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Abstract

Porous Y-a-SiAlON ceramics were prepared by freezing camphene-based suspensions at 0 1C and subsequently sintering at 1900 1C

for 1 h. The effects of solid loading content in the suspensions on porosities and formation of a-SiAlON as well as mechanical and

dielectric properties of the porous ceramics were investigated. An XRD analysis performed on sintered samples indicated that the

a-SiAlON did not fully form in the sample with initial solid loading content of 10 vol%, due to the high porosity of 90 vol% and

interconnected pore of the green body. With the increase of initial solid loading content from 10 vol% to 30 vol%, the porosity

decreased from 62.3% to 23.1% and the average pore size decreased from 19 mm to 8 mm. As a result, the flexural strength increased

significantly from 72.4 MPa to 190.2 MPa, fracture toughness increased from 1.20 MPa m1/2 to 3.48 MPa m1/2, as well as the dielectric

constant increased from 3.3 to 6.3. The dielectric loss (tan d) of obtained material varied between 1.4� 10�2 and 2.8� 10�2, which did

not depend on the porosity of samples.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Porous ceramics containing tailored porosity exhibit
special properties and features that usually cannot be
achieved by the conventional dense counterparts. The
advantages of porous ceramics are the combination of
these inherent properties of ceramics and the features
obtained by drawing voids into the component. Such
features include low density, low thermal conductivity,
high surface area, controlled permeability, high specific
strength and low dielectric constant. Therefore, porous
ceramics with high porosity have attracted much attention
for industrial applications, especially for environments
where high temperatures and corrosive media are involved,
such as hot gas filters, catalyst supports, particle filters and
gas membranes [1]. For these applications, it is important
to tailor these properties of porous material by controlling
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the porosity and pore structure, such as open or closed
pore, pore morphology and pore size distribution.
Recently, the freeze casting has attracted an increasing

interest, since it can produce well-defined pore structures
replicating the shapes of the connected frozen solvent
crystals [2]. A wide variety of ceramic materials have
already been tested by freeze casting, including Al2O3,
Si3N4, SiC and ZrO2 [3–6]. With regard to oxide-based
ceramics, such as Al2O3 and ZrO2, they have superior
oxidation and corrosion resistance but poor strength and
poor thermal shock resistance. Compared to oxide-based
ceramics, Si3N4 ceramics exhibit good thermal shock
resistance [7], while they did not demonstrate good corro-
sion resistance because of the sintering additives which are
necessary to densification and phase transformation of
Si3N4. SiAlON ceramics that are solid solutions of Si3N4

offer the advantages of incorporating some sintering
additives into the Si3N4 lattice and hence reducing the
amount of glassy phase, consequently improving corrosion
resistance [8]. Therefore, SiAlON ceramics should be
ll rights reserved.
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Fig. 1. XRD patterns of porous a-SiAlON ceramics with different solid

loading contents sintered at 1900 1C for 1 h.
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good candidates for porous ceramics in high temperature
applications.

To date, the freeze casting has not been used for
fabricating porous SiAlON ceramics. SiAlON ceramics
are commonly produced by reaction sintering of a- or
b-Si3N4, Al2O3, AlN and R2O3. In the case of aqueous
freeze casting, AlN powder will be hydrolyzed by water
when in contract with water [9]. In order to limit AlN
hydrolysis, camphene was a good candidate as organic
solvents in the preparation of SiAlON slurry. In addition,
as camphene has a melting temperature of 44–48 1C [10],
the freeze casting process can be carried out at near room
temperature and the frozen camphene can be removed via
sublimation without any assistance of device, thus allowing
more flexible processing.

For these reasons, the camphene based freeze casting
method was used to fabricate porous a-SiAlON ceramics
in this work. The sintered porous a-SiAlON ceramics were
thoroughly characterized in order to establish the effect of
initial solid loading on the phase assemblage and pore
microstructure characteristics as well as mechanical and
dielectric properties of the final product.

2. Experimental procedure

According to the general chemical formula Ym/3

Si12�(mþn)Al(mþn)OnN16�n, the composition of a-SiAlON
corresponding to m¼1.0, n¼1.0 was investigated in our
experiments. Starting powders used to prepare the porous
SiAlON ceramics are a-Si3N4 (SN-E10, containing 1.27%
oxygen, UBE Industries, Japan), Al2O3 (499.9%, 0.5 mm,
A16-SG, Alcoa, USA), AlN (grade C, H.C. Stark, Berlin,
Germany), and Y2O3 (499.9%, grade fine, H.C. Stark,
Berlin, Germany). When calculating the overall composi-
tions, 2.38 wt% SiO2 and 1.83 wt% Al2O3 on the surface
of Si3N4 and AlN powders were taken into account
respectively.

Different solid loading content (10 vol%, 20 vol%,
30 vol%) slurries containing the SiAlON precursor were
prepared using HAO FAST 923 (Shanghai Haoyang Co.,
Ltd., Shanghai, China) as a dispersant in camphene (95%
Purity, Guangzhou Huanpu chemical Factory, Guangz-
hou, China), following by ball milling at 60 1C for 24 h in
sealed bottles. All of the prepared slurries exhibit excellent
flowability for casting, regardless of the initial solid
loading.

Immediately after the resultant warm slurries were
poured into polyethylene molds (Ø 60 mm� 10 mm) which
were pre-warmed at 60 1C, the molds and slurries were set
on a copper plate immersed in ice-water mixture at 0 1C
for freezing.

Thereafter, the green bodies were placed on a polyur-
ethane sponge in open air at room temperature for about 4
days to sublime the solidified camphene in the green
compacts. Sintering was performed in a conventional
graphite resistant furnace at 1900 1C for 1 h under a
nitrogen-gas pressure of 0.6 MPa. A BN-Si3N4 powder
bed (50 wt% BN, 50% Si3N4) was used. The heating and
cooling rates were both 10 1C/min.
The porosities and pore size distribution were measured

by mercury porosimetry (Autopore 9500, Micrometics Co.,
UAS). Crystalline phases of the produced porous ceramics
were characterized by X-ray diffraction (XRD). The
microstructures of the sintered samples were observed
from the fractures samples using a scanning electron
microscope (SEM).
Flexural strength and fracture toughness were measured

by three-point flexure and single-edge-notched beam
(SENB) tests respectively. Each date point marks an
average of six measurements.
The dielectric properties of obtained porous Y-SiAlON

ceramics were measured by the method of waveguide using
a vector network analyzer (Agilent E8362B) over 12.4–
18 GHz. The sizes of measured samples were 7.9 mm�
15.8 mm� 2.0 mm.

3. Results and discussion

3.1. Phase formation

Fig. 1 shows the XRD patterns of obtained porous
a-SiAlON ceramics with different initial solid loading
content sintered at 1900 1C for 1 h. There were two phases
a and b-SiAlON detected in the samples with initial solid
loading content of 10 vol%. No secondary crystalline
phases were detected by XRD, which shows that the
cooling rate is sufficient to prevent crystallization of gain
boundary glass. When the initial solid loading content
increased to 20 vol%, the intensity of peak of b-SiAlON
was decreased significantly. With further increase to
30 vol%, only a-SiAlON was detected without any amount
of detectable second phase. Thanks to the unique freezing
process, the green bodies have a highly packed ceramic
powder network with high green density 450% [11],
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regardless of the initial solid loading content, which
accordingly makes it possible to enable the mixed powders
to react completely and mostly form SiAlON phases.
However, for the green body of 10 vol% solid loading
content with higher porosity (90%) and open pores,
for evaporation of chemicals on the surface of ceramic
walls is inevitable , resulting in incomplete formation of
a-SiAlON [12].

3.2. Porosities and pore structures

The porosities and pore size distributions of fabricated
samples were characterized by mercury porosimety and are
summarized in Table 1. The porosity of obtained porous
Y-SiAlON ceramics decreased proportionately from
64.3% to 23.1% with the increase of the solid loading
content of slurry from 10% to 30%. Since the liquid
camphene initially present in the slurry is converted into
solid camphene that later sublimates to form the pore, the
final porosity of porous ceramics is directly related to the
volume of camphene in the slurry. Therefore, it is reason-
able to suppose that the porosity of porous Y-SiAlON
ceramics can be controlled by tuning the initial solid
loading content.
Table 1

Properties of the obtained porous a-SiAlON ceramics.

Solid content

(vol%)

a/(aþb), (%) Porosity (%) Pore size ,mm

10 79.4 64.3 19

20 96.5 45.2 9

30 100 23.1 6

Fig. 2. SEM micrographs of the porous a-SiAlON ceramics sintered at 1900

(e) 20 vol%; and (c), (f) 30 vol%.
The SEM micrographs of the sintered porous Y-SiAlON
ceramics with different initial solid loading contents are
shown in Fig. 2. It was observed that the porous structure
was homogeneous throughout the entire samples. Lower
solid loading content gave rise to a higher porosity and larger
pore size, while the sintered Y-SiAlON walls became thinner.
It should be mentioned that the pore size measured by

mercury porosimety (Table 1) is smaller than those
estimated from the SEM micrographs shown in Fig. 2,
wherein the pore size was 24 mm, 11 mm, and 7 mm at
10 vol%, 20 vol%, and 30 vol% respectively. The results
imply that the pore channels were completely intercon-
nected, consequently the relatively narrow pore repre-
sented the accurate pore size measured by mercury
porosimetry [13].

3.3. Mechanical properties

Solid loading contents play a critical role in determining
the porosities and porous structures of these sintered
samples and consequently affect the compressive strength
of samples. The flexural strength and fracture toughness of
the obtained porous are listed in Table 1. When the
porosity of sintered porous ceramic decreased from 62.3%
Flexural

strength (MPa)

Fracture toughness

(MPa m1/2)

Dielectric loss at

15 GHz

72.4 1.20 1.4� 10�2

129.6 2.62 2.8� 10�2

190.2 3.48 2.0� 10�2

1C for 1 h with different solid loading contents of (a), (d) 10 vol%; (b),
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to 23.1%, the flexural strength increased from 72.4 Mpa to
190.2 Mpa with the fracture toughness increasing from 1.2
to 3.48 MPa m1/2. These values are higher than the flexural
strength of porous b-SiAlON with porosities 20–50%
produced by partly sintering [14]. In general, the strength
of porous ceramic is affected not only by the porosity but
also by the formation of dense ceramic walls. From Fig. 2,
we can see that the sintered Y-SiAlON ceramics walls
showed full densification without any noticeable micropores
and defects in the walls, regardless of initial solid loading.
Therefore, the excellent mechanical properties were also
attributed to the full dense Y-SiAlON ceramics walls.

3.4. Dielectric properties

Dielectric constant (e0) of a-SiAlON with different initial
solid loading contents are measured in the frequency range
12.4–16 GHz and the corresponding profiles are presented
in Fig. 3. All the materials exhibited reasonably stable
dielectric constant values. The dielectric constant of these
pore materials varied between 3.3 and 6.3, which is lower
than that of the dense Y-a-SiAlON ceramic, 8.681.

For porous materials, if the pores are spheres, an
approximation equation can be used to calculate the
dielectric constant (e0) [15], as shown:

e0 ¼ em 1�
3Pðem�1Þ

2emþ1�PþPem

� �
ð1Þ

where em is dielectric constant of dense Y-a-SiAlON
ceramic and P is porosity of porous ceramic.

When the porosity of porous a-SiAlON decreased from
62.3% to 23.1%, the measured dielectric constant of
obtained porous a-SiAlON decreased from 6.3 to 3.3.
While the calculated dielectric constant decreased from
6.39 to 3.31 according to Eq. (1), which is a good fit to the
experimental data.

In general, the dielectric constant datas of porous
ceramic were not only related to the porosity, but also to
Fig. 3. Influence of initial solid loading content on dielectric constant of

porous a-SiAlON ceramics sintered at 1900 1C for 1 h.
the change in phase assemblages. Y-a-SiAlON was formed
completely in the porous a-SiAlON ceramic with initial
solid loading constant 30 vol%; when the solid loading
decreased to 10 vol%, the porous Y-a-SiAlON ceramic
contained of 20.9% b-SiAlON, 79.1% Y-a-SiAlON and an
intergranular glassy phase.
According to the mixture rule, the dielectric constant of

the two-phase composite can be calculated by following
Lichtencker’s logarithmic equation:

Ln e¼V1 Ln e1þV2 Ln e2 ð2Þ

where e1, e2 are the dielectric constant of phases 1 and 2,
respectively, and V1 and V2 are the volume fraction of
phases 1 and 2. The dielectric constant reported for
b-SiAlON varied between 7.5 and 7.8 [16], which is lower
than the dielectric constant of dense Y-a-SiAlON (8.681) [17].
The mixture rule would predict that the dielectric constant of
dense a–b-SiAlON is smaller than that of dense Y-a-
SiAlON. However, the variation of e0 between a-SiAlON
and b-SiAlON was small, from which it can be deduced that
e0 of porous SiAlON ceramics is unsusceptible to the phase
assemblages. So it is reasonable to suppose that porosity is
perhaps the dominating factor for the dielectric constant of
porous a-SiAlON ceramic.
The dielectric loss (tan d) of porousa-SiAlON ceramic

with different initial solid loading contents at 15 GHz is
listed in Table 1. The tan d of these materials varied
between 1.4� 10�2 and 2.8� 10�2, which did not depend
on the pore volume of the samples. It is unreasonable to
consider that the loss may be related to the surface area of
porosity for high porosity material, compared to the
material with a small degree of porosity which has a very
marked effect on loss [15].

4. Conclusion

We fabricated porous a-SiAlON ceramics with inter-
connected pore channels by using the camphene based
freeze casting technique. The influence of initial solid
loading content on the phase assemblages of porous
SiAlON ceramics was investigated by XRD. a-SiAlON
did not fully form in the sample with initial solid loading
content of 10 vol%, due to the high porosity of 90 vol%
and interconnected pore of the green body.
Initial solid loading played a primary role on the

resulting porosity of the scaffolds. With the increase of
initial solid loading content from 10 vol% to 30 vol%, the
porosity decreased from 64.3% to 23.1% and the average
pore size decreased from 19 mm to 8 mm. As a result, the
flexural strength increased significantly from 72.4 MPa to
190.2 MPa; fracture toughness increased from 1.20 MPa
m1/2 to 3.48 MPa m1/2; the dielectric constant increased
from 3.3 to 6.3. The dielectric loss (tan d) of obtained
material varied between 1.4� 10�2 and 2.8� 10�2, which
did not depend on the porosity of samples.
In conclusion, this manufacturing technique shows a

great potential for fabricated porous SiAlON ceramics
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with controlled porosity and appropriate mechanical and
dielectric porosity for engineering application.
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