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Abstract

The sintering behavior of nanoparticles (NPs), which determines the quality of additively nanomanufactured
products, differs from conventional understanding established for microparticles. As NPs have a high surface-to-
volume ratio, they are subjected to a higher influence from surface tension and a lower melting point than
microparticles, resulting in variations in both crystallographic defect-mediated and surface diffusion mechanisms.
Meanwhile, the interplay between these controlling mechanisms in NPs has not been well understood, primarily
because sintering occurs on the nanosecond timescale, making it an exceptionally transient process. In this work,
sintering of both equal and unequal sized Ag and Cu NP doublets with and without misorientation (both tilt and
twist) is modeled through molecular dynamics (MD) simulations. The formation and evolution of crystallographic
defects, such as vacancies, dislocations, stacking faults, twin boundaries, and grain boundaries, during sintering are
investigated. The influence of these defects on plastic deformation and diffusion mechanisms, such as volume
diffusion and grain boundary (GB) diffusion, is discussed to elucidate the responsible sintering mechanisms. The
surface diffusion mechanism is visualized by using detailed atomic trajectories generated during the sintering
process. Finally, the overall effectiveness of all diffusion sintering mechanisms is quantified. This study provides
first insights into the complexity and dynamics of NP sintering mechanisms which can aid in the development of
accurate predictive models.

Keywords: Additive nanomanufacturing, sintering, nanoparticles, molecular dynamics, mechanisms,
crystallographic defects
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INTRODUCTION

Laser-based additive nanomanufacturing (ANM) technique offers a sustainable path for creating real-life
applications such as wearable electronics and sensors. This promise stems from its two unique capabilities.
First, ANM utilizes on-demand nanoparticle (NP) generation, eliminating the need for hazardous inks and
solvents which translates to a safer and cleaner manufacturing process. Second, this procedure leverages
biodegradable substrates which decompose naturally at the end of their lifespan contributing to a more
sustainable product"”. However, a critical step in ANM, sintering the deposited NPs, presents a challenge.
Fine-tuning the laser parameters (time and energy) to achieve the desired sintered state can be challenging.
Predictive models can offer a solution by describing the sintering process, minimizing material waste and
energy consumption during optimization.

Two main approaches to describing sintering are data-driven and mechanism-oriented models™. The data-
driven models use quantitative data to predict sintering, whereas the mechanism-oriented models involve
physical theories based on mechanism knowledge to elucidate and potentially predict sintering. Numerous
data-driven models quantify the parametric effects of various NP characteristics, such as NP size and
sintering conditions (e.g., temperature), on sintering outcomes without necessarily delving into all the
underlying mechanisms®"?. However, understanding of the governing mechanisms for these effects, and
how these mechanisms transition from one to another as NP sintering proceeds, is still largely lacking and
such knowledge is beneficial for refining predictive sintering models.

This work aims to shed light on the governing sintering mechanisms by examining different defects and
visualizing atomic diffusion paths in sintered NPs. To achieve this, the study uses molecular dynamics (MD)
simulations to visualize four key mechanisms, including three diffusion-based mechanisms [i.e., lattice
diffusion, surface diffusion, and grain boundary (GB) diffusion] and one mechanism mediated by plastic
deformation. The simulations are performed on NPs of equal size, unequal size, and with tilted and twisted
misorientation angles, under different sintering temperatures. Moreover, the trajectories of atoms involved
in neck formation, from each NP to the neck region, are determined.

This article is organized as follows: Section “LITERATURE REVIEW” reviews the current understanding of
sintering mechanisms, highlighting both established knowledge and significant gaps. Section
“METHODOLOGY” explains the simulation methodology. Section “RESULTS AND DISCUSSION”
discusses simulation results, including the distributions of different defects over time (Section “Analysis of
defects to assess crystallographic defect-mediated sintering mechanisms”) and the overall effectiveness of all
diffusion sintering mechanisms through atomic trajectories and analyses of surface diffusion (Section
“Collective contribution of diffusion-based mechanisms to sintering”). Some future directions and broader
research opportunities are discussed in “PERSPECTIVE AND OUTLOOK?”. Finally, the conclusions are
drawn in Section “CONCLUSION”.

LITERATURE REVIEW

Conventional treatments of sintering mechanisms categorize them by the different paths that material flows
in response to the sintering driving force"*"?. The identified controlling sintering mechanisms contribute to
sintering through diffusion, plastic flow, and vapor transport”'*.. Figure 1 shows a pair of sintered particles
with several arrows (1-6) indicating distinct material flow paths originating from both the exterior surfaces
and interior volumes of particles. These arrows also depict the accumulation of material in the neck region.
To account for the many sintering mechanisms, mathematical relations have been introduced to predict the
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Figure 1. A schematic of different material transport paths influencing sintering. Arrows represent the movement of atoms during each
mechanism. The sintering mechanisms categorized by arrows are (1) surface diffusion, (2 and 3) lattice diffusion, (4) plastic flow, (5)
GB diffusion, and (6) vapor transport. GB: Grain boundary.

rate of microparticle sintering"”.

In conjunction with conventional treatments, MD simulations have emerged as a powerful tool for
investigating NP sintering. MD simulations excel at capturing the short time and small length scales crucial
to understanding the NP sintering process. However, these studies typically oversimplify the mechanisms by
leaving out the combined effects of various mechanisms that are active at different stages and contribute
differently to the overall sintering process”?". For instance, in most MD studies, several of the six
aforementioned mechanisms [Figure 1] have been identified as critical in the neck size growth, with a
particular emphasis on the occurrence of surface diffusion, lattice diffusion, and GB diffusion (not always
including all three)**. Moreover, several studies have estimated surface and GB diffusion coefficients by

assuming these two mechanisms are the only ones active throughout the sintering process®***.

Crystallographic defects, such as vacancies, stacking faults, twin boundaries, and GBs, may appear during
the sintering of NPs. These defects play a crucial role in diffusion. For instance, atoms with sufficient energy
and close to empty sites in lattice structures (i.e., vacancies) can hop from their original positions into these
empty sites due to their thermal vibration"”. Since lattice mass diffusion occurs via the motion of vacancies,
analyzing the vacancy dynamics is important for understanding the role of lattice diffusion during sintering.
Lattice diffusion activity is positively correlated with the number of vacancies present. Moreover,
dislocations and GBs provide alternative diffusion pathways” . Furthermore, the interplay between
defects, such as vacancies and GBs™ or dislocations, when they coexist, may affect the population and
spatial arrangements of these defects””. Even though previous MD studies"**’ have provided valuable
insight into defect structures, a comprehensive mechanistic understanding of how these defects influence
sintering for different NP characteristics and sintering conditions is still lacking.

METHODOLOGY

The MD simulations of the sintering process of a pair of NPs included four stages. A microcanonical
ensemble (NVE) was implemented in Stage 1 for 5 ps and an equilibrium structure for each NP was
achieved at the end of Stage 1. Subsequently, a canonical ensemble (NVT) was applied through Stage 2 for 5
ps to regulate the NP’s temperature to room temperature (300 K). Each NP was then heated to a sintering
temperature through an NVT ensemble within a constant heating time (~30 ps) in Stage 3. At the inception
of sintering in Stage 4, two NPs were brought together to form a neck and an NVT ensemble was used to
keep the two NPs at the selected sintering temperature for 5,000 ps. It is worth noting that the rate of
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temperature increase in Stage 3 can influence the formation of initial necks and sintering mechanisms,
particularly when both NPs are nearby and being heated simultaneously to a target temperature. However,
the MD approach in this study was specifically designed to minimize such effects. Each NP was heated
individually before being brought together, and sintering was conducted over an extended period during a
subsequent isothermal stage. Moreover, the absence of a temperature gradient between the NPs as each was
brought to the desired temperature through the same stages, further minimizing any possible influence of a
different heating rate.

Ag and Cu NPs, nominally spherical in shape and possessing face-centered cubic (FCC) lattice structures,
were modeled in side-by-side arrangements. Their crystallographic directions were chosen along the
Cartesian axes according to the specific category (i.e., NPs of equal size, unequal size, and with tilted or
twisted misorientation angles) being investigated. For instance, for NPs of both equal and unequal sizes
without tilt or twist, the crystallographic orientations [1 0 0], [0 1 0], and [0 0 1] were aligned with the X-,
Y-, and Z-axes, respectively™. The initial distance between the surfaces of two spherical NPs refers to the
gap between the outmost atoms of the two NPs along the line connecting the NPs’ centroids. This distance
was set as the equilibrium interatomic distance of the corresponding bulk material. Existing literature data
on lattice parameters at various temperatures, in conjunction with the material's linear thermal expansion
coefficient, was used to extrapolate and estimate the equilibrium lattice parameter at the desired
temperature®”. This was done to avoid excessive initial attractive and repulsive forces.

The embedded atom method (EAM) was used to model interatomic forces between Ag atoms” in Ag NPs
and Cu atoms™ in Cu NPs. Each direction in the simulation box was subjected to a shrink-wrapped
boundary condition. The time step for simulations was set to 5 fs, which was sufficiently small to accurately
capture the dynamics of the system under investigation*?. This study involved systematically
parameterizing NP size, size ratio, sintering temperature, misorientation angles, and material, which
corresponded to 78 individual simulation cases. Five distinct NP diameters were modeled: 5, 10, 15, 20, and
25 nm. These diameters were chosen based on scanning electron microscope images, which showed that the
size of the NPs generated and sintered using an in-situ laser-based ANM technique typically fell within this
range'”. To maintain solid-state sintering below their respective melting points"**, the sintering
temperatures were set at 50%, 60%, and 70% of the bulk melting points (T,) of Ag (1,234.95 K)"* and Cu
(1,358.15 K)*/. A temperature of 70% of T, was selected, instead of any higher temperatures, to compensate
for lower melting temperatures typically exhibited by NPs. There were two symmetric tilted misorientation
angles about the tilt axis of [1 0 0] studied, i.e., 36.87° and 53.15°, which resulted in the formation of stable
GBs with low energy states***”. As twist GBs are not stable, the same angles were used for NPs with twisted
misorientation angles about the twist axis of [0 0 1]. Each simulation case was designated with a set of
parameters as Material_Diameters_Temperature_Tilt-Twist to facilitate easy differentiation and reference.
More details about the studied examples and simulation procedure can be found in an early work by the
authors"”.

MD simulations of each pair of NPs under different sintering conditions were conducted using the open-
source large-scale atomic/molecular massively parallel simulator (LAMMPS)"). Moreover, the open
visualization tool (OVITO)"' was used to visualize and interpret the results. For visualization purposes
only, a “quench” technique based on the Polak-Ribiere conjugate gradient algorithm™' was applied at
specific time steps to remove thermal fluctuations caused by random motions and distinguish atoms in
various local lattice structures. Exemplar visualizations of crystallographic defects such as vacancies,
stacking faults, and GBs are marked with light blue, black, and green arrows, respectively, in Figure 2. A
polyhedral template matching method”" was used to study local lattice structures. For a better view of
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Figure 2. Exemplar visualizations of a vacancy, an intrinsic stacking fault, and a GB. GB: Grain boundary.

defects, the atoms forming FCC structures were removed. Red and blue colors in the atomistic snapshot
corresponded to the locally hexagonal closed-packed (HCP) and body-centered cubic (BCC) lattice
structures, respectively. The gray and orange colors corresponded to the surface atoms of Ag NPs and Cu
NPs, respectively. A vacancy is the absence of an atom from its regular crystallographic lattice site.
Vacancies and other defects disrupt the orderly atomic arrangements (periodicity). In visualized atomic
structures, where the perfect FCC atoms were removed, vacancies typically appeared as being surrounded
by aggregates of atoms. Twin boundaries and stacking faults were visible as a single layer of atoms and two
or more adjacent atomic layers, respectively*. Furthermore, Shockley partials were connected by stacking
faults. GBs were apparent in NPs with tilted and twisted misorientations. A GB typically appeared as a
circular, planar layer of atoms in the neck region. Given the higher surface-to-volume ratio in NPs
compared to bulk materials, these defects (vacancy, stacking fault, GB) are expected to have a significant
impact on the properties and behavior of sintered NPs™?..

Although MD simulations are effective in revealing detailed sintering mechanisms, their inherent
limitations are also worthwhile to note. For instance, simulating realistic sintering processes involving a
powder bed with a distribution of NPs becomes computationally expensive when attempting to model large
systems or the long timescales necessary to reach the final sintering stage. Additionally, the accuracy of MD
simulations relies on that of interatomic potential potentials. Due to these limitations, careful consideration
for the MD simulations needs to be made to ensure that they target specific sintering phenomena and the
interatomic potentials selected can capture such phenomena well.

RESULTS AND DISCUSSION

This section presents the analysis of the MD simulation results regarding the sintering mechanisms at play
for different NP characteristics and sintering temperatures. Section “Analysis of defects to assess
crystallographic defect-mediated sintering mechanisms” includes crystallographic defect-mediated sintering
mechanisms in NPs of similar and varying sizes, as well as those exhibiting misorientation angles including
both tilt and twist. Subsequently, Section “Collective contribution of diffusion-based mechanisms to
sintering” shifts focus to describe the collective action of all diftusion-based sintering mechanisms. Atomic
paths are visualized to elucidate diffusion. Moreover, visualization of atomic paths provides a
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complementary mechanistic understanding of surface diffusion. The total diffusion coefficients (D,,) are
also calculated to compare the collective effectiveness of all diffusion-based mechanisms among cases.

Analysis of defects to assess crystallographic defect-mediated sintering mechanisms

The distribution of defects, including vacancies, dislocations, stacking faults, and twin boundaries, inside
equal-sized NPs is shown in Figure 3A-D. Lattice diffusion is evidenced by the observation of vacancy
concentrations and their movement across different time frames, with snapshots illustrating this behavior at
various stages of the simulation. These vacancy movements confirm the occurrence of lattice diffusion’. In
the selected examples, defects were visualized at the beginning and final stages of sintering at 1,000 and
5,000 ps, respectively. The beginning and final stages of simulated sintering are shown in the left and right
columns in Figure 3A-D, respectively. Compared to Cu NPs, sintered Ag NPs contained more stacking
faults and twin boundaries, which indicated more severe plastic deformation (e.g., see Final at the bottom of
Figure 3A and Final at the bottom of Figure 3B)"". In some examples, there were no defects at the end of
the simulation (e.g., see Final at the top of Figure 3B and Final at the bottom of Figure 3C). In these cases,

A B Beginning: 50%T,, Final: 50%T,,

Beginning: 50%T,, Final: 50%T,, _“ l H

Beginning: 70%T,, Final: 70%T,, Beginning: 70%T,, Final: 70%T

0 @8

Ag

Beginning: 50%T,, Final: 50%T,,

Ag

Beginning: 70%T,, Final: 70%T,,

Beginning: 50%T,,

Final: 50%T,,

Final: 70%T,,

Beginning: 70%T

Figure 3. Distributions of vacancies, dislocations, stacking faults, and twin boundaries at both the beginning and final stages of sintering
simulations for equal-sized NPs of (A) 5 nm Ag NPs, (B) 5 nm Cu NPs, (C) 15 nm Ag NPs, and (D) 15 nm Cu NPs. Two studied sintering
temperatures are 50%T,, and 70%T,,.Black arrows mark dislocations, stacking faults, and twin boundaries, while light blue arrows
point to vacancies. See Supplementary Materials for animations of selected key events. NPs: Nanoparticles; T, : bulk melting points.
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only surface diffusion was suspected to be the governing sintering mechanism at least for a short period
leading to the final simulation time step.

Since the vacancies were only checked at certain times, their absence did not imply that they were never
present. There were several examples in which vacancies existed at the end of the simulation, indicating that
lattice diffusion was present even close to the final stage of sintering (see Final at the top of Figure 3D).
Moreover, larger NPs were more likely to include vacancies than smaller ones, which could lead to
increased lattice diffusion by providing additional jump sites for atoms. This was probably because
vacancies had longer paths to move to the surface of the NPs in larger NPs and they had a higher chance of
survival (compare Final at the top of Figure 3B vs. Final at the top of Figure 3D). Stacking faults might also
remain at/near the neck region until the end of the simulation (see Final at the top of Figure 3C).
Furthermore, the density of dislocations, stacking faults, and twin boundaries was higher in smaller NPs
relative to their size. This was possibly due to smaller NPs having a higher surface area to volume ratio,
which increased the driving force for defect formation to minimize total surface energy per unit volume
through strain relaxation (compare Final at the top of Figure 3A vs. Final at the top of Figure 3C). Although
the travel distance of defects in larger NPs might be comparable to those in smaller NPs, the defects’
movements were restricted to a proportionally smaller region within the larger NP, particularly
concentrated near the neck regions. In smaller NPs, the defects could reach close to the interior volume of
NPs, probably due to the short distance between the neck and surface (compare the top of Figure 3A vs. the
top of Figure 3C).

Several additional instances of equal-sized NPs that provide additional insights are shown in Figure 4A-G.

20 nm — 20 nm
A B C

Beginning: 60%T,,  Intermediate: 60%T,, ~Final: 60%T,,

D 15 nm - 15 nm E

Beginning: 60%T,, Final: 70%T,,

25 nm - 25 nm

Beginning: 60%T Final: 60%T,,

Figure 4. Distributions of vacancies, dislocations, stacking faults, and twin boundaries in equal-sized NPs for (A-C) 20 nm Ag NPs
sintered at 60%T,, at the beginning, intermediate, and final stages of sintering; (D and E) 15 nm Cu NPs sintered at 60%T,, and 70%T,,
at the final stage; (F and G) 25 nm Cu NPs sintered at 60%T,, at the beginning and final stages of sintering. Black arrows mark
dislocations, stacking faults, and twin boundaries, while light blue arrows point to vacancies. See Supplementary Materials for
animations of selected key events. NPs: Nanoparticles; T, : bulk melting points.
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In the context of the figures, the intermediate stage of sintering refers to a time step between 1,000 and 5,000
ps. Ag NPs displayed stacking faults and dislocations with dimensions comparable to their necks
[Figure 4C]. As dislocations glide, they can potentially interact with other defects such as other dislocations
and vacancies”***. The interplay between these interactions can significantly impact diffusion behavior
during sintering. In the specific example of Ag_20-20_60%T,,_0-0 [Figure 4A-C], a vacancy moved next to a
dislocation and disappeared (likely due to being absorbed by the dislocation). However, this absorption did
not eliminate the vacancy. Instead, the vacancy became incorporated within the core of the dislocation.
During simulated sintering time, several examples exhibited stacking faults [Figure 4D] or dislocation loops
[Figure 4E] in the neck region. These stacking faults likely signaled the initial stage of dislocation
nucleation. Line tension typically shrinks the dislocation loop until they disappear. However, defects can pin
these loops, hindering their annihilation™”. The persistence of loops in the simulation suggested pinning by
defects, likely jogs in this case. For Cu_25-25_60%7T,,_0-0 [Figure 4F], initially longer partial dislocations
possibly interacted with other dislocations. This interaction might have resulted in the formation of shorter,
sessile dislocations and vacancy emission [Figure 4G]. These vacancies likely appeared due to jogs on the
dislocations undergoing climb or spontaneous vacancy generation. Notably, these vacancies persisted
throughout the simulation, including the final time step.

The distribution of defects, particularly vacancies, dislocations, stacking faults, and twin boundaries, inside
unequal-sized NPs is shown in Figure 5A-D. As with sintering of similarly sized NPs, plastic deformation
A 15 nm -5 nm

Final: 50%T,, C 15 nm - 20 nm D 15 nm - 20 nm

Final: 50%T,, Final: 50%T,,

Final: 70%T,,

Final: 70%T,, Final: 70%T,,

Final: 50%T,,

Final: 70%T,,

Figure 5. Distribution of vacancies, dislocations, stacking faults, and twin boundaries at the final sintering stage for unequal-sized NPs
sintered at 50%T,, and 70% T,,.Size ratios: (A) Ag, 3:1; (B) Cu, 3:1; (C) Ag, 1.33:1; (D) Cu, 1.33:1. Black arrows mark dislocations,
stacking faults, and twin boundaries, while light blue arrows point to vacancies. See Supplementary Materials for animations of selected
key events. NPs: Nanoparticles; T,: bulk melting points.
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was more pronounced in Ag NPs than in Cu ones. Notably, several examples did not have any defects
during a short period leading to the final simulation time step. In these cases, surface diffusion was
suspected to contribute to neck growth (e.g., see bottom and top in Figure 5B). In the beginning of sintering
for Cu_15-20_70%T,_0-0, a higher concentration of vacancies was observed in the larger NP. However, as
sintering progressed, these vacancies migrated towards the smaller NP, ultimately residing in the smaller NP
at the final frame of simulation (e.g., see the top of Figure sD). Considering Ag 15-5_70%7T,_0-0,
dislocations were located within the larger NP at the beginning of simulation. However, these dislocations
migrated towards the surface through the movements of kinks and jogs at the subsequent time steps. By the
end of simulation, the dislocations were positioned very close to the surface (see the bottom of Figure 5A).
This was probably due to expedited diffusion, particularly given the high temperature and large size ratio in
Ag_15-5_70%T,_0-0"". In Ag NPs with a larger equivalent diameter, dislocations were more likely to
multiply within the neck region. However, the impingement of these dislocations near the final stage of
sintering was likely to suppress the nucleation of any new dislocations (e.g., compare bottom and top in
Figure 5C)™.

The distributions of defects, particularly GBs inside NPs with tilt and twist misorientations are depicted in
Figure 6A-D and Figure 7A-D, respectively. At an early stage of the sintering process, a GB persisted at the

15 nm - 15 nm

A Tilted angle: 36° B Tilted angle: 53°

Final: 50%T,, Final: 50%T,,

=1)
<

Final: 70%T,,

D
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.

Final: 50%T,,

*

Final: 70%T,,

Final: 70%T,,
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Figure 6. Distribution of GBs at the final sintering stage for 15 nm NPs with tilted misorientation angles of (A) 36.87°,(B) 53.15° for Ag
NPs, and (C) 36.87° (B) 53.15° for Cu NPs. Two sintering temperatures of 50%T, and 70%T,, are included. The green arrows point to
GBs. See Supplementary Materials for animations of selected key events. GBs: Grain boundaries; NPs: nanoparticles; T, : bulk melting
points.

15 nm - 15 nm
A Twisted angle: 36° B Twisted angle: 53°

Beginning: 50%T,, Beginning: 70%T,,

Ag
Ag

Final: 50%T,, Final: 70%T,,

D
Beginning:70%T,,

C
Beginning: 50%T,,

Final: 70%T,,

Final: 50%T,,

Figure 7. Distribution of vacancies, GBs, and dislocations at the beginning and final sintering stages for 15 nm NPs with twisted
misorientation angles of (A) 36.87°,(B) 53.15° for Ag NPs, and (C) 36.87°,(B) 53.15° for Cu NPs. Two sintering temperatures of 50%T,,
and 70%T,, are included. Green arrows point to GBs. Black arrows highlight GBs with wider spacings between screw dislocations. Light
blue arrows point to vacancies. See Supplementary Materials for animations of selected key events. GBs: Grain boundaries; NPs:
nanoparticles; T, : bulk melting points.

neck between NPs with tilted misorientation angles. This suggested that diffusion through GBs was possibly
active throughout the sintering process. Moreover, at higher temperatures and a misorientation angle of
36.85°, the GB was more pronounced, and the neck region was wider, indicating a more effective GB
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diffusion mechanism (e.g., compare bottom of Figure 6A and bottom of Figure 6B). Edge dislocations in
GBs with tilt misorientation possess Burgers vector components perpendicular to the GB plane.
Consequently, due to their non-planar glide motion, GB dislocations were unable to readily escape,
preventing the formation of untitled NPs. Akin to NPs with tilted misorientation angles, those with twisted
misorientation angles also developed a GB. However, in twist GBs, a network of screw dislocations with
Burgers vectors parallel to the GB plane exists. These screw dislocations exert repulsive forces on each other,
leading to an increase in their spacing within the GB. This can even result in some dislocations escaping the
GB surface. Consequently, the overall dislocation density within the GB decreases, which, in turn, reduces
the twist misorientation angle and ultimately leads to the untwisting of the NPs (e.g., see the bottom of
Figure 7C). This behavior suggested that GB diffusion remained active only during the beginning of
sintering for NPs with twisted misorientation angles.

Collective contribution of diffusion-based mechanisms to sintering

This section explains how the previously visualized defects relate to atomic trajectories. To generate these
atomic paths, the atoms that formed the neck were first identified. This was achieved by dissecting the
region near the neck into thin slices, each with a thickness of 2 A, perpendicular to the doublet’s long axis.
The neck region was detected based on the fewest atoms within a slice. Notably, all these atoms originated
from the surfaces of the NPs. The trajectories of these neck atoms were shown at time intervals of 1,000 ps
to depict their movements toward the neck region. Below the snapshots in Figures 8-10, rainbow color bars
display the trajectory color codes to distinguish different time intervals. For example, the pieces of trajectory
lines in red and blue colors represent the time intervals from 0 to 1,000 ps and from 4,000 to 5,000 ps,
respectively. In addition, the starting positions of the neck atoms are highlighted with slightly larger, dark
grey spheres.

Drawing upon the categorization of sintering mechanisms based on the transport pathways in Figure 1,
surface diffusion was only considered active when the entire trajectory of an atom remained on the NP
surface. Conversely, trajectories confined to the interior volume of NPs suggest diffusion processes such as
GB diffusion, lattice diffusion, or pipe diffusion along dislocations. This excludes surface diffusion, which
occurs at the NP’s exterior. For NPs without misorientations, the trajectories passing through the NPs
indicate either lattice or pipe diffusion. In regions with dislocations and without vacancies, pipe diffusion is
prevalent until vacancies appear, at which point lattice diffusion may occur, facilitating sintering by adding
atomic pathways. The transition between pipe and lattice diffusion, or their coexistence, can occur rapidly
within just several picoseconds. In NPs with tilt misorientations, GB diffusion is evident from trajectories
that align towards the GB, without following the surfaces of NPs. For NPs with twist misorientations, GB
diffusion may initiate atomic movement, but as the GBs are transient, diffusion pathways often shift to pipe

diffusion along dislocations.

The extent of neck growth is reflected by the number of neck atoms and their corresponding trajectories.
Importantly, each atom reaching the neck does so through the action of one or a combination of the
governing sintering mechanisms. In all the visualizations in this section, the trajectories of all the neck
atoms are shown, implying that the contributions of all diffusion-based sintering mechanisms, including
surface diffusion, are inherently accounted for. The analysis of the characteristics of these trajectories, such
as their concentrations and lengths, can indicate the collective effectiveness of all governing sintering
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mechanisms. The number of visualized atomic paths (trajectories) directly correlates with sintering
effectiveness. This qualitative observation is further supported quantitatively by calculating the D,,.. D, is a
measure of the total diffusive transport and, hence, the collective contribution of diffusion-based sintering
mechanisms. To quantify D,,, the mean square displacement (MSD) was calculated and then implemented
in Einstein-Smoluchowski’s diffusion formula®’. MSD measures the cumulative effect of random atomic
displacements over time by averaging the squared distance between their initial and final positions.

MSD = %ZL (ri(§:(0))* 2

where N is the total number of atoms, and r,(¢) is the displacement of the i atom from its initial position
7,(0) during ¢ time period. The slope of the MSD vs. time curve is directly proportional to the diffusion
coefficient (D), as predicted by Einstein-Smoluchowski’s diffusion formula, i.e.,

__1.dMsD
T 2f at

(2)

where t is time, and fis the degree of freedom, and it equals 2 for surface diffusion or GB diffusion, and 3
for lattice diffusion. Diffusion coefficients are inversely proportional to the denominator f value. For a case
involving concurrent surface, volume, and GB diffusion, the equation implies that surface and GB diffusions
contribute more to sintering than bulk diffusion because they have lower f values. This study assumed that
the slope of the MSD curve (i.e., dMSD/dt) represented the D,,, encompassing all underlying mechanisms.
It is worth noting that while gravity-induced plastic flow can significantly influence diffusion behavior
under certain conditions, its effect on the ANM is negligible due to the miniscule size of NPs and the thin
layers of electronics being fabricated. Accordingly, simulation conditions in this study included constant
temperature, no external pressure, and shrink-wrapped boundary conditions. The calculated values of D,,,
were added to the figures in this section for comparison purposes.

The trajectories of the atoms that built up the neck in equal-sized NPs are displayed in Figure 8A-D. Higher
temperatures facilitated the involvement of a greater number of atoms in the neck growth, which was
evident from the increased number of trajectory lines and their extended lengths. This signified enhanced
effectiveness of sintering mechanisms, as corroborated by higher D, values (e.g., compare the top and the
bottom of Figure 8A). At a particular temperature, the shorter diffusion paths of atoms belonging to smaller
NPs, relative to those in larger ones, increased the accessibility of atoms closer to the surrounding regions to
reach the neck region (e.g., see the bottom of Figure 8B vs. the bottom of Figure 8D). Furthermore, at a
given temperature, Ag NPs with identical diameters exhibited more diffusion pathways, and their atoms
traveled farther than those of Cu NPs. This suggested that sintering mechanisms were more effective in Ag
NPs, further supported by their higher D,, values (e.g., see the bottom of Figure 8C vs. the bottom of
Figure 8D).

The trajectories of atoms that built up the neck in unequal-sized NPs are displayed in Figure 9A-D. As
diffusion controlled both the sintering processes for NPs of equal and unequal sizes, the trajectories of NPs
with differing sizes were subjected to a similar analysis. Across all cases, the greater number of atoms
forming the neck regions at higher temperatures resulted in a larger number of trajectory lines and showed
a correlation with larger D,, values (e.g., compare the top of Figure 9A and the bottom of Figure 9A).
Moreover, comparing Ag and Cu NPs, Ag displayed a greater number of longer-distance trajectories,
indicating more effective sintering mechanisms, as corroborated by their higher D, values (e.g., compare
the bottom of Figure 9C and the bottom of Figure 9D). However, the diffusion paths for NPs of varying
sizes differed from uniformly sized NPs, exhibiting several key variations due to the presence of a
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Figure 8. Examples of atomic trajectories of NPs with identical sizes at sintering temperatures of 50% T,,and 70%T,: (A) 5 nm Ag NPs,
(B) 5 nm Cu NPs, (C) 15 nm Ag NPs, and (D) 15 nm Cu NPs. See Supplementary Materials for animations of selected key events. NPs:
Nanoparticles; T, : bulk melting points.

differential pressure induced by surface tension between the two NPs. The greater number of trajectories
from the smaller NP to the neck indicated that the atoms from the smaller NP contributed more
substantially to the neck growth than the larger NP in the pair (see the bottom of Figure 9A). This
observation suggested that the sintering mechanisms were more strongly influenced by the characteristics of
the smaller NPs. This implication remained valid when the particle size ratio was closer to unity and the
NPs involved were larger. Moreover, in NPs with a size ratio close to one, the contributions from atoms in
larger NP to the neck region were more apparent (compare the bottom of Figure 9A and the bottom of
Figure 9C).

The trajectories of atoms that built up the neck in NPs with tilted and twisted misorientation angles are
displayed in Figure 10A-H. The values of D,,, were included for several examples, excluding those with
twisted misorientation angles due to skewed MSD values caused by NPs’ rotational motions. While in NPs
with tilted misorientation angles, atoms traversed straight paths from their initial positions to the neck
region in bundles; in NPs with twisted misorientation angles, their direct path to the neck was disrupted by
a tangential component as NPs were untwisting (e.g., compare Figure 10A and Figure 10B). Temporary GBs
in NPs with twisted misorientations led to possibly less effective sintering relative to those with tilted
misorientations. The defect analysis from Section “Analysis of defects to assess crystallographic defect-
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Figure 9. Examples of atomic trajectories of unequal-sized NPs sintered at 50%T,, and 70% T,,. Size ratios: (A) Ag, 3:1; (B) Cu, 3:1; (C)
Ag, 1.33:1; (D) Cu, 1.33:1. See Supplementary Materials for animations of selected key events. NPs: Nanoparticles; T,: bulk melting
points.

mediated sintering mechanisms” suggests that the dislocations formed at the neck of the tilted NPs may
have provided effective mass diffusion channels and facilitated the sintering. The dislocations on the tilt GB
plane were edge dislocations which have given the tilt GBs thermal stability. Conversely, the screw
dislocations at the neck of twisted NPs were mobile and could escape through the surface. The escape of the
screw dislocations was accompanied by the untwisting of the particles and reduced the amount of effective
mass diffusion channels, inhibiting effective atom transport. This behavior was consistent with the smaller
neck size observed in sintered NPs with twisted misorientations, as reported in a previous study"”. Hence,
given the observed atomic trajectories, GB diffusion from tilted misorientations appeared more effective
relative to diffusion from twisted misorientations. Moreover, the effectiveness of sintering mechanisms was
higher for a 36° tilt misorientation than 53° tilt, as reflected in D, values (e.g., compare Figure 10A and
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Figure 10. Examples of atomic trajectories of 15 nm diameter NPs with tilt and twist misorientation angles (36.87° and 53.15°) sintered
at 70%T,: (A-D) Ag NPs and (E-H) Cu NPs. See Supplementary Materials for animations of selected key events. NPs: Nanoparticles;

T, bulk melting points.

Figure 10C) and for Ag NPs than Cu ones (e.g., compare Figure 10A and Figure 10E).

As the diffusion mechanisms transition throughout the simulation, isolating and quantifying individual
diffusion coefficients for lattice, surface, GB, and pipe diffusion was challenging. Instead, the D,, was
reported to reflect the resultant effect of all contributing mechanisms. Individual atoms were noticed to
move along the surfaces of NPs toward the neck in all the studied NPs (i.e., equal/ unequal size, tilted/
twisted). This observation suggested that surface diffusion was a prevalent mechanism during sintering
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regardless of NP size or orientation.

PERSPECTIVE AND OUTLOOK

This study advanced the understanding of crystallographic defect-mediated and diffusion-based sintering
mechanisms in NPs by addressing the previously overlooked episodic and condition-specific sintering
mechanisms. These critical insights provide a foundation for more accurately developing data-driven and
mechanism-oriented predictive models.

Building upon these findings, it is important to consider how these mechanisms apply to different materials,
such as those with much higher melting points. For NPs made of hard-to-sinter alloys, such as W- and Mo-
based ones™*, higher sintering temperatures would be required. This is exemplified by the difference
between Cu and Ag investigated in this study; the higher melting point of Cu compared to Ag necessitated
higher sintering temperatures. Furthermore, when these refractory metals are alloyed with the ones with
lower melting points, as in Cu-W, not only the mismatch in melting points but also the miscibility of the
elements become critical factors influencing sintering behavior. Applying the model developed in this study
to these hard-to-sinter metals and their alloys would require necessary adjustments in these regards.

Another aspect to consider is the possible effect of external factors, such as oxidation on the sintering
process under specific conditions, such as prolonged exposure to elevated temperature and oxygen'*.
While oxidation could indeed play a role, its influence on this study is likely minimal due to the extremely
brief NP sintering duration (~ns) and the argon-shielded environment in which NP sintering occurred. As a
follow-on work, atomistic simulations of oxidation can be performed for more in-depth analysis,
incorporating interatomic potentials between metal and oxygen*’.

Expanding on the temperature-dependent aspects of sintering, it is worth noting that this study focused on
solid-state sintering, which occurs below the melting points of both bulk and NPs due to significant
reductions in NP melting temperatures caused by surface tension effects. Consequently, this study did not
explore temperatures at or above the melting points of either bulk materials or NPs. However, a literature
review suggests that higher temperatures can influence phonon behavior by increasing the presence of high-
energy phonons and expanding phonon populations, which can (1) create defects by disrupting the regular
atomic arrangements; (2) cause existing defects to disappear through the redistribution of atoms; or (3)
cause defects to migrate through atomic redistribution'***. As temperatures approach or exceed the melting
point of NPs, certain defect populations such as dislocations and GBs tend to decrease. This occurs because
the crystalline order breaks down, leading to a disordered liquid phase where such defects no longer exist in
the same form. This is particularly relevant for Ag and Cu, which, unlike liquid crystals, lack short-range
order in their liquid state!®”. Further research into phonon behavior in solid-state sintering and the
transition to liquid-state sintering in NPs could provide valuable insights into defect evolution across
different temperatures.

CONCLUSION

This study delved into the intricate mechanisms governing sintering in equal- and unequal-sized NPs, and
NPs with tilted and twisted misorientations. By utilizing MD simulations, the defects were visualized to
elucidate the time dependence of lattice diffusion, GB diffusion, and a mechanism mediated by plastic
deformation. Moreover, the existence of surface diffusion and the overall effectiveness of all the diffusion-
based sintering mechanisms were investigated. The following conclusions were drawn:
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1. The effectiveness of lattice diffusion mechanism in sintering was indicated by observing a higher
concentration of vacancies at higher temperatures. For larger NPs, vacancies were noticed to remain mobile
throughout the sintering process.

2. During sintering, diffusion of atoms facilitated plastic deformation through dislocation motions.
However, interactions between dislocations themselves, and between dislocations and vacancies could
impede their movements and influence their characteristics, such as length. These interactions which
depended on the initial NP size, sintering temperature, and the material type, influenced the overall
diffusion rate and the outcome of sintering, such as the final neck size.

3. NPs with tilted and twisted misorientations exhibited distinct GBs-facilitated diffusion behavior. NPs
with tilted misorientations, characterized by edge dislocations in their GBs, displayed sable GBs throughout
the simulation. In contrast, NPs with twisted misorientation angles possessed screw dislocations within their
GBs. The repulsive forces between these screw dislocations caused a decrease in their density and ultimately
led to untwisting of the NPs. This suggested that GB diffusion in NPs with twisted misorientations was
active only during the initial stage of sintering, even though some residual dislocations might persist after
GB disappearance.

4. Every simulated case revealed atomic diffusion paths confined to NP surfaces, implying the prevalence of
surface diffusion as a governing mechanism. Higher temperatures, smaller NPs, and NPs with GBs all
favored the overall effectiveness of the sintering mechanisms, as evidenced by numerous long-range
trajectory lines and greater D,

Understanding fundamental sintering mechanisms and their responses to different sintering conditions and
NP characteristics allows for the design of new sintering feedstocks and optimization of sintering
conditions, ultimately leading to enhanced sintering effectiveness.
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