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Preparation and Characterization of SiO,/Carbon Foam and SiC/Carbon Foam Composites
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Abstract: The synthesis and characterization of carbon foam supported silica aerogel (SiOo/Carbon foam) and
silicon carbide composite (SiC/Carbon foam) are presented in this study. The phase composition, microstructure,
thermal and mechanical properties are investigated by XRD, SEM, LFA Laser Flashmeasurements, and Universal
Material Testing.The resulting SiO,/Carbon foam composite shows a higher compressive strength (14.95 MPa) and
a smaller thermal conductivity (0.44 W-m™-K™) at room temperature, in comparison with the pristine carbon
foam. The SiC/Carbon foam composite maintains a compressive strength of 14.66 MPa, and possesses a low high-
temperature thermal conductivity (2.18 W-m™ K™ at 1 200 °C). Mass loss does not begin until 610 °C for the
SiC/Carbon foam composite, and complete carbon combustion does not occur until 844 °C, indicating a much

better thermal stability than the pristine carbon foam in oxidizing atmosphere.
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0 Introduction

Glassy carbon foams are porous carbon materials
with many advantages such as low density, high
specific modulus and strength, high applicable
temperature, large surface area, coupled with either
controllable electrical conductivity or low thermal
conductivity"?. The performances of the carbon foams
such as low density and excellent insulation make
them attractive candidates for application in advanced
aircraft, spacecraft and related industries™®. Unfor-
tunately, carbon foam has some key drawbacks that
limit its performance in certain cases. Firstly, carbon
foam has a fairly low thermal stability in oxidizing
atmosphere at elevated temperatures, thus limiting the
operating temperature of carbon foam-supported
materials in an oxidative environment. Secondly, the
pristine carbon foam has a relatively higher thermal
conductivity, compared with aerogel composite and
fiber mat " which is not favorable to thermal
insulations and other applications. Luo et al.” proposed
a resin-derived carbon foam reinforced by K,TisO;
whiskers, and showed that the addition of K,Ti¢O
whiskers with content of 2wt% ~4wit% enhanced
thermal insulating properties of the neat carbon foams,
whereas the compressive strength was below 8 MPa.
Furthermore, the compressive strength of most pristine
carbon foam is unsatisfying, which has sometime
limited its applications in aviation and aerospace
fields. Zhang et al.'™ employed arylacetylene as the
precursor to produce carbon foam with a compressive

strength of 25.8 MPa and low bulk density of 0.6 g-
cm 7, however, the thermal properties were not
evaluated in the article.

Covering the inner surface of carbon foam with a
more thermally stable material to serve as a barrier to
oxygen diffusion is a common way to improve the
thermal stability. However, thermal stability is
typically improved but the porous carbons are blocked
by the depositing species, thus increasing the thermal
conductivity of neat carbon foam. SiO, aerogels are
unique porous materials with distinctive properties,

such as large specific surface area, low thermal

conductivity"#3 Tt has been demonstrated that both
Si0, and SiC are well known for their good thermal
stability at high temperatures>'®. Therefore, incorpora-
ting Si0, aerogel into carbon foam can not only improve
its resistance to oxidation at elevated temperatures,
but also decrease its thermal conductivity at room
temperature. In the past few years, much attention has
been paid to the study of aerogel/carbon foam compo-
sites to further decrease the thermal conductivity and
increase the compressive strength of carbon foam!?".,
The SiC derived from the reaction of carbon foam and
Si0, aerogel at high temperatures can further improve
its thermal stability and decrease high temperature
thermal conductivity due to the enhanced radiation
extinction of SiC particles. On the other hand, the
drawback of low compressive strength can be solved
by properly increasing the density of carbon foam
since the compressive strength and  thermal
conductivity are positively correlated with carbon foam
density®?. Thus, the preparation and characterization of
resulting carbon foam supported Si0,/Carbon foam and
SiC/Carbon foam compositeare worthwhile.

In this study, we use carbon foam as scaffolds for
the synthesis of high strength SiO/Carbon foam and
SiC/Carbon foam composites with enhanced thermal
stability and low thermal conductivity. A new method
of producing SiC particles using carbon foam as
carbon source and silica aerogel as silicon source is
developed in this article. The influence of
incorporating SiO, aerogel and produced SiC particles
on the microstructure, thermal and mechanical
properties of the pristine carbon foam are investigated
(SEM), the laser

flash technique, and mechanical testing.

via scanning electron microscopy

1 Experimental

1.1 Sample preparation

Tetraethyl orthosilicate (TEOS, A.R., Sinopharm
Chemical Reagent Co., Ltd.) was used as silicon
source. Hydrochloric acid (HCI, 1 mol-L", Shanghai
Zhongshi Chemical Co., Ltd.) and ammonia solution
(NH; -H,0, 1 mol -L™", Wuxi City Yasheng Chemical

Co., Litd.) were used as catalysts. Deionized water
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(homemade) was used as hydrolysis agent and absolute
(EtOH, AR, Wuxi City Yasheng
Chemical Co., Ltd.) as solvent. All of the reactants

ethyl alcohol

and solvents were used as received without further
Carbon

bituminous coal by a two-stage procedure according to

purification. foam was obtained from

2l The precursor was first loaded in the

reference
reactor and was pressurized with argon until the initial
pressureof approximately 3~4 MPa, and then it was
heated to temperature of 450~600 °C with a heating
rate of 2~4 °C-min™ and kept at that temperature for
2 h. In a second stage, the precursor was carbonized

under flowing argon atmosphere at

between 850~1 200 “C and maintained at that level
for 2 h to produce the final carbon foam. In a typical
synthesis, TEOS (22.4 ml, 0.1 mol) was firstly

dissolved in a mixture of water (7.2 mL, 0.4 mol) and

temperature

ethanol (93 ml, 1.6 mol). Secondly, appropriate
amount of HCl (0.3 mL, 0. 3 mmol) was added to the
mixture with pH value of 2~3 after stirring for about
90 min at 50 °C. Thirdly, desired amount of NH;-H,0
(0.5 mL, 0.5 mmol) was added to the solution to
accelerate the poly-condensation rate. At last, the
reaction mixture was further stirred for 10 min,
transferred to a container with carbon foam (35 mmx
35 mm x20 mm) under vacuum for full infiltration.
After gelation within 3 h under room temperature, the
wet gel composite was aged at room temperature for 1
d and was subsequently soaked in a bath of absolute
ethanol in an oven of 50 °C for 3 d to exchange the
water and reaction byproducts from the pores of the
materials. After aging and solvent exchange, the wet
gels composites were put in the critical point extractor
for drying, using CO, supercritical fluid drying
technique, thus SiO,/Carbon  foam
After Si0,/Carbon  foam

composite was heated at 1500 °C and was maintained

forming  the
composite. drying, the
at that level for 5 h in a tube furnace under flowing
argon (100 mL-min™) to produce the SiC/Carbon foam
composite.
1.2 Sample characterization

X-ray diffraction (XRD) patterns were recorded

using a Rigaku Smart Lab 3000 diffractometer with

Cu Ka radiation (A =0.154 18 nm). The X-ray tube
was operated at 35 kV and 30 mA. The optics
(0.5°)

and a D/teX Ultra detector. The measurements were

configuration includes a fixed divergence slit

collected over a 26 range of 10°~80°, at a rate of 10
°C +min~". Scanning electron microscopy (SEM) images
were obtained with a JSM-6510 scanning electron
microscope. The accelerating voltage was between
3.0 ~5.0 kV, and the samples were coated with
platinumin  vacuum. Thermalgravimetric — analysis
(TGA) and differential scanning calorimetry analysis
(DSC) were performed by NETZSCH STA449C
Thermogravimetricanalyzer under a constant air flow

' to

of 30 mL +min~'at a heating rate of 10 °C +min~
1 000 C. The compressive strengths of the samples
were measured by an INSTRON 3382

machine. The test temperature was 25 °C and the

testing

cross-head speed applied was 1.0 mm -min ™. The
thermal conductivities of samples (10 mmx10 mmx3.4
mm) were measured using Netzsch LFA427 laser-flash

(80 mL-

min 7', 0.1 MPa). InSb was used as an infrared

method under a dynamic argon atmosphere

detector. The sample was coated with graphite to
increase the pulse energy absorption and infrared
emittance, and the pulse width was fixed at 0.5 ms

and laser voltage of 450 V.
2 Results and discussion

Fig.1 shows the photographs and SEM images of
pristine carbon foam. The bulk density and porosity of
the pristine carbon foam are 0.50 g-+cm™ and 76%,
respectively, using the traditional Archimedes
method ™. The density is much larger than other
carbon foams ™), which is favorable to high
compressive strength. As can be seen from Fig.1 (b),
there are opening pores as well as obturator pores in
the cell walls of carbon foam. The presence of
obturator pores origins from the fast growing viscosity
which inhibits the growth of pores inside during the
process of heating mesophase pitch. Fig.1(c) shows
that some small cracks appear in the cell walls, and
they are caused by two reasons. The first one is

attributed to the diffusivity of light gas stemming from
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Carbon foam
Fig.1  Photographs (a) and SEM images (b, ¢ and d) of the pristine carbon foam
none carbon-based element in the process of foam distribute in the range of 400~700 pwm. There

carbonization. The other one can be explained by the
large stress due to the shrinkage of carbon foam
skeleton when it is heated at elevated temperatures®.
It can be observed in Fig.1(d) that carbon foams have
an open-cell and spherical-shape porous structure as

well as dense structures, and most pores within carbon

S10,/Carbon foam

Fig.2 Photographs (a, b) and SEM images (c,

are also some small windows with diameters of 100~
300 pm in the cell walls, owing to the incomplete
growing of carbon particles ¥ combined with voids
formed in thermal decomposition™,

Fig.2 shows the photographsand SEM images of

Si0y/Carbon foam and SiC/Carbon foam composite.

S1@/Carbbn foam

2 g
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d) of SiO,/Carbon foam and SiC/Carbon foam composite
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Si0, aerogel is sufficiently infiltrated in the pores of
carbon foam skeleton, combining well with the cell wall
as can be seen from Fig.2(c) and further amplificationin
inset of Fig.2 (¢). The size of SiO, nano particles is ca.
40 nm, and they are cellular solids similar to a pearl
necklace, of which the structure is beneficial to lower
thermal conductivity. SiC particles (arrow directed
ones) appear as disordered arrangements with grain
size of approximately 5 pwm and are produced mainly
in the surface of the carbon foam, as indicated in Fig.
2(d) and amplification inset. In addition, the cell walls
become coarser and thinner after thermal treatment at
1 500 C, in comparison with the pristine carbon
foam. The total process of the reduction of SiO,to SiC
may occur according to the following equation®?
Si04(s)+3C(s) — SiC(s)+2CO(g) (1)
Fig.3 shows the XRD patterns for the pristine
carbon foam, SiO,/Carbon foam and SiC/Carbon foam
composite. As can be seen, the XRD pattern for the
pristine carbon foam is similar with the SiOyCarbon
foam composite. Two wide and weak peaks around 25°
and 43° are detected and they are diffractions from
typical crystal faces of (002) and (100) with graphite
characteristics ™. However, it is not as narrow and
intense as reference since the carbonization temper-
ature is not high enough to form the total graphite-
phase. The intense peaks in the XRD pattern for the
SiC/Carbon foam composite can be indexed to SiC
(PDF No.49-1623), and no other peaks are observed.
However, the synthesized SiC particles is dramatically
different from references®. Therefore, based on
XRD data, a 5 h treatment at 1 500 °C is sufficient to
convert the SiO, layer in SiO)/Carbon foam to SiC
particles. According to reference®, SiC particles are
derived from multi-step reactions, and the initial
process should follow Eq.2 to form SiO gas:
SO(s)+C(s) = SiO(g)+CO(g) (2)
Then,SiC can be produced by two different ways
according to Eq.3 and Eq.4 as follows:
Si0(g)+2C(s) — SiC(s)+CO(g) 3)
Si0(g)+3CO(g) — SiC(s)+2CO4(g) 4)
CO(g) from Eq.2 and Eq.3 can react with SiO,(s)
to produce more SiO (g) via Eq.5 to keep the reaction

#Silicon carbide
PDF No.49-1623

o Graphitized carbon
*

.
*
J\ ° o| sic/carbon foam®
1 a.l'O]'lOalﬂA L

SiO,/Carbon foam

Carbon foam

T T T T T M T T T ¥
10 20 30 40 50 60 70 80
20/ (°)

Fig.3 Powder XRD patterns for carbon foam, SiO,/Carbon

foam and SiC/Carbon foam composite

running, and the CO, from Eq.4 and Eq.5 will be

consumed by the surrounding carbon foam to form CO

(g) as Eq.6:
Si04(s)+CO(g) — Si0(g)+CO04(g) (5)
C(s)+COs(g) — 2CO(g) 6)

The morphology of SiC is closely related to its
reaction pathway. In general, the products of Eq.4 are
SiC whiskers whereas Eq.3 produces SiC particles. In
this work, the produced SiC exists as particleswith
grain size of ca. 5 pm as indicated by Fig.2(d). This
phenomenon can be caused by two reasons. On one
hand, the porosity of carbon foam is very high, which
results in the low partial pressure of SiO(g) and CO(g)
and inhibits the proceeding of Eq.4. On the other
hand, carbon foam possesses large interconnecting
pores, favoring the diffusion of SiO(g), thus accelerating
the formation of SiC particles as Eq.3.

Fig.4 shows the TGA, DSC and DTG curves of
carbon foam, SiO,/Carbon foam and SiC/Carbon foam
composite. As expected, combustion of the pristine
carbon foam begins at 572 °C and the material is
completely consumed at 766 °C. The remaining mass
is 12% of the original material, which indicates that
the mass fraction of carbon in the foam is 88%. The
mass loss at around 220 °C of SiO,/Carbon foam
composite is attributed to further condensation of Si-
OH as well as the removal of surface water absorbed
in the pores of SiO, aerogel, thus two exothermic peak
at 244 °C and 654 °C are observed on the corresponding

DSC thermogram. The onset temperature of carbon
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Fig.4 TGA (a), DSC (b)and DTG (c) plots of carbon foam, SiOy/Carbon foam and SiC/Carbon foam composite
combustion for the SiOycarbon foam compositeis
almost the same as that for the pristine carbon foam, ~ s Carbon foam
suggesting that Si0, aerogel is not an effective barrier —z —e— SiO,/Carbon foam
= 3.0 :
to oxygen diffusion. This material retains ca. 22% of z —=— SiC/Carbon foam
its original mass due to the presence of the SiO, 2
overcoat. Improvement of thermal stability is observed 2
1=l
in the SiC/Carbon foam composite. Mass loss does not 8
<
begin until about 610 °C, and complete oxidation of §
the carbon foam does not occur until 844 °C .
T T T T T T
According to the Fig.4(c), there is little weight gain at O e ocoae2ee

elevated temperatures in air atmosphere caused by
oxidation of SiC particles, which is consistent with
reference ", The improved thermal stability suggests
that SiC covers most of the carbon foam surface,
providing an effective barrier to oxygen diffusion. The
remaining mass is 19%, lower than mass loss of SiOy
Carbon foam composite. It can be inferred that the
Si0, content in Si0,/Carbon foam composite is 10%,
and the SiC content in SiC/Carbon foam composite is
7%, thus the mass ratio of SiC to SiO,is 70%. It is
consistent with Eq.1 which shows a theoretical ratio of
67% , indicating that SiO, layer in SiOy/Carbon foam
compositeis totally converted to SiC particles.

Fig.5 shows the thermal conductivities (A) of

carbon foam, SiO,/Carbon foam and SiC/Carbon foam

Temperature / “C

Fig.5 Thermal conductivity of carbon foam, SiO,/Carbon
foam and SiC/Carbon foam composite as a

function of testing temperature

composite as a function of testing temperature. The
results are calculated by Eq.7 as follows:

A =apC (7)

where p is the bulk density of the sample, C is
the specific heat capacity and « is the thermal
diffusivity. As can be seen from Fig.5, the thermal
conductivities at room temperature for carbon foam,
SiO,/Carbon foam and SiC/Carbon foam compositeare
0.67, 0.44 and 0.52 W -m™-K™, respectively. It can
be inferred that the incorporation of SiO, aerogel can

decrease its thermal conductivity at room temperature
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by 31% of the original value of carbon foam. When
the temperature is less than 900 °C, the thermal
conductivity of carbon foam and SiOycarbon foam
composite both increases slowly with the increase of
temperature, whereas sharply increases after 900 C.
SiC/Carbon foam composite shows a much lower
increase inthermal conductivity at temperature over
900 °C, in comparison with carbon foam and SiO,/
Carbon foam. It can be explained by the theory of
describing  the total thermal

thermal  physics

conductivity in carbon foam composites as follows:

A = AAAAAAA, (8)

where A, is the conduction through solids, A, is
the conduction through gas, A, is the convection
within the cells, and A, is the radiation through the
cell walls and the voids.

In the pristine carbon foam, the volume fraction
of solid phase is as low as 24%, therefore the solid
conductivity via phonontransport is low at room
(400 ~700 pm)

within carbon foam would suppress the convective

temperature. The average pore size

heat transfer and radiation is also reduced by
adsorption and the repeated reflection from the cell
walls. Thus, carbon foam possesses a relatively low
thermal conductivity of 0.67 W -m ™ K™, which is
lower than literature reports™*. When SiO, aerogel is
incorporated in carbon foam, phonon transport through
the amorphous carbon and cell walls partly transfers
to aerogel part, which needs a much larger heat
transfer path than before, thus the solid conduction is
inhibited to a large extent, and the thermal
conductivity is reduced to 0.44 W-m™-K"¥.When the
temperature is below 900 °C, the increased thermal
conductivity of the three samples is caused by the

while the

increased thermal conductivity is caused by the

increased solid conductivity, sharply
increase of thermal radiation, because the thermal
radiation plays the greatest role for the thermal
conductivity of carbon foam and SiO,/Carbon foam

SiC/Carbon  foam

composite, thermal conductivity increases slowly at

composite. However, for the

temperatures over 900 °C, in comparison with the

other two materials. This can be explained by the

produced SiC particles, playing a part as an opacifier
at elevated temperatures. The formation of SiC can
increase the specific extinction of the composite,
which would decrease the thermal radiation, thus the

the lowest
[38-39]

SiC/carbon foam composite possesses
thermal conductivity at high temperatures

Fig.6 shows the compressive load-strain curves of
carbon foam, SiO,/Carbon foam and SiC/Carbon foam
composite. The curves indicate that the samples are
typical brittle materials with no plateau stresses,
which is different from reference™. The compressive
strength of the three samples is 13.76, 14.95 and
14.66 MPa, respectively. The incorporation of SiO, in
the pores of carbon foam slightly improves its
compressive strength due to the strengthen effect of
cell wall and junctions of carbon foam. In addition,
the SiC/Carbon foam composite possesses a slightly
lower compressive strength than SiOy/Carbon foam. It
is attributed to the decreased thickness of cell walls,
damaged ligaments and junctions after thermal
treatment at 1 500 °C since tough framework of the
carbon foams is unfavorable to high mechanical
properties, as indicated by SEM images in Fig.2 (d).
However, the compressive strength of SiC/Carbon foam
composite is much larger than other carbon foams with

similar density™,

16 4
14 4
12 4
10 1
8
6
4]

Stress / MPa

—=— Carbon foam

24 ——Si0,/Carbon foam

0 ——SiC/Carbon foam

-2 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
20/ (°)

Fig.6  Compressive load-strain curves of carbon foam,

Si0,/Carbon foam and SiC/Carbon foam composite

3 Conclusions

We have demonstrated a method for the synthesis
of Si0,/Carbon foam and SiC/Carbon foam composite
with sol-gel method, followed by thermal treatment

under flowing argon. In comparison with the pristine
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carbon foam, the resulting SiOy/Carbon foam
composite has a slightly higher compressive strength
(14.95 MPa) and a much smaller thermal conductivity
(0.44 W -m™-K™). The SiC/Carbon foam composite
maintains a high compressive strength of 14.66 MPa
and possesses a rather low thermal conductivity (2.18
Wem™:K™) at temperature as high as 1 200 °C. In
addition, the SiC/Carbon foam

improved oxidative thermal resistance than pristine

composite gains

carbon foam. This new class of high compressive
strength materials with improved thermal stability in
should  be

advantageous in potential applications where high

oxidizing  atmosphere especially

compressive strength, low thermal conductivity, and

operation at elevated temperatures are desired.
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