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Several polysilanes with different overall functionalities have been synthesized and
pyrolyzed to produce porous silicon carbide. The polysilanes and their ceramic products
have been characterized using gel permeation chromatography, Fourier transform-infrared
spectroscopy, thermogravimetry, X-ray diffractometry and microscopy. Some products
were foams while others were micro-porous ceramics. The effect of the final pyrolytic yield
on the type of ceramic produced, its pore structure and shape retention are discussed. Two
polysilanes were blended in various ratios to control the pyrolysis process more precisely.
This allowed the type, shape and pore-structure of the silicon carbide produced to be
controlled more efficiently. There exists a relationship between the composition and
structure of the precursors and their final pyrolytic yield and this determines the type,
shape retainability and pore structure of the ceramics produced. In this work, precursors or
their blends which gave a final pyrolytic yield of 50-60 wt % produced the best silicon
carbide foams. © 1999 Kluwer Academic Publishers

1. Introduction relatively low temperatures [e.g. 14-19]. However, at
There is considerable interest in engineering ceramipresent this processing method is largely limited to the
foams which possess a number of favourable propertieggreparation of ceramic fibres rather than dense ceramic
such as low density, low thermal conductivity, thermalproducts because a high porosity is experienced dur-
stability, high specific strength and high resistance tang the conversion of the polymer to the ceramic due
chemical attack and are suitable for industrial applicato the release of various elements from the polymer
tions such as high temperature thermal insulation, hoin the form of low molecular weight gases [15, 20].
gas particulate filters, hot metal filters, catalyst supportdNevertheless, this limitation could be circumvented if
and cores in high temperature structural panels [1-3].the polymeric precursors are pyrolyzed to produce ce-

Ceramic foams can be produced by different methodsamic foams. Moreover, as the ceramic foam is formed
such as impregnation of polymer foams with slurriesdue to volatiles generated by the decomposition of the
containing appropriate binders and ceramic particlegolymeric precursors during pyrolysis, it is possible to
followed by pressureless sintering at elevated tempereontrol the porosity of the ceramics by controlling the
atures [4, 5], chemical vapour deposition of ceramicgas evaporation by tailoring the composition and struc-
on to a porous carbon skeleton [6], sol-gel processetire of the polymers. Hence, a series of polysilanes
that develop porosity during phase transformations anavith different substituents were synthesized, blended
chemical reactions [7], siliciding carbon foams [8], a and used as precursors for the synthesis of SiC foams.
gel-cast foam process which combines the foaming offhe precursors and their blends were pyrolyzed in an
ceramic suspensions aimdsitupolymerization[9]and inert atmosphere and some formulations produced ce-
a replication process where polymer is injected into aamic foams. The relationship between the structures
porous substrate, such as sodium chloride which is resf the polymeric precursors and their ability to pro-
moved later to produce carbon and silicon carbide (SiCHuce ceramic foams are discussed with the aid of in-
foams [10-12]. Ceramic foams obtained through a cofrared spectroscopy, thermogravimetry and microscopy
blowing mechanism from a mixture of polycarbosilane studies.
and polyurethane have also been reported [13].

In the research described in this paper, ceramic foam
was synthesized directly from polymeric precursors. A2. Experimental
an example, SiC foams were prepared in this manne2.1. Synthesis of polysilanes
from polysilanes and their blends. The use of poly-The polysilanes discussed in this paper were synthe-
meric precursors to produce ceramics offers distincsized by the alkali dechlorination of various com-
advantages over traditional ceramic forming methodsbinations of chlorinated silane monomers in reflux-
mainly the use of polymer processing technigques aing toluene/tetrahydrofuran with molten sodium as
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TABLE | Monomers used in the synthesis of polysilanesefers to
functionality

Monomers Formula f  Abbreviations
Dichloro- (CHs)(CgHs)SiCl 2 MP
methylphenylsilane

Dichloromethylsilane  (CB)HSIClp 3 MH
Dichlorophenylsilane  (6Hs)HSICl, 3 PH
Trichloromethylsilane  CHSSiClz 3 TCM
Trichlorophenylsilane  gHsSIClg 3 TCP
Dichloro- (CHg)(CH,=CH)SiCL 4 MVin

methylvinylsilane

presence of flowing nitrogen (flow rate approximately
250 mI mirrt) followed by soaking at this temperature
for 2 hours. Subsequently, the furnace was switched off
and allowed to cool to the ambient temperature. Crys-
tallization was carried out by heating the pyrolyzed
residue in a tube furnace in the presence of flowing
nitrogen (flow rate approximately 250 ml mitj from

the ambient temperature to different final temperatures
(1100 to 1700C) at 2°C min~* followed by soaking

at this temperature for 2 hours and, then, cooling to the
ambient temperature afZ min.

described previously [21-23]. Details of the various2-4. Characterization

monomers used are summarized in Table I.

2.2. Preparation of polymer blends

A boron carbide mortar and pestle was used to mi
various proportions of polymeric precursors (P2 an
P9) in order to prepare blends containing 20, 40, 6
and 80wt % of PS2.

2.3. Pyrolysis and crystallization
Pressed pellets«8 mm diameter and-3 mm thick) of

The molecular weights of the polysilanes were deter-
mined by gel permeation chromatography (GPC) car-
ried out at RAPRA Technology Ltd., Shrewsbury, UK.
GPC studies were calibrated using polystyrene stan-
ards and with chloroform as the eluent. The flow
ate used was 1.0 ml/min. Fourier transform-infrared
FT-IR) spectra of as-synthesized polymer samples
were obtained using a Nicolet 710 spectrometer. 1 mg
of each polymer was ground and mixed with 150 mg
of dried KBr powder and pressed into a pellet. Spectra
were obtained in the range of 4000-400¢mwvith a

the polymeric precursors and their blends were placedesolution of 4 crmn?.
in an alumina boat and heated from the ambient tem- The pyrolytic yield from each polymer was measured

perature to 900C at 2°C min~! in a tube furnace

by thermogravimetry. Samples were heated from the

(Lenton Thermal Designs Ltd., Harborough, UK) in the ambient temperature up to 900 in flowing nitrogen
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Figure 1 FT-IR spectrum of polysilane P5.
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Figure 2 XRD patterns of ceramics derived from polysilane P5 after pyrolyzing and crystallizing at (a) @108 1300°C, (c) 1500°C, (d) 1600°C
and (e) 1700C.
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Figure 3 Thermogravimetric traces of polymeric precursors P1-P9.

(0.5mImir)at10°C min~tinaPerkin-Elmer TGA7 using a Stereogun 360 scanning electron microscope

to determine the pyrolytic yield. (SEM). Samples studied using the SEM were coated
The macro-appearance of the discs after pyrolysisvith gold.

was photographed. The microstructures of the cross- X-ray diffraction (XRD) was carried out on the

sections of the pyrolyzed products were investigategolysilanes after pyrolysis to various final temperatures
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Figure 4 (a) Scanning electron micrograph of cross-section and (b) macro-appearance of pyrolyzed polymeric precursor P2. A pore covered by a
membrane is indicated by an arrow in Fig. 4a.

(=1100°C) in nitrogen. Samples for X-ray diffracto- 3. Results and discussion

metry were ground using a boron carbide mortar an@d.1. Polymer synthesis and characterization
pestle. A small amount of industrial methylated spirit Polysilanes were prepared with different starting
(IMS) was added during grinding and the paste pro-monomers of different functionalityf(), as shown in
duced was placed on a single silicon plate. The IMSTable I. The proportion of each was altered to give dif-
was allowed to evaporate before XRD analysis was conferent values of the overall functionalitf,, as defined
ducted. A Philips X-ray diffractometer was used with by Equation 1.

the silicon plate attached to a 20 mm diameter stainless

steel stub. Ni filtered Ciie radiation of wavelength Fo xf1 + yfo + zf3
0.15406 nm was used. The voltage and current settings T X+y+z

of the diffractometer were 35kV and 20 mA, respec-

tively. The scan range was from< 90 with a step  wheref;, f, andfs are the respective molar functionali-
size of 0.021 and a scan speed of 002 . ties of the monomers reacted in the molar ratig : z.

(1)
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Figure 5 (a) Scanning electron micrograph of cross-section and (b) macro-appearance of pyrolyzed polymeric precursor P9.

Each reaction leads to the production of three differpeaks at 3050 and 3067 crepresent C-H stretch-
ent polymer fractions, i.e. insoluble solid (IS), solubleing in the phenyl group. Methyl group stretching is
solid (SS) and soluble liquid (SL). Both SS and SL observed at 2956 and 2894 th Additional peaks at
fractions are soluble in toluene and tetrahydrofuran af406 and 1248 cm' are characteristic of the asym-
room temperature. The SS fraction is used as the canetric and symmetric bending modes, respectively, of
ramic precursor and the yields obtained are given irCHz bonded to silicon. Three small peaks at 1949, 1887
Table 1. The calculated values ofl,, My, and the and 1815 cm® are attributed to the phenyl-Si vibration.
polydispersityM,,/ M, which is ameasure of the width The peaks at low wavenumbers of 697 ¢nfor Si-C
of the molecular weight distribution, for all the sam- stretching and 464 cnt for Si-Si are typical [24—26].
ples discussed in the present work are also given ifwo characteristic peaks at 1589 and 2081 tywhere
Table II. the vinyl group and the Si-H group occurs, are clearly
As an example, a typical FT-IR spectrum of a ter-present [27-29]. FT-IR spectra of similar co- and ter-
polysilane (P5) is shown in Fig. 1. It exhibits character-polysilanes are discussed in more detail in our previous
istic C-H stretching between 3100 and 2700¢nThe  work [21, 22].
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TABLE Il Details of monomer(s) used in the synthesis, overall functionaffify polymer yield, molecular weight and pyrolytic yield of each

polymer
Monomer(s) used Polymer yield _ _ o Pyrolytic yield

Polymer (mol %) F (wt %) Mw Mn Mw/Mn (wt %)
P1 MP=100 2.0 43 7680 1520 5.1 23.6
P2 MP/TCM=70/30 2.3 60 4270 1840 2.3 30.4
P3 MP/MVin=70/30 2.6 37 6970 1670 4.2 42.1
P4 MP/MVin/TCM=60/20/20 2.6 28 3570 1560 2.3 51.0
P5 MP/MVin/MH = 60/20/20 2.6 38 12000 2460 4.9 53.2
P6 MP/MVin/TCM=55/15/30 2.6 52 4240 1510 2.8 56.8
pP7 MP/MVin/TCM=55/30/15 2.75 45 5240 1600 3.3 59.8
P8 PH/MVin/TCP= 60/20/20 3.2 70 7700 1580 4.9 66.4
P9 PH/MVin/TCM= 60/20/20 3.2 32 8700 2580 3.4 67.9

EHT= 4.60 KV  WD= 20 PHOTO= 1

2mm
(b)

Figure 6 (a) Scanning electron micrograph of cross-section and (b) macro-appearance of pyrolyzed polymeric precursor P5.
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Figure 7 Scanning electron micrograph of cross-section of pyrolyzed polymeric precursor (a) P2 and (b) P5 showing regions adjacent to the pores.

3.2. Conversion to ceramic the polymers. Co- and ter-polymers give better SiC
The XRD patterns of the residues heated to oveyields, compared with the homopolymer P1. This can
1100°C showed that the polysilanes synthesizedbe attributed to the crosslinked structures formed dur-
produced SiC on pyrolysis. Taking P5 as an exampleing the pyrolysis due to the thermal cross-linking ca-
XRD results (Fig. 2) suggest that the residues obtainegability of hydrosilane (Si-H) and vinyl (CH=CH)
after heating in nitrogen were amorphousupto 100 groups in the polymeric precursors and the branched
and then gradually crystallized as the temperature wastructures generated during polymerization due to the
increased. Three characteristic peaks were observed addition of trichloromethylsilane or trichlorophenylsi-
the crystallized materials af2= 36, 61, and 72 which  lane monomers [14-16, 27-30].
correspond to the (111), (220), and (311) planeg-of
SiC, respectively [29, 30].

The thermogravimetric traces of the polysilanes are8.3. Formation of SiC foam
shown in Fig. 3 and the final pyrolytic yield of each It is generally believed that pore formation in the ce-
polymer is given in Table IlI. It is apparent that the ramics derived from polymeric precursors is due to dis-
SiC yield is very dependent on the composition ofsociation reactions which occur during pyrolysis of the

2501



—+—B1 —e-B2 —a—B3 —«B4

110

Weight remaining / wt%

30 : = ; 1 | % % | : | | | : :
50 110 170 230 290 350 410 470 530 590 650 710 770 830 890
Temperature / °C

Figure 8 Thermogravimetric traces of polymer blends B1-B4.

polymers where small molecules such as hydrogen anginal disc shapes during pyrolysis because of melting
methane are formed and initially exist in the dissolvedof the polymer as temperature increased (Fig. 4b). On
state. When the preceramic polymer becomes supersdtie other hand, the precursors with higher function-
urated with the volatiles, nucleation and formation ofality (e.g. P8, and P9 in Table Il) gave higher py-
gas bubbles occur. The process of conversion from &olytic yields and produced a more densified ceramic
polymer to ceramic restrains and eventually arrests thaith fine pores in the size range 5-2th (Fig. 5a).
growth of such bubbles which ultimately become poresThese ceramics maintained their original shape very
in the final ceramic product [31, 32]. well (Fig. 5b). Actually, after pyrolysis these polysi-
As shown in the Fig. 3, the pyrolysis process of thelane precursors formed micro-porous ceramics rather
polymers may be considered to takes place in thre¢han ceramic foams. In the present work, the best ce-
consecutive stages. In the first stage (up to €Y ramic foams were obtained by pyrolyzing polymeric
a very slow rate of weight loss (total of less thanprecursors with intermediate functionalities and py-
2%) occurs and this is characteristic of high molecu-rolytic yields. These also produced a partially open
lar weight polymers. In the second stage (300—))  pore-structure but with a more uniform pore distribution
a major weight loss takes place, due to the decompaand a smaller pore size range of 400—-800 (Fig. 6a).
sition and re-arrangement of the polymers and smallThese discs also retained their original shape reason-
molecules consisting mainly of methane and hydrogerably well during pyrolysis (Fig. 6b).
are evolved [28]. In the third and final stage of pyrol- Itis noteworthy that the ceramic foams derived from
ysis (above 700C), a further weight loss of ca. 2% polysilanes with lower pyrolytic yields showed cracks
occurs as the samples are heated to°@@ore for- adjacent to the pores (Fig. 7a). Such defects were
mation occurs predominantly during the second stagéargely absent in the foams produced from polysilanes
of pyrolysis [31, 32]. with intermediate pyrolytic yields (Fig. 7b). It was also
Macro-photographs and scanning electron micro-observed that in all cases the pores were distributed
graphs of the pyrolyzed polysilanes (Figs 4, 5 and 6}hroughout the cross-section without an apparent pat-
indicate that there is arelationship between the polymetern, although a better pore distribution was obtained
structure and porosity of the ceramic produced. In genin the ceramic foams produced from precursors which
eral, the pore sizes of the ceramics decreased with thgave intermediate pyrolytic yields. This is probably be-
increase of the functionality and pyrolytic yield of the cause these foams were produced by using surface heat-
polymeric precursor. The precursors with lower func-ingin a furnace and here the heating rate is non-uniform
tionality (e.g. P1 and P2 in the Table Il) gave lower py-in the interior of these samples. A more uniform size
rolytic yields and the post-pyrolysis pore size rangeddistribution of the pores can be obtained by using mi-
from 700-180Q:m. Some pores were covered by thin crowave heating.
membranes, i.e. a partially open pore structure was Another strategy used in this study to control pore
formed (Fig. 4a). These ceramic foams lost their ori-formation in the ceramic foams is the mixing of
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TABLE Ill Details of the blends and their final pyrolytic yields

Blends P2/P9 ratio (wt %) Pyrolytic yield (wt %)
B1 80/20 38.9
B2 60/40 48.9
B3 40/60 59.0
B4 20/80 64.1

ric traces (Fig. 8) to those of the individual polymers
(Fig. 3), where the pyrolysis process occurs in three
stages and the major weight loss takes place from 300
to 700°C. However, it can be seen that the final py-
rolytic yields of the blends can be controlled systemat-
ically by varying the weight ratios of the polymers used
(Fig. 8). This also results in different pore morphologies
as shown in Figs 9 and 10. As in the case of the single

different polymeric precursors to produce polymerprecursors, the pore size of the SiC produced from the
blends which are pyrolyzed subsequently. Thereforepolymer blends decreased with the increase of the py-
a polymeric precursor (P2) with a low pyrolytic yield rolytic yield. The blend which gave the lowest pyrolytic
and the another with a high pyrolytic yield (P9) were yield (B1) contained large open pores (Fig. 9a) and lost
chosen to make polymer blends. The compositions oits original disc shape during pyrolysis (Fig. 9b). In
the blends and their final pyrolytic yields are given in contrast, the blend which gave the highest pyrolytic
Table Ill. The blends showed similar thermogravimet-yield (B4) mostly contained fine pores (Fig. 10a) and

= 3el EHT= 10.0 KV

WD= 23  mm

PHOTO= 16
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Figure 9 (a) Scanning electron micrograph of cross-section and (b) macro-appearance of pyrolyzed polymeric precursor B1.
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Figure 10 (a) Scanning electron micrograph of cross-section and (b) macro-appearance of pyrolyzed polymeric precursor B4.

retained its original shape very well (Fig. 10b). Blendspyrolyzed. The polymers with higher functionalities
B2 and B3 which are in between formulations B1 andgave higher pyrolytic yields due to cross-linking or
B4 (Table Ill) showed intermediate characteristics. Thebranched structures formed during polymerization and
synthesis of ceramic foams from polymeric precursomyrolysis and the corresponding ceramics produced had
blends therefore offers a more controllable procedurdnicropores and shape retention was good. On the other
where the pyrolytic yield can be adjusted to suite leadhand, polymers with lower functionalities gave lower

ing to pre-determined levels of the porosity and porepyrolytic yields and ceramics with partially open-pore
features. structures but shape retention during pyrolysis was

poor. In the present work, the best SiC foams were

produced using polysilane precursors with pyrolytic
4. Conclusions yields between 50—60 wt %. These foams retained their
Methodology for producing SiC foams from prece- original shapes reasonably well. Polymer blends of two
ramic polymers has been demonstrated by using polys#ifferent precursors could be more effectively used to
lanes and their blends as precursors. It was found thatontrol the final pyrolytic yield, shape-retainability and
features of the ceramic foams produced were dependetite porosity of the ceramics produced by varying the
on the compositions and the structures of the precursorgroportions of the precursors in the blends.
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