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Abstract

Mechanical and dielectric properties of porous Si2N2O–Si3N4 in situ composites fabricated for use as radome by gel-casting process were

investigated. The flexural strength of the Si2N2O–Si3N4 ceramics is 230.46 � 13.24 MPa, the complex permittivity of the composites varies from

4.34 to 4.59 and the dissipation factor varies from 0.00053 to 0.00092 from room temperature to elevated temperature (1150 8C) at the X-band. In

the porous regions, some Si2N2O fibers (50–100 nm in diameter) are observed which may improve the materials properties.
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1. Introduction

Silicon nitride (Si3N4) ceramics is a suitable material for

high temperature radome application because of the high

temperature mechanical strength, good resistance to corrosion,

low dielectric constant and loss, good thermomechanical

property [1–9]. On the other hand, the silicon oxynitride

(Si2N2O) ceramics have been recognized as a promising

material for high temperature applications due to their good

resistant to oxidation and to thermal shock [10,11]. The silicon

oxynitride phase shows the development of elongated grains

which can be used to toughen silicon nitride when properly

dispersed. Si2N2O can optimize the properties of silicon nitride

based ceramics [12].

The Si2N2O–Si3N4 ceramics were studied by many

researchers on the properties, however, which mostly focused

on the mechanical property of the materials. The dielectric

property of the material which used as radome is considerable

important. So, porous Si2N2O–Si3N4 in situ composites were

fabricated using gel-casting process in this work. Pores were

introduced into ceramics because the dielectric constant of the

materials decreased with the increase of porosity which was
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very beneficial to radome design. The microstructures of the

Si2N2O–Si3N4 ceramics were studied and the formation of

Si2N2O fibers in the pores as well as the matrix was

investigated. The mechanical and dielectric properties of

porous Si2N2O–Si3N4 ceramics were reported.

2. Experimental procedure

2.1. Raw materials

As starting materials, the Si3N4 powder (Beijing Tsinghua

Unisp Lendor High Technology Ceramics Co., China.

d50 = 0.5 mm, a phase 93%), the SiO2 (Chengdu Sinuowei

Co., Ltd., China. d50 = 2 mm, purify 99.95%) and sintering

additives (Yb2O3 and Al2O3, Yb2O3 Griem Advanced Materials

Co., Ltd.; Al2O3 Zibo Hengji Tianli Co., Ltd., China.) for the

mixed AM–MBAM system were listed in Table 1.

2.2. Preparation of suspensions

The schematic forming process of gel-casting was described

in Fig. 1. First, the mixture powder of 80 wt% a-Si3N4, 10 wt%

SiO2, 6 wt% Yb2O3 and 4 wt% Al2O3 powder and 0.25 wt%

dispersant were added to premix solution of organic monomer

by mechanical stirring till solids loading up to 45 vol.%.

Afterwards, the mixtures were milled for 24 h in a nylon resin
d.
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Table 1

Raw materials for the AM–MBAM system.

Function Raw material Manufacturer

Monomer Acrylamide (AM) Aldrich, USA

Crosslinker N,N0-methylenebisacrylamide (MBAM) Hongxing Biological and Chemical Factory of Beijing, China

Catalyst N,N,N0N0-tetramethylethylenediamine (TEMED) Beijing Chemical Reagent Company, China

Initiator Ammonium persulphate (APS) Beijing Third Reagent Works, China

Dispersant Tetramethylammoniumhydoxide solution Beijing Chemical Reagent Company, China

Solvent Deionized water

L. ShuQin et al. / Ceramics International 35 (2009) 1851–18541852
jar using alumina ball-milling media to break down agglom-

erates and to achieve good homogeneity. After degassing for 8–

10 min in a rotary evaporator under vacuum, the initiator and

catalyst were applied to the slurry. Then it was cast into metal

mould at room temperature. Afterwards the mould was moved

into an oven at temperature of 60–80 8C, and the consolidation

of suspension formed a green body. After consolidation, the

green bodies were demolded and dried under controlled

humidity to avoid cracking and non-uniform shrinkage due to

rapid drying. Binder burnout was operated at 600 8C for 2 h,

with a heating rate of 2 8C/min and a natural cooling. Then the

samples were embedded in 50 wt% Si3N4 + 40 wt%

BN + 10 wt% Al2O3 powder bed in a graphite crucible and

sintered to the temperature of 1680 8C for 1.5 h in N2

atmosphere, followed by natural cooling under N2 gas

atmosphere.

The flexural strengths of bars of green and sintered bodies

were examined by three-point flexure test with a span of 30 mm

at a loading rate of 0.5 mm/min. The bars of green and sintered

bodies were 5 mm � 6 mm � 42 mm and 3 mm � 4 mm �
36 mm, respectively. Six samples were used to calculate the

average values and errors. For the measurements of dielectric

properties, three specimens with the dimensions of approxi-

mately w 54 mm � 3 mm were prepared from the center part of
Fig. 1. The gel-casting process flow chart.
each sample. Complex permittivity (e) and dissipation factor

(tan d) were measured at high frequency from room tempera-

ture to 1150 8C by the perturbation method using a cavity

resonator and a vector network analyzer. To identify the phase

of the samples, XRD (Cu Ka, D/MAX-250, Rigaku, Japan)

technique was employed on the polished surfaces. Meanwhile,

microstructure analysis of the surfaces of the samples, which

were polished with diamond pastes and etched with melting

NaOH at 400 8C for 1.5 min, was carried out by scanning

electron microscopy (SEM). The microstructure, pore size,

pore distribution and morphology of the fibers in the porous

Si2N2O–Si3N4 bodies of the cross-section were observed by

SEM.

3. Results and discussion

3.1. The Si2N2O phase formation

Fig. 2 shows the XRD profiles of the sample. It can be

revealed that the Si3N4 as well as Si2N2O phases are all existed.

Formation of silicon oxynitride can be explained according to

two possibilities. The first one is related to the oxidation of the

Si3N4 phase, in accordance with the following reaction:

2Si3N4ðsÞ þ ð3=2ÞO2ðgÞ ! 3Si2N2OðsÞ þ N2ðgÞ (1)

If there exists oxygen which comes from the N2 atmosphere,

Si3N4 is thermodynamically unstable with respect to oxidation.

Even though it has excellent high temperature mechanical

properties, it suffers from poor oxidation resistance at high

temperatures. Moreover, although thermodynamically reaction
Fig. 2. The XRD profiles of the sample.



Fig. 3. SEM fracture surfaces of the Si2N2O–Si3N4 composites.
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(1) is high feasible (for instance, at 1500 K, DGR = �1063 kJ/

mol), the oxidation of Si3N4 occurs slowly, following approxi-

mately a kinetics with parabolic behavior. Once oxidation has

occurred, the oxide film formed serves as a protection against

catastrophic oxidation by precluding the transport of oxygen

atoms through the nitride surface. In fact, passive oxidation and

the ability of Si3N4 to resist high temperatures under oxidizing

conditions rely on the integrity and stability of the oxide layer in

the surface. The second possibility is the reaction between

Si3N4 and SiO2 according to

SiO2ðlÞ þ Si3N4ðsÞ ! 2Si2N2OðsÞ (2)

In the present material, Si2N2O grows via a solution-

precipitation process in the presence of a large amount of SiO2-

rich liquid phase. Obviously, the liquid phases are largely

consumed with the formation of the crystalline Si2N2O.

3.2. The microstructure and the mechanical and dielectric

properties

Fig. 3 shows SEM fracture surfaces of the Si2N2O–Si3N4

composites. The pore is distributed evenly in the matrix and the

diameter of the pore is about 3 mm. In the porous

microstructure, it can be seen that the irregular shaped fibers

extend from the pore. The diameter of the fibers is about 50–
Fig. 4. The relationship between the complex permittivity and the dissipation

factor and temperature.
100 nm. No droplet is observed on the tip of the fibers. This

observation indicates that Si2N2O fibers can be formed through

the vapor–solid (VS) reaction between SiO and N2 during the

sintering process [13]. However, some Si2N2O fibers show

wavy and rough surface due to the formation of several

nucleation sites.

The flexural strengths of the green sample and the sintered

sample are 30.22 � 1.58 MPa and 230.46 � 13.24 MPa,

respectively. It can be seen that it possesses the appropriate

flexural strength as the radome material. The material

properties of the greatest importance to microwave interaction

of a dielectric are the complex permittivity, e = e0–je00, and the

dissipation factor, tan d = e00/e0. The real part (e0) correlates with

polarization, and the imaginary part (e00) represents dielectric

loss; the dissipation factor (tan d) predicts the ability of the

material to convert the absorbed electromagnetic energy into

heat. The complex permittivity and the dissipation factor

changing with the temperature are shown in Fig. 4.

The results show that the complex permittivity of the

composites varies from 4.34 to 4.59 and the dissipation factor

varies from 0.00046 to 0.00095 when the temperature rises

from room to elevated (1150 8C) at the X-band. The complex

permittivity and the dissipation factor of the composite

specimens increase with increasing the temperature. The

microstructure features that influence mechanical properties of

ceramics also influence electrical properties. The porosity

decreases the strength of a ceramic, meanwhile, it also

decreases the complex permittivity. The formula used in the

complex permittivity as a function of percent pores is e ¼ e1�P
0 ,

where e0 is the complex permittivity of the 100% dense material

and P is the volume fraction of pores. Due to the pores, the

dielectric properties of the Si2N2O–Si3N4composite are

excellent.

4. Conclusions

Porous Si2N2O–Si3N4 ceramics were fabricated for use as

radome by gel-casting process and pressureless sintering were

investigated. Some Si2N2O fibers (50–100 nm in diameter) are

formed through the vapor–solid reaction between SiO and N2

during the sintering process. The flexural strength of the

Si2N2O–Si3N4 ceramics is 230.46 � 13.24 MPa and the
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complex permittivity of the composites varies from 4.34 to 4.59

and the dissipation factor varies from 0.00053 to 0.00092 when

the temperature rises from room to elevated (1150 8C) at the X-

band. Mechanical and dielectric properties of the Si2N2O–

Si3N4composite are excellent.
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