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Abstract

The phase composition, relative density, mechanical properties and dielectric properties of silicon nitride porous ceramics with different content

of CaHPO4 as an additive prepared by gelcasting method were investigated. The addition of CaHPO4 can improve the sintering ability and the

phase transformation from a-Si3N4 to b-Si3N4, so the relative density and b-Si3N4 content both increase with the increase of CaHPO4 content. As a

result, when the CaHPO4 addition content is 15 wt.%, the flexural strength, elastic modulus, fracture toughness of Si3N4 ceramic reach to

365.1 MPa, 107.9 GPa and 3.82 MPa m1/2, respectively. The dielectric constant of Si3N4 ceramics increases with the increase of CaHPO4 addition

content due to the increase of relative density and the relative content of b-Si3N4.
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1. Introduction

Si3N4 ceramic is a kind of material which has received much

attraction for its low density, high strength, high fracture

toughness, good oxidation resistance, good wave transparent

property and superior high temperature performance [1,2], thus

is widely used in various areas such as heat exchangers, turbines

and automotive engine components, valves and cam roller

followers for gasoline and diesel engines and radomes on

missiles. Recently, many researches have been focusing on the

Si3N4 ceramic with a certain volume content of pores serving as

the wave transparent window materials. [3]

There are two types of silicon nitride crystals (a-Si3N4, b-

Si3N4) which are now widely used. The mechanical properties

of b-Si3N4 are higher than that of a-Si3N4, while the dielectric

properties of a-Si3N4 are better. The a-Si3N4 can be transform

to b-Si3N4 during the sintering process with high temperature

(1750–1900 8C), and the phase transformation process of Si3N4

is carried out by liquid phases.

Phosphate with high temperature thermostability, high

strength, excellent dielectric properties and oxidation resistance
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can be used as advanced wave-transparent materials. In addition,

phosphate can also serve as an inorganic chemical binder, which

helps the densification of ceramic materials and the improve-

ments of composite performances.

Gelcasting is an attractive new ceramic forming process that

is used in manufacturing high-quality and complex-shaped

ceramic parts for various industries. Principal advantages

include near-net-shape forming, high green density and low

organic levels in the dried green bodies. Many studies have

been done to promote the gelcasting process, and a wide variety

of ceramic materials have been prepared using gelcasting

process including Si3N4, SiC, Al2O3 and ZrO2 [4–17].

In the present work, the effects of CaHPO4 content on phase

compositions, mechanical properties and dielectric properties

of Si3N4 ceramic prepared by gelcasting method are

investigated, and Si3N4 ceramic with good mechanical

properties and dielectric characteristic is expected to fabricate.

2. Experimental procedure

2.1. Materials processing

Commercial a-Si3N4 powder (mean particle size: 0.77 mm,

a phase content: 94 vol.%,), CaHPO4 (mean particle size:

70.96 mm, 98% purity) as the sintering additives, polyacrylic
d.
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Table 1

Relative density and linear shrinkage of Si3N4 ceramic composites as a function

of CaHPO4 addition content.

CaHPO4 addition

content (wt.%)

Relative density

of green body (%)

Relative density

of sintering

ceramics (%)

Linear

shrinkage

(%)

0 41.4 46.3 4.33

5 43.1 56.7 11.8

10 43.7 60.2 14.1

15 42.7 72.1 16.8

Table 2

b-Si3N4 content of the Si3N4 porous ceramics with different CaHPO4 addition

content.

CaHPO4 addition content (wt.%) Relative contents of b-Si3N4 (%)

0 49.3

5 67.7

10 85.2

15 89.9

Fig. 1. XRD patterns of the Si3N4 porous ceramics with different CaHPO4

addition content. (a) 0 wt.%, (b) 5 wt.%, (c) 10 wt.%, and (d) 15 wt.%.
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acid as dispersing agent, agarose as gelatinizing agent were

used as starting materials in the study. The dicalcium phosphate

and silicon nitride powders were mixed by the designed ratios

(the CaHPO4 contents are 0 wt.%, 5 wt.%, 10 wt.% and

15 wt.%, respectively) in the deionized water. The polyacrylic

acid was added as dispersing agent with 0.3 wt.% solid content,

and the ammonia aqueous solution was also added to adjust the

pH value to 7.5. The above raw materials were mixed by ball-

milling with silicon nitride balls for 24 h, and the composite

suspension with 40 vol.% solid contents was made. The

3.0 wt.% agarose solution was prepared at 95 8C in order to

fully dissolve agarose in water, and then cooled to 60 8C. The

composite suspension and agarose solution were mixed at

60 8C by ball-milling for 2 h. The next step was to pour the

mixture solution into a stainless steel mould with a diameter of

58 mm and a height of 8 mm, and they were put into a

refrigerator to condense into solid. The sample was dried at

room temperature under controlled humidity until the green

body contraction is over, and then reduced the humidity in the

ventilation drying. The dried green body was heated to 500 8C
with a ramp rate of 2 8C/min and held for 2 h to remove the

agarose in an electric resistance furnace. Then the green body

was embedded in the Si3N4 powder in a graphite crucible and

sintered at 1650 8C for 1 h in 1 atm N2 atmosphere.

2.2. Materials characterization

X-ray diffraction (XRD) was carried out using Cu Ka

radiation to determine the phase composition. FTIR measure-

ments were performed with a Magna-IR560E spectrometer in

the range of 400–1400 cm�1 using the KBr pellet technique.

The density of the specimen was determined by the Archimedes

method, and the theoretical density was calculated according

to the rule of mixture. Flexural strength and elastic modulus

were measured on bar specimens of 3 mm � 4 mm � 36 mm

using a three-point bend fixture with a span of 30 mm and a

cross-head speed of 0.5 mm/min. Fracture toughness measure-

ments were performed on single-edge-notched beams

(2 mm � 4 mm � 20 mm) with a span of 16 mm at a cross-

head speed of 0.05 mm/min, and a half-thickness notch was

made using a 0.1 mm thick diamond wafer blade. The

microstructure of fracture surfaces were observed by scanning

electron microscopy (SEM, FEI Sirion) after being sputtered

with gold film. Permittivity of the specimens with a size of

118.0 mm � 1.8 mm was recorded in the frequency range of

21–27 GHz at room temperature by RF impedance/material

analyzer (Model 4291B, Agilent, USA).

3. Results and discussion

Table 1 shows the relative density and linear shrinkage of the

Si3N4 ceramic as a function of CaHPO4 addition content. The

green bodies with various CaHPO4 addition content have

almost the same relative density, while the relative density of

sintered ceramics increase significantly with the increase of

CaHPO4 addition content, as well as the linear shrinkage. It

could be explained by that CaHPO4 used as sintering aids will
form liquid phase and promote the rearrangement of grains and

the densification of ceramics.

Fig. 1 shows the XRD patterns of ceramics with different

CaHPO4 addition content. It could be observed that b-Si3N4

and a-Si3N4 phases both exist in the sintered samples, and the

relative content of b-Si3N4 increases obviously with the

increase of CaHPO4 addition content.

The volume fraction of b-Si3N4 was calculated according to

the formula proposed by Hwang [18] by measuring the

intensities of (1 0 1), (2 1 0) peaks of b phase and the (1 0 2),

(2 1 0) peaks of a phase:

b% ¼
Ibð1 0 1Þ þ Ibð2 1 0Þ

½Iað1 0 2Þ þ Iað2 1 0Þ� þ ½Ibð1 0 1Þ þ Ibð2 1 0Þ�
� 100% (1)

where Ia(1 0 2) and Ia(2 1 0) denote the intensities of (1 0 2) and

(2 1 0) diffraction planes of a-Si3N4, and Ib(1 0 1) and Ib(2 1 0)

denote the intensities of (1 0 1) and (2 1 0) planes of b-Si3N4,

respectively.

Table 2 shows the calculated results according to Fig. 1 and

Eq. (1). The relative content of b-Si3N4 increases significantly



Fig. 2. FTIR spectra of the as-prepared Si3N4 porous ceramics.
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with the increase of CaHPO4 addition content, and when the

CaHPO4 addition content increases to 15 wt.%, the relative

content of b-Si3N4 reaches to 89.9%.

For determination the constitution of composites, the

combination of X-ray diffraction and the Fourier transform

infrared spectroscopy (FTIR) have been proved to be suitable

methods. With the help of vibrational spectroscopy, good

crystalline, poor crystalline, amorphous inorganic components

and organic substances can be identified. Fig. 2 shows the FTIR

spectrum of Si3N4 ceramic with 15 wt.% CaHPO4 addition

content. The absorption peaks located at 602 cm�1, 1029 cm�1
Fig. 3. SEM fractographs of the as-prepared Si3N4 porous ceramics with C
correspond to PO4
3� ions, 461 cm�1, 493 cm�1, 511 cm�1,

530 cm�1 correspond to P2O7
2� ions, 937 cm�1 correspond to

Si–N bands, 578 cm�1 correspond to Si–O bands. It can be

concluded that phosphate or pyrophosphate exist in the

ceramic, but they are difficult to be identified from XRD

patterns because of their relative low contents.

Fig. 3 shows the SEM fractographs of the Si3N4 ceramics

with different CaHPO4 addition content. With the increase of

the CaHPO4 addition content, the porosity of the ceramics

decreases, while the amount of elongated b-Si3N4 columnar

grains increases. As a sintering additive, CaHPO4 promotes the

densification of the ceramics, the phase transformation from a-

Si3N4 to b-Si3N4 as well as the growth of elongated b-Si3N4

columnar grains.

Table 3 shows the mechanical properties of Si3N4 ceramics

as a function of CaHPO4 addition content. With the increase of

CaHPO4 addition content, the flexural strength, elastic modulus

and fracture toughness of ceramics increase, which have the

same trends of relative density and b-Si3N4 content. The

strengths of materials are mainly affected by the phase

compositions and the porosities, and they can be calculated by

the following equations:

s ¼
X

sivi (2)

where s denotes the strength of composite material, si denotes

the strength of the i-th phase in the composite and the vi denotes
aHPO4 addition. (a) 0 wt.%, (b) 5 wt.%, (c) 10 wt.%, and (d) 15 wt.%.



Table 3

Mechanical properties of the as-prepared Si3N4 porous ceramics as a function of

CaHPO4 addition content.

CaHPO4 addition

content (wt.%)

Flexural strength

(MPa)

Elastic

modulus

(GPa)

Fracture

toughness

(MPa m1/2)

0 42.1 � 5.1 25.3 � 0.6 0.44 � 0.02

5 180.2 � 13.7 72.1 � 0.8 2.00 � 0.08

10 202.2 � 22.2 85.7 � 4.4 2.67 � 0.24

15 365.1 � 33.4 107.9 � 4.6 3.83 � 0.82

Fig. 4. Dielectric constant of the as-prepared Si3N4 porous ceramic as a

function of CaHPO4 addition content. (a) 0 wt.%, (b) 5 wt.%, (c) 10 wt.%,

and (d) 15 wt.%.
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the volume percentage of the i-th phase. Since the strength of

b-Si3N4 is much higher than that of a-Si3N4, thus the strength

increase of composite ceramics could be explained by both the

increase of b-Si3N4 contents and the decrease of porosities

caused by the content increase of CaHPO4.

Besides mechanical properties, dielectric constant is also an

important performance parameter for wave transparent

applications. Fig. 4 shows the dielectric constant of the as-

prepared Si3N4 ceramics as a function of CaHPO4 addition

content.

The density and phase composition are the main factors

influencing the dielectric constant of the ceramics. The

dielectric constant increases with the relative density. XRD

patterns prove that both of a-Si3N4 and b-Si3N4 exist in the

ceramics and it should be noted that the dielectric constant of b-

Si3N4 phase (e = 7.9) is higher than that of a-Si3N4 phase

(e = 5.6). According to the rule of mixture (ln e = V1 l-

n e1 + V2 ln e2) [19,20] the ceramics has higher dielectric

constant with higher b-Si3N4 phase content. So with the

CaHPO4 addition content increasing, the relative density and b-

Si3N4 phase content increase, leading to a corresponding

increase in the dielectric constant.

4. Conclusions

Si3N4 porous ceramics were successfully fabricated by

gelcasting method using CaHPO4 as the additive.
(1) With the increase of CaHPO4 addition content, the relative

density and the relative content of b-Si3N4 in ceramics

increase, which proves that the CaHPO4 can promote the

densification of ceramics, phase transformation from a-

Si3N4 to b-Si3N4 as well as the development of elongated

columnar b-Si3N4 grains.

(2) The flexural strength, elastic modulus and fracture

toughness of Si3N4 ceramics increase with the increase

of CaHPO4 addition contents, and they reach to 365.1 MPa,

107.9 GPa, 3.82 MPa m1/2 when the CaHPO4 content is

added to 15 wt.%.

(3) The dielectric constant of Si3N4 ceramics increase with the

increase of CaHPO4 addition content because of the

increase of relative density and the relative content of b-

Si3N4.
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