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Abstract

Mesophase pitch (MP) was doped by nano-AlN to produce carbon foams followed by liquid silicon infiltration to prepare silicon carbide foams.
Experiments have been carried out to investigate the effects of nano-AIN doping on bending strength and thermal shock resistance of the silicon
carbide foams. Microstructure observation and phase identification indicate that AIN doping strengthens the silicon carbide foams by grain refining
and solid-solution reaction. With 13 wt.% of nano-AlN, silicon carbide foams were obtained with the highest quality in bending strength of

14.1 MPa, thermal shock resistance, and bulk density of 0.73 g/cm3.
© 2009 Published by Elsevier Ltd.
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1. Introduction

Ceramic foams such as SiC, TiC and Al,O3; are highly
porous, low-density materials characterized by unique three-
dimensional skeleton structure.! SiC foam is widely used as
catalysis carriers, high temperature insulation materials and fil-
ters for hot gases and molten metals because of its excellent
performance in strength, as well as shock and oxidation resis-
tance at high temperature.>>

Silicon carbide foams with bending strength of up to
2.87MPa have been prepared from commercial SiC particles
and polyurethane sponge by coating and sintering.* However,
the covalent bonds in SiC are so strong that the sintering tem-
perature is forced up to even higher than 2300 K although various
additives such as boron, alumina and yttria have been used. >0
Since Aoki and McEnaney prepared SiC foams by adopting car-
bon foams as templates,’ the template conversion method has
attracted growing attention because of the easily accessible var-
ious templates and the realizable structure-design.8~12 Recently,
increasing interest has been drawn to the preparation of biomor-
phic porous SiC ceramics prepared by chemical gas-phase
infiltration into various charcoal.!3-'® In contrast to all the work
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on the preparation of SiC foames, little has been done on mechan-
ical property enhancement and microstructure modification.

Silicon carbide foams would be prepared by infiltration of a
liquid silicon into the template carbon foams. The as-prepared
foams would have uniform and controllable pore size. Moreover,
this method is economically more attractive with respect to the
low reaction temperature and the machinable template.

In the present study, silicon carbide foams with relatively high
bending strength and good thermal shock resistance were pre-
pared from mixtures of MP and nano-AIN particles, followed
by foaming, carbonization, and infiltration of liquid silicon.
Finally, a heat treatment was made on the resultant foams above
2173 K for 3h in order to improve the solid solution of AIN
in SiC. Nano-AlIN as a solid solute in SiC could enhance the
mechanical strength and thermal shock resistance of the silicon
carbide foams.'® Effects of nano-AIN content on the structure
and performances of as-prepared silicon carbide foams were
investigated.

2. Experimental procedures
2.1. Sample preparation

The Mitsubishi naphthalene based MP was used as the precur-
sor for carbon foams. Nano-AIN particles with specific surface
area of 85 m?/g and mean particle diameter of 20 nm were added
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into the melting MP at 570 K, followed by agitating and cooling.
The grinded mixture was put in a pressure vessel and heated to
523 K at 4 K/min, and then heated to 723 K at 2 K/min under a
pressure of 3 MPa in nitrogen atmosphere, finally held at 723 K
for 4 h. The resultant foams were carbonized at 1273 K for 5h
at slow heating rates less than 15 K/h in argon atmosphere. The
carbon foams with a dimension of 10 mm x 10 mm x 40 mm
were put into graphite crucible and silicided via the infiltration
of molten silicon at 1900 K in vacuum to obtain SiC foams. Sam-
ples were further heat-treated at 2173 K in argon atmosphere.

2.2. Sample characterization

The pore volume fraction of the resultant foams was calcu-
lated by the Archimedes method. The microstructures of foams
were observed by scanning electron microscope (SEM) (JEOL
JSM-6360LV). Three-point bending strength of each foam was
measured by the CMT4303 universal material testing system
with a crosshead speed of 0.5 mm/min, and the bending strength
value (or) was counted by of = 3PL/ 2wr?, where P is the frac-
ture stress of the samples, L is the span, w and ¢ were the width
and the height of the samples, respectively.

Room temperature X-ray diffraction (XRD) measurements
were conducted by a Brucker-AXS D8 Advance vertical 6/20
goniometer. The diffractometer utilized Cu Ka radiation (40kV
and40 mA). The crystallite dimensions of foams were calculated
by substitution of the 1 1 1 diffraction peak data into the Scherrer
equation:

. K
" Bcosf

where ¢ is the average crystallite size in the sample, A is the X-
ray wavelength (0.15406 nm), B is the breadth of the diffraction
peak (full width half maximum), and 26 is the diffraction angle,
a K of 0.89 was chosen.

Oxidation resistance was characterized by thermogravimetric
analysis (NETZSCH STA 409). The resultant foams were tested
from room temperature to 1673 K at a heating rate of 3 K/min
in flowing air. Thermal shock resistance of resultant foams was
appraised by the analysis of bending strength decline of speci-
mens after 10 water quenching cycles between 1173 K and room
temperature.

3. Results and discussion

3.1. Effects of nano-AlN content on the bulk density and
porosity of SiC foams and their templates

Fig. 1 shows the bulk density and porosity of silicon carbide
foams and their templates as a function of nano-AIN content.
Fig. 1a indicates that the bulk density of template carbon foams
increases with the increase of nano-AIN content, but porosity
shows a reverse tendency. As nano-AlN content increases, MP
content decreases and viscosity of the molten MP increases, 1
which restrains the MP from decomposing?® and makes it diffi-
cult for the bubbles to grow and combine.?! When the addition
amount of nano-AIN is above 17 wt.%, the agglomeration of
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Fig. 1. Effects of nano-ALN content on the bulk density and pore volume
fraction of SiC foams (b) and their precursors (a).

nano-AlN particles is aggravated and the molten MP phase is
destroyed. As a result, carbon foams with uniform pore distri-
bution could not be obtained. So carbon foams with addition
amount of nano-AIN above 17 wt.% were not discussed in this
paper. As shown in Fig. 1b, with the increase of nano-AlN, the
variation of bulk density and porosity of silicon carbide foams
presents the same trend as that of their templates. At the same
time, the bulk density of the resultant foams becomes higher
and the pore volume fraction becomes lower than that of carbon
templates because of the change of carbon into silicon carbide
by infiltration of the liquid silicon.

3.2. Microstructure

The effect of nano-AlN particles addition on microstructure
of silicon carbide foams is shown in Fig. 2. Fig. 2a shows that SiC
foam without nano-AIN addition has relatively loose cell walls
with irregular grains. Grain refinement occurs by the addition
of nano-AIN as demonstrated in Fig. 2b and c. Furthermore, the
grains are in more regular shape and with uniform size, which is
favorable to the densification of cell walls and struts in samples.
However, excessive addition of nano-AIN would lead to particle
agglomeration as marked by a white area in irregular shape in
Fig. 2d.

Heterogeneous nucleation of nano-AIN in infiltration and
solid-solution reaction in heat treatment are two important fac-
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Fig. 2. Microstructure of SiC foams of SCF2 series (SCF2-0, 5, 13, 17, the addition amount of nano-AIN were 0, 5, 13, 17 wt.%).

tors for grain refinement. Ness and Page figured out the process
of reaction sintering of C-Si is a resolving and secondary depo-
sition process.?> The solid-solution mechanism of AIN-SiC
during the heat-treatment was also put forward by Zangyvil and
Ruh.?? During the infiltration, nano-AIN as crystal seeds could
accelerate the crystallization rate of SiC, which was in favor of
the formation of fine grains. On the other hand, preferential dif-
fusion of AIN on the surface of SiC grains occurs due to higher
vapor pressure and diffusion rate of AIN compared with SiC in
2173 K. Thus the grain growth of SiC has been suppressed and
the grain has been refined by secondary nucleation in the solid-
solution reaction. So compared with SCF2-0, grains in SCF2-5,
13, 17 become evenly distributed and smaller.
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Fig. 3. XRD spectra of different SiC foams.

XRD patterns reveal that the SiC—AIN solid solution is the
major phase with minor fraction of C (Fig. 3). As a result, when
the nano-AlN addition amount is up to 17 wt.%, diffraction peak
of residual AIN is detected as an indication of the uncompleted
solid-solution reaction. In SCF2-5, 9, 13, AIN solid dissolves
completely into SiC, which corresponds to the diffraction peak
disappearance of AIN. However, excessive addition of nano-AIN
would lead to particle agglomeration, which prevents AIN solid
desolution in SiC and results in the residual AIN in SCF2-17. As
listed in Table 1 the lattice constant (a) and the average crystallite
size (1) for the resultant foams were calculated for different nano-
AIN addition amounts. The gradual decrease of lattice constant
with the AIN content increase as shown in Table 1 reveals that
the lattice distortion of SiC increases with the solid-solution
quantity increase of AIN. At the same time, the addition of nano-
AIN particles reduces significantly the average crystallite size
of SiC foams as demonstrated in Table 1.

3.3. Effect of nano-AIN content on the performances of SiC
foams

3.3.1. Oxidation resistance

Fig. 4 describes the weight loss of different SiC foams heated
from room temperature to 1673 K at a heating rate of 3 K/min in
flowing air to test the oxidation resistance of the resultant foams.
An obvious weight loss peak is observed in all samples between

Table 1
Lattice constant and average crystallite size of different samples.
SiC AIN SCF2-5 SCF2-9 SCF2-13 SCF2-17
a(A) 4358 3.144 4.355 4.353 4352 4.350
t (nm) - - 59.82 56.91 54.67 51.92
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Fig. 4. Thermogravimetric curves of different samples.

873 and 1073 K due to the oxidation of residual carbon. Espe-
cially SCF2-17 has the maximum weight loss of 24% compared
to other SiC foams. It is shown that SCF2-17 contains the most
residual carbon after the infiltration of liquid Si, which is due to
the close-pore increase with the AIN content increase. On the
other hand, a slow weight gain appears at 1373 K in all samples
due to the oxidation of a small amount of silicon carbide foam
matrix. Both SiC and AIN exhibit excellent oxidation resistance
because the oxide film prevents oxygen from infiltrating into
the matrix during oxidation. However, the oxidation of residual
carbon could destroy the SiC foam matrix and hamper the com-
pact oxide film formation. It would aggravate the oxidation of
the SiC foam matrix, which is also confirmed by more obvious
weight gain of SCF-17 than that of other samples.

3.3.2. Bending strength

Fig. 5 shows bulk density and bending strength of silicon
carbide foams as a function of nano-AIN content. Bulk density
increases with the increase of nano-AIN addition amount. How-
ever, bending strength of silicon carbide foams firstly increases
and then decreases with the increase of nano-AIN addition
amount.
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Fig. 5. Bulk density and bending strength of SCF2 series.

It is also shown in the previous studies>*2> that the mechani-

cal properties of open cell ceramic foams are complicated, which
might depend on both bulk density and strut strength of foams.
Based on the polycrystalline materials fracture rule, the strut
strength of polycrystalline ceramic foams is thought to depend
on intrinsic strength of material as well as average grain size.
The mechanical strength equation derived for a model cubic
open cell foam was put forward by Gibson and Ashby?>:

3/2
o= Kas<pb>
Ps

where o is the mechanical strength of the open cell foams, oy
is the strut strength of foams, K was a constant, pp and ps were
bulk density and strut density in foams, respectively.

Although the resultant foams showed a monotonic increase
response in bulk density with the nano-AIN addition amount
increase, effect of the nano-AIN addition amount on the strut
strength of resultant foams is complex. For the SiC/AIN ceramic
foam, strengthening mechanism is the combined action of the
grain refinement and the AIN solid solution in SiC. As is known,
both AIN dissolved in SiC and much grain boundary resulting
from the grain refinement are defects in foam matrix, which
would act as anail to restrict cracks from developing and enhance
the strut strength of resultant foams. However, as the nano-AIN
addition amount is up to 17 wt.%, excessive residual carbon in
SCF2-17 results in the decrease of bending strength. So bend-
ing strength of silicon carbide foams firstly increases and then
decreases with the increase of nano-AIN addition amount.

3.3.3. Thermal shock resistance

Thermal shock resistance of the resultant foams was also
appraised by the analysis of bending strength decline of speci-
mens after 10 water quenching cycles between 1173 K and room
temperature. As shown in Fig. 6, bending strength of speci-
mens decreases in different degree after 10 water quenching
cycles. At the same time, bending strength of specimens firstly
increases and then decreases with the increase of nano-AIN
addition amount independent of the thermal shock treatment.
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o
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Fig. 6. Effect of nano-AIN content on thermal shock resistance of resultant
foams.
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Fig. 7. SEM micrograph of the different SiC foams after 10 thermal shock cycles.

Table 2
Bending strength decline ratio (¢) of different samples.

SCF2-0 SCF2-5 SCF2-9 SCF2-13 SCF2-17
1) 54% 22.6% 6.2% 2.3% 44.2%

Thermal stress and fracture theory put forward in previ-
ous paper’® figured out cracks is a key factor of ceramic
fracture when thermal stress is beyond mechanical strength
of ceramic. So thermal shock resistance of ceramic materials
depends mainly on its mechanical strength and thermal conduc-
tivity. As shown in Table 2, bending strength decline ratio (¢)
of samples has a significantly decrease with the nano-AIN addi-
tion amount increase. As nano-AlN is added, bending strength of
samples increases, which reduces crack generation, meanwhile,
the grain refinement could effectively relieve crack propagation.
Especially, as demonstrated in Fig. 7b almost no crack in SCF2-
13 was observed. So the nano-AIN addition enhanced thermal
shock resistance of SiC foams. However, excessive AIN addition
would result in the increase of residual carbon and AIN in resul-
tant foams, at the same time, cracks are more easily generated at
the interfaces of SiC/C and SiC/AIN during thermal shock treat-
ment because of the mismatch of thermal expansion coefficient,
as demonstrated in Fig. 7c. So bending strength decline ratio of
SCF2-17 was larger than that of SCF2-13.

4. Conclusions

The preparation and performances of silicon carbide foam
with high bending strength and good thermal shock resistance
were reported. It is illustrated that the addition amount of nano-
AIN particles in carbon foam template could significantly affect
the structure and performances of silicon carbide foams such

as bulk density, porosity, cell microstructure, bending strength,
and thermal shock resistance. The grain refinement and the
solid-solution reaction with nano-AIN addition occur, which
could significantly enhance bending strength and thermal shock
resistance of resultant foams. However, excessive addition of
nano-AIN would lead to particles agglomeration and the close-
pore formation during molten MP foaming process, which is
unfavorable for the improvement of mechanical strength and
thermal shock resistance of resultant foams. Experimental inves-
tigation shows that an optimum amount of nano-AIN addition
is 13 wt.% to achieve a bending strength of resultant foam of up
to 14.1 MPa.
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