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Abstract

A cellular automata model has been developed to study the sintering behavior of ceramic particles. In this model, the only
physical rule that drives the evolution of the system is to reduce the energy at the interface between the mass cells and the
void cells. The meaning of several computational parameters, such as particle size or computational temperature, were
investigated. Experiments of partial sintering of spherical particles of silica were performed and it was verified that this
model successfully mimics the neck formation. Moreover, other experimental evidences of the stages of the densification,
such as the formation of the intermediate vermicular microstructure or the dependence of porosity with temperature, were

also qualitatively simulated.
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1 Introduction

Ceramic materials have been the subject of considerable
scientific study for centuries due to their exceptional
combination of physical, mechanical, and chemical prop-
erties. Nowadays, ceramics, or ceramic matrix composites,
are used in a variety of everyday technologies. Some of the
most studied ceramic materials are silica, Si0,, and alu-
mina, Al,O3, which are currently used in a wide range of
applications, including mechanical, high-temperature, and
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biomaterials (Kingery 1976; Gocha et al. 2016; Gonzalez-
Sanchez et al. 2022). The fabrication procedures of
ceramics require a high-temperature treatment for the sin-
tering process (also known as consolidation or densifica-
tion) of the precursor compacted powders to obtain a fully
dense bulk material. Many different techniques have been
thought for the sintering of ceramics, such as pressureless
sintering, hot isostatic pressure sintering, spark plasma
sintering (SPS), ultra-fast high temperature sintering
(UHS), or reactive sintering (Orru et al. 2009; Wang 2020;
Rivero-Antinez et al. 2021; Morales-Florez and Dom-
inguez-Rodriguez 2022). Usually, the objective of the
improvements is to get the fully dense material employing
the least amount of energy and time. Therefore, the fun-
damentals and physical features of this essential step are
still of significant scientific and technological interest in
order to achieve more efficient sintering protocols.
Sintering is a process that results in the material being
denser by reducing porosity through viscous flow and dif-
fusion (Brinker and Scherrer 1990). Additional steps, such
as surface dehydroxylation, grain boundary creation,
crystallization, or phase transitions, may also appear. As a
general rule, sintering is driven by the tendency of the
system to reduce its energy by decreasing the interface
between solid particles and gas (or vacuum). Hence, vis-
cous flow occurs, promoted by the gained energy through
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interface surface reduction. The dependence of the vis-
cosity n with temperature obeys an Arrhenius-type
relationship:

n= ;/Ioe[Q/k(T—Tm)] (1)
where T}, is a threshold temperature, k is the Boltzman
constant, #, is the nominal viscosity, and Q the charac-
teristic energy of the process. In the case of crystalline
materials, the formation of the grain boundaries and
external interface solid-gas are additional mechanisms that
take up time and energy during densification. The rela-
tionship between each process with time and temperature,
the temperatures at which each process begins, and the
impact of the microstructure and chemical configuration of
the precursor powders are still being researched. Thus, the
sintering of powders is a complicated phenomenon
involving numerous concurrent and conflicting physical
processes that control the microstructure of the ceramics,
the size of the crystals and grains, the disappearance of the
porosity, and, consequently, the physical properties of the
final material.

From a technological point of view, the success of the
sintering techniques is discussed based on the relative
density (or final residual porosity) after sintering. This is
usually assessed in terms of the ratio of the actual sample
density with respect to the theoretical bulk density of the
material, e.g., 3.98 g/cm? for alumina. In all cases, a direct
relation between decreasing porosity with time and tem-
perature has been confirmed (Kingery 1976; Brinker and
Scherrer 1990; Jagota and Raj 1992; Tan et al. 2022).
Numerous investigations on the sintering process can be
found in the literature. Mainly on the development of the
microstructure of the precursor powders and on the
reduction of porosity during the consolidation process.
Several stages have been observed along the gradual den-
sification, such as neck formation, vermicular microstruc-
ture formation, and final removing of remaining porosity
for achieving total densification. For example, vermicular
structures are created in heated boehmite (AIOOH) pre-
cursor powders (Rivero-Antinez et al. 2022), and they
were investigated by electron microscopy revealing the
peculiar structural patterns that emerge during densification
(Dutta et al. 2011).

There are two reasons for using simulation methods in
the study of materials. One is the enhancement of the
material’s qualities for industrial use, and the other is the
theoretical interest in understanding the underlying physi-
cal processes. Monte Carlo simulation techniques have
historically been taken into consideration, but their
sequential update of randomly chosen points may not be
able to capture the simultaneous evolution of grains and the
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realistic representation of physical processes. Besides, it is
also known that it is very inefficient when applied to large
datasets (Maazi and Boulechfar 2019). Instead, the simul-
taneous updating of every single cell in the lattice of the
discretized system in Cellular Automata (CA) models
seems to more accurately reflect the underlying physical
phenomena throughout natural processes. Models built
utilizing CA have recently been used in many studies in the
field (He et al. 2006; Wang et al. 2021; Li et al. 2019;
Raabe 2002; Contieri et al. 2017; Ji and Shi 2020). The
majority of these models concentrate on the kinetics and
analysis of the dynamic recrystallization process.

In this work, we extend the preliminary results of the
model (Jiménez-Morales et al. 2022) already performed on
this subject towards the achievement of more comprehen-
sion of the physical meaning of the relevant computing
parameters. We have also carried out some experiments of
partial sintering of spherical particles of silica to test the
correspondence between simulations and real behavior, and
finally we point out some of its limitations.

2 Methods
2.1 The cellular automata model

To simulate the synthesis of alumina we have used the
cellular automata technique. In this simulation method,
both space and time are discrete quantities and the evolu-
tion of the system is carried out synchronously in all the
cells that make up the material. In a formal way, a cellular
automaton (CA) is defined by the following elements:

1. The space in which the simulation is developed, which
in our case is a two-dimensional network of N =
500 x 500 cells with periodic boundary conditions to
avoid edge problems.

2. The set ¢ = {0, 1} of states in which each cell can be.

In our model, zero represents vacuum and ¢ = 1 the
presence of matter.

3. The neighborhood or set of adjacent cells. Contrary to

other simulation techniques, CAs are local and only the
neighborhood is taken into account to determine the
next state of the considered cell. In our model we take
the Margolus neighborhood and thus the basic unit is
built with 2 x 2 cells that evolve simultaneously. The
network is divided into two sublattices which are
updated in successive time steps. In this way, the
conservation of the number of particles is guaranteed.
Also we assign an energy to each block and for this
purpose, we take into account the set shown in the
Fig. 1. The energy of one block is defined by:
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Fig. 1 The neighborhood cells considered to evaluate the interface
energy of one block. The star may be an empty site or one occupied
by matter. The energy of the block is given by e =, J(1 — dy),
where i and j are 0 or 1 for the 2 x 2 cells block, 6;; = 1 if i =j and
05 =0if i#j

e:zij:‘](l_éij) (2)

where the summation considers all the cells in the
block, namely, both i and j take the value 0 and 1. Two
neighboring cells in the same state give zero while
there is a positive contribution to the energy when they
are in different states. J is the surface energy of one
elemental interface which, for simplicity, we take
J = 1. The total energy E of the system is obtained by
adding the energy of each individual block.
4. The transition function f will assign to each block a
probability, p;, that at time f#4 1 it can change
depending exclusively on the difference in energy

Ae; between the possible configurations and the
AT
original one. For each of them, the factor ¢; = e is

calculated, and the probability p; of each case is
obtained by normalizing between the different config-

urations p; = q;/ (Z, qj>. Fig. 2 shows the look up
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table of the transition function, and Fig. 3 shows and
example of transition function with the corresponding
probability values at two different temperatures. Start-
ing with random initial conditions of concentration 0.6
(porosity = 0.4) the system evolves for at least over 10*
time steps when different data are collected. We have
performed multiple simulations changing the size and
the shape of the initial particles.

2.2 Partial sintering of spherical particles

Experiments of partial sintering of spherical particles of
silica were performed in order to test the correspondence
between simulations and real neck formation. Random
packings of spherical particles were prepared with
monodisperse silicon dioxide (SiO,) spheres with a diameter
of 3.34 um, purchased as a commercial suspension from
MicroParticles GmbH, Inc. The suspension was in deionized
water at a concentration of 5 wt.%. A Teflon die of § mm was
clamped on alumina disc-shaped substrates, where 0.5 mL of
the suspension was dropped with a micropipete. The system
was then placed on a hot plate at 80 °C to allow the water to
evaporate and the particles to self-assemble into close-
packed structure. When the suspension was totally dry, the
Teflon die was removed, leaving a thin layer of particles on
the alumina substrate. The thin layers of silica particles were
then sintered at different temperatures in an tubular furnace
in air, with a heating ramp of 5 °C/min. The sintering tem-
peratures and dwell times used were in the range of 1000—
1300 °C and 0.5-5 h, respectively. For the study of the
morphology of the silica microspheres after the heat
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Fig. 2 List of the possible initial block states at time ¢ and the possible block states at time ¢ + 1
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Fig. 3 Example of transition
function showing the values of

2
0
3

the energy of the block at each 0 = o

state, e, and the corresponding

transition probabilities p; at two [~ I~ ] 9

different temperatures, 7 = _ _

0.25 and T = 1.50 e=3 e=3
pi (T=0.25) = 0.491
pi (T=1.50) = 0.330

treatment, the samples were observed by scanning electron
microscopy (SEM) using an FEI model Teneo with an
acceleration voltage of 5 kV. Previously the samples were
metallized with Pt whose thickness is around 10 nm, using a
Leica ACE600 sputtering.

3 Results and discussion
3.1 Computing parameters

The sintering experiments simulated by the CA showed the
evolution of the starting particulate system towards densi-
fied structures. With the exclusive aim of reducing the
surface energy of the system, different configurations were
tested to explore the relevant parameters of the algorithm,
such as the size of the starting particles and the
temperature.

3.1.1 Size of the starting particles

The first analysis of the parameters of the simulation
algorithm was focused on the effect of the size of the

0.4

Fig. 4 a Dependence of the relative variation of the equilibrium
energy (AE/E,) with the simulation temperature, for different starting
sizes: the legend shows the size (number of cells) of the starting
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e= e=4 e=4
0.491 0.009 0.009
0.330 0.170 0.170

starting particles. Thus, different simulations were run with
analogous systems, namely, with the same porosity of P =
40% and the same mass but in randomly distributed
squared particles of the following sizes: 1, 4, 9 and 16 cells.
The evolution of the decrease of the energy of the system,
in relative terms to the starting energy is shown in Fig. 4a,
as a function of the temperature of the simulation. All the
curves for different starting particle sizes exhibit analogous
behavior, although each curve started from different value
of energy, Ej, according to their starting particle size.
Hence, the comparison confirms that the effect of the size
of the starting particles is not qualitatively relevant for the
simulation of the energy reduction process. Therefore, the
choice of the number of cells selected for simulate any real
system will be a matter of resolution, reliability and
accuracy, and it will not affect the fundamental
conclusions.

In particular, all the simulations confirm the presence of
a T, for which the reduction of the energy is maximum,
and, interestingly, this value is the same for all cases,
Tin = 0.5. It should be recalled that temperature is the
parameter that modulates the probability distribution of the
evolution states through the Arrhenius type function. Some

(b)
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2t e,
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squared particles. b Effect of the size of the starting particles on Tj,
the temperature above which (AE/Ey) is higher than zero



Cellular automata simulations of the sintering behavior

65

values of the transition probability and the effect of the
temperature can be seen in Fig. 3. Interestingly, above an
specific temperature, T = Ty, the final equilibrium state is
found with an energy higher than the starting one, namely,
AE/E is higher than zero. In Fig. 4b, the estimated values
of T, are plotted as a function of the size of the starting
particles. It is verified that for starting particles of 4 x 4
cells of size or more, this T seems to be size-independent.
This can be understood in terms that there is a minimum
surface-to-perimeter ratio (volume-to-surface ratio, in 3D)
of the shape of the particles, or ’critical resolution’, equal
to 1 cell, above which the results are size-independent.

3.1.2 Temperature

The effect of the temperature in the sintering simulation
was explored for selected values of T. In Fig. 5, the sin-
tering behavior of a random packing of hard spheres of
porosity P = 40% is shown for the indicated temperatures,
and for two different simulation times. The selected tem-
peratures cover the different regions found in the reduction
energy curve (Fig. 4, left), namely, T <T,;,, being
Tin = 0.5, Tyin<T <Ty, being T, dependent on the sys-
tem, and 7 > T;. The two snapshots of the sintering states
at T = 0.25, T <T,,, show the formation of the necks at
the contact point of the original hard spheres. Nevertheless,

T=0.50

Fig. 5 The original system is 500 x 500 cells size filled with a random
packing of spherical particles (disks in 2D). The radius of the disks is
20 cells and the porosity is P = 40%. The grid of snapshots shows
two different states at four selected temperatures: an intermediate

after such a long time as 300,000, the particulate nature of
the original system has not disappear yet and only the
thickening of the necks can be seen. On the other hand, at
T = Tyn, the system exhibits well formed necks even at
the first stages of sintering (t = 10,000) and, at the equi-
librium, a unique continuous bulk structure has formed
with the characteristic vermicular features.

At slightly higher temperatures, e.g., 7T = 0.80, neck
formation and vermicular formation is even faster. But, at
this temperature, some isolated black points can be seen
segregated from the bulk. This single points remain dis-
connected from the bulk at the final equilibrium state.
Correspondingly, the bulk also exhibits selected white
points. This result suggests that, above the T, there is a
set of segregated points in equilibrium with the bulk. This
phenomenon is totally confirmed when working at high
temperatures, that is, at 7 = 1.50, three times the T,,;,. In
this case, the first snapshot taken at t = 10,000 steps,
already shows how the set of disks has started its dissolu-
tion into individual cells.

Therefore, although the algorithm is aimed to reduce the
total energy E at each step, it should be recalled that the
evolution is based on a random nature biased through an
Arrhenius-like probability distribution. That is, there is
always a non-null probability to evolve to an state with
higher energy which increases with the temperature.

T=0.80

steps

~—a

state at 10,000 CA steps, and the equilibrium state at 300,000 CA
steps. Note that, while working below the T,,;,, of 0.5 leads to the
formation of the sintering necks and the typical vermicular structures,
for high T, the system evolves towards a non-condensed equilibrium

@ Springer
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Fig. 6 Top: SEM images showing experimental evidences of the neck
formation between silica spherical particles as the first step of the
sintering behavior: a original system; b the system after 3 h at
1300°C. Below: simulation of the partial sintering silica spheres and
experimental results: ¢ original system of 500 pixel side, with two
disks of 150 pixel radius in hard contact; d) neck formation can be
clearly seen after 1,000,000 steps at T = 0.35

3.2 Partial sintering behavior for spherical
particles

In order to explore the reliability of the simulated process,
partial sintering of spherical particles were performed and
the intermediate states of densification could be compared
with CA simulation results. In Fig. 6 partial sintering of
real and simulated spherical systems can be compared.
Colloidal silica was considered for experimental compar-
ison as it densifies in amorphous state and no influence of
possible grain formation is expected, similarly to the CA
algorithm, which does not consider crystalline orientation
and grain formations. Firstly, it was confirmed that the
silica spheres exhibited a very good monodisperse size
distribution around 3 um (Fig. 6, a). Once the system of
random packing of silica spheres was submitted to heat
treatment, neck formation clearly appeared between
neighbors spheres (Fig. 6, b).

Accordingly, the 2D CA simulation algorithm is able to
emulate the realistic behavior of the neck formation. The
original particles (Fig. 6, ¢), which were in hard contact at
the beginning, evolves towards the formation of a joining
neck (Fig. 6, d). Hence, this simple algorithm based
exclusively on the surface energy reduction is able to
reproduce this first step of the sintering without the need of
any additional consideration. Therefore, the formation of
the necks in real systems could be explained just in terms
of heat-driven Arrhenius viscous flow. Note that the radius-
to-cell ratio is well above the critical value for avoiding
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any possible size-induced artifact (see Sect. 3.1.1 for
details).

Despite this encouraging results, some limitations of the
model arose. For example, real pressureless sintering pro-
cess takes several hours above a given temperature
threshold, and, finally, bulk 100% dense samples can be
obtained. On the contrary, in the simplest version of this
simulation algorithm, the number of cells of the system
assigned with mass is always the same, and the porosity is
thereby constant along the process. Additionally, nor
gravity nor other external forces are considered in this
model, so full densification cannot be reproduced. In
addition, it is known that the diffusion of mass that takes
place at the surfaces and the contact points between par-
ticles involves energy dissipation as the movement of the
mass has to overcome energy barriers (Redanz and
MackMeeking 2003). Moreover, the curvature of the
interface is also established as a critical parameter that
promotes local diffusion (Mason 2015), and other numer-
ical simulations of the sintering of two spherical particles
considering two driving mechanisms, namely, surface
energy and grain boundary energy reductions, achieved
total sintering of the system of two spherical in hard con-
tact (Pan et al. 1998).

3.3 Porosity and vermicular structures

To measure the porosity of the sample with the CA model,
we make temporary averages in the occupancy of the
network sites. In the event that (g) is greater than 0.5, that
site is considered occupied, while otherwise the site is
considered empty. In Fig. 7a the evolution of the final
porosity shows the existence of a temperature threshold,
beyond which, the final porosity of the systems goes to
zero. Moreover, comparing the behavior of porosity with
temperature of the simulations with the experimental data
plotted in the figure, confirms that the simulated behavior
fits reasonably well the behavior of the real systems.
Additionally, the possible size effect in this extension of
the model was also checked. In Fig. 7b, the porosity
behavior with the temperature was researched for systems
with different starting sizes. Note that the curves were
vertically shifted for clarity. Thus, it was verified that the
behavior was exactly the same in all cases, neglecting any
possible size-induced artifacts.

Finally, experimental and simulated evolution of the
vermicular structures along the sintering can be compared
in Figs. 8. In this images series, the scanning electron
images of different densification states of alumina powders,
taken after different heat treatments, are shown together
their simulated counterparts, and the similarity of the
simulated structures is evident. Therefore, the capacity of
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Fig. 7 a Comparison of the behavior of the final porosity versus sintering temperature with experimental data from the literature. b Analysis of
the effect of the size of the starting particles on the behavior of the final porosity with temperature. Curves were vertically shifted for clarity

Fig. 8 Vermicular structures. Comparison between real intermediate sintering steps of alumina [from Ref. Dutta et al. (2011) with permission]

and their simulated corresponding systems

this simple algorithm to simulate the sintering behavior of
particulate systems is confirmed.

4 Conclusions

This work has extended a probabilistic model of cellular
automata, in which one single physical rule governs the
evolution of the system: the reduction of the surface energy
according to an Arrhenius function. In this model, the
probability of transition depends on the ratio of the inter-
face energy with the temperature. The size of the particles
has been revealed as a critical parameter only in the case of
very small particles, very coarsely defined, build with very
few cells, less than 16. Interestingly, the temperature is
modulating the transition probability in such a way that,
under high temperature regime, the system can evolve
rising their energy.

On the other hand, some limitations were discussed such
as the absence of gravity or other external forces that
enhance densification, energy barriers to be solved during
viscous flow, or the effect of the curvature. However,
although this CA-based model lacks of all this relevant
information, the implementation of the evolution of the
system driven by a surface energy under a probabilistic
Arrhenius function leads to consistent physical results. For
example, the neck formation process observed in experi-
ments of partial sintering of spherical microparticles was
successfully reproduced by simulation. In addition, the
extension of the model to simulate the full densification
leads to microstructural patterns that outstandingly mimic
the classical vermicular structures of real systems for var-
ious temperatures. Finally, the variation of sample porosity
as a function of temperature is also in good agreement with
experimental results.
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