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Highlights

Sintering of silver and copper monometallic nanoparticles (NPs) are simulated by MD
Role of particle size, misorientation, and temperature in NP sintering are examined
Evolution of interparticle neck size is analyzed to examine sintering effectiveness
Both tilt and twist grain boundaries are found to expedite sintering

Higher temperature, smaller and uneven NPs are all beneficial for effective sintering



Abstract

Additive nanomanufacturing, where nanoparticles (NPs) are generated via laser material
ablation and sintered via laser, permits the fabrication of novel electronic devices with adequate
flexibility, such as tunable material composition, adjustable sintered state, and a wide selection of
substrates—including biodegradable ones—to name a few. The laser energy input often needs to
be carefully balanced between achieving adequate sintering and avoiding substrate damage. The
sintered state of NPs, a key influencing factor of the resistivity of electronic circuits, depends not
only on temperature (the result of laser energy input), but also on NPs size, size ratio, and
crystallographic misorientation. While the minuteness of NPs and the transient nature of their
sintering (typically within a nanosecond) make direct experimental evaluation of such parameters
challenging, the length and time scales are uniquely suitable for molecular dynamic (MD) studies.
This study utilizes MD to investigate the sintering characteristics of silver and copper NP doublets
at different temperatures and examines the effects of NP size, size ratios, misorientation angle
(including both tilt and twist), and material type. A mathematical framework to describe the
characteristic sintering time, i.e., time needed for a NP doublet to achieve a given normalized neck

size, was proposed based on MD results.
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Abbreviations and nomenclature

ANM Additive nanomanufacturing

NPs Nanoparticles

MD Molecular dynamics

FCC Face-centered cubic

HCP Hexagonal closed packed

EAM Embedded atom method

VMD Visual molecular dynamics

LAMMPS Large-scale atomic/molecular massively parallel simulator
OVITO Open visualization tool

GB Grain boundary

Initial center-to-center distance

Center-to-center distance

Absolute temperature

Bulk melting temperature

Diameter of the (larger) NP

Diameter of the smaller NP

Equivalent diameter

Boltzmann constant

Pre-exponential factor

Rate of diffusion

Neck size

Time

Characteristic time

Activation energy

Radius of the neck surface
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1. Introduction

Recent research [1-5] has led to the development of biodegradable flexible electronic devices
such as “papertronics”. These devices are based on paper substrates that are degradable and water-
soluble, making them more sustainable and eco-friendly. Production, deposition, and sintering of
nanoparticles (NPs) are critical steps in dry printing electronic devices on these temperature-
sensitive and water-soluble substrates. On-demand generation of NPs has been recently achieved
by pulsed laser ablation of solid targets under argon background pressure [2], leading to laser-
based single step additive nanomanufacturing (ANM). Laser sintering of these NPs [6], has been
shown to join them together, forming desired patterns and structures on substrates. While
supplying sufficient laser energy is required to minimize the electrical resistivity of the printed
lines, it is traded off with the risk of substrate damage [7], making fine-tuning the laser parameters
a challenging task. Indeed, since the sintering dynamics for NPs are still not well-understood, such

tuning presently proceeds in a trial-and-error manner.

Sintering of micro particles is central to several key industrial sectors, such as ceramics and
powder metallurgy, and has spurred significant research interest. As a result, several key factors
governing sintering rates have been identified, including temperature, material type, particle size,
size ratio, and misorientation. As a solid-state process, particle sintering primarily relies on the
diffusional transport of mass from the particle interior/surface to the inter-particle neck via various
paths, including lattice, surface, and grain boundaries (GBs), etc. Accordingly, these factors
govern sintering by influencing diffusion. For instance, a higher temperature facilitates more
effective sintering since temperature positively affects diffusion rates. At room temperature, the
sintering of micro particles may not occur at all [8]. Sintering is generally easier for materials with

lower cohesive energies, such as noble metals [9], since these materials tend to have lower



activation energies for diffusion. In addition, the sintering paths within smaller particles are
shorter. Therefore, the sintering of smaller particles generally tends to be more effective and can
occur at a lower temperature than larger ones [9]. When the particles being sintered have very
different sizes (e.g., beyond 50% difference in diameters), sintering is typically more effective than
in the case of two equal-sized particles due to the additional diffusion driving force provided by
Ostwald ripening [10,11]. Lastly, the stability of these diffusion paths along defects, such as GBs,
is typically associated with lower activation energies and higher diffusion rates. Consequently, the
sintering of particles with misorientations forming GBs at the necks tends to be more effective
[12—-14]. Analytical relations of these factors have been proposed which have been shown to be

effective in predicting the sintering state of various materials, such as Ag, Ni, and Cu [15,16].

The surface to volume ratios of the NPs (in the range of 10° ~ 10° 1/m for particles diameter
of 1 nm ~ 1 um), such as the ones generated by laser ablation, are significantly higher than micro
particles (in the range of 10°> ~ 10* 1/m for particles diameter of 10 um ~ 100 pum). The sintering
behavior of NPs is expected to be more significantly dominated by surface tension and surface
diffusion. Therefore, the prior knowledge established on the effects of various factors on the
sintering characteristics of micro particles may not be valid for NPs, even though some may be
qualitatively similar [7,10,17-29]. For instance, NPs have higher fractions of under-coordinated
surface atoms, which lowers their melting temperatures and significantly reduces the amount of
energy input or time needed for them to reach sound fusion [7]. In fact, unlike the sintering of
microparticles (e.g., powder metallurgy often requires hours of soaking at 70% of melting
temperature and sometimes application of external pressure), NPs typically sinter within
nanoseconds at the intended sintering temperatures which typically approach but are below the

melting temperature.



Due to the transient nature of NPs sintering, studying it through experimental approaches alone
can be challenging [30]. In contrast, molecular dynamics (MD), which can explicitly model atomic
motion in pico-nano second scale, have proven effective in understanding NP sintering [7,18,31—
37]. For instance, MD simulations have shown that the conventional sintering models’ treatment
of GBs as surface features of identical properties cannot be extrapolated to NPs, and that GBs'
diffusion activation energies are strongly affected by their characteristics, including misorientation
angles, planar orientation, curvature, etc. [24]. Therefore, for an accurate representation of the NP
sintering, it is crucial that these attributes for the relevant physical processes to be properly
accounted for [38]. Although the previous studies have laid the foundation knowledge regarding
some sintering mechanisms and trends of NP sintering, quantitative relationships between
sintering quality and various governing factors (such as the ones identified for micro particles as

mentioned in the preceding text) are still lacking for metallic NPs.

This work attempts to quantify the role of several key influencing factors on the sintering of
NPs using MD simulations. MD is uniquely suitable for this objective due to the characteristic
time and length scales of the sintering process being in nanoseconds and nanometers, respectively.
Pairs of contacting NPs of different sizes, materials, and orientations exposed to different sintering
temperatures are simulated using MD. The effects of particle size, size ratio, tilt and twist grain
boundaries, sintering temperature, and material type on the sintering quality in terms of neck size
are investigated, quantified, and expressed in mathematical framework. Section 2 describes the
simulation procedure. In Section 3, simulation results, including sintering of equal-sized NPs
(Section 3.1), unequal-sized NPs (Section 3.2), and equal-sized NPs with tilt and twist
misorientation (Section 3.3), are presented. A predictive model is discussed in Section 3.4, and a

summary and concluding remarks are included in Section 4.



2. Methodology

A laser-based single-step ANM technique has recently been developed to allow for the dry
printing of a variety of materials, including Ag and Cu, on different substrates, like flexible
polyimide [1,2]. This work used MD simulations to investigate the dependence of sintering
effectiveness on various factors such as temperature, particle size, and material type. The findings
can help guide fine-tuning the laser sintering parameters to achieve optimal final products. The
MD simulations of the sintering process in this study follow the Stages (1-4) shown in Figure 1.
NP doublets of identical materials of Ag and Cu were first equilibrated at ambient temperature
(300 K) using a microcanonical ensemble (NVE). For the second Stage, the simulation temperature
was regulated using a canonical ensemble (NVT). Subsequently, the NPs were heated individually
to the desired sintering temperature in Stage 3 before being joined with each other at the inception
of sintering. The total heating time was approximately 30 ps, which resulted in the heating rates
being within a reasonable range of 10 K/ps to 30 K/ps [31]. To eliminate initial stresses, the initial
smallest spacing between two NP surfaces at a specified temperature was selected as the

equilibrium lattice parameter. The simulated sintering process lasted 5 ns.
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Figure 1 A schematic representation of the MD simulation steps.
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The MD simulations performed with varying sizes, size ratios, temperatures, and
misorientation angles for Ag and Cu NP doublets are summarized in Table 1 and Table 2,
respectively. The first column lists Ag and Cu as the selected materials. The second and third
columns include the diameters of the two NPs. The NP doublets consisted of equal-sized and
unequal-sized NPs. Particle sizes ranged from 5 to 25 nm. A series of equal-sized NP doublets,
including 5 nm-5 nm, 10 nm-10 nm, 15 nm-15 nm, 20 nm-20 nm, and 25 nm-25 nm, were chosen
to explore the effect of absolute size of NPs on sintering outcome. By keeping the size of one NP
constant (i.e., at 15 nm), the effect of particle size ratio was investigated by varying the size of the
other from 5 nm to 25 nm. The particle size ratios were expressed as the larger NP diameter to the
smaller NP diameter. The doublets with the highest size ratios to the smallest size ratio were as
follows: 15 nm-5 nm (3:1), 25 nm-15 nm (1.67:1), 15 nm-10 nm (1.5:1), and 20 nm-15 nm (1.4:1).

The number of atoms ranged from several hundred to a few million.

The sintering temperatures were respectively chosen as 50, 60, and 70% of the bulk melting
temperature of Ag (7, = 1234.95 K) [39] and Cu (7, = 1358.15 K) [40]. The bulk melting
temperatures were chosen as references instead of the actual melting temperatures of the NPs,
since the latter have strong dependence on the NPs’ size. Using the NPs’ melting temperatures
would have coupled the effects of NP size and temperature. The misorientation angle was defined
as the symmetric rotation of the two NPs in both tilt and twist, which forms tilt and twist grain
boundaries between the NPs, respectively. Two symmetric tilted misorientation angles (0) of
36.87° and 53.15° about the tilt axis of [100] were simulated since these angles were shown to
have low-energy states and promote stable GBs [41,42] (see Figure 2). As for twist
misorientations, since it is well known that pure twist GBs are inherently unstable and tend to

spontaneously untwist, the identical two angles (i.e., 36.87° and 53.15°) were applied about the



[001] axis to examine their effect on sintering [43]. Each simulation is designated by the code of
“Material Diameters Temperature Tilt-Twist”. Note that the second term enumerates the

diameters of the two NPs in each doublet.

Nominally spherical Ag and Cu NPs were created with an FCC lattice and the [100], [010],
and [001] crystallographic directions along the X-, Y-, and Z-axes, respectively (Figure 2). Each
particle was illustrated by a circle with d diameter in equal-sized NPs. The large and small particles
were represented by circles with D and d diameters in unequal-sized NPs, respectively. Several
geometric parameters of a pair of particles, such as neck size (s), distance between sphere centers
(L), dihedral angle (%), and neck radius of curvature (p), change as sintering proceeded. A neck
size (s) represented the narrowest connection between two NPs. Moreover, the distance between
the sphere centers (L), which migrated toward one another during sintering, determined shrinkage.
Although dihedral angle is typically defined for two intersecting planes, in the context of NP
doublets, ¥ represents the angle between the tangential planes in the neck region as depicted in
Figure 2. With a smaller dihedral angle, surface tension exerted a stronger driving force for
sintering. The neck radius of curvature (p) is defined by the radius of the circle shown with dashed
lines that best fits the neck surface curvature. A small value of p, is typically associated with a

strong driving force for sintering.

The embedded atom method (EAM) interatomic potentials were used to describe the atomic
interactions among Ag [44] and Cu [45] atoms. Cu-Ag cross species potential was not required,
since the scope of work only concerned with only elementally pure NPs. For all simulations,
shrink-wrapped boundary conditions were applied in three directions, and the time step was set to
5 fs, which has been shown to yield reliable results [46—48]. All the simulations in this study were

performed using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS), an
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open source software distributed by Sandia National Laboratories [49]. Since no constraints were
applied during simulations, rigid body translations and rotations often resulted from the initial
contact between NPs [50]. The results were only analyzed after these motions were subtracted
using Visual Molecular Dynamics (VMD) [51]. The configuration evolution of the coalescing NPs
during sintering was analyzed with the Open Visualization Tool (OVITO) [52]. In order to
understand the local lattice structural evolution throughout the sintering process, the polyhedral
template matching method was used [53]. The green, red, and gray colors in the atomistic
snapshots correspond to face-centered cubic (FCC), hexagonal closed packed (HCP), and other

lattice structures, respectively.
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Table 1 Diameters of Ag NPs, sintering temperatures, misorientation angles, and final

designations used in this study.

Material D1 D2 Sintering Symmetric Designation
(nm) (nm) Temperature Tilt Angle,
(K) Twist Angle (°)

Ag 5 5 864.465 0,0 Ag 5-5 70%T._0-0
Ag 5 5 740.97 0,0 Ag 5-5 60%T, 0-0
Ag 5 5 617.475 0,0 Ag 5-5 50%T, 0-0
Ag 10 10 864.465 0,0 Ag 10-10 _70%Tu_0-0
Ag 10 10 740.97 0,0 Ag 10-10 60%T,_0-0
Ag 10 10 617.475 0,0 Ag 10-10 50%T,_0-0
Ag 15 15 864.465 0,0 Ag 15-15 70%Tx_0-0
Ag 15 15 740.97 0,0 Ag 15-15 60%Tu 0-0
Ag 15 15 617.475 0,0 Ag 15-15 50%T,_0-0
Ag 20 20 864.465 0,0 Ag 20-20 70%Tn_0-0
Ag 20 20 740.97 0,0 Ag 20-20 60%T, 0-0
Ag 20 20 617.475 0,0 Ag 20-20 50%T,_0-0
Ag 25 25 864.465 0,0 Ag 25-25 70%Tn_0-0
Ag 25 25 740.97 0,0 Ag 25-25 60%T,_0-0
Ag 25 25 617.475 0,0 Ag 25-25 50%Tn _0-0
Ag 15 5 864.465 0,0 Ag 15-5 70%Tm_0-0
Ag 15 5 740.97 0,0 Ag 15-5 60%Tn_0-0
Ag 15 5 617.475 0,0 Ag 15-5 50%Tm_0-0
Ag 15 10 864.465 0,0 Ag 15-10 70%T,_0-0
Ag 15 10 740.97 0,0 Ag 15-10 60%T,_0-0
Ag 15 10 617.475 0,0 Ag 15-10 50%T,_0-0
Ag 15 20 864.465 0,0 Ag 15-20 70%Tn_0-0
Ag 15 20 740.97 0,0 Ag 15-20 60%T,_0-0
Ag 15 20 617.475 0,0 Ag 15-20 50%Tn_0-0
Ag 15 25 864.465 0,0 Ag 15-25 70%Tn_0-0
Ag 15 25 740.97 0,0 Ag 15-25 60%Tn_0-0
Ag 15 25 617.475 0,0 Ag 15-25 50%T. 0-0
Ag 15 15 864.465 36.87,0 Ag 15-15 70%Tn_36-0
Ag 15 15 740.97 36.87,0 Ag 15-15 60%T, _36-0
Ag 15 15 617.475 36.87,0 Ag 15-15 50%Tn_36-0
Ag 15 15 864.465 53.15,0 Ag 15-15 70%T,_53-0
Ag 15 15 740.97 53.15,0 Ag 15-15 60%Tn_53-0
Ag 15 15 617.475 53.15,0 Ag 15-15 50%Ty, _53-0
Ag 15 15 864.465 0,36.87 Ag 15-15 70%T,_0-36
Ag 15 15 740.97 0,36.87 Ag 15-15 60%T, 0-36
Ag 15 15 617.475 0,36.87 Ag 15-15 50%T,_0-36
Ag 15 15 864.465 0,53.15 Ag 15-15 70%T, 0-53
Ag 15 15 740.97 0,53.15 Ag 15-15 60%T, 0-53
Ag 15 15 617.475 0,53.15 Ag 15-15 50%T,_0-53
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Table 2 Diameters of Cu NPs, sintering temperatures, misorientation angles, and final
designations used in this study.

Material D1 D2 Sintering Symmetric Designation
(nm) (nm) Temperature Tilt Angle,
(K) Twist Angle (°)

Cu 5 5 950.705 0,0 Cu_5-5 70%Tm_0-0
Cu 5 5 814.89 0,0 Cu_5-5 60%Tm_0-0
Cu 5 5 679.075 0,0 Cu_5-5 50%Tm_0-0
Cu 10 10 950.705 0,0 Cu_10-10_70%Twm_0-0
Cu 10 10 814.89 0,0 Cu_10-10_60%Tn_0-0
Cu 10 10 679.075 0,0 Cu_10-10 50%Tm_0-0
Cu 15 15 950.705 0,0 Cu_15-15 70%Tm_0-0
Cu 15 15 814.89 0,0 Cu_15-15 60%Tm_0-0
Cu 15 15 679.075 0,0 Cu_15-15 50%Tm_0-0
Cu 20 20 950.705 0,0 Cu_20-20_70%Tm_0-0
Cu 20 20 814.89 0,0 Cu_20-20_60%Tn_0-0
Cu 20 20 679.075 0,0 Cu_20-20 50%Tm_0-0
Cu 25 25 950.705 0,0 Cu_25-25 70%Tm_0-0
Cu 25 25 814.89 0,0 Cu_25-25 60%Tm_0-0
Cu 25 25 679.075 0,0 Cu 25-25 50%Twm_0-0
Cu 15 5 950.705 0,0 Cu_15-5 70%T,_0-0
Cu 15 5 814.89 0,0 Cu_15-5 60%Tu 0-0
Cu 15 5 679.075 0,0 Cu_15-5 50%T,_0-0
Cu 15 10 950.705 0,0 Cu_15-10_70%Tm_0-0
Cu 15 10 814.89 0,0 Cu_15-10_60%Tn_0-0
Cu 15 10 679.075 0,0 Cu_15-10 50%Tm_0-0
Cu 15 20 950.705 0,0 Cu_15-20_70%Tm_0-0
Cu 15 20 814.89 0,0 Cu_15-20 60%Tm 0-0
Cu 15 20 679.075 0,0 Cu_15-20 50%Tm_0-0
Cu 15 25 950.705 0,0 Cu_15-25 70%Tm_0-0
Cu 15 25 814.89 0,0 Cu_15-25 60%Tn_0-0
Cu 15 25 679.075 0,0 Cu 15-25 50%Tm_0-0
Cu 15 15 950.705 36.87,0 Cu_15-15 70%Twm_36-0
Cu 15 15 814.89 36.87,0 Cu_15-15 60%Tm_36-0
Cu 15 15 679.075 36.87,0 Cu_15-15 50%Tn_36-0
Cu 15 15 950.705 53.15,0 Cu_15-15 70%Tm_53-0
Cu 15 15 814.89 53.15,0 Cu_15-15 60%Twn_53-0
Cu 15 15 679.075 53.15,0 Cu_15-15 50%Tm_53-0
Cu 15 15 950.705 0,36.87 Cu 15-15 70%Tn_0-36
Cu 15 15 814.89 0,36.87 Cu_15-15 60%Tn_0-36
Cu 15 15 679.075 0,36.87 Cu_15-15 50%Tn_0-36
Cu 15 15 950.705 0,53.15 Cu_15-15 70%Tm_0-53
Cu 15 15 814.89 0,53.15 Cu 15-15 60%Tm_0-53
Cu 15 15 679.075 0,53.15 Cu_15-15 50%Tm_0-53
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Figure 2 Schematic illustrations of sintering states for (a,b) equal-sized NPs at early and later
stages, (c,d) unequal-sized NPs at early and later stages, and (e,f) equal-sized NPs with two
symmetric tilted misorientation angles of 36.87° and 53.15° about the tilt axis of [100] at a later
stage. The crystallographic directions of the NPs without tilts and twists are provided with
respect to the coordinate system.
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3. Results and discussion

This section proceeds by presenting the MD simulated sintering behavior of NPs in the
following order: Section 3.1 equal-sized NPs, Section 3.2 unequal-sized NPs, and Section 3.3
equal-sized NPs with tilt and twist misorientation. Although multiple parameters, such as the
distance between two NPs (L) (see Figure 2), could be used to describe the sintering state of
particles, the neck size (s) was adopted in this work since it was calculated with ease from the XYZ
data outputs of MD simulations. In addition, selected NP doublets in the sintered state are also
visualized and presented in each section to reveal the potential influence of size, sintering
temperature, and material on their morphologies. The changes in neck size during sintering and
the crystal structures during sintering for equal-sized, unequal-sized, and equal-sized tilted and
twisted NPs are discussed in Sections 3.1, 3.2, and 3.3, respectively. Finally, based on the neck
size data presented, Section 3.4 proposes a model to predict the characteristic sintering times based

on the particle size, temperature, and material type.

3.1 Sintering behavior of equal-sized NPs

The final morphologies of equal-sized NPs with diameters of 5 nm and 15 nm at different
sintering temperatures by the end of the simulated time of 5 ns are compared in Figure 3(a)-(d).
Crystallographic facets appeared in the smallest NP’s final morphology at the highest sintering
temperature (see the bottom of Figure 3(a)). These facets belonged to low index crystallographic
planes (such as {100}, {110}, and {111}), had low surface energies, and tended to form for smaller
particles and at elevated temperatures due to the shorter diffusion pathways and higher diffusion
coefficients [54]. Since the simulated duration for all simulations were the same, a narrower neck
region or smaller dihedral angle at the neck shown in the figure indicated a less effective sintering

process. For instance, at every temperature, the smaller NPs exhibited final morphologies with
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better-developed neck regions, along with larger dihedral angles and neck radii (relative to the
particle diameter) than larger NPs, indicating more effective sintering (compare the bottom of
Figure 3(c) with the bottom of Figure 3(a)). Smaller NPs had more effective sintering, due to the
shorter diffusion paths, and the more influential presence of surface diffusion, which was more

effective than volumetric diffusion.

For NPs with a given diameter, the sintering process was more effective at a higher temperature
(compare the bottom of Figure 3(a) with the middle of Figure 3(a)) and (compare the bottom of
Figure 3(b) with the middle of Figure 3(b)). This was attributed to the increased mobility of atoms
driven by elevated thermal energy, facilitating their migration to the neck region. In addition,
compared to Cu NPs, Ag NPs sintered more effective at all temperatures (see the bottom of Figure
3(c) and Figure 3(d)). This was because its cohesive energy (-2.85 eV) [55] was significantly
smaller than that of Cu (-3.54 eV) [55,56], which made Ag atoms having higher mobility than Cu
at any given temperature, thus facilitating further diffusion and sintering [57]. Moreover, due to
lower stacking fault energy of Ag, nanotwins and stacking faults appeared, especially when the
particle size was small (see the middle of Figure 3(c) and Figure 3(d)). This was likely due to
discrete deformation events, such as slip or twinning, driven by the minimization surface energy,

which for small NPs was more influential.
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The changes in normalized neck size with respect to time for equal-sized Ag and Cu NPs for
all simulated temperatures and diameters are shown in Figure 4(a)-(b). The observed steps in
some curves (e.g., see Ag 5-5 70%Tm 0-0 in Figure 4(a), and Cu 5-5 70%Tm 0-0 in
Figure4(b)), was ascribed to discrete events discussed previously, encompassing the movement
and interaction of defects (see Figure 4(a)). The neck size was normalized by the equivalent
diameter (D,4), which for equal-sized NPs, equaled the diameter of each NP. To calculate the neck

size, the atoms near the neck region between two NPs were sliced successively into several thin
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segments perpendicular to the doublet’s common axis (i.e., the x-axis shown in Figure 2) at each
time step. On each slice, the largest distance between any two atoms was calculated, and the slice
whose distance value was the smallest was selected as the neck. On the neck slice, the

aforementioned maximum distance was defined as neck size (s).

From Figure 4, it is evident that all sintering processes began with an initial stage where the
neck size rapidly grows. This was followed by a more gradual change of neck size. In the initial
stage, the bonding between NPs was mainly due to mechanical interaction, and the growth of the
neck is relatively temperature-independent [47]. As the particles adhered to one another, their
overall surface area decreased. Furthermore, the particles underwent a combination of elastic [58]
and plastic deformations as they bonded together and neck grew. Nevertheless, after the initial
mechanical contact (the initial portions of the curves in Figure 4 with larger slopes), the sintering
process was predominantly governed by diffusion, which was expedited by elevated temperatures,
facilitating the migration of atoms from the particles to the neck region. Treating diffusion as a

reaction, its rate was described by the Arrhenius relation [59]:

J=Jo exp‘% (1)

where J is the reaction rate per unit time, £, is the diffusion activation energy. The Boltzmann
constant, denoted as &k, when multiplied the temperature (7) in the denominator of the base value
of the exponential function, signifies the role of thermal energy of atoms. Moreover, the pre-
exponential factor J, represents the attempt frequency of diffusion per atom and is related to the
Debye frequency. Note that although Eq. 1 adopts the same basic form as the equation for diffusion
coefficients , it is not to be confused with the latter. Rather, it is used to illustrate the effects of

temperature on the diffusion rate measured by the frequency of atomic diffusion events (with the
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unit of volume per unit time). Corresponding Cu’s higher cohesive energy than Ag, the diffusion
activation energy of Cu was also greater than Ag [59,60] and Cu’s diffusion rate was lower than
Ag at a given temperature. Therefore, sintering was more effective for Ag NPs than Cu NPs, as

indicated by the overall higher values of s/D¢q at the end of the simulation.
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Figure 4 Normalized neck size of equal-sized (a) Ag NPs and (b) Cu NPs with distinct absolute
sizes at different temperatures as functions of time.
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3.2 Sintering behavior of unequal-sized NPs

A comparison of the initial and sintered morphologies of selected unequal-sized NP doublets,
including those with diameters of 5 nm and 15 nm, as well as 15 nm and 25 nm at different sintering
temperatures is shown in Figure 5(a)-(d). For the simplicity of analysis, an equivalent diameter
was used to capture the sintering behavior of unequal-sized NP doublets and compared with the
examples of equal-sized NPs. The equivalent diameter (D.;) should be such that the initial
conditions of the sintering, such as the dihedral angle, for the unequal-sized NP doublet were
similar to a doublet of equal-sized NP with size De,. A reasonable measure of the equivalent

diameter had been suggested by Yang et al. [22] as:

2 Dxd
Dea = 53 2)

where d and D, are the diameters of the smaller and larger NPs, respectively. There were some
discernable similarities between the sintering of equal-sized NPs and unequal-sized NPs, since the
majority of both sintering processes was still controlled by diffusion. The observed NP
morphologies substantiated these similarities, and the existing trends occurred for the same reason
discussed extensively in Section 3.1. For example, sintering was more effective at higher
temperatures (compare the middle of Figure S(d) and the bottom of Figure 5(d)), smaller
equivalent diameter (compare the middle of Figure 5(a) and Figure 5(c)), and for Ag NPs
compared to Cu NPs (compare the middle of Figure 5(a) and Figure 5(b)). Moreover, there were
some facets formed in case of Ag 15-5 70%Tm_0-0 (see the bottom of Figure 5(a)), similar to
the observations made in Section 3.1. Finally, the stacking fault only appeared in Ag NPs than in

Cu NPs, due to Ag's lower stacking fault energy than Cu [61] (see the middle of Figure 5(a)).
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The sintering behavior of unequal-sized NPs nevertheless differed from equal-sized NPs in
some other aspects due to the difference in the surface tension-induced pressure between two NPs.
Pressure across a curved surface was directly proportional to the surface tension and inversely
proportional to surface radius of curvature. In the context of unequal-sized NPs, the smaller one
had smaller radius of curvature and hence experiences a higher pressure than larger NP. This
pressure difference caused the Ostwald ripening phenomenon, in which atoms tended to diffuse
from regions of higher pressure (i.e., the smaller NP) to regions of lower pressure (i.e., the larger
NP), see the bottom of Figure 5(a). This was especially evident in the bottom panel of Figure 5(a)
for the case of Ag 15-5 70%Tm_0-0, where the smaller Ag particle is partially absorbed by the
larger one. This implied that both the particle size ratios (i.e., Larger NP : Smaller NP) and the

absolute size of each NP affected the sintering effectiveness.
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Figure 5 Examples of the resulting morphologies of unequal-sized NPs at 50%Tm and 70%Tm
sintering temperatures: (a) Ag NPs with diameters of 15 nm and 5 nm, (b) Cu NPs with
diameters of 15 nm and 5 nm, (c) Ag NPs with diameters of 15 nm and 25 nm, and (d) Cu NPs
with diameters of 15 nm and 25 nm. The crystallographic directions of the NPs are provided with
respect to the coordinate system.
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The changes in normalized neck size values with respect to time of unequal-sized NPs at
various temperatures and diameters are shown in Figure 6. The values of sintering
effectiveness(e.g., more effective sintering would result in a larger normalized neck size by the
end of a simulation) were consistent with the observations related to the morphologies of unequal-
sized NPs, specifically higher temperatures and Ag NPs than Cu NPs led to more effective
sintering. Furthermore, the doublet of NPs with diameters of 5 nm and 15 nm exhibited the most
effective sintering among the all studied cases. Similar to the sintering of equal-sized NPs, all the
curves shown in the figure had a change in the slope after a short time, suggesting a transition from
two different sintering mechanisms: elastic and plastic-based sintering to diffusion-based

sintering.

When studying the changes in the sintering of unequally-sized NPs, it was imperative to not
solely rely on the equivalent diameter, but also took into account the effect of particle size ratio.
At each temperature, the sintering effectiveness increased by increasing the particle size ratio when
the larger NP was the same (compare Ag 15-5 70%Tm_0-0 and Ag_15-10 70%Tm_0-0 in Figure
6(a)). However, when the small NP size remained constant, but the size ratio increased, the
sintering effectiveness of particle doublets did not necessarily increase (compare Ag 15-
20 70%Tm_0-0 and Ag_15-25 70%Tm_0-0 in Figure 6(a)). This is due to the fact that, whereas
bigger particle size ratios normally favored sintering, the increase in equivalent diameter may
counteracted this effect. As a result, both the equivalent diameter and the particle size ratio must
be considered in order to comprehend their combined influence on sintering. A careful comparison
between Figures 4 and 6 reveals that the sintering effectiveness of unequal-sized NPs at a specific
temperature appeared to always lie between the that of cases for equal-sized NPs of the respective

sizes. For example, the curve for Ag 15-5 70%Tm_0-0 in Figure 6 falls between the curves for
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Ag 5-5 70%Tm _0-0 and Ag 15-15 70%Tn_0-0 in Figure 4 (the vertical axes of the figures have

the same scale for ease of comparison).
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Figure 6 Normalized neck size values of unequal-sized (a) Ag NPs and (b) Cu NPs with distinct
size ratios at different temperatures as functions of time.
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3.3 Sintering behavior of equal-sized NPs with tilt and twist misorientations

A comparison of the final morphologies of Ag NPs and Cu NPs at different temperatures and
two different symmetric tilted misorientation angles are shown in Figure 7(a)-(d). It is evident
from the figure that the overall effect of temperature observed from the previous sections, i.e.,
higher temperature corresponds to more effective sintering, are still valid. The crystallographic
misorientation of the adjacent NPs formed GBs between the two NPs, which were visualized in
red color. The atoms were colored based on to the local lattice environment according to the
polyhedral template matching method. More or less red atoms visualized at the GBs indicated the
higher or lower degree of atomic disordering which is often indicative of higher or lower diffusion
coefficients, respectively. At the highest simulated sintering temperature, the GB formed with the
symmetric tilted misorientation angle of 36.87° resulted in the most atomic disordering. Indeed,
the sintering under this condition appeared to be the most complete. In comparison, the larger GB
indicated that the GBs formed with the symmetric tilted misorientation angle of 53.15°, which
were much more ordered and corresponded to less effective sintering (compare the bottom of
Figure 7(a) and the bottom of Figure 7(b), also compare the bottom of Figure 7(¢) and the bottom

of Figure 7(d)).

Changes in normalized neck size values of tilted NPs with respect to time at various
temperatures and misorientation angles are shown in Figure 8. Comparing Figures 4 and 8, tilted
NPs had a more effective sintering than NPs without misorientation angles, indicating that the
formation of a GB facilitated atom diffusion. Moreover, it was evident that temperature change
had a more significant effect on the sintering of tilted NPs compared to cases without
misorientation angles (compare Ag 15-15 50%Tn 0-0 and Ag 15-15 70%Tm 0-0 in Figure

4(a) to Ag_15-15 50%Tm_36-0 and Ag 15-15 70%Tm_36-0 in Figure 8(a)). This was because
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the diffusion of tilted Ag NPs was dominated by GBs which had lower diffusion activation
energies than Ag NPs that were not misoriented. Therefore, the lower activation energies made
their diffusion rates more susceptible to temperature variations (see Eq. 1). For the same reason,
tilted Ag NPs’ lower diffusion activation energy compared to tilted Cu NPs, made them more
susceptible to temperature changes (compare Ag 15-15 50%Tm_36-0 and Ag_15-15 70%Tm_36-

0 in Figure 8(a) to Cu_15-15_50%Tm_36-0 and Cu_15-15_70%Ty_36-0 in Figure 8(b)).

The final morphologies of Ag NPs and Cu NPs with twist misorientations at the lowest
sintering temperature and the highest symmetric twisted angle are presented in Figure 9. During
the early stages of sintering, a GB formed in the twisted NPs similar to tilted NPs. However, the
screw dislocations within the twist GB were glissile and could repel each other, which in effect
untwisted the NPs and the GBs disappeared shortly after (see the top of Figure 9(a) and Figure
9(b)). The changes in normalized neck size values of twisted NPs with respect to time at various
temperatures and twisted misorientation angles are shown in Figure 10. Similar to the tilted NPs,
sintering was more effective for a twist misorientation angle of 36.87° compared to a twist
misorientation angle of 53.15° indicating that the GBs with higher twist angle had more atomic
disorder which favored further diffusion. Compared to equal-sized NPs with the same diameters,
the sintering was more effective for twisted equal-sized NPs (e.g., see Ag_15-15 60%Tm_0-36
and Ag 15-15 60%Tm 0-53 vs. Ag 15-15 60%Tm 0-0 in Figure 10(a)). This indicated that
although the formed GBs between twisted NPs were temporary, they still facilitated sintering. The
sintering was more effective for tilted NPs than twisted NPs, since the GB formed in the tilted NPs
was stable and was available during the whole sintering process (compare Ag 15-15 70%Tn_36-
0 in Figure 8(a) and Ag 15-15 70%Tm 0-36 in Figure 10(a), and compare Cu 15-

15 60%Tm_36-0 in Figure 8(b) and Cu _15-15 60%Tm 0-36 in Figure 10(b)). The sintering of
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twisted Ag NPs was more susceptible to temperature change than Cu NPs due to their
corresponding smaller values of activation energy for diffusion, as explained earlier (compare
Ag 5-5 70%Tm_0-36 vs. Ag 5-5 50%Tm 0-36 in Figure 10(a), and Cu 5-5 70%Tmn_0-36 vs.

Cu_5-5 50%Tm 0-36 in Figure 10(b)).
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Figure 7 Examples of the resulting morphologies of equal-sized tilted NPs with a diameter of 15
nm at 50%Tm and 70%Tm sintering temperatures: (a) Ag NPs with a tilted misorientation angle
of 36.87°, (b) Ag NPs with a tilted misorientation angle of 53.15°, (c) Cu NPs with a tilted
misorientation angle of 36.87°, and (d) Cu NPs with a tilted misorientation angle of 53.15°.
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Figure 8 Normalized neck size values of tilted (a) Ag NPs and (b) Cu NPs with various
misorientation angles at different temperatures as functions of time.
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Figure 9 Examples of the resulting morphologies of equal-sized twisted NPs with a diameter of
15 nm at 50%Tn sintering temperatures: (a) Ag NPs with a twisted misorientation angle of 53.15°
and (b) Cu NPs with a twisted misorientation angle of 53.15°.
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Figure 10 Normalized neck size values of twisted (a) Ag NPs and (b) Cu NPs with various
misorientation angles at different temperatures as functions of time.
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3.4 Predictive model of characteristic sintering time using MD simulations data

In this section, the sintering behavior of NPs presented in the previous sections (i.e., in Figures
4 and 6) was cast into a mathematical framework that could be used to predict the sintering
effectiveness, quantified by characteristic sintering times. The characteristic sintering time (Z.x)
was defined as the time required for the neck size between NPs to reach a significant fraction of
particle diameter [62], i.e., a critical normalized neck size (s/Deq). Essentially, the smaller the 7,
the more effective the sintering. In this work, this critical value was selected based on sintering
case that was the most effective among all the conditions considered, i.e., s/Deq = 0.93 for the
Ag 5-5 70%Tm_0-0 case, as it is shown in Figure 4(a). For all other cases, it was assumed that
the sintering was all able to reach the neck size of s/Deq = 0.93 between NPs [62], should the
simulation time be sufficient. In addition, it was assumed that all sintering relations of s/Dey-t
followed a generalized nonlinear relationship [63—65]; therefore, a nonlinear relationship between

the squared normalized neck size and the duration of sintering was introduced:

a’b(z5>)
SN2 — tch
(Deq) 1+a b(i) (3)

where ¢ and 7. are sintering time and characteristic sintering time, respectively, and a and b are
constants. When Eq. 3 was fitted for the case of Ag 5-5 70%Tn_0-0, the fitted values of @ and b
were 0.84 and 109.15, respectively.

With the so-obtained constants a and b, the ¢. of all simulated cases could be estimated by
substituting the s/Deq by the end of simulations and the length of simulation (¢ = 5000 ps). For
example, to obtain the characteristic sintering time for the case of Ag 5-5 60%Tm_0-0, its slp
s/Deq = 0.81 was mapped to the fitted Eq. 3 (see the graphical illustration in Figure 11), and z., =

4,9400,000 ps was obtained when ¢ = 5000 ps was substituted.
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Figure 11 The appearance of (x/Deq)’-t curve when Eq. 3 was fitted to the case of Ag_5-
5 70%Tm_0-0’s and the schematic illustration of the procedure to obtain ¢, for other simulation
cases.

Next, the characteristic sintering time (z.,) was correlated with the NPs size (D.;) and
temperature (7). To this end, the general form of an explicit expression as a predictive model was
adopted [63,66], requiring calibration of parameters to suit the unique sintering conditions,
materials, and NP sizes, enabling a more accurate prediction of the sintering time. This explicit
expression related the characteristic sintering time to a power function of NP diameter, indicating
that smaller diameters generally resulted in more effective sintering, and to an exponential function

of temperature, reflecting the strong influence of temperature on sintering:

A
ten= A1 Deq? exp () )
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where A is a pre-exponential diffusion coefficient and depends on sintering mechanisms and A3
is proportional to the diffusion activation energy. Table 3 lists the parametric values for Eq. 4,
obtained by fitting the equation to the #., - D., - T data generated from the MD simulations and the
analysis outlined in Figure 11. The higher values of A3 for Cu NPs appeared to agree well with
the higher values of diffusion activation energy for Cu NPs. Cu NPs and Ag NPs had A» values
close to one and were of the same order of magnitude. The slightly higher values of A> for Ag
NPs, compared to Cu NPs, indicated that Ag NPs’ sintering effectiveness was more susceptible to
particle size than Cu NPs.

Table 3 Parameter values in Eq. 4 obtained from the fitting procedure.

A1 A2 A3
Ag 12199.72 ps/nm'?! 1.21 0.0957 eV
Cu 38003.00 ps/nm®*”? 0.99 0.1138 eV

In Figure 2, the characteristic sintering times from MD simulations of equal-sized NPs and
unequal-sized NPs at different equivalent diameters and sintering temperatures are compared to
the characteristic sintering times predicted by the model formulated in Eq. 4 and Table 3. The
results showed that cases with higher temperatures generally required significantly shorter
characteristic sintering times at a certain equivalent diameter, indicating a strong temperature-
dependence of the sintering process. Moreover, at a specific temperature, cases with a smaller
equivalent diameter required a shorter sintering time. Comparing the sintering behavior of Cu NPs
and Ag NPs, it was found that Cu NPs required longer sintering times compared to Ag NPs,
consistent with the arguments provided in Section 3.1 regarding the higher diffusion activation
energy and cohesive energy of Cu. The formation of GBs, as demonstrated in Section 3.3,
fascilitated sintering in the presence of misorientation angles. Even with GBs, the effects of

temperature and size remained consistent, i.e., sintering was more effective for smaller size NPs
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and at higher temperatures, resulting in identical mathematical treatment as outlined above, to

obtain sintering effciency, although fitting parameters could differ.
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Figure 12 The effects of size and temperature on the characteristic sintering times of (a) Ag NPs
and (b) Cu NPs are compared between MD data (markers) and predictive model (solid lines).

36



4. Conclusion

This work investigated the sintering behavior of a doublet of Ag NPs and Cu NPs with various

sizes, particle size ratios, and misorientation angles under various sintering temperatures using

molecular dynamics simulations. MD simulations provided valuable insights into the detailed

spatiotemporal information through atomistic snapshots of the morphologies of the NPs during the

sintering process that was difficult to obtain directly from experimental measurements due to the

small length scale and short time scale tied to NP sintering. The sintering effectiveness was

quantified by the normalized doublet neck size at the end of simulations, which in turn determined

the characteristic sintering time. The following conclusions were drawn:

1.

In general, smaller NPs sintered more effective due to their higher fractions of surface atoms,
providing more effectiveness diffusion pathways and shorter diffusion paths from each NP to
the neck region. In a pair of unequal-sized NPs, increasing particle size ratios expedited
sintering due to differences in the pressure induced by surface tension.

NPs containing tilted and twisted misorientation angles sintered more effective than NPs
without such misorientation angles forming GBs between the two adjacent NPs. This was due
to GBs having lower diffusion activation energy. Sintering effectiveness was the highest in
NPs with tilted misorientation angles, since GBs formed in NPs with the tilted misorientation
angles were stable, whereas GBs formed in NPs with twisted misorientation angles destabilized
and disappeared. Moreover, since Ag has a lower diffusion activation energy than Cu, Ag NPs
sintered more effective than Cu NPs.

Overall, a higher sintering temperature positively affected sintering due to more mobile atoms.
However, for the same amount of a rise in temperature, different sintering conditions showed

different levels of increase in sintering effectiveness.
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4. A predictive model to determine characteristic sintering time as a function of temperature and
particle size was introduced for each material. The predictive model fitted the MD simulation
data well and highlighted the interplay among different factors that influence sintering

characteristics.
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