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bstract

ilicon carbide (SiC) with ultra high porosity and unidirectionally oriented micrometer-sized cylindrical pores was prepared using a novel
elation–freezing (GF) method. Gelatin, water and silicon carbide powder were mixed and cooled at 7 ◦C. The obtained gels were frozen from
10 to −70 ◦C, dried using a vacuum freeze drier, degreased at 600 ◦C and then sintered at 1800 ◦C for 2 h. The gels could be easily formed into

arious shapes, such as cylinders, large pipes and honeycombs using molds. Scanning electron microscopy (SEM) observations of the sintered
odies showed a microstructure composed of ordered micrometer-sized cylindrical cells with unidirectional orientation. The cell size ranging from
4 to 147 �m could be modulated by changing the freezing temperatures. The numbers of cells for the samples frozen at −10 and −70 ◦C were
7 and 900 cells/mm2, respectively, as determined from cross-sections of the sintered bodies. The resulting porous SiC with a total porosity of

6%, exhibited air permeability from 2.3 × 10−11 to 1.0 × 10−10 m2, which was the same as the calculated ideal permeability, and high compressive
trength of 16.6 MPa. The porosity, number of cells, air permeability and strength of the present porous SiC were significantly higher than that
eported for other porous SiC ceramics.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Porous ceramics hold a significant position in industry for
variety of applications related with environmental protection

nd energy production. Those include filters and catalyst sup-
orts for environmental purification systems, thermal insulators
or energy saving and solid oxide fuel cell (SOFC) supports for
nergy production. In these applications, shape forming is one
f the most important factors. Advanced shaping technologies
an facilitate porous ceramic components with complicated or
arge shapes, such as near-net shapes formed by gel casting or
xtrusion, and machined by cutting and polishing. In addition,
orosity is another key factor, especially, where interconnected
ores are required to provide high flux with low pressure drop
n filter and catalyst supports. Thus, ultra highly porous compo-
ents (porosity above 80%) with good permeability and desired

hapes are essentially important in these industrial applications.

Among ceramic materials, silicon carbide (SiC) has attracted
uch attention due to its excellent thermal stability, mechani-
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al properties and thermal shock resistance as well as corrosion
esistance, which is due to its strong covalent bonding and low
elf-diffusion coefficient. Thus, SiC is a potential candidate
aterial as filter and catalyst support for elevated temperature

pplications.
Over the past 5 years we have focused on the

elation–freezing (GF) method, which has advantages of high
orosity (>70%), pore orientation control and near-net shape
orming.1–3 In the GF method, raw powder is firstly dispersed
nto water with a gelation agent. After gelation, the wet gel is
mmersed into cold ethanol, and ice crystals are formed, which
esults in the subsequent formation of pores. A vacuum freeze
rier is used to dry the frozen gel, so that ice is sublimated with-
ut shrinkage of the green body. The green body is then sintered
o obtain a porous ceramic. This process is available for near-
et shaping, similar to the conventional gel casting method,4

nd is an environmentally friendly method because the pores
re formed from ice crystals. In addition, the porosity is easily
ontrolled by varying the solid load in the slurry.3
The preparation of porous ceramics by freeze casting route
as recently been reported by many researchers. For exam-
les, Deville et al.5 synthesized porous alumina by controlling
he freezing of ceramic slurries, and formed multilayered

dx.doi.org/10.1016/j.jeurceramsoc.2010.03.018
mailto:manabu-fukushima@aist.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2010.03.018
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icrostructures with homogeneous and well-defined architec-
ure. Koh et al.6,7 reported the fabrication of porous alumina
66–90%) with interconnected pore channels by the freezing of
lumina/camphene slurries.

These previous studies indicate that the freezing conditions
uch as freezing temperatures and the additive to adjust the ice
rystal formation have a significant effect on the properties and
icrostructure of the resulting porous ceramics. However, for

he GF method, the relationship between the freezing conditions
nd the properties has not been systematically investigated. In
his work, ultra highly porous SiC with various shapes was pre-
ared by the GF method, where gelatin was used as a gelation
gent. The use of gelatin in the GF process substantially facil-
tates near-net shape forming of gel casting and significantly
aise porosity (since gelatin can retain a large amount of water),
orming an oriented cylindrical ice crystal in the gelatin gel.

. Experimental

.1. Sample preparation

�-SiC (Fujimi Incorporated, Aichi, Japan) with an average
article size of 0.40 �m was used as a raw material. Al2O3
Taimei Chemicals Co., Ltd., Japan) and Y2O3 (Shin-etsu Chem-
cal Co., Ltd., Japan) were used as additives. Mixtures of
dditives/SiC of 4/96 with the additive of Al2O3/Y2O3 = 6/4 in
eight ratio were blended in ethanol by ball milling. After dry-

ng of the slurry by evaporator and vacuum oven at 110 ◦C, the
btained powder was used for further processing.

The dried powder was mixed with a solution of gelatin (Wako
ure Chemical Industries Ltd., Tokyo, Japan) at around 50 ◦C.
he mixing ratios of SiC powder/gelatin solution were 10/90

v/v). The mixture was stirred using a planetary homogenizer
Thinky, type ARE-310, Tokyo, Japan). The slurry was put
nto the centrifuge container, which was revolved (800 rpm)
hile rotating (2000 rpm). The slurry was poured into a plas-

ic mold and kept under ambient atmosphere to obtain a SiC
owder dispersed gel. The plastic mold was then immersed into
thanol baths at various temperatures of −70, −40, −30, −20
nd −10 ◦C. The gels were frozen in a manner similar to that
reviously reported.1–3 The sublimation of ice crystals in the
rozen gel was carried out under vacuum in a freeze drier at
0–35 ◦C for 24 h (Tokyo Rikakikai Co., Ltd., Model FDU-
100, Tokyo, Japan). Green bodies with φ70 mm and 10 mm
hick were obtained, according to the shape of mold. Other
haped bodies, such as pipes or honeycombs, were also pre-
ared by using various molds. The green bodies were degreased
t 600 ◦C for 2 h and then sintered at 1800 ◦C for 2 h with a
eating rate of 15 ◦C/min under an Ar gas flow.

.2. Sample characterization

The porosity, microstructure, strength and permeability of

he obtained specimens were characterized. Open porosity
nd bulk density were determined by the Archimedes method
sing water as an immersion medium, or the calculation of
eight/dimension. The microstructures of fractured or polished

o
p
a
o
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urfaces were observed using scanning electron microscopy
JEOL, Model JSM-5600, Tokyo, Japan). The cell size and num-
er of cells were measured using the intercept method or image
nalysis of the SEM micrographs. The compressive strength of
amples with a diameter of φ17 mm and a height of 13 mm was
easured using the universal testing machine (MTS Systems
orporation, Sintech 10/GL, Minnesota, USA) with a cross-
ead speed of 0.5 mm/min. Cylindrical specimens were loaded
n the top and bottom surfaces. The load was parallel to the
reezing direction. A minimum of five samples were tested to
btain the average strength.

The air permeability of the porous specimens was evaluated
sing Darcy’s law:

P = ηLQ

μA
(1)

here �P is the pressure drop from the entrance to exit of the
ample, μ is the permeability, η is the dynamic viscosity of air, A
s the cross-sectional area of the sample, L is the thickness of the
ample, and Q is the flow rate of air through the sample. Samples
ut into 3 mm in thickness (25 mm in a diameter) were fixed in a
lter specimen holder (Advantec Toyo Kaisha Ltd., model LS-
5) with an O-ring and a resin adhesive. The permeability was
alculated from the slope of the line plotted for �P and Q using
q. (1).

Further microstructural observations were carried out using
-ray computed tomography (CT; TDM1000-IS/SP, Yamato
cientific Co., Ltd., Tokyo, Japan). Three-dimensional (3D)

mages were constructed from micrographs using modeling soft-
are (VG-STUDIO, Nihon Visual Science Inc., Tokyo, Japan).
orosity distributions of the porous specimens were calculated
sing image analysis software (Multiscale modeler, JST-CREST
roject, Japan).

. Results and discussion

Fig. 1 shows the photographs of the obtained porous SiC
A) cylinders, (B) large pipes, (C) honeycombs and (D) cut
pecimens (all of which were prepared using a freezing tem-
erature of −40 ◦C). Various shaped molds were used to obtain
el bodies with the desired shape, similar to the traditional
el casting method for the fabrication of dense ceramics.4

he cylindrical specimens (φ50 mm or φ25 mm) shown in
ig. 1(A) were formed using a ring-shaped mold. The large
ipe (φ110 mm × 150 mm × 5 mm wall thickness) shown in
ig. 1(B) was shaped using a ring mold and core cylinder. Hon-
ycomb specimens were prepared using a ring mold and 10 pins
o generate non-through-holes. The porous specimens could be
ut to varied sizes and shapes as shown in Fig. 1(D). Chipping
as not observed during either wet or dry cutting processes. In

ddition, surface grinding and polishing to form flat surfaces
ere available for the specimens prepared by this GF method.
Fig. 2 shows the porosities of the porous SiC as a function
f the freezing temperatures. It was found that the freezing tem-
erature had almost no effect on the porosities. The densities of
ll specimens were around 14% (which means a total porosity
f 86%), which was close to the solid load in the slurry (10%).
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Fig. 1. Photographs of porous SiC obtained by freezing at −40 ◦C.

n the other hand, closed porosities for all samples were less
han 0.5%, which suggests that almost all water was completely
onverted to the interconnected pores.

Fig. 3 shows typical SEM micrographs of the porous SiC
iewed in parallel (A and D) to the freezing direction as indicated
y the arrows, and perpendicular (B and C; E and F) to freezing
irection. The specimen shown in Fig. 3(A–C) was frozen at
10 ◦C and that shown in Fig. 3(D–F) was frozen at −70 ◦C.
pecimens used with a dimension of around φ70 mm × 10 mm
ere firstly ground and polished to a thickness of 3 mm by

emoving the upper and the bottom ends, and the microstructures
f the bottom side (the side in the ethanol bath) of the pol-

shed specimen were observed. In (A) and (D), highly oriented
tructures were found to form parallel to the freezing direction.
hese cylindrical pore structures are thought to be formed by

he growing ice crystal. In addition, particles are rejected from

ig. 2. Porosities of porous SiC obtained at various freezing temperatures.
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ylindrical, (B) large pipe, (C) honeycomb, and (D) cut specimens.

he growing ice crystal and pushed aside during freezing. Con-
ection points between cells (indicated by circles) were also
bserved where ice crystals were in contact. This unidirectional
hanneled structure is present within the entire sintered body of
he porous body from the bottom toward the top, except the side
nd bottom surfaces. No dendritic structure due to ice crystal
rowth was observed, which is well-known in the freeze casting
oute of water or camphene based slurries (without an organic
elation agent).6–10 In our preliminary experiments about nor-
al freeze casting route, the side branching of dendritic ice

rystal can be reduced by the addition of organic binder such as
ethylcellulose or gelatin (little to gelation). Thus, organic com-

onent is found to affect the ice crystal growth. In the present GF
ethod, gelatin is thought to play a role of strongly preventing
side branching of dendritic ice crystal growth.

Fig. 3(B and C) and (E and F) shows the cellular structure of
ores, with a honeycomb-shape of micrometer-sized cells. This
hape comes from the ice crystals, because polymeric additives
xcept gelatin were not employed in the GF method. The cell
hape was distinctly different from those found with foam, pore-
orming agents and other freeze casting routes.5–13 In especial,
he microstructural features such as size and shape of cells and
ts distribution are highly homogeneous, compared to those of
he specimens fabricated by other methods. The structure was
bserved throughout the porous body with the exception of the
ide and bottom surfaces, which were denser due to contact with
he mold.
The freezing temperature was found to have a substantial
ffect on cell size. Comparison of Fig. 3(A and D) or (B and C)
nd (E and F) shows that the cell size and wall thickness of porous
iC frozen at −10 ◦C were significantly larger than those of SiC
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ig. 3. SEM micrographs of porous SiC. Frozen at (A–C) −10 ◦C and (D–F) −
f freezing.

◦
rozen at −70 C. To clarify the effect of freezing temperature
n the cell properties, the cell size and the number of cell are
lotted as a function of freezing temperature in Fig. 4. The aver-
ge cell sizes were 147, 62, 54, 40 and 34 �m, and the numbers

ig. 4. Cell size and number of cell of porous SiC as a function of freezing
emperature.
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, both parallel (A and D) and perpendicular (B and C; E and F) to the direction

f cells were 47, 262, 353, 612 and 900 cells/mm2 for the speci-
ens frozen at −10, −20, −30, −40, and −70 ◦C, respectively.
he cell size decreased with the decrease in the freezing temper-
ture, whereas the number of cell increased with the decrease
n freezing temperature. The cell sizes were determined for the
ottom side (in the direction of ethanol bath) of polished spec-
mens. Those in the top surface (opposite to ethanol bath side)
f the specimens used (3 mm thick) were around 10–15% larger
han those of bottom side, which suggests that the formation
emperature of ice crystals was somewhat different.

To further clarify the relationship between the freezing condi-
ions and cell properties, the temperature of the gel body during
reezing was measured. Fig. 5 shows a schematic illustration
f the temperature measurement setup for a φ70 mm × 10 mm
pecimen and the measured temperature at the (a) surface, (b)

enter and (c) bottom of a gel body during freezing. In the tem-
erature curve of −10 ◦C, all temperatures were raised up to
1 ◦C, about 7 min after the freezing starts. This phenomenon

s well-known supercooling, in which the temperature increase
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ig. 5. (A) Schematic illustration of the temperature measurement and (B) the
easured temperature of the gel body during freezing (a: surface, b: center and

: bottom).

s due to the release of latent heat during the conversion from
ater to ice. After that, the temperature curves were relatively
at from 7 to 40 min, suggesting the ongoing formation of ice
rystals. This is due to the equilibrium between the release of
atent heat (from water to ice) and heat flow into the ethanol bath.
uring this plateau stage, the temperature difference between
easuring points a–c suggests that the formation temperature

f ice crystals is different from the bottom of the gel to the top
urface. The size of ice crystal formed at higher cooling temper-
ture is generally larger than that formed at lower temperature.

n fact, the cell size of the top surface side of the specimen was
arger (ca. 10–15%) than that of the bottom side (ethanol bath
ide). At around 40 min, a temperature decrease at all measure-
ent points was observed, which suggests that the formation of

μ

w
(

ig. 6. Calculated and experimental air permeability as a function of cell size.

ce crystals was completed. The measured temperatures became
lmost the same (around −10 ◦C) after approximately 60 min.

On the other hand, in the plots of the specimens frozen at −40
nd −70 ◦C, supercooling was not observed. This is due to the
ufficiently lower cooling temperature. In addition, the plateau
tages were very short compared with that for the specimen
rozen at −10 ◦C, meaning that the formation of ice crystal is
hort time. Freezing at −40 ◦C resulted in gentle temperature
urves during 0–10 min in (a) and (b) and during 0–9 min in
c), followed by the steep slopes to the set temperature of the
thanol bath. The curves of the gel frozen at −70 ◦C showed also
elatively gentle slopes during the first 5–6 min, particularly (a)
nd (b), and then the temperatures steeply decreased to the set
ne.

According to the theory for the formation of ice crystals, the
reezing temperature has a significant effect on the size of the
ce crystals formed, especially in the temperature range from 0
o −7 ◦C, which is called as the zone of maximum ice crystal
ormation.14 When the time required to pass this zone is short,
he size of ice crystals formed can be reduced. From Fig. 5, the
ime to pass this zone became obviously short in the following
rder of bath temperature: −10 > −40 > −70 ◦C. The cell size
f the sample frozen at −70 ◦C was smaller than those of the
amples frozen at −10 and −40 ◦C (Fig. 5), which suggests that
he size of the ice crystals formed was reduced by lowering of
he freezing temperature.

In addition to the variation in cell size by the freezing tem-
erature, the connectivity among the cells was investigated by
ir permeability measurements. Fig. 6 shows the relationship
etween cell size and permeability, and the calculated ideal
ermeability for comparison. The gas flow is parallel to the freez-
ng direction. The calculated permeability is shown assuming
n ideal model of capillary permeability, where unidirectional
apillary tubes are aligned in parallel to the gas flow direction
through-holes from gas influx to efflux port). The ideal perme-
bility (μ) is calculated according to the following equation:

d2 × P
=
32

(2)

here d and P indicate the diameter of capillary and porosity
volume ratio of capillary), respectively.15 In this calculation,
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Table 1
Typical properties of porous SiC.

Properties Freezing temperature

−10 ◦C −70 ◦C

Open porosity 86.8% 86.5%
Closed porosity 0.1% 0.4%
Cell size 147 �m 34 �m
Cell thickness 20 �m 6 �m
Number of cell 47 cells/mm2 900 cells/mm2
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ermeability was plotted using the average porosity of the spec-
mens (86%) and continuously varied pore size. The calculated
ermeability indicated a gradual increase with increased cell size
ccording to the parabolic law. Then, seen from the experimen-
al values, the permeations of porous SiC were 2.27 × 10−11,
.02 × 10−11, 5.67 × 10−11, 7.92 × 10−11 and 1.04 × 10−10 m2

or the specimens frozen at −70, −40, −30, −20 and −10 ◦C,
espectively. These were in good agreement with the calculated
alues, except that of the specimen frozen at −10 ◦C (cell size
47 �m). The experimental permeability of the specimen frozen
t −10 ◦C was around 0.16 times lower than that of the ideal
odel. This difference may be attributed to discontinuous con-

ectivity between cells. The cells were not completely straight,
ut some were bent by the contact points between ice crystals.
n fact, some contact points were observed in the specimen
rozen at −70 ◦C (Fig. 3(D)), whereas no significant contact
oints were found in the specimen frozen at −10 ◦C. In such a
ase, resistance to fluid flow increases, which results in lower-
ng of the permeability. On the other hand, these permeabilities
ere just observed in the parallel to the freezing direction. The
ermeability in perpendicular to the freezing direction has not
een measured, but that must be lower due to the insufficient
onnectivity between cells.

Compared to the air permeability of other porous ceramics
ith similar cell size, Isobe et al. reported that porous alumina
ith 39% porosity and pore sizes around 40 �m had perme-

bility of 3.9 × 10−13 m2.16 Tomita et al. reported that porous
ilica foam with 81% porosity and cell sizes around 150 �m had
ermeability of 9.4 × 10−11 m2.17 The permeabilities obtained
n the present study were substantially higher than those of the
revious studies, and were also higher than that required for a
ommercially available diesel particulate filter (DPF) (10−11 to
0−12 m2).17 In contrast, the gas permeability of ceramic foam
repared by the sponge method was reported to be much higher at
round 10−7 m2,18 although the pore size of the foam was much
arger (around submillimeter) than that of the present specimens.
he permeability of foam with similar pore size and porosity
as approximately 10−11 to 10−10 m2; therefore, the air perme-

bility of porous ceramic prepared by the GF method can be
oncluded to be high, due to the sufficient connections between
ells formed by the contact of ice crystals during freezing.

In order to understand the internal microstructure of
orous SiC, X-ray CT scans and image analyses were con-
ucted. Fig. 7(A) shows a typical specimen used (micrographs
ere observed for the center part of the specimen: around
1.3 mm × 0.4 mm), (B) a typical micrograph of a specimen

rozen at −10 ◦C (measured per 1.5 �m), (C and D) 3D images
onstructed from micrographs (specimens frozen at −10 and
70 ◦C, respectively), and (E) the cell area ratio of porous SiC

frozen at −10 and −70 ◦C). The micrograph showed a similar
ellular structure to that obtained from SEM observations. In
he 3D images, the cells are shown to be of uniform size and
ighly interconnected with unidirectional orientation, which are

ighly homogeneous than those of the specimens prepared by
ther methods. In Fig. 7(E), all micrographs (ca. 320 micro-
raphs) were firstly converted to black-and-white images, and
hen the cell area ratios (as porosity) were calculated for each

G
a
b
p

ompressive strength 5.2 ± 0.8 MPa 16.6 ± 1.4 MPa
ermeability 1.04 × 10−10 m2 2.27 × 10−11 m2

icrograph and plotted. The results show a cell/wall area ratio
f approximately 85–86%, which is consistent with the porosity
easured by Archimedes method. Furthermore, almost constant

alues were obtained in the measurement part, which suggests
hat the porosity was constant even at the micrometer level.
herefore, the GF method can provide constant porosity and
niform porosity distribution.

Typical properties of highly porous SiC are summarized as
ollows. Cell wall thickness of porous SiC showed 20 and 6 �m.
hat was much smaller than that of commercially available DPF
nd catalyst support prepared by extrusion. In such applications,
igh porosity and thin wall thickness are desired, because of low
ressure drop. This GF method is expected to be a promising
rocess for filter and support applications. Then, compressive
trength showed 5.2 and 16.6 MPa, where load was parallel to
he cell (freezing direction). Strength increased with decreased
ell size. This tendency has been observed in many other porous
eramics and is attributed to a larger defect size. Typical com-
ressive strengths of the porous SiC prepared by other methods
ere ∼10 MPa with porosity of ∼70% and cell size of 20 �m

nd 16.7 MPa with porosity of 80% and cell size of 20–100 �m,
hich had similar cell size and porosity to the present porous
iC.19–21 The strength of the present porous SiC was found

o be similar or higher than that obtained by other methods,
egardless of higher porosity. This comes from the packing of
articles. Previous works on freeze casting suggested that the
aw powder was highly packed upon freezing.11 During freez-
ng, the particles in the gel are concentrated by the separation
f water and the following formation of ice crystals. Then, the
articles are thought to be pressed by the volume increase from
ater to ice, as observed by the packing of particles in the cell
alls (Fig. 3(C) and (F)). On the other hand, the anisotropy of

ompressive strength has not been investigated. For the present
easurements, load was parallel to the freezing direction. Seen

rom the previous report, the compressive strength in perpen-
icular to the cell seems to be lower values in porous cellular
eramics (Table 1).22

These obtained results suggest that the freezing condition can
e key factor to control the cell size, the number of cell, the per-
eability and the strength. The present porous SiC prepared by

F method showed high porosity, high strength and high perme-

bility, compared to the properties of the porous SiC prepared
y other methods. The GF method is expected to be a promising
rocess for many applications.
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ig. 7. (A) Photograph of a typical specimen. (B) Micrograph of specimen froze
specimens frozen at −10 and −70 ◦C, respectively). (E) Cell area ratio of poro

. Conclusions
SiC with ultra high porosity around 86% was prepared
hrough a novel GF method using gelatin solution as a gelation
gent at various freezing concentrations. This unique technique

s
g
n
o

10 ◦C (scale bar: 100 �m). (C and D) 3D images constructed from micrographs
(specimens frozen at −10 and −70 ◦C, respectively).

an be used to provide various shaped components by use of

pecific molds, and has the same advantages of the traditional
el casting method. Cylindrical shaped cells form intercon-
ected, oriented, micrometer-sized pores, due to the formation
f ice crystals during freezing. The cell size could be controlled
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ithin the range of 34–147 �m by varying the freezing temper-
ture. The average number of cell was in the range from 47 to
00 cells/mm2. The resulting porous SiC exhibited high air per-
eability of 2.3 × 10−11 to 1.0 × 10−10 m2, which was almost

imilar to ideal gas permeation, and high compressive strength
f 16.6 MPa. This novel fabrication method is a potential pro-
ess applicable for the production of various porous components
uch as filters and supports.
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