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Abstract

The porous silicon carbide ceramics with wood-like structure have been fabricated via high temperature recrystallization process by mimicking
the formation mechanism of the cellular structure of woods. Silicon carbide decomposes to produce the gas mixture of Si, Si,C and SiC, at high
temperature, and silicon gas plays a role of a transport medium for carbon and silicon carbide. The directional flow of gas mixture in the porous
green body induces the surface ablation, rearrangement and recrystallization of silicon carbide grains, which leads to the formation of the aligned
columnar fibrous silicon carbide crystals and tubular pores in the axial direction. The orientation degree of silicon carbide crystals and pores in the
axial direction strongly depends on the temperature and furnace pressure such as it increases with increasing temperature while it decreases with

increasing furnace pressure.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Inrecent years, porous silicon carbide ceramics have attracted
particular interest due to their unique properties such as low den-
sity, good thermal shock resistance, high mechanical properties
and excellent chemical stability at elevated temperature, which
make them suitable for a wide range of applications such as
catalyst supports, filters for hot gas or molten metal, and high
efficiency combustion burners.!=> The performances of porous
silicon carbide, especially the mechanical properties are strongly
dependent on their pore structures such as their pore size, dis-
tribution, interconnection between pores, and pore orientation.
Thus, the preferred fabrication method should be able to allow
the pore structure of ceramics controlled easily in order to opti-
mize their properties.

Nowadays, many methods for the fabrication of the porous
silicon carbide have been developed, such as polymer replica-
tion method,* processes based on the pore forming agents,>°
and biomorphic porous ceramics produced using natural plant
as sacrificial templates.”® Among these methods, the biomim-
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icking method has recently received intensive attention since
the biological structures usually exhibit some unique features
of complex hierarchical cellular structures and open porous
system.” Up to now, a number of natural plants are used as
carbon source such as cellulose fibers (cellulose fiber felts,
paper), wood, bamboo, and fruit residues. 10-14 Among these
natural plants templates, wood are widely investigated because
the wood-based SiC can retain the anisotropic, hierarchical and
elongated tubular structure of wood that has optical proper-
ties from the viewpoint of the mechanical properties/density
relationship and fluid transport.!>~1° The special structure and
properties of wood are derived from the mechanism of wood
formation?>-2*: water is a transport medium for minerals, gas,
sugars, etc. by the short-range diffusion and long distance
directional transport due to the gradient of the pressure and
concentration formed by transpiration. The temperature affects
the change of pressure (transpiration activity); further affect the
availability and transport of materials, and the growth of wood.
The preferred orientation growth of the anisotropic particles (ray
and fusiform initial cells) in a porous (cellular) organization
leads to the formation of wood structure. The familiar patterns of
woods are known as the annual growth rings and fiber structure.

The wood-like SiC should be an ideal candidate for high-
temperature exhaust filters, composites, corrosion-resistant
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immobilization supports for bioactive substances.>>~>’ How-
ever, the fabrication of wood-like silicon carbide is very complex
and suffers from the problems of the limited selection of avail-
able natural templates, and silicon carbide ceramics produced
inevitably contain some degree of silicon and residual car-
bon which induces the degradation of mechanical properties,
and decreases the thermal and chemical stability at elevated
temperature.?%2

In this study, we demonstrate a simple, innovative method
for fabricating wood-like porous silicon carbide ceramics by
high temperature recrystallization process. This method mim-
ics the formation mechanism of the cellular structure of woods
by controlling the experimental conditions. During high tem-
perature sintering, the gradients of temperature, pressure and
concentration in the graphite sagger result in the different rate
of the decomposition, recrystallization and crystal growth of
silicon carbide, such as the different pressure and concentration
of gases in the axial direction are higher than that in the radial
direction, which would allow the formation of aligned pores and
silicon carbide crystals in the axial direction. The temperature
gradient in the radial direction leads to the formation of ceramics
lamellas that are similar to the wood-like rings. The formation
mechanism and control of pore structure have been discussed.

2. Experiment

Starting materials used in our experiments were commercial
grade silicon carbide powders (F180, Zaozhuang Liyuan Sili-
con Carbide Co., Ltd, Zaozhuang, China) with grain size (d50)
is 113.4 wm, specific surface area is 0.018 m?/g and purity is
99.9%. Silicon carbide powders were added into the graphite
saggers (inside diameter: 48 mm, depth: 100 mm, wall thickness:
3 mm). The height of silicon carbide powders in the graphite sag-
ger was 70 mm and they were completely loose or vibrated to
compact. Then the graphite sagger is covered by the graphite cru-
cible (inside diameter: 100 mm, depth: 120 mm, wall thickness:
8 mm). The samples were sintered in medium frequency vacuum
induction furnace (3.5kHZ, Model ZGRS-160/2.55 Jinzhou
Electric Furnace Co., Ltd., Jinzhou, China). The specimens were
sintered in argon atmosphere with a heating and cooling rate of
50 °C/min. The maximum temperature difference in the axial
direction of the graphite crucible is less than 3 °C. The specimens
were sintered under different conditions, including: at different
temperatures (1950 °C, 2050 °C, 2150 °C, 2250 °C and 2300 °C)
for 2h under the same furnace pressure 0.5 x 10° Pa; and at
the same temperature 2250 °C under different furnace pressure
(0.3 x 107 Pa, 0.4 x 10° Pa, 0.5 x 10° Pa, 0.6 x 10° Pa) for 2 h,
respectively. The processing steps are schematically shown in
Fig. 1.

The open porosity was determined by the Archimedes
method, and kerosene was used as the liquid medium. The dis-
tribution of particle size was characterized by laser particle size
analyzer (Model Rise-2008, Jinan Rise Science & Technology
Co., Ltd., Jinan, China). The phase formation of specimens was
analyzed by X-ray diffractometry (XRD, X’Pert PRO, PAN-
alytical, Netherlands) using Cu Ka radiation. XRD patterns of
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Fig. 1. The flow-chart of sample preparation.

samples were obtained in the 260 range between 10° and 85° with
a step of 0.01° and a scan speed of 10°/min. The microstructure
of porous SiC ceramics such as the crystal morphologies, pore
shapes were observed by scanning electron microscopy (SEM,
Model JSM-6460, JEOL, Japan). Specimens were cut into the
dimension of 5.0 mm x 5.0 mm x 30.0 mm to test the flexural
strength via three-point bending test (Model WDT-10, Tianshui
Hongshan Test Machine Accessories Factory, Tianshui, China)
with a support distance of 25.0 mm and a cross-head speed of
0.5 mm/min.

3. Results and discussion
3.1. Macrostructure and microstructure
Fig. 2 shows the macro-appearance of samples sintered at

2300 °C for 2h under the furnace pressure of 0.5 x 10° Pa in
argon atmosphere. As can be seen, the rough surface in the radial

b

Fig. 2. The macro-appearance of samples sintered at 2300 °C for 2h under
0.5 x 10° Pa: (a) the sintered samples and (b) the radial fracture surface.
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Fig. 3. The morphologies of sample (2300 °C for 2h, 0.5 x 10° Pa): (a) the radial section surface and (b) the axial section surface.

fracture section displays wood-like rings, and there are a lot of
flaky silicon carbide crystals in the crown. The microstructure of
this sample was shown in Fig. 3. It shows that the porous silicon
carbide consists of the highly aligned silicon carbide crystals
and tubular pores that are located between them. The columnar
silicon carbide crystals exhibit a fibrous structure which was
parallel to the axial direction. The directional and tubular pores
that are intercommunicating result in the formation of the long
conducting channels, which was similar to the cellular structure
of woods.

Fig. 4 shows the X-ray diffraction patterns in the axial and
radial directions of samples. The phase can be identified as the
pure alpha-SiC (6H). Comparing the intensities of the (000 1)
peak for the axial and radial directions of samples and raw
powder, the preferential orientation in (000 1) direction was
exhibited, forming c-axis oriented grains. It suggests that the
oriented growth of SiC crystals were in the axial direction during
sintering, which was confirmed by the SEM images (Fig. 3).

3.2. The mechanism of reaction and structure formation

In this study, samples were heated by electromagnetic induc-
tion heating. The induction heating is comprised of three basic
factors: electromagnetic induction, the skin effect, and heat
transfer.3%3! In order to obtain the uniform microstructure of
samples in the axial direction, the electromagnetic field was con-
trolled to be distributed in the graphite sagger to minimize the

temperature gradient in the axial direction. The large temper-
ature gradient in the radial of graphite sagger was formed due
to the skin effect and heat transfer in loose porous samples.!
The shape of graphite crucible used is columnar and similar
to the wood stem. The radial temperature gradient leads to the
formation the wood-like rings in Fig. 2.

According to references, 233 the decomposition of silicon
carbide produces the gas mixture of Si, SioC and SiC, above
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Fig. 4. XRD of sample (2300°C, 0.5 x 10° Pa, 2h) and raw powder.
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Fig. 5. The influence of temperature variation on the microstructure of samples (0.5 x 10° Pa, 2h): (a) 1950°C, (b) 2050 °C, (c) 2150°C, and (d) 2250 °C.

1800 °C. The reactions are given as follows:
SiC (solid) < Si(gas) 1 +C (solid))

2SiC (solid) < Si(gas) 1 +SiC; (gas) 1
Si(gas) 1 +SiC (solid) < Si>C (gas) 1
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The silicon-carrying gas species play a role of a transport
medium of carbon, silicon and silicon carbide. The gases dif-
fuse in the porous sample under the gradients of the pressure and
concentration. In the short-range distance, the pressure gradients
(differential temperature) were produced by the decomposition
and recrystallization of silicon carbide. In the long distance,
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Fig. 6. The effect of the temperature variation on the anisotropic mechanical properties, porosities, and weight loss of samples: (a) the bending strength and porosities

and (b) bending strength ratio K (ABS/RBS) and weight loss.

the differential pressures (concentration gradients) were mainly
produced by the differential gas pressure between the inside and
outside of the graphite sagger. The pressure and concentration
gradients are two driving forces for the transport of mass (gases),
and the direction of the gases flow depends on the pressure dif-
ference gradients. The maximum pressure difference was shown
in the axial direction which drives the gases flow in the axial
direction, and then moves upwards to the upper surface of the
green body or migrate into the outside of the crucible through the
gap among particles. When the pressure of gases is sufficient to
overcome the diffusion resistance of gases, the anisotropic par-
ticles rearranged directionally in axial direction, and formed the
aligned gas channels (pores) in the axial direction (Fig. 3).

The parts of gases leave the graphite sagger, which leads to the
mass loss of samples. The degree of the mass loss (gases) reflects
the changes of the amount of the directional mass transport along
the axial direction. There is a positive relationship between the
mass loss and the degree of directional pores (growth of SiC
crystals) within a certain pressure and temperature ranges.

Based on the above analysis, the microstructure of porous
silicon carbide strongly depends on the sintering temperature
and the furnace pressure. In order to investigate the evolution of
microstructure with temperature and pressure, we have investi-
gated the microstructure and mechanical properties of samples
sintered at the different temperatures and pressures.

3.3. The effect of temperature changes

Figs. 3 and 5 show the evolution of the microstructure with
temperature. The samples were sintered under the furnace pres-
sure of 0.5 x 10°Pa in argon atmosphere from 1950°C to
2300 °C for 2 h. The temperature cannot exceed 2400 °C because
it would lead to the severe decomposition of silicon carbide and
the recrystallization becomes difficult to be controlled. When the
sintering temperature is between 1950 °C and 2050 °C, silicon
carbide grains were distributed disorderly and isolated. Fig. 5a
and b shows that most of silicon carbide grains remain their
anisotropy and irregular flake shape, but the surface ablation*
and rearrangement> of silicon carbide grain occur in Fig. 5b.

When the temperature reached up to 2150 °C, the silicon car-
bide grains began to interconnect each other and formed the
disordered chains and directional pores in the samples. When
the sintering temperature is above 2150 °C (Figs. 5d and 3), the
aligned columnar silicon carbide crystals and tubular pores were
observed in the axial section surface.

According to the literature,>® the pressure and chemical
species of gases were determined by the sintering temperature.
When the temperature is between 1800 °C and 2150 °C, the pres-
sure and concentration gradients of gases are very small and the
recrystallization of silicon carbide can only occur on the particle
surface in short distance, which only lead to the interconnection
of silicon particles and cannot obtain the aligned pores. In the
range of temperature from 2200 to 2300 °C, it intensifies the
decomposition and recrystallization of silicon carbide. When
the gases pressure difference between the inside and outside of
the graphite sagger increases and overcomes the gases diffusion
resistance, the anisotropic particles are directionally rearranged
which leads to the mass directional transport of species (the Si,
SiC and C) in the axial direction. The surface of silicon car-
bide grains was directionally eroded by the gas mixture, which
formed the aligned pores and SiC crystals in the axial direction,
and showed in Figs. 5d and 3.

Fig. 6 shows the effect of sintering temperature on the
porosity, anisotropic mechanical properties and weight loss of
samples. The porosity of samples increases with increasing
the sintering temperature due to the loss of SiC particles that
were decomposed into gases. Below 2150 °C, the axial bending
strength is approximately equal to the radial bending strength
because there are no directional pores and silicon carbide crys-
tals in the sample in Fig. 5a and b. With increasing the sintering
temperature, the axial bending strength is higher than the radial
bending strength due to the formation of the aligned pores and
crystals in the axial direction (see Figs. 5d and 3). K is the ratio of
the axial bending strength (ABS) to the radial bending strength
(RBS), which reflects the anisotropic mechanical properties of
the porous silicon carbide ceramics. The porosity, weight loss
and strength anisotropy of ceramics increased with increasing
the sintering temperature from 1950 °C to 2300 °C, while the
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Fig. 7. The effect of the furnace pressure on the microstructure of samples (2250 °C, 2 h): (a) 0.3 x 10° Pa, (b) 0.4 x 10° Pa, and (c) 0.6 x 10° Pa.

mechanical properties of samples show the different change in
the axial and radial directions.

3.4. The effect of furnace pressure changes

Fig. 7 shows the evolution of the microstructure of sam-
ples with the furnace pressure. The samples were sintered at
2250°C for 2h under the furnace pressure from 0.3 x 10° to
0.6 x 10° Pa in Ar atmosphere. As can be seen, the arrange-
ment of silicon carbide crystals and pores strongly depend on
the furnace pressure. When the furnace pressure is 0.3 x 10° Pa,
the microstructures of samples display the highest orientation of
silicon carbide crystals and pores in the axial direction (Fig. 7a).
However, with increasing the furnace pressure, the degree of
alignment decreases, such as the arrangement of silicon carbide
crystals and pores become messy in the axial direction, and it
also shows the low porosity and higher density under the furnace
pressure of 0.6 x 10° Pa (Fig. 7c).

According to the decomposition reactions of SiC in Section
3.2 and the literature,323%39 the furnace pressure influences
the rates of the decomposition and recrystallization of sili-
con carbide. As the furnace pressure increases, the crystal
nucleation will be enhanced and hence increase the recrys-
tallization rate of silicon carbide crystals. Consequently, the
pressure/concentration gradient decreased between the inside
and outside of the graphite sagger, and leading to the decreases of
the mass transport rate and the distance of mass transport. When
the pressure of gases at the powder surface is greater than the
equilibrium pressure of decomposed SiC gases, the SiC granule
will stop decomposing, and the mass transport and SiC crys-
tals growth will be interrupted. Thus, the porosity and strength
anisotropy of ceramics decreased with increasing furnace pres-
sure from 0.3 x 10° to 0.6 x 10° Pa at 2250 °C.

Fig. 8 shows the effect of the furnace pressure on the
anisotropic mechanical properties, porosities and weight loss of
samples. The porosities, weight loss and bending strength ratio K
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Fig. 8. The effect of the pressure on the anisotropic mechanical properties, porosities and weight loss of samples (2250 °C, 2 h): (a) the bending strength and porosities

and (b) bending strength ratio K (ABS/RBS) and weight loss.

decrease with increasing the furnace pressure, while the bending
strength increase. The anisotropy degree of ceramics decreases
with increasing the furnace pressure, which result from the lowly
aligned silicon carbide crystal in the axial direction and was
confirmed by Figs. 7 and 5d.

4. Conclusions

The porous wood-like pure silicon carbide ceramics with the
highly aligned silicon carbide crystals and high porosity were
obtained when the samples were sintered at 2300 °C for 2 h under
the furnace pressure of 0.5 x 10° Pa or at 2250 °C for 2 h under
the furnace pressure of 0.3 x 10° Pa in argon atmosphere. The
microstructures and properties of porous silicon carbide strongly
depend on the sintering temperature and furnace pressure. Sil-
icon carbide decomposes to produce the gas mixture at high
temperature. The directional flow of mixture gases along the
axial direction induces the surface ablation and rearrangement
of silicon carbide grains, which leads to the formation of the
directional columnar silicon carbide crystals and tubular pores
in the axial direction of samples within a certain pressure and
temperature range.
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