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Abstract In this paper, the effect of benzoic acid on the porosity, dielectrical and
mechanical properties of porous Si3N4 ceramics prepared by pressureless sintering
was investigated. The results showed that the addition of benzoic acid improved the
porosity and dielectrical properties of Si3N4 remarkably by pressureless sintering at
1700 °C for 60 min. The porosity of sample reached 40.79% with 50 wt% benzoic
acid addition and the reflectivity of the sample reached −45 dB at around 12 GHz.
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Introduction

Si3N4 ceramics attract a lot of attentions for its outstanding properties such as low
dielectric constant, high hardness, wear resistance, corrosion resistant and
thermal-shock resistance under room temperatures and elevated temperatures [1, 2].
Porous Si3N4 ceramics combine the advantages of porous ceramics and Si3N4

ceramics with low density, high specific surface area, heat resistance, high fracture
toughness and high strength [3]. Porous Si3N4 ceramics have great application
potential in wave-transmitting materials and wave absorbing matrix [4–6] for its
excellent dielectric properties, and the changeable dielectric constant. However,
porous Si3N4 ceramics with good properties are hard to prepared successfully
because of its porosity and high sintering temperature. We decided to use pore
forming agent [7] and pressureless sintering to prepare porous Si3N4 ceramics, this
access has simple process, great controllability and the convenience for large-scale
production.

Zhang et al. [8] has prepared porous Si3N4 ceramics with high porosity and high
strength by adding nano carbon powder as pore forming agent to Si3N4 matrix,
whose porosity was over 40%, bending strength was more than 100 MPa with
addition of 5 wt% carbon. Wang et al. [9] has synthesized BN/Si3N4 composite
wave-transmitting ceramics by pressureless sintering with porosity 40.8%, dielec-
tric constant and dielectric loss 4.0 and 3.3 � 10−3 respectively with addition of
5 wt% PMMA.

In this study, porous Si3N4 ceramics was prepared by pressureless sintering with
a-Si3N4 powders, Y2O3 and Al2O3 as sintering aids and benzoic acid as pore
forming. The effect of benzoic acid on the dielectrical and mechanical properties of
porous Si3N4 ceramics was investigated.

Experimental Procedure

a-Si3N4 powder (0.5 lm particle size, purity >93%, Beijing Ziguang Co. PR
China), Y2O3 (purity >99%, Hangzhou Wanjing Co. PR China), Al2O3 (pu-
rity >99%, Shanghai Macklin Co. PR China) and benzoic acid (purity >99%,
Guoyao Co. PR China) were used as received. a-Si3N4 (90 wt%), Al2O3 (1.5 wt%),
Y2O3 (8.5 wt%), PVP (1 wt%) and benzoic acid (0–50 wt%) were ball milled in
ethanol for 15 min with Si3N4 balls as media. After milling, the mixed slurries were
dried in a drying oven and then pass through a 60-mesh screen. The green speci-
mens were formed by dry pressing and then removed pore forming agent under
200 °C. These porous compacts were sintered at 1700 °C for 60 min under a
nitrogen atmosphere by pressureless sintering method.
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We used X-Ray diffraction (XRD, D/max-RC) to identify the phase composi-
tion. The morphology and the microstructures were characterized by scanning
electron microscope (SEM, JSM-6380LA). The porosity of the sintered body was
calculated by the Archimedes’ method. Dielectric constant and dielectric loss were
tested through coaxial transmission reflection method (Agilent-N 5244A VNA), the
band range is 2–18 GHz. Flexural strength and fracture toughness were measured
by three-point bending test and SENB technique respectively.

Results and Discussion

Figure 1 shows the XRD spectra of porous Si3N4 ceramics by adding different
contents of benzoic acid. The main crystal phases of all samples are b-Si3N4 phase
and no a-Si3N4 phase, indicated that the crystalline phase transition of Si3N4 was
complete during the sintering process, no matter what amount of pore forming add
in the ceramics. Besides b-Si3N4, there is Y5Si3O12N in the specimen. It is due to
Y–Si–Al–O liquid phase [10] was formed at around 1200 °C by the reaction with
sintering aids and Si3N4 and SiO2 on its surface, then a-Si3N4 separated out b-Si3N4

grain by dissolution precipitation. The liquid phase promoted the phase transition
and densification process of Si3N4 at high temperatures, and the liquid phase finally
crystallized into Y5Si3O12N phase.

Fig. 1 XRD patterns of porous Si3N4 ceramics adding different contents of pore-forming agent
(benzoic acid)
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Figure 2 presents the SEM images of porous Si3N4 on fracture surfaces adding
different contents of benzoic acid. We can see the equiaxed a-Si3N4 has been
transformed into columnar b-Si3N4 during the sintering process. Figure 2a is Si3N4

without pore formers, so there are little pores inside and the grains are small and
arranged closely. The benzoic acid initial particle size is small, the decomposition
temperature is low, so the pore sizes are small, and shrinkage is large at high
temperatures during the densification process. Therefore, the sintered body has
closely spaced grains, small pore sizes and uniform distribution. As the BA content

Fig. 2 SEM images of porous Si3N4 on fracture surfaces adding different contents of benzoic
acid: a 0% b 20%; c 30%; d 40%; e 50%
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was increased from 20 to 50 wt%, the pores sizes and quantity in the samples was
increased. But the addition amount has no obvious size or size distribution influence
on pores of the porous Si3N4 ceramics. There are some grains bonded into block
areas [11], it is because the amount of b-phase has limited the growth space among
grains, restrained the growth of long columnar grains, then the grains become short
and thick and bonded together.

The relationship between the content of benzoic acid and porosity of Si3N4

ceramics has been shown in Fig. 3. With the increase of pore addition agent mass
fraction, the apparent porosity of materials increases, and the amplitude decreases,
this is because pores arranged more closely, and it is more difficult to exclude. At
the meantime, the pores will produce a certain shrinkage during the pressureless
sintering process, and the rate of grain boundary movement will be faster with the
increase of the number of pores, that is to say, the porosity will be reduced more
and faster during the process, and the mechanical properties will be reduced too.
The porosity of specimens reached 40.79% at most with 50 wt% benzoic acid
added.

The dielectric properties of porous Si3N4 ceramics with different contents of
benzoic acid has been presented in Fig. 4. The complex dielectric constant and
dielectric loss are key parameters to characterize the dielectric properties of mate-
rials, the real part (dielectric constant) is relative to polarization, the imaginary part
represents dielectric loss [12]. Although the high imaginary part means good
microwave absorption performance, but too high values are unfavorable to impe-
dance matching and may lead to strong reflection and weak absorption [13].

According to the previous analysis, the affecting factors on the dielectric prop-
erties of the sample are mostly porosity. From Fig. 4a, we can see the real per-
mittivity is low in the specimen, and the value becomes lower with the porosity
goes up except with the 40 wt% benzoic acid, it is probably because the block areas
in the material. The reason for some negative dielectric loss values in the images is
that the testing device is unstable at the beginning of the test. The sharp peaks in the

Fig. 3 Effect of adding
different benzoic acid on
apparent porosity of porous
Si3N4 ceramics
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picture are due to resonance absorption, and the position of the occurrence coin-
cides with the location of the dielectric loss and reflectance peaks. The Si3N4

ceramics of 0 and 20 wt% benzoic acid have low dielectric loss, and there are
almost no peak in the whole range. The peaks moves toward higher frequencies as
the porosity increases. The reflectivity under −10 dB means the absorption rate of
electromagnetic wave can reach more than 90% [14]. The reflectivity of the sample
adding with 50 wt% benzoic acid can reach −45 dB at around 12 GHz, but the
absorption band is not wide.

Figure 5 shows the mechanical properties of the specimens. The mechanical
properties will declined with the porosity increased generally, because the presence
of pores causes localized stress concentration and the reduced solid section, the
actual stress increased and the strength decreased [15, 16]. The flexural strength is
completely according with the law, the value is the lowest and the porosity of the
samples is the highest when benzoic acid content is 50 wt%. However, the fracture
toughness is a little improved as the porosity increased to 20 wt%, because the
small pores with uniform dispersion are produced after pore forming agent is
decomposed, maybe it can play a role of micro crack toughening and strengthen the
toughness.

Fig. 4 Dielectric properties of porous Si3N4 ceramics with different contents of benzoic acid
a real permittivity; b dielectric loss; c reflectance
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Conclusions

(1) The addition of benzoic acid improves the porosity and dielectrical properties of
Si3N4 remarkably by pressureless sintering at 1700 °C for 60 min. The porosity of
specimen reaches 40.79% with 50 wt% benzoic acid addition and the reflectivity of
the sample can reach −45 dB at around 12 GHz, but the mechanical properties are
reduced a little bit compared with Si3N4 ceramic without pore former.

(2) The specimen adding with 50 wt% benzoic acid has small and evenly dis-
tributed pores, the reflectivity of the sample is low and there are some resonance
absorption peaks in the whole range, so it can be a good electromagnetic wave
transmitting material if it is further improved.
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