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Fabrication on porous alumina tube by centrifugal
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Abstract

The material design model for porous materials is proposed. Porous alumina tubes are fabricated by using two different�-alumina powders
with narrow size distribution (AES-12 and TM-D) by centrifugal molding technique. The experimental results show TM-D is limited to get
the homogenous structure and AES-12 offers a good flexibility in gradient design, which depends on the slurry character. The bimodal pore
structure of the tubes is constructed from large spherical pores about 10�m formed by PMMA particles and small sub-micrometer pores
which are the results of the lower packing density in centrifugal process and the lower sintering temperature. The ratio of the macro spherical
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ore to sub-micrometer pore varies with the amount of PMMA particles, and hence the bimodal pore structure of porous tubes is
o control the air permeability. The fracture strength of O-ring increases with the decrease in porosity regardless of the pore grad
ubes. The pore-graded tubes show the higher strength than homogenous tubes while keeping the same porosity in the inner wa
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. Introduction

Porous ceramics are used as gas/liquid separators, cata-
yst supports and molecular sieves which can be used at high
emperature and under severe chemical conditions. There are
everal approaches for the fabrication of micro/macro porous
eramics in recent times, which can be mainly divided into
he following four groups.1 (1) Controlling the particle size
f ceramics to maintain constant pores among particles. (2)
educing the forming pressure and/or sintering temperature.

3) Mixing the ceramic powders with a bubble former so
hat large and homogenous pores can be introduced. (4) Mix-
ng ceramic powders with additional organic particles, which
aporize at relatively low temperatures and form small and
omogenous pores. A sol–gel process with the presence of
surfactant has been developed to prepare mesoporous ce-

amics with a well-ordered arrangement of pores.2 Recently

∗ Corresponding author. Tel.: +81 52 735 5276; fax: +81 52 735 5276.
E-mail address:chunhong@zymail.mse.nitech.ac.jp (C.-H. Chen).

porous ceramics have been developed with high-temper
stability, strength, catalytic activity, erosion resistance
corrosion resistance. In spite of these excellent propertie
potential of porous ceramics has not been fully realized
cause of their well-known problems, such as lack of pore
control, lack of continuous processing method, and abs
of a model relating pore structure to mechanical proper

In a Functionally Graded Material (FGM), the compo
tion and structure gradually change over volume, resu
in corresponding changes in the properties of the mat
The most familiar FGM is compositionally graded from a
fractory ceramic to a metal. It can incorporate incompa
functions such as the heat, wear, and oxidation resistan
ceramics and the high toughness, machinability and b
ing capability of metals. In recent years, the FGM con
is introduced for the porous materials, where pores ar
important structural ingredients for FGMs. The design
FGMs is now focused on the optimization of its struct
to yield appropriate residual stress and minimize the the
stresses, which would simulate the in-service and the the
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.08.019
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shock environment of FGM cylinders.3–6 Centrifugal mold-
ing is an economical and convenient method to fabricate a
hollow cylinder. Hollow cylinders with a functional gradient
were also fabricated using the centrifugal molding technique
with the difference in the centrifugal force between powder
mixtures to create a compositional gradient along the radial
direction due to the difference in their densities and particle
sizes.7,8 The gradient of the tubes varying from an homoge-
nous structure to a bilayered structure can be controlled by
adjusting the slurry character.9 In this paper, the fabrication
of porous alumina tubes produced by the centrifugal mold-
ing and some contents and ideas underlying in the design of
porous materials were described. Cylindrical porous ceramic
tubes were fabricated in the presence of an organic pore form-
ing agent. Two kinds of commercial�-alumina were used to
examine the possibility for porous tubes with gradient and
homogeneous structures.

2. Concept of material design

Global understanding of the relations among chemical
composition, crystal structure and properties of materials on
the basis of a suitable classification is a root concept of mate-
rial design. To design new materials, it is required to search
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thermal shock resistance of porous materials is due to the in-
filtration effect of cooling media.12 The property that is most
directly related to the design of a structure of filter is the void
space through which fluid flows. The pore morphology can
be divided into the homogenous structure and FGM, which
is composed of layered and continuous gradient. It is easy
to control the pore gradient of the tube using the laminated
method of the centrifugal molding technique.13 Whenever
two laminate are present, the interface problems such as lam-
ination/stress concentration appeared which depends on the
compositional changes of the matrix materials.14,15 Finally,
the results from the design model should be verified to sat-
isfy the desired properties in considering applications of the
filter.

3. Experimental procedure

3.1. The starting materials

The two different�-alumina powders used in this study
were TM-D (Taimei Chemical Co., Ltd.) and AES-12 (Sum-
itomo Chemical Co., Ltd.) with a BET surface of 11.4 and
6 m2/g, respectively. Both alumina powders have a narrow
particle size distributions with a mean particle size of 0.25
and 0.5�m, respectively. Polymethylmethacrylate (PMMA)
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or the best solution for the in-service environment’s ne
hat are controlled by many parameters. In general, it is
ossible to search all possibilities by experiment.

A material design scheme for porous materials applic
o high temperature environment is shown inFig. 1. Alumina
s used as material for the high temperature environm
ince it has acceptable physical properties, including
hermal conductivity, refractoriness, and chemical dur
ty. Materials for the filter require a particular mean s
orosity to keep the balance between the high strength
ood permeability.10 It is attempted for the outer part to a
s the support, which should be mechanically strong an

ers good permeability and the inner part as the separ
edium due to the pore gradient of the cylinder.11 These ma

erial attributes must be coupled to an appropriate the
esign so that the filter can survive extreme temperature
ients generated during the regeneration process. The

Fig. 1. The concept of material design for porous materials.
owder with an average particle size of 10�m was used a
ore forming agent. PMMA particles are the desirable

orming agent for macropores due to their homogenous
icle sizes and low vaporization temperature.10 For good dis
ersion, Dispersant DarvanC and Seruna D-305 were a

o TM-D and AES-12, respectively, along with distilled wa
s solvent. 0.25 mass% of MgO was added as the sin
id and grain growth inhibitor.

.2. Processing

The alumina powders and PMMA particles were fi
ixed with the dispersant by magnetic stirring for 1 h.
ixed slurry was treated ultrasonically to break down par
gglomerates. Finally, the slurry was deaired in vacuum
5 min and poured in the stainless steel mold of dimen

n the inner diameter of 20 mm and the length of 70 mm
For easy removal of the sample after drying, the in

urface of the mold was pre-coated with vaseline as a l
ant. The cylindrical mold was centrifuged around the ra
xis with a speed of 3000 rpm for 15 min. The residual
id was poured out after centrifugation. The finished g

ubes were dried vertically inside the mold itself by keep
t in the vacuum chamber so that the shape was mainta
he temperature was allowed to rise to 100◦C with a ramp
f 10◦C/h. The tubes shrunk and released easily from
old during drying. The PMMA was dissociated comple
y heating at 500◦C for 1 h with a controlled heating rate
0◦C/h. The green tubes after calcination were sintere
350◦C for 1 h in air atmosphere.
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Fig. 2. Schematic diagram of air permeability measuring equipment.

3.3. Characterization

The density and porosity of sintered tubes was measured
by Archimedes method with distilled water as media. Mi-
crostructures of the sintered specimen were examined by
Scanning Electron Microscope (SEM) on the cross-sectional
surfaces in equal intervals along the radius.

Both ends of the tube were covered with polymer end caps
and one of the ends of tube was connected to the vacuum
desiccator shown asFig. 2. The time for a pressure decrease
from 0.005 to 0.01 MPa was measured. The air permeability
of the tube along the radial direction can be calculated as
follows:16

K = lQ

A�P
(1)

whereK (cm2/s MPa) is the air permeability,l (cm) is the
thickness of the tube,Q (cm3/s) is the rate of air flow,A is
the cross-section, and�P is the pressure decrement.

For mechanical evaluation, the tubes were cut into 5 mm
in length by a diamond cutter and subjected to ring diame-
tral compression testing using a mechanical testing machine
(Instron 5582, Japan) with a crosshead speed of 0.5 mm/min.
The fracture strength of the tubes with a homogenous struc-
ture was determined using the following equation:17
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Fig. 3. Schematic illustration of the diametral compression testing.

given by the following equations:

N = −P

2
cosφ =

∫
A

σθ dA (4)

M = M0 − Pρ

2
(1 − cosφ) =

∫
A

σθy dA (5)

whereA is the area of the cross-section,M0 is a statically
indeterminate moment working on the cross-sectionm–n to
prevent the rotation together with the axial load and can be
calculated referring to the Castigliano’s First Theorem.

The analysis shows that the maximum stress is applied to
the inside of the ring along the load axis and can be regarded
as the fracture strength of the ring based on the maximum
hoop stress.

4. Results and discussion

4.1. Microstructure

The porous tubes prepared are shown inFig. 4, where no
any defects, like delamination or crack are observed after
sintering. The specimens made from AES-12 and TM-D are
denoted as SA and ST, respectively. In the case of ST samples,
the experimental results show the slurry character certainly
v f the
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g kept
a

of
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t and
= 0.9555
P(D − d)

Bd2 (2)

The fracture strength of the tubes with the pore grad
an be estimated based on the curved beam theory.13 The
chematic representation of the O-ring compression te
s shown in theFig. 3 (1/4 O-ring). The stress distributio
f graded ring specimen with a rectangular cross-section
oop stressσθ are expressed as following:

θ = E(x)
ε0ρ + yω

ρ + y
(3)

hereε0 is a strain at a centroid,ρ is the radius of the cent
xis,y is the layer distance from the centerline andω is the
ngular strain,x is the non-dimensional distance along
adial direction andE(x) is the radial gradient of Young
odulus. The axial loadN and the momentM at any radia
lane of angleϕ are balanced with the applied loadPand are
aries with the solid load and dispersant concentration o
lurry as expected. However, the perfect tubes withou
elamination and cracks are not obtained during the cen
al molding except that the dispersant concentration is
t 0.07 wt.% and the solid load is 37 vol.%.

A composed SEM micrograph of the cross-section
pecimens with the presence of 30 vol.% PMMA parti
s shown inFig. 5. Pores appear as black areas. The s
ure is same from the inner wall to outer wall of the tube
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Fig. 4. The porous tube specimen.

spherical pores distribute uniformly in the alumina matrix.
This is due to the narrow particle size distribution in TM-D
and the solid load in the slurry is high.

Fig. 6 shows the microstructures of ST samples with
0%, 10% and 50% PMMA additions by volume. Grain
growth of alumina particles is not observed and contin-
uous but sub-micrometer pores exist among the alumina
grains (Fig. 6A). On the addition of the pore-forming agent
Fig. 5. Continuous SEM photograph for ST with 30 vol.% PMMA.
Fig. 6. SEM photographs for ST samples: (A) without PMMA, (B) with
10 vol.% PMMA, and (C) with 50 vol.% PMMA.
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PMMA, spherical pores with 10�m in diameter could be
clearly observed. The isolated spherical pores are connected
with a sub-micrometer pore (10 vol.% PMMA). The spheri-
cal pores were observed uniformly in the alumina matrix to
form a three-dimensional network and also to serve as open
pore regardless of the sub-micrometer porosity (50 vol.%
PMMA). It is also clear that the size of sub-micrometer
pores varies with the PMMA amount owning to the dif-
ferent packing structure. A similar pattern in the bimodal
pore structure with different amounts of PMMA is revealed
for the SA specimen as well. However, the sub-micrometer
pores in SA samples mainly result from the partial sinter-
ing. It is also found the difficulty in the preparation of the
SA samples with the presence of PMMA amount above
30 vol.%.

All slurries made from the AES-12 powder are prepared
when the minimum in liquid volume is used to keep the spec-
imen SA form.Fig. 7shows the microstructure of the speci-
men with no dispersant and 0.2 wt.% dispersant in the absence
of PMMA particles. No difference in microstructures from
the inner wall to outer wall of the tube is observed though
the dispersant concentration varies. Sub-micrometer pores
existed among alumina grains are almost channelled with
well-known necks. This is due to the sintering mechanisms
without complete densification.

F
w

Fig. 8. Continuous SEM photograph for continuous graded SA samples with
10 vol.% PMMA.

A composed SEM microstructure of 10 vol.% PMMA
graded tubes of SA samples is shown inFig. 8, where the
dispersant concentration is kept at 0.05 wt.%. The distribu-
tion of spherical pores is graded along the radial direction
owning to the difference in centrifugal force on the alumina
and PMMA particles. To observe the distribution of spherical
pore in quantity, the square cross-section is divided into 10
level sections, and the number of pores is counted within each
small areas (100�m× 100�m) in equal intervals of distance
along the radial direction.Fig. 9shows the number of pores
measured decreases from inner wall towards outer wall of
the tube. For the specimen of 20 vol.% PMMA, there is a
continuous decrease along the radius. For the specimen with
30 vol.% PMMA, a minimum in pore density is observed.
This phenomenon is due to difference in the network for-
mation process by particle settling in the slurry, where the
ig. 7. SEM photographs for SA samples: (A) without dispersant and (B)
ith 0.2 wt.% dispersant.

formation mechanism is essentially attributed to collisions
of dispersed particles and hence the difference in their set-
tling velocities under centrifugal field.18,19The experimental
results show the pore density along the radial direction can be
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Fig. 9. Pore distribution for continuous graded SA samples.

changed by selecting dispersant concentration and the solid
load in the slurry.

4.2. Porosity

The porosity of the sample varies with the volume frac-
tion of PMMA as shown inFig. 10, where no dispersant is
used in the slurry. As expected, the porosity increases linearly
with the increase of PMMA amount. The ST sample yields a
porosity of approximately 5% even without PMMA particles,
probably because the sub-micrometer pores exist owning to
the lower packing density in centrifugal process. For the SA
samples, a higher porosity results with the presence of the
same PMMA content. This expected because the lower sin-
tering temperature does not remove the many sub-micrometer
pores in the alumina matrix, as observed inFig. 7.

The relationship between the amount of PMMA and open
porosity is shown inFig. 11, where no dispersant is used in the
slurry of SA. The open porosity of ST increases linearly when
PMMA amount is kept below 35 vol.%, and is jumped sud-
denly up to 90 vol.% with addition of more PMMA because
the spherical pores are connected with the sub-micrometer
pores. Since almost all pores appear as open pores in SA
samples, the porosity is constant at about 95%.Fig. 12shows
the effect of dispersant concentration on the porosity of the
S isper-
s with
3 ith
t gests

F d ST
s

Fig. 11. Relationship between PMMA amount and open porosity for SA
and ST samples.

Fig. 12. The effect of dispersant concentration on the porosity for ST
samples.

that the slurry is unstable and hence a bilayered structure is
formed, the PMMA layer lying in the inner wall vaporizes
after sintering. It is also visible that the porosity is lower than
without PMMA particles. This is probably because the good
fluidity of the slurry densifies the alumina matrix better.

The influence of the solid load on the porosity of SA sam-
ples is shown inFig. 13by keeping the volume fraction of
PMMA at 10 vol.%. As is obvious from the figure, the poros-
ity increases with increasing solid load, and varies with the
dispersant concentration at constant solid load. Possibly, an
increase in dispersant concentration and a decrease in the
solid load lower the viscosity and raise the fluidity of the
slurry. These results show that the slurry character is the es-
sential factor and that within a wide range it is possible to
control the porosity of the tube with the use of AES-12.
A samples. The porosity decreases with increase in d
ant concentration. However, when PMMA is added
0 vol.%, the lowest porosity (about 17%) is shown w

he addition of 1 wt.% dispersant. The discrepancy sug

ig. 10. Relationship between PMMA amount and porosity for SA an
amples.
 Fig. 13. The effect of solid load on the porosity for ST samples.
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Fig. 14. Relationship between open porosity and air permeability for SA
and ST samples.

4.3. Air permeability

The effect of open porosity on the air permeability of ST
and SA samples is shown inFig. 14, where�, �, ♦ indicate
the air permeability of laminated samples (2 layers, 3 layers,
4 layers) of SA11 and© land� indicate the homogeneous
and continuous graded types, respectively. The experimental
results show that the air permeability is independent of the
pore distribution along the radial direction of the tubes if the
open porosity is kept same as in the SA sample. There is a
continuous gradual increase of the air permeability with in-
creasing open porosity in the SA samples, but this is not true
for the ST samples. The reason for the sharp increase of air
permeability in ST samples (with an open porosity≈30%)
is due to the difference in the principle route for air trans-
port from the sub-micrometer pore network to the spherical
pore network, which can be clearly seen in the micrograph.
The spherical pores are almost with well-grown necks and
are lower in friction of fluid flow than those with irregu-
lar sub-micrometer pores. Therefore, porous materials with
more spherical pores have higher air permeability than those
with sub-micrometer pores. This is why the air permeabil-
ity of ST samples is higher than that of SA samples. It is
expected that the presence of the sharp increase of air per-
meability after solving the problem on the preparation of SA
samples with more addition of PMMA particles. The results
s eter
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t
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Fig. 15. Relationship between open porosity and fracture strength for SA
and ST samples.

higher strength than that with homogeneous structure at the
same porosity of the inner wall. This is because there are
fewer pores on the outer wall by the pore gradient. A consid-
erable dispersion of fracture strength is visible in the region
of low porosity for the ST samples. The reasons could be that
fracture origin is randomly changed from the sub-micrometer
pores to the spherical pores.

5. Conclusions

A design model for porous materials is proposed. Porous
alumina tubes are fabricated using two different alumina pow-
ders with narrow size distribution (AES-12 and TM-D) by
centrifugal molding. The experimental results show that the
TM-D powder is limited to obtain the homogeneous struc-
tures and the AES-12 powder offers a good flexibility in
gradient design, dependent on the slurry character. The bi-
modal pore structure exists in the porous tubes, where sub-
micrometer pores are introduced by the lower packing density
in the centrifugal process and by the lower sintering tem-
perature (only AES-12), while spherical pores about 10�m
are formed with the evaporation of PMMA particles. The air
permeability increases with the increase of the porosity, and
can be controlled by the bimodal pore distribution. The frac-
ture strength of O-rings increases with decreasing porosity
r sam-
p than
t f the
i

R

s,

H.,
.
opti-

tions
of
how the ratio of the macro spherical pore to sub-microm
ore varies with the amount of PMMA particles, and he

he bimodal pore structures of porous tubes are very u
o control the air permeability.

.4. Fracture strength

The effect of porosity of the inner wall on the fractu
trength (the average value) is shown inFig. 15. The fracture
trength increases with decreasing porosity in the ST an
amples regardless of the pore distribution. The streng
he SA samples is little lower than that of ST samples w
he porosity is greater than about 25%. This may be bec
f the loose packing in alumina matrix in SA samples with
omplete densification. The relationship between mecha
trength and the microstructure of the tube should be stu
urther. The SA sample with continuous pore gradient sh
egardless of the pore distribution of the tubes. The SA
les with continuous pore gradient show higher strength

hose with homogenous structure at the same porosity o
nner wall.
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