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Abstract: The core-shell structure silicon-resin precursor powders were synthesized through coat-mix process and addition of
Al)O3-S10,-Y,05 composite additives. A series of porous silicon carbide ceramics were produced after molding, carbonization and
sintering. The phase, morphology, porosity, thermal conductivity, thermal expansion coefficient, and thermal shock resistance were
analyzed. The results show that porous silicon carbide ceramics can be produced at low temperature. The grain size of porous silicon
carbide ceramic is small, and the thermal conductivity is enhanced significantly. Composite additives also improve the thermal shock
resistance of porous ceramics. The bending strength loss rate after 30 times of thermal shock test of the porous ceramics which were
added Al,05-Si0,-Y,0; and sintered at 1 650 °C is only 6.5%. Moreover, the pore inside of the sample is smooth, and the pore size
distribution is uniform. Composite additives make little effect on the thermal expansion coefficient of the porous silicon carbide

ceramics.
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1 Introduction

Porous silicon carbide ceramics are important
materials, which exhibit lots of excellent properties of
both porous ceramics and silicon carbide. Due to
possessing a set of attractive properties, porous silicon
carbide ceramics have been widely employed in many
application fields, involving energy,
machinery, metallurgy, chemistry, environmental,
biological and medical fields, using as filters, membranes,
heat exchangers, thermal insulators, capacitors,
sound-absorbing material, damping buffers, various
sensors, catalysts and catalyst carriers, etc [1-3]. Porous
silicon carbide ceramics have been synthesized using
various methods [4], including oxidation bonding
method [5], combustion synthesis, chemical vapor
reaction, sol-gel [6] and carbothermal reduction reaction
[7-8], preceramic foam processing [9], and coat-mix
method. Coat-mix method has an extensive application
prospect due to the advantages of simple technology,
energy saving, high efficiency, controllable process and
environmental compatibility. The product of coat-mix
technology possesses controllable pore size, narrow pore

acrospace,

size distribution and high purity [10—11]. Researches
show that the porosity, strength and thermal shock
resistance of porous silicon carbide ceramics could be
improved by adding sintering additives such as Al,Os,
Y,0;, MgO, K,0 and SiO, [12—13].

In this work, the silicon-resin precursor powders
with core-shell structure were synthesized through
coat-mix process, and ALO;, AlLO;-SiO, and
AlLy05-Si0,-Y,0; were introduced as sintering additives,
respectively. Then porous silicon carbide ceramics were
produced after molding, carbonization and sintering. The
phase, surface morphology, porosity, thermal
conductivity, thermal expansion coefficient, bending
strength and thermal shock resistance of porous silicon
carbide ceramics were analyzed.

2 Experimental

2.1 Sample preparation

The silicon-resin precursor powders with core-shell
structure were synthesized through coat-mix process
from industrial grade silicon powder and barium
phenolic resin. Additives were chemically pure neutral
Al,O; with particle size of 75—150 pm, chemically pure
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Y,0; and analytically pure SiO,, respectively. Taking the
total mass of precursor powders of 100 g, the sample
batch and sintering temperature of porous silicon carbide
ceramics are shown in Table 1.

Table 1 Batch and sintering temperature of porous silicon
carbide ceramics
Sample m(Powder)/ m(Al,O3)/ m(Si0,)/m(Y,0;)/Temperature/

No. g g g g °C

S1 100 3 1 0.71 1450
S2 100 3 1 0.71 1550
S3 100 3 1 0.71 1650
S4 100 3 1 0.71 1750
S5 100 0 0 0 1 650
S6 100 3 0 0 1 650
S7 100 3 1 0 1 650

After mixing, the precursor powder and additives
were pressure molded at 50—140 °C and 0.5—50 MPa for
20—120 min,. Then the materials were carbonized at
600—1 000 °C for 1-4 h under argon atmosphere. After
that the samples were treated by high temperature
vacuum sintering at 1 450—1 750 °C for 2 h, with heating
rate of 5—10 °C/min.

2.2 Characterization of samples

The morphology and phase of porous silicon
carbide ceramics were analyzed by S—3000N type
scanning electron microscope and Bruker P4 type X-ray
diffraction instrument, respectively. The porosity of the
sample was measured by Autopore IV 9510 mercury
porosimeter. LFA—427 type laser flash apparatus,
DIL-402C type thermal dilatometer and STA-449 type
simultaneous thermal analyzer were used to measure the
thermal diffusivity (), linear expansion coefficient and
specific heat capacity (c,). The density of the sample was
obtained through drainage method, and the thermal
conductivity was calculated using the formula A=apc,.

The products were processed to be samples of 3
mmx4 mmx40 mm by diamond surface grinding
machine. Then three-point bending strength measurement
of 30 mm span was taken on the samples by Zwickz005
type material detection equipment. The samples were
heated to 800 °C and heat shock 30 times under air
atmosphere. Thermal shock resistance was performed by
bending strength loss rate of materials [14]:

%0~ 0

=——2x100% @)
Oy

where 7 is bending strength loss rate; op is bending
strength before thermal shock; o7 is bending strength
after thermal shock.

3 Results and discussion

3.1 Effect of sintering temperature

Figure 1 shows the XRD patterns of porous silicon
carbide ceramics with Al,0;-Si0,-Y,0; additives at
different sintering temperatures. In Fig. 1, the peaks at
20 =36°, 41°, 60°, 72° and 76° are assigned to (1 1 1),
(200),(220), (31 1)and (2 2 2) planes of cubic SiC
according to the standard JCPDS cards (29-1129). It is
found that no carbon peaks and silicon peaks can be
observed in these patterns. The pattern of sample S1
shows that only f-SiC diffraction peaks appear at the
sintering temperature of 1 450 °C. It is indicated that SiC
ceramic is already obtained at 1 450 °C. Figure 2 shows
the surface SEM images of the samples sintered at
different temperatures. It can be seen from Fig. 2 that the
microstructure of sample S1 is uniform and dense,
indicating that the composite additives decrease the
formation temperature of porous silicon ceramics.
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Fig. 1 XRD patterns of porous silicon carbide ceramics at
different sintering temperatures

Figure 3 shows the bending strength and bending
strength loss rate of samples, which were taken
Al,0;-S10,-Y,0; as additive, and sintered at different
temperatures. It can be seen from the curves that the
bending strengths of all the samples before and after
thermal shock gradually decrease along with increasing
the sintering temperature from 1 450 °C up to 1 650 °C.
While the strength of the samples before and after
thermal shock decreases rapidly from 1 650 °C to 1 750
°C. The bending strength loss rate of the sample sintered
at 1 650 °C (S3) is only 6.5%, which is the lowest among
all samples. When the temperature is below 1 650 °C, the
bending strength loss rate of the samples gradually
decreases as the sintering temperature increases. The
bending strength loss rate of the sample sintered at 1 750
°C (S4) reaches 52.8%. The results show that the high
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Fig. 2 Surface SEM images of porous silicon carbide ceramics at different sintering temperatures: (a) S1; (b) S2; (¢) S3; (d) S4
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Fig. 3 Thermal shock resistance of porous silicon carbide
ceramics sintered at different temperatures

sintering temperature would lead to the decrease of the
thermal shock resistance.

Figure 4 shows the effect of sintering temperature
on the thermal conductivity of the samples. The results
show that the sample sintered at 1 650 °C has the highest
thermal conductivity. It is corresponding to the data of
the bending strength before and after thermal shock at
1 650 °C (Fig. 3).

Figure 5 shows the effect of sintering temperature
on the linear expansion coefficient () of porous silicon
carbide. As shown in Fig. 5, the sintering temperature
has no obvious influence on linear expansion of samples.
The linear expansion coefficient of the sample S1
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Fig. 4 Thermal conductivity at RT and 800 °C for porous
silicon carbide ceramics sintered at different temperatures

sintered at 1 450 °C is lower at the low temperatures.
While the linear expansion coefficient of sample S3
sintered at 1 650 °C is higher at the high temperatures.
Figure 6 shows the effect of sintering temperature
on porosity of the samples. As shown in Fig. 6, the
bending strength and thermal shock resistance of sample
S3 are very good, and the porosity of sample S3 is the
highest. From the surface morphology of sample S3
shown in Fig. 2, it can be seen that sample S3 has
uniform pore size distribution, which can disperse
thermal elastic strain energy. Besides, sample S3 has
smooth pore wall, which can relax the stress. Therefore,
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Fig. 5 Thermal expansion coefficient of porous silicon carbide
ceramics sintered at different temperatures
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Fig. 6 Porosity of porous silicon carbide ceramics sintered at
different temperatures

the thermal shock resistance of sample S3 is improved.

3.2 Effect of different additives

The bending strength and bending strength loss rate
of porous silicon carbide ceramics with different
additives before and after thermal shock at 800 °C are
shown in Table 2.

As shown in Table 2, sample S3 (Al,0;-Si0,-Y,04
as the composite additive, sintered at 1650 °C) has the

Table 2 Thermal shock resistance of porous silicon carbide
ceramics with different additives

Thermal shock resistance/MPa

Sample Loss rate/

No.  Before thermal shock After thermal shock %

S3 13.8 12.9 6.5
S5 11.1 3.8 65.8
S6 1.9 1 47.4
S7 9.1 3.7 59.3

highest bending strength both before and after the
thermal shock. Besides, the bending strength loss rate of
sample S3 after thermal shock is the lowest, and far
lower than those of samples with other additives. As
shown in XRD patterns (see Fig. 7), both samples S3 and
S7 with composite additives perform the peaks of mullite
phase (3A1,0;2Si0,), which has better thermal shock
resistance and mechanical characteristics [15].

As shown in Fig. 7, sample S3 has more mullite
phases because of the addition of Y,0;, which may
promote liquid phase sintering and then result in more
mullite phases. It also can be found that the additives of
the other two compounds reduce the bending strength
before thermal shock. Particularly, the bending strength
of sample S6 obtained by adding Al,O; before thermal
shock is only 1.9 MPa, which is far lower than that of
other samples.
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Fig. 7 XRD patterns of samples S3 and S7

Therefore, the formation of mullite phase is
beneficial to enhance the bending strength before thermal
shock and thermal shock resistance of porous silicon
carbide ceramics. The addition of Y,O; decreases the
formation temperature of mullite, while the liquid phase
sintering makes the grain refinement. Table 3 exhibits
the effect of additives on the thermal conductivity of the
porous silicon carbide ceramics. As shown in Table 3,
ALO;-Si0,-Y,0; composite additive increases the
thermal conductivity obviously. It is ascribed to the
second phase mullite distributed continuously around
matrix grains in this system, while no continuous
distribution of mullite phase appeared for the samples
with the other two additives. As shown in Table 4,
porous silicon carbide products keep the characteristics
of high porosity after composite additives. The sample
S3 (ALO3-Si0,-Y,0; as additive), which has the best
thermal shock resistance, remains nearly 70% porosity.
The sample with Al,05-Si0O, additive has higher porosity,
but its bending strength and thermal shock resistance are
not ideal.
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Table 3 Thermal conductivity of porous silicon carbide
ceramics with different additives

Sample Thermal conductivity/(W-m K"
No. Room temperature 800 °C
S5 43 21
S6 30 17
S7 38 14
S3 160 65

Table 4 Porosity of porous silicon carbide ceramics with
different additives

Sample No. Porosity/%
S5 67.9
S6 65.0
S7 73.7
S3 69.8

Figure 8 shows the thermal expansion coefficient of
samples with different additives and sintered at different
temperatures. At low temperature, the sample with
ALO;-Si0,-Y,0; composite additive has the lowest
linear expansion coefficient, while the sample with
AlLyO;-Si0, composite additive has the lowest linear
expansion coefficient at high temperature. Whereas, as
shown in Fig. 8, composite additives make no
remarkable influence on linear expansion coefficient of
ceramics.
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Fig. 8 Thermal expansion coefficient of porous silicon carbide
ceramics with different additives

Figure 9 shows the SEM images of porous silicon
carbide ceramics without additive and with
Al,05-Si0,-Y,0; additives. As shown in Fig. 9, the
grains of samples with Al,O;-Si0,-Y,0; additives are
refined. Fine-grained materials generally have better
strength and thermal stress resistance than coarse
grain. Therefore, the thermal shock resistance of porous

Fig. 9 SEM images of porous silicon carbide ceramics: (a)
Without additives (S5); (b) With Al,03-SiO,-Y,0; additive
(83)

silicon carbide ceramics with Al,05-Si0,-Y,05 additive
is enhanced.

4 Conclusions

1) Based on the fabrication of core-shell structure
silicon-resin precursor powders by coat-mix method,
porous silicon carbide ceramics were prepared at lower
temperature by adding a small
Al,0;-Si0,-Y,0;.

2) By adding Al,0;-SiO;-Y,0;, more mullite
phases in the porous silicon carbide ceramics generate,
the silicon carbide grains are refined, and the wall of the
pores becomes smoother.

3) Porous silicon carbide ceramics synthesized
through composite additive have high porosity; both the
thermal shock resistance and the thermal conductivity are
enhanced. While the composite additive performs less
impact on the linear expansion coefficient of the
samples.

amount  of
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4) Porous silicon carbide ceramics with the highest

thermal conductivity, the highest porosity, and the best
thermal shock resistance were synthesized by adding a
proper amount of Al,0;-Si0,-Y,0; and sintering at
1 650 °C.
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