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Abstract—A process has been proposed for the preparation of porous reaction-bonded silicon nitride
(RBSN) via the addition of a pore former, uniaxial pressing, and subsequent reaction sintering in a vacuum
furnace. As a pore former, we used a commercially available powder consisting of hollow polymer micro-
spheres (Akzonobel) with an average diameter of 9 μm. We have studied the effect of pore former content in
green compacts on the mechanical, dielectric, and thermophysical properties of the ceramics. The proposed
process allows one to prepare porous RBSN with the following properties: σb = 48 MPa, ε = 3.2, tan δ =
35 × 10–4 at a frequency of 10 GHz, and λ = 0.96 W/(m K) at 1100°C. The ceramic obtained in this study is
potentially attractive for industrial application as a radar-transparent structural material with reduced ther-
mal conductivity.
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INTRODUCTION
Reaction-bonded silicon nitride (RBSN) ceramics

are among the few materials offering a combination of
properties required for the fabrication of heat-loaded
elements of structures for aerospace applications. In
particular, RBSN possesses high mechanical strength
(σb = 200–300 MPa), thermal stability (long-term
stability at 1400°C and short-term stability up to
1900°C), and rain and dust erosion resistance, and
retains its dielectric characteristics in a wide tempera-
ture range [1–3].

At the same time, the relatively high thermal con-
ductivity of silicon nitride ceramics (~20 W/(m K) at
20°C) can limit potential applications of the material.
In particular, this poses the problem of protecting
radioelectronic systems from overheating during f light
of high-speed aircraft [4].

The thermal conductivity of Si3N4 ceramics
depends on many factors, such as porosity, the pore
size distribution, lattice defects, morphology of crys-
tals, impurities, relative amounts of the α- and β-poly-
morphs, and others [5–8]. According to theoretical
calculations, the thermal conductivity of α- and
β-Si3N4 single crystals is approximately 105 and
225 W/(m K) along the crystallographic axis a and 170
and 450 W/(m K) in the c-axis direction, respectively
[9]. Commercially available RBSN-based Si3N4
ceramic materials typically have a polycrystalline

structure and considerably lower thermal conductiv-
ity, from 10 to 30 W/(m K).

There were attempts to produce silicon nitride-
based materials with reduced thermal conductivity
(~0.5–3 W/(m K)) by increasing its porosity to 40–
60% [10, 11]. High-porosity silicon nitride can be pro-
duced by a number of well-known techniques, for
example, by utilizing a pore former [12, 13], freeze
drying [14], foaming [15–17], gel casting [18], f lash
combustion [19], etc.

The addition of a pore former allows one to pro-
duce porous ceramics with porosities from 40 to 60%.
This method has the drawback that the pore distribu-
tion over the material is nonuniform because of the
inhomogeneous pore former distribution in the mix-
ing and molding steps. Foaming makes it possible to
produce low-density open-cell ceramic foams with
porosities in the range 75–90%, which are used pri-
marily as refractories and filtering materials. This
approach has a number of drawbacks: relatively large
pore size (100–400 μm), small pore wall thickness,
and, as a consequence, low strength (1–5 MPa). Other
methods are less widespread because they are techno-
logically difficult to implement, require expensive
apparatus, or have a narrow application area.

In addition to the limitation related to its thermal
conductivity, the use of RBSN can be impeded by the
fact that its dielectric permittivity (ε ~ 5.6–6.3 at a fre-
quency of 10 GHz) is rather high for radar-transparent
1290
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Fig. 1. SEM micrograph of the pore former.
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Fig. 2. Block diagram of the porous RBSN preparation
process.
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components [4, 20]. The dielectric permittivity of
ceramic materials is known to decrease with increasing
porosity, but this is accompanied by strength loss. The
strength of porous ceramics depends on not only the
density and strength of their solid component [21] but
also the porosity and pore size [22, 23]. Moreover, the
largest contribution to strength loss is made by large
pores, more than 20 μm in diameter, which act as
stress risers [22, 23]. Thus, processes for the prepara-
tion of porous RBSN that allow one to control the
pore size in the material are of practical interest.

One example of the preparation of porous silicon
nitride with controlled pore size was reported by Zhou
et al. [24]. They proposed a process for the preparation
of highly porous sintered silicon nitride and examined
the effect of the size and amount of a pore former on
the strength and dielectric properties of the ceramic.

Park et al. [25] proposed a process for the prepara-
tion of RBSN with porosity in the range 48–52% and
assessed the effect of pore size on the strength of the
material.

In the studies mentioned above, no thermophysical
properties of the materials were investigated.

In this paper, we report the preparation of highly
porous RBSN by a method that combines the addition
of a pore former (filler) and uniaxial pressing, followed
by reaction sintering.

EXPERIMENTAL
Semiconductor-grade silicon was ball-milled for

24 h to give Si powder with d50 ~ 8 μm. As a pore for-
mer, we used commercially available methylmethacry-
late/acrylonitrile copolymer microspheres (Akzonobel)
with an average particle diameter of 9 μm (Fig. 1).

The process for the preparation of highly porous
RBSN is schematized in Fig. 2. The main steps are the
preparation of preceramic powder, compaction,
removal of the pore former, and subsequent reaction
sintering.
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Preceramic powder was prepared as follows: To an
aqueous 3% polyvinyl alcohol solution were sequen-
tially added polymer microspheres, an ammonium
polyacrylate-based surfactant (Dolapix CE 64), and
silicon powder. We used (silicon + pore former) com-
positions containing 5, 10, 15, 25, 30, and 40 wt %
pore former. To these compositions was added the sur-
factant (0.5 wt %). The components were mixed using
a high-speed mixer. The resultant suspension was
dried to a humidity from 18 to 20% and then sequen-
tially rubbed through a 800- and a 400-μm steel sieve
in a rubbing machine. The powder thus prepared was
dried further to a humidity from 6 to 8% and then
pressed into beams and disks at 100, 150, and 200 MPa
on a uniaxial press.

In the next step, the green compacts were placed
into a muffle furnace to remove the pore former. The
firing schedule was chosen using simultaneous thermal
analysis (STA) data obtained for the pure pore former in
flowing air at a heating rate of 10°C/min (Fig. 3).

Since pore former decomposition was an exother-
mic reaction, the compacts were thermostated at the
temperatures corresponding to the most active heat
release to avoid their disintegration as a result of vigor-
ous gas evolution. The samples were placed on silicon
nitride substrates and heated to 620°C over a period of
24 h and then furnace-cooled. After the removal of the
pore former, the compacts were loaded into a vacuum
furnace and nitrided while the temperature was raised
to 1450°C.

The resultant ceramics were machined to produce
beams 7 × 7 × 60 or 4 × 4 × 50 mm in dimensions and
disks 49.5 mm in diameter and 4.5 mm in thickness.
The apparent density ρ and open porosity По were
determined by hydrostatic weighing in water at room
temperature. First, the ceramic samples were held at
170°C for 2 h and degassed in vacuum for 20 min. The
samples were filled with water under vacuum. The
bending strength σb was determined in three-point
bend tests in conformity with the Russian Federation
State Standard GOST 24409-80, using a support span
of 50 mm and a crosshead speed of 1.5 mm/min. The
dielectric permittivity ε and dielectric loss tangent tan δ
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Fig. 3. STA curve of the pore former.
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Fig. 4. X-ray diffraction patterns of the porous RBSN sam-
ples prepared using preceramic powders containing (1) 10,
(2) 30, and (3) 40% pore former.
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Table 1. Major crystalline phases in the porous RBSN
ceramics

Percent of the pore 

former

Phase composition, %

α-Si3N4 β-Si3N4 Si2N2O

10 55 34 5

30 68 15 9

40 75 6 11
were determined at a frequency of 10 GHz and a tem-
perature of 20°C.

The phase composition of the ceramics was deter-
mined by X-ray diffraction on a DRON-6 diffractom-
eter (CuKα radiation). The microstructure of the

ceramics was examined by scanning electron micros-
copy (SEM) on an EVO 40XVP. The pore size distri-
bution was determined by Hg porosimetry using a Pas-
cal 140/440 instrument.

The linear thermal expansion coefficient (LTEC)
was determined in air in the range 20 to 900°C with a
Netzsch DIL 402C dilatometer in conformity with the
Russian Federation State Standard GOST 10978-
2014. The thermal diffusivity a of specimens 10 × 10 ×
2.5 mm in dimensions was determined in air at tem-
peratures of up to 700/1100°C by the laser f lash
method using a Netzsch LFA 457 system. Heat capac-
ity Cp was determined by differential scanning calo-

rimetry (DSC) in the temperature range from 20 to
1100°C in f lowing nitrogen using a Netzsch DSC
404F1 instrument. Thermal conductivity λ was calcu-
lated from the measured density, heat capacity, and
thermal diffusivity.

RESULTS AND DISCUSSION

The X-ray diffraction data in Fig. 4 demonstrate
that the porous ceramic obtained consisted of α- and
β-Si3N4 and a small amount of Si2N2O.

Comparison of the intensity of reflections from α-
and β-Si3N4 in samples 1–3 shows that increasing the

pore former content of the preceramic powder
increases the percentage of the α-phase in the ceramic
(Table 1). The α-Si3N4 content of the ceramic pre-

pared using the powder containing 40% pore former
was 75%, suggesting that the nitridation reaction went
to near completion before the silicon began to melt
(1410°C). This is expected to allow for a reduction in
the maximum reaction sintering temperature in the
preparation of porous RBSN.

Table 2 illustrates the influence of pore former
content and compaction pressure on the strength and
dielectric properties of the ceramics.

There is a tendency for the apparent density and
bending strength to decrease with increasing pore for-
mer content, which is accompanied by an increase in
porosity. The data in Table 2 were used to plot the
bending strength against open porosity (Fig. 5).

The observed behavior is well consistent with pre-
viously reported data [26]. At the same time, the σb of

the ceramic samples obtained after pressing at
200 MPa exceeds previously reported values for RBSN
ceramics with 50% porosity. For example, Park et al.
[25] reported that the strength of RBSN samples with
porosities in the range 48–54% did not exceed
31 MPa. They attributed it to the presence of large
pores, ~100 μm in diameter, in the material.

To assess the effect of compaction pressure on the
strength of the ceramics, we plotted their bending
strength against pore former content at different com-
paction pressures (Fig. 6).

It is seen that there is a clear correlation between
the strength of the ceramics and compaction pressure.
INORGANIC MATERIALS  Vol. 55  No. 12  2019
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Table 2. Influence of pore former content and compaction pressure on the properties of porous RBSN

Weight percent of the pore 

former in the compacts

Compaction 

pressure, MPa
ρ, g/cm3 По, % σ, MPa

ε
(f = 1010 Hz)

tanδ × 104

5

100 2.4 26 134

5.5 23150 2.4 24 155

200 2.5 22 166

10

100 2.2 29 109

5.3 26150 2.3 29 131

200 2.4 28 158

15

100 2.1 35 100

4.7 24150 2.2 33 111

200 2.2 30 124

25

100 1.8 44 75

3.9 24150 1.9 41 82

200 1.9 40 81

30

100 1.7 47 55

3.6 29150 1.8 45 66

200 1.8 44 77

40

100 1.5 53 39

3.2 35150 1.5 52 42

200 1.6 50 48
The bending strength of the porous RBSN produced

via compaction at 200 MPa is on average 10% higher

than that of the ceramic produced via compaction at

150 MPa and 20% higher than that of the ceramic pro-

duced via compaction at 100 MPa.

The observed increase in the strength of the porous

ceramics is due to the densification of the solid com-

ponent of the material. At 200 MPa, we observe no

strength saturation; that is, further densification of the

compacts is possible. Therefore, it is reasonable to
INORGANIC MATERIALS  Vol. 55  No. 12  2019

Fig. 5. Bending strength as a function of open porosity.
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expect that higher strength of porous ceramics can be
reached at higher compaction pressures.

Since the strength of the ceramics depends on not
only total porosity but also the pore size, we performed
porosity measurements with a mercury porosimeter.
The results were used to obtain the pore size distribu-
tion for the porous RBSN samples with По = 52 and

17% (Fig. 7).

The samples have the same average pore size, but
the highly porous silicon nitride has a broader pore
Fig. 6. Bending strength as a function of pore former con-
tent at different compaction pressures.
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Fig. 7. Pore size distributions in ceramic samples
(Hg porosimetry data).
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Fig. 8. SEM micrograph of a highly porous RBSN ceramic
(По = 52%).

2 μm
size distribution: in the range from 0.01 to 0.1 μm.
Therefore, the increase in porosity is mainly due to an
increase in the number of small pores, which has an
advantageous effect on the strength of the ceramic
because, as reported by Park et al. [25], large pores
markedly reduce the strength of the material.

The SEM image of a fracture surface of a ceramic
sample in Fig. 8 demonstrates that the material has the
form of a typical network of RBSN crystals, consisting
predominantly of α-Si3N4, in good agreement with

the X-ray diffraction data in Table 1.

It is worth noting that the ceramic samples
obtained in this study contained no large pores, even
though the presence of such pores was possible
because the pore former used had an average particle
size dav ~ 9 μm. This apparent contradiction can be

resolved in terms of the mechanism underlying RBSN
synthesis [26], during which growing silicon nitride
crystals (whiskers) fill cavities formed by the pore for-
mer. As a result, a continuous network of whiskers
produces submicron porosity, which is detected by
mercury porosimetry and SEM.

The dielectric permittivity of the ceramics
decreases with increasing porosity. In particular, the
ceramic samples with an open porosity of 52% have
ε = 3.2, which is almost a factor of 2 lower than the
Table 3. Effect of pore former content on the main propertie

Material
Weight percent of the pore 

former in the compacts
По, %

RBSN [4] 0 17

RBSN 

25 42

30 45

40 52
dielectric permittivity of RBSN. Similar results were
reported by Li et al. [12] and Zhou et al. [24]; that is,
the ε values obtained in this study correspond to the
expected level.

To assess thermophysical properties of the ceram-
ics, we measured their heat capacity Cp and thermal

diffusivity a and calculated their thermal conductivity
λ. The 200 and 900°C LTECs of the highly porous
ceramic samples with porosities of 42, 45, and 52%
and their λ at 20 and 1000°C are presented in Table 3
in comparison with data for RBSN-based ceramics [4].

The thermal conductivity of the porous silicon
nitride is considerably lower than that of RBSN [4].
The ceramic samples with a 52% porosity have λ =
1.27 W/(m K) at room temperature and 0.97 W/(m K)
at 1100°C. The decrease in thermal conductivity is due
to not only the decrease in porosity but also the high
content of the α-phase (the thermal conductivity of
α-Si3N4 single crystals is a factor of 2–2.5 lower than

that of β-Si3N4 single crystals [9]) and the presence of

about 11% Si2N2O inclusions (λ < 5 W/(m K) [5]).

Moreover, according to elemental analysis data the
pore former used in this study contained 8.6% amor-
phous SiO2 (λ ~ 0.7–0.8 W/(m K) 4]), which was

incorporated into the structure of the ceramics and,
hence, further reduced their thermal conductivity.
INORGANIC MATERIALS  Vol. 55  No. 12  2019

s of highly porous RBSN

α20–t × 107, К–1 λ, W/(m K)

200°С 900°С 20°C 1100°С

21 ± 3 32 ± 3 20 10

19 ± 3 30 ± 3 2.71 2.15

19 ± 3 30 ± 3 2.55 1.96

18 ± 3 29 ± 3 1.27 0.96
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CONCLUSIONS

We have proposed a process for the preparation of
porous RBSN ceramics. It includes the addition of a
pore former, uniaxial pressing, and reaction sintering.

The nitridation of porous green compacts has been
shown to ensure the preparation of silicon nitride with
a large percentage of the α-phase, which suggests that
the nitridation reaction reaches near completion
before the silicon begins to melt because all of the sil-
icon particles are well accessible for nitrogen. This is
expected to allow for a reduction in the maximum pro-
cess temperature and duration.

Raising the compaction pressure increases the
strength of the porous ceramics owing to the densifi-
cation of the solid component. The samples prepared
via pressing at 200 MPa have a bending strength of
48 MPa at a 50% porosity.

The proposed method has made it possible to con-
siderably reduce the thermal conductivity and dielec-
tric permittivity of RBSN, to λ = 0.96 W/(m K) at

1100°C and ε = 3.2 and tan δ = 35 × 10–4 at a fre-
quency of 10 GHz, maintaining its strength at a level
of ≥40 MPa. This opens up the possibility of using the
material obtained in this study in heat-loaded ele-
ments of structures for aerospace applications.
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