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Abstract

For fabricating porous Si3N4–SiO2 ceramics with good moisture resistance and mechanical and dielectric properties, a technique combining
oxidation–bonding, sol–gel directional infiltration and sintering is explored. The sol–gel infiltration time has great effect on the microstructure
and properties of the porous Si3N4–SiO2 ceramics. As the infiltration time increases, the porous Si3N4–SiO2 ceramics improve obviously in
mechanical properties and decline little in dielectric properties. With the increase of infiltration time from 0.5 to 2.0 h, the porous Si3N4–SiO2

ceramics increase obviously in flexural strength from 46 to 121 MPa and in Vickers hardness from 2.4 to 5.3 GPa, increase slightly in dielectric
constant from 3.32 to 3.76 and in dielectric loss from 3.36� 10�3 to 3.65� 10�3. Due to their dense surface, the porous Si3N4–SiO2 ceramics
possess good resistances to moisture and mechanical shock.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The radomes and antenna windows used in carrier rockets,
airships, missiles and return satellites are made of excellent
electromagnetic wave transparent materials possessing good
mechanical and dielectric properties [1]. SiO2 and Si3N4 are two
potential materials used for fabricating the electromagnetic wave
transparent materials [2–4], but the poor mechanical properties of
SiO2 [5,6] and the high dielectric constant of Si3N4 limit their
application as radomes or antenna windows [3,4]. Synthesizing
Si3N4–SiO2 ceramics may retain good mechanical properties of
Si3N4 and good dielectric properties of SiO2 meanwhile, and the
Si3N4–SiO2 ceramics improve further in dielectric properties by
increasing porosity [1,7]. So far, various techniques have been
developed to fabricate porous Si3N4–SiO2 ceramics, and the
mechanical and dielectric properties of porous Si3N4–SiO2 cera-
mics have been studied extensively. However, the porous Si3N4–

SiO2 ceramics will absorb moisture when used in a moist
environment especially in rain [8,9]. Due to the high dielectric
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10.1016/j.ceramint.2013.09.068

g author. Tel.: þ86 29 87092860; fax: þ86 29 87012210.
sses: li_xiangming@yahoo.com,
.com (P. Wu).
constant of water (78.36 at 25 1C), radomes or antenna windows
fabricated from porous Si3N4–SiO2 ceramics will deteriorate
dramatically in dielectric properties after absorbing moisture. Until
now, there is a lack of research about improving the moisture
resistance of porous Si3N4–SiO2 ceramics.
Revealed from our previous work [8,9], dense surface with a

porous internal structure brings meanwhile good moisture
resistance and dielectric properties to porous Si3N4 ceramics.
In the present work, focusing on improving the moisture
resistance of porous Si3N4–SiO2 ceramics, a technique
combining oxidation–bonding, sol–gel directional infiltration
and sintering is explored to fabricate porous Si3N4–SiO2

ceramics with a dense surface and gradient pore distribution.
The effects of the sol–gel infiltration time on the microstruc-
ture, mechanical and dielectric properties of the porous
Si3N4–SiO2 ceramics are discussed in detail.

2. Experimental procedure

2.1. Fabrication techniques

Si3N4 powder (α ratio490 wt%, purity499.9%, mean
particle size of 0.7 μm, Corefra Materials Co., Ltd. Hebei,
ghts reserved.
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Fig. 1. Schematic of the fabrication process of porous Si3N4–SiO2 ceramics with dense surface and gradient pore distribution.

Fig. 2. XRD patterns of the porous Si3N4–SiO2 ceramic preforms oxidized at
1200–1300 1C for 2 h.
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China) was mixed with 10 wt% dextrin, and then ball-milled
for 10 h. The powder blend was cold-pressed into green bodies
with a dimension of 30 mm� 50 mm diameter, and then
sintered into porous Si3N4–SiO2 ceramic preforms by oxidiz-
ing in air at 1200–1300 1C for 2 h. The preforms were
machined into circular specimens with a dimension of
4 mm� 45 mm diameter, and then assembled in a device
shown in Fig. 1 to infiltrate silica sol (SiO2¼3071%, mean
grain size of 10–20 nm, viscosityr7 mpa s, Na2Or0.06%,
pH¼7.5–8.5, Yinke Materials Co., Ltd. Zibo, China) direc-
tionally for 0.5, 1.0 and 2.0 h. According to the results of
preliminary experiments, the optimal temperature and pressure
in the chamber at the bottom of the device is determined at
95 1C and 1.02 times atmospheric pressure. After the sol–gel
infiltration process, the preforms were sintered in nitrogen at
1250 1C for 2 h. Finally, according to the schematic shown in
Fig. 1, the porous Si3N4–SiO2 ceramics were machined into
specimens with dimensions of 3 mm� 4 mm� 40 mm for
flexural strength test and 4 mm� 15 mm diameter for dielec-
tric properties test.

2.2. Characterization and tests

Phase analysis was conducted by X-ray diffraction (XRD).
Microstructure was observed by scanning electron microscopy
(SEM). Porosity was measured by the Archimedes method.
Flexural strength (s) was measured via the three-point bending
test with a support distance of 30 mm. Vickers hardness (Hv)
was measured using a digital hardness tester with a pyramidal
Vickers indenter. Dielectric constant and loss was measured at
14 GHz by a resonant cavity method using the TE01d mode
examined by a vector network analyzer (Hewlett–Packard
Hp8720ES) with a 1 Hz resolution.

For the convenience of the following discussion, the porous
Si3N4–SiO2 ceramics fabricated via different times of sol–gel
directional infiltration are named as SN-n (n stands for the
infiltration time).

3. Results and discussion

The mechanical properties of the porous Si3N4–SiO2 cera-
mics have much to do with the properties of the preforms, so
the optimal temperature for preform fabrication should be first
determined. During the oxidation process, the dextrin in the
green bodies is oxidized and removed, and the Si3N4 particles
are bonded by SiO2 deriving from the oxidation of Si3N4.
The oxidation product of Si3N4 is an amorphous SiO2 at
lower temperature, and turns into cristobalite as the tempera-
ture rises [10]. Fig. 2 shows the XRD patterns of the preforms
oxidized at different temperatures. When the temperature is
below 1250 1C, no cristobalite peak is found and the oxidation
product is only amorphous SiO2. As the temperature reaches
1300 1C, the cristobalite peaks appeared.
Table 1 shows the properties of the preforms oxidized at

different temperatures. As the temperature rises from 1200 to
1300 1C, the preforms increase in the oxidation degree of
Si3N4 from 35.6 to 47.5% and in volume shrinkage from 0.6 to
1.1% but decrease in the total porosity from 50.3 to 40.7% and
in the open porosity from 50.1 to 36.9%. After oxidizing at
1300 1C, due to the highest oxidation degree of Si3N4 and
lowest total porosity of the preforms, the Si3N4 particles in the
preforms are bonded strongly by SiO2, so the preforms
oxidizing at 1300 1C theoretically have the highest flexural
strength. However, due to the large CTE mismatch between
Si3N4 and cristobalite [4,11], the overmuch cristobalite induces
the formation of micro-cracks during the oxidation process and



Table 1
Oxidation degree of Si3N4, porosity, volume shrinkage and flexural strength of the porous Si3N4–SiO2 ceramic preforms oxidized at 1200–1300 1C for 2 h.

Temperature (1C) Oxidation degree
of Si3N4 (%)

Porosity (%) Volume
shrinkage (%)

s (MPa)

Total Open

1200 35.6 50.3 50.1 0.6 13
1250 38.7 43.1 42.5 0.7 22
1300 47.5 40.7 36.9 1.1 24

Fig. 3. SEM micrograph of the porous Si3N4–SiO2 ceramic preforms oxidized
at 1250 1C for 2 h.
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then decrease the flexural strength of the preforms. As
indicated in Table 1, the preforms oxidizing at 1250 and
1300 1C have almost the same flexural strength. According to
the above results, for remaining high open porosity of the
preforms and avoiding the crystallization of SiO2 in the porous
Si3N4–SiO2 ceramics, 1250 1C is selected for the oxidation–
bonding process.

Fig. 3 shows the SEM micrograph of the preforms oxidized
at 1250 1C. As can be seen, the Si3N4 particles in the preforms
are bonded weakly with each other, and the bonding necks
between the Si3N4 particles are fine. There is no crack detected
and the pores among the Si3N4 particles connect well with
each other. The well-connected pores are the releasing channel
of nitrogen during the oxidation process, and thereafter act as
the transferring channel of silica sol during the sol–gel
infiltration process [7].

As shown in Fig. 1, at the beginning of the sol–gel
infiltration process, the silica sol enters into the open pores
at the upside surface of the preforms, and then transfers
downwards along the well-connected pores. Because of the
little higher pressure at the downside surface of the preforms,
the transferring speed of silica sol in the preforms is low. Due
to the relative high temperature of the preforms, the silica sol
transferring along the well-connected pores turns into silica gel
little by little, and the silica gel deposits on the surface of the
well-connected pores. As time increases, the pore size of the
preforms decreases gradually due to the accumulation of silica
gel, and the transferring speed of silica sol along the pore
canals gets lower and lower. In that case, silica gel deposits
mostly in the pores at the upside of the preforms with very
little in the pores at the downside of the preforms. As the pore
canals are blocked by silica gel, the silica sol could not transfer
downwards anymore but deposit in the pores at the upside
surface of the preforms. After the sol–gel infiltration process,
the silica gel fills mostly in the pores at the upside surface of
the preforms but very little in the pores at the downside of the
preforms. By sintering the preforms in nitrogen at 1250 1C for
2 h, porous Si3N4–SiO2 ceramics with dense surface and
gradient pore distribution are obtained.
The oxidation of Si3N4 is a volume expansion process, and

the Si3N4 particles in the green bodies are fixed quickly by
oxidation-derived SiO2 at the beginning of the oxidation
process. Once the Si3N4 particles have been fixed by SiO2,
the dimension of green bodies will remain almost unchanged
during the oxidation process [7], so the volume shrinkage of
the preforms oxidized at 1250 1C is only 0.7%, as listed in
Table 1. The sol infiltration technique of fabricating ceramics
has many advantages, but the method suffers from the problem
of shrinkage during drying and sintering process due to the
removal of volatiles, leading to matrix cracking and residual
fine pores in ceramics [12]. In the present work, the sol–gel
infiltration is conducted at 95 1C, so silica sol turns into silica
gel accompanied by the removal of volatiles during the sol–gel
infiltration process. When sintering at 1250 1C, the silica gel in
the pores near the upside surface of the preforms turns into
amorphous SiO2 quickly, and then fuses with the original
oxidation-derived SiO2 at the surface of Si3N4 particles into
whole one, blocking the original well-connected open pores
into closed ones without the generation of residual fine pores.
Moreover, due to the restriction of the spatial porous structure
in the preforms, the fusion of the sol–gel-derived SiO2 with
original oxidation-derived SiO2 results hardly in the shrinkage
of porous Si3N4 ceramics.
Fig. 4(a–c) shows the micrographs of the fracture surface

near the upside surface of SN-n. By comparing the three
micrographs, with the increase of infiltration time from 0.5 to
2.0 h, the amount of silica gel depositing in the pores
increases, and the well-connected pores among Si3N4 particles
are blocked into separate ones with the pore size decreasing.
As shown in Fig. 4(c), the microstructure near the upside
surface of SN-2.0 is dense, Si3N4 particles are well-bonded
by SiO2 and difficult to be identified, few pores can be found,
the pores are very small and distribute separately with each
other. Fig. 4(d) shows the micrograph of fracture surface
near the downside surface of SN-2.0. As can be seen, the



Fig. 4. SEM micrographs of the fracture surface near the upside surface of (a) SN-0.5, (b) SN-1.0 and (c) SN-2.0 and that near the downside surface of (d) SN-2.0.

Fig. 5. SEM micrographs of the polished surface near the (a) upside and (b) downside surfaces of SN-2.0.
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microstructure near the downside surface is porous and distinct
from that near the upside surface, so it can be inferred with a
reason that there is a gradient pore distribution in SN-2.0.

Fig. 5 also compares the micrographs of the polished surface
near the upside surface and downside surface of SN-2.0, a great
many well-connected pores can be seen clearly near the down-
side surface (Fig. 5(b)), so water can enter into SN-2.0 from the
downside surface, while the pores near the upside surface are
much fewer and distribute separately with each other (Fig. 5(a)),
which means there is no connected pore canal for the moisture
entering into the SN-2.0 from the upside surface.
Figs. 6 and 7 show the mechanical and dielectric properties of

SN-n. As shown in Fig. 6(a), as the infiltration time increases
from 0.5 to 2.0 h, the flexural strength of SN-n increases from 46
to 121 MPa when the dense surface of SN-n is downward during
the test and increases from 37 to 62 MPa when the dense surface
of SN-n is upward during test. During the infiltration process, as
the well-connected pore canals have been blocked by silica gel,



Fig. 6. (a) Flexural strength and (b) Vickers hardness of SN-n.
Fig. 7. (a) Dielectric constant and (b) dielectric loss of SN-n.

X. Li et al. / Ceramics International 40 (2014) 5079–5084 5083
the silica gel will deposit only in the pores at the upside surface of
the preforms and there is no more silica gel deposit in the pores
at the downside surface of the preforms. As shown in Fig. 6(b),
with the increase of infiltration time from 0.5 to 2.0 h, the Vickers
hardness of the dense surface of SN-n increases obviously from
2.4 to 5.3 GPa, while the Vickers hardness of the porous surface
of SN-n remains unchanged at 2.1 GPa. Inferred from the above
results, the dense surface improves the resistance of SN-2.0 not
only to moisture but also to mechanical shock. As shown in
Fig. 7, with the increase of infiltration time from 0.5 to 2.0 h, the
dielectric constant of SN-n increases slightly from 3.32 to 3.76
with the dielectric loss increasing little from 3.36� 10�3 to
3.65� 10�3.

For comparison purpose, the mechanical and dielectric
properties of the porous Si3N4–SiO2 ceramic fabricated in
our previous work (SN-P) [7] are also given in Figs. 6 and 7.
As to a porous material, the dielectric properties are much
affected by porosity, and the higher porosity leads to lower
dielectric constant and loss [13,14]. The total porosity of SN-
2.0 is 27.4%, which is higher than that (23.9%) of SN-P [7], so
SN-2.0 possesses the lower dielectric constant and loss than
SN-P. However, Due to the well-bonding of Si3N4 particles
and dense surface, SN-2.0 possesses the higher flexural
strength and Vickers hardness than SN-P.
4. Conclusions

In this study, porous Si3N4–SiO2 ceramics with dense
surface and gradient pore distribution were fabricated by a
technique combining oxidation–bonding, sol–gel directional
infiltration and sintering. The sol–gel infiltration time has great
effect on the mechanical and dielectric properties of porous
Si3N4–SiO2 ceramics. With the increase of infiltration time, the
porous Si3N4–SiO2 ceramics improve obviously in mechanical
properties because of the well-bonding of Si3N4 particles, and
show low dielectric constant and loss due to their high
porosity. With the increase of infiltration time from 0.5 to
2.0 h, the flexural strength increases obviously from 46 to
121 MPa when the dense surface is downward during the test
and increases from 37 to 62 MPa when the dense surface is
upward during test, the Vickers hardness of the dense surface
increases obviously from 2.4 to 5.3 GPa with the Vickers
hardness of the porous surface remains unchanged at 2.1 GPa,
the dielectric constant increases slightly from 3.32 to 3.76 with
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the dielectric loss increasing little from 3.36� 10�3 to
3.65� 10�3.

The porous Si3N4–SiO2 ceramics fabricated in the present
work are promising good electromagnetic wave transparent
material that can be used as radomes or antenna windows.
Importantly, if the radomes and antenna windows are
fabricated from the porous Si3N4–SiO2 ceramics with dense
surface outwards, the radomes and antenna windows will
possess obviously improved resistances to moisture and
mechanical shock.
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