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Preparation of silicon carbide foams using
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A simple method was developed to produce silicon carbide foams using polysilane
polymeric precursors. Polyurethane foams were immersed in polysilane precursor
solutions to prepare pre-foams. Subsequently, these were heated in nitrogen at different
temperatures in the range of 900°C to 1300°C. The silicon carbide foams produced in this
manner showed well-defined open-cell structures and the struts in the foams were free of
voids. The shrinkage which accompanies pyrolysis of the pre-foams was reduced by
increasing the concentration of the polymeric precursor in the solutions. © 2000 Kluwer
Academic Publishers

1. Introduction solvents such as dichloromethane, tetrahydrofuran and
Ceramic foams have found many industrial applicationgoluene. Thus, SiC foams have been prepared by im-
as high temperature thermal insulation, hot gas parmersion of polyurethane foams in the precursor solu-
ticulate filters, hot metal filters, catalyst supports andtion to form a polymeric precursor coated pre-foam.
cores in high temperature structural panels due to theiffter drying, the pre-foam was subjected to firing at
favourable properties such as low density, low thermah high temperature to obtain a ceramic foam (Fig. 1b).
conductivity, thermal stability, high specific strength Compared with the conventional polyurethane-ceramic
and high resistance to chemical attack [1-5]. The mosslurry method (Fig. 1a) and other foaming methods
common process for producing ceramic foams is im+eported, the main advantages of this process are the
pregnation of polyurethane foams with a ceramic sussimplicity and ease of control of structure of the final
pension followed by pyrolysis and pressureless sinterproduct.
ing at elevated temperatures [3—7]. Conventionally, the
suspension or the slurry is made up of ceramic parti-
cles, water and other additives which provide handling2. Experimental details
strength, preventing the collapse of the foam structur@.1. Synthesis of polysilanes
during polymer removal [5]. Fig. 1a shows the variousThe polysilanes discussed in this paper were syn-
steps involved in the procedure. thesized using alkali dechlorination of various com-
Alternative methods have also been developed to probinations of chlorinated silane monomers in reflux-
duce ceramic foams. These include chemical vapouing toluene/tetrahydrofuran with molten sodium as
deposition of ceramics on to a porous carbon skeledescribed previously [17-20]. Details of the various
ton [8], sol-gel processes that develop porosity durimonomers used are summarized in Table I.
ing phase transformations and chemical reactions [9],
siliciding carbon foams [10], a gel-cast foam process
which combines the foaming of ceramic suspension®.2. Preparation of pre-foams
andin-situ polymerization [11], a replication process A polyurethane (PU) sponge with open-cell sizes in
where polymer is injected into a porous substrate, sucthe range of 400-80@«m was used in this work.
as sodium chloride which is removed later to pro-The polysilanes were dissolved in dichloromethane to
duce carbon and silicon carbide foams [12—14] and coform polymeric precursor solutions. The concentration
blowing a solution containing a pre-ceramic polymerof polymer in the precursor solution can be adjusted
and polyurethane precursors [15]. Ceramic foams synby varying the amount of polymer dissolved. Typi-
thesized directly by pyrolyzing polymeric precursors iscally, 0.8 g of polymer was dissolved in 2000 fim
also being investigated by Bad al. [16]. of dichloromethane. The PU sponge was first cut into
In the present paper, a simple method has been deubes of volume-1000 mnt and was thenimmersed in
veloped to produce silicon carbide (SiC) foams usingeach precursor solution for about 2 hours. The samples
polymeric precursor solutions. Several polysilanes havevere air-dried at room temperature overnight to obtain
been synthesized and used as the polymeric precuthe pre-foams. These pre-foams were subsequently py-
sors for SiC. These precursors are soluble in commorolyzed in nitrogen.
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TABLE | Monomers used in the synthesis of polysilanesefers to obtained using a Nicolet 710 spectrometer. 1 mg of

functionality each polymer was ground and mixed with 150 mg of
Monomers Formula f Abbreviatons ~ dried KBr powder and pressed into a pellet. Spectra
were obtained in the range of 4000—-400¢mwith a
Dichloromethyphenylsilane (CH(CsHs)SiCl, 2 MP resolution of 4 crm?,
_'?r'lccmfr%';sgx/'fs'l'g;i g@gg:c'z g _'\r"gp The pyrolytic yield from each polymer was measured
Dichloromethylvinylsilane (CI;)(CH32=CH)SiCl2 4 MVin by thermOQraVImetry' Samples Were heate.d from the
ambient temperature up to 9@ in flowing nitrogen
(500 mn? min~1) at 10°C min~!in a Hi-Res Modulated
TGA 2950 Thermogravimetric Analyzer to determine
Prepare ceramic slurry Prepare polymeric the pyrolytic yield.
with additives precursor solution X-ray diffraction (XRD) was carried out on the
l ¢ polysilanes after heating to various final temperatures
(=900°C) in nitrogen. Samples for X-ray diffracto-
Immerse open-ceil Sh;‘;nzrfﬁ °§f“1::rlilc metry were ground using an agate pestle and mortar.
sponge in ceramic slurry grefmsorpsolyuﬁon A modified Philips X-ray diffractometer with filtered
Cu K radiation of wavelength 0.15418 nm was used
v (agraphite monochrometer removeg tadiation). The
Remove excess shurry voltage and current settings of the diffractometer were
from sponge 40 kV and 30 mA, respectively. The scan range was
from 10 to 90" with a step size of @5° and a scan
v speed of W25 s~ 2.
Dry l | Dry | The microstructures of the pyrolyzed products were
¢ investigated using a Cambridge S360 scanning electron
microscope (SEM). Samples studied using the SEM
Evaporate volatile slurry were coated with gold.
constituents
v o
Pyrolyze and sinter | | Pyrolyze and sinter | 3. Results and discussion

3.1. Polymer synthesis and characterization

(a) (b) Polysilanes were prepared with different monomers as
Figure 1 Key stages involved in the production of ceramic foam us- shown in Table l. Each reactlor_1 Ieac!s to- the pl’OdUC'[!Oﬂ
ing (a) the traditional polyurethane-ceramic slurry method and (b) themc three dlﬁ:eren_t polymer fractlons,-l.e: insoluble solid
polymeric precursor solution method. (IS), soluble solid (SS) and soluble liquid (SL). The sol-
uble solid (SS) is used as the SiC precursor. The yields
and molecular weights of the polysilanes prepared in

2.3. Pyrolysis the present work are given in Table II.

The pre-foams were placed in an alumina boat AS @n example, a typical FT-IR spectrum of ter-
and heated from the ambient temperature to°@00 polysilane (PS4) is shown in Fig. 2. It exhibits charac-
at °C min! in a tube furnace (Lenton Thermal teristic C-H stretching between 3100 and 2700ém
Designs Ltd., Market Harborough, UK) in the pres- The peaks at 3050 and 3067 Chrepresent C-H

ence of flowing nitrogen gas (flow rate approximately S€ching in the phenyl group. Methyl group stretch-
250 10° mne min-1) followed by soaking at this N9 iS observed at 2956 and 2894 tin Additional

temperature for 2 hours. Subsequently, the furnace wai€aks at 1406 and 1248 ciare characteristic of
switched off and allowed to cool to room temperature.t, € asymmetric and symmetric bending modes, respec-
Some of the pyrolyzed samples were heated further iVely: of CHs bonded to silicon. Three small peaks
the tube furance in the presence of flowing nitrogen ga§lt 1949, 1887 and 1815 cth are attributed to the
(flow rate approximately .80 x 10° mm? min—1) from

the ambient temperature to_dlfferent final temper.ature$ABLE Il Details of monomer(s) used in the synthesis, polymer
(1100Cto1300C) at2C min~* followed by soaking yield, molecular weight and pyrolytic yield of each polymer

at this temperature for 2 hours and then cooling to room

temperature at’® min—1. quymer Mo!ecular Pyrolytic
Monomer(s) yield weight yield
Polymer used (mol %) (wt %) Mw) (wt %)
2.4. Characterization PS1 MP=100 43 7680 23.6
The molecular weights of the polysilanes were deter?>2 Mf%\gggg 38 12000 532
mined by gel permeation chromatography (GPC) carpgs MP/MVI/MH 30 7530 543
ried out at RAPRA Technology Ltd., Shrewsbury, UK. =50/25/25
GPC studies were calibrated using polystyrene stan?s4 MP/MVIn/TCP 60 7650 56.0
dards with chloroform as the eluent. The flow rate used = 60/20/20
was 1000 mrimin~1. Fourier transform-infrared (FT- Mf/%\g‘sl/;gp 57 8210 60.0

IR) spectra of as-synthesized polymer samples were
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Figure 2 FT-IR spectrum of polysilane PS4.

phenyl-Si vibration. The peaks at low wavenumbersis lost by 420C. In fact, PU foam is almost fully py-
of 697 cn1 for Si-C stretching and 464 cmi for Si-Si rolyzed at 500C. On the other hand, in the case of the
are typical for these polysilanes [21-23]. A character{polysilane SiC precursors, the pyrolysis process takes
istic peak at 1589 cm', where the vinyl group occurs, place in three consecutive stages. In the first stage (up
is clearly present [24, 25]. The appearance of a Si-Ho 300C), a very slow rate of weight loss of less than
stretching peak around 2100 cfimplies that there 2% occurs and this is characteristic of high molecular
were some hydrosilane groups formed in the polymersveight polymers. In the second stage (30@0C),
during polymerization [18]. a major weight loss takes place, due to the decompo-
sition and re-arrangement of the polymers and small
molecules consisting mainly of methane and hydrogen
3.2. Conversion to ceramic foams are evolved [25]. In the third and final stage of pyrol-
The thermogravimetric traces of the polysilanes andysis (above 70QC), a further weight loss of about 2%
polyurethane foam are shown in Fig. 3 and the py-occurs as the samples are heated td@00
rolytic yield of each polysilane is given in Table Il. Itis It is apparent that the pyrolytic yield is very depen-
noteworthy that thermal decomposition of the PU foamdent on the composition of the polymers. Ter-polymers
starts at about 20C and nearly 95 wt% of the material (PS2-PS5) give better pyrolytic yields, compared with

Weight remaining / wt%

PS1

PU

40 140 240 340 440 540 640 740 840 940 1040

Temperature / °C

Figure 3 Thermogravimetric traces of polyurethane foam and polymeric precursors PS1-PS5.
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the homopolymer P1. This can be attributed to the crossng the collapse of the ceramic foams during pyrolysis,
linked structures formed during pyrolysis due to theas is the case in the PS1 pre-foam. All other polysilane
thermal cross-linking capability of hydrosilane (Si-H) precursor coated pre-foams maintained their original
and vinyl (CH=CH) groups in the polymeric precur- shapes very well during conversion to the ceramic.

sors and the branched structures generated during poly- The XRD patterns of the residues heated to over
merization due to the addition of trichlorophenylsilane 900°C showed that the polysilanes synthesized pro-
monomer [24—-29]. Such cross-link formation will al- duced SiC on pyrolysis. Taking PS2 as an example,
low the material to maintain its original morphology XRD results (Fig. 4) suggest that the residues obtained
during pyrolysis because the melting of the polymericafter heating in nitrogen were amorphous up to T80

precursorsis hindered [16] and this is critical in prevent-and then gradually crystallized as the temperature was
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Figure 4 XRD patterns of ceramics derived from polysilane PS4 after heating to different temperatures in the rang€efl300° C.

Figure 5 Scanning electron micrographs of the ceramic foams produced from (a) PS2, (b) PS3, (c) PS4 and (d) PS5 after pyroRiGis at 900
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increased. Three characteristic peaks were observed that these foams consist of a three-dimensional array
the crystallized materials atV2=36°, 61°, and 72,  of struts and a well-defined open-cell structure with cell
which correspond to the (111), (220), and (311) planesizes between 40@m and 80Qum. The cell windows
of 8-SiC, respectively [30, 31]. vary in size from 20Qum to 500um. Some of the cell
windows are covered with a thin ceramic membrane.
As discussed above, the PU foam starts to thermally
3.3. Structure and shrinkage decompose from about 200 and is almost fully py-
The structures of the ceramic foams prepared by pyrolrolyzed at 500C (Fig. 3). Hence these foams are self-
ysis of the pre-foams made using polymer PS2-PS5 tgupporting and retain the shape during the later stage of
900°C are shown in Fig. 5. These micrographs reveapyrolysis from polymer to ceramic in the temperature

(al i)

{d}y

Figure 6 Scanning electron micrographs of strut structures of (a) PS2, (b) PS3, (c) PS4 and (d) PS5 after pyrolys. at 900

() [

Figure 7 Scanning electron micrographs showing (a) the open-cell structure and (b) the strut structure of a SiC foam produced from PS2 after heat
treatment at 110CC.

4369



range 500C—700°C. It indicates that the polymeric that there are no obvious changes in the morphology
precursors form a homogeneous and continuous struof the ceramic foams after heat treatment at a higher
ture within the polyurethane template. Struts of theséemperature. However, more shrinkage takes place with
foams do not contain any voids (Fig. 6). the increase of temperature (Table Ill), due to the loss
These pyrolyzed foams were further heat-treated tof free carbon and crystallization of the SiC [20].
1100 C and 1300C in nitrogen to investigate the effect ~ The influence of the concentration of the pre-ceramic
of higher temperatures on the structure of these foamsolymer solution on the structure of the ceramic foams
Micrographs of a SiC foam prepared from PS2, as amwas also investigated. As shown in Figs 9 and 10, taking
example, are shown in Figs 7 and 8. The results indicat®S2 as an example, with the increase of concentration,

[ (b

Figure 8 Scanning electron micrographs showing (a) the open-cell structure and (b) the strut structure a SiC foam produced from PS2 after heat
treatment at 130CC.

Figure 9 (a) Scanning electron micrographs of pyrolyzed ceramic foams produced from different PS2 solutions (g/#pqayong, (b) 0.3, (c) 0.5
and (d) 0.6.
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Figure 10 (a) Scanning electron micrographs of the strut structures of pyrolyzed ceramic foams produced from different PS2 solutions (§J1000 mm
(a) 0.2, (b) 0.3, (c) 0.5 and (d) 0.6.

TABLE IIl Linea® and volum& shrinkage on heating pre-foams  Linear and volume shrinkage of the ceramic foam
(F’SZ) at differe_nt temperature)_é, Y and Z refer to length, width and samp|es prepared from PS2 precursor solutions of dif-
height, respectively, of the cubic foam ferent concentrations were measured and these data are

TemperaturélC AX% AY% AZ% avy,  reported in Table IV. It is noteworthy that with the in-
crease of concentration of precursor in the solution, the
900 22.4 20.0 23.5 525  shrinkage of the ceramic foams is reduced and appears
1100 24.0 24.2 25.2 56.9

to be fairly isotropic. These are favourable character-
istics when considering the production of foamed ce-
3AL%=100x (Lpre-foam— Lceramicfoan)/'—prefoam- ramic parts.

bAV%= 100x (Vprefoam — Veeramic foan)/ Vprefoam-

1300 32.2 31.7 33.0 67.8

TABLE IV Lineaand volumé& shrinkage on pyrolysis of pre-foams 4. Conclusions

prepared_ using diffe_rent concen_trations of PXZ_.Y and Z refer to Silicon carbide foams have been prepared successfully
length, width and height, respectively, of the cubic foam by immersing polyurethane foam in ponmeric precur-
Concentration (g/1000m¥  AX%  AY% AZ% AV%  SOr solutions to form pre-foams followed by heating in
nitrogen. The polymeric precursors were thus converted

0.2 320 3L7 339 693 g gjlicon carbide. The silicon carbide foams produced
0.3 248 233 260574y this method showed well-defined open-cell struc-
0.4 224 200 235 525 y . o )

05 192 183 200 472 tures and void-free struts. With increasing concentra-
0.6 15.2 14.2 16.5 39.2 tion of the polysilanes in the precursor solutions, the
N shrinkage of the foams was reduced without changing
AL%=100x (L prefoam — L ceramicoard L pre-foam significantly the structure of the foams.

bAV% =100x (Vpre-foam - Vceramic foan)/ Vpre-foam-

the overall structure of ceramic foams remains similarAcknowledgements
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