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Abstract

Novel graded porous Si;Ny4 ceramics with different solid content have been fabricated by a new water-based freeze-casting method. A 25 pm-
thick surface dense layer on the porous layer was successfully formed without any noticeable defects. A great number of fibrous grains protruding
from the internal walls of the macroscopic aligned channels were observed in the porous Si;N, samples with 20-25 vol.% solid content, but little
fibrous grains were formed in the sample with 15 vol.% solid content at the similar processing route. As the solid content increasing from 15 to
25 vol.%, the porosity decreased from 76.8% to 66.4%, while the flexural strength and dielectric constants at 10 GHz increased from 14.3 MPa to
33.5 MPa and 1.78 to 2.64, respectively. The dense/porous SizN,4 ceramic is feasible in broadband radomes application at high temperature due to

ultra-low dielectric constants and moderate strength.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon nitride (Si3N,4) ceramic possesses excellent mechan-
ical properties at both room and elevated temperatures, good
thermal shock resistance and excellent ablation resistance,
which make it suitable for various promising applications at
high temperatures [1-7], but a relatively higher dielectric
constant (5.6-5.8 for reactive sintered SisN4 and 7.9-8.2 for
hot-pressed Si3;Ny4 at 8—10 GHz) limits its applications as a high
temperature radomes material [8,9]. Increasing the porosity is
an effective way to lower the dielectric constant and loss of
Si3Ny ceramic, an effect that is particularly remarkable when
the porosity is enhanced to 35% or above [10]. Porous SizNy
ceramics can be prepared in different ways, such as, adding
fugitive substance [11], gel casting [12], carbothermal
nitridation [13], combustion synthesis [14], in situ reaction
bonding [15], etc. For example, porous SizN, ceramics with
porosity of 19.4-42.6% were fabricated by the oxidation
bonding process, which attained a high flexural strength of 43—
137 MPa, a low dielectric constant of 3.1-4.6 and a low
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dielectric loss of (2.9-4.3) x 10 3at 1 GHz [15]. Porous SisN4/
(Si3N,4 + BN) sandwich ceramics fabricated by tape casting and
hot pressing attained moderate flexural strength of 53.4 MPa, a
low dielectric constant of 3.48 (at 1 GHz) [16]. However, the
high porosity lowers resistances to moisture and mechanical
erosion of porous SizN,4 ceramic, so it is necessary to fabricate
porous Si3;N, ceramic with a dense surface.

Recently, freeze casting as a novel technology has been
included during the fabrication of dense/porous layered
ceramics [17-20]. For example, Koh et al. [17] obtained a
dense/porous layered ceramic by a camphene-based freeze
casting. In this process, it is also noted that unidirectional
solidification of aqueous slurry may trigger a solid-liquid
interface to move rapidly in the initial freezing process, which
engulfs the particles in ice to form a dense layer at the bottom of
the sample after sintering. Up to now, some important works of
the dense/porous ceramics are also produced by freeze casting.
Macchetta et al. [18] used camphene-based freeze-casting to
fabricate HA/TCP ceramic scaffolds with aligned, intercon-
nected and graded porosity, and the initial solid loading played
an important role in the resulting porosity of the scaffolds. Sofie
[19] prepared functionally graded and aligned porosity in thin
ceramics substrates using TBA-based slurries by freeze-tape
casting. The effects of solids loading, freezing temperatures,
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and solvent type on pore structure were investigated. Zhang
et al. [20] fabricated dense/porous bi-layered Al,O5 ceramics
by introducing an electric field into the freeze-casting process.
It was shown that the thickness of the dense layer in the sample
could be controlled by tuning the electric field intensity from 51
to 155 pm as the electric field increased from 15 to 90 V.

As above, the final microstructures and properties of the
dense/porous ceramics produced by freeze casting depend on
the slurry concentration, freezing rate and sintering conditions
[21,22]. Moreover, it was found that the water-based freeze-
casting method could be used to freeze very dilute ceramic
slurries with low solid loading, which, accordingly, allowed
ultra-high porosity ceramics with completely interconnected
pore channels to be produced. However, till now, the reports on
the dielectric properties of dense/porous silicon nitride
ceramics fabricated by freeze casting are very scarce. It is
difficult to maintain porous SizN, ceramics with ultra-low
dielectric constant (<2.5) and moderate strength. The purpose
of the present work is to fabricate dense/porous Siz;N,4 ceramics
with ultra-low dielectric constant and moderate strength by a
new water-based freeze-casting process. The influence of solid
content on the microstructure, mechanical and dielectric
properties of porous SizN, ceramics was also investigated.

2. Experimental procedures

Slurries were prepared by mixing distilled water with
0.3 wt.% ammonium polymethacrylate anionic dispersant
(Sigma—Aldrich Trading Co., Ltd., Shanghai, China), glycerol
(10 wt.% of solvent), 5 wt.% Y,0O3 (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China), 3 wt.% Al,O5 (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) and SizNy
(Junyu Ceramic Co., Ltd., Shanghai, China). Slurries were ball-
milled with alumina balls for 12 h and de-aired by stirring in a
vacuum desiccator. The SizN4 powder consisted of 95 wt.% -
SisNy and 5 wt.% B-SisNy4, and had a mean diameter of 1.5-
2.0 pm. The solid loading of the slurries were fixed to 15, 20
and 25 vol.%. The resultant slurries were then poured into
graphite molds (®50 mm x 10 mm) using a brass bottom plate
placed in the cold trap of in a freeze drier (Labconco 77540,
Western Medics). The top of the container was open so that the
upper surface of the slurry would expose to the cold-air
atmosphere at —50 °C, which is higher than the cold trap
temperature (—70 °C). Immediately after casting, the ice
crystals grow unidirectionally from the surface to the inner of
the slurry. Under the previous cooling methods, the freezing-
casting techniques could only fabricate the dense/porous bi-
layered SizN, composites by inducing unidirectional solidifi-
cation of the slurry. In this paper, freezing occurred from
surface to the inner of the samples by the new cooling method.
The porous layer could be enclosed with the dense layers by
inducing multi-directional solidification of the slurry. After
freezing, the frozen cast was carefully removed from the mold
and the frozen samples were completely freeze-dried under
vacuum for 48 h. The green compacts were carefully placed
into a graphite crucible with a silicon nitride-based powder bed
and sintered in a graphite resistance furnace at 1800 °C for

60 min under a 0.05 MPa nitrogen atmosphere. Both the
heating and the cooling rates were 5 °C/min.

The as-prepared products were coated with a thin layer of gold
and characterized in a scanning electron microscope (FEI Quanta
200, FEI Company, Hillsboro, USA). The apparent density and
porosity of sintered bodies were measured using the Archimedes
method. Samples of 3 mm X 4 mm x 35 mm were cut off from
the as-sintered porous ceramics, and were loaded at a testing
machine (Instron 5569, Instron corp., Canton, USA) to test the
flexural strength, with a crosshead speed of 0.05 mm/min. All
flexural bars were machined with the tensile surface perpendi-
cular to the freezing direction. In order to obtain the average
value, more than six samples of each measurement were chosen.
The dielectric properties test is based on measurements of the
reflection and transmission moduli between 8.2 and 12.4 GHz, in
the fundamental waveguide mode, using standard samples
(22.86 mm x 10.16 mm x 3 mm for 8.2-12.4 GHz, Agilent
E8326B PNA series network analyzer, USA).

3. Results and discussion
3.1. Microstructure of porous SizNy4

Freeze casting of Si;Ny/water slurry was employed to
produce porous SizN, ceramics with graded and porous
structure using different solid content. Fig. 1 shows the
schematical illustration of freeze casting system and pore
structure formation during freezing casting. These pores were
generated by the sublimation of the ice and were aligned along
the macroscopic direction of ice formation. During freeze
casting, water gradually crystallized to form unidirectionally
aligned channel, dendritic pore structure parallel to the freezing
direction, running from low temperature of the surface to high
temperature of the inner. Meanwhile, the ceramic particles were
repelled by the growing ice crystal to cohere together and form
strong dense layer. Table 1 shows the variations of porosity,
bulk density and linear shrinkage of porous SizN, ceramics
with different solid loading after being sintered at 1800 °C for
60 min. As the solid loading increasing from 15 to 25 vol.%, the
bulk density increased from 0.89 to 0.95 g/cm?®, while the
porosity and linear shrinkage decreased from 74% to 62% and
25% to 12.6%, respectively. However, the closed porosity
increases from 36% to 54% on the contrary because of the
blocking effect of the dense layer. Theoretically, if the dense
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Fig. 1. Schematical illustration of freeze casting system and pore structure
formation during freeze casting.
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Table 1

Linear shrinkage, total porosity, flexural strength and dielectric constants of the SizN4 porous ceramics with different solid loading.

Solid loading (vol.%) Linear shrinkage (%) Porosity (%) Flexural strength (MPa) Dielectric constants (8.2-12.4 GHz)
Total Closed

25 12.6 62 54 33.5+4.0 2.46-2.71

20 18.8 66 52 269 £+ 3.3 1.96-2.11

15 25.0 74 36 143 +3.6 1.66-1.83

layer on the surface of porous SizNy ceramic is fully dense, Fig. 2(a)—(c) shows the typical microstructure of the porous

there should be no open pores but closed pores only in Si3N, obtained by water-based freeze-casting. Fig. 2(b) shows a
specimens. The present tiny holes or defects in the dense layer top view of the sample, which is the plane parallel to the
were generated by the sublimation of the retained ice, and will macroscopic direction of ice formation. It can be seen there is in
decrease the closed porosity noticeably because the pores in situ formation of a dense/porous bi-layered Si;N4 ceramic. A
porous SizNy ceramic connect well with each other. 25 wm-thick surface dense layer on the porous layer was

L pu e )
900um

Fig.2. SEM micrographs of cross section (a—c) and the corresponding details of pore morphology of (d—f) of porous SizN, ceramics with different solid loading: (a, d)
25 vol.%, (b, e) 20 vol.%, (c, f) 15 vol.%.
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successfully formed after sintering at 1800 °C for 60 min
without any noticeable defects. Fig. 2(b) suggests that the initial
planar ice front is trapping the particles, resulting in a dense
layer at the surface of the sample. Afterwards, the formation of
a cellular porous microstructure forms, indicating that the
columnar ice front is rejecting the particles. This will suggest
that initial freezing (the initial 25 pwm) is very fast and the ice
engulfs the particles. When the ice front velocity decreases, the
rejected particles locally pin the ice front, triggering the
transition from planar to columnar. A similar phenomenon is
also observed by Hong et al. in porous Al,O; ceramics
produced by camphene-based freeze-casting [23]. The thick-
ness of the ice crystals is only strongly dependent on the speed
of the solidification front. Faster freezing velocities result in
larger supercooling in front of the growing crystals that will
influence the dense layer thickness. So the dense layer
maintained identical thickness at the same freezing conditions
in this study whether or not the initial solid content increased or
reduced.

As shown in Fig. 2(b), the open pores aligned along the
macroscopic direction of ice formation like a channel.
Parallel lines trace the dendrite structure generated by the
nucleation and growth of the ice in the freezing process.
Fig. 2(d)—(f) shows the details of pore morphology and
interconnection of grains in the porous Si;N, samples after
sintering at 1800 °C with the solid loading varying from 15
to 25 vol.%. It was noted that the microstructures of porous
SizNy ceramics were significantly influenced by the initial
solid loading. As the main influencing factor, slurry solid
loading determines the microstructure, porosity, and mechan-
ical properties of the final products after sintering at a given
temperature. A great number of fibrous grains protruding
from the internal walls of the macroscopic aligned channels
were observed in the porous Si;N, samples with the solid
loading varying from 20 to 25vol.% (Fig. 2(d)-(e)).
However, when the solid loading decreased to 15 vol.%,
the SizN, grains are maintained almost the same particle size
of the raw a-SizN4 powder (Fig. 2(f)). Moreover, the typical
connection of grains is similar to stone arch bridges and the
sintering neck can be easily observed. The samples had
homogeneous pore distribution and 3D connection structure
with pore size around several microns. It has not been
reported for porous SizNy ceramics in the previous studies.
Tatsuki Ohji et al. [3] indicated that the fibrous texture
formed through a vapor—solid transformation on the surface
was enhanced by the liquid phase. In our work, it is most
likely that the liquid glassy phase (SiO,—Y,05-Al,03)
decomposed at elevated temperatures to produce SiO gas.
The SiO gas would continuously condense on the surface of
the Si3N, grain in the internal wall of the aligned pore,
resulting in the growth of the fibrous SizN, texture [24,25].
As is mentioned above, the lower solid loading results in
higher porosity and pore size. When the solid loading
decreased to 15 vol.%, the SiO gas would not continuously
condense on the surface of the Si;N,4 grain in the direction of
the aligned pore, it may be the reason that little fibrous grains
was observed in the sample.

3.2. Mechanical and dielectric properties of porous Siz;N,
ceramics

The flexural strength of the porous SizN,4 ceramics is shown
in Table 1. It reveals that the mechanical properties of obtained
porous SizN, ceramics are strongly affected by the micro-
structure, including pore structure and the morphology of SizNy4
grains. Lamellar pores with dendrites in the sample are easy to
cause the damage of the obtained porous ceramics. Elongated
B-SizN, grains and suitable interfacial bonding strength would
improve the mechanical properties of the samples. As shown in
Table 1, the sample with 15 vol.% solid content shows the
lowest flexural strength because it has the highest porosity, the
biggest pore size and little elongated [3-SizN, grains in the
microstructure. As is well-known, the bending strength
increases with decreasing porosity. For the samples with
20 vol.% and 25 vol.% solid content, both -Si3N,4 content and
the aspect ratio of 3-SizN, grains are much higher than that of
the sample with 15 vol.% solid content. The bending strength is
dominated by both the elongated 3-Si;N4 grain growth and the
densification, and as a result the porosity decreases and the
bending strength increases. As the solid loading increasing
from 15 to 25 vol.%, the flexural strength increased from
14.3 MPa to 33.5 MPa. Moreover, as shown in Fig. 2(d)—(f), the
main lamellar channels in the porous ceramics are inter-
connected by the dendritic pores, so the rupture might occur
along dendritic pores and decrease the mechanical properties.
The sample with 25 vol.% solid content exhibits the highest
strength in the resultant porous materials. It is attributed to its
columnar pore structure with least dendritic pores and highest
aspect ratio of (3-SizNy grains.

Dielectric constants of porous SizN, with different solid
content sintered at 1800 °C for 60 min are measured in the
frequency range of 8.2-12.4 GHz and the corresponding
profiles are presented in Fig. 3. As can be seen from this
figure, all the materials exhibited reasonably stable and ultra-
low dielectric constant values. It is known that the overall
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Fig. 3. Dielectric constants of porous SizN4 with different solid content in the
frequency range of 8.2—-12.4 GHz.
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dielectric constant of a material is highly influenced by the
material composition, frequency of applied field, temperature
of the dielectric, crystal structure, and other external factors
including porosity. The processing route is similar in this study,
so the observed difference in the dielectric constant data could
be related to the change in the porosity. For example, materials
with 15 vol.%, 20 vol.% and 25 vol.% solid content have
apparent porosities 74%, 66% and 62%, respectively, whereas
their corresponding dielectric constant values at 10 GHz are
1.78, 2.07 and 2.64, respectively. So, porosity is the dominating
factor for the dielectric constant of porous ceramics in this
study, the increase in porosity result in the decrease in dielectric
constants. Such low dielectric constants and moderate strength
of the dense/porous Si;N4 ceramic will draw much attention for
potential dielectric applications at high temperature.

4. Conclusions

Highly porous SizN, ceramics with graded and porous
structures have been fabricated by a new water-based freeze-
casting method. The typical pore structure includes surface
dense layer, aligned channel and dendritic pore using cold-air
as cooled agent. The influence of solid content on the
microstructure, mechanical and dielectric properties of porous
silicon nitride ceramics was studied in this paper, the following
results were obtained.

(1) In this study, whether or not the initial solid content
increased or reduced, a 25 pm-thick surface dense layer on
the porous layer was successfully formed after sintering at
1800 °C for 60 min without any noticeable defects. A great
number of fibrous grains protruding from the internal walls
of the macroscopic aligned channels were observed in the
porous SizN,4 samples with 20 vol.% and 25 vol.% solid
content, however, little fibrous grains were formed in the
sample with 15 vol.% solid content.

(2) As the solid content increasing from 15 to 25 vol.%, the
porosity decreased from 76.8% to 66.4%, while the flexural
strength and dielectric constants at 10 GHz increased from
14.3 MPa to 33.5 MPa and 1.78 to 2.64, respectively. The
ultra-low dielectric constants and moderate strength of the
dense/porous SizN, ceramic will draw much attention for
the broadband radome application at high temperature.
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