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Abstract

Model ceramic foams were fabricated by expanding once-sintered dense shells utilizing the superplastic deformation of alumina dispersed with
3 mol% yttria-stabilized zirconia (3YSZ) or magnesia. The grain growth of alumina was suppressed by adding 3YSZ and the resultant grain size and
amount of dispersion were closely related to the total porosity. Total porosity of the ceramic foam depended on the grain size and their distributions

irrespective of the size of starting powders.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

We have already fabricated ceramic foam by expanding a
once-sintered dense shell utilizing the superplastic deformation
of 3mol% yttria-stabilized zirconia.! The conventional solid-
state processing of porous ceramics includes the partial-sintering
method? and pore-forming inclusion method.? In liquid phase
processing, an air bubble can easily be introduced into the pre-
cursor slurry or gel. Before the solidification process, the organic
or liquid components evaporate, and porous ceramics that simul-
taneously have high porosity and high closed pore ratio are rarely
attained, similar to solid-state ceramics processing.*

Sintering after foam introduction reduces the porosity
because the sintering process inevitably involves the exclusion of
pores. Consequently, the conventional porous ceramics process
or sintering of a foamed precursor either results in insufficient
sintering while maintaining porosity or improved inter-grain
bonding at the expense of porosity.”

Similar to plastic and metal foams, highly reliable ceramics
with greater porosity might be fabricated using inorganic melts.
However, the formation of porous ceramics at above their melt-
ing points (2720 °C in the case of zirconia ceramics) has not
been found practicable.

* Corresponding author. Tel.: +81 86 251 8069; fax: +81 86 251 8069.
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In our ceramics, the foaming processing is carried out after
sintering; consequently, there is no degradation in inter-gain
bonding and a high porosity is compatible with high structural
reliability. Furthermore, the powder compaction process is sim-
ple and the foaming occurs during heating at the usual sintering
temperatures under ambient pressures.

Compared with conventional porous ceramics fabricated with
insufficient sintering, solid-state foamed ceramics have dense
pore walls resulting in the favorable insulation of heat, gas and
sound, in addition to their superior structural properties.

Superplasticity has been reported in several ceramics, which
typically have fine grains, including covalently bonded silicon
nitride® and super-conductive YBayCuzO7_4 (YBCO).” How-
ever, the only report on superplasticity foaming is our report
on 3 mol% yttria-stabilized zirconia (3YSZ).! Superplastic alu-
mina, a more widely used ceramic, has already been reported
in 3YSZ-dispersed,®!! MgO-dispersed!>"'7 or 3YSZ +MgO-
dispersed'®-20 systems. In this study, we successfully fabricated
alumina-based ceramic foams after sintering by improving the
superplasticity using several reported methods.

2. Experimental procedure

In order to demonstrate ceramic foaming following the sin-
tering process, macroscopic single foams were fabricated using
a method similar to that for 3YSZ.!

Alumina powders (AKP-15 to -53, Sumitomo Chemical,
Tokyo, Japan) with various added amounts of 3YSZ or mag-
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nesia (MgO) to enhance their superplasticity were used as the
matrix. Silicon carbide was chosen as a high-temperature foam
agent that decomposes to evaporate at high temperatures. First,
0.1 g of silicon carbide powder (Grade-UF, Ibiden, Aichi, Japan)
was pressed into pellet in a @ 10-mm die under 30 MPa. About
4 g of alumina-based powder was weighed. Half of the alumina-
based powder, the compressed silicon carbide powder, and the
remaining half of the alumina-based powder were put in a ®
20-mm steel die and pressed uniaxially at 30 MPa for 1 min, and
then hydrostatically at 200 MPa for 1 min. The resultant powder
compacts were heated to 1600 °C at a rate of 800 °C/h, kept at
that temperature for 4 or 8 h, and then cooled.

In order to evaluate the effects of the kind and amount of
additive and the grain size of the starting powders, the other fab-
rication conditions were fixed, including the kind and amount
of foaming agent, and the powder compaction and heating pro-
grams.

As additives to the alumina matrix powder, 3YSZ (TZ-3Y,
average grain size: 0.05 wm, Tosoh, Tokyo, Japan) or magnesia
(MO-VOL1P, average grain size: 0.05 wm, Ube Material Industry,
Yamaguchi, Japan) were tested. For the 3YSZ-dispersed matrix,
the effect of the amount added on the foaming characteristics was
examined.

In order to evaluate the influence of the grain size of the
starting powders, four different sized alumina powders (AKP-
53, AKP-30, AKP-20 and AKP-15, Sumitomo Chemical, Tokyo,
Japan) were processed in the same manner. Their median sizes
were 0.2, 0.4, 0.5 and 0.6 pwm, respectively, and each powder
was named after its median size, e.g., “0.2-pwm powder”.

The external dimensions of the alumina-based ceramic
foams, such as foam height and foam diameter, were measured
using calipers. The apparent density of the outer shell and of the
entire ceramic foam was measured using Archimedes’ method
with water as the medium. The porosity of the ceramic foam
was estimated from the apparent density of the ceramic foam
and the relative density of the outer shell. The fracture surface
of the outer shell was polished to 9-wm diamond paste, ther-

Table 1
The external sizes and porosities of the foams heat treated at 1600 °C for 8 h
Foam matrix 3YSZ Alumina+3YSZ  Alumina+MgO
Foam height (total 53 6.0 35
height — pellet thickness)
(mm)
Foam diameter (mm) 14.8 16.4 17.2
Relative density of the foam 99 96 89
shell (%)
Total porosity (%) 30 36 16

mally etched at 1500 °C for 30 min, and subjected to scanning
electron microscopy (SEM). The sizes of approximately 100
ceramic grains were calculated using the code method and their
distribution was evaluated. Crystalline phases that formed on the
inner and outer sides of the shell were identified using an X-ray
diffraction method (XRD) with Cu Ka radiation.

3. Results and discussion

Fig. 1 shows photographs of ceramic foams made using (a)
3YSZ, (b) alumina+3YSZ (30 mol%) and (c) alumina + MgO
(30mol%) as the matrix. We have already reported the fabri-
cation of ceramic foams following sintering using 3YSZ.! As
indicated in the photographs, alumina-based ceramic foams can
be formed using superplasticity to facilitate by the dispersoids.

The external sizes and porosities of the foams are summarized
in Table 1. Compared with zirconia-based foams, the alumina-
based foams are characterized by low transverse shrinkage.
Furthermore, the relative density of the outer shell in alumina-
based foams is lower (<96%) than that of zirconia-based foams
(almost 100%). Density degradation was thought to occur during
the superplastic deformation because no abnormal grain growth
was observed in the microstructure and the sinterability of the
starting powder was favorable. It is widely known that grain
orientation'? and crack generation'® occur in alumina-based
ceramics on superplastic deformation. A coarse portion should

Fig. 1. Side view of macroscopic ceramic foams fabricated by foaming after sintering of alumina-based matrix with silicon carbide as a foam agent.
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Fig. 2. Foam height of alumina-based mono-foams with various amount of
3YSZ, heat-treated at 1600 °C for 8 h.

be formed, although no crack generation was observed in our
foams.

The foam size of magnesia-dispersed alumina is very small.
Hiraga et al.' reported that the ductility of magnesia-dispersed
alumina is inferior to that of 3YSZ-dispersed alumina. The small
foaming size of magnesia-dispersed alumina is ascribed to its
low ductility.

This study focused on the alumina/3YSZ system, and we
investigated the relationship between foam height and grain size
by changing the amount of 3YSZ or the powder size of alumina,
while maintaining the other process conditions.

First, foam height was measured for alumina-based foams
dispersed with various amounts of 3YSZ. The results are shown
in Fig. 2(a). Ceramic foams can be fabricated without crack gen-
eration by adding more than 10 mol% 3YSZ. The foam height
increased with the amount of 3YSZ. The dispersion of zirco-
nia in alumina is known to suppress grain growth, resulting
in improved superplasticity.® Fig. 2(b) shows the heating time
dependent total porosity, shell wall thickness and the relative
density of the shell of 30 mol% of 3YSZ dispersed alumina
foam. The relative density of the shell exceeded 93% of the-
oretical within 4h heating. On the other hand, total porosity
gradually increased from 34% at 4h heating to 41% at 16h
heating, suggesting the expansion of closed pore after densifica-
tion. Accompanied by this pore evolution, shell wall thickness
decreased from 1.8 to 1.1 mm.

In order to confirm the suppression of grain growth on the
addition of zirconia particles, the fracture surfaces of the foam
walls were observed using SEM. Fig. 3(a)—(c) are SEM pho-
tographs of 10, 20 and 30 mol% zirconia-dispersed alumina
foams, respectively. The dispersed zirconia particles, which
appear relatively white, are located at the grain boundaries of
the alumina. Note that the size of the zirconia remains constant
irrespective of the amount dispersed. The foam shells appear
dense and we cannot find cracks, which have been reported in
very deformed alumina-based ceramics.'
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Fig. 3. SEM surface photo of alumina-based mono-foams dispersed with (a)
10 mol%, (b) 20 mol% and (c) 30 mol% of 3YSZ.

No peaks other than for alumina and zirconia are seen on
XRD of the outer shell, while the peaks assigned to the silica
phase can be identified on the surface of the residual silicon
carbide. The silica phase probably results from the oxidation of
silicon mono-oxide gas that forms during the active oxidation
of silicon carbide?' when foaming.

The grain size distribution of alumina was evaluated to con-
firm the grain growth suppression in detail. Fig. 4(a)—(c) plot
the frequency distributions of 10, 20 and 30 mol% zirconia-
dispersed alumina foams, respectively. In all cases, the maxi-
mum grain size is less than 4 pwm, which means that little grain
growth occurred, based on the size of the starting powders.



44

A. Kishimoto et al. / Journal of the European Ceramic Society 27 (2007) 41-45

50 . . 7 ;
—- 10 mol%, x = 2.02 um,
s=061um
=8 20 mol% % = 1.64 wm,
% 5 =053 um -
» | -EF- 30 mol%, x = 1.69 um,
5 =052 um

Frequency /-

A e

O 0 0 D I I T 20 I

0

T
N

~1.5 ~2.0 ~25 ~3.0 ~3.5 ~4.0

Grain size /pm

Fig. 4. Grain size distribution of alumina-based mono-foams dispersed with 10,
20 and 30 mol% of 3YSZ.

The 30 mol% dispersed sample has a larger average grain
size than the 20 mol% dispersed sample, while the 10 mol% dis-
persed sample has grains larger than either of the other two.
The degree of foaming was maximal in the 30 mol% dispersed
sample, although the grain size was not minimal.

The bond state of the grain boundary is reported to change
on dispersing silica in zirconia-based ceramics.?? Similarly, the
foaming of 30 mol% dispersed alumina was enhanced due to the
ductility improvement that resulted from changing the state of
chemical bonding at the grain boundaries, although larger grains
would hinder grain boundary sliding.

The effect of grain size on the degree of superplastic foaming
was examined by varying the size of the starting alumina powder
for a constant amount of dispersed 3Y. Fig. 5 shows the relative
density of the outer shell and total porosity of the ceramic foams
derived from 0.2-, 0.4- and 0.6-pm alumina powders added to
30mol% 3YSZ.

In all cases, the foams treated for 8 h were higher than those
treated for 4 h, which means that foaming followed sintering.
The foam made from the 0.4-pm powder had the greatest outer
shell density and total porosity.

The heating time dependence of the outer shell density
reveals that a relatively high density (relative density >98%)
was maintained in the foams made from the 0.4-um powder,
while in the foams derived from the 0.6-um powder, the
outer shell density increased with heating time, suggesting
that the densification proceeded simultaneously with foaming
in low density shell. Wang et al. reported that the ductility
increased with decreasing relative density.>3 The relatively large
deformation of the foam derived from the 0.6-pm powder on
heating for 4 h was correlated with the low density of the outer
shell.

For the ceramic foam derived from the 0.2-pwm powder, the
relative density decreased with heating time. This probably
stemmed from the generation of a coarse portion resulting from

100.0

+3h
===~ -dh

95.0 | ‘—l o

Relative density of the shell/%

9/ Aisolod |ejo)

1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6

powder size /ym

Fig. 5. Starting powder dependence of relative shell density and total porosity
of alumina-based mono-foams dispersed with 30 mol% of 3YSZ.

insufficient ductility that was incapable of matching the expan-
sion of the outer shell.

We initially postulated that the degree of foaming would
increase with smaller starting powders due to the improved duc-
tility. In fact, the foam height derived from the 0.2-pum powder
was smaller than that from the 0.4-pwm powder.

The grain size distributions of alumina-based foams made
from different-sized alumina powders were examined and the
results are illustrated in Fig. 6. The modal grain sized increased
with the size of powder used. In the 0.2-pm-derived foam, how-
ever, there were abnormally large grains leading to a broad grain
size distribution. The average grain size for foams derived from
0.4- and 0.2-pm powders was 1.68 and 1.73 wm, respectively.
Consequently, the range of grain size is larger in the foams
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Fig. 6. Grain size distributions of alumina/3YSZ mono-foams derived from
different size of starting alumina powders, heat-treated at 1600 °C for 8 h.
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derived from finer powder, i.e., the standard deviation of grain
size for the foams derived from 0.4- and 0.2-pm powders was
0.52 and 0.65 pm, respectively.

Ithas been reported that heterogeneity in microstructure leads
to stress concentration resulting in insufficient superplasticity.>*
In addition to the small average grain size, the narrow grain size
distribution in the foam derived from the 0.4-pwm powder was
advantageous in terms of the superplastic deformation leading
to the largest ceramic foam.

4. Summary

We successfully fabricated alumina-based ceramic foams fol-
lowing sintering by improving the superplasticity by dispersing
of 3YSZ or magnesia. The grain growth of alumina was sup-
pressed by adding 3YSZ and the resultant grain size and amount
of dispersion were closely related to the total porosity of the
ceramic foam. Porosity of the ceramic foam depended on the
grain size and their distributions irrespective of the size of start-
ing powders.
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