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bstract

orous alumina ceramics having unidirectionally aligned cylindrical pores were prepared by extrusion method and compared with porous ceramics
aving randomly distributed pores prepared by conventional method, and their gas permeability and mechanical properties were investigated. SEM
icrographs of the porous alumina ceramics prepared by the extrusion method using nylon fibers as the pore former showed excellent orientation

f cylindrical pores. The bending strength and Weibull modulus of the extruded porous alumina ceramics with 39% porosity were 156 MPa and 17,

espectively. These mechanical properties of extruded samples were higher than those of the conventional porous alumina ceramics. The strength
ecreased from 156 to 106 MPa with increasing pore size from 8.5 to 38 �m. The gas permeability of the extrusion samples is higher than that of
he conventional samples and increased with increasing of porosity and pore size.

2006 Published by Elsevier Ltd.
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. Introduction

Porous ceramics are used as filters, catalyst carriers or as insu-
ators at high temperatures. Recently, applications for separation
lters have become important to reduce environmental pollution

n various fields. One of the most important properties of porous
eramics for filters is permeability because this property directly
orrelates with the pressure drop during filtration. Higher perme-
bility is thought to be obtained by controlling the microstruc-
ure, this is difficult in conventional porous ceramics because
hey have randomly distributed pores.1–4 Such conventional
orous ceramics require higher porosity to reach the demanded
ermeability,1,5,6 and this causes lowering of the mechanical
roperties.2–4,6–12 Thus, preparing porous ceramics which sat-

sfy both high permeability and high mechanical strength is
ifficult by conventional porous ceramic processing. Because
hese properties are strongly influenced by the microstructure,
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ontrolling the microstructure of porous ceramics is essential. A
romising way to satisfy both properties is thought to be realized
y aligning cylindrical open pores with uniform size parallel to
he flow direction. From these viewpoints, we have developed
orous alumina ceramics with unidirectionally aligned cylin-
rical pores by an extrusion method using combustible fibers
s a pore former.13–15 The paste for the extrusion was pre-
ared by mixing alumina powder and combustible fibers with
inder and dispersant. The resulting paste was extruded and the
bers in the paste were oriented during the extrusion process,
nd the desired porous ceramics were obtained after the firing.
or porous alumina ceramics using carbon fibers and nylon 66
bers as the pore formers, the porosity and pore size could be
hanged strongly by modifying the fiber content and diameter,
espectively.14 The highly aligned cylindrical pores were also
onfirmed by SEM observation. The degree of pore orientation
ecreased with increasing fiber content. The pore size distribu-

ion measured by mercury porosimetry showed a peak at 16 �m
orresponding to the diameter of the cylindrical pore and also at
�m corresponding to the pores formed by connecting fibers.
oreover, it was determined that optimization of the rheologi-

mailto:kokada@ceram.titech.ac.jp
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5 pean Ceramic Society 27 (2007) 53–59

c
f
h
s
p
p

a
a
a

2

2

d
6
a
w
w
T
w
c
J
C
s
J
v
d
5
t
t
i
g
t

w
p
m
n
s
t
5
i
a

2

t
t
(
t
w
(
p

a
s
u

�

w
p
o
n
e
c
i
u
s
dynamic viscosity η of nitrogen gas as used for the calculation
is 1.75 × 10−5 Pa s.16
4 T. Isobe et al. / Journal of the Euro

al properties of the paste was one of the most important factors
or high fiber orientation and the microstructure with the more
ighly oriented cylindrical pores was obtained when the paste
howed optimum rheological properties.15 In this manner, the
orous alumina ceramics with an excellent microstructure were
repared by an extrusion method using combustible fibers.

In this study, porous alumina ceramics with unidirectionally
ligned cylindrical pores were prepared by an extrusion method
nd the effects of porosity and pore size on their permeability
nd mechanical properties were investigated.

. Experimental procedure

.1. Preparation of porous ceramics

Porous alumina ceramics with unidirectionally aligned cylin-
rical pores were prepared by an extrusion method using nylon
6 fibers as described in previous reports.14,15 High purity
lumina (AHP-200, Nippon Light Metal, Japan) was mixed
ith 0–30 vol.% nylon 66 fibers (Chubu Pile Industries, Japan)
ith average diameters of 9.5–43 �m and length of 800 �m.
he mixture was kneaded for 1 h with 30 mass% distilled
ater, 4 mass% methylcellulose (SM-4000, Shin-Etsu Chemi-

al, Japan), 8 mass% oleic acid (Wako Pure Chemical Industries,
apan) and 0.8 mass% ammonium poly-carboxylic acid (D-305,
hukyo Yushi, Japan). The paste obtained was molded using a

ingle screw vacuum extruder (FM-20E, Miyazaki Iron Works,
apan). The paste obtained was molded using a single screw
acuum extruder (FM-20E, Miyazaki Iron Works, Japan). The
imensions of the extruder barrel and inner aperture were 20 and
mm Ø, respectively. The distance of convergence region and

he die after convergence region were 15 and 25 mm, respec-
ively. The breaker plate with 14 holes 4 mm Ø in diameter is
nstalled in front the of convergence region.14,15 The extruded
reen bodies were dried at room temperature for 24 h and sin-
ered at 1500 ◦C for 2 h in air.

To compare, porous ceramics with random pore distribution
ere prepared by a conventional partial sintering method. High
urity alumina powder was mixed with 0–50 vol.% poly methyl
ethacrylate (PMMA) (MX-1000, Soken Chemical & Engi-

eering, Japan) spherical particle 10 �m in diameter in ethanol
olvent for 30 min and the mixture was dried for 24 h at room
emperature. The obtained powders were uniaxially pressed at
0 MPa for 10 min to prepare disks (20 mm Ø in diameter, 8 mm
n thickness). The samples were then calcined at 600 ◦C for 1 h
nd sintered at 1500 ◦C for 2 h in air.

.2. Characterization

The density and porosity of the samples were measured by
he Archimedes technique using water. The microstructure of
he samples was observed by scanning electron microscope
JSM-5310, JEOL, Japan). The 3-point bending strengths of

he sintered samples (2 mm × 2 mm × 10 mm) were measured
ith a span length of 8 mm and crosshead speed of 0.5 mm/min

AGS-5kND, Shimadzu, Japan). The longest span of the sam-
les goes to extruded direction. The average bending strength

F
p

Fig. 1. Schematic model of equipment for gas permeametry.

nd Weibull modulus were obtained from measurements of 10
amples. The permeability of the porous ceramics was evaluated
sing Eq. (1):

P = ηL

μA
Q (1)

here �P is the pressure drop from entrance to exit of the sam-
le, μ is the Darcy’s permeability, η is the dynamic viscosity
f the fluid, A and L are the cross-sectional area and the thick-
ess of the sample, Q is the flow rate. The gas permeametry
quipment used in this study is shown in Fig. 1. The samples
ut into 0.5–3 mm in thickness (5 mm Ø in diameter) were fixed
n the center of an epoxy resin mold. �P and Q were measured
sing this equipment. The permeability is calculated from the
lope of the line plotted for �P versus Q using Eq. (1). The
ig. 2. Relationship between pore former content and porosity of the samples
repared by extrusion and conventional methods.
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. Results and discussion

.1. Porosity and microstructure

Fig. 2 shows the relationship between the content of pore
ormer and the porosity of the porous alumina ceramics. The
orosities of the samples prepared without using pore formers
y extrusion method and conventional method were 4 and <2%,
espectively. The porosity of the samples prepared by both meth-
ds increased proportionally with increasing content of pore
ormer. However, the increases are lower for the conventional
ample than for the extruded sample, loss decrement of the voids
ntroduced by the pore former during sintering in the second
ase. It is considered that nevertheless the added pore formers
re mostly converted to pores after the sintering but that the
xtruded samples also show a residue of some small pores in the
atrix.
Figs. 3 and 4 show SEM micrographs of the cross-section

erpendicular and parallel to the extruded direction of the
orous alumina ceramics prepared by the extrusion method.
hese micrographs show that cylindrical pores introduced by

he pore former are highly oriented to the extruded direc-

ion. The pore shapes are shown to preserve the original fiber
hape. The average pore diameters calculated by the intercept
ethod were 8.5–38 �m and shrank about 10% from the original

izes (9.5–43 �m) during sintering. The shrinkage isotropically

σ

w
c

ig. 3. SEM micrographs of cross-sections perpendicular to the extrusion of porou
0 vol.% and fiber diameters are (a) 9.5, (b) 19, (c) 27 and (d) 43 �m.
Ceramic Society 27 (2007) 53–59 55

ccurred even in the extruded samples. Fig. 5 shows SEM micro-
raphs of the cross-section of the porous alumina ceramics
repared by the conventional method. The microstructure shows
andomly dispersed spherical pores and the average pore size
as 8.5 �m (the size of original pore former = 10 �m). Thus,
orous alumina ceramics having the same pore size but differ-
nt pore shapes are obtained and these ceramics were used for
nvestigating the effect of pore shape on various properties.

.2. Three-point bending strength

Fig. 6 shows the relationship between porosity and 3-point
ending strength of the resulting porous alumina ceramics. The
ending strengths of the dense alumina ceramics prepared by the
xtrusion and conventional methods were 307 (Weibull modulus
f 14.0) and 356 MPa (that of 8.4), respectively. The bending
trengths of the respective porous ceramics decreased to 156
Weibull modulus of 17.4) and 69 MPa (that of 5.3) at 39 and
3% porosity, respectively. Many attempts have been reported
o represent the relationship between porosity (P) and fracture
trength (σ). The following general equation was proposed by
nudsen8:
= σ0 exp(−bP) (2)

here σ0 and b are the fracture strength at P = 0 and an empiri-
al constant obtained from a slope of semi log plot, respectively.

s alumina ceramics prepared by extrusion method. The fiber contents are all
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the more ordered microstructure having unidirectionally aligned
cylindrical pores. Porous ceramics having higher reliability are
obtained by the extrusion method and it is attributed to the homo-
geneous microstructure.
ig. 4. SEM micrographs of cross-sections of porous alumina ceramics prepar
ber content is 30 vol.%. Fiber diameters are (a) 9.5, (b) 19, (c) 27 and (d) 43 �

heir calculated values are listed in Table 1. The solid and bro-
en lines in Fig. 6 are calculated from these values. The σ0
alue of the conventional sample is slightly higher than that of
he extrusion sample. The b value (2.1) of the extruded sample
s higher than that of the conventional sample (4.0). Thus, low-
ring of the strength with increasing porosity is much milder

n the extruded sample than in the conventional sample and the
trengths of the extruded samples become higher than the con-
entional samples at >7.5% porosity. It is considered that the
igher bending strength of the extruded sample is attributed to

ig. 5. SEM micrograph of cross-sections of porous alumina ceramics prepared
y conventional method.

F
c

extrusion method parallel to the extrusion. The fiber content is 30 vol.%. The
ig. 6. Relationships between porosity and 3-point bending strength of porous
eramics prepared by extrusion and conventional methods.
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Table 1
Comparison of σ0 and b values of the porous ceramics prepared by various
methods

Material σ0 b

Extrusion Alumina 330 2.1
Conventional Alumina 380 4.0
Spriggs and Vasilos9 Alumina 73–574 6–8.3
Trostel10 Alumina 5.1
T
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rostel10 Zirconia 6.4

The b values of the present samples are compared with those
repared by partial sintering method listed in Table 1.9,10 The
eported b values ranged from 5.1 to 8.3, being slightly higher
han those for the present conventional sample. The lowing of
trength with increasing porosity relates not only to porosity but
lso to pore shape. The strength depends on the stress concen-
ration in the vicinity of the pores (stress concentration region
σA)) and is given by the following equation11:

A = σ

(
1 + 2db

da

)
= Ksσ (3)

here da and db are the height and width of the crack.
enerally, da ≤ db, in particular, da = db for a spherical pore.
he stress concentration factor (Ks) for a spherical pore

s 3, which is the minimum value. Because the Ks value
ncreases with increasing da/db values, the strength of the
resent conventional sample is higher than those of the reported
ata.
Fig. 7 shows changes of 3-point bending strength and fracture
oughness of the extrusion samples as a function of pore size.

ith increasing pore size, the strength decreased slightly while
he fracture toughness increased linearly. A relationship between

ig. 7. Effects of pore size on 3-point bending strength of porous alumina ceram-
cs having porosity of 39% prepared by extrusion method.
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ig. 8. Relationships between porosity and permeability of porous ceramics
repared by extrusion and conventional methods.

ore size (d) and 3-point bending strength (σf) is expressed by
he following equation3:

f ∝ 1√
d

(5)

he strengths calculated from the Eq. (5) are shown using a
otted line in Fig. 8. The obtained strengths show good agree-
ent with the calculated strengths. Thus, the strength drop in

his sample is mainly attributed to the pore size effect.

.3. Gas permeability

Changes of gas permeability of the porous ceramics pre-
ared by extrusion and conventional methods are shown in
ig. 8 as a function of porosity. For the conventional sam-
les, permeation was not observed with a porosity of 26%,
nd permeation was observed with porosity of >34%, being
n good agreement with the calculated porosity of >31% from
he percolation model.17 On the other hand, the extrusion
amples showed permeation even with a porosity of 18%, a
uch lower porosity than the conventional samples. The per-
eability of the extrusion samples was measured with chang-

ng sample thickness from 0.5 to 3 mm but their values were
lmost constant irrespective to the sample thickness. The per-
eability of the extruded samples having 39% porosity was

.1 × 10−14 m2, remarkably higher than that of the conventional
ample (1.0 × 10−16 m2 at 43% porosity). Maximum permeabil-
ty is obtained in an ideal model (capillary permeability model),
aving uniform capillary tubes aligning parallel to the gas flow
irection. This permeability (μ) is calculated by the following
quation1:

2

= d

32
P (6)

here d and P are the pore size and porosity. As shown in Fig. 9,
he observed permeability values of the extrusion samples are
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ig. 9. Relationship between pore size and permeability of porous alumina
eramics prepared by extrusion and conventional methods.

ower than the calculated ideal values. The difference becomes
maller with higher porosity of the samples. Thus, the extruded
amples are seen to show excellent permeability according to
he well controlled microstructure.

Fig. 9 shows relationships between pore size and permeabil-
ty of the extrusion and conventional samples. The permeability
alculated from the Eq. (6) is also shown in Fig. 9 by a dotted
ine. The permeability of the extruded samples increased slightly
ith increasing pore size. The observed permeability values are
ne to two orders lower than the calculated ideal values. This
ifference may be attributed to imperfections in the microstruc-
ure of the present samples. Pores in the extrusion samples are
ot completely straight and bent at the points connected by the
ontacts of original fibers. In such a case, fluid flow is thought
o suffer some resistance and lowering of permeability occurs
t those points. The size of the pore connection (dc) is calcu-
ated from a model schematically depicted in Fig. 10 using the
ollowing equation:

c = 2{((rf + rp)2 − (rf)
2)

1/2 − rp} (7)
here rf and rp are the radii of nylon fiber and alumina powder,
espectively. The relationship between pore connection size dc
nd fiber size is listed in Table 2. The calculated pore connection
ize is in fair agreement with the pore size measured by mercury

able 2
alculated pore connection size and permeability of 39% porosity sample

iber size (�m) dc
a (�m) Permeability (m2)

Observed Calculated

9.5 2.4 4.1 × 10−14 6.9 × 10−14

9 3.5 9.7 × 10−14 1.5 × 10−13

7 4.3 2.0 × 10−13 2.2 × 10−13

3 5.5 3.9 × 10−13 3.7 × 10−13

a Pores formed by fiber connection.
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ig. 10. Schematic model for formation of pore size (dc) by fiber connection.

orosimetry.14 The permeability values calculated from Eq. (6)
sing these calculated pore sizes are also shown in Table 2. The
alculated permeability values are in good agreement with the
bserved permeability values. It is, therefore, considered that
he permeability of the extruded samples strongly depends on
he pore connection size, corresponding to the minimum pore
ize in the samples.

. Conclusions

Porous alumina ceramics with microstructures having unidi-
ectionally aligned cylindrical pores and randomly distributed
ores were prepared by extrusion and conventional methods,
nd their mechanical and gas permeability properties were
nvestigated. SEM micrographs of the porous alumina ceramics
repared by the extrusion method showed excellent orientation
f pores. The oriented pores were formed by burning of fiber
dded as pore formers only slightly shrinking after the sintering.
he fracture strength of the dense alumina ceramics without
sing fibers prepared by the extrusion method was lower than
he conventional samples (pressing method) due to the different
orming processes of extrusion and conventional methods. The
trength of the porous extrusion samples was 156 MPa (Weibull
odulus of 17.4) at 39% porosity and higher than the conven-

ional ceramics due to the ordered porous microstructures. The
trength of the extruded samples decreased only slightly even
ith increasing pore size. The permeability of the extrusion

amples having a pore size of 8.5 �m is 4.1 × 10−14 m2,
nd is much higher than the conventional samples. The
bserved permeability of the extrusion samples was in better

greement with the permeability calculated from an ideal
odel (capillary permeability model). The porous alumina

eramics having both high strength and high permeability are
chieved by controlling of the microstructure using extrusion
ethod.
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