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Abstract

This study compares for the first time the influence of different sintering routes on the structure of alumina samples
prepared with the freeze-casting technique. Two-stage and fast sintering routes were compared with the conventional
sintering route, and the sintering program proved to be crucial in controlling the microstructure of alumina ceramics.
The results suggest that the alumina porosity and particle size are highly dependent on the sintering route. It was
observed that the two-step sintering route is more efficient in controlling the particle growth of alumina (0.8 um) when
compared to the conventional (1.2 um) and fast (0.9 um) sintering routes. Regarding the mechanical properties, it was
observed that an improvement in flexural strength was achieved when the two-stage sintering program (6.15 MPa)

was used, which is associated with its microstructural refinement.
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I. Introduction

Different forming techniques can be used in the indus-
trial production of tubular-shaped ceramics; these tech-
niques include extrusion, slip casting, uniaxial pressing.
Each of these methods has its own merits and draw-
backs, butall of them resultin final products with random
porosity 1. Freeze-casting, also called ice-templating, is
an emerging technology to produce hierarchically porous
ceramics with aligned and directional pores. Furthermore,
the freeze-cast samples can exhibit a wide range of poros-
ity (30—99 %) which can be controlled based on the sus-
pension concentration and processing parameters 12,

The freeze-casting technique consists of freezing a stable
ceramic slurry basically composed of a ceramic powder,
a solvent (aqueous or not) and additives (organic binders
and dispersants). The inorganic particles dispersed in the
suspension are expelled by the moving solidification front
and piled up between the growing solvent crystals. The
freezed solvent is then sublimated at low pressures, cre-
ating pores in the material. The as-generated pores are a
replica of the solvent crystals. Therefore, a large range of
pore configurations can be obtained by changing the sol-
vent, since each solvent has a specific geometry when so-
lidified. The ceramic green bodies are then heat-treated to
consolidate their structure 1,2.
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Owing to the versatility of the process, the porous ma-
terials obtained with the freeze-casting technique have
wide application potential in different technologies, such
as supports for membranes in the petrochemical indus-
try (oil/water separation 34 as well as in natural gas pu-
rification 36), solid oxide fuel cells (SOFC) and as cata-
lysts. Furthermore, freeze-casting can be used for obtain-
ing piezoelectric materials, porous ceramics for thermal
insulation applications and biomaterials 7.

After the ceramic forming process, the material obtained
is called a “green body”. In the green body state, the inor-
ganic particles are connected by weak bonds, usually cre-
ated by the organic binder added in the slurry preparation
step. To transform the shaped powder into a resistant solid
structure, the green body undergoes a heat treatment step
known as sintering. The transition from the fragile green-
body state to a resistant solid structure occurs through the
formation of bonds between the inorganic particles, which
can only occur in heat treatment at high temperatures. The
bonds created in the sintering process lead to a ceramic ma-
terial with greater mechanical strength 8.

The sintering process can be generally divided into three
stages called the initial, intermediate and final stages. Fig. 1
schematically represents the heat treatment process for
a ceramic green body obtained by means of freeze-cast-
ing. In the initial sintering stage, also known as the “neck



90 Journal of Ceramic Science and Technology — Cristh Fonseca Alves et al.

growth stage”, diffusion begins to occur at the edges of the
contacting particles and necks are formed between adja-
cent particles. The driving force of neck formation is the
reduction of the surface area between the particles and
the subsequent reduction of the system free energy. Mass
transport in this case occurs mainly by the surface diffu-
sion mechanism %10

In the intermediate sintering stage, the particles start to
grow and the volume of the pores and pore channels (cre-
ated by the ice crystals solidification during the freezing
step) start to shrink due to the material densification. The
impingement of the necks upon each other causes the rup-
ture of some pore channels, forming disconnected and iso-
lated pores. At the same time, the particles begin to grow.
The transport mechanisms of the intermediate stage are
mainly particle boundary diffusion, surface diffusion and
volumetric diffusion ?.

The last sintering stage is slower than the intermediate
stage. In the final stage, there is an increase in the average
particle size of the ceramic particles and the pores become
smaller and spherical. Smaller pores and pore channels are
eliminated during this step %10,

The heat treatment step can be carried out in ambient
pressure or with the application of pressure, however,
pressureless sintering is often preferable owing to low-
er costs. A conventional way of sintering under ambient
pressure is to heat the sample to an elevated temperature,
holding this temperature for some time and then cooling
it to room temperature. However, many authors have re-
ported that heating ceramic specimens using slow heat-
ing rates and long dwell times can induce the phenomenon
of exaggerated particle growth. In general, the mechanical
strength of ceramic materials decreases significantly with
increasing average particle size 11,1213,

Special sintering step control processes are reported as
strategies capable of refining the microstructure and im-
proving the mechanical properties of the final product,
compared to conventional sintering. Examples of varia-
tionin the ambient pressure sintering process are rate-con-
trolled sintering, two-step sintering and the rapid-rate sin-
tering method 12,14, 15,
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Rapid-rate sintering, also called fast-firing, has been ap-
plied to green ceramics with the aim of improving the mi-
crostructure of the final products as well as saving time
and/or energy. With the rapid-rate sintering method, sam-
ples are rapidly heated to the desired temperature, fol-
lowed by subsequent cooling to room temperature with-
out isothermal dwell 16:17. Esposito and Traversa 18 in-
vestigated the heat treatment of ceramic pellets obtained
with ceria doped with nanometric samaria (SDC) and ce-
riadoped with gadolinium (GDC) by the fast-firing sinter-
ing method. It was observed that the samples heat-treated
by means of fast-firing showed reduced granulometry in
comparison with conventionally sintered samples.

Another variation in heat treatment is the two-stage sin-
tering method, initially proposed by Chen and Wang in
2000 13. The first stage consists of heating the samples to
a high temperature, when the material reaches an inter-
mediate porosity, and the second stage consists of rapid
cooling to a lower temperature with an isothermal dwell
at thatlower temperature for a specified time. Fast cooling
to alower temperature suppresses particle growth and al-
lows densification to occur at a lower temperature. Isobe
et al.19 prepared porous Al,O3 ceramics with the slip-
casting technique and the heat treatment was performed
with the two-stage sintering method. The authors report-
ed success in controlling pore size by modifying the sinter-
ing time in the second step of the two-stage method, with-
out changing the final porosity. BodiSova et al. 12 report-
ed success in retarding particle growth in the final stage of
sintering of alumina ceramics obtained by means of uni-
axial pressing. Loh ez al. 20 also obtained alumina ceramics
by uniaxial pressing and the study revealed that the two-
step sintering technique gives rise to materials with small-
er average particles size, when compared to convention-
al sintering. Studies employing two-step sintering on alu-
mina ceramics and other oxides were summarized by Léh
et al. 21. The microstructure refinement obtained by using
sintering control in barium titanate materials produced by
freeze-casting was described by Xu and Wang 22.
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Fig. 1: Schematic diagram of the sintering process of a) green body b) initial stage; c) intermediate stage and d) final stage.
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Although many studies reporting the use of sintering
control in the heat treatment of ceramics have been pub-
lished, this control has not yet been discussed for porous
alumina obtained by means of freeze-casting. In this con-
text, the use of the technique deserves analysis, mainly for
comparison with the use of conventional sintering at am-
bient pressure.

The aim of this study is to investigate the influence of
sintering control on the microstructure and mechanical
properties of alumina samples obtained by freeze-casting.
Two different heat treatment routes (rapid-rate sintering
and two-stage sintering) were applied to the specimens
and the results were compared with the alumina samples
obtained with the conventional sintering technique.

II. Experimental Procedure

(1) Materials and methods

The production of ceramic samples by means of the
freeze-casting process was carried out in several steps, as
illustrated in Fig. 2. First, aqueous suspensions (100 mL)
were prepared by dispersing 20 vol% Al,O3 powder with
an average particle size of 0.5 um in deionized water, with
1% by weight of ammonium polymethacrylate anionic
dispersant and 2 wt% polyvinyl alcohol binder. The pre-
pared suspension was sonicated to remove air bubbles.

The slurry obtained was then poured into a tubular cop-
per mold. The filled mold was immersed in a liquid ni-
trogen bath and kept in this until complete freezing. The
frozen alumina samples were freeze-dried in a Liotop
L101 series freeze dryer until complete solvent sublima-
tion. The as-prepared green bodies were heat-treated in
air using a muffle furnace. Obtained were 50-mm-long
samples with inner and outer diameters measuring about
6.5 mm and 10 mm, respectively.
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Fig. 2: Schematic diagram of freeze-casting steps.

Asmentioned earlier, different sintering routes were used
in this study, as schematically illustrated in Fig. 3 a-d. Prior
to sintering, all samples were preheated to 550 °C at a heat-
ing rate of 2 K/min and maintained for 1 hour (t;) isother-
mal plateau to ensure complete removal of organic matter.
In the conventional sintering routes SR 1 (Fig. 3a) and SR 2
(Fig. 3b), the alumina samples were heated to 1 500 °C and
1600 °C ata heating rate of 2 K/min, respectively, and kept
constant at this temperature for 1 hour (t,). For the SR 3
two-stage sintering route (Fig. 3¢), the green samples were
heated to 1600 °C at a heating rate of 2 K/min, then cooled
down to the temperature of 1500 °C and held at this tem-
perature for 1 hour (t,). For the fast-sintering route SR 4
(Fig. 3d), the specimens were heated up to the maximum
temperature of 1600 °C and then immediately, without
isothermal dwell, cooled down to room temperature. The
cooling rate for all samples was 5 K/min.
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Fig. 3: Schematic illustration of the a) SR 1, b) SR 2, ¢) SR 3 and SR 4 sintering routes.
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(2) Characterization

The porosity of the sintered samples was measured by
means of water immersion (Archimedes’ principle) ac-
cording to the ASTM (American Society for Testing and
Materials) B962-1723 and C20-0024 standards. The
samples were cut and coated with a thin carbon layer for
scanning electron microscopy analysis (Jeol JSM - 6360
LV) in order to investigate their microstructure. An esti-
mate of alumina particles’ average diameter for samples
sintered using different sintering profiles was carried out
using the Image ] software, which is in the public domain.
At least 200 particle dimension measurements were con-
ducted for each scanning electron microscope image, in
order to obtain a statistically robust set of data. The same
protocol was adopted for pore size measurements. The
samples’ linear shrinkage (L) was assessed considering
their diameter dimensions before (L) and after (L) the
heat treatment, according to Equation 1: 0

L—-L
LS=( 1L 0]xlOO (1)

0

The mechanical strength of the samples was evaluated in
three-pointbending tests. The maximum bending strength
(0) was obtained using Equation 2 25:

__ 8FLd,
x(d-d") (2)

where F represents the force at the fracture; d, and d;
refers to the outer and inner diameter of the samples re-
spectively; and L is the distance between the two out-
er rollers (30 mm). The mechanical tests were performed
at room temperature with a constant compression rate of
0.5 mm-min-! using an INSTRON EMIC 2310 (software:
Blue Hill, Universal Testing Machine).

III. Results and Discussion

A typical microstructure of the alumina green body is
shown in Fig. 4. A good dispersion of Al,O3 particles can

Vol. 14, No. 2

be observed in the SEM images, as well as their contacts
provided by the organic binder and the formation of cir-
cular pores as result of the typical geometry resulting from
the solvent (H,O) solidification.

The outer surface of freeze-cast samples sintered us-
ing the SR 1 and SR 3 routes (longitudinal section view,
parallel to the freezing direction) is shown in the SEM
micrographs in Fig. 5a-b. In Fig.5, it is possible to ob-
serve the presence of sintering necks and connections be-
tween alumina particles, which were non-existent in the
green body (Fig. 4), and also reduced porosity. The driv-
ing force for coarsening of polycrystalline materials is the
reduction in the particles” boundary area because of par-
ticle growth. At the particles’ boundary, the surfaces be-
come more “curved” as a result of surface chemical poten-
tial changes in processes such as particle growth, particle
boundary migration, porosity reduction, etc. 18.

The conventional sintering process conducted in the SR 1
route (Fig.5a) led to a structure with connected Al,O3
particles and a network of pores. The use of the two-stage
route SR 3 (Fig. 5b) produced samples with more connect-
ed particles, compared with the SR 1 route. It is possible to
observe a major presence of sintering necks in samples pre-
pared via the SR 3 route. As reported in the literature, dur-
ing the two-state sintering method, excessive energy is giv-
en to the particles in the first heating step (T3 =1 600 °Cin
this study), which is used for diffusion of atoms along the
second stage (T, = 1500 °C), instead of particle boundary
migration 13

The microstructure of the sintered freeze-cast alumina
sample formed via the fast route SR 4 is presented in Fig. 6.
The SR 4 heat treatment produced samples with larger av-
erage pore sizes (Fig. 6), when compared to samples pre-
pared with the conventional SR 1 (Fig. 5a-c) and two-step
SR 3 (Fig. 5d-f) routes. The presence of large circular pores
on the outer surface of the alumina samples, heat-treated
with the SR 4 route (Fig. 6), suggest that non-isothermal

Fig. 4: SEM micrographs of alumina green bodies external surface.
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1 um

Fig.5: SEM micrographs of the external surface of the freeze-cast tubular samples using the conventional SR 1 route with magnification of
a) 1000x, b)5000x and c) 10 000x and the two-step SR 3 heat treatment with magnification of d) 1 000x, e) 5000x and f) 10 000x.

holding at 1 600 °C and subsequent cooling to room tem-
perature defined the particles’ size too quickly, not allow-
ing enough time for them to settle into their equilibrium
structures. Likewise, the heat treatment time was too short
to allow pore shrinkage, leading to a smaller reduction in
the diameter of pore channels of the green structure, even
after the firing process, compared to other samples (lead-
ing to the sample with the smallestreduction of green body
pore diameter after firing for the sintering routes evaluat-
ed in this work). The organization of the pore structure
and well-defined channels shown in Fig. 6 suggests that the
SR 4 heat treatment led to a small reduction in pore struc-
ture created by the solvent solification and lyophilization
process compared to other methods. In addition, the fast

route SR 4 was efficient in the sintering of the material,
good coalescence of particles being observed compared to
the green body (Fig. 4).

An analysis of the variation of the average particle di-
ameter and average pore size of the outer surface of the
green body and sintered samples was performed using Im-
age ] software and the results are shown in Fig.7. The
conventional sintering routes SR 1 and SR 2 exhibited the
smallest average pore size and the largest average parti-
cle diameter among the analyzed samples. The final stage
of conventional sintering of a solid solution is usually ac-
companied by rapid particle growth, as the driving forces
for sintering and particles growth are comparable in or-
der of magnitude, as demonstrated by Coble 26 and Chen
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and Wang 13. This phenomenon was more pronounced for
samples sintered via the SR 2 route, since a higher tem-
perature (1600 °C) was used compared to the SR 1 route
(1500 °C). The use of higher temperatures in the con-
ventional sintering route SR 2 enhanced the diffusion of
aluminum ion and thus the sample densification, leading
to the formation of ceramics with smaller average pore
size 27,

C) 1?rn

Fig. 6: SEM micrographs of the external surface of freeze-cast sam-
ples using the fast SR 4 heat treatment profile with magnification of

d) 1000x, €) 5000x and f) 10 000x.

The similar average pore size presented by the green sam-
ples and the fast route SR 4 could be a result of the non-
isothermal dwell at 1600 °C and the insufficient time to
allow green body densification. The rapid cooling from
1600 °C to room temperature hinders the diffusion of alu-
mina particles, leading to a smaller average particle diam-
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eter when compared to the conventional routes SR 1 and
SR 2.
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Fig. 7: Average pore size and alumina particle size of samples heat
treated using different sintering routes.

Among the sintering routes studied, the two-stage route
SR 3 was the one that resulted in samples with the smallest
particle size, suggesting the occurrence of a “kinetic win-
dow” in the second stage of the heat treatment. The “kinet-
ic window” corresponds to the interval between the tem-
peratures required for sintering and particles growth 28,29,
This phenomenon can be assessed by exploring the differ-
ence between the activation energy for sintering and the
activation energy for particle growth. In the first stage of
sintering (T3 = 1600 °C), the temperature is high enough
to reach the activation energy required for particle bound-
ary mobility, allowing the alumina particles to form a
particle boundary network throughout the bulk. Subse-
quently, the samples are cooled to a lower temperature
(T, =1500°C) where the activation energy is sufficient
for particle boundary movement, resulting in sample den-
sification. Thus, the cooling of the samples from T3 to T,
suppresses particle growth by “freezing” the microstruc-
ture, at the same time, the retention step in T, allows sam-
ple densification. The schematic representation of the dif-
ference between the two-stage route and conventional sin-
tering is exhibited in Fig. 8. The results confirmed the be-
havior described by Chen and Wang 13, when they used
two-stage heat treatment on nanocrystalline Y,03 pow-
ders to prevent particle growth in the final stage of conven-
tional sintering. Suppressing alumina particle growth in
the final stage of sintering by applying a two-stage trajec-
tory was successfully achieved by Bodisova ez al. 12; Bo-
diSova et al. 14; Galusek et al. 15 and Khan ez al. 29.

The sintering routes assessed in this work resulted in
samples whose pore structure is mainly composed of open
pores, as shown in Fig. 9. Fig. 10 illustrates the effect of
the green body shrinkage after sintering. The results indi-
cate that the conventional sintering route SR 1 produced
the sample with highest open porosity and smallest lin-
ear shrinkage. This behavior can be associated with the re-
duced pore mobility during sintering via the SR 1 route. In
conventional sintering, particle growth occurs while the
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Fig. 8: Schematic illustration of the difference between conventional and two-stage sintering.

pores are located at particles boundaries. As the particles
get larger, the distance between the pores and the particle
boundaries increases. Pores get trapped inside the particles
and it becomes more difficult for them to move 17.

An increase in the sintering temperature of convention-
al route from 1500 °C (SR 1) to 1600 °C (SR 2) result-
ed in a decrease of open porosity from 71.6 % to 55.1 %,
which can be associated with the increase in diffusivity of
aluminum ions at high temperatures, which reduces the
pore channels between the particles. The open porosity of
alumina samples heat-treated via the two-stage sintering
route SR 3 is lower than those heat-treated via the conven-
tional route SR 1, although the average pore size (Fig. 3)
and the linear shrinkage of the two samples are similar.
In the two-stage route, when the samples were heated to
1600 °C, particle boundary migration was active and the
pores became trapped. When the temperature was cooled
to 1500 °C, diffusion of atoms was active across particle
boundaries, with no particle movement. The mass move-
ment led to densification by using the two-stage SR 3 sin-
tering route, as already predicted by the sintering profile
proposed by Chen and Wang 13. The samples sintered via
the SR 4 route (fast sintering) showed an increase in open
porosity (Fig. 4), when compared to the samples obtained
with the conventional SR 2 route. The result can be at-
tributed to the time that the samples were kept at 1 600 °C,
which was 0 hours for the SR 4 route and 1 hour for the
SR 2 route, thus indicating that the permanence at the tem-
perature of 1 600 °Cin SR 2 route favored sintering and en-
hanced sample densification.

From the scanning electron microscopy analysis, the
open porosity and linear shrinkage results, the freeze-
dried alumina microstructure is greatly affected by the
sintering route and firing temperature. Therefore, it can
be expected the sintering program would influence its
mechanical properties as well. Fig. 11 shows the flexural
strength of the samples as a function of open porosity af-
ter sintering. The results indicates that alumina samples

heat-treated using the conventional route SR 1 exhibited
the lowest flexural strength compared to the other sam-
ples. This behavior can be associated with the large num-
ber of pores (Fig. 4) present in this sample and also with
its larger average alumina particle size (Fig. 3). Similarly,
the alumina samples sintered via the conventional route
SR 2 exhibited a considerable improvement in mechanical
properties, which can be associated with their significant
reduction in open porosity (Fig.8). An empirical corre-
lation proposed by Ryskewitsch 39, shown in Equation 3,
describes the relationship between the porosity (p) and the
mechanical strength (0) of ceramic materials:

o =0'oexp(—ap) (3)

where 0y is the strength of the ceramic part with 0%
porosity and o a constant, and thus

o xexp(—p) (4)
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Fig. 10: Photo of alumina samples heat-treated using different sin-
tering routes.

According to Equation 4, in ceramic materials with iden-
tical chemical composition, the increase in porosity caus-
es a significant reduction in mechanical strenth. For sam-
ples sintered via the SR3 route, the improvement in flex-
ural strength can be associated with the reduction in open
porosity (Fig. 9) and also with the microstructural refine-
ment caused by the two-stage sintering. The SR 3 heating
led to a microstructure with smaller particles (Fig. 7), im-
proving the mechanical strength of alumina samples. In the
studies by Léh et al. 20 and Khan et al. 29 on the influence
of sintering treatment on the mechanical properties of alu-
mina samples, the results also showed that two-step sin-
tering improved the mechanical properties of the samples
when compared to samples sintered using a conventional
sintering program.
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Fig. 11: Flexural strength versus open porosity of samples heat
treated using different sintering routes.

The similar flexural strength of samples sintered via the
fast route SR 4 and two-stage route SR 3 could be associ-
ated with the reduction of open porosity during the heat-
ing program. In sintering, the activation energy for par-
ticle growth is lower than for densification, since parti-
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cle growth can occur as a result of low activation energy
mechanisms such as surface diffusion, evaporation/con-
densation or particle boundary diffusion, whereas densi-
fication requires particle boundary diffusion. Therefore,
coalescence of the particles can be active even at relative-
ly low temperatures. With faster heating and subsequent
cooling, there is a rapid passage through the low-tempera-
ture particle growth region, thus promoting densification
in the fast route SR 4 31.

The results of this work showed that the microstructure
(average pore size, and average particle diameter) of alu-
mina samples obtained by freeze-casting can be tailored
by altering the sintering route. Depending on the applica-
tion, the control of the pore network of a ceramic materi-
alis crucial for its performance. The structural parameters
and mechanical properties of alumina samples obtained in
this work suggest the potential of application of these sup-
ports in the manufacture of membranes for liquid and gas
separation.

IV. Final Remarks

Samples prepared via the conventional sintering routes
exhibited a larger average alumina particle diameter than
samples obtained with the two-stage route (SR 3) and fast-
sintering route (SR 4). In terms of particle growth inhibi-
tion, the two-step sintering proved to be more efficient
than the other sintering methods studied.

The conventional (SR 1) and two-stage (SR 3) sintering
routes produced samples with similar pore sizes, while fast
sintering (SR 4) resulted in an average pore size about six
times larger than conventional sintering.

The increase in flexural strength of the heat-treated sam-
ples using the SR 2 route is attributed to a larger reduction
of open porosity.
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