
A

M
3
a
i
©

K

1

o
o
s
m
p
c
o
t
a

b
p
o
s
b

w
H
i
b

0
d

Journal of the European Ceramic Society 27 (2007) 41–45

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

2006 Elsevier Ltd. All rights reserved.
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. Introduction

We have already fabricated ceramic foam by expanding a
nce-sintered dense shell utilizing the superplastic deformation
f 3 mol% yttria-stabilized zirconia.1 The conventional solid-
tate processing of porous ceramics includes the partial-sintering
ethod2 and pore-forming inclusion method.3 In liquid phase

rocessing, an air bubble can easily be introduced into the pre-
ursor slurry or gel. Before the solidification process, the organic
r liquid components evaporate, and porous ceramics that simul-
aneously have high porosity and high closed pore ratio are rarely
ttained, similar to solid-state ceramics processing.4

Sintering after foam introduction reduces the porosity
ecause the sintering process inevitably involves the exclusion of
ores. Consequently, the conventional porous ceramics process
r sintering of a foamed precursor either results in insufficient
intering while maintaining porosity or improved inter-grain
onding at the expense of porosity.5

Similar to plastic and metal foams, highly reliable ceramics
ith greater porosity might be fabricated using inorganic melts.
owever, the formation of porous ceramics at above their melt-
ng points (2720 ◦C in the case of zirconia ceramics) has not
een found practicable.
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In our ceramics, the foaming processing is carried out after
intering; consequently, there is no degradation in inter-gain
onding and a high porosity is compatible with high structural
eliability. Furthermore, the powder compaction process is sim-
le and the foaming occurs during heating at the usual sintering
emperatures under ambient pressures.

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

Superplasticity has been reported in several ceramics, which
ypically have fine grains, including covalently bonded silicon
itride6 and super-conductive YBa2Cu3O7−d (YBCO).7 How-
ver, the only report on superplasticity foaming is our report
n 3 mol% yttria-stabilized zirconia (3YSZ).1 Superplastic alu-
ina, a more widely used ceramic, has already been reported

n 3YSZ-dispersed,8–11 MgO-dispersed12–17 or 3YSZ + MgO-
ispersed18–20 systems. In this study, we successfully fabricated
lumina-based ceramic foams after sintering by improving the
uperplasticity using several reported methods.

. Experimental procedure

In order to demonstrate ceramic foaming following the sin-

ering process, macroscopic single foams were fabricated using
method similar to that for 3YSZ.1

Alumina powders (AKP-15 to -53, Sumitomo Chemical,
okyo, Japan) with various added amounts of 3YSZ or mag-

mailto:kishim-a@cc.okayama-u.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2006.03.002


4 ropean Ceramic Society 27 (2007) 41–45

n
m
a
0
w
4
b
r
2
t
c
t

a
r
o
g

a
(
Y
t
e

s
5
J
w
w

f
u
e
w
w
a
o

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
height − pellet thickness)
(mm)

5.3 6.0 3.5

Foam diameter (mm) 14.8 16.4 17.2
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esia (MgO) to enhance their superplasticity were used as the
atrix. Silicon carbide was chosen as a high-temperature foam

gent that decomposes to evaporate at high temperatures. First,
.1 g of silicon carbide powder (Grade-UF, Ibiden, Aichi, Japan)
as pressed into pellet in a Ф 10-mm die under 30 MPa. About
g of alumina-based powder was weighed. Half of the alumina-
ased powder, the compressed silicon carbide powder, and the
emaining half of the alumina-based powder were put in a Ф
0-mm steel die and pressed uniaxially at 30 MPa for 1 min, and
hen hydrostatically at 200 MPa for 1 min. The resultant powder
ompacts were heated to 1600 ◦C at a rate of 800 ◦C/h, kept at
hat temperature for 4 or 8 h, and then cooled.

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

As additives to the alumina matrix powder, 3YSZ (TZ-3Y,
verage grain size: 0.05 �m, Tosoh, Tokyo, Japan) or magnesia
MO-V01P, average grain size: 0.05 �m, Ube Material Industry,
amaguchi, Japan) were tested. For the 3YSZ-dispersed matrix,

he effect of the amount added on the foaming characteristics was
xamined.

In order to evaluate the influence of the grain size of the
tarting powders, four different sized alumina powders (AKP-
3, AKP-30, AKP-20 and AKP-15, Sumitomo Chemical, Tokyo,
apan) were processed in the same manner. Their median sizes
ere 0.2, 0.4, 0.5 and 0.6 �m, respectively, and each powder
as named after its median size, e.g., “0.2-�m powder”.
The external dimensions of the alumina-based ceramic

oams, such as foam height and foam diameter, were measured
sing calipers. The apparent density of the outer shell and of the
ntire ceramic foam was measured using Archimedes’ method

ith water as the medium. The porosity of the ceramic foam
as estimated from the apparent density of the ceramic foam

nd the relative density of the outer shell. The fracture surface
f the outer shell was polished to 9-�m diamond paste, ther-
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Fig. 1. Side view of macroscopic ceramic foams fabricated by foaming after
elative density of the foam
shell (%)

99 96 89

otal porosity (%) 30 36 16

ally etched at 1500 ◦C for 30 min, and subjected to scanning
lectron microscopy (SEM). The sizes of approximately 100
eramic grains were calculated using the code method and their
istribution was evaluated. Crystalline phases that formed on the
nner and outer sides of the shell were identified using an X-ray
iffraction method (XRD) with Cu K� radiation.

. Results and discussion

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

The external sizes and porosities of the foams are summarized
n Table 1. Compared with zirconia-based foams, the alumina-
ased foams are characterized by low transverse shrinkage.
urthermore, the relative density of the outer shell in alumina-
ased foams is lower (<96%) than that of zirconia-based foams
almost 100%). Density degradation was thought to occur during
he superplastic deformation because no abnormal grain growth

as observed in the microstructure and the sinterability of the

tarting powder was favorable. It is widely known that grain
rientation10 and crack generation19 occur in alumina-based
eramics on superplastic deformation. A coarse portion should

sintering of alumina-based matrix with silicon carbide as a foam agent.
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Fig. 3. SEM surface photo of alumina-based mono-foams dispersed with (a)
1
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ig. 2. Foam height of alumina-based mono-foams with various amount of
YSZ, heat-treated at 1600 ◦C for 8 h.

e formed, although no crack generation was observed in our
oams.

The foam size of magnesia-dispersed alumina is very small.
iraga et al.19 reported that the ductility of magnesia-dispersed

lumina is inferior to that of 3YSZ-dispersed alumina. The small
oaming size of magnesia-dispersed alumina is ascribed to its
ow ductility.

This study focused on the alumina/3YSZ system, and we
nvestigated the relationship between foam height and grain size
y changing the amount of 3YSZ or the powder size of alumina,
hile maintaining the other process conditions.
First, foam height was measured for alumina-based foams

ispersed with various amounts of 3YSZ. The results are shown
n Fig. 2(a). Ceramic foams can be fabricated without crack gen-
ration by adding more than 10 mol% 3YSZ. The foam height
ncreased with the amount of 3YSZ. The dispersion of zirco-
ia in alumina is known to suppress grain growth, resulting
n improved superplasticity.8 Fig. 2(b) shows the heating time
ependent total porosity, shell wall thickness and the relative
ensity of the shell of 30 mol% of 3YSZ dispersed alumina
oam. The relative density of the shell exceeded 93% of the-
retical within 4 h heating. On the other hand, total porosity
radually increased from 34% at 4 h heating to 41% at 16 h
eating, suggesting the expansion of closed pore after densifica-
ion. Accompanied by this pore evolution, shell wall thickness
ecreased from 1.8 to 1.1 mm.

In order to confirm the suppression of grain growth on the
ddition of zirconia particles, the fracture surfaces of the foam
alls were observed using SEM. Fig. 3(a)–(c) are SEM pho-

ographs of 10, 20 and 30 mol% zirconia-dispersed alumina
oams, respectively. The dispersed zirconia particles, which
ppear relatively white, are located at the grain boundaries of

he alumina. Note that the size of the zirconia remains constant
rrespective of the amount dispersed. The foam shells appear
ense and we cannot find cracks, which have been reported in
ery deformed alumina-based ceramics.19

t
d
m
g

0 mol%, (b) 20 mol% and (c) 30 mol% of 3YSZ.

No peaks other than for alumina and zirconia are seen on
RD of the outer shell, while the peaks assigned to the silica
hase can be identified on the surface of the residual silicon
arbide. The silica phase probably results from the oxidation of
ilicon mono-oxide gas that forms during the active oxidation
f silicon carbide21 when foaming.

The grain size distribution of alumina was evaluated to con-
rm the grain growth suppression in detail. Fig. 4(a)–(c) plot

he frequency distributions of 10, 20 and 30 mol% zirconia-
ispersed alumina foams, respectively. In all cases, the maxi-

um grain size is less than 4 �m, which means that little grain

rowth occurred, based on the size of the starting powders.
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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-�m powders was 1.68 and 1.73 �m, respectively.
Consequently, the range of grain size is larger in the foams
ig. 4. Grain size distribution of alumina-based mono-foams dispersed with 10,
0 and 30 mol% of 3YSZ.

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

The bond state of the grain boundary is reported to change
n dispersing silica in zirconia-based ceramics.22 Similarly, the
oaming of 30 mol% dispersed alumina was enhanced due to the
uctility improvement that resulted from changing the state of
hemical bonding at the grain boundaries, although larger grains
ould hinder grain boundary sliding.
The effect of grain size on the degree of superplastic foaming

as examined by varying the size of the starting alumina powder
or a constant amount of dispersed 3Y. Fig. 5 shows the relative
ensity of the outer shell and total porosity of the ceramic foams
erived from 0.2-, 0.4- and 0.6-�m alumina powders added to
0 mol% 3YSZ.

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

The heating time dependence of the outer shell density
eveals that a relatively high density (relative density >98%)
as maintained in the foams made from the 0.4-�m powder,
hile in the foams derived from the 0.6-�m powder, the
uter shell density increased with heating time, suggesting
hat the densification proceeded simultaneously with foaming
n low density shell. Wang et al. reported that the ductility
ncreased with decreasing relative density.23 The relatively large
eformation of the foam derived from the 0.6-�m powder on
eating for 4 h was correlated with the low density of the outer

hell.

For the ceramic foam derived from the 0.2-�m powder, the
elative density decreased with heating time. This probably
temmed from the generation of a coarse portion resulting from

F
d

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

nsufficient ductility that was incapable of matching the expan-
ion of the outer shell.

We initially postulated that the degree of foaming would
ncrease with smaller starting powders due to the improved duc-
ility. In fact, the foam height derived from the 0.2-�m powder
as smaller than that from the 0.4-�m powder.
The grain size distributions of alumina-based foams made

rom different-sized alumina powders were examined and the
esults are illustrated in Fig. 6. The modal grain sized increased
ith the size of powder used. In the 0.2-�m-derived foam, how-
ig. 6. Grain size distributions of alumina/3YSZ mono-foams derived from
ifferent size of starting alumina powders, heat-treated at 1600 ◦C for 8 h.



ropea

d
s
0

t
I
d
a
t

4

l
o
p
o
c
g
i

A

J
t
d
r

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

A. Kishimoto et al. / Journal of the Eu

erived from finer powder, i.e., the standard deviation of grain
ize for the foams derived from 0.4- and 0.2-�m powders was
.52 and 0.65 �m, respectively.

It has been reported that heterogeneity in microstructure leads
o stress concentration resulting in insufficient superplasticity.24

n addition to the small average grain size, the narrow grain size
istribution in the foam derived from the 0.4-�m powder was
dvantageous in terms of the superplastic deformation leading
o the largest ceramic foam.

. Summary

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