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ABSTRACT: Sintering is a thermal processing technique used to
consolidate particle compacts into structures broadly used in
optical, catalytic, electronic, and structural applications. Of
particular interest is the sintering of nanocrystalline particles, as
it leads to reduced sintering temperatures and faster processing
times and it enables the fabrication of bulk nanostructured or
nanoporous materials. However, the lack of knowledge of the role
of grain boundary (GB) geometry in sintering rates limits our
ability to manipulate densification and coarsening processes.
Herein, we leverage atomistic simulations to investigate the
sintering behavior of a series of [001] tilt GBs in Ni over 200 ns
using the two-particle geometry. The energy and self-diffusion for
these GBs are calculated, and several geometric features describing the morphological evolution are tracked over time. Particle
rotation, resulting in the temporal evolution of GB misorientation, is observed in several systems. Our results show large variations in
particle neck growth and shrinkage rates as a function of GB type and suggest faster sintering rates with increased GB misorientation
angle. Further, it is found that nanoparticles sinter at a much slower rate than predicted from GB-based sintering models, suggesting
that the process is not dominated by a single mechanism. As a measure of sintering stress, we track the temporal evolution of particle
neck curvatures, which are shown to decrease over time at a rate dependent on GB geometry. In broad terms, our simulation results
provide future avenues to employ particle orientations and resultant GB types as a strategy to fabricate sintered materials with
controlled nanostructured features.
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■ INTRODUCTION

Sintering is a thermal processing technique used to consolidate
powder compacts and convert them into systems with
enhanced strength and structural integrity.1 The main
thermodynamic driving force for pressure-less solid-state
sintering is the reduction in the interfacial contribution to
the total free energy of the sintered body.1,2 In recent years,
sintering of nanoscale particles has received considerable
attention as it presents many potential advantages, such as
lower processing temperatures3 and shorter sintering times.4

Further, several emerging additive manufacturing techniques,
such as direct ink write5 and aerosol jet printing,6 which
employ sintering as a processing step, have demonstrated the
ability to manufacture bulk and lattice nanostructured objects.
The integration of nanostructures with such manufacturing
technologies offers unique advances in the design of novel
materials combining crystal size-dependent properties and
design freedom,7 thereby enabling a myriad of applications,
including miniaturized electronics,8 battery electrodes,9 and
catalysis.10

In nanocrystalline particle compacts, the role of material
interfaces is amplified owing to the increased surface−to−

volume ratio and the number of contact points between
particles. In general, two interface-driven processes accompany
solid-state sintering, namely densification (i.e., elimination of
internal porosity) and coarsening (i.e., free surface smoothing
and grain growth), and the ability to manipulate these during
sintering is considered a key aspect of microstructure
control.1,11 For example, it is desirable to suppress
densification in technologies requiring high surface area, such
as catalysts and electrode materials, while full densification is a
key processing requirement in structural applications.11

Analytical models of idealized geometries provide the basis
for the current understanding of sintering by relating the
temporal evolution of a microstructural feature of interest to
process parameters, materials properties, and transport
mechanisms. The treatments by Herring2 and Nichols and
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Mullins12 examined the role of surface energy and curved
surfaces in sintering. In crystalline particles, the formation and
growth of grain boundaries (GBs) at particle neck regions
during sintering introduces several effects that markedly alter
the configuration of a particle compact and its internal
porosity.13 First, the GB energy contributes to the energetics of
the sintered body and, as a result, affects the driving force for
sintering processes.14 Second, GBs act as point defect sources
and sinks, which in turn influence mass transport and fluxes.15

Finally, GBs serve as short-circuit diffusion pathways with an
activation energy that is distinct from the bulk.1 Wakai et al.16

developed an experimental technique to investigate the role of
GB diffusion and energy in the sintering behavior.
Experimental studies demonstrated GB-driven particle rear-
rangement during sintering.17 High-resolution microscopy
techniques were recently used to measure single GB diffusivity
and point defect formation volume and reveal the discrete
nature of sintering, which is indicative of GB defect-mediated
mechanisms.18,19

Several particle configurations, such as the two-20−22 and
three-particle23 geometries and particle on a substrate,24 have
been used to examine the microstructural evolution during
sintering. With the two-particle geometry (refer to Figure 1a),
geometric features, such as the particle neck width X and
radius r, and distance between particles’ centers of mass L
describe the morphological evolution and provide a measure of
densification and coarsening that accompany sintering. With
this geometry, the chemical potential at the particle-free
surface μS and that at the particle neck region, where a GB
meets the free surface, μN are given by25,26
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where σ is the sintering stress,25,27 γs and γgb denote the free
surface and GB energy, respectively, a is the particle radius, and
Ω is the atomic volume. Variations in the sintering stress
between regions at free surfaces, 2γs/a, and the one at particle

neck regions, σ, introduce gradients in the chemical potential,
which in turn lead to mass fluxes along particle surfaces.1,27 For
the two-particle spherical geometry and assuming a single
dominant mass transport mechanism, dynamical scaling
relations were derived for the particle neck width X and linear
shrinkage ΔL/Lo = (Lo − L) /Lo and are written as1,25
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where Lo is the initial distance between the particles’ centers
and H is a parameter encompassing several materials
properties. (m, n) are the scaling law exponents that depend
on the assumed mass transport mechanism.20−22 It is worth
noting that in such analytical models, the axisymmetry
assumption is invoked, where mass transport is assumed
independent of the polar, or rotation, angle within the GB
plane and only depends on the radial distance from the GB
center25 (see Figure S1 in the Supporting Information).
Theoretical and computational studies14,28−33 investigated

the microstructural evolution during sintering. For example, a
study by Djohari and Derby30 demonstrated the complex mass
transport mechanisms that accompany sintering. Using the
three-particle geometry, it was found that the relative GB to
free surface energy plays an important role in particle neck
growth and densification rates.32 While the aforementioned
studies provide insights into several factors influencing
sintering kinetics, they do not account for the role of GB
structure and anisotropic GB properties in sintering rates.
In recent years, atomistic simulations of several materials

systems, including Cu,34 Au,35 Ag,36 Al,36,37 Ni,38 Fe,39 and
W,40 have been used to gain fundamental insights into the
early stages of particle neck formation with a primary focus on
the role of temperature,34,40 particle size,41,42 and sintering-
induced phase transformations.43 For example, accelerated
sintering rates in Cu nanoparticles were observed with
increasing temperature.34 The abovementioned atomistic
studies, however, do not quantify the role of GB character in
sintering kinetics. In general, five macroscopic degrees of

Figure 1. Schematic depicting the (a) geometric parameters in the two-particle sintering system, (b) atomistic bicrystal system used in GB energy
and self-diffusion calculations, and (c) atomistic two-particle geometry that is carved out from the system in (b). The insets in (c) show close-up
views at some of the GB systems explored in this work.
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freedom (DOF) characterize the geometry of a GB; three
describe the GB misorientation and two define the GB plane
normal.44 Numerous studies have shown a strong dependence
of several GB properties, such as energy,45 on the boundary’s
DOF. Therefore, quantifying the role of GBs in the
morphological evolution and sintering processes is a critical
piece to advancing our understanding of nanoscale sintering.
Indeed, a recent review by Bordia et al.11 suggested the need to
extend existing sintering treatments to account for the role of
interfaces and their structures in sintering processes.
In this work, we leverage molecular dynamics (MD)

simulations to investigate the role of GB character in the
sintering of nanoscale particles. More specifically, we examine
the behavior of [001] tilt GBs in Ni in the sintering of the two-
particle geometry. The sintering behavior of a system with a
∑3 {111} coherent twin GB is also explored, as this GB
exhibits one of the lowest GB energies.45 The temporal
evolution of several geometric features is obtained to quantify
coarsening and densification processes as a function of GB
character.

■ COMPUTATIONAL METHODS
In this work, molecular dynamics (MD) simulations are performed
using the Ni embedded atom method (EAM) interatomic potential
developed by Foiles and Hoyt,46 which yields bulk thermodynamic
(e.g., lattice constant a = 3.52 Å at 0 K, sublimation energy, bulk
modulus, melting point Tm = 1565 K) and defect (e.g., vacancy
formation energy and stacking fault and surface energies) properties
that are in agreement with experimentally determined values.46

Further, this interatomic potential was used in prior studies to
calculate the energies of several GBs in Ni,45 which showed excellent
agreement with experimental values.47 Our atomistic simulations
employ the GPU implementation of the large-scale atomic/molecular
massively parallel simulator (LAMMPS)48 and visualizations of the
atomic structures are obtained using the Open Visualization Tool
(OVITO).49 The polyhedral template matching (PTM) algorithm50

is used to identify the local structural environment for each atom (e.g.,
face-centered cube (FCC), hexagonal close packed (HCP)), calculate
particle orientations, and reveal GB and free surface atoms. The
dislocation extraction algorithm (DXA)51 is used to identify
dislocations in atomistic systems. All molecular dynamics simulations
in this work employed a time step of 1 fs.
Generation of GB Structures. A total of 14 [001] symmetric tilt

GBs in Ni are employed in this work. In addition, a system with a ∑3

{111} coherent twin GB is constructed, as this GB exhibits one of the
lowest GB energies.45 Ni bicrystal geometries with planar GBs are
generated using the γ-surface method.52,53 A fully periodic atomistic
system is created from two half-crystals, each of which is rotated about
the [001] tilt axis by an equal and opposite angle θ/2, where θ defines
the tilt angle. Figure 1b is a schematic illustration of the atomistic
bicrystal geometry used in this work. A sequence of relative
displacements between the upper and lower half-crystals is used in
conjunction with atom deletions and conjugate gradient energy
minimizations to identify a low-energy GB configuration. The systems
are allowed to expand or contract in the perpendicular direction to the
GB plane. For the bicrystals explored in this work, Table S1 in the
Supporting Information lists the dimension of the simulation box and
number of atoms in each system. To capture the periodicity of each
GB atomic structure, the dimension of each bicrystal system is slightly
varied to accommodate an integer number of unit cells necessary to
model each specific GB. Table 1 lists the ∑ value (∑ represents the
reciprocal density of coincidence sites within the coincidence site
lattice description44), the x-axis for the upper (x1) and lower (x2)
crystals, and GB misorientation angle θ for each of the [001] tilt GBs
explored in this work.

Grain Boundary Self-Diffusion. We follow the treatment
outlined by Suzuki and Mishin54 to calculate GB self-diffusion Dgb
at 1000 K (T/Tm = 0.64) for all [001] GBs considered in this work.
The atomistic bicrystal structures are first uniformly expanded by the
thermal expansion of Ni at 1000 K. We then perform a preannealing
MD simulation for 1 ns at 1000 K in the NVE ensemble while
applying a Langevin thermostat55 and Berendsen barostat (using the
aniso option in LAMMPS)56 to achieve zero pressure on the
simulation box (see Figure S2 in the Supporting Information). For
diffusion calculations, a thin layer of atoms at the top and bottom
edges of the simulation box is fixed to prevent spontaneous GB
motion,54 and a long MD run (10 ns) is then performed at 1000 K in
the NVT ensemble using a Nose−́Hoover thermostat.57,58 Mean
square displacements of atoms ⟨r2(t)⟩ contained in a thin region of
±δ (δ = 0.5 nm is used in this work54) around the GB core are
calculated. Then, Einstein relation is used to calculate the GB self-
diffusion as Dgb = (1/6)limt→∞d⟨r

2(t)⟩/dt.
Sintering of the Two-Particle Geometry. In this study, we

employ the two-particle geometry, as it represents an idealized
configuration of contact points in real particle compacts, and it has
been the geometry of choice in several analytical sintering
models.20−22 Using 0 K equilibrated bicrystal geometries, we carve
out two 20 nm diameter circular disks, referred to thereafter as
particles, from these systems, where each particle is carved out from
one of the crystals in the bicrystal system. The periodic out-of-plane

Table 1. For the Atomistic Bicrystal Geometry, the ∑ value, Crystal x-Axis for the Upper x1 and Lower x2 Crystals,
Misorientation Angle θ, 0 K GB Energy, and GB Self-Diffusion Dgb at 1000 Ka

[001] tilt GBs

∑ value x1/x2 [hkl]upper/[hkl]lower θ (deg) energy (10−3 J/m2) Dgb at 1000 K (10−10 m2/s)

41 [54̅0]/[45̅0] 12.68 839.74 0.3733
25 [43̅0]/[34̅0] 16.26 946.69 0.4684
149 [107̅0]/[710̅0] 20.02 1050.78 0.7519
13 [32̅0]/[23̅0] 22.62 1091.26 0.9973
17 [53̅0]/[35̅0] 28.07 1180.12 2.4547
53 [59̅0]/[95̅0] 31.89 1255.48 6.2742
5 [3̅1̅0]/[3̅10] 36.87 1218.12 4.0483
29 [52̅0]/[25̅0] 46.40 1336.15 12.7478
5 [2̅1̅0]/[2̅10] 53.13 1284.61 9.1195
17 [41̅0]/[14̅0] 61.93 1240.94 6.3347
13 [51̅0]/[15̅0] 67.38 1200.55 4.5865
25 [71̅0]/[17̅0] 73.74 1102.26 3.2630
41 [91̅0]/[19̅0] 77.32 1007.16 3.8964
61 [560]/[5̅60] 79.61 741.58 0.3293

aThe crystal z-axis is [001] for both particles in all systems.
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thickness for these systems is chosen to be 22 Å, refer to Figure 1c for
a schematic depicting the construction of atomistic two-particle
systems. Periodic nanoscale circular disks are used in lieu of three-
dimensional (3D) particles to circumvent the computational expense
associated with simulating 3D particles, each of which would contain
millions of atoms. This approach then would enable the simulations of
many GB systems to large time scales needed to probe self-similar
regimes. Figure S3 in the Supporting Information shows a comparison
between the sintering behavior of the circular disk geometry used in
this work and that of the 3D spherical particle one for the systems
with ∑5 {120} and ∑29 {250} GBs, illustrating similar trends in
terms of particle neck growth. Further, Table S2 of the Supporting
Information shows scaling analysis comparing computational runtimes
of a representative circular disk system and a 3D spherical particle
geometry of the same diameter and GB type, where it is shown that
the spherical particle geometry requires an order of magnitude more
computational resources for each GB system. Finally, it is worth
noting that sintering of cylindrical nanorods has been recently
demonstrated experimentally.59

When constructing two-particle systems, we ensure that both
particles meet at the GB with a pre-established particle neck width of
≈2 nm, and this in turn eliminates rapid particle rotations during the
temperature ramp-up stage of the sintering process, thereby
preserving the misorientation DOF for the GB under consideration.
This approach is in contrast with what has been previously done in
atomistic studies of sintering, where particles are initially brought into
close proximity without pre-established neck regions.34,40 This in turn
results in rapid and uncontrolled particle rotations, which render the
analysis of the impact of GB character on sintering kinetics difficult.
Then, atomistic two-particle systems are uniformly expanded by

the thermal expansion of Ni at 1000 K (T/Tm = 0.64), at which an
FCC solid is the stable phase.46 We then perform isothermal and
isobaric integration to march atoms’ positions and velocities using a
Nose−́Hoover thermostat and barostat57,58 at 1000 K and zero
pressure along the out-of-plane (cylindrical) direction. This creates a
trajectory in phase space that is consistent with the isothermal−
isobaric (NPT) ensemble. This isothermal sintering condition is
equivalent to immersing a particle compact in a solvent to assist the
heat transfer between particles and a heat reservoir.40 Atomistic
sintering simulations are carried out to 200 ns.
Quantitative Microstructural Metrics. To quantify coarsening and

densification processes, we examine the temporal evolution of particle
neck width (X), linear shrinkage (ΔL/Lo), radius of gyration (Rg),
and particle neck curvature (κ) (cf. Figure 1a). In what follows, we
highlight each of these metrics.
The particle neck width X is measured using PTM to identify free

surface and GB atoms. A small window surrounding the particle neck
region is identified and the position of atoms within the particle neck
is used to calculate particle neck width. In addition to the structural
environment of atoms, PTM is used to obtain the crystallographic
orientation of the particles. FCC atoms in each particle are identified,
and each particle’s center of mass is calculated according to r  = ∑jrj/
Np, where rj denotes the position vector of the jth atom in the particle

and Np is the number of atoms in the particle. Linear shrinkage ΔL/Lo
is obtained from a distance between the two particles’ centers with the
initial distance Lo = 20 nm, i.e., ΔL = Lo − L(t). The radius of
gyration Rg is the root mean square distance of atoms from the center
of mass of the two-particle system as a whole and is given by Rg

2 =
∑jrj

2/Ntot, where rj = |rj − rm| and rm is the center of mass of the two-
particle system and Ntot is the total number of atoms in the system. Rg
describes the spatial distribution of atoms with respect to the center of
mass of the two-particle system and is a measure of densification.

According to eq 1a and 1b, the chemical potential and, as a result,
mass fluxes are sensitively dependent on the local curvature. To this
end, we monitor the temporal evolution of the local particle neck
curvatures κ. We start by constructing binary images of the atomistic
two-particle systems and then applying a Gaussian filter to smooth
free surface profiles and eliminate edges that are associated with
atomic steps. Then, we trace boundaries separating regions inside
particles from the outside and interpolate a curve along these
boundaries. The local curvatures are obtained by fitting polygons
along the curves then using analytical expressions for the polygons’
curvature. The curvature distributions at particle neck regions are
then used to report the average curvature ⟨κ⟩.

■ RESULTS AND DISCUSSION

We first start by exploring the GB energy and GB self-diffusion
coefficients for the [001] tilt boundaries explored in this work.
Figure 2a,b shows, respectively, a plot of GB energy and GB
self-diffusion Dgb as a function of the misorientation angle.
Here, we note that GB self-diffusion is calculated at 1000 K.
Out of all GBs reported in this work, the ∑29 {250} GB has
the largest energy, and it also exhibits the highest GB diffusion
coefficient. A general trend is observed, in which high-energy
GBs are also ones with high GB self-diffusion coefficients.
Similar trends between GB energy and self-diffusion have been
previously observed. For example, for [001] tilt GBs in Ag,
boundaries with large self-diffusion values60 are correlated with
high-energy GBs.61 Our GB self-diffusion calculations are
consistent with experimentally obtained values in Ni.62

Then, we qualitatively examine the sintering kinetics of the
two-particle geometry with different GB types. Figure 3a−d
depicts the temporal evolution of the system with the ∑5
{120} GB at (a) t = 0 (initial state), (b) t = 1 ns, (c) t = 120
ns, and (d) t = 200 ns, where atoms colored in red/blue (gray)
represent FCC (GB and free surfaces) according to the PTM
algorithm. For a better visualization of the structures, atoms in
each particle are assigned a unique color (i.e., red or blue). It
can be seen that the GB starts to form and grow very rapidly in
the initial stages leading to a rapid particle neck growth. At late
simulation times, it is observed that particle neck regions,
where the GB meets a free surface, develop faceted profiles.

Figure 2. Plot of (a) 0 K GB energy and (b) GB self-diffusion at 1000 K as a function of GB misorientation angle for the [001] tilt GBs explored in
this work.
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Further, for this system, the two particles undergo relative
rotations during sintering, and at late simulation times, the GB
develops an asymmetric profile (cf. Figure 3d) with a measured
GB misorientation of ≈45.8° at t = 200 ns. To demonstrate
this effect, Figure 3e depicts the temporal evolution of particle
rotations and the resultant GB misorientation for the two-
particle system with a∑5 {120} GB. In the initial stages of GB
formation, i.e., from t = 0 to ≈50 ns, no considerable
crystallographic orientations of the two particles are observed.
Then, the two particles start to rotate at different rates leading
to changes to the GB misorientation angle. At t ≈150 ns, the
GB misorientation reaches a plateau of ≈45.8°. This movie is
an animation depicting the evolution of this two-particle
system along with particle rotation and particle neck curvature,
where the arrows represent normal vectors at points on particle
neck regions, and their lengths are scaled by the curvature
values at these points. A close examination of Table 1 and
Figure 2 shows that the system with this GB evolves to a
misorientation angle near the∑ 29 GB misorientation, i.e., θ =
46.4°.
The particle rotation behavior shown in Figure 3 is also

observed in other GB systems. For example, Figure 4a−d
shows close-up views of particle neck regions at 200 ns for the
systems with (a) ∑13 {150}, (b) ∑25 {170}, (c) ∑29 {250},
and (d) ∑149 {7 10 0} GBs, where atoms colored in red/blue
(gray) represent FCC (GB and free surfaces) according to the
PTM algorithm. The final GB misorientation angle after 200 ns
of sintering is also shown in the figure. It can be seen that the
particle neck geometry (i.e., width and curvature) varies
considerably as a function of GB type. Further, the left and
right sides of particle neck regions, where GBs meet free
surfaces, develop different geometric profiles. According to eq
1a and 1b, such differences in particle neck geometry result in
variations in the local chemical potential, which in turn lead to

differences in mass fluxes between the left and right sides of
particle neck regions. To quantify the crystallographic
orientations of particles during sintering, Figure 4e shows the
initial and final (t = 200 ns) GB misorientation angle for all
[001] GBs explored in this work, where blue square (red
circle) markers denote initial (final) GB misorientations. It can
be seen that systems, such as the ones with ∑41 {190}, ∑149
{7 10 0}, and ∑25 {170} GBs, exhibit little rotation, while
others show large changes in GB misorientation during
sintering. The largest change in GB misorientation is observed
to be ≈10°, such as in two-particle systems with ∑17 {350}
and ∑13 {320} boundaries. The results depicted in Figures 3
and 4 suggest that sintering of nanoscale particles could result
in particle rotations away from symmetric and low-energy GB
structures. This effect is driven by the large sintering driving
forces in nanoscale particles and is expected to be less
dominant in micron-sized particles.35 Particle rotations during
sintering have been experimentally observed in particle
compacts17 and particle on a substrate geometry.63 Moreover,
for particles less than 10 nm in size, mechanisms, such as
surface melting40,42 and deformation twinning,64 have been
found to influence particle rotation.
Another example deals with the two-particle system with a

∑3 {111} GB, in which the particle neck region is found to
grow through nucleation of GB defects, leading to discrete
jumps in particle neck width. Figure 4f−g shows close-up views
depicting the particle neck region for this system in the initial
stage t = 0 (Figure 4f) and at a simulation time t = 1 ns (Figure
4g). The PTM algorithm is used to identify the local structural
environment for each atom, where green (gray) denotes FCC
(no ordering) and the row of atoms in red represent this
coherent twin GB. In the very early stages of sintering, partial
dislocations with an edge character according to DXA nucleate
from the GB into the bulk leaving behind faulted planes (HCP

Figure 3. For the two-particle system with a∑5 {120} GB: (a−d) Close-up views depicting particle neck evolution at (a) t = 0, (b) t = 1 ns, (c) t =
120 ns, and (d) t = 200 ns. Red/blue (gray) represent FCC (GB and free surface) atoms according to the PTM algorithm. Blue (red) corresponds
to atoms in the top (bottom) particles. (e) Temporal evolution of both particle rotations and resultant GB misorientation angle.
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ordering), which are colored in red in Figure 4g. Four
dislocation lines are identified in Figure 4g; two are at the GB
creating a boundary step and two in the bulk, where the
stacking faults terminate. As will be shown in Figure 5, the
nucleation of these dislocations at an early sintering time leads
to a “burst” in particle neck growth and linear shrinkage. For
this GB system, no further linear shrinkage ΔL/Lo is observed,
at least for the simulation times attained in this work. This
suggests that sintering for this GB system is interface reaction
rate-limited.
We now direct our attention to the temporal evolution of

particle neck width X, linear shrinkage ΔL/Lo, and gyration
radius Rg, where the results are depicted in Figure 5. Figure 5a
is a plot of the temporal evolution of particle neck width X,
where large variations in X profiles can be seen as a function of
GB character. It is observed that the two-particle system with
the ∑5 {120} GB shows the fastest particle neck growth,
followed by the systems with ∑29 {250}, ∑53 {950}, and ∑5
{130} GBs. According to Figure 2, these GBs are characterized
by the largest GB self-diffusion coefficients out of all GBs
explored in this work. For the system with a∑5 {120} GB, the
large increase in X at ≈120 ns corresponds to a large change in

particles’ orientations and the resultant change in both GB
misorientation (cf. Figure 3e) and structure from a symmetric
boundary to an asymmetric one. On the other hand, the
system with a ∑3 {111} GB exhibits sluggish particle neck
growth kinetics, where a small increase in X is observed in the
initial sintering stage due to defect nucleation events from the
GB, then the particle neck profile shows a near flat behavior.
Also, an example of the temperature dependence of particle
neck growth is shown in Figure S4 in the Supporting
Information for the system with a ∑29 {250} GB, where
enhanced neck growth is observed with increased temperature,
an effect that has been observed in prior atomistic studies of
two-particle sintering.34,40

The next geometric feature we explore is the gyration radius
Rg(t), which quantifies the evolution of the atoms with respect
to the center of mass of the two-particle system, and can be
used as a measure of densification. Figure 5b is a plot of Rg(t)
for all systems explored in this work. It can be seen that Rg(t)
decreases with respect to its initial value Rg(0) indicating that
atoms in each two-particle system evolve to become more
clustered around the two-particle system’s center of mass.
Similar to particle neck growth trends, systems with∑5 {120},

Figure 4. (a−d) At a sintering time of 200 ns, close-up views depicting particle neck regions for two-particle systems with (a)∑13 {150}, (b)∑25
{170}, (c) ∑29 {250}, and (d) ∑149 {7 10 0} GB. Red/blue (gray) represent FCC (GB and free surface) atoms according to PTM. Red (blue)
corresponds to atoms in the top (bottom) particles. (e) For all [001] GBs explored in this work, a plot of the GB misorientation angle in the initial
stage (blue squares) and final one (red circles) at a simulation time of 200 ns. (f−g) For the two-particle system with a ∑3 {111} GB, close-up
views depicting particle neck regions at (f) t = 0 and (g) t = 1 ns. Atoms are colored according to PTM, where green (gray) denotes FCC (GB/free
surface) and red denotes HCP at the coherent twin GB. During sintering, dislocations in blue nucleate at the GB and extend in the bulk leaving
behind stacking faults.
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∑29 {250},∑53 {950}, and∑5 {130} GBs exhibit the largest
decrease in Rg over time indicating faster densification rates.
The temporal evolution of ΔL = Lo − L(t) is shown in

Figure 5c, where it can be seen that some GBs are
characterized by fast shrinkage kinetics and others reach a
plateau in ΔL at very early simulation times. Again, the large
jump in ΔL for the ∑5 {120} GB system at t = 120 ns is
correlated with the crystallographic orientation of particles and
the resultant rapid change in GB misorientation. It can be seen
that several GB systems are characterized by ΔL values that are
slightly less than 0.5 nm, which for [001] tilt GBs is indicative
of a shrinkage by an approximately one lattice plane. To
correlate our simulation results with existing dynamical scaling
sintering models, we follow the treatment by Johnson,25 where
(ΔL/Lo)3 = (2.14γsΩδDgb/kBTa

4)t for a GB diffusion model,
and use Ni surface energy γs ≃ 2.0 J/m2,65 atomic volume Ω =
10.94 Å3,66 particle radius a = 10 nm, GB width δ = 1.0 nm,
and employ, as bounds, the smallest and largest GB self-
diffusion values from our calculations in Figure 2b. kBT is the
thermal energy, where kB is Boltzmann constant. The analytical
results are shown in Figure 5c (refer to Figure S5 in the
Supporting Information for the same plot on a log−log scale),
where the black square (triangle) markers denote the analytical
model using the largest (smallest) GB self-diffusion values. It is
evident that the analytical model overestimates shrinkage rates,
even when using the smallest GB diffusion values. This
suggests that sintering in nanoscale systems is not dominated
by a single mechanism as suggested by the analytical models
and also involves interface-related nucleation events, refer to
Figure 4f−g for an example of the system with a∑3 {111} GB.
To correlate densification and particle neck growth during

sintering, we plot linear shrinkage ΔL/Lo as a function of the
square of normalized particle neck width [(X(t) − X(0))/2a]2,
and the results are shown in Figure 5d. Here, we note that time
is implicit in this plot, which increases from lower left to upper

right.30 Figure 5d permits a comparison of sintering rates with
various GB types in terms of the temporal evolution of relevant
geometric features. It can be observed that linear shrinkage in
two-particle systems is a linear function of the square of the
normalized particle neck width. By combining eq 2a and 2b,
linear shrinkage is expressed as ΔL/Lo = (X/2a)2 assuming a
single dominant mass transport mechanism, i.e., shrinkage is a
linear function of the square of normalized particle width with
a unit slope. Considerable variations, however, exist in the
linear shrinkage−normalized particle neck growth behavior, in
which several GB systems exhibit a smaller slope than the unit
slope given by the shrinkage−square particle neck width
relation. This suggests that several mechanisms are operative
during nanoscale sintering as opposed to the single dominant
transport mechanism assumption used to derive eq 2a and 2b.
The linear shrinkage and normalized particle neck width at

the final sintering time t = 200 ns are obtained from Figure 5d
and plotted in Figure 6 for all GBs explored in this work. The
linear shrinkage ΔL/Lo is plotted on the ordinate and the
markers are colored according to the normalized particle neck
width values. For the sintering simulations attained in this
work, the system with the ∑5 {120} GB shows the largest
densification followed by the ones with ∑29 {250}, ∑53
{950}, and ∑5 {130} GBs. While the 0 K energy of these GBs
(cf. Figure 2a) is higher than the low-angle GBs explored in
this work, these boundaries have the largest GB self-diffusion
coefficients (cf. Figure 2b). Owing to the symmetry of the
[001] axis in cubic crystals, a [001] tilt GB with a
misorientation angle θ greater than π/4 is equivalent to one
with π/2 − θ. Therefore, the results depicted in Figure 6
suggest a trend, where sintering rates increase with the
misorientation angle, at least for the [001] GBs explored in this
work.
Finally, we examine the temporal evolution of particle neck

curvatures as a function of GB geometry. According to eq 1a

Figure 5. Temporal evolution of the (a) particle neck width X(t), (b) gyration radius Rg(t), and (c) change in distance between particles’ centers
ΔL = Lo − L(t). (d) Plot of linear shrinkage ΔL/Lo as a function of [(X(t) − X(0))/2a]2. In (d), time is implicit, which increases from lower left to
upper right.
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and 1b, the sintering stress and, thus, the chemical potential
depends on the local curvature κ, and gradients in the chemical
potential between particle neck regions and far-field free
surface areas constitute a driving force for sintering.1,27 Since
our atomistic two-particle systems are periodic along the out-
of-plane direction (i.e., these are circular disks with a zero
curvature along the out-of-plane direction), the relevant
curvature is the one describing the particle neck radius, i.e.,
κ ∝1/r. Figure 7 shows snapshots of representative atomistic
two-particle systems at simulation times of (a1−d1) t = 1 ns
(top row), (b2−d2) t = 100 ns (middle row), and (a3−d3) t =
200 ns (bottom row). Systems with ∑3 {111} (Figure 7a1−
a3), ∑41 {450} (Figure 7b1−b3), ∑25 {170} (Figure 7c1−
c3), and ∑5 {120} (Figure 7d1−d3) GBs are shown. In all
panels, curvatures at points on particle neck regions are
represented by arrows, whose lengths are proportional to the
magnitude of the curvature. In the early stages of sintering, κ in

particle neck regions of all systems are comparable in
magnitude. For the system with a ∑3 {111} GB, no
considerable evolution of κ values is observed outside of an
initial transient, which indicates sluggish sintering processes for
this GB system. For the other GB systems depicted in Figure 7,
κ values decrease with increasing sintering time. Further, the
curvature exhibits asymmetric profiles between the left and
right sides of the particle neck regions, which is indicative of
varying dynamics and mass transport fluxes between both sides
of particle neck regions. For example, Figure 7c3 shows large κ
values on the left particle neck region compared to that on the
right side.
The results depicted in Figure 7 are quantified by calculating

the average curvature ⟨κ⟩ across both left and right sides of
particle neck regions, and the results are shown in Figure 8 for
a few representative systems, refer to Figure S6 in the
Supporting Information for a plot of the average curvature for
all systems explored in this work. Variations in ⟨κ⟩ profiles can
be seen as a function of the GB type. In the initial stages, ⟨κ⟩
starts at large values, then decreases as the systems sinter. For
the systems with ∑29 {250} and ∑5 {120} GBs, a rapid
decrease in ⟨κ⟩ can be seen in the first ≈5 ns, while in those
with ∑41 {450} and ∑25 {170} GBs, the decrease in ⟨κ⟩ is
more gradual, i.e., over ≈100 ns. On the other hand, the ⟨κ⟩
profile remains flat for the system with a ∑3 {111} GB, with
some fluctuations due to the atomistic nature of two-particle
systems. This is an indication that while the sintering driving
force is large in the system with a ∑3 {111} GB, its sintering
kinetics are sluggish, at least for the simulation times attained
in this work. Our curvature results provide a bridge that
couples atomistic simulations to mesoscale sintering models,
which employ sintering stress and, thus, curvature information,
in its formulation.67 Indeed, recent mesoscale computational
studies have explored the evolution of sintering stress (i.e.,
curvature distributions) of whole particle compacts.32,68

Our simulation results show that large variations exist in the
temporal evolution of several geometric features, such as
particle neck width X and curvature κ, and linear shrinkage
ΔL/Lo as a function of GB character, which in this work is
defined by the tilt angle. While several studies have shown

Figure 6. At the final sintering time t = 200 ns, a plot depicting linear
shrinkage ΔL/Lo as a function of GB misorientation angle. Each data
point is colored by its normalized particle neck width (X(t) − X(0))/
a.

Figure 7. For two-particle systems with (a1−a3) ∑3 {111}, (b1−b3) ∑41 {450}, (c1−c3) ∑25 {170}, and (d1−d3) ∑5 {120} GBs, temporal
evolution of the local curvature at the particle neck regions at t = 1 ns (top panels), t = 100 ns (middle panels), and t = 200 ns (bottom panels).
Curvatures at particle neck regions are represented by arrows, whose lengths are scaled by the curvature values.
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anisotropic sintering due to particle packing characteristics
(i.e., particle size, shape, distribution, and spatial arrange-
ments),69 internal pore geometry,70 size and number of particle
contacts,71 geometric constraints,72 and sintering process
parameters (e.g., solids loading, temperature),73 our results
show that at atomic scale variations in local sintering stress
(i.e., curvatures) as a function of GB character could be
responsible for anisotropic sintering effects. This in turn
indicates that the GB network topology is an important factor
in the sintering of particle compacts, as it may control spatial
variations in densification rates within the sintered object. Our
results suggest that the deliberate control of particle rotations
provides an avenue to control sintering rates. Indeed, several
emerging manufacturing techniques employ externally applied
fields to control particle rotation during sintering.74,75

■ CONCLUSIONS
In this study, we leveraged atomistic simulations to investigate
the role of GB character in the sintering behavior of nanoscale
Ni particles. To this end, a series of atomistic bicrystal systems
with [001] tilt GBs and one with a ∑3 {111} coherent twin
GB were constructed. The atomistic bicrystals were then used
to calculate the 0 K GB energy and obtain GB self-diffusion
coefficients at 1000 K for all [001] GBs. Sintering simulations
at 1000 K for 200 ns were conducted using the two-particle
geometry, in which two 20 nm diameter particles from the
atomistic blocks containing the GBs were carved out. Several
geometric features, such as particle neck width, linear
shrinkage, gyration radius, and particle neck curvatures,
describing the morphological evolution during sintering were
tracked over time. Simulation results revealed particle
rotations, which were found to increase with the initial GB
misorientation, that resulted in the temporal evolution of GB
misorientation. The system with a ∑3 {111} GB exhibited
sluggish sintering kinetics, in which the particle neck grew in
the early sintering stage through nucleation of GB defects. Our
results showed large variations in particle neck growth and
shrinkage rates as a function of GB type, where large
misorientation angles resulted in increased sintering rates.
Further, it was found that nanoparticles sinter at a much slower
rate than predicted from diffusive sintering models, suggesting
that nanoscale sintering is not dominated by a single

mechanism. As a measure of sintering stress, we tracked the
temporal evolution of particle neck curvatures, which were
shown to decrease over time at a rate dependent on GB
geometry. On the whole, our modeling approach and
simulation results provide future avenues to employ particle
orientations and resultant GB types as a design tool in
sintering-based manufacturing technologies to fabricate
advanced materials with controlled microstructures.
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