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Silicon nitride, Si3N4 foam ceramics were prepared by particle-

stabilized foams, and the stabilization of Si3N4 foams and the

performance of Si3N4 foam ceramics were investigated. The
Si3N4 particle-stabilized foams had high stabilization, the dried

green bodies had little shrinkage, and the structure of dried

green body surface had no macro-pores and cracks. The Si3N4

foam ceramics with nest-like cell structure were obtained, nest

pores were jointed by elongated rod-shaped b-Si3N4 grains with

aspect ratio of 30 or so, pore distribution was uniform, the

average pore size was about 16 lm, and the flexural strength
was in the range of 3.8 to 77.2 MPa when porosity varied from

82.1% to 60.6%.

I. Introduction

POROUS silicon nitride (Si3N4) ceramics have high porosity,
high specific surface, low density, high hardness, low

thermal expansion, and excellent corrosion resistance, and
they can be widely applied in industrial applications, such as
high temperature gas/liquid filters, catalyst supports, separa-
tion membranes, and thermal insulators.

In recent years, many researchers have investigated the
preparation of porous Si3N4 ceramics1–3 by various process-
ing routes, such as adding pore-forming agents,4 direct foam-
ing method,5 the polymeric sponge impregnation,6 freeze
drying,7 carbothermal nitridation of silica,8,9 dual-phase mix-
ing technique,10 and gel casting.11,12 Direct foaming method
is an easy, cheap, and fast method for preparing highly por-
ous ceramics with open or closed pores.13,14 In the method,
air bubbles are incorporated into a ceramic suspension to
produce wet foams, wet foams are thermodynamically unsta-
ble because of their large air-water interfacial area and high
overall free energy, and stabilization of foams is crucial to
prepare high-performance porous ceramics. Surfactants are
conventionaly used to reduce the free energy of wet foams by
adsorbing at the air bubble surface and reducing the air-
water interfacial energy.

Recent researches on direct foaming method have found
that the partially hydrophobic particles can attach to gas-
liquid interfaces to stabilize air bubbles in surfactant-free
diluted suspensions.15,16 In the method, particles are used as
foam stabilizers, their surfaces are modified by adsorbing
short-chain amphiphilic organic molecules. As opposed to
conventional surfactant molecules that adsorb and desorb on
relatively short time scales,17,18 the high stability of particle-
stabilized foams in the wet state is attributed to the irrevers-

ible adsorption of the partially hydrophobic particles at the
air-water interface.17–20

Although colloidal particles have been widely used for
foam stabilization,21,22 the study on Si3N4 as colloidal parti-
cles for foam stabilization during direct foaming method has
not been reported. In this article, the preparation of porous
Si3N4 ceramics by particle-stabilized foams is investigated,
the stability of Si3N4 particle-stabilized foams is studied, and
the Si3N4 foam ceramics with nest-like cell structure are
obtained.

II. Experimental Procedure

(1) Materials
Silicon nitride, Si3N4 powders (mean particle size 0.5 lm,
a phase >94 wt%) employed in the experiment are commer-
cially available materials. The sintering additives used are
Al2O3 (mean particle size 1.07 lm, 99% purity) and Y2O3

(mean particle size: 4.74 lm, 99.9% purity) as. Powders of
Si3N4, Al2O3, and Y2O3 are all from Junyu Ceramic-molded
Product Co., Ltd (Jing’an, Shanghai, China) Carboxymethyl
cellulose (CMC; Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) is used as the organic binder. Dispersant
[1 wt%, ammonium salt of poly(acrylic acid)] is added to
minimize agglomeration. In the study, the long-chain surfac-
tants are octylphenol ethoxylate (TritonX-114, C34H62O11,
AMRESCO Inc., Solon, OH), the short-chain amphiphilic
molecules are propyl gallate (C10H12O5; Sinopharm Chemical
Reagent Co., Ltd), and the chemical formula of propyl gal-
late is as follows:

Previous researches found that the particle surfaces were
lyophobized through the adsorption of short amphiphiles via
electrostatic interactions (carboxylates and amines) and
ligand exchange reactions (gallates).23 For the preparation of
porous Si3N4 ceramics by particle-stabilized foams, the selec-
tion of short-chain amphiphilic molecules depends on Zeta
potential of Si3N4 particles. Previous works suggested that
propyl gallate has appropriate anchoring groups and pH
conditions for Si3N4 particle-stabilized foams.24 In the study,
samples for Zeta potential measurements are prepared at a
solids concentration of 1.0 wt% in deionized water, dis-
persed for 30 min using an ultrasonic probe. After dispers-
ing, the solution is allowed to sediment for 24 h and the
agglomerates are removed. The measurements are performed
at 25°C on Zetasizer to determine the Zeta potential as a
function of pH, the 10�2 N HCl and 10�2 N NaOH solu-
tions are used to adjust pH to the desired values. Figure 1
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shows the effects of the additions of dispersant and propyl
gallate on Zeta potential of Si3N4 particles at different pH
values, and it indicates that the maximal absolute value of
Zeta potential of Si3N4 particles with the additions of disper-
sant and propyl gallate is achieved at pH 9.5. In Fig. 1, the
variations of Zeta potentials of Si3N4 particles with pH are
similar for dispersant addition and propyl gallate addition,
Zeta potentials keep negative in the whole range of pH (2–12),
and this indirectly indicates that propyl gallate can effectively
absorb on the surfaces of Si3N4 particle as a dispersant does.

(2) Processing and Characterization
During the preparation of porous Si3N4 ceramics by parti-
cle-stabilized foams, in the first step, carboxymethyl cellulose
(CMC) (1 wt%, based on deionized water) and ammonium
salt of poly(acrylic acid) as dispersant (1 wt%, based on sili-
con nitride powder) are completely dissolved in deionized
water by mechanical stirring. The next step is to add
a-Si3N4 powders with 6 wt% sintering additives (2 wt%,
Al2O3; 4 wt%, Y2O3, based on silicon nitride powder) into
the premix solution, ammonia aqueous is used to adjust pH
to 9.5 and the mixture is rolled for 12 h, followed by the
gradual addition of dissolved propyl gallate/TritonX-114
(1.2 wt%, based on silicon nitride powder), the suspension
foaming is carried out using a household mixer at full speed
for 5–10 min, then thick foam is cast immediately into a
suitable mold and foam drying is subsequently carried out

in air. Finally, under nitrogen atmosphere (0.1–0.9 MPa),
sintering is performed at a heating rate of 10°C/min and 1.5
–4 h holding time at 1750°C, and then sintered Si3N4 foam
ceramics is achieved.

Samples for Zeta potential measurements are performed
at 25°C on Zetasizer (3000HS; Brookhaven Corp., Upton,
NY). The microstructures of Si3N4 foam ceramics are
observed using scanning electron microscopy (SEM; S-570,
Hitachi, Ltd., Tokyo, Japan). The porosity of the sintered
body is measured using the Archimedes displacement tech-
nique. Phase analysis is conducted by X-ray diffraction
(XRD) via a computer controlled diffractometer (XRD;
XRD-6000, Shimadzu Corp., Kyoto, Japan). Pore-size dis-
tribution of the sintered body is measured using mercury
porosimetry (AutoPore IV 9510, Micromeritics Instrument
Corp., Norcross, GA).

The room-temperature flexural strengths of sintered Si3N4

foam ceramics are determined by three-point flexural test.
The specimens are machined into test bars of 30 mm 9
4 mm 9 3 mm, and the three-point flexural strength is mea-
sured on specimen bars of a span of 16 mm at a crosshead
speed of 0.5 mm/min (Instron 1195; Instron Corp., Dallas,
TX). The flexural strength (rf) is determined by the standard
equation:

rf ¼ ð3PLÞ=ð2bh2Þ (1)

where P is the fracture load; L is the length of support span;
b is the specimen width; h is the specimen thickness. By
repeating the tests for porous silicon nitride five times for
each specimen, the results are given as the mean values of
five measurements.

III. Results and Discussion

(1) Stability of Si3N4 Particle-Stabilized Foam
Since the pores of foam ceramics prepared by direct foaming
method mainly originate from the foams, the stability of the
foams is crucial to the performance of foam ceramics. To
investigate the foam stability, the variations of foams in
graduated cylinder with holding time are observed.

Figure 2 shows the foam stability and the dried large size
ceramic foams. Figure 2(a) compares the foam stability of con-
ventional surfactant molecules stabilized ceramic foams and
ceramic particle-stabilized foams. The height variation of cera-
mic foams prepared by conventional surfactant molecules sta-
bilized foams in a graduated cylinder for 3 h holding time, the
collapse height rate is 70% or so, the collapse of foam is very
distinct, and it indicates that the foam is unstable. The height

Fig. 1. Zeta potential as a function of pH for Si3N4 particles.

(a) (b)

Fig. 2. Foam stability and the dried large size ceramic foams (a) the comparison of foam stability: (A) surfactant molecules (TritonX-114)
stabilized foam, (B) particle-stabilized foam; (b) the dried large size ceramic foams obtained by particle-stabilized foam.
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variation of foam prepared by particle-stabilized foams in a
graduated cylinder for 48 h holding time, there is no collapse,
and this indicates that the foam prepared by particle-stabilized
foam is stable. The long-chain surfactants cannot prevent the
long-term destabilization of foams due to the low adsorption
energy of surfactants at the gas-liquid interface, and the wet
foams stabilized with long-chain surfactants coarsen or col-
lapse within a few minutes after foaming. For wet foams pre-
pared by particle-stabilized foam, particles can adsorb on the
surface of gas bubbles to stabilize the gas-liquid interface, par-
ticles lower the overall free energy of the system by replacing
part of the high-energetic gas-liquid interfacial area with less
energetic interfaces. Particles adsorbed at the interface impede
bubble coalescence and form an interfacial armor that hinders
gas diffusion outside the bubble, and thus particle-stabilized
foams exhibit enhanced stability in comparison with foams
stabilized by surfactants.25

During the drying of wet green body prepared by Si3N4

particle-stabilized foam, the shrinkage and crack affect the
performance of ceramic. Figure 2(b) shows that the dried
large size ceramic foams have little shrinkage by particle-sta-
bilized foam during drying in air, and the structure of dried
foam surface is uniform and has no macro-pores and cracks.
High stability of Si3N4 particle-stabilized foam makes the
structure of wet foams uniform, then dried green body has
little shrinkage and the surface no crack, and thus it is con-
ducive to prepare high-performance foam ceramics.

(2) Development of Microstructures in Si3N4 Foam
Ceramics
Figure 3 shows the XRD profiles of Si3N4 foam ceramics,
and the results indicate that the a-b transformation at tem-
perature of 1680°C is incomplete where a large amount of
a-Si3N4 remains in the sample, the formation of b-Si3N4 is
enhanced when heating up to higher temperature, and heat-
ing to 1750°C directly results in the formation of b-Si3N4

single phase.
The a?b-Si3N4 phase transformation is of a reconstructive

nature via a solution-reprecipitation mechanism. Extensive
studies have been made to determine the kinetics and mecha-
nisms of the a-b transformation,26,27 and the flowchart of the
formation process of the microstructure is shown in Fig. 4.
The a-Si3N4 grains are equiaxed, which is metastable during
sintering (e.g., at 1400°C–2000°C and 0.1–100 MPa N2 pres-
sure),28 a-Si3N4 grains transform irreversibly to elongated

b-Si3N4 grains, and the elongated b-Si3N4 grains are formed
in situ through a solution-precipitation process in the pres-
ence of a liquid phase of sintering additives.29,30 The
obtained Si3N4 cannot be densified by common dry sintering,
the addition of sintering aids to create a liquid-phase sinter-
ing process is necessary because of its covalent bonding and
low diffusivity, and the liquid phase accelerates the a-Si3N4

to b-Si3N4 transformation and crystal growth, as shown in
Fig. 4. The microstructural development of Si3N4 ceramics is
controlled mainly by the Si3N4 starting powders, the addi-
tives, and the sintering parameters.28,31–35

To obtain the Si3N4 foam ceramics with nest-like cell
structure, the sintering nitrogen pressure and holding time
are adjusted at temperature 1750°C, the Si3N4 foam ceramics
with nest-like cell structure are achieved, and the SEM
micrographs of Si3N4 foam ceramics are shown in Figs. 5
and 6.

Figure 5 shows the nest-like microstructures of Si3N4 foam
ceramics sintered at nitrogen pressure of 0.1 MPa and 1.5 h
holding time at 1750°C. The pores are relatively uniform,
small, and spherical [see Fig. 5(a)]. The nest-like microstruc-
ture with elongated rod-shaped b-Si3N4 grains is exhibited in
every pore cell [see Fig. 5(b)], most of the elongated rod-
shaped b-Si3N4 grains inside the pores have high aspect ratio
(the ratio of grain length to thickness or diameter), the length
of the elongated rod-shaped b-Si3N4 grain is about 16.0 lm,
the diameter is about 571 nm, and the aspect ratio is 30 or
so [see Fig. 5(c)].

Figure 6 shows the nest-like microstructures of Si3N4 foam
ceramics sintered at nitrogen pressure of 0.9 MPa and 4 h
holding time at 1750°C. The nest-like microstructure with
elongated rod-shaped b-Si3N4 grains is exhibited in every
pore cells [see Figs. 6(a) and (b)]. The length of the elongated
rod-shaped b-Si3N4 grains is 22.2 lm, with diameter of about
1.47 lm and the aspect ratio is about 15.1 or less [see
Fig. 6(c)].

The comparison of Figs. 5 and 6 indicates that, with the
increase of nitrogen pressure and holding time during sinter-
ing, the growth rate of the b-Si3N4 grains diameter is higher
than that of the length, and the aspect ratio decreases. Simi-
lar tendencies were reported in other investigations36,37 and
theoretically predicted by modeling studies.38

(3) The Properties of Si3N4 Foam Ceramics with Nest-Like
Microstructure
Figure 7 shows the pore-size distribution of Si3N4 foam
ceramics with nest-like structure presented in Fig. 5. The
average pore size shown here is about 16 lm. The pores have
an almost sharp distribution, and it means that pore distribu-
tion is very uniform (see Figs. 5 and 6). The uniform pore
distribution originates from the uniform structure of green
body, and the uniform structure of Si3N4 particle-stabilized
foams can effectively improve the performance of foam
ceramics.

To investigate the relationship between mechanical prop-
erty and porosity of Si3N4 foam ceramics with nest-like
structure, the foaming rate is adjusted to change the porosity
of Si3N4 foam ceramics in the preparation of Si3N4 foam

Fig. 3. XRD patterns of Si3N4 foam ceramics sintered at different
temperature holding for 1 h.

Fig. 4. Schematic representation of the formation process of Si3N4

microstructure.29
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ceramics by controlling the concentration of amphiphilic
molecules and the solid loading, as shown in Table I. The
foaming rate increases with the increase of concentration of
amphiphilic molecules, but it decreases with the increase of
solid loading.

The influence of the porosity on flexural strength is
shown in Fig. 8. The results indicate that flexural strength
monotonically decreases with the increase of porosity, the
flexural strength is in the range of 3.8 to 77.2 MPa when
porosity varies from 82.1% to 60.6%. Tuyen33 prepared
Si3N4 foam ceramics by pressure sintered (GPSed)-reaction
bonded silicon nitride process, pore size was about 300 lm,
and the flexural strength was not reported. Normally, the
large pores (e.g., 300 lm) in foam ceramics significantly
reduce the mechanical strength. Shao39 prepared silicon
nitride/silicon oxynitride (Si3N4/Si2N2O) foam ceramics by
gelcasting technique, the bending strength varied from 21 to

(a) (b) (c)

Fig. 5. The microstructures of sintered Si3N4 foam ceramics at nitrogen pressure of 0.1 MPa and 1.5 h holding time at 1750°C. (a) the
uniformity of pores with nest-like cell structure, (b) the presence of nest-like structure in every cell, (c) the single elongated rod-shaped b-Si3N4

grain.

(a) (b) (c)

Fig. 6. The microstructures of sintered Si3N4 foam ceramics at nitrogen pressure of 0.9 MPa, 4 h holding time at 1750°C. (a) the presence of
nest-like structure in every cell, (b) the elongated rod-shaped b-Si3N4 in the pore cells, (c) the single elongated rod-shaped b-Si3N4 grain.

Fig. 7. Pore size distribution of sintered Si3N4 foam ceramics at
nitrogen pressure of 0.1 MPa and 1.5 h holding time at 1750°C.

Table I. The Influences of Concentration of Amphiphilic

Molecules and Solid Loading on Foaming Rate

Solid loadings (vol%) Amphiphiles (g/L) Foaming rate (vol%)

25 6.4 63.2
25 9.5 65.0
25 12.7 70.9
25 15.9 76.2
25 21.2 78.1
45 6.4 43.2
45 9.5 53.3
45 12.7 59.0
45 15.9 61.5
45 21.2 65.3

Fig. 8. Flexural strength as functions of porosity.
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39 MPa when the porosity was in the range 67.4%–62.0%,
and pore size was about 200 lm. In the study, the pore size
of high stable particle-stabilized foams can be effectively
controlled by adjusting solid loading and foaming rate, and
the average pore size of Si3N4 foam ceramics prepared by
particle-stabilized foams is only 16 lm, this improves the
mechanical property of Si3N4 foam ceramics, and thus
77.2 MPa of the flexural strength can be achieved when the
porosity is 60.6%.

IV. Conclusions

Porous Si3N4 ceramics were prepared by particle-stabilized
foams. Particle-stabilized foams were more stable than the
conventional foams, the dried green body had little shrinkage
by particle-stabilized foam, and the structure of dried foam
surface was uniform and had no macro-pores and cracks.
The microstructure of Si3N4 foam ceramics is nest-like, nest
pores are jointed by elongated rod-shaped b-Si3N4 grains,
the aspect ratio of the elongated rod-shaped b-Si3N4 grain is
about 30 or so. The pore distribution of Si3N4 foam ceramics
with elongated rod-shaped b-Si3N4 grains is uniform, the
average pore size is about 16 lm, and the flexural strength is
in the range of 3.8 to 77.2 MPa when porosity varies from
82.1% to 60.6%.
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