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Porous silicon nitride/silicon oxynitride composite ceramics were fabricated by silica sol infiltration of
aqueous gelcasting prefabricated Si3N4 green compact. Silica was introduced by infiltration to increase
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the green density of specimens, so suitable properties with low shrinkage of ceramics were achieved
during sintering at low temperature. Si2N2O was formed through reaction between Si3N4 and silica sol at
a temperature above 1550 ◦C. Si3N4/Si2N2O composite ceramics with a low linear shrinkage of 1.3–5.7%,
a superior strength of 95–180 MPa and a moderate dielectric constant of 4.0–5.0 (at 21–39 GHz) were
obtained by varying infiltration cycle and sintering temperature.
ielectric properties
echanical properties

. Introduction

For the high temperature applications, silicon nitride ceramic
as received much attractions due to its outstanding properties
uch as high mechanical properties, good thermal shock resis-
ance and acceptable dielectric properties in the past decades [1,2].
n particular, silicon oxynitride ceramic with excellent oxidation
esistance at severe conditions has gained much interest also [3].
onsequently, Si3N4/Si2N2O ceramics with a modified microstruc-
ure have been found to combine desirable properties such as the
xidation resistance of Si2N2O and the strength of Si3N4 [4].

Porous ceramics with a tailored microstructure are promising
igh-performance materials because of such unique properties as

ight weight, good strain tolerance, damage tolerance and thermal
hock resistance [5,6]. In general, porous Si3N4/Si2N2O ceramics
ave been used as hot gas filters and catalyst supports [7]. Recently,
orous Si3N4/Si2N2O ceramic is also attractive in electromagnetic
ave penetrating materials, as a strategy to reduce dielectric con-

tant [8].
Aqueous gelcasting allows obtaining complex-shaped parts

ith high density, low cost, machinable property and higher relia-

ility of the formed green bodies [9–11]. Many studies have been
one to promote the gelcasting process, however, it is still diffi-
ult to obtain concentrated Si3N4 based suspensions with a solids
oading above 50 vol% [10,11]. So, the shrinkage of ceramic is a bit

∗ Corresponding author. Tel.: +86 451 86414291; fax: +86 451 86414291.
E-mail address: dcjia@hit.edu.cn (D. Jia).
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large during sintering. Sol–gel infiltration has been widely used to
increase the density, mechanical and thermal properties of various
materials [12]. Nevertheless, it appears that there are few reports
on fabricating of Si3N4/Si2N2O ceramics by silica sol infiltration
method.

The aim of this work is to improve the colloidal forming process
to manufacture low shrinkage porous Si3N4/Si2N2O ceramic parts.
For this purpose, silica sol infiltration has been conducted on porous
Si3N4 ceramic prepared in aqueous gelcasting to get higher green
density. So that suitable properties are achieved with lower shrink-
age during sintering compared with aqueous gelcasting method.
And we investigated the effect of infiltration cycles and sintering
temperature on microstructures, mechanical and dielectric prop-
erties of the composite ceramics.

2. Experimental procedure

2.1. Materials processing

Silicon nitride green bodies were obtained by aqueous gelcasting method using
agarose solutions described elsewhere [13], and 6 wt.% Y2O3 (99.9%, Shanghai Yue-
long Chemical Factory, Shanghai, China) + 2 wt.% Al2O3 (99.5%, Beijing Chemical
Factory, Beijing, China) were added as sintering aids. The compacts were first par-
tially sintered to 46% of the theoretical density at 1350 ◦C for 0.5 h under a pressure
of 0.1 MPa in nitrogen. Then, the presintered porous Si3N4 specimens (55 mm in
diameter and 6.5 mm in thickness) were infiltrated with silica sol solution in a vac-

cum atmosphere. Chemical compositions and properties of the silica sol (Huanqiu
Chemical Factory, Jiangsu, China) are shown in Table 1. The specimens were placed
in a vacuum chamber. After the chamber was evacuated, the silica sol was filled
into the chamber and held for 2 h. The silica sol contained compacts were gelled at
60 ◦C for 20 h and dried at 120 ◦C for 4 h to remove the solvents. The treatment pro-
cedure of impregnation, gelling and drying, namely cycle of infiltration procedure,

dx.doi.org/10.1016/j.matchemphys.2010.05.073
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
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Table 1
Chemical compositions and properties of silica sol.
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SiO2 (wt.%) Na2O (wt.%) pH Density (g cm−3) Viscosity (mPa s)

45 <0.25 9.33 1.30 12

as repeated several times, to increase the silica content in the infiltrated samples.
or comparison, one batch without silica sol infiltration was also prepared as a refer-
nce sample. Finally, the pellets were packed in a powder bed with a composition of
i3N4 + 50 vol.% BN in a graphite crucible and sintering was carried out in a gas pres-
ure furnace at 1550 ◦C, 1600 ◦C and 1650 ◦C, respectively, for 1 h under a pressure
f 0.1MPa in nitrogen. So, the specimens were designated as SN1550/0, SN1550/1,
N1550/2, SN1550/3, SN1600/2 and SN1650/2, respectively, for different sintering
emperatures and infiltration cycles, which are shown in Table 2.

.2. Materials characterization

Bulk density was calculated from measured dimension and weight. Due to
eglectable volume shrinkage between reaction of Si3N4 and SiO2 to form Si2N2O,
he porosity was also calculated. Flexural strength was measured on a mechanical
esting machine (Shimadzu, AG-Is50) using bar samples of 36 mm × 4 mm × 3 mm
n a three-point bending fixture with a span length of 30 mm and a cross-head
peed of 0.5 mm/min. Young’s modulus was determined from the stress–strain
urves obtained from load versus deflection plot. Each value was averaged of five
easurements. Crystalline phases were identified by X-ray diffractometry (XRD,

igaku, RINT-2000), using CuK� radiation at 40 kV and 30 mA. Microstructure was
haracterized by scanning electron microscopy (SEM, FEI, Quanta-200). Thermal
xpansion of the specimens was measured between 35 ◦C and 800 ◦C using ther-
al dilatometer (Netzsch, DIL-402C). Permittivity of the specimens with a size of
18.0 mm × 1.8 mm was measured in the frequency range of 21 GHz to 38 GHz at

oom temperature by RF impedance/material analyzer (Model 4291B, Agilent, USA).

. Results and discussion

.1. Density

Variations in the density of the infiltrated samples before and
fter sintering with the infiltration cycles are shown in Table 2.
s expected, the density of green bodies increases with number
f infiltration cycles and the density of all sintered samples ranges
rom 1.49 g cm−3 to 2.05 g cm−3. Clearly, density difference sharply
ncreases after the first infiltration cycle, but is insensitive to fur-
her infiltrations after the second cycle. It can be considered that
he pores of the composite have been blocked by the silica parti-
les after the first two infiltrations and deposition, and the silica sol
article size is too large to infiltrate into the compact in the next
ycles [7]. Furthermore, according to the weight increase after infil-
rations for three times, the final mole ratio of Si3N4 to SiO2 of the
nfiltrated sample is about 1:0.6. In addition, linear shrinkages are
elow 6% for all sintered samples because of partial sintering with

ow sintering temperature. These results mean better precision in
he dimensional control that opens an opportunity to the industrial
iability of aqueous gelcasting for manufacturing complex-shaped
arts.
SEM fracture surface of green bodies with and without infiltra-
ion is shown in Fig. 1. After one infiltration cycle, Si3N4 particles
end to be bonded by silica gel, exhibiting a more dense morphology
s most small voids derived from the stack of Si3N4 particles were
lled with silica gel [14]. Furthermore, the fracture surface from

able 2
ulk density and linear shrinkage of the Si3N4/Si2N2O composite ceramics sintered at di

Specimens Sintering temperature (◦C) Infiltration cycles

SN1550/0 1550 0
SN1550/1 1550 1
SN1550/2 1550 2
SN1550/3 1550 3
SN1600/2 1600 2
SN1650/2 1650 2
Fig. 1. SEM fracture surface of green bodies (a) prepared with partial sintering at
1350 ◦C (b) after one infiltration cycle of (a).

the interior to the exterior region of the compact after infiltration
is the same, implying uniform microstructure.

3.2. Phase composition and microstructure

The XRD patterns of the composite ceramics with and without
silica sol infiltration sintered at 1550 ◦C are shown in Fig. 2. It is

revealed that �-Si3N4 is the main phase in all samples due to the
low sintering temperature. Crystalline silica is not detected as SiO2
formed a liquid glass phase at >1500 ◦C by reaction with Al2O3. It
is similar with SiO2 particle doped Si3N4 ceramics [15]. Y5Si3O12N
(JCPDS 48-1625) is found in sample without infiltration, but it van-

fferent temperatures and with different pre-infiltration cycles.

Bulk density (g cm−3) Linear shrinkage (%)

Green As-sintered

1.49 1.52 0.2
1.72 1.75 1.3
1.82 1.87 1.9
1.82 1.87 1.9
1.82 1.92 2.7
1.82 2.05 5.7
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Table 3
Variations in flexural strength and Young’s modulus values versus with sintering
temperature and silica sol infiltration cycles.

Specimens Young’s modulus (GPa) Flexural strength (MPa) Porosity (%)

SN1550/0 26.4 ± 0.7 45.1 ± 3.7 53.1
SN1550/1 48.0 ± 1.2 94.7 ± 6.6 46.0
SN1550/2 58.4 ± 2.0 119.0 ± 3.9 42.3
SN1600/2 81.0 ± 1.2 142.4 ± 10.3 40.7
SN1650/2 106.3 ± 5.5 180.5 ± 8.7 36.7

Table 4
Selected properties of Si2N2O, Si3N4 and SiO2 ceramics.

Properties Si2N2O Si3N4 Fused SiO2

−3
ig. 2. XRD patterns of the porous Si3N4 ceramics sintered at 1550 ◦C with different
nfiltration cycles: (a) none, (b) one, and (c) three.

shes in the samples infiltrated with silica sol. It can be explained
hat Y5Si3O12N is precipitated from the Y–Si–Al–O–N glass con-
isted of Si3N4, Y2O3 and Al2O3. When silica is introduced, it greatly
ncreases silicon and oxygen content in the liquid system. And this
ncrease suppresses the precipitation of Y5Si3O12N. In other words,
he sintering aids of Y2O3 and Al2O3 are dissolved into SiO2 at high
emperature which presented as an amorphous phase finally [16].

The XRD patterns of the composite ceramics sintered at different
emperatures are shown in Fig. 3. Si2N2O (JCPDS 47-1627) formed
hrough reaction between Si3N4 and silica sol at a temperature
bove 1550 ◦C. The content of Si2N2O is increased with increasing
intering temperature because that more liquid phase can enhance
he reaction to form Si2N2O. And the transformation of �-Si3N4 to
-Si3N4 can also coincide with the formation of Si2N2O.

SEM fracture surfaces of Si3N4/Si2N2O composite ceramics sin-
ered at different temperatures and with different pre-infiltration
ycles are provided in Fig. 4. As it shown, the grains of uninfil-
rated sample SN1550/0 are small and the particles contact each
ther loosely because nearly no further densification is achieved.
ue to the weak bonding between grains, SN1550/0 is fractured

nter-granularly. Infiltrated samples SN1550/2 seem to be denser,
ompared with the uninfiltrated one and this could be confirmed by
ensity testing results. When the sintering temperature increases
o above 1550 ◦C, the grains grow up and become coarsened.
eramic particles are bonded by the thicker necks, possibly due

o reaction between Si3N4 and SiO2 to form Si2N2O, resulting in
strong network structure. The morphology of fracture surfaces

f SN1600/2 and SN1650/2 are quite smooth suggesting a typical
ransgranular fracture mode.

ig. 3. XRD patterns of the Si3N4/Si2N2O composite ceramics sintered at different
emperatures: (a) 1550 ◦C, (b) 1600 ◦C, and (c) 1650 ◦C.
� (g cm ) 2.81 3.18 2.2
E (GPa) 289 320 70
�f (MPa) 513 700 50
CTE(10−6 ◦C−1) 3.3 3.2 0.55

3.3. Mechanical and thermal shock properties

Variations in flexural strength and Young’s modulus values ver-
sus sintering temperature and infiltration cycles are shown in
Table 3. As indicated, the strength and Young’s modulus increase
with infiltration cycle as density of the sample is increased.

It is consistent with the empirical relation that flexural strength
and Young’s modulus increased with density [17]. This differ-
ence can also be explained when calculated flexural strength and
Young’s modulus values using mixed rule based on the prop-
erty data of Si2N2O, Si3N4 and SiO2 shown in Table 4. The
values increased once the reaction between Si3N4 and SiO2 take
place to form Si2N2O. Furthermore, the standard deviation of
the as-sintered sample is moderate suggesting a homogeneous
microstructure of the composite ceramics.

Ceramics might be subjected to thermal shock in their applica-
tions. The critical temperature difference (�TC) for crack initiation
by thermal shock can be estimated from:

�TC = �f (1 − �)
˛E

(1)

where �f is the fracture strength, � is the Poisson’s ratio (suppose
0.26 for all the samples) [18], E is the Young’s modulus, ˛ is the
thermal expansion coefficient. According to Table 5, the calculated
�TC value decreases with increasing sintering temperature from
1550 ◦C to 1650 ◦C unexpectedly. And it is contrary to previously
reported results that many type of ceramics with high-porosity
would exhibit a low resistance to crack initiation when compared
with the low-porosity ones [19]. This difference can be understood
when calculated CTE, E and �f values using mixed rule basing on
the properties of Si2N2O, Si3N4 and SiO2 shown in Table 4, as �f
is increased less sensitive to reaction compared with that of E and
CTE, so the �TC value is decreased with the reaction between Si3N4
and SiO2 to form Si2N2O.
3.4. Dielectric properties

Besides mechanical properties, dielectric constant is an impor-
tant performance parameter for wave transparent applications.
Fig. 5 shows the dielectric constant ε of the as-prepared

Table 5
CTE and calculated critical temperature difference of porous Si3N4/Si2N2O compos-
ite ceramics.

Specimens SN1550/2 SN1600/2 SN1650/2

Critical temperature difference (◦C) 486.4 380.4 364.2
CTE (10−6 ◦C−1) 3.10 3.42 3.45
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ig. 4. SEM fracture surfaces of the Si3N4/Si2N2O composite ceramics sintered at diff
c) SN1600/2, and (d) SN1650/2.

i3N4/Si2N2O composite ceramics increase with sintering temper-
ture and infiltration number. There are two reasons influencing
he dielectric constant of the composite. One is the density, as the
eaction between Si3N4 and SiO2 to form Si2N2O is almost no vol-
me change (based on the property data of Si2N2O, Si3N4 and SiO2
hown in Table 4), so, it is consistent with the empirical relation that

ielectric constant increased with density according to Table 2. The
ther is different relative content of �-Si3N4, �-Si3N4, Si2N2O and
morphous SiO2 phases among the composite ceramics [20], which
s influenced by the reaction between Si3N4 and SiO2.

ig. 5. Variations in dielectric constant values versus with sintering temperature
nd infiltration cycles.
temperatures and with different pre-infiltration cycles: (a) SN1550/0, (b) SN1550/2,

Now, we calculated dielectric constant of an equimolar mixture
of �-Si3N4 (εSN = 5.6) and SiO2 (εSO = 3.3) using Maxwell-Garnet
rule (Eq. (2)), a typically host-inclusion model, to see how the
dielectric constant changing with the reaction between Si3N4 and
SiO2 to form Si2N2O:
ε =
vSNεSN

(
2
3 + εSO

3εSN

)
+ vSOεSO

vSN
(

2
3 + εSO

3εSN

)
+ vSO

(2)

Fig. 6. Variations in dielectric loss tangent values versus with sintering temperature
and infiltration cycles.
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ere, ε denotes the relative permittivity of the mixture, and the
olume fraction is represented as vSN and vSO for the Si3N4 and
iO2, respectively. The result of ε is 4.64, comparing with the work
f Tong et al. in Li2O doped Si2N2O [21], the effect of the reaction
etween Si3N4 and SiO2 on composite dielectric constant can be

gnored, so, density increase is believed to be a major factor which
nfluences the dielectric constant.

Generally, the dielectric loss tangent, tan ı, of the correspond-
ng ceramics decreases continuously with increasing frequency as
hown in Fig. 6. The value of loss tangent is below 0.013 which
s suitable for its potential applications in the frequency range of
1–39 GHz. In addition, the dielectric loss increases with sintering
emperature and infiltration number, which is consistent with the
hanges of the dielectric constant.

. Conclusions

In this study, using gelcasting and silica sol infiltration method,
e have fabricated porous silicon nitride/silicon oxynitride com-
osite ceramics with low linear shrinkages, which ensuring
etter dimension controllability for manufacturing complex-
haped parts. Suitable properties with low shrinkage of ceramics
ere obtained through increasing the green density of specimens.
echanical properties of the ceramic are increased with infil-

ration cycles and sintering temperature as ceramic density is
ncreased. The critical temperature difference and the dielectric
roperties can be tailored in a certain range by this method. So,
e can get Si3N4/Si2N2O composite ceramic with excellent overall
erformance of strength, thermal shock resistance and dielectric
roperties.
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