomic energy increases with the 
temperature rising, atoms at the neck region rearrange themselves via 
recrystallization as state < 3 > at 250 ps shown in Fig. 4(a). However, 
according to Fig. 3, the variations of dislocation and HCP ratio are minor 
at this stage. Besides, atomic structure transformation from FCC to the 
amorphous near surface is observed, as the cross-sections of state < 3 >
and < 4 > shown in Fig. 4(a). These results indicate that Cu NPs sin-
tering at low temperature mainly via surface diffusion, which results in a 
slow and slight coalescence. 

At the final period, as soon as the 300 MPa pressure is applied at 450 
ps, intensive atom arrangements at the neck region start. In a short time, 
extensive FCC atoms transfer to HCP or amorphous atoms, accompanied 
by the nucleation of dislocation and formation of stacking faults, as 
illustrated in state < 5 > to < 8 > in Fig. 4. Meanwhile, the neck size 
dramatically increases from 2.59 nm to 4.79 nm. Corresponding to such 
intensive geometry changes, the dislocation length and HCP ratio also 
experience a rapid increase, as the curves plotted in Fig. 3 from 450 ps to 
550 ps. These results indicate that in the post-pressure period, the sur-
face diffusion mechanism loses its dominant role in sintering. Instead, 
other mechanisms, such as plastic deformation involving dislocation 

Fig. 1. Two-half Cu NPs model and geometric parameters for the coalescence simulation.  

Fig. 2. Illustration for the temperature and pressure profile, in which four 
different pressures (0, 100, 200, 300 MPa) and three different temperatures 
(300, 400, 500 K) are selected. 
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Fig. 3. Crystalline response during the pressure-assisted sintering (a) Evolution of total dislocation length (b) Evolution of HCP ratio.  

Fig. 4. Snapshots of the cross-section (c) Lattice structures (d) HCP lattice structure and dislocations.  
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motion and atomic diffusion along grain boundary contribute to the 
coalescence of Cu NPs. At ~ 750 ps, a slip along {111} planes occurs, 
which is responsible for the increases of total dislocation length and HCP 
lattice ratio in Fig. 3. State < 9 > shown in Fig. 4, as a transition state, 
confirms this slip by the appearance of Shockley dislocation tangle be-
tween two twinning boundaries. During this period, the extensive acti-
vated slip systems promote the atom immigration between NPs, 
resulting in larger neck size. After 900 ps, the growth of neck size and 
evolution of microstructure gradually slow down as the increased en-
ergy induced by pressure is almost released via plastic deformation and 
mass migration. The slight variation of total dislocation length implies 
the end of plastic deformation. Finally, twinning boundaries, crossing 
two hemispherical NPs, are formed as exhibited in state < 10>. 

The effect of pressure on the sintering 
To further study the effect of pressure on sintering, additional 

pressure-assisted sintering simulations with three different pressures (0/ 
100/200 MPa) are conducted at 500 K. Evolutions of MSD and neck size 
are recorded. As plotted in Fig. 4(a) and (b), generally, all cases expe-
rience three stages after the pressure is applied on the indentor at 450 ps. 
Firstly, a dramatic increase in MSD and neck size takes place within a 
few picoseconds. After that, the coalescence of Cu NPs continually de-
velops, with the steady increases of MSD and neck size of NPs. Conse-
quently, the structures reach the steady-state, in which the structure 
applied higher pressure shows a better coalescence result. In the case of 
300 MPa sintering pressure, it can be seen that the significant increase in 
Fig. 4 from ~ 700 ps correspond to the dislocation behaviour and lattice 
transformation shown in Fig. 3. It implies that the dislocation-induced 
atom rearrangement plays a key role in the coalescence. 

To understand the mechanism behind the changing trend induced by 
pressure, the displacement vectors of Cu NPs sintered under 100 MPa 
and 300 MPa are plotted in Fig. 6(a) and (b), respectively. The length 
and direction of the arrow represent the relative distance and the di-
rection of the atom travelled in the past 10 ps. According to Fig. 6(a), the 
motion of atoms at 462 ps shows that atoms at the upper Cu NPs move 
downward, and the atoms at bottom vibrate around the original sites. It 
confirms that the inter-diffusion between the two NPs contributes the 
quick neck growth. At ~ 500 ps, the motion of atoms becomes weak, 
leaving the slight atomic diffusion at surface and neck region. However, 
for the Cu NPs sintering under 300 MPa pressure, a much more extensive 
atomic motion is observed, as shown in Fig. 6 (b). At 462 ps, atoms at 
upper NP intensively move downward in the neck region via surface 
diffusion and volume diffusion. Meanwhile, some atoms at the centre of 
neck flow to the surface. As a result, an abrupt increase of MSD and neck 
size is obtained, as the purple line plotted in Fig. 5. At 500 ps, although 

the rapid motion of atoms is significantly reduced, atoms around {111} 
slip planes are still migrating, continually contributing to the coales-
cence of Cu NPs. This atomic migration trend is corresponding to the 
further increasing stage of the purple line in Fig. 5. Finally, Cu NPs under 
300 MPa pressure reach the steady-state with a more pronounced coa-
lescence degree, compared to that under 100 MPa pressure. 

The difference of atomic motion under 100 MPa and 300 MPa shows 
that a larger external pressure enables a more intensive plastic flow via 
inter-migration between Cu NPs, resulting in a faster and stronger 
necking process. That is the reason why a more abrupt increase in neck 
size is obtained for the case with a higher pressure. Besides, pressure also 
affects the defects generation during Cu NPs sintering. As shown in Fig. 4 
and Fig. 6(b), extensive defects are created by 300 MPa pressure. As 
defects play a role as a fast pathway for atomic diffusion, a profound 
sintering result with large MSD and neck size can be reached thanks to 
more defects generated during the coalescence. Above comparison 
shows that the effect of pressure on sintering can be found in two as-
pects: (1) It induces the plastic deformation during Cu NPs and enhances 
the atomic diffusion at both surface and volume. (2) Once the applied 
pressure is large enough, it creates defects and stimulates the micro-
structure evolutions, increasing the dislocation density, which will, in 
turn, promote mass transport. As atoms easily move along the high- 
density dislocations and grain boundaries with low energy, a 

Fig. 5. Dimensional evolutions during press-assisted sintering at 500 K under different pressures (a) MSD (b) Neck size.  

Fig. 6. Displacement vectors of the atoms in the pressure-assisted sintering 
process under different pressures of (a) 100 MPa; (b) 300 MPa. 
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successful sintered Cu NPs can be obtained even at a low temperature 
(<573 K). That is consistent with many experimental works [49–51]. 

The effect of temperature on the sintering 
In pressure-assisted sintering simulation, temperature takes effect on 

two parts: (1) the independent effect of temperature on sintering in the 
2nd step, (2) the coupled effect with pressure on sintering in the 3rd 
step. 

In the 2nd step, with the temperature increases from 300 K to target 
temperatures, the dimension evolutions of Cu NPs are recorded in Fig. 6. 
It can be seen that prior to the pressure is applied, the Cu NPs with 
different temperatures exhibit slight differences in both MSD and neck 
size. Also, intensive pulsations of neck size are observed at this step. 
Similar results were also observed in other MD work, in which no 
evident energy change or neck size increase was observed when the 
temperature rose from 300 K to 500 K [52]. 

However, in the 3rd step, once 300 MPa pressure is applied, the rapid 
changes of NPs dimensions are observed in all cases with different 
temperatures, as shown in Fig. 7. Afterwards, the coalescence process 
slows down, both MSD and neck size steady increase before reaching 
equilibrium. At around 800 ps, the saturated results show that the Cu 
NPs sintered with higher temperature have the larger MSD and neck 
size. Comparing to results in the 2nd step, the effect caused by different 
temperatures with pressure is dramatically amplified. For example, 
under the pressureless condition, the neck size at 500 K is only 1% larger 
than that at 300 K. It implies that temperature plays an additional role in 
NPs sintering when pressure applied on the system.Fig. 8. 

To explain the temperature-induced effects, in particular, before and 
after pressure is applied, the atom trajectory of Cu NPs sintered at 300 K 
and 500 K are plotted in 8(a) and (b), respectively. In general, both 
simulations at 300 K and 500 K show a similar magnitude of atomic 
migration. It can be seen that pressure creates extensive defects and 
atoms actively migrate around those defects. However, if we compare 
the trajectory of atoms in detail, the effect of temperature can be 
discovered. For the Cu NPs sintering under pressure-free condition, the 
atoms at both temperatures only show a minor surface diffusion at the 
local region. Therefore, the trajectory of the atoms at 300 K is close to 
that at 500 K. However, when the external pressure is applied at 500 ps, 
the different performance of atomic migration shows up. At 300 K, the 
atoms around {111} slip planes, intensively migrate and the atoms at 
surface flow into the neck area. In contrast, at 500 K, a more intensive 
atomic migration on {111} slip planes occurs, around which atoms 
show a trend to move from upper to neck region and surface. Moreover, 
the surface diffusion at 500 K also shows much visible than that at 300 K. 
Thus, those comparisons provide us two important information: (1) For 

the structure with low concentrations of defects, as the structure at 110 
ps, the elevated temperature only promotes the atomic diffusion at the 
surface, that takes a limited effect on Cu NPs coalescence. This is the 
reason why the slight differences of Cu NPs dimensions are obtained in 
the 2nd step. (2) However, for the structure with high concentrations of 
defects, as the atomic migration around defects can be strongly pro-
moted by higher temperature, thus temperature plays a significant role 
in sintering. Due to more defects are generated by the applied pressure, 
an amplified effect of temperature in the 3rd step is observed. The higher 
temperature induces more intensive atomic migration to improve the Cu 
NPs coalescence. 

Tensile testing simulation 

The stress–strain curve and evolution of total dislocation length for 
the Cu NPs sintered at 500 K and 300 MPa are depicted in Fig. 9. It can be 
seen that the sintered Cu NPs can endure the stress of more than 1.9 GPa 
at the 4.83% yield strain and fractures at 72.85% strain. To better un-
derstand the underlying tensile deformation, the cross-sections of the 
deformed atomic configurations are extracted in Fig. 10. It can be seen 
that the spikes of stress correspond to the changing trend of the total 
dislocation length. 

Before the yield strain, the tensile stress almost linearly increases to 
1.91 GPa, as the extension of sintered Cu NPs commences with the 
elastic deformation. The small stress releases before the yield are 
induced by the extinction of the existing defects, which further causes an 
FCC dominated structure as shown in state < 2 > in Fig. 10. After the 
yield strain, the stress is abruptly released, accompanied by the obvious 
increase of total dislocation length. It indicates the structure steps into 
the stage of plastic deformation. As state < 3 > shows, twinning 
boundaries are formed in both Cu NPs and a dislocation tangle is formed 
near the neck region. From state < 3 > to state < 5>, the neck of Cu NPs 
continually shrinks with the increasing upper displacement. A serrated 
evolution of stress was observed. It is because the defects induced by 
tensile loading actively evolve, from nucleation to propagation to 
annihilation, causing the instability of microstructures of Cu NPs. 
Consequently, the tensile stress becomes zero with elongation of ε =
72.85%, and the total dislocation length almost stays unchanged, rep-
resenting the end of plastic deformation induced by the tensile test. At 
this moment, the configuration of state < 6 > shows a tensile fracture 
with a 45◦ chisel-edge rupture. 

The stress–strain curves for Cu NPs sintered at various temperature 
and pressure conditions are plotted in Fig. 11(a) and (b). After the first 
yield point, during the plastic deformation, the variation in the curves 
become severe. It is because that the sintered structure is complex and 

Fig. 7. Dimensional evolutions during 300 MPa pressure-assisted sintering at different temperatures (a) MSD (b) Neck size.  
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the area of cross-section dramatically changes accompanying intensive 
dislocation activities. It can be seen that under the same sintering tem-
perature, the structure sintered with higher pressure results in higher 
tensile strength and elastic modulus, as well as larger fracture strain. For 
example, the tensile stress for the structure pressureless-sintered is 1.04 
GPa that is much lower than the 1.91 GPa tensile strength for the 
structure sintered under 300 MPa. It can be concluded that a profound 
mechanical behavior of Cu NPs can be obtained by increasing its sin-
tering pressure. For the structures sintered under the same pressure but 
different temperatures, Fig. 11(b) shows that the elevated temperature 
can also lead to the better mechanical behavior of Cu NPs. But, 
compared to the effects caused by sintering pressure, the effect of tem-
perature is less significant than the pressure as the increase of tensile 
strength, from 1.55 GPa to 1.91 GPa, is less than that induced by adding 
pressure. 

Additionally, these findings on mechanical behaviours are consistent 
with our abovementioned sintering results that the pressure plays a 

more significant role in Cu NPs coalescence than the role of temperature. 
As shown in Fig. 5, a higher sintering pressure leads to the larger MSD 
and neck size of Cu NPs, indicating a better degree of Cu NPs coales-
cence. The similar trend is also obtained for the Cu NPs sintered with 
different temperatures, as shown in Fig. 7. For the results obtained in 
tensile tests, Fig. 12 shows that in general, better elastic modulus and 
tensile strength are obtained on the structure with a larger neck size. It 
indicates that better coalesced Cu NPs enable more profound mechani-
cal properties. In a recent experimental study, an increasing tendency of 
elastic modulus of the sintered Cu NPs with smaller porosity was re-
ported, which means that there exists a positive correlation between the 
mechanical behavior and the coalescence degree of Cu NPs [53]. The 
magnitudes of elastic modulus obtained in the experiments vary in the 
range of 30–80 GPa that is a qualitative agreement to our simulation 
results. Therefore, the results obtained in the present study may provide 
a fundamental explanation of some experimental studies about pressure- 
assisted NPs sintering. In future, based on the present model, the effects 

Fig. 8. Displacement vectors of the atoms in the pressure-assisted sintering process at different temperatures of (a) 300 K; (b) 500 K.  

Fig. 9. Stress–strain response and evolution of dislocation length during the tensile deformation.  
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of oxidation and organic coating on Cu NPs will be studied. And, a 
multiple NPs model, that is closer to reality, will be conducted to 
compare with our on-going experiments. 

Conclusion 

In this study, the coalescence kinetics and mechanical properties of 
pressure-assisted Cu NPs at low temperature were investigated by using 
MD simulations. The effects of the sintering pressure and temperature on 
MSD, neck size and the mechanical response of the sintered Cu NPs 
systems were analyzed. In the pressure-assisted sintering, it was found 
that the pressure was a more dominant mechanism in sintering more 
coalesced Cu NPs than the temperature. By applying pressure to the Cu 
NPs, the transition of the dominant coalescence kinetics could change 

from slight surface diffusion to the intensive volume diffusion and 
plastic flow driven by the defects. Thus, higher sintering pressure could 
cause a higher degree of Cu NPs coalescence. For the impact brought by 
low sintering temperature, although it only played a role in promoting 
atomic diffusion, the effect varied with different microstructures of Cu 
NPs. If there were few defects generated during sintering, the coales-
cence of NPs occurred mainly via surface diffusion, which is slightly 
affected by elevated temperature. However, when extensive defects 
were generated during sintering, e.g. twin boundaries and dislocations, 
the atomic diffusion around defects started to play a dominant role in 
NPs coalescence, which can be significantly promoted by increasing 
temperature. In addition, the sintering pressure and temperature de-
pendencies were also observed in the elastic modulus and tensile 
strength of the sintered Cu NPs. On one hand, the structure sintered 
under higher pressure and temperature resulted in better mechanical 
behavior, including a larger elastic modulus and tensile strength. On the 
other hand, in the temperature of 300 K to 500 K, the sintering pressure 
elevated from pressure-free condition to 300 MPa showed a significant 

Fig. 10. (a) Snapshots of configurations of lattice structures (b) Snapshots of configurations of HCP lattice structure and dislocations.  

Fig. 11. Tensile stress–strain curve of the system sintered at (a) different 
pressures (b) different temperatures. 

Fig. 12. Elastic modulus and tensile strength of the sintered structure with 
different neck sizes. 
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role in affecting the mechanical properties of Cu NPs, which is consistent 
with its effect on the coalescence degree of Cu NPs. 
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