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Abstract

Microcellular Si—SiC porous ceramics were prepared from rigid foams derived from tannin-based natural resins. Such natural foams
were used either as such, i.e. in the ““green” state, or after conversion at 900 °C into vitreous cellular carbon foams. Various preparation
methods were tested: replica with preceramic polymers followed by pyrolysis, liquid silicon infiltration (LSI) and vapour silicon
infiltration (VSI). Depending on the method, very different materials have been obtained, whose morphology and microstructure have
been investigated by SEM, XRD and Raman, whereas oxidation resistance has been evaluated by weight loss measurements in dry air at
high temperature. The resulting porous ceramics’ properties were discussed in relation to the preparation methods and their morphology

and conversion of tannin-based foams into SiC.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Open cellular ceramics are highly porous materials
characterised by an array of interconnected empty cells
with solid edges. The structure of a cellular ceramic can be
described as a stack of polyhedra arranged to efficiently fill
the space. In the case of ceramic foams, cells are random in
size and orientation [1]. Many works in the literature have
demonstrated that cellular ceramics properties are inde-
pendent from their cell size. It is also true that, for a given
cell size, the thickness of the struts affects the resulting
material’s relative density and thus its properties. It is then
easy to conclude that highly porous microcellular ceramic

*Corresponding author at: Université de Lorraine, BP 1041, 27 rue
Philippe Séguin, Epinal cedex 9, 88051 Epinal cedex, France.
Tel.: +33 32929 61 14; fax: +33 32929 61 38.
E-mail address: Alain.Celzard @enstib.uhp-nancy.fr (A. Celzard).

foams must have extremely thin struts. There are only a
few manufacturing techniques which are able to produce
such kind of materials with exploitable properties, and
even less if the ceramic material must be silicon carbide [2].

Silicon carbide is a very important compound of the
ceramic industry, given the numerous qualities that combine
outstanding thermal stability, high thermal conductivity,
superior mechanical resistance at high temperature, low
coefficient of thermal expansion, and excellent resistance to
thermal shocks and to abrasion. Macroporous silicon
carbide foams have been used in applications working at
high temperatures (> 1000 °C) and harsh environments
because of their unique properties [3,4]. These applications
can be divided in two categories. One takes advantage of the
peculiar cellular morphology of their bulk material [5] and
concerns thermo-mechanical [6] and electrical [7] applica-
tions. The other one exploits the properties of their high
interconnected porosity: porous burners [8—11], catalyst
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supports [12,13], molten metal filters [7], heat exchangers
[14], solar absorbers [15,16]. Microcellular Si—SiC ceramics
can open new fields of applications not yet exploited by
their macro cellular counterparts such as thermal partial
oxidation (TPOX) reformers and concentrated solar recei-
vers [17].

SiC-based ceramic cellular foams have been produced
from few techniques so far [18,19]: direct foaming of a
liquid slurry, burn-out of volatile pore formers, and
replica. Replica is very effective for producing macro
cellular foams with very large pores. However, it becomes
ineffective for smaller pores ( < 2 mm diameter), since the
replication slurry can obstruct cells’ windows due to its
high viscosity. An alternative route to produce SiC foams
is by conversion of carbon foams. This conversion can be
carried out by carbo-thermal reduction [20] or by reaction
bonding (RB).

The latter technique is attractive since it is the most
industrialised manufacturing process of SiC components
and their composites [21]. Unlike replica methods, RB
takes advantage of the direct foaming technique employed
to produce foams having small pores [19]. Different
approaches have been used, which differ mainly by the
nature of the carbon pristine foam: mesophase pitch foams
[22] or resin impregnation of polyurethane foams followed
by carbonisation and Si vapour reaction [23].

We present is this work an approach in which micro-
cellular Si-SiC foams were prepared from tannin-based
template foam, a new kind of highly porous, cellular solid,
natural at the 90% level [24-26]. Condensed (catechic)
tannins are commercial bark extracts whose main applica-
tions are leatherwork and chemical industry [27]. However,
since they are phenolic oligomers, they are also able to
react with furfuryl alcohol and formaldehyde. Doing so,
high-quality furanic resins are obtained that can be used as
such for wood gluing [28] or be foamed in the presence of
blowing agent, thus leading to rigid foams [29]. The latter
possess high porosity and physical properties that are
similar to those of the presently commercialised phenolic
foams. Especially, they can have simultaneously very low
density and good mechanical properties [24], very low
thermal conductivity [30] and outstanding fire resistance
[31-33].

Advantages of tannins are manifold: they are abundant,
renewable, non-toxic, ecological and inexpensive. After
pyrolysis, flawless, vitreous carbon foams with pore sizes
within the range of 200 um are obtained. Conversion into
SiC foams was carried out in the present work by putting
tannin-derived template foams in contact with silicon or
silicon compounds, either in the liquid or in the vapour
phase. For that purpose, different experimental approaches
have been tested for the first time with such kind of natural
precursors.

The paper is organised as follows. Section 2 deals with
the preparation of tannin-derived organic and carbon
foams, and describes the investigation tools that have been
used. Structural and physicochemical characteristics such

as porosity, crystallite size, homogeneity, composition,
crystalline structure and oxidation resistance derived from
SEM, mercury porosimetry and helium pycnometry,
XRD, Raman spectroscopy and TGA are considered in
section 3. We show that the preparation method has a
dramatic impact on both structure and properties of the
resultant Si—SiC foams, and that both direct and indirect
molten Si infiltration were successful though further
optimisation is still required.

2. Experimental
2.1. Foam preparation

In the present work, condensed tannins obtained by
spray drying of aqueous Mimosa (Acacia mearnsii, De
Wild) bark extracts have been used. A liquid mixture made
of water (6 g), formaldehyde (7.4 g of 37% water solution),
furfuryl alcohol (10.5 g) and diethyl ether (3 g) was first
prepared in a 500 mL beaker. The role of each ingredient
has been explained elsewhere [25]. The liquid phase was
added to tannin powder (30 g), and the whole was strongly
stirred. After homogenisation, an acidic catalyst, para-
toluene-4-sulphonic acid (11 g of 65% water solution) was
added and mixed. A few tens of seconds later, diethyl ether
started to boil because of the heat generated by polymer-
isation of both tannin and furfuryl alcohol, causing a
spectacular rising of the foam. Dark, hard, but lightweight
blocks having a density of 0.065 g cm ~* were obtained and
left for age during 24 h.

The outer skin of the material was finally removed, so
that only the centre of such big, cylindrical, foams was
recovered. The maximum size was corresponding to cubes
of side 3 cm, within which samples were subsequently cut
off (see subsection 3.1 below). Depending on the methods
used for preparing Si—SiC foams (see below), the resultant
samples were either used as such, i.e. in the “green” state,
or after pyrolysis, i.e. in the form of vitreous carbon. The
latter was obtained by simply heating green foams under
high purity nitrogen at 4 °C min~" up to 900 °C. The final
temperature was maintained during 2 h before cooling
under nitrogen flow. Description and properties of carbon
foams have been detailed elsewhere [34,35].

Four methods have been tested for preparing Si—SiC
composite foams derived from tannin, having their own
advantages and drawbacks. For instance, replica with a
polymer mitigates the direct RB exothermic reaction [36]:

Siliquid + Csotid = SiCsolid AH = = —73 kJ mol™"

which can deteriorate the strut material. However, due the
small pore size of the present foams, the viscous polymer
might occlude the pores.

The first method, referred to as method #1, consisted in
impregnating green foam samples with preceramic polymer
and pyrolysing the resultant material. Two common
SiC preceramic liquid polymers with different viscosities
were utilised: Starfire SMP 10 (StarPCS SMP-10, Starfire
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System, USA) on one hand, which is an allylhydrido-
polycarbosilane (AHPCS) polymer resin, and KION
PSZ20 (Ceraset™ Polysilazane 20, Clariant, Switzerland)
on the other hand, which is a patented liquid polysilazane.
Additional information about these materials is available
elsewhere [37,38]. Foam samples were impregnated by one
or the other polymer in vacuum for 15 min, then centri-
fuged at 2500 rpm for 2 min in order to drain the excess
polymer. Finally, the samples were pyrolysed at 1000 °C
under high-purity argon flowing at 300 cm® min~—'. The
detailed pyrolysis heat ramp is presented in Table 1. Some
samples were infiltrated once (1_KION and 1_SF), some
others twice (2_KION and 2_SF), with the aforementioned
polymers, as shown in Table 2.

The second method (#2 in Table 2) was similar to the
previous one using only one single step of polymer
impregnation, but an additional step of infiltration with
molten silicon was added at the end. For that purpose, the
same amount in weight of the foam was placed as Si lumps
onto the foam before loading it into the furnace for
thermal treatment. Then foams were brought under
vacuum (10”2 mbar) at temperatures of 1450 °C for 1 h.
The aim of doing so was to test the reactivity of the
remaining carbon with liquid Si, which might have reacted
violently, as suggested above. The SiC already present in
the foam was expected to mitigate the exothermic reaction
between silicon and carbon.

Method #3 was the direct infiltration of carbon foam
with molten silicon, using the same experimental condi-
tions as for method #2. Finally, method #4 was an
attempted liquid silicon infiltration (LSI) into vitreous
carbon foam through the use of a carbon felt, thus

Table 1
Conditions of pyrolysis for materials prepared by method #1 (impregna-
tion of organic foams with preceramic polymers).

Temperature ( °C) Heating rate Ramp Total elapsed
(°Ch™" time (h) time (h)

21-500 40 11 11

500-1000 60 8 19

1000 Dwell 1 20

1000-21 Power off ~ 24 ~ 44

Table 2

1843

avoiding the direct contact of the carbon foam with liquid
Si as described elsewhere [39]. The various samples and the
different preparation ways are listed in Table 2.

2.2. Characterisation of foams

Foam samples were attached on aluminium sample
holders with double-side adhesive carbon tabs (Plano,
Wetzlar, Germany) and sputtered with gold. The SEM
micrographs were obtained with a Quanta 200 SEM (FEI,
Brno, Czech Republic) operated at 20 kV.

Crystalline phase compositions were measured by X-ray
diffraction method (XRD). The powder patterns were
recorded between 5° and 70° using a Kristalloflex D500
(Siemens, Karlsruhe, Germany), operated with monochro-
mated Cu-Ka radiation (A=0.14505 nm, 30 kV, 30 mA).

For one sample only, 2_EN, which was simultaneously
available in large amounts, crack-free and flawless, bulk
density p, was determined by weighing a big parallelepiped
sample of known dimensions (3 x 3 x 1.5 cm®). The skele-
tal density p, was measured by helium pycnometry (Accu-
pyc II 1340, Micromeritics, USA). For that purpose,
sample pieces were crushed in a mortar and dried at
120 °C in vacuum overnight. Each determination included
10 helium flushes prior to analysis, in order to clean the
volume chamber of the pycnometer, followed by 50
analytical runs. The overall porosity & was calculated as
o=1- Pb/Ps~

The pore size distribution was estimated by mercury
porosimetry (AutoPore IV 9500, Micrometrics, USA). The
experiments were performed in two steps: low pressure
(0.001-0.24 MPa) and high pressure (0.24—414 MPa). This
method was used to get information on pores wider than
3.6 nm, using the well known Washburn equation D= —4 y
cosf/ P, in which D (nm) is the pore diameter, P (MPa) is the
pressure of mercury, and y (485 mJm~2) and 0 (140°) are
surface tension and contact angle of mercury, respectively.

The ceramic foams were also analysed by confocal
Raman microscopy (Almega XR, Thermo Fischer,
Dreieich, Germany) using a 532 nm laser. The spectra
were collected between 250 and 1850 cm ™"

Thermogravimetric analysis (Netzsch 409, Selb, Ger-
many) (TGA) experiments were carried out in dry air for

List of samples and detailed conditions of preparation for getting Si—SiC composite foams derived from tannin-based foams.

# Method Sample ID  Foam precursor Infiltration agent(s)

Mass after molten
Si infiltration (g)

Mass after polymer
infiltration (g)

Mass after pyrolysis
at 1000 °C (g)

Kind Initial mass (g)
1 1_KION Green  0.27 KION PSZ20 polymer 1.21 0.86 n.a.
2_KION Green  0.23 KION PSZ20 polymer 1.62 0.97 n.a.
1 1_SF Green 0.24 Starfire SMP 10 polymer 2.3 0.94 n.a.
2_SF Green  0.21 Starfire SMP 10 polymer 2.41 0.99 n.a.
2 3_KION Green  0.14 KION followed by molten Si ~ 1.01 0.56 0.32
3_SF Green  0.14 Starfire followed by molten Si  0.84 0.65 0.67
3 1_ER Carbon 1.14 Molten Si n.a. n.a. 1.86
4 2_EN Carbon n.a. Attempted LSI n.a. n.a. n.a.
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estimating the resistance to oxidation of the Si—SiC foams.
For that purpose, the temperature was increased at 3 °C
min~" up to 1400 °C. The absence of moisture was
cautiously controlled, because water vapour might lead
to the evolution of Si in the form of volatile Si(OH)4. In a
typical experiment, 50 mg of foam sample were used.
Finally, thermal conductivity of 2 _EN sample was
measured at room temperature by the transient plane
source method (Hot Disk TPS 2500, ThermoConcept,
France). Such sample was chosen because of its big size,
making the measurement easy and reproducible. The
method is based on a transiently heated plane sensor, used
both as a heat source and as a dynamic temperature
sensor. It consists of an electrically conducting pattern in
the shape of a double spiral, which has been etched out of
a thin nickel foil and sandwiched between two thin sheets
of Kapton®. The plane sensor was fitted between two
identical pieces of foam sample, each one with a flat
surface facing the sensor. The dimensions of the sample,
compared to that of the sensor, were enough for consider-
ing the sample as a semi-infinite medium, 3 x 3 x 1.5 cm®.

A

15.0kV 13.2mm x100 YAGBSE

The thermal conductivity was then calculated with the Hot
Disk 6.1 software.

3. Results and discussion

3.1. Porous structure of raw foams and derived cellular
ceramics

The structure of both green and tannin-based carbon
foams has been described elsewhere [24,25]. During pyr-
olysis of green tannin foams, weight loss occurs which is
exactly compensated by shrinkage, so that the bulk density
remains unchanged [25]. Therefore, only the pore size is
reduced by ca. 60% [34]. A typical SEM picture of carbon
foam of density 0.065 g cm ™" is given in Fig. 1. The linear
pore density is around 100 ppi, whereas that of the original
green foam was 40 ppi, on average. The tannin—based
carbon foam has been successfully modelled as a close
packing of spherical pores, having an average coordination
number of 12 [40]. It is important to note that the struts are
solid and present a triangular cross-section, see Fig. 1(b).

Fig. 1. SEM pictures of carbon foam of density 0.065 g cm ~>: (a) Image from secondary electrons best showing pore walls and membranes between cells;
(b) Cross-section of two struts; (c) Same as (a), but from backscattered electrons best showing pore windows and struts.
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Given the skeletal density of tannin-based resin and
vitreous carbon, 1.59 and 1.98 gecm ™, respectively [25],
green and carbon foam samples present total porosities of
96-97%. These values suggest that a high volume fraction of
tannin foams may be impregnated, provided that the con-
nectivity between the cells is good enough. According to
Fig. 1 and many other pictures of tannin-based foams, the
cells are connected with each other through circular windows.
However, some of them are closed by thin membranes. In
carbon foams, most membranes are burst, whereas more cells
remain closed in green foams. Carbon foams might thus be
easier to impregnate, despite their corresponding lower
window diameters ranging from 10 to 200 um.

Taking these arguments into account, the possibility of
deeply infiltrating green foams and covering their struts with
a viscous preceramic polymer was checked only with small
cubic samples having a side close to 1.5 cm. Foams impreg-
nated with polymers indeed presented filled cells at their
surface, whereas only partly filled cells were observed in the
inner parts. In contrast, infiltration with molten Si was found
to be successful and very homogeneous with carbon foam
samples having volumes up to 17 cm®. Selected SEM pictures
of Si-SiC foam samples prepared according to the methods
investigated here are presented in Fig. 2.

Samples derived from KION were systematically cracked,
whereas those made from Starfire polymer were not. These

Fig. 2. SEM pictures of Si-SiC composite foams prepared according to different methods (see Table 2): (a) 1_KION; (b) 1_SF; (¢) 3_KION; (d) 3_SF;

() 1_ER; () 2_EN.
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differences might be due to differential shrinkage between
foam and polymer, whose ceramic yield was around 60-70%.
It has to be also considered that samples shrinkage continued
inside the high-temperature furnace up to the melting point of
Si. At these temperatures, both polymers experienced a
microstructure re-arrangement and a certain mass loss, espe-
cially for KION. This fact explains why, in Table 2, KION
samples were lighter after LSI. Different viscosities of the
polymers combined to the temperature of cross-linking of
Starfire (250400 °C), which is higher than that of KION
(180200 °C) [37,38], might have an influence. Thus, materials
prepared with Starfire looked homogeneous compared to
those made from KION (see Fig. 2(a) and (b)), even though
filled pores could be observed, with a possible impregnation
gradient. All materials prepared with method #1 presented
considerable weight uptakes, the initial mass of the foam being
multiplied by a factor ranging from 3.2 to 4.7 after conversion
into ceramic. The porosity of the corresponding samples has
thus been considerably filled and partly blocked by such
amount of Si-based material. The same conclusion applies to
samples prepared by method #2, see Fig. 2(c) and (d).
Samples infiltrated, directly or not, with molten silicon,
presented much more preserved interconnected pore struc-
ture, as seen in Fig. 2(e) and (f). This fact may be explained
by the correspondingly lower weight increase. The mass of
the final ceramic was only 1.6 times higher than that of the
initial carbon foam (see Table 2). Such value is two times
lower than what is expected for a complete conversion of
carbon (12 gmol™") into silicon carbide (40 gmol™").
Reaction of Si with carbon thus might not be complete,
suggesting that synthesis parameters have to be optimised.
Analysis of microstructure will confirm this point.

3.2. Microstructure of Si—SiC composite foams

The surface of each material has been examined in order
to determine the SiC grains and therefore estimate the
completeness of the siliconization. Surfaces of 1_KION
and 1_SF (not shown) were rather smooth locally, whereas
those of 2 KION and 2 _SF presented heterogeneous
dispersion of small grains, as seen in Fig. 3(a). Adding a
supplementary step of molten Si infiltration led to very
coarse grains, as seen in Fig. 3(b)—~(d). Comparing Fig. 3(b)
and (c) shows that the grains in 3_SF, around 10 pum in
size, were much bigger than those of 3_KION.

Direct infiltration of molten Si led to SiC grains a few pm
big (Fig. 3(e)), whereas no grains could be evidenced after
indirect infiltration throughout carbon felt (Fig. 3(f)). As
already suggested by the moderate weight gained by carbon
samples submitted to molten silicon, it appears that the
reaction between C and Si was not complete, probably due to
a too limited contact time. Due to restricted capillary forces
as a consequence of the large pore size, which prevent
infiltration of the foams, it is assumed that only very fine
grained SiC was formed at the surface of tannin-derived
carbon foams. The SiC was most probably produced from

the reaction of the substrate with Si vapours, which infiltrate
the porous foam as described earlier [41].

XRD patterns of all samples are presented in Fig. 4. All
materials made from method #1 appeared to be fully
amorphous and no crystalline Si or SiC phase could be
detected. The other methods, i.e. #2 to #4, involving a step
of molten Si infiltration, all led to crystallised SiC. This
finding suggests the relevance of such step for converting
tannin-based foam into ceramic. The silicon carbide was
crystallised mainly as the cubic 3C-SiC phase (B-SiC), with
some hexagonal 6H-SiC phase (a-SiC), which is consistent
with earlier observation on biotemplated Si-SiC [41].
Crystalline silicon was also observed in 3_SF and 1_ER,
see Fig. 4(b) and (c). Finding an excess of silicon implies
that most carbon has been converted into SiC, unlike what
happened in the other materials.

Raman spectra shown in Fig. 5 confirmed the previous
conclusions: foams derived from preceramic polymer impreg-
nation (method #1) were all totally amorphous, and neither
SiC nor Si could be detected. In contrast, both Si and SiC
were clearly evidenced in foams prepared with method #2.
3 KION indeed presented no carbon and a substantial
amount of Si, whereas 3_SF presented much less Si and a
few residual C. It may thus be concluded that the reaction
was more complete for KION impregnation followed by
liquid Si infiltration (Fig. 5(a) and (b)). When only molten Si
was used for converting carbon foams into SiC, the presence
of the latter was systematically confirmed by Raman. Direct
infiltration (1_ER) led to nicely crystallised SiC with some
residual Si and C (Fig. 5(c)). As explained above, tannin-
based carbon foams have solid struts, so their conversion into
SiC was expected to be uneasy. Moreover, vitreous carbon is
not so well wetted by liquid Si, compared to graphite, the
contact angle being 50° at 1450 °C [42]. Finding simulta-
neously Si and C suggests that some thick parts of the struts
were converted only superficially into SiC. In the case of
2_EN (indirect infiltration), the characteristic D and G bands
of carbon were clearly seen, whereas only little 3C-SiC was
found. This indicates that the attempted LSI did not occur.
However, according to previous results [41], Si vapours are
able to pass through the porous foam template, leading to a
surface conversion of the carbon into the observed SiC [43].
These findings might also explain the results obtained from
the SEM investigations. Consequently, most of the carbon of
the tannin-derived foam is still unreacted, whereas thin layer
of SiC was formed at the surface of the struts.

3.3. Oxidation resistance of Si—SiC composite foams

Thermogravimetry curves of samples heated in dry air at
3°C min~' up to 1400 °C are presented in Fig. 6. Com-
posite foams were remarkably stable, even at high tem-
perature. SiC is indeed expected to oxidise above 1200 °C,
whereas Si oxidises at much lower temperature. Weight
losses were evidenced for all materials at temperatures
increasing up to around 800 °C, indicating that all con-
tained residual carbon that has been burnt in air. Fig. 6(a)
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Fig. 3. Same as Fig. 2, but at higher magnification for estimating the size of SiC grains: (a) 2_SF; (b) 3_KION; (c) and (d) 3_SF; (e) |_ER; (f) 2_EN.

clearly shows that the amount of residual carbon in
1_KION was higher than in 2_KION and 3_KION, but
similar to that of 1_SF and 2_SF. 3_SF (see Fig. 6(b)) was
the sample which lost the lowest weight, only 3%,
suggesting that only a few carbon was remaining and that
a significant amount of Si has been left by infiltration.
Accordingly, a fast weight increase was observed above
1000 °C, indicating the oxidation of the excess Si, followed
by that of SiC. The same conclusion also applies to
3 _KION.

In agreement with the previous findings from XRD and
Raman, C, Si and SiC were all present in 1_ER (see
Fig. 6(c)). However, the amount of carbon remaining in
the structure was unexpectedly high, given that around

45% of the initial mass has been lost below 800 °C. Despite
the significant amount of SiC observed in Fig. 3(e), the
correspondingly coarse grains did not protect the residual
carbon against oxidation. The same was found for 2_EN,
whose amount of very thin-grained SiC was definitely too
low for offering a good protection from oxidation at high
temperature.

3.4. Focus on 2-EN sample: porosity and thermal
conductivity

As explained in the experimental section, only small
samples have been prepared except for 2_EN, for which
additional measurements could be done. The bulk density
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Fig. 4. XRD patterns of all composite Si-SiC foams investigated here: (a) Samples derived from KION polymer; (b) Samples derived from Starfire

polymer; (c) 1_ER; (d) 2_EN.

was 0.086 gcm ~*, whereas helium pycnometry led to a
value of 2.13 gem ™2 for the skeletal density. The latter
value is much lower than the expected density of pure SiC,
3.21 gem™>. Such result further confirms the incomplete
conversion of C into SiC during the LSI trial. From the
measured density values, the overall porosity could be
deduced: 96.0%. Mercury porosimetry led to additional
information such as pore size distribution, which is pre-
sented in Fig. 7. The maximum of the distribution at
190 um is close to the average cell diameter observed by
SEM in the original carbon foams (see Fig. 1(c)), as well as
in Si-SiC foam (see Fig. 2(f)). The other peaks of the
distributions correspond to narrower windows which can
also be observed in the same pictures.

The thermal conductivity measured at room temperature
was 0.674+0.01 W m~" K~'. This value is rather low
compared to others taken from the literature, generally
much higher than 1 W m~! K™, even for highly porous
foams [44 and refs. therein]. In fact, no equation among
the long list provided in the review of Collishaw and Evans
[45] is able to lead to such low value, taking into account

the thermal conductivity of air and cubic 3C-SiC phase
(B-SiC) at room temperature: 0.026 and 360 Wm ' K !,
respectively. All the calculated results were indeed always
much higher than the experimental value. This finding
once more supports that the conversion of carbon into SiC
has been only superficial, so that 2_EN foam can be seen
as a backbone of vitreous carbon coated with SiC. In fact,
considering the thermal conductivity of bulk glassy car-
bon, 3.5W m~' K~' [46], thermal conductivities ranging
from 0.034 to 0.072 W m~' K~! may be calculated for a
foam containing 96% of air. Such values are obtained
from various equations in which the radiative part was
neglected: that of Shuetz and Glicksman [47], considered
as one of the best equations describing the thermal
conductivity of foams [45], that of Ashby [48], or that of
Ahern et al. [49] in which the fraction of solid contained in
cell edges was set at 95%, according to previous results
from the present authors [50]. A thermal conductivity close
to 0.065Wm~'K~! was indeed recently measured at
room temperature for tannin—based carbon foams having
the same porosity [51]. Finding here a value close to
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Fig. 5. Raman spectra of all composite Si-SiC foams investigated here.
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07Wm~ 'K~ for the sample 2_EN, ie. 10 times higher = 4. Conclusion

than that of pure carbon foam, suggests that the high thermal

conductivity of SiC, despite its probably low thickness, could This work explored for the first time the possibility of
seriously improve the heat transfer within the foam. preparing Si—SiC microcellular ceramics from foams
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Fig. 7. Pore-size distribution of sample 2_EN as deduced from mercury
porosimetry.

templates, organic or carbonaceous, derived from tannins.
These precursors present the advantages of being renew-
able, non-toxic and very cheap, and the corresponding
foams have solid struts, unlike what is found in some
commercial SiC foams. However, such characteristic also
made the sample uneasy to prepare.

Aiming at producing a reticulated SiC foam with a pore size
smaller than 200 um, several experimental techniques were
adopted. Replica with low viscosity polymers and pyrolysis led
to non reticulated porous structures with low amount of
crystalline SiC. However, even if some carbon remained and
was able to oxidise, the oxidation protection of the material
was good. When additional molten Si infiltration was used, the
protection was even better but a significant amount of excess
Si was observed in a very heterogeneous porous structure.

Direct liquid infiltration led to reticulated foam with the
same structure of the template carbon foam, based on nicely
crystallised SiC with some free Si. Its oxidation resistance was
worse than the previous foams. Vapour infiltration of Si
throughout carbon felt was also successful, and led to a very
homogeneous material made of surface thin-grained SiC
covering the inner glassy carbon. However, the low amount
of SiC grains thus produced did not allow a sufficient
protection of the residual carbon against oxidation. There-
fore, significant optimisation of all the materials presented in
this paper is required. Such studies are presently carried out
and should be published in the near future.
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