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Abstract

Porous Al,O3 ceramics were prepared using a two-step sintering method. Green bodies were prepared using the slip cast method. The average
pore size and porosity of the obtained samples were, respectively, 73 nm and 42%. The porosities and the average pore size of the samples prepared
using a one-step sintering method decreased concomitantly with increasing sintering temperature. The porosity was mostly constant at
temperatures higher than 1300 °C. The T; and T, temperatures were set, respectively as 1150 °C and 1000 °C for two-step sintering tests.
Under these conditions, the pore size was controllable by sintering time without porosity change. The average pore size of the obtained samples was

61-76 nm without porosity change.

Crown Copyright © 2011 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Porous ceramics are widely used in industrial, catalyst,
and environmental fields. Various methods for their
preparation have been studied [1]. The replica method
includes the impregnation of a porous structure with ceramic
slurries or a precursor solution to prepare porous ceramics
[2-8]. This method is available to prepare porous ceramics
having a simple, complicated, or unique structure. Using a
polymeric sponge as the template, the obtained porous
ceramics have 40-95% porosity and 0.2-3 mm pore or hole
size [2-5], which is probably suitable for high-throughput
filtration. Natural woods can be processed using this method
[6-8]. In the sacrificial template method, organic additives
are mixed with ceramic powders and are burned out during
sintering of the molded green bodies. Synthetic organic
powders [5,9-13] and fibers [12—14] have been used as pore
formers. The foaming method incorporates air into ceramic
slurries or liquid precursor and maintains the structure that is
constructed by the air bubbles [15-19]. The pore size and
porosity depend on the rheological properties of the
precursors. Porous ceramics prepared using these methods
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show excellent microstructures and properties. Consequently,
porous ceramics are used in many end products.

Partial sintering, an extremely straightforward and simple
technique, is another method used to prepare porous ceramics
[20-24]. The powder compacts are heated at less than
optimum sintering temperature for preparation of the dense
body. The pore size and porosity of the porous ceramics
depend on the particle size and porosity of the green body.
They are also controllable using a heating program. The
ceramics sintered at high temperatures generally have low
porosity and small pores because of matrix densification.
Therefore, the sintering program is an important factor to be
considered in preparing porous ceramics. This method also has
an important shortcoming: pore size control of 10 nm order is
difficult.

Two-step sintering is a remarkable sintering program
[25,26]. This technique uses the difference of reaction
velocities between the diffusion of atoms and the grain
boundary migration. The resultant ceramics have high relative
density and low grain growth. Diffusion of the atoms and grain
boundary migration are thought to be independent parameters
during sintering by this program. Therefore, this method is
useful to control the pore size or porosity precisely. In this
study, porous Al,O3 ceramics were prepared using two-step
sintering. The relations between the heating program and the
porosity and pore size were investigated.
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2. Experimental procedure
2.1. Preparation of green bodies

First, 30% (vol) high purity a-Al,0; (TM-DAR; Taimei
Chemicals Co. Ltd., Nagano, Japan) was mixed with 70% (vol)
distilled water and 0.62% (mass) poly(ammonium acrylate)
(PAA) (Ceruna D-305; Chukyo Yushi Co. Ltd., Aichi, Japan) as
a dispersant. Mixing was done using a planetary-type mixer
[27] without stainless steel mesh for 1 min, rotated at 800 rpm,
and revolved at 2000 rpm for 1 min. Then, the mixtures were
treated for 10 min using a mixer with the mesh to disperse the
a-Al,O3 particles in the slurry. After mesh treatment, the
suspensions were re-mixed without mesh for 1 min to remove
bubbles. The respective rotation and revolution rates were 60
and 2000 rpm. The resulting slurries were slip-casted into a
16 mm¢ gypsum mold for 5 min. They were dried at room
temperature for 24 h and were heated at 800 °C for 2 h to burn
out the dispersant. The microstructures of the present samples
were observed using a field emission scanning electron
microscope (FE-SEM, S4500; Hitachi High-Technologies
Corp., Tokyo, Japan).

2.2. Sintering of ceramic bodies

In the case of single-step sintering, the green bodies were
sintered at 1000-1400 °C for 2 h. The heating and cooling rates
were 100 °C/h. The sintering program of the two-step sintering
is presented in Fig. 1. Temperatures of the first sintering step
(T,) and the second sintering step (T,) are presented in Table 1.
Several combinations of temperatures of Ty, T, and keeping
time of T, (t) were used for this study. The heating rate of up to
the T, for all programs was 100 °C/h. The respective cooling
rates from T, to T, and from T, to room temperature were
15 °C/min and 100 °C/h. For program A, the T, was 1000-
1300 °C and the T, was set the 150 °C lower than T,. The t was
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Fig. 1. Heating programs of (a) single and (b) two-step sintering methods.

Table 1
Sintering program for a two-step sintering study.

T, °O) T, (°C) t[h]
A 1000-1300 T, minus 150 12
B 1000-1250 1000 12
C 1150 1000 2-12

12 h. Regarding program B, the effect of the T; for the porous
structure of the samples was evaluated. The values of T, and t
were, respectively, 1000 °C and 12 h. The t dependence was
evaluated using the program C. The values of T and the t were,
respectively, 1000 °C and 2-12 h.

After sintering, the surfaces of all samples were polished
using commercial #400 and #1500 emery. The samples were
washed ultrasonically for 10 min in de-ionized purified water.
Then the densities and porosities of the samples were measured
using Archimedes’ technique with water. The linear shrinkage
was calculated using Eq. (1).

Db_Da
b

x 100 D

In Eq. (1), Dy, and D,, respectively denote the diameters of the
sample before and after sintering. The pore size distribution of
the samples was measured using mercury intrusion porosime-
try (Pascal 140 and Pascal 240; CE Instruments Ltd., Italy).
The weight of the sample used for the measurement was 0.7 g.
Their microstructures were observed using a field emission
scanning electron microscope (FE-SEM, S4500; Hitachi
High-Technologies Corp., Tokyo, Japan).

3. Results and discussion
3.1. Single-step sintering
Fig. 2 shows the pore size distribution and cumulative

volume of the green bodies before sintering. The average pore
size was about 73 nm. It shows a sharp peak at the average
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Fig. 2. Pore size distribution and cumulative volume of the sample before
sintering.
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value. The microstructure of the present sample is also depicted
in Fig. 3. The a-Al,O5 particles were packed randomly. No
large pore or cracking was observed. The porosity measured
using Archimedes’ technique was about 42%. Fig. 4 and Table
2 presents the average pore size and porosity as a function of
sintering temperature. The pores of all samples were mainly
open pores. With heating at less than 1000 °C, the porosities
and the average pore size were mostly constant. With heating at
temperatures greater than 1100 °C, the average pore size
decreased with the increasing of the sintering temperature. The
sample sintered at 1250 °C has 22 nm average pore size. The
pore size distribution of the samples sintered at temperatures
higher than 1300 °C could not be measured because the
samples have low porosity. The porosity change was observed
at a slightly lower temperature. Porosity reached 2% at more
than 1300 °C. It is considered that these changes cause
shrinkage during sintering.

The linear shrinkage rate of the samples was estimated.
Fig. 5 shows the relation between the sintering temperature and
linear shrinkage. The linear shrinkage of the samples was not
changed significantly after heating below 1100 °C. However, it
was increased significantly after heating to 1100 °C or higher
temperatures. This behavior showed agreement with that
described in previous reports [28]. The validity of these results
was confirmed using calculations. The linear shrinkage, 8, was

Fig. 3. FE-SEM micrographs of the samples before sintering.
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Fig. 4. Porosity and average pore size of the samples sintered using the single-
step sintering method.

predicted using the following equation.

ﬁ:—i’l/pl_ V1/p )
v1/p

Therein, p; and p,, respectively denote the relative density of
the green body and the samples heated at various temperatures.
The curve calculated using Eq. (2) is shown as a dotted line in
Fig. 5. This curve fits well with the measured value, which
indicates that no severe defects and orientation of the Al,O5
particles were present in the samples.

3.2. Optimum T, for two-step sintering

Fig. 6 shows the average pore size and porosity of the samples
sintered using the program A. The average pore size and porosity
of the sample sintered at 1100 °C as T were, respectively, 74 nm
and 36%. The pore size of the sample sintered at 1150 °C as T} is
about equal to the value shown above. However, it decreased
concomitantly with increasing T.

When the ceramics are prepared using two-step sintering
method, T, is the temperature at which the grain boundary
migration is active. Actually, T, should be set to a temperature
at which the diffusion of atoms is sufficiently active without
movement of the particles. These temperatures can be inferred

Table 2
Porosity and average pore size of the a-Al,O5 ceramics prepared using single-
step sintering.

Sintering temperature (°C) Porosity (%) Average pore size (nm)

800 42 73
1000 40 71
1050 38 70
1100 34 68
1150 26 64
1200 14 53
1250 5 22
1300 <2 -
1350 <2 -
1400 <2 -
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Fig. 5. Measured shrinkages of the samples sintered using single-step sintering
method and shrinkage calculated using Eq. (2).

from the shrinkage curve of the sample sintered using one-step
sintering. In Fig. 5, the samples shrank gradually at
temperatures lower than 1050 °C and changed dynamically
at 1050 °C and higher temperatures, which indicated that grain
boundary migration was active at 1050 °C and higher
temperatures. Therefore, when T, and T, were higher than
the temperature of 1050 °C, both the pore size and porosity
decreased, as they did in the general two-step sintering method.
To obtain the results described in Section 3.3, T, was set as
1000 °C.

The sample microstructures were also verified. The FE-
SEM micrographs of the samples sintered at 1000 °C as T, are
portrayed in Fig. 7(a). The Al,Oj; particle shape and size did not
change much from those observed before sintering. At 1100 °C
as T,, some particles were round. The particles that mutually
adhered are portrayed in Fig. 7(c). Sintering of the powder
compacts was promoted at 1200 °C as T,; grain growth was
observed (Fig. 7(d)). It is inferred that this microstructural
change well explained the results, as depicted in Fig. 6.
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Fig. 6. Porosity and average pore size of the samples sintered using two-step
program A.

3.3. Optimum T for two-step sintering

The samples prepared using program B are presented in
Fig. 8. The respective porosity and the average pore size of the
samples sintered at 1050 and 1100 °C as T, were about 42%
and 73 nm, which were the same as those of the samples before
sintering. They also decreased concomitantly with increasing
T, at 1150 °C and higher temperatures.

Porosity and the average pore size changes are considered
to cause sintering shrinkage. This behavior resembles that of
samples sintered using program A. However, the behaviors did
not accord completely. Decreases of the pore size and porosity
are regarded as originating in T;. The sintering shrinkage
showed slightly different behavior because the samples were
cooled promptly after having arrived at T,. The micro-
structures of the present samples are presented in Fig. 9. Data
for 1150 °C as T, are displayed in Fig. 7(a). Particle adhesion
was confirmed in both micrographs. However, the particles of
these samples did not grow larger than the particles of the
samples prepared using program A. This microstructural
difference supports discussion of the slight difference between
Figs. 6 and 8.

In the two-step sintering method, excessive energy is given
to the particles at T and is used for the diffusion of atoms at T,
instead of that originally used for the grain boundary migration
at T;. The porosity and pore size of the samples after sintering
at 1050 and 1100 °C as T; corresponded with the green body,
which suggests that both temperatures are not sufficient to
cause the diffusion of atoms. It also indicates that the promotion
of the diffusion of atoms using one-step sintering is difficult. In
contrast, samples sintered at 1150 °C as T; have a somewhat
low value of the porosity. This temperature is expected to be
ample for leading the initial driving force of the diffusion of
atoms. Consequently, T; was selected as 1150 °C for this study.

3.4. Control of the pore size using two-step sintering

The green bodies were sintered at 1150 °C of T; and 1000 °C
of T, for 2—-12 h. The obtained data are presented in Fig. 10. The
average pore size of the sample sintered for 2 h was about
61 nm. It increased concomitantly with increased sintering
time, becoming about 73 nm after sintering for 12 h. However,
the porosity was almost 35%.

In fact, T} of 1150 °C is the temperature at which the grain
boundary migration and the diffusion of atoms with the
movement of the particles are active. The porosity of the
obtained samples decreased slightly from 42% to 35%.
Furthermore, keeping temperatures at 7, does not work for
densification. This process is regarded as similar to the initial
stage of sintering [29]. In this stage, the atomic diffusion is
explained by the evaporation—condensation mechanism, sur-
face and volume diffusion. The following equation shows the
evaporation—condensation mechanism [29].

32 0\ /3
'E _ (3\/7?7/M/ p) r72/3t1/3 (3)
r

\/§R3/2T3/2d2
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Fig. 7. FE-SEM micrograph of the samples sintered using two-step program A: T»: (a) 1000 °C, (b) 1050 °C, (c) 1100 °C, and, (d) 1150 °C.

50 — 120
40 | ] 1S
PR 100 €
<3| : 8
T @
2z 180 o
2 — > | 2
S 20 o
a | 160 &
i (0]
10| z

I 40

1 " 1 " 1 "
1000 1100 1200 1300

T, [°C]

Fig. 8. Porosity and average pore size of the samples sintered using two-step
program B.

Therein, x, 1, v, M, P, R, T, d, and t, respectively represent the
neck size, particle radius, surface tension, molecular weight of
the vapor, vapor pressure, ideal gas constant, absolute temper-
ature, density, and sintering time. The equation shows that the
long sintering time engenders neck growth and the decrease of
the particle size. Furthermore, the distance between particles
does not change because the atoms merely move from the
surface of the neck. Similarly to the evaporation—condensation
mechanism, the surface and volume diffusion do not decrease
the porosity [29].

Based on these three sintering programs, we infer the
following results. When T} and T, were set to temperatures
higher than the temperature at which the grain boundary
migration, the pore size and porosity decreased concomitantly
with increased sintering temperature. When 7, was set lower
than this temperature, the pore size and porosity decreased
concomitantly with increased sintering temperature. If 7} is

Fig. 9. FE-SEM micrograph of the samples sintered using two-step program B: T;: (a) 1200 and (b) 1250 °C.
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Fig. 10. Porosity and average pore size of the samples sintered using two-step
program C.

insufficiently high, then neither the pore size nor porosity
changed. When T and T are set higher and lower than the grain
boundary migration, the pore size is controllable by the
sintering time without porosity change.

4. Conclusions

Porous Al,O; ceramics were prepared using a two-step
sintering method. Porous ceramics having various pore size and
porosity can be prepared precisely using the sintering program
from the simple powder compact. The following results were
obtained:

1. The porosities and the average pore size of the samples
prepared using a one-step sintering method decreased
concomitantly with increasing sintering temperature. The
porosity was mostly constant at temperatures higher than
1300 °C. The porosity and average pore size curve as a
function of the temperature shows typical sintering behavior.

2. For the two-step sintering method, the T, temperature is set
to 1000 °C based on evaluation of the results of the samples
prepared using program A. If the T, is higher than this
temperature, then both porosity and pore size decease during
sintering.

3. The T, temperature is set to 1150 °C from the results of the
samples prepared by program B. When the T, temperature is
lower than this temperature, the pore size and porosity do not
change.

4. When T, and T, are set to 1150 and 1000 °C, which are the
optimum temperatures, the pore size is controllable by the
sintering time without porosity change. The average pore
size of the obtained samples was 61-76 nm.
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