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Porous Si3;N, ceramics were prepared via a controlled gel-casting process followed by gas pressure sintering
with 8 wt.% Y,0; and Al,O; additives. The gel-casting parameters including slurry pH value, AM: MBAM
ratio, degassing procedure, drying condition and decarbonize process were optimized, and the effects of
different Y,03: Al,O; ratios on the microstructure and properties of the SizN, ceramics were investigated.
With an optimized gel-casting process, a high solid loading of 46.5 vol.% was achieved, and as the Y,03
content decreased from 6 to 1 wt. %, the porosity of SizN, ceramics declined from 36.3 to 27.5% while the [-
SizN,4 phase content reduced from 38.9 to 15.0%. The bending strength and elastic modulus of the ceramics
varied with different Y,03: Al,O; ratios and were influenced by the porosity as well as the tailored
interlocking structure of elongated p-SizN, grains. The Si;N, ceramics also exhibited low and stable di-

electric constants.
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1. Introduction

Silicon nitride (SizN4) ceramic has been widely used as
structural and functional materials because of its excellent
mechanical, thermal and electrical properties. With respect to
wave-transparent applications, Si3N, ceramic displays favor-
able mechanical strength, good oxidation resistance, low
thermal expansion coefficient and stable dielectric constant at
high temperatures (Ref 1, 2). However, dense SizN, ceramic
usually demonstrates a relatively high dielectric constant (5.6
for a-SisN, and 7.9 for B-SisNy), which exceeds the require-
ment of the microwave apparatus and missile radomes (Ref 3).
Recently, intensive attentions have been paid to the preparation
of porous SizN, ceramic that is capable of generating low
dielectric constant while maintaining good mechanical proper-
ties (Ref 4, 5). The mechanism of high strength lies in the
tailored microstructure, in which the anisotropic growth of
columnar B-SizN, grains can be controlled to form an
interlocked structure that strengthens the ceramic analogous
to whisker-reinforced material (Ref 6, 7).

Gel-casting is an innovative approach to the preparation of
porous SizN,4 ceramics. The basic principle of the technique is
forming a three-dimensional polymer structure through in situ
polymerized organic molecules to tightly hold the ceramic
powders (Ref 8). The advantages include dimensional accu-
racy, density uniformity, complex shaping capability and cost
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reduction (Ref 9). It is feasible to control the porosity as well as
the properties of the ceramics by adjusting the slurry solid
loading and the content of organic molecules (Ref 10, 11). The
quality of the obtained ceramics, however, is largely affected
by different gel-casting parameters. Omatete et al. (Ref 12)
reported that the critical aspects of gel-casting process include
premix solution, slurry viscosity, drying process, binder
burnout and strength of dried gel-casting green body. Yu
et al. (Ref 13) studied the influences of the monomer content
and the ratio of monomers on the performances of the green
body and the sintered porous Si;N4 ceramics. It is revealed that
the interaction of rheological behavior of the slurry, the
polymerization process of the monomers and the controlling of
defects in the green body were of crucial importance for the
preparation of porous Si;Ny ceramics (Ref 14). For instance,
the pH value largely determines the viscosity of ceramic slurry
and is essential for preparing slurry with a high solid loading.
Besides, humidity and temperature should also be carefully
controlled during the drying stage in order to avoid uneven
distribution of internal stress within the green body (Ref 15).
In addition to the gel-casting process, gas-pressure sintering
provides an isostatic gas pressing to reduce the nonuniform
shrinkage and warp of the porous Si;N, ceramics during high-
temperature sintering (Ref 16). The gas-pressure sintering has
been successfully applied to fabricate high-quality arbitrary
SizN, ceramic radome (porosity ~ 60%) and other porous
wave-transparent ceramics (Ref 17, 18). We prepared porous
SizNy (porosity 36.4-57.6%) with different solid loading by
combining gel-casting and gas-pressure sintering process (Ref
19). To obtain high-performance porous Si;N, ceramics, oxides
of the rare earths (RE) and Group III elements are usually
added as sintering additives (Ref 20). Those oxides additives
are designed to generate intergranular liquid phase at high
temperatures that would promote the rearrangement of the
grains as well as the phase transition from spherical o-SizN4 to
columnar B-SizN, through a dissolution and re-precipitation
process (Ref 21). Besides, the anisotropic growth of B-SizNy
grains is found to be very sensitive to the particular additive
used, which is influenced by both the adsorption behavior of
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rare earth (RE) elements at grain surfaces and the viscosity of
the intergranular phases (Ref 22, 23).

It is noticed that while a number of independent studies have
been carried out on the different rheological behaviors of
ceramic slurry, and the effects of concentration of monomer on
gelation quality, the gel-casting parameters usually differ from
different Si;N4 powders and oxide additives. The present study,
however, is dedicated to prepare high-performance porous
SizN, ceramics with Y,03 and Al,O5 additives through an
optimized gel-casting and gas-pressure sintering process. The
parameters of gel-casting process for obtaining a high solid
loading of 46.5vol.% were firstly optimized, and the effects of
Y,0;5: AlL,O3 ratio on the density, B-SisN4 phase content,
mechanical and dielectric properties of the Si;N, ceramics were
then presented.

2. Experimental Procedures

2.1 Gel-Casting and Gas-Pressure Sintering

Aqueous gel-casting of SizN, was carried out using
acrylamide (AM) and N,N’-methylenebisacrylamide (MBAM)
as monomers and cross-linker, respectively. Ammonium per-
sulfate (APS) was used to initiate the polymerization reactions.
a-Si3Ny (produced by Tsinghua Unisp Lendor High Technol-
ogy Ceramics Co., Beijing, China with an average particle size
of ~ 1.0 um and o/(oc + ) = 92%)was used as raw powders,
and Al,O; (mean particle size, 0.3 pm) and Y,0O3; (mean
particle size, 0.2 pm) powders were selected as sintering
additives.

The schematic procedure of gel-casting of porous SizNy
perform is illustrated in Fig. 1. Firstly, the organic monomers
and cross-linker were dissolved in water to form the premix
solution. The amount of the organics was fixed as 5 wt.% of the
ceramic powder used. Then the ceramic powders consisting
92 wt.% SizN4 and 8 wt.% sintering additives (with different
Y,0;: Al,O3 ratio) were added into the premix solution. To
keep a high fluidity, the ceramic powders were gradually added
while controlling the pH value of the slurry at 10.3-11.0 using
tetramethylammonium hydroxide (TMAH) as adjuster. A high
solid loading of 46.5 vol.% was achieved, and the slurry was

then milled for 24 h to break down agglomerates. Secondly,
after ball milling, the slurry was transferred to a modified
stirring container where the APS initiator could be slowly
dropped in under vacuuming condition. The degassing process
is essential to eliminate the bubbles generated within the slurry.
Afterward, the slurry was cast into glass molds and consoli-
dated at 80 °C for 40 min to form gel-preforms. A typical size
of the gel-preform is 60 mm (length) x 45 mm (width) x 5
mm (height). Thirdly, the gel-preforms were demolded and
dried at 60 °C with a constant humidity of 50% to avoid
cracking and nonuniform shrinkage. After drying, the organics
contained were removed by burning out at 600 °C for 1 h in air
using a heating rate of 1 °C/min. Thus, the porous SizNy
preforms were obtained. Finally, the porous SizN, preforms
were gas-pressure sintered at 1700 °C for 1 h with a heating
rate of 10 °C/min followed by natural cooling, the pressure of
the gas was maintained at 0.6 MPa during the whole sintering
process. We have tried to fabricate porous SizN, ceramics in
which the columnar -SisN, grains were selectively grown by
applying a specific sintering temperature of 1700 °C.

2.2 Materials Characterization

The bulk density and open porosity of the porous SizNy
ceramics were measured by the Archimedes method using
distilled water as medium. Crystalline phases were identified by
x-ray diffraction (XRD, D8 Advance, Bruker Corp., Germany)
using Ni-filtered Cu-Ka radiation. Microstructure of the
ceramics was examined by scanning electron microscope
(SEM, FEI Sirion 200, Holland) and transparent electron
microscope (TEM/HRTEM, JEM-2010, JEOL, Japan). The
room temperature bending strength of the ceramics was
measured by three-point loading test (WDW-100, Changchun
Research Institute of Testing Machines, Jilin, China) for at least
seven specimens with a typical size of 35 mm (length) x 4
mm (width) x 3 mm (height), a span of 30 mm and a cross-
head velocity of 0.5 mm/min. The room temperature dielectric
constant and loss tangent of the ceramics were measured by
high-Q cavity resonance method at 12.6 GHz using a vector
network analyzer (AgilentN5245A, America).

Aﬁo;\ngM ‘pH adjuster Si;N, Degas Initiator Gel Demolding vGre‘en Decarbonize Si;N, 1700°C 1h Si;N,
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Fig. 1 (a) Schematic diagram of gel-casting process and gas pressure sintering for porous Si;N, ceramics; (b) Schematic diagram of gelled
preform and polymer structure; (c) Schematic diagram of different fracture modes and crack propagation within the porous SizN,4 ceramics
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3. Results and Discussion

3.1 Optimization of Gel-Gasting Parameters

The optimization of the gel-casting parameters include the
pH value of SizNy slurry, degas procedure, AM: MBAM ratio,
drying condition and decarbonize process. Firstly, it is essential
to prepare a highly concentrated ceramic slurry with a low
viscosity. The dispersion characteristic of the ceramic slurry is
closely related to the surface chemistry that determined by van
der Waals dispersion force and electrostatic force. The latter
refers to the diffuse electric double layer between the particle
surface and surrounding solution, whose charge distribution
(the number of adsorbed H* or OH™ ions on the particle
surface) is greatly influenced by pH value (Ref 12, 13).
Figure 2 shows the effect of pH value on the viscosity of the
SizNy slurry with a solid loading of 46.5 vol.%. The slurry
viscosity was as high as 9650 mPa‘s when the pH value was 9,
which declined rapidly to below 130 mpa as the pH was
increased to 10.3-11.0. It is indicated that when the pH value
was less than 10, the electrostatic force between particles was
relatively small, and the particles tended to aggregate under the
driving of Van der Waals force, leading to a very high viscosity
of the SizNy slurry. In the pH value range of 10.3-11.0,
however, the agglomeration of the particles became signifi-
cantly reduced as the electrostatic force was increased, and the
viscosity of SizNy slurry quickly decreased. The low viscosity
is beneficial for the composition uniformity and the casting
feasibility of the SizNy4 slurry.

Degassing is another critical procedure for the casting of the
slurry. During the milling process, air bubbles are introduced
into the SizNy4 slurry and will yield pores in the consolidated
green bodies if not excluded. Besides, monomers AM will react
with pH adjuster TMAH and discharge NH; gas according to
the following reaction:

C,H3CONH, + OH™ = C,H;COO™ + NH; (g) (Eq l)

The degree of the reactivity is low at room temperature,
while the NH; gas is dissolved in the suspensions owing to its
high solubility. However, this reaction becomes strong, and the
solubility of NH; decreases greatly at the gel consolidation
temperature of 70 °C. Therefore, degassing must be carried out
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Fig. 2 Effect of pH value on the viscosity of the ceramic slurry
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before casting slurry. In the present study, vacuum degassing
method was applied to exclude the gases, and the vacuum was
maintained at around 1 x 10° Pa. The slurry was degassed in
advance for 0.5 h to remove the air bubbles and the dissolved
NH; gas, and then kept vacuuming when adding the APS
initiator. Figure 3 shows the different morphology of the
sintered ceramics with and without degassing before casting. It
is clear that there are more and larger pores in the ceramic
without degassing procedure than that of the degassed one.
Although it is difficult to completely eliminate the gasses
within the slurry due to the high solubility of NH; gas in water,
the uniform microstructure could contribute to improving the
mechanical performance of the ceramic.

After the casting of the Si;Ny slurry, the gelation and
consolidation were employed at a constant temperature of
70 °C. The gelation of the Si;Ny slurry is the irreversible in situ
polymerization process of the monomer AM and the cross-
linker MBAM under the initiation of APS. The resulted
polymer network will trap and hold the ceramic particles
together, as illustrated in Fig. 1(b). In specific, when subjected
to the heated environment, the APS initiator will generate two
free radicals and causes addition polymerization of AM
monomers to form long-chain molecules; meanwhile MBAM
consists two carbon—carbon double bonds that will bridge the
AM chains to form a network structure, in which the ceramic
particles are fixed and shaped as a whole preform. Obviously,
the quality of the preform is largely related to the polymer
rigidity determined by the different AM: MBAM ratios.
Figure 4 shows the effect of AM: MBAM ratio on the polymer
rigidity in terms of bending strength of the green body. As the
AM: MBAM ratio increased from 4 to 32, the bending strength
of the green body increased at first, reached its maximum value
and then declined continuously. The value of 22.2 MPa was
achieved with an optimal ratio of 12.

After removal from mold, the gel preform usually contains
about one-fourth of its mass as moisture, which need to be
removed by drying. The drying process, however, should be
carefully controlled under suitable humidity and temperature so
as to avoid nonuniform body shrinkage and warp. Figure 5
shows the typical mass change of gel preform with drying time
at a humidity of 50% and a temperature of 60 °C for current
study. The removal of water solvent can be divided into two
stages (Ref 24). The first stage is the discharge of free water
that gradually diffuses and migrates to the surface; and the
second stage is the slow removal of water molecules adsorbed
on the ceramic particles and within the polymer network. It can
be seen that the mass of the gel-preform became steady after
drying for 48 h, which indicates the effectiveness of the
adapted humidity and temperature in providing a steady water
migrating gradient for the free water.

In addition, there are many organics introduced in the
precession of gel-casting, so it is necessary to remove the
adverse effect of residual carbon of organics on the dielectric
properties by slowly burning out the organics in air before gas
pressure sintering. The thermo-gravimetric analysis (TG) was
applied to characterize the mass loss of the Si;N,4 green body,
and the result is shown in Fig. 6. Clearly, there exists a fast
weight loss between 200 and 500 °C, which corresponds to the
evaporation of residual water and the decomposition of the
organics. To avoid sample expansion and crack, the heat rate
should be slow enough within this temperature range. There-
fore, the adopted carbon removal process is heating the green
body to 600 °C in air with a heating rate of 1 °C/min, holding
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Fig. 3 Typical morphology of the sintered ceramics with and without degassing procedure
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Fig. 4 Effect of AM: MBAM ratio on the bending strength of the
green body
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Fig. 6 Typical thermo-gravimetric curve of the SizN, green body

at 600 °C for 1 h and then cooling down with the furnace. This
procession is effective for the organics removal of bulk samples
in the present study in spite of the slower oxygen diffusion
inside bulk samples, since the measured mass loss of the bulk
samples after decarburization agrees well with the mass of
organics added.

3.2 Phase Composition and Microstructure

Table 1 lists the density, open porosity, body shrinkage and
B-SisN, phase content of the porous SizN, ceramics with
different Y,O3; and Al,O; contents. As the Y,O; content
decreased from 6 to 1 wt.%, the body shrinkage of the ceramics
increased from 23.3 to 26.1%, the open porosity decreased
from 36.3 to 27.5%, while the corresponding density increased
from 2.07 to 2.32 g/em®.

Figure 7 shows the typical fracture microstructure of the
sintered ceramics. All of the ceramics were composed of
different amounts of spherical o-Si;N, grains, elongated f3-
Si3N, grains and pores, while the amount of B-SizN, grains
decreased as the Y,Oj; content decreased. The interlocking
structure due to the mutual overlapping of elongated B-Si;Ny
grains were clearly observed for the ceramics with 6 and

Journal of Materials Engineering and Performance



Table 1 Density, open porosity, body shrinkage and B-Si;N, phase content of the porous Si;N, ceramics with different

contents of Y,03 and Al,O; additives

Y,0; content, wt.% Al,O5 content, wt.% Density, g/cm3

Open porosity, %

Body shrinkage, % p-Si3;N4 phase content, %

6 2 2.07
4 4 2.15
2 6 2.26
1 7 2.32

36.3 23.3 389
33.6 24.0 32.4
29.1 24.5 22.1
27.5 26.1 15.0

18 z3 SEI

Fig. 7 Typical microstucture of the porous SizN, ceramics with different contents of Y,03 and Al,O5 additives

4 wt.% Y,0j3 contents. The interlocking structure of B-Si3Ny4
grains is expected to behavior superior fracture-resistant than
the structure formed of ao-SizN, grains. However, it became
difficult to observe columnar -SisN, for the ceramics with 2
and 1 wt.% Y,Oj3 contents. On the one hand, the B-SizN, phase
was transformed from o-Si;N, phase through a process of self-
dissolution and resolution process. Since the B-Si;N4 phase
content was relative low, a certain amount of the $-Si;N, grains
could be enfolded by the a-SizN4 grains. On the other hand, the
anisotropic growth of B-SizNy grains slowed down as the Y,03
content decreased for, resulting in limited growth of columnar
B-SizNy grains.

Figure 8 shows the phase composition of the ceramics by
XRD analysis. It is shown that all of the ceramics were
consisted of crystalline a-Si;N,4 and -SisN4 grains without any
other crystalline phase. The contents of B-SizN4 phase (wt.%)
were further determined using the peak intensities of the
diffraction diagrams by formula (2) (Ref 25).

Journal of Materials Engineering and Performance

Ig101) + Ip210)

Ry = (Eq 2)
Igaio1) + I210) + Lu210) + Lx(102)

It is revealed that the phase content of B-SizN, grains
decreased continuously from 38.9 to 15.0% as the Y,Oj3
content decreased from 6 to 1 wt.%, which is consistent with
the microstructure analysis. Besides, since there was no
crystalline phase containing Y and Al elements detected by
the XRD analysis, an amorphous Y-Al-Si—-N-O phase was
expected to form between the SizN, grains given the addition of
the oxide additive as well as the possibly existence of a small
amount of SiO, due to the oxidation of SisNj.

Generally, rare-earth and group III oxide additives are
introduced to generate inter-granular liquid phase at high
temperatures to promote the grain rearrangement and the phase
transition from spherical o-Si3Ny4 to columnar -Si;Ny through
a dissolution and re-precipitation process (Ref 21). In the
present study, the variation of Y,05: Al,O; ratio largely affects
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Table 2 Mechanical and dielectric properties of the porous Si;N, ceramics with different contents of Y,0; and ALO;

additives

Y,0; content, wt.% Al,O5 content, wt.%

Bending strength, MPa

Elastic modulus, GPa Dielectric constant Loss tangent

2 205.2 + 13.2
4 4 227.6 £ 10.3
2 6 2184 + 11.7
1 7 210.8 =+ 12.4

the open porosity and B-SisN, content of the ceramics. Both of
the open porosity and -SisNy4 content decrease as the Y,Oj3:
Al,O5 ratio decreases. The differences are mainly resulted from
the different liquid viscosity and the rare-earth element
sensitive anisotropic growth of B-SizN, grains. On the one
hand, a certain amount of liquid is necessary for grain
rearrangement and phase transformation, while the viscosity
of liquid Y-Al-Si—-N-O phase decreases as the Al,O3 content
decreases, leading to accelerated grain rearrangement and lower
porosity (Ref 26, 27). On the other hand, the increase of Y,03
content benefits the anisotropic growth of B-Si;Ny grains. It is
revealed that the anisotropic grain growth originates from the
site competition between RE and Si for bonding at B-Si3Ny
interfaces and within the liquid glass. Yttrium tends to
segregate to the prism planes of the embedded B-SisN, grains
impedes the attachment of Si-based silicon nitride growth units,
and the extent of this limitation leads to the grain growth
anisotropy (Ref 28, 29). Besides, the anisotropic growth of B-
Si3N, grains and the resulted interlocking structure would in
turn interfere with densification.

3.3 Mechanical and Dielectric Properties

Table 2 summarizes the mechanical and dielectric properties
of the porous SizN4 ceramics with different Y,053 and Al,O3
contents. As the Y,0j3 content decreased from 6 to 1 wt.%, both
the bending strength and elastic modulus of the ceramics
undergone increasing firstly then declined continuously, and
the maximum values of 227.6 MPa and 80.4 GPa were reached

7896—Volume 29(12) December 2020

77.0 £ 3.9 3.46 0.0065

80.4 + 4.5 3.53 0.0063

70.8 £ 4.1 3.68 0.0055

63.1 =423 3.70 0.0060
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Fig. 9 Typical bending strength to displacement curves of the
ceramics with different contents of Y,05; and Al,O5 additives

for a Y,O5: Al,O3 ratio of 1:1. Meanwhile, the ¢ value
increased monotonically from 3.46 to 3.70, while the tan ¢ was
relatively stable below 0.007.

Figure 9 shows the typical bending strength to displacement
curves of the sintered ceramics. The ceramics displayed typical
brittle fracture behaviors. Usually, it is difficult to decide
whether the value of the open porosity, the shape of the pores,
the higher f3 to o ratio, the aspect ratio of f§ grains or any other

Journal of Materials Engineering and Performance
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parameters have a greater effect on the mechanical properties in
a porous ceramic. However, it is recognized that the bending
strength of ceramics inevitably decreases with increasing
porosity. Besides, it is observed that the SizN, ceramics with
6 and 1 wt.% Y,0O5 additives displayed comparative bending
strengths while the former demonstrated both higher porosity
and B-Si3Ny phase content, which indicates that the elongated
B-SizN, grains played a positive role in improving the
mechanical properties (Ref 30). As addressed by Kawai et al.
(Ref 25), the bending strength of porous Si;N, ceramics was
dominated by both the porosity and the elongated -Si;N,4 grain
growth. Although the increasing porosity was detrimental to the
flexural strength, the unique interlocking microstructure of
elongated B-SizN, grains contributed to the improvement of
ceramic strength by means of -SisN, grains de-bonding and
pulling out. As illustrated in Fig. 1(c), the main fracture
behaviors of o-SizN, grains are de-bonding and crack deflec-
tion, while the B-Si;N4 grains may also fracture in terms of
elongated grain bridge, rupture and pull out that are much
higher energy consumption.

Besides the mechanical properties, good dielectric property
is also necessary for wave transparent materials. It requires low
dielectric constant (¢ < 4) and loss tangent value (tan
0 < 0.01) (Ref 31). In Fig. 10, the dielectric constant and
loss tangent of the Si;N, ceramics are illustrated in terms of
different porosities. As the porosity decreased from 36.3 to
27.5%, the ¢ value increased monotonically from 3.46 to 3.70,
while the tan § was relatively stable below 0.007. The dielectric
values of the porous ceramics can be recognized as quite
stable for practical wave-transparent application.

Besides, the dielectric constant of the amorphous Y-Al-Si—
N-O phase can be calculated according to Lichtenecker mixing
law as described in formula (3) (Ref 32).

Ine = V,Ine, + Vglneg + Vi In gy;

+ Vy_al—si—Nn—o In ey_ai_si—-n—0 (Eq 3)

where ¢ and V; (i = o — SizNy, p-Si3Ny, air, Y-Al-Si-N-O)
stand for the dielectric constant and volume fraction of each
phase, respectively. The dielectric constants of different phase
are taken as o-SisNy (¢ = 5.6), B-SisNy (¢ =7.9) and air
(¢ = 1). Therefore, the calculated dielectric constant of the
amorphous Y-Al-Si-N-O phase fluctuates in the range of 6.02-
6.36, and the average value is 6.14.
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In the future, it would be worth exploring the optimization
of sintering temperatures as well as the high temperature
properties of the Si3N, ceramics.

4. Conclusions

Porous SizN4 ceramics were prepared by optimized gel-
casting process and gas pressure sintering, and the effects of
Y,05: Al,Oj3 ratio on the microstructure and properties of the
ceramics were investigated. The conclusions are drawn as
follows:

(1) A high slurry solid loading of 46.5 vol.% was achieved
using the optimized gel-casting parameters, including an
optimal slurry pH value between 10.3 and 11.0, an AM:
MBAM ratio of 12, and a drying time beyond 48 h at
60 °C and 50% humidity.

(2) As the Y,O5 content decreased from 6 to 1 wt.%, the
open porosity of the sintered ceramics decreased from
36.3 to 27.5%, and the phase content of B-Si;N, grains
decreased from 38.9 to 15.0%. Increasing Y,O3 content
tended to promote the phase transformation and aniso-
tropic growth of B-SizN, grains.

(3) The elongated B-Si3N, grains was beneficial for the
mechanical properties of the ceramics and the ceramic
with 4 wt.% of Y,03 and 4 wt.% of Al,O5 additives
displayed high bending strength and elastic modulus of
227.6 MPa and 80.4 GPa, respectively. The Si;Ny
ceramics also exhibited low dielectric constant and loss
tangent of 3.46-3.70 and 0.0055-0.0065.
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