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Abstract
The sintering behavior of ellipsoidally shaped particles, particularly spheroids,
was studied using a numerical kinetic Monte Carlo model for solid-state sin-
tering. Compact packings of spheroids with five different aspect ratios from 0.5
to 2.0, thus comprising oblate, spherical, and prolate particles, were generated
by simulating the pouring of such particles into a cubic container. For each
spheroid particle aspect ratio, five different packings were generated to provide
statistics on the sintering properties. The sintering behavior was quantified by
the densification rate, relative density, anisotropic strain, grain size, and grain
coordination number, as determined from the kinetic Monte Carlo model. The
spherical particles were found to sinter to a relative density of 0.87 before grain
growth occurs, whereas the oblate and prolate particles reach a relative density
of 0.91 before grain growth sets in, with the prolate particles sintering slightly
better compared to oblate particles. The more extreme the particle aspect ratio,
the more anisotropic the strain is. Finally, the oblate and prolate spheroids have
a slightly higher mean grain coordination number and a slightly higher initial
relative density compared to the spherical particles.

KEYWORDS
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1 INTRODUCTION

Sintering of powder compacts is a key technological
process in the manufacturing of ceramic and metal com-
ponents for both existing and future technologies. For
the latter, for example, solid oxide fuel cells (SOFCs) and
solid oxide electrolysis cells (SOECs) are produced using
sintering of various novel ceramic or metal powders.1–3
For a sintered powder compact, the degree of den-

sification changes, for example, the percolation depth,
mechanical strength, and electrical and thermal conduc-
tivity of the final product. The sintering behavior can

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

be controlled by a number of parameters external to
the powder compact itself, such as sintering tempera-
ture, time, atmosphere, and application of load or an
external field, but the internal properties of the pow-
der compact also greatly influence its sintering behavior.
These internal properties are, for example, pore form-
ers, particle size distribution, and particle shapes. Among
the internal parameters, the influence of pore formers4–6
and particle size distribution7–13 has been studied exten-
sively and for the latter, it is well known that powders
with a narrow particle size distribution sinter to higher
relative density.
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However, the influence of the shape of the powder
particles on the microstructural evolution and the final
properties of a powder compact has not been studied in
detail. The reason for this is most likely that although
it is easy to add pore former particles to a powder com-
pact or to sieve the powder before sintering to control
the particle size distribution, the shape of powder parti-
cles is not as easy to control. However, with increasingly
advanced powder production techniques, complex-shaped
ceramic powder particles can now be produced,14 and
thus, it is scientifically interesting to understand how
exactly the particle shape influences sintering behavior
and microstructural properties.
The particle shape most studied in sintering, besides

spherical particles that are the basis of countless stud-
ies, is ellipsoidal particles. Experimentally, the sintering
behavior of ellipsoidal or spheroidal particles has been
investigated for Cu and compared to flaky powders.15
The sintering of ellipsoidally shaped 𝛽-Ga2O3 particles
has also been studied experimentally and compared to
rod-shaped particles as well as a commercial powder.16
The finding was that the ellipsoidal and rod-shaped par-
ticles had a higher sintering activity compared to the
commercial powder. The sintering of ellipsoidal parti-
cles of LaPO4 has also been investigated experimentally,17
and results showed that the powder can be sintered to
very high relative density (98%) with a balanced grain
growth.
The sintering of ellipsoidal particles has also been stud-

ied using various modeling approaches. The sintering
behavior as a function of the aspect ratio of the powder
particles has been studied, with the finding that higher
aspect ratio particles sinter to a higher density.18 An ana-
lytical model based on Coble’s two-sphere model19 for the
sintering of two ellipsoidal bodies (as well as polyhedral
bodies) has also been derived.20 Here, it was found that
BaTiO3 grains as observed using SEM could be approxi-
mated by ellipsoids of different sizes and orientations and
that the model could be used to provide a good correla-
tion between structural/geometrical and kinetics/physical
parameters for this material. However, no analysis of the
microstructure’s evolution was given. Finally, the viscous
sintering behavior of ellipsoidal particles has been inves-
tigated in the limit by modeling the shape evolution of
an axisymmetric ellipsoidal particle by viscous flow driven
by capillarity using an finite element model.21 The results
showed that the sintering force can most likely be deter-
mined from experiments by observing the change in the
length of the semiminor axis of the particle during sin-
tering. This work was a continuation of a previous work
also studying the viscous sintering of an ellipsoidal parti-
cle using the virial method applied to Stokes equation.22
It is also of interest to mention that the sintering behav-

ior of ellipsoidal pores has also been considered in the
literature.23,24
The consensus in the literature is that ellipsoidal parti-

cles seem to be able to sinter to a high relative density, but
the mechanism for this has not been clarified. Similarly, a
directly comparison with spherical particles has not been
performed, and only a single study has attempted to clar-
ify the sintering behavior as a function of particle aspect
ratio. The objective of the work presented here is to study
in detail the effect of the particle shape on sintering, so
that an understanding of the densification andmicrostruc-
tural evolution behavior can be gained. To achieve this
understanding, we simulate the microstructural evolu-
tion during sintering of powder compacts consisting of
spheroids, that is, ellipsoids with two of the semiaxis equal
to each other. For these, the single parameter defining their
shape is their aspect ratio or eccentricity and their sinter-
ing behavior can thus easily be characterized as a function
of this parameter. We simulate the sintering of powder
compacts consisting of thousands of particles of the speci-
fied shape to allow the microstructure to be characterized
in detail continuously throughout the sintering process.
The simulation is performed using a kinetic Monte Carlo
(kMC) model of sintering that incorporates all the mate-
rials processes necessary to simulate simple solid-state
sintering.25 In this model grain growth and grain and
pore shape changes can be studied, unlike in discrete ele-
ment models (DEMs)12, and many more particles can be
simulated compared to using a surface evolver approach.26

2 THE NUMERICALMODEL

To simulate sintering, we here employ a 3D statistical-
mechanical kMC model, which has previously been
used extensively to simulate the sintering behavior of
powders.13,18,27–30 In the kMC model, the microstructure
is represented on a discretized cubic grid, that is, a voxel
grid, as an ensemble of material particles. A voxel site
can either contain a material particle or be empty, and
thus, microstructural features such as grains, pores, grain
boundaries, and pore surfaces can be resolved.
The physical processes occurring during simple solid-

state sintering are all present in the model, such as
curvature-driven grain growth with the drag force of pin-
ning butmobile pores, poremigration by surface diffusion,
vacancy formation at pore surfaces with vacancy con-
centration given by the Gibbs–Thomson relation, grain
boundary diffusion of the vacancies, and vacancy annihila-
tion at grain boundaries. The technical details of themodel
can be found in Refs. [25, 31]. Here, we will consider free
sintering with no constraining forces, although the latter
can also be included in the kMC modeling framework.32
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During a sintering simulation, the evolution of the
system, which is driven by a minimization of the total
interfacial free energy, is determined through a number of
kMC processes. The interfacial free energy in the model
is simply quantified by the number of unlike neighbors
a given voxel site has, as a cubic grid is considered. The
model then simulates sintering by a number of processes
thatmanipulate the ensemble ofmaterial particles. Surface
and grain boundary diffusion are simulated by randomly
exchanging two neighboring sites. Grain growth is sim-
ulated by changing the membership of a grain boundary
material particle from one grain to another. Finally, densi-
fication by vacancy annihilation is simulated by collapsing
a column of sites from an isolated pore site at a grain
boundary to the surface of the sample.33
The standard kMC approach of driving the system is

used. If a randomly chosen process at a randomly chosen
voxel lowers the total energy of the system, then the given
“move” is accepted. If the energy is increased, the move
is accepted with a probability calculated using the stan-
dardMetropolis algorithm.Asmodel parameters, the grain
boundary and pore surface energies can be controlled,
as can the diffusion rates through the attempt frequen-
cies of the different processes. These parameters must be
chosen to match the desired simulated sintering condi-
tions. However, this is not trivial in the kMC model, as
the model is inherently nondimensional. The length scale
of the model is linearly proportional to real length. Time
in the model is measured in Monte Carlo step (MCS),
where oneMCS has passed when the number of attempted
grain growth moves equals the total number of grain sites
in the system. Time measured in MCS is linearly related
to real time,25 with the proportionality factor depending
on the chosen length scale of the model. By comparing
the densification behavior of a kMC model to a similar
experimental system, for example, the sintering of copper
spheres as observed using X-ray tomography,25 or the sin-
tering of fuel cellmaterials,29,30 nickel,28 or stainless steel34
as observed using FIB-SEM the model parameters can be
related to physical parameters. The model has also been
used to study the sintering of close-packed spheres27 where
the model confirmed and expanded previously reported
experimental results.
The simulation parameters used here are temperature

for grain growth and pore migration of 𝑘𝐵𝑇PM = 𝑘𝐵𝑇GG =

1 and for vacancy formation of 𝑘𝐵𝑇VA = 15. The attempt
frequencies were chosen in the ratio 1:1:1 for grain growth,
pore migration, and vacancy formation, respectively. Simi-
lar temperatures have previously been used to model the
sintering of packed spheres with different particle size
distributions,13 and these values display a realistic sinter-
ing behavior for a powder compact. Similar values were
also used by Ref. [34] who used temperatures of 𝑘𝐵𝑇PM =

𝑘𝐵𝑇GG = 1 and for vacancy formation of 𝑘𝐵𝑇VA = 13 and

attempt frequencies of 1:1:1 in the study of spark plasma
sintering (SPS) of stainless steel 304 L. Similar values
were used by Ref. [29], specifically 𝑘𝐵𝑇GG = 1.16, 𝑘𝐵𝑇PM =

1.48, and 𝑘𝐵𝑇VA = 37 and frequency attempts of 3.4:1:1
as obtained using artificial neural networks (ANNs) by
training these on a kMC simulation of the sintering of
microstructures of La0.6Sr0.4Co0.2Fe0.8O3 as determined
from scanning electronmicroscopy (FIB-SEM) reconstruc-
tion. For simulating the sintering of submicron nickel
powders attempt frequencies of 0.2:1:1 and temperatures of
𝑘𝐵𝑇GG = 0.5, 𝑘𝐵𝑇PM = 1.5, and 𝑘𝐵𝑇VA = 13 were used.28
These parameters resulted in an accurate prediction of the
3D microstructure evolution of the sintering of nickel at
the submicron scale. Thus, there is a broad agreement
that the values chosen in this study result in a realistic
sintering behavior.

2.1 Generating the powder compact

The initial condition for the sintering simulation is a pack-
ing of spheroidal particles, which herewas generated using
the framework described in Ref. [35]. Using this frame-
work, it is possible to simulate the pouring of spheroidal
particles into a container, and simulate the settling of these
under the influence of gravity. This mechanism is similar
to previously used approaches to generated initial powder
packings,13 except there only spherical particles were con-
sidered. Although additional driving forces such as liquid
solvents, surfactants, pressure, and applied field can influ-
ence the packing of powder particles, gravity is arguably
the simplest driving force to consider. Regular packings of
ellipsoidal particles have also been considered,36 and could
perhaps be interesting to study in the future, similar to
the way the sintering behavior of close-packed spheres has
been studied.27
During the initial powder packing simulation, the parti-

cles are simulated in full 3D and cannot thus overlap. As
mentioned previously, we here only consider spheroidal
particles, to reduce the parameter space invested. A
spheroid is characterized by its aspect ratio, 𝑎𝑟, which
is defined as the ratio between the two semiaxis of the
spheroid, 𝑐 and 𝑎, respectively, that is, 𝑎𝑟 = 𝑐∕𝑎. Spheroids
with an aspect ratio (𝑎𝑟 = 𝑐∕𝑎 < 1) are oblate, whereas
spheroids with an aspect ratio (𝑎𝑟 = 𝑐∕𝑎 > 1) are prolate.
We consider spheroids with an aspect ratio of 0.5, 0.75,
1, 1.5, and 2, respectively. The particles are poured into a
cubic container with equal side lengths. The powder par-
ticles were chosen such that the individual particles all
had the same volume. This also means that the particles
have varying surface areas. Compared to the sphere, the
oblates with an aspect ratio of 0.5 and 0.75 have a surface
area that is larger by a factor of 1.10 and 1.02, respectively,
whereas the prolates with aspect ratio 1.5 and 2 have a
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F IGURE 1 The semiaxes, 𝑎 and 𝑐, and the spherical orientation angles for an oblate spheroid. In spherical coordinates, 𝜙 denotes the
azimuthal angle and 𝜃 denotes the polar angle. A random packing of 4783 spheroids with 𝑐∕𝑎 = 1.5 is also shown

surface area that is larger by a factor of 1.03 and 1.08,
respectively.
For each particle aspect ratio, five different packings

were generated to calculate a statistical uncertainty on the
computed properties. The average number of particles in
a cube sample is 4713 ± 144 across all packings consid-
ered. Figure 1 shows a packing of spheroidal particles with
an aspect ratio of 1.5 as well as the individual spheroids
particles considered in this study. Once the initial pow-
der packing has been generated, this is then discretized
on a three-dimensional grid with a resolution of 300 ×

300 × 300, so as to be evolved using the kMC modeling
sintering framework.
As mentioned previously, the sintering of ellipsoidal

particles has been studied as a function of the aspect
ratio of the powder particles.18 However, in this study, the
powder compact was generated through a simulated uni-
axially compressing, which is different from the method
employed here. As will be discussed subsequently, this
has an influence on the sintering behavior observed from
the powder.
The density of the packing varies at the bottom and

top of the box, due to the effect of pouring in the parti-
cles, but stabilizes to a constant value at 16% of the box
length fromeither the bottomor top surface. Thus, the den-
sity is homogeneous with the central 68% of the sample.
Therefore, the analysis of the sintering dynamics is only
considered within this central homogeneous area of the
sample, where the density gradient effect, as well as sur-
face effects of the sample, can be disregarded, as will also
be discussed subsequently.

2.2 Initial particle orientation

When the particles are poured into the cube container,
their orientation in spacewill not be random, but will align

F IGURE 2 The distribution of the orientation of the 𝑐-axis in a
poured random packing of spheroidal particles with an aspect ratio
of 0.5. There is a total of 4684 particles in the packing

to the flat bottom surface of the cube. Consider, for exam-
ple, the first layer of spheroids that is poured into the cube
container. These will naturally align themselves to the flat
bottom surface of the container, that is, an oblate will lay
flat in the bottom surface. When additional particles are
then poured into the container, these will also naturally
align themselves relative to the layers of the spheroids
below them.
We can characterize this in terms of the spherical coor-

dinate angles, where 𝜙 denotes the azimuthal angle and 𝜃
denotes the polar angle of the 𝑐-axis of the spheroid, as also
shown in Figure 1. For the example above with a oblate
aligning to the flat bottom surface of the cube, we have
𝜃 = 0 and the additional layers of oblates above will have
𝜃 ≈ 0. The angle 𝜙 will be randomly distributed.
In Figure 2, the distribution of the spherical coordinate

angles 𝜙 and 𝜃 is shown for an initial powder packing with
spheroid particles with an aspect ratio of 0.5. As can be
seen from the figure, the tendency discussed above that the
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F IGURE 3 (A) The average orientation of the spheroidal particles with respect to the spherical polar angle, 𝜃, and the spherical
azimuthal angle 𝜙, as a function of the aspect ratio of the spheroidal particles and (B) the average relative density as a function of the particle
aspect ratio

oblate particles will orient with respect to the flat bottom
surface, that is, 𝜃 ≈ 0, is clearly seen.
To quantify this orientation of the spheroidal particles

for all the investigated aspect ratios, we have computed
the average orientation in the azimuthal direction, 𝜙, and
the polar direction, 𝜃, as a function of the particle aspect
ratio. As stated above, we consider five different packings
for each aspect ratio. The results are shown in Figure 3(A).
As can be seen, the average orientation in the polar direc-
tion, ⟨𝜃⟩, clearly depends on the particle aspect ratio due
to the behavior described above. This will be important to
keep in mind when the sintering behavior of the particles
is discussed subsequently, as it directly influences the sur-
face area contact between particles. Note that the polar and
azimuthal angles are somewhat meaningless for spheres,
that is, when the spheroid aspect ratio is 1. However, the
values of the polar and azimuthal angles do vary contin-
uously as a function of the aspect ratio of the spheroids,
and the values for the sphere can be seen as the limiting
values when the aspect ratio of the spheroids approaches
1 for both increasing and decreasing aspect ratio. Finally,
we also investigate the relative density of the initial pow-
der packing as a function of the particle aspect ratio. This
is shown in Figure 3(B). The relative density is given for
the internal homogeneous part of the sample only, as will
be detailed in the next section. It is seen that the variation
is small, and furthermore, the values are consistent with
previously published values,35 where the relative density
of spheroid packing also increases when the aspect ratio
deviates from spherical.37

3 SINTERING BEHAVIOR

We simulate an isothermal sintering process for the dif-
ferent powder packings considered. For each sintering
simulation, the microstructure is characterized in terms of

relative density, grain size, and grain coordination num-
ber every 2500 MCS steps. All simulations have been run
for 60 000 MCS steps, except the spherical particle pack-
ings, whichwas run for 80 000MCS steps, which is enough
to reach a high relative density state. As discussed above,
to only consider the homogeneous part of the sample
and to ignore surface effects near the edge of the pack-
ings, the microstructural properties were only analyzed in
the central homogeneous part of the sample simulated,
which here is a box with a side length of 68% of the
full box side length, centered on the center of the pack-
ing. Only grains fully inside this volume are considered
in the calculated grain properties, such as grain size and
grain coordination number. As mentioned previously, for
each particle aspect ratio considered, five different powder
samples were generated and their sintering behavior mod-
eled. In the following results, the average property is taken
across these five samples for each aspect ratio. This allows
statistical uncertainties to be shown for the examined
properties of the system, such as relative density or grain
size.
In Figure 4, the average relative density as a function of

the number of MCS steps is shown for the different pack-
ings, with the error bar indicating the standard deviation
between the five packings with the same spheroid aspect
ratio. As can be seen from the figure, the spheroidal par-
ticles densify faster than the spherical particles, but the
trend is also that the particles with an extreme aspect ratio
sinter faster than those closer to spheroidicity.
To get a more visual understanding of the sintering

behavior, we show in Figure 5 a slice through five differ-
ent packings with different particle aspect ratios for four
different sintering times. The slice is through the middle
of the packing at 𝑦 = 150 voxels. As can be seen from
the figure, the grains for the extreme aspect ratios at the
same time MCS step clearly appear larger. This will be
discussed subsequently.
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3.1 Relative density and grain size
evolution

The above analysis considered only the relative density and
not the grain growth in the powder compact during den-

sification. To quantify this, we define the average grain
size in terms of the equivalent radius, which is the radius
a spherical particle of the corresponding volume would
have. This is defined as 𝑟equi = (

3

4

1

𝜋
𝑉)1∕3, where 𝑉 is the

volume of a particle. The average grain size is shown as
a function of the relative density in Figure 6 for all par-
ticle aspect ratios. For purely spherical powders with a
normalized particle size distribution, it has also been
observed that powders with the widest distribution sin-
ter to a lower relative density.13 One can see from the
figure that the particles with aspect ratios different from
1 sinter to a higher relative density before grain growth
sets in. This effect is most likely caused by the higher sur-
face to volume ratio of the spheroidal particles compared to
the spherical particles, but also potentially the anisotropic
particle packing demonstrated earlier, as will be discussed
subsequently. To reflect upon Figure 5, the reason the
packings with extreme aspect ratios display large grains is
because, as shown in Figure 4, these more quickly, that is,
at a lowerMCS step, obtain a high relative density and this,
as shown in Figure 6, results in an increased grain growth
being reached at a lower MCS step.
Ref. [18] also investigated the sintering behavior as a

function of the aspect ratio of the powder particles, and

F IGURE 5 A slice of different powder
packings, characterized by their aspect ratio, for
different MCS steps. The slice is through the
𝑥𝑧-plane for 𝑦 = 150 voxels
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F IGURE 6 The average grain size, in terms of equivalent
radius, that is, the radius of a sphere having the same volume as the
respective grain, 𝑟equi, as a function of relative density for the
different particle aspect ratios

similarly to this study, they also find that higher aspect
ratio particles sinter to a higher density. However, they
find a weaker dependence on aspect ratio than determined
here. However, in Ref. [18], the initial powder compact
is not generated through a pouring of particles into a
container but rather by generating a very loose random
packing with an relative density of 0.1 and then uniaxi-
ally compressing this to a relative density of 0.55–0.57. This
results in a powder packing where the particles do not ori-
ent to the surface of the container, as is the case in this
study. This, in turn, means that the contacting surface area
in the study of Ref. [18] will be lower than in this study, as
the particles here are more aligned, as evident in Figures 2
and 3(A). This better alignment of the particles results in
the better sintering behavior found here.

3.2 Anisotropic sintering

As was discussed in the section on the properties of the
packings, the spheroidal particles have a preferred orien-
tation in space. This means that both the particles have a
higher contact surface area, but also potentially that the
pore network in the packings could be asymmetric, which
can lead to anisotropic sintering.38 To study this, we con-
sider the strain of the packings while sintering. The strain
in the 𝑥- and 𝑦-direction should be identical as a result
of the pouring of the particles, and this has been verified
numerically to also be the case. In Figure 7, the ratio of the
strain in the 𝑥- and 𝑦-directions, 𝜖𝑥𝑦 , to the strain in the 𝑧-
direction, 𝜖𝑧, is shown. It is noted that for the packingswith
spherical particles, the strain ratio is not exactly equal to 1,
due to particles sticking out of the sample at the top surface
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F IGURE 7 The ratio of the strain in the 𝑥- and 𝑦-direction, 𝜖𝑥𝑦 ,
to the strain in the 𝑧-direction, 𝜖𝑧, as a function of relative density

because of the pouring mechanism, resulting in a uneven
surface33 and the fact that packing resulting from pour-
ing can have a small anisotropic vertical orientation due to
gravity.39 As can be seen from Figure 7, the more extreme
the aspect ratio of the particles, the more the strain ratio
deviates from the isotropic sintering of the packings with
spherical particles. The strain in the 𝑥- and 𝑦-directions is
much larger than that in the 𝑧-direction for the extreme
aspect ratios because the touching surface area of the par-
ticles ismore aligned to the 𝑧-direction,meaning that there
is less shrinkage in this direction as the sample sinters.
Anisotropic sintering, specifically with respect to the

strain rate, has also been observed in both experiments and
simulations40 for samples that have been partially sinter-
forged prior to sintering. Although this is not exactly the
case studied here, the packing of particles with gravity
will also, as argued above, lead to anisotropic packings,
akin to pressed samples. In the sinter-forging study, it
was found that the anisotropic sintering behavior is dom-
inated by the anisotropic contact area distribution rather
than by the anisotropic coordination number. Further-
more, only a very small anisotropy was observed in the
pore network, using a linear intercept method. Using the
identical method on the voxel data described in this work
also revealed no discernable difference in the 𝑥-, 𝑦-, and
𝑧-directions in the pore network, that is, no anisotropy in
the pore network similarly to Ref. [40].

3.3 Distribution parameters during
sintering

The sintering behavior can also be examined by investi-
gating the number of grains present in the central part of
the sample, as sintering progresses. In a previous work, we
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F IGURE 8 The normalized number of grains in a given
powder packing as a function of the relative density for the different
aspect ratios

investigated the number of small grains in a given sam-
ple, but this is a meaningless quantity for a powder where
all particles are identical initially. Thus, here we consider
all particles, regardless of size. Initially, each particle is a
single grain, and thus, the number of grains equals the
number of particles in the investigated central part of the
cube sample.13 The normalized number of grains as a func-
tion of relative density is shown in Figure 8, that is, the
number of grains in the central part of the cube has been
normalized to the maximum number of grains present in
the central part at any time during the sintering process. As
can be seen from the figure, the number of grains initially
increases, which occurs because the sample as a whole
is densifying. As the central part, where the microstruc-
tural parameters are investigated, is fixed in volume, more
grains will be present in this volume as the sample densi-
fies; thus, the normalized number of grains increases with
relative density. However, when grain growths occurs, as
evident from comparing Figure 6 with Figure 8, the num-
ber of grains decreases rapidly. Thus, the analysis of the
number of grains in the given central part of the powder
sample fully supports the evolution of the grain size with
respect to the relative density that was discussed above.

3.4 Grain coordination number

As also done in a previous study on the sintering behav-
ior of spherical particles with a particle size distribution, it
can be of interest to study how the contacts between grains
evolve as sintering progresses, as this can also help explain
the previously described sintering behavior. The number
of contacts between grains is the grain coordination num-
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F IGURE 9 The mean coordination number of the grains as a
function of relative density

ber. This is also an interesting property to study, as Young’s
modulus,mechanical hardness, and fracture toughness are
directly proportional to the mean grain coordination num-
ber in the initial stage of sintering.41 The average value
of the grain coordination number is shown in Figure 9
as a function of relative density for the different particle
aspect ratios considered. Shown in the figure is also the
relation for the coordination number as a function of rel-
ative density given by Refs. [42] and [43] for monosized
spherical particles. Note that the data from the simulation
are recorded at a fixed frequency, but the dynamics with
respect to the relative density is faster in the initial part of
the sintering. Therefore, the data points in the plots are not
evenly distributed. However, this has little influence on the
interpretation of the data, which is also found in a previous
study; the analytical expressions under- and overestimate
the mean coordination number as a function of relative
density. The initial mean contact number for spheres is
known from literature to be 6–7,39,44 and the slightly higher
initial mean coordination number reported here is due to
the kMC segmentation of the spheres.
As can be seen from the figure, the mean grain coordi-

nation number increases with relative density as expected.
However, the spherical particles have a slightly lowermean
coordination number compared to the oblate and prolate
spheroids. Ref. [18] also mentions that powders with high
aspect ratio particles also have a higher average coordina-
tion number, but do not quantify this statement. For the
evolution inmean grain coordination number, we here see
a much larger spread in coordination number at a given
relative density compared to that seen for spherical parti-
cles with a given particle size distribution. For these latter
powders, the evolution of the mean coordination number



BJØRK 6435

was very similar, which is not the case for the samples
considered here.
The effect that the mean grain coordination number

increases with relative density can at low relative density
be explained by the fact that the sample is densifying,
bringing more grains in contact with each other. However,
once grain growths set in, the grain size distribution
changes from mono-sized, leading some grains to grow
and others to shrink. It has been argued that this should
cause the coordination number to increase, as there will
be more large particles, which can have a large number of
contacts.8,12 However, we see that at the relative density
where grain growths occurs, the mean coordination
number decreases, as has also previously been
observed,13,45,46 and thus, does not follow the initially
proposed trend.

4 DATA STATEMENT

All data shown in this manuscript, that is, the kMC
data sets as a function of time and the derived quanti-
ties such as relative density, are available from Ref. [47].
The data files for each simulation are around 200 Mb in
compressed format.

5 CONCLUSION

We have used a numerical kMC model to study the
sintering behavior of ellipsoidally shaped particles, par-
ticularly spheroids, during solid-state sintering. Compacts
of spheroids were generated numerically by simulated
pouring of spheroidal particles into a cubic container.
Spheroidal particles with five different aspect ratios were
used, including oblate, spherical, and prolate particles. The
sintering behavior quantified by the densification rate, rel-
ative density, grain size, and grain coordination number
was determined from the Monte Carlo model for five dif-
ferent random packings for each spheroid aspect ratio.
Both the oblate and prolate particles were found to sin-
ter to higher relative densities before grain growth sets
in compared to the spherical particles, with the oblate
particles sintering slightly more poorly compared to the
prolate particles. The strain in the packings was found
to be anisotropic, due to the orientation of the particles
resulting from the poured packing. The number of grains
present in the sample as a function of relative density
is also determined and shown to display the well-known
behavior of first increasing up to a relative density of
0.85–0.9 after which it decreases as grain growth sets in.
Finally, the grain coordination number is also shown to
increase as a function of relative density. The improved

sintering behavior of the oblate and prolate spheroids can
be explained from their anisotropic contact surface area,
but effects such as their slightly higher mean coordina-
tion number and a slightly higher initial relative density
compared to the spherical particles can also influence their
sintering behavior.
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