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bstract

porous alumina body was synthesized from anisotropic alumina particles (platelets). The uniaxial pressure in fabricating the green compact
ody had an influence on the relative density of the alumina body after heating. When green compacts, which had been uniaxially pressed at 1 and
MPa, were heated at 1400 ◦C for 1 h, the relative densities of the resulting alumina bodies were 25.0% and 35.5%, respectively. The compressive

trength of compacts that were uniaxially pressed at 1 and 3 MPa were 0.8 and 4.3 MPa, respectively. In an attempt to increase the compressive
trength of these porous alumina bodies, aluminum nitrate and magnesium nitrate solution treatments were performed, followed by reheating to
400 ◦C for 1 h. When a 0.5 mol/l aluminum nitrate solution was used, the compressive strength of the porous alumina body uniaxially pressed

t 1 MPa changed from 0.8 MPa (without solution treatment) to 1.5 MPa. Furthermore, when 0.1 mol/l magnesium nitrate solution was used, the
ompressive strength of the porous alumina increased to 1.7 MPa. Thus, solution treatment of the porous alumina body had a strong positive effect
n its mechanical strength.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Porous ceramics have many desirable properties such as their
ight weight, high chemical stability, and low thermal conduc-
ivity, so that their application is extending into various fields,
uch as environmental, energy, biotechnology, and others. Sev-
ral methods for the fabrication of porous alumina ceramics
ave been studied for a variety of applications.1–5 Recently,
o enable energy savings, porous alumina ceramics have been
roposed for use as high temperature insulators, for instance,
s a porous clinker in steel refractories. Such refractories are
ble to easily maintain a high temperature in the furnace, which
eads to lowered energy cost of making steel. A castable refrac-
ory requires alumina porous clinkers with approximately 75%

orosity (1.0 × 103 kg/m3), since castable materials are mixed
ith water, and then finish forming inside the steel furnace. In

ddition, the porous clinker requires some mechanical strength.

∗ Corresponding author.
E-mail address: hasimoto.shinobu@nitech.ac.jp (S. Hashimoto).
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n order to obtain a uniform porous structure, high porosity, and
ufficient mechanical strength, uniform anisotropic alumina par-
icles (platelet in shape) should be suitable. Until now, scientific
eports of fabrication methods based on alumina platelets have
een limited.6–8 However, the authors have developed a novel
ynthetic method for alumina platelet particles.9,10 These new
lumina platelet particles were employed for the fabrication of
ovel porous alumina ceramics.

In this study, a porous alumina body composed of anisotropic
lumina particles (platelets) was fabricated using a simple heat-
ng method. Initially, the effect of varying the uniaxial pressure
pplied to the green compact body on the porosity and mechani-
al properties of the resulting porous alumina was studied. Since
t is very difficult to fabricate porous bodies from only alumina
latelet particles, fine alumina particles were added as a sin-
ering additive and corn starch was added as a pore foaming
gent. Furthermore, in order to strengthen the porous alumina,

n aluminum nitrate solution or magnesium nitrate solution
reatment was performed on the resulting porous alumina body.
he strengthening mechanism of the porous alumina will be
iscussed in a later section.

mailto:hasimoto.shinobu@nitech.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2009.09.018
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ity was immersed in an aluminum nitrate solution or magnesium
nitrate solution of various concentrations for 30 min in a vacuum.
Subsequently, the porous alumina body was removed from the
solution and dried. After drying for 24 h at room temperature, the
ig. 1. SEM micrograph of the formed �-alumina platelets using the sodium
ulfate flux method.

. Experimental procedure

The starting �-alumina platelets were prepared using a flux
ethod reported by Hashimoto and Yamaguchi.10 In short,
-alumina was obtained by heating Al2(SO4)3 at 900 ◦C for
h with Na2SO4 flux. The resulting 5–10 �m diameter and
–10 aspect ratio platelets are shown in Fig. 1. The purity
f the �-alumina platelets was over 99.9%. Fine alumina
as used as a sintering additive, with purity and diameter of
9.9% and 0.14 �m, respectively. Since anisotropic particles
platelets) were used, approximately 10 mass% corn starch,
0 �m in diameter, was added as a pore foaming agent. Sub-
equently, the resultant powder mixture consisting of 85 mass%
-alumina platelets, 5 mass% fine alumina, and 10 mass% corn
tarch were uniaxially pressed at 1–3 MPa to a green compact
0 mm × 20 mm × 10 mm in size. A porous alumina body was
ynthesized by heating the compact at 1400 ◦C for 1 h in air. In
rder to strengthen the porous alumina body, it was immersed
n an aluminum nitrate solution of either 0.25 or 0.50 mol/l
or 30 min in vacuum. The aluminum nitrate solution was pre-
ared by first dissolving aluminum isopropoxide (regent grade:
l[OCH(CH3)2]3) in hot water (80 ◦C), and then nitric acid
as added to the solution in order to reach in pH = 2 and pre-

ipitate aluminum hydrate sol. After solution treatment and
rying for 24 h at room temperature, the resultant compact was
eheated at 1400 ◦C for 1 h. As an alternative solution treatment,
magnesium nitrate solution made from magnesium nitrate, 6-
ydrate (regent grade) of 0.10 or 0.25 mol/l was used. Other
rocess details were the same as those used with the aluminum
itrate solution. The crystal phases of the porous alumina were
xamined using X-ray diffraction (XRD), and its microstruc-
ure was observed using scanning electron microscopy (SEM).
he compressive strength of the porous alumina was also exam-

ned. Several samples were used to determine the compressive

trength for each set of preparation conditions. In compres-
ive strength figures, the error bar means the maximum and
inimum value of the relative density and the compressive

trength. Black and white dots inside the error bars mean an aver-
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ge value of the relative density and the compressive strength,
espectively.

. Results and discussion

.1. Normal heating fabrication

Fig. 2 shows the changes in the relative density and com-
ressive strength of the fabricated porous alumina after heating
t 1400 ◦C for 1 h with varying uniaxial pressure during fab-
ication of the green compact. Both the relative density and
ompressive strength of the porous alumina body increased with
ncreasing uniaxial pressure. However, the compressive strength
f this porous alumina body with high porosity seems not to have
n influence on the direction of uniaxial pressing at the range
–3 MPa. That is, the compressive strength with parallel and
erpendicular to the direction of pressing almost showed the
ame value. In this case, the compressive strength with perpen-
icular to the direction of pressing was performed. At 1 MPa
niaxial pressure, the average relative density and the com-
ressive strength of the porous alumina body were 25.0% and
.76 MPa, respectively. In contrast, at 3 MPa, the relative den-
ity and compressive strength increased to 36.0% and 4.2 MPa,
espectively. Thus, the uniaxial pressure had a pronounced effect
n the compressive strength of the porous alumina body. How-
ver, the relative density should be maintained, at approximately
5% (porosity 75%) for use in a steel-making refractory as a
linker. Therefore, the uniaxial pressure was fixed at 1 MPa in
ubsequent experiments.

.2. Solution treatment for further strengthening

In order to strengthen the porous alumina body while main-
aining a high porosity, solution treatment was performed. The
abricated porous alumina body with approximately 75% poros-
ig. 2. Change of the relative density and compressive strength of the fabricated
orous alumina versus uniaxial pressure during fabrication of the green compact,
fter heating at 1400 ◦C for 1 h.
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3.2.2. Magnesium nitrate solution treatment
Fig. 5 shows the change in relative density and compressive

strength of the porous alumina body with varying concentration
of magnesium nitrate solution after reheating to 1400 ◦C for
ig. 3. Schematic drawing of the strengthening mechanism of the porous alu-
ina body during solution treatment.

esultant porous body was reheated to 1400 ◦C for 1 h. During
his reheating process, increased linkage among platelets led to a
igher strength. Thus, the mechanical strength of the porous alu-
ina body increased, while maintaining a high porosity. Fig. 3

hows a schematic drawing of the strengthening mechanism of
he porous alumina body during solution treatment.

.2.1. Aluminum nitrate solution treatment
Fig. 4 shows the changes in relative density and compressive

trength of the porous alumina body with varying concentra-
ion of aluminum nitrate solution after reheating to 1400 ◦C
or 1 h. The relative density of the porous alumina body after
eheating increased slightly to 25.8%. On the other hand, the
ompressive strength increased with increasing concentration
f aluminum nitrate solution. With 0.5 mol/l aluminum nitrate
olution, the compressive strength of the porous alumina body
eached 1.5 MPa. Compared to the porous alumina body with no

luminum nitrate solution treatment, the strength was improved
y 50%, as shown in Fig. 2. Furthermore, according to Fig. 2, for
relative density of the porous alumina body of approximately
6%, the compressive strength would be estimated as 1.0 MPa,

F
a
a

ig. 4. Change of the relative density and compressive strength of the porous
lumina body versus concentration of aluminum nitrate solution, after reheating
t 1400 ◦C for 1 h.

ased on the ideal line (indicating doted line in Fig. 1). Thus, the
luminum nitrate solution treatment increased the strength of the
orous alumina body. When aluminum isopropoxide dissolved
n hot water, and then nitric acid was added to the solution,
n aluminum hydrate sol formed, according to the following
ydrolysis Eq. (1):

l[OCH(CH3)2]3 + 3H2O → Al(OH)3 + 3CH(CH3)2OH

(1)

pon heating, the formed Al(OH)3 gel remaining at points of
ontact between platelets, as shown in Fig. 3, changed to Al2O3
rystal to strongly link the alumina platelets.

In addition, in the case of 0.5 mol/l aluminum nitrate solution
reatment, the relative density increased slightly. Precipitation of
lumina during reheating had an influence on this densification
f the aluminum body.
ig. 5. Change of the relative density and compressive strength of the porous
lumina body versus concentration of magnesium nitrate solution, after reheating
t 1400 ◦C for 1 h.
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ig. 6. Calibration curve based on various molar ratios of spinel and alumina
sing integrated intensity of the strongest refrection from the 303 lattice plane
f spinel.

h. When 0.10 mol/l magnesium nitrate solution was used, the
elative density of the porous alumina body was 26.5%, and
ts compressive strength increased to 1.7 MPa. With 0.25 mol/l

agnesium nitrate solution, the relative density and compressive
trength maintained almost the same values: 26.1% and 1.6 MPa,
espectively. When magnesium nitrate solution was used, a new
rystal phase of magnesium aluminum spinel (MgAl2O4) was
etected in the porous bodies from both 0.10 and 0.25 mol/l
agnesium nitrate solution treatment. The formation reaction

f the spinel was thought to be as follows:

Mg(NO3)2 + 2Al2O3 → 2MgAl2O4 + 4NO2 + O2 (2)

n order to estimate the amount of spinel formed in the porous
lumina body, a calibration curve based on the various molar
atios of spinel and alumina was prepared using the integrated
ntensity of the strongest refrection from the 303 lattice plane of
pinel (see Fig. 6). When 0.10 or 0.25 mol/l of magnesium nitrate
olution was used, the integrated intensity was calculated at the
oint shown in Fig. 6, thus it was concluded that approximately
.2 or 4.4 mol.% of spinel was included in the porous alu-
ina body, respectively. The formation of spinel with 2.2 mol.%

elped increase the compressive strength of the porous alumina
ody. However, further formation of spinel, as observed when
sing 0.25 mol/l magnesium nitric solution, did not improve
he mechanical properties. Generally, the formation of spinel
ID (intrinsic density): 3.58 × 103 kg/m3) between alumina (ID:
.99 × 103 kg/m3) and magnesia (ID: 3.65 × 103 kg/m3) shows
n increase of volume fraction at 8.58%. This increase in volume
raction with the formation of spinel is considered to be caused
y the decrease in compressive strength and relative density. As a
onsequence, treatment with 0.10 mol/l magnesium nitrate solu-
ion led to enhanced mechanical properties while maintaining a
igh porosity.
.3. Microstructure

According to SEM observations, most of the alumina par-
icles retained their platelet shape in the porous alumina body

4

i

ig. 7. SEM micrographs of the connection between platelets after 0.50 mol/l
luminum nitrate solution treatment.

fter reheating to 1400 ◦C for 1 h. At this temperature, the alu-
ina platelet particles seemed to be stable due to their high

urity (99.9%). Fig. 7 shows a typical SEM micrograph of the
onnection between platelets after 0.5 mol/l aluminum nitrate
olution treatment. Newly precipitated alumina was observed
o form a strong link between platelets. This micrograph shows
vidence of the strengthening mechanism of the porous alumina
ody composed of alumina platelets, as shown in Fig. 3. How-
ver, when comparing porous alumina bodies after aluminum
itrate or magnesium nitrate solution treatment, no discernable
ifference in microstructure was observed. Furthermore, newly
eposited MgAl2O4 (spinel) was not observed on the surface of
he platelets. This result is thought to because the amount of the

gAl2O4 was very small. For example, when 0.25 mol/l mag-
esium solution was used, the amount of precipitated MgAl2O4
as estimated to be 4.4 mol% for the whole porous material, as

hown in Fig. 6. Therefore, the surface of the platelets mostly
eems to remain smooth, although MgAl2O4 was formed on its
urface and interior.
. Summary

Anisotropic alumina platelets 5–10 �m in diameter and 5–10
n aspect ratio were synthesized by a sodium sulfate flux method.
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n alumina compact body was formed by uniaxially compress-
ng the alumina platelets at 1 MPa, and then heating at 1400 ◦C
or 1 h. The relative density and the compressive strength of
he formed porous alumina body were 25.0% and 0.76 MPa,
espectively. Subsequently, after the porous alumina body was
mmersed in 0.50 mol/l aluminum isopropoxide solution, dried
or 24 h at room temperature, and then reheated to 1400 ◦C for
h, the relative density and the compressive strength of the
orous alumina were 25.8% and 1.5 MPa, respectively. Simi-
arly, when the porous alumina body was immersed in 0.25 mol/l

agnesium nitrate solution, dried for 24 h at room temperature,
nd reheated to 1400 ◦C for 1 h, the relative density and the
ompressive strength of the formed porous alumina body were
6.5% and 1.7 MPa, respectively. These solution treatments had
strong positive influence on the strength of the porous alumina
ody, while maintaining its porosity.
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