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A unique hierarchical porous structure of silicon nitride ceramic with 76.5% porosity is fabricated by combining an ice-

templating method and nitridation for a silicon powder. The porous silicon nitride ceramics were composed of a lamellar struc-
ture with aligned pore channels and ceramic walls filled with fibrous whiskers. This study is focused on the influences of freezing
rate on the microstructures and properties of the silicon nitride ceramics. The properties were characterized by compressive

strength and gas permeability, which were shown to vary with controlled microstructure. The compressive strength and the per-
meability reached up to 32.2 MPa and 0.035�12 m2, respectively.

Introduction

Porous ceramics have been widely used for industrial
applications such as filters, gas distributors, catalyst sup-
ports, high-temperature thermal insulation, implantable
bio-ceramics, and so on.1 Due to their structures and the
nature of ceramics, porous ceramics exhibit a unique com-
bination of properties, including low thermal conductivity,
low thermal mass, low dielectric constant, low density,
high thermal shock resistance, high wear resistance, high
specific strength, and high permeabilities for gases and liq-
uids, making them indispensable in a wide range of engi-
neering applications. These characteristics and properties
of porous ceramics are determined by their pore geome-
tries, including pore size, shape, distribution, and connec-
tivity. Therefore, it is important to control pore structures
to have suitable properties for particular applications.

The ice-templating method (i.e., freeze-casting) is a
fabrication method used to produce porous ceramics.
The method has recently attracted attention as a novel
technology for the fabrication of porous bulk ceramics
with unique hierarchical pore structures.2–4 The method
consists of simple steps, beginning with preparing a cera-
mic powder slurry with specific concentrations for a par-
ticular porosity. The slurry is then frozen under
controlled cooling conditions. After freezing, the sample
is freeze-dried under low pressure, causing ice crystals in
the sample to sublimate, producing porosity in the sam-
ple by direct replication of the ice crystal structure. If
the slurry is cooled and frozen in certain direction of the

temperature gradient, ice crystals grow continuously
along the freezing direction throughout the sample
slurry, typically providing lamellar pore channels in the
product material.5,6 The pore structure can be modified
by the growth shape of these ice crystals, which are
affected by the freezing conditions used, including the
freezing methods employed,7,8 freezing rates,9–11 addi-
tives,12,13 and using other freezing vehicles instead of
water.14,15 Finally, the porous structure can be sintered
to consolidate the ceramic particles, producing rigid por-
ous bulk ceramic materials. The method of ice-templat-
ing for porous ceramics has been studied for application
in various fields such as bio-ceramics,16,17 energy applica-
tions,18,19 dielectric applications,20 and scaffold for com-
posites21,22 with various ceramic materials.

One of the engineering ceramic materials, silicon
nitride (Si3N4) is a good candidate for various applica-
tions at high temperatures due to its high elastic modu-
lus, low thermal expansion, and good stability at high
temperatures.23,24 Particularly, silicon nitride ceramics
with a designated porosity can be used in filter applica-
tions and other engineering fields due to high specific
strength and high permeability to gases and liquids.25,26

Fabricating silicon nitrides using a reaction bonding pro-
cess is one of the methods to produce bulk silicon nit-
rides. A silicon powder compact reacts with nitrogen at
elevated temperatures to form reaction-bonded silicon
nitrides; this process has the advantage of achieving near-
net shaping and lowering the sintering temperature com-
pared to the direct sintering of silicon nitride powder.

In this study, to achieve high strength and highly
permeable porous silicon nitride ceramics, we attempted*dkkim@kaist.ac.kr

© 2015 The American Ceramic Society

Int. J. Appl. Ceram. Technol., 1–11 (2015)
DOI:10.1111/ijac.12432



to fabricate porous silicon nitride ceramics using the ice-
templating method followed by nitridation with silicon
powder; a unique hierarchical porous silicon nitride cera-
mic was presented. The microstructures of the as-tem-
plated silicon structure and the porous silicon nitride
structures after the nitridation were observed to investi-
gate the formation mechanism of the porous silicon
nitride ceramics and the influences of freezing rates on
the microstructures. Compressive tests and gas flow tests
were performed to determine the structural integrity and
gas permeability of the materials as well. This study
would provide some information and inspirations to
readers that have interests in not only the reaction bond-
ing silicon nitride and the freeze-casting method, but
also porous materials, and filter materials.

Experimental Procedure

To fabricate hierarchical porous silicon nitride struc-
tures, porous silicon structures were prepared first and then
subjected to a nitridation process. The porous silicon struc-
tures were fabricated by the ice-templating method with
water-based silicon slurries. The silicon slurries were pre-
pared by mixing distilled water with 20 vol % of silicon
powder (purity ≥ 98.9 wt%; d50=7 lm; Sicomill grade 4,
metal basis 99%, Permascand AB, Ljungaverk, Sweden),
Polyvinyl Alcohol (PVA; Sigma Aldrich, St. Louis, MO) as
a binder and Polyvinyl Pyrrolidone (Sigma Aldrich) as a
dispersant; the binder and the dispersant were both added
at 2 wt % of the silicon powder. 1 wt.% of glycerol (Sigma
Aldrich) compared to silicon powder was also added as an
anti-freezing agent. The anti-freezing agent was needed to
reduce the freezing rate not to reach to the critical velocity
that silicon particles will be entrapped randomly by the
freezing front, resulting in loss of the lamellar structure.27

Silicon powder and additives were mixed, preceded by dis-
solving the PVA completely by heating the distilled water
to 80°C. The mixture of the contents was stirred with a
magnetic bar for 30 min and de-aired in a vacuum desicca-
tor for 5 min.

The prepared slurries were frozen unidirectionally
from bottom to top in a cylindrical mold which was made
of polydimethylsiloxane (Sylgard 184; Dow Corning, Mid-
land, MI) with an inner diameter of 20 mm. The mold was
placed on the top of a copper rod of which the bottom side
of the rod was dipped in liquid nitrogen to initiate cooling.
The cooling rates were controlled with a thermocouple and
a ring heater covering around the copper rod. The freezing
rate of the sample (i.e., the ice-front velocity) was main-
tained to be nearly steady by controlling the cooling
rate.10,28 The average freezing rate of the slurries was mea-

sured by dividing the height of a frozen sample by the time
until the sample was frozen completely. The silicon slurry
was frozen with four different freezing rates, 5, 10, 25, and
60 lm/s. After freezing, the frozen samples were demolded
and loaded into a commercial freeze dryer (FreeZone 2.5;
Labconco, Kansas City, MO). The samples were main-
tained in a vacuum of 0.035 mbar for 24 h.

The freeze-dried samples were placed on a graphite
plate that was coated with boron nitride and then heated in
5%H2/95% N2 atmosphere flowing at 80 cc/min in a hor-
izontal alumina tube furnace. A stepwise heating cycle was
used for the nitridation: (i) rapid heating to 1200°C
(300°C/h), (ii) heating 1200–1300°C for 1.5 h (15.6°C/h)
followed by a 1-h hold at the same temperature, the flowing
gas was changed 5% H2/95% N2 to 100% N2 at the point
to the end, (iii) heating to 1350°C for 3.5 h (14.4°C/h) fol-
lowed by a hold at 1350°C for 2.5 h, (iv) heating to
1450°C for 5.5 h (18°C/h) and holding at 1450°C for
2.5 h, and (v) finally, the temperature decreased to RT with
the rate of 300°C/h.

The morphology of the porous silicon structure and
the silicon nitride structure was determined by scanning
electron microscopy (FE-SEM; XL30, FEG; Philips, Ein-
dhoven, the Netherlands) and binocular optical stereomi-
croscopy (BH2-UMA, Olympus, Tokyo, Japan). The
distribution of pore size was characterized using mercury
porosimetry (Autopore IV 9510l; Micromeritics, Nor-
cross, GA). Weight change due to nitridation was
obtained and used for estimating the nitridation ratio;
and phase analysis was conducted by X-ray diffraction
analysis (XRD; Rigaku, D/Max-2500, Tokyo, Japan).

Compressive strength tests were performed to evalu-
ate the structural integrity of the samples. The samples
were cut to be 5 9 5 9 5 � 0.1 mm3 and loaded along
the freezing direction at a crosshead speed of 6 mm/min
using a screw-driven load frame (Unitech; R&B,
Daejeon, Korea).

The flow rates of nitrogen gas through the sample
were measured using disk specimens with thickness
t ≤ 1 mm from the porous structure except the part of 1–
2 mm for both bottom and top of the samples. The flow
rate was recorded as the input pressure was gradually
increased using a porometer (CFP-1200-AEL; Porous
Materials, Ithaca, NY) to obtain the Darcian permeability.

Result and Discussion

Figure 1 shows the SEM images of an ice-templated
porous silicon structure frozen at a rate of 25 lm/s. Fig-
ure 1a–d presents the lateral cross section of the green
body sample perpendicular to the freezing direction. The
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porous structure is shown to be a lamellar architecture
like many other studies using the typical unidirectional
ice-templating method as mentioned in the introduction.
Macroscopically aligned pore channels formed over the
entire sample. The lamellar walls of the silicon particles
were aligned in a certain domain of random orientations.
Some dendritic protrusions of silicon particles are present
on the surface on the lamellar walls and even extended
into adjacent lamellar walls, forming connections like
bridges. These ceramic bridges were thought have arisen
from local ice crystal tip splitting and engulfment of par-
ticle agglomerates created by particles repelled from the
ice–water interface and subsequent tip healing.4 Fig-
ure 1c,d shows microscopic details of the lamellar wall
configuration and interconnection of silicon particles in
higher magnification. A few layers of silicon particles
were found to be glued together with the binder to form

a densely packed lamellar wall structure and that was
due to rejection and redistribution of the silicon powder
by the ice-crystal growth in the freezing step. Figure 1e,f
shows the cross section of the sample parallel to the
freezing direction. The lamellar walls and the pore chan-
nels were straight along the freezing direction throughout
the porous green bodies.

After the nitridation, the ice-templated green body
samples were turned into light gray color. The bulk den-
sity of the nitrided samples was determined by the Archi-
medes’ method and weight to volume ratio, the result
was not much varied in two methods. The density was
approximately 0.75 � 0.08 g/cm3, which indicates that
the structure has 76.5% of porosity.

The nitridation rate (RN) of the samples prepared in
this study was measured by weight change and using fol-
lowing Eq. (1):

(a) (b)

(c) (d)

(e) (f)

Fig. 1. SEM images of a cross-sectional view of an ice-templated porous silicon structure (a–d) perpendicular to the freezing direction and
(e–f) parallel to the freezing direction. The porous structure is formed with lamellar planes; some bridges also formed with silicon particles.
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RNð%Þ ¼ Wf �Wi

Wsi
� 100

66:5
� 100; ð1Þ

where Wf is the weight of the nitride compacts com-
posed of the reaction products Si3N4, unreacted Si, and
additives; Wi is the weight of the green bodies of the sili-
con compact; and Wsi is the weight of the amount of sil-
icon in the initial green body. The equation implies that
66.5% of the weight is gained via the nitridation of Si
to Si3N4, assuming both perfect nitridation and zero
weight loss of the compact mixtures during the nitrida-
tion process.29 The results were averaged to be
92.4 � 0.5%. The high rate of nitridation is also shown
in the X-ray diffraction patterns. Figure 2 represents X-
ray diffraction patterns of the porous silicon nitride
structure at a freezing rate of 25 lm/s. Si peaks were not
detected on the diffraction patterns shown in Fig. 2; thus
nitridation was considered to be nearly complete. The
diffraction peaks were related to the a (JCPDS: 09-
0250) and b (JCPDS: 33-1160) phases of Si3N4. The
relative b/a phase fraction was estimated using the rela-
tion between the intensities of the (210) diffractions of
both phases, according to Gazzara and Messier:30

ub ¼
I
ð210Þ
b

I ð210Þb þ I ð210Þa

: ð2Þ

The fractional ratio of b/a was calculated to be
7.6%, which indicates that the porous structure was
composed primarily of a-Si3N4. It was determined that
the dominance of a-Si3N4 was affected by the presence

of hydrogen in the initial stage of the nitriding reaction,
which reacts with oxygen from native oxides and pre-
vents it from re-oxidizing the silicon. By lowering the
oxygen partial pressure, the hydrogen also renders a-
Si3N4 the more stable phase.31,32

Figure 3 shows SEM images of the porous silicon
nitride structure. Figure 3a,b shows the lateral plane of
the sample perpendicular to the freezing direction. The
lamellar architecture formed with silicon particles was
shown to be remained after the nitridation. It is observed
that the lamellar walls in the nitrided samples were com-
posed of fibrous whiskers which were revealed as a-
Si3N4 whiskers in the XRD analysis. Some residues were
also observed between the lamellar whisker walls. It is
determined that not all the silicon particles volatilized,
but some of the silicon particles were remained and con-
verted to silicon nitride particles with direct reaction
with nitrogen gas to form a-Si3N4, b-Si3N4 matte. It
was observed that some whiskers were also grown in
between the walls. The aligned pore channels and small
pores in the whisker walls produced complex porosity,
achieving a unique hierarchical porous structure. Fig-
ure 3c,d shows the plane parallel to the freezing direc-
tion; the pore channels were shown to be straight along
the freezing direction. These pore channels could
enhance the permeability of the structure, which will be
discussed in detail in the later paragraphs describing per-
meability performance. Figure 3e,f shows the microstruc-
ture of porous silicon nitride ceramics from intermediate
stage of nitridation. The ice-templated lamellar walls
were clearly visible, and whiskers were grown between
the walls in the Fig. 3e, and the walls began to deplete
by reacting with nitrogen in Fig. 3f.

Based on the observations of the microstructure of
porous silicon nitride structure, the formation of a hier-
archical structure of pore channels and fibrous whisker
lamellar walls can be explained as follows. Figure 4
shows a schematic illustration of the ice-templating and
nitridation processes that produced the hierarchical struc-
ture of the porous silicon nitride in this study. At first,
silicon particles were dispersed in the water with a desig-
nated concentration along with additives (Fig. 4a); then,
planar ice crystals grew parallel to the freezing direction
(Fig. 4b). The particles in the slurry were rejected and
expelled by the ice crystals and distributed to form
lamellar structures with the ice crystals. Via sublimation
of the ice crystals during freeze-drying, only the lamellar
walls of silicon particles and a small amount of binders
and dispersants remained in the sample green body
(Fig. 4c). As the temperature increased, volatilization of
the silicon particles in the lamellar walls is began and
reacted with nitrogen gas to form fibrous a-Si3N4 whis-

Fig. 2. X-ray diffraction pattern of the porous silicon nitride
ceramic after nitridation of ice-templated silicon structure. Si
peaks are not detected, and all of the diffraction peaks related to
the a (JCPDS: 09-0250) and b (JCPDS: 33-1160) phases of
Si3N4 indicate full conversion of Si into Si3N4. The relative b/a
phase fraction was estimated to be 7.6%.
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kers in the pore channels between the lamellar walls of
silicon particles (Fig. 4d,e). The volatilization of the sili-
con particles and the vapor phase reaction with nitrogen
in the free surface has been described in elsewhere.31–34

As the nitridation of the porous silicon structure pro-
ceeded, the lamellar walls of silicon particles were par-
tially depleted by volatilization and reaction with
nitrogen; fibrous a-Si3N4 whiskers filled in between the
original silicon lamellar walls (Fig. 4f). Therefore, the
fraction of the ceramic walls and pore channels was
reversed to that of the as-templated porous silicon green
bodies. In summary, the microstructure consists of (i) sil-
icon nitride a-Si3N4 whisker walls, which are formed by
a vapor phase reaction inside the former pore channels
of the ice-templated silicon structure, and (ii) pore

channels at the locations of the former Si particle walls
with some whiskers and matte forms of a and b-Si3N4,
created by direct nitridation of the Si particles.

To investigate the influence of freezing rate on the
microstructure of porous silicon nitride ceramics, the
four sample structures with freezing rates of 5, 10, 25,
and 60 lm/s were observed via optical microscopy, as
shown in Fig. 5. The optical microscopy was used for
revealing the difference for the microstructures with vary-
ing freezing rate in effective way using its low focus of
depth. The images show the cross section perpendicular
to the freezing direction of the structures that were
obtained by different freezing rates, (a) 5 lm/s, (b)
10 lm/s, (c) 25 lm/s, and (d) 60 lm/s with identical
slurries of 20 vol. % concentration. Figure 5e–h shows

(a) (b)

(c) (d)

(e) (f)

Fig. 3. SEM images of a cross-sectional view of a porous silicon nitride structure after nitridation of the silicon green body prepared by the
ice-templating method: (a–b) perpendicular to the freezing direction, (c–d) parallel to the freezing direction, and (e–f) the microstructure of
porous silicon nitride ceramics from intermediate stage of the nitridation process.
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images that are fourfold magnifications of the images
shown in Fig. 5a–d, respectively. As mentioned before,
the microstructure of the silicon nitride ceramics was
lamellar in their architecture in all samples. A significant
phenomenon that was observed showed that the wall
thickness and spacing of the lamellar structure in the
samples decreased distinctly as the freezing rates
increased. Deville et al.11 reported that a decrease in the
structural wavelength (i.e., the lamellar wall-to-wall dis-
tance) in the ice-templating process for alumina slurries

by an increase in the ice-front velocity leads to a decrease
in the ice dendrite tip radius due to an increase in super-
cooling ahead of the ice interface. On the other hand, a
decreasing cooling rate leads to an increase in the wave-
length of the microstructure.

Figure 6 presents a graph of the lamellar thickness
and spacing with varying freezing rates in (a) a linear
scale and in (b) a logarithmic scale. The overall measure-
ments show that the dependence of the lamellae struc-
tures (i.e., thickness, spacing, wavelength) on the freezing

(a) (b)

(c) (d)

(e) (f)

Fig. 4. Schematic illustration of the ice-templating and nitridation processes. (a) Silicon particles dispersed in a slurry, and (b) the silicon
particles were redistributed by growing ice crystals, (c) silicon particles formed lamellar porous structure with sublimation of ice, (d) silicon
particles volatilized and reacted with nitrogen in nitridation process, (e) silicon particles producing a-Si3N4 whiskers between the lamellar
walls by vapor phase reaction. (f) The whiskers were filled closely in lamellar pore channels, and the original lamellar silicon walls were
depleted by nitridation to form new pore channels with some residues.
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rate was fitted by an empirically driven common power
law k / v�n.11 Although the lamellar structure is not an
as-templated structure but was nitrided after templating,
which reversed the fraction of ceramic walls and pore
channels, the approximation is still well described by the

same dependency of the freezing rate on the structures.
The fittings through all measured data points yielded
power law exponents n from 0.57 to 0.64, which pro-
vides guidelines for the dimensional scale of the lamellar
structures with varying freezing rates.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 5. Optical microscopy images of lamellar structures created with varying freezing rates of (a) 5 lm/s, (b) 10 lm/s, (c) 25 lm/s, and
(d) 60 lm/s. (e–h) Show view of (a–d) magnified fourfold, respectively. The lamellar thickness and the spacing in the samples are shown to
decrease with increasing freezing rate.
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Figure 7 shows the pore size distribution of porous
silicon nitride ceramics with varying freezing rates. The
pore size distribution in the structure showed the same
dependency to the lamellar structure with varying freez-
ing rate. The median pore diameter decreased with an
increasing freezing rate, which decreased the lamellar
size. It could be that the pore diameter is related to the
size of the space required for nitridation. The a-Si3N4

whiskers formed and grew as nitridation progressed; the
whiskers filled finely in the narrow lamellar spaces at a
rapid freezing rate; at a slower freezing rate, the whiskers
have more freedom to form and grow to fill in the wider
lamellar spaces, thus producing more broadly distributed
pore sizes that were formed by intersecting whiskers
compared to the narrow space presented with more rapid
freezing rate. It is also observed that the pore size distri-
bution produced by a slow freezing rate is broader than
the distribution produced by a fast freezing rate. There
were also secondary peaks around 7 lm, which were
determined to be corresponding to pores in aligned pore

channels. The channels were partially filled with the
whiskers and matte form of silicon nitrides; therefore,
the pore size found to be smaller than the observed
lamellar spacing in microscopic images.

Porous ceramics are good candidates for the various
engineering applications, and most of these applications
require particular mechanical properties of the materials.
As porous materials are mostly used in which they are
loaded in tension, compressive strength tests generally
have been performed to evaluate the property of porous
materials. In particular, it is widely known that compres-
sive strength is strongly related to the microstructure of
the ceramics; hence, we measured the compressive
strength of our ice-templated porous silicon nitride sam-
ples with its controlled microstructures affected by vary-
ing freezing rate.

The compression test result shown in Fig. 8 reveals
correlations between the freezing rate of the samples and
their lamellar structures. The compressive strength of the
samples increased with an increasing freezing rate,
accompanied by a decreased in the lamellar thickness. It
is obvious that the higher freezing rate tends to lessen
the scale of lamellar structures including lamellar wall
thickness and spacing as mentioned in the previous sec-
tion (Fig. 6).

Compressive strength tests were used to perform for
evaluating the strength of porous materials, because the
porous materials tend to be used in applications in which
they are loaded in compression rather than in tension.
To characterize the compressive strength of the porous
silicon nitride ceramics we presented, it was needed to
consider the materials microstructure, as is widely
known, that compressive strength is related to the micro-
structure, which is a lamellar structure in the study.

The result of the compression tests shown in Fig. 8
reveals correlations between the freezing rate of the sam-
ples and their lamellar structures. The compressive
strengths of the samples increased with increasing freez-
ing rates. As mentioned before, increasing the freezing
rate tends to the decrease the scale of lamellar structures,
including lamellar wall thickness and spacing. The com-
pressive strength of the samples was shown to increase
with decreasing lamellar thickness (Fig. 8a).

The correlation between the lamellar structure and
mechanical properties can be explained in previous stud-
ies as follows. At first, it is with regard to the nature of
lamellar structure, finer microstructure could enhance the
overall structural properties of the material by distribut-
ing the stresses on the most concentrated point. Sec-
ondly, it may be affected by the pore size. The pore size
(i.e., defect size) decreases as the freezing rate increases
so that the strength also increases as the defects become

(a)

(b)

Fig. 6. Lamellar structures with varying freezing rates in (a) a
linear scale and in (b) a logarithmic scale.
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smaller16; a similar phenomenon was found in this study
with the trend in the pore size distribution. The third
explanation is the effect of the bridges between lamellar
ceramic walls. Naglieri et al.35 noticed that the bridge
density increases exponentially with the freezing front
velocity, leading to higher structural strength. To under-
stand the correlation between the microstructure and the
compressive strength, it can be explained by applying
above mechanisms individually or together in general;
however, it is still in lack of interpretation on the lamel-
lar structures to the compressive strength with a direct
structural approach.

We proposed a model to interpret the correlation
between the compressive strength and the lamellar struc-
ture (Fig. 8b). The model is described with a rectangular
honeycomb structure composed of lamellar planes of the
walls and bridges between the walls. In this rectangular
honeycomb model, the cell size and the cell wall thick-
ness decrease as the honeycomb structure becomes finer
with increasing number of cells in unit area. In other
hands, the ratio of cell wall thickness (t) to the cell size
(l) is increased as the structure becomes finer, assuming
that the structure remains in same overall density. Fig-
ure 8c presents the variation of the compressive strength
versus the ratio of cell wall thickness (t) to the cell size
(l). The lamellar thickness of the samples was determined
as the cell wall thickness to calculate the ratio from the
model geometry with the same relative density of the
sample structure. According to Gibson and Ashby, the
compressive strength of a brittle honeycomb loaded in
the out-of-plane direction is dependent on ratio of cell

Fig. 7. Pore size distribution of porous Si3N4 ceramics created
with varying freezing rates. The size of median pore diameter is
shown to decrease with increasing freezing rate due to a decrease
in the lamellar structure sizes.

(a)

(b)

(c)

Fig. 8. (a) Compressive strength of a porous silicon nitride
structure along the freezing direction as a function of the slurry
freezing rate. (b) The ratio of honeycomb cell wall thickness to
the cell size is increasing with decreasing honeycomb scale, that is,
increasing numbers of cells (pores) in unit area. (c) The compres-
sive strength was shown to be linearly dependent to the ratio of
cell wall thickness to cell size of the structure. This results in
higher strength values compared with other porous silicon nitride
ceramics with 70–80% porosities.37,38
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wall thickness to the cell size (t/l).36 The compressive
strength was found to be linearly dependent with the
ratio of the cell wall thickness to the cell size, which
agrees with the model. Although the microstructure of
our material is more complex with lamellar porous cera-
mic walls composed of a-Si3N4 whiskers, this simple
model could provide an approach to interpretation of
correlation between compressive strength and lamellar
structure form ice-templated materials. A detailed investi-
gation of the mechanical properties will be discussed in
further studies.

The compressive strength along the freezing direc-
tion could be enhanced due to the scaling of aligned
hierarchical structure produced by ice-templating and
nitridation process, the compressive strength was also
found to be higher than those previously reported for
porous silicon nitride ceramics with similar porosi-
ties.37,38

In addition to providing mechanical properties, por-
ous ceramics have many potential applications as filtering
materials, including use in high-temperature gas filters.
To take advantage of the excellent thermomechanical
properties and the filtering capabilities of porous ceram-
ics, a certain level of permeability is required in a filter
substrate because pressure drop across the filter dimin-
ishes efficiency by increasing back pressure.29

Figure 9a shows measurements of the specific flow
of air across porous silicon nitride structures frozen at
rates of 5, 10, 25, and 60 lm/s. The permeabilities of
the samples were calculated to be 0.06, 0.048, 0.041,
and 0.035 Darcy (~10�12 m2), respectively. The perme-
ability of the samples changed by depending on the
freezing rate, which has been shown to affect the micro-
structure of the samples; in this case, the pore size of the
samples was primarily related to the permeability.

Many equations have been proposed to estimate the
permeability of materials by their structural parameters;
these include the Kozeny–Carman equation,39 Ergun’s
equation,40 and Katz–Thompson equation.41 Permeabil-
ity is commonly proportional to the square of the pore
diameter in these equations, and this relationship is gen-
erally expressed in Eq. (3) below, which uses the parame-
ters of pore diameter or grain size (d), a structural factor
such as tortuosity (C), and the porosity (φ):

j ¼ d 2

C

u3

ð1� uÞ2 : ð3Þ

The permeability of the porous silicon nitride
ceramics in this study and the previously reported per-
meabilities of various porous materials29,42–45 are pre-
sented in Fig. 9b along with pore diameters. The lines

are drawn from the Eq. (3) with 20–80% of porosity;
the permeability data are shown to have a similar ten-
dency with these lines. The permeabilities in this study
are shown to be much higher than the expected values
with the given pore diameters and porosities. This result
is determined to be induced by the structural advantages
of the pore channels and the higher porosities achieved
by the ice-templating method. Thus, the proposed mate-
rial will be suitable for the application of filtering partic-
ulate matters.

Conclusions

This study focused on the fabrication of porous sili-
con nitride ceramics using the ice-templating method

(a)

(b)

Fig. 9. (a) Measurements of flow rates for porous Si3N4 structures
prepared by the ice-templating method at varying freezing rates;
(b) relationship between the Darcy permeability (k) and their pore
diameter (d2) in other studies.29,42–45 The lines indicate the
expected permeability values for the given pore diameters of a
porous material with a 20–80% porosity as calculated by Eq. (3).
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with the reaction bonding process. We presented a
unique hierarchical porous structure with a high porosity
of 76.5% that has complex lamellar pore channels and
ceramic walls consisting of fibrous a-Si3N4 whiskers.
The evolution of the hierarchical microstructure is dis-
cussed and investigated with regard to the influences of
freezing rate on the microstructure and properties.

The scale of the pore structure is controlled by
changing the freezing rate in the ice-templating method;
this is shown to affects both the compressive strength
and the gas permeability of the structure. As a result, the
porous silicon nitride ceramics fabricated using the pro-
posed method have higher compressive strengths with
higher porosities and higher permeability with smaller
pore sizes than other conventional porous ceramics. With
the enhanced properties of the silicon nitride structure,
this material is promising for filtering applications in the
future.
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