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The pyrolysis of a PCS precursor has been studied up to 1600~ through the analysis of the 
gas phase and the characterization of the solid residue by thermogravimetric analysis, extended 
X-ray absorption fine structure, electron spectrocopy for chemical analysis, transmission 
electron microscopy, X-ray diffraction, Raman and Auger electron spectroscopy microanalyses, 
as well as electrical conductivity measurements. The pyrolysis mechanism involves three main 
steps: (1) an organometallic mineral transition (550 < Tp < 800~ leading to an amorphous 
hydrogenated solid built on tetrahedral SiC, SiOz and silicon oxycarbide entities, (2) a 
nucleation of SiC (1000 < Tp<1200~ resulting in SiC nuclei (less than 3 nm in size) 
surrounded with aromatic carbon layers, and (3) a SiC grain-size coarsening (Tp > 1400 ~ 
consuming the residual amorphous phases and giving rise simultaneously to a probable 
evolution of SiO and CO. The formation of free carbon results in a sharp insulator-cluasimetal 
transition with a percolation effect. 

1. I n t r o d u c t i o n  
Several important ceramic materials can be obtained 
by pyrolysis from organic or organometallic poly- 
meric precursors. This method was first applied to 
carbon and then extended to a variety of refractory 
materials (e.g. SiC, Si3N4, B4C or BN). The pyrolysis 
processing route has some important advantages with 
respect to more conventional techniques: (1) it requires 
lower temperatures, (2) polymeric precursors can be 
obtained under different states before firing (e.g. as 
bulk bodies, green films or fibres), (3) polymeric pre- 
cursors are available with a variety of compositions as 
single species or as mixtures, a feature allowing the 
design of ceramics with specific properties [1]. 

In the field of composite materials, the organo- 
metallic polymer route has been widely developed for 
producing SiC-based fibres from a variety of organo- 
silicon precursors, the most important contribution 
being that of Yajima et al. [2]. The processing route of 
the Nicalon fibre involves four steps: (1) an adjustment 
of the molecular weight spectrum of the polymer by 
distillation under vacuum or an inert gas, (2) melt 
spinning at about 300~ (3) a curing treatment by 
oxidation in air at about 200 ~ and (4) a pyrolysis at 

1200 to 1300~ in an inert gas or under vacuum. 
Nicalon and related fibres have been widely studied 
and some correlations between their chemical nature, 
microstructure and mechanical behaviour have been 
recently suggested E3-12]. Thus, the lowering of the 
tensile strength of the fibres after annealing at 1200 ~ 
has been associated with local and bulk structural 
features, crystallization state and chemical composi- 
tion. SiC-based fibres could be described as a 
continuum made of SiC 4 and SiC4_xOx tetrahedral 
species containing clusters of carbon atoms. The size 
of the domain of homogeneity varies from fibre grade 
to fibre grade and is of the order of 1 nm [13]. Both 
chemical and microstructural heterogeneities vary 
from the surface to the bulk from fibre grade to fibre 
grade and as function of the pyrolysis conditions. The 
oxygen content, silicon oxide surface layer, CO evolu- 
tion, free carbon elimination as well as 13-SIC grain 
growth are thought to be some determining factors in 
the thermal stability of Nicalon-type fibres. 

Up to now, the mechanisms which are involved in 
both the synthesis of the fibres and the evolution of 
their behaviour during high-temperature annealing, 
are not well known. As far as known, the only detailed 
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analysis of the successive steps of the polycarbosilane 
pyrolysis has been given by Yajima and his co-work- 
ers [143. On the basis of thermogravimetric~:liffer- 
ential thermal analysis (TGA DTA), infrared X-ray 
diffraction (XRD) and chemical analysis as well as gas 
pressure measurements, they suggested a pyrolysis 
mechanism involving six steps: (1) at 20 to 350 ~ an 
evaporation of low molecular weight species; (2) at 350 
to 550~ a dehydrogenation and dehydrocarbon- 
ation condensation; (3) at 550 to 850 ~ a decomposi- 
tion of the side chains of the polymer giving rise to an 
amorphous inorganic material with a three-dimen- 
sional network; (4) at 850 to 1050 ~ end of formation 
of the amorphous residue; (5) at 1050 to 1300~ 
crystallization of [3-SIC with a mean grain size of 2 to 
3 nm, and the occurrence of free carbon and ~-quartz; 
and finally (6) at 1300 to 1600 ~ coarsening of the ~- 
SiC microstructure and decrease in the number of 
Si-O bonds. 

The aim of the present study was to gain additional 
information on the pyrolysis of a given polycarbosil- 
ane precursor, used as a reference material, on the 
basis of a variety of characterization techniques either 
new or already used in this field. 

2. Experimental procedure 
The polycarbosilane (PCS, Shinetsu, Japan) used in 
this study was thought to have been prepared accord- 
ing to the Yajima's route (i.e. by thermal decomposi- 
tion and condensation of polydimethylsilane at about 
450 ~ in an autoclave) 1-14-16]. Its molecular struc- 
ture can thus' be described, at least in a first approx- 
imation, by the theoretical formula -[HSiCH3~H2]-  .. 
Its molecular weight distribution was slightly modi- 
fied (i.e. the large mass fractions were eliminated by 
distillation). 

Most pyrolysis experiments were performed in an 
r.f. induction furnace maintained under a pressure of 
1 to 100kPa of argon carefully purified. The appar- 
atus has a water-cooled stainless steel jacket and a 
rotating sample holder equipped with a set of small 
alumina crucibles containing the polymeric precursor. 
With this device, several experiments could be suc- 
cessively performed, in a single run, at different 
pyrolysis temperatures. The most commonly used 
temperature-time pyrolysis conditions are given in Fig. 
1. The samples were first regularly heated to a temper- 
ature Tp (slowly for 200 < Tp < 800 ~ and then more 
rapidly) and maintained at this temperature 0.5 to 1 h 
(in a few cases, the temperature plateau was as long as 
20 h). From one sample to the other, Tp was increased 
from 500 to 2200 ~ 

The analysis of the gaseous species resulting from 
the polycarbosilane pyrolysis was performed under 
very different temperature-time conditions (i.e. by 
flash pyrolysis). A small sample (usually 0.5 rag) was 
heated very rapidly, with a platinum resistor micro- 
furnace, at a given temperature (ranging from 400 to 
1000 ~ which was further maintained constant for 
10 sec. The gaseous species formed during the pyro- 
lysis were transported with a helium flow to a chro- 
matograph (Poropak Q column) where the different 
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Figure 1 Various heat-treatment cycles for pyrolysis experiments. 

molecules were separated. Finally, the identification of 
the gaseous species was performed with a mass-spec- 
trometer coupled with a computer for the treatment of 
the data. The gaseous species resulting from both 
types of pyrolysis procedures were found to be the 
same. However, in the flash pyrolysis, the evolution of 
a given species takes place with a shift of 150 to 200 ~ 
towards the high temperatures. 

Electron spectroscopy for chemical analysis (ESCA) 
was performed with an X-ray microbeam, 300 gm 
diameter, under ultra-high v a c u u m  (10  - 6  Pa). Auger 
electron spectroscopy (AES) analysis was carried out 
with a 250 nm probe. Both spectrometers were equip- 
ped with ion guns used to etch the sample surface. The 
extended X-ray absorption fine structure (EXAFS) 
study was performed with the ACO storage ring at 
LURE operated at 540 MeV and an average current 
of 100 mA. The Raman spectra were recorded with a 
1 gm microprobe (laser wavelength 514.5 nm). The 
other analyses, i.e. chemical analysis, TEM, TGA, 
infrared, X-ray diffraction and electrical conductivity 
were performed according to conventional procedures. 

3. Results 
During the successive steps of the pyrolysis of a 
polycarbosilane, two kinds of phenomenon should be 
studied: (1) the evolution of gaseous species and (2) the 
transformations occurring in the condensed phase. 

3.1. Analysis of the gaseous  species 
The chromatograms and mass spectra recorded dur- 
ing the flash pyrolysis of the polycarbosilane, at in- 
creasing Tp temperatures, are given in Fig. 2. The main 
species which have been clearly identified are alcanes 
(i.e. methane and ethane) and methylsilane as well as 
ethylene and carbon monoxide for the highest temper- 
atures (800 to 1000 ~ Assuming that hydrogen and 
heavy molecules do not contribute significantly to the 
gas evolution (the former due to its low molecular 
weight, the latter to their small amount), a tentative 
quantitative analysis, the results of which are shown in 
Fig. 3, has been performed. Up to 600 ~ very little 
gas evolution is observed although TGA analysis, 
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Figure 2 Identification of the gaseous species re- 
sulting from the flash pyrolysis of polycarbosil- 
ane: (a) chromatograms, (b) mass spectra (m = ion 
mass, z = ion charge). 
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Figure 3 Tentative quantitative analysis of the gaseous species 
resulting from the pyrolysis of polycarbosilane as a function of 
temperature (the massive percentages are given with respect to the 
pyrolysed mass). 

indicating already a 40% weight loss, as shown in Fig. 
4, in agreement with the results previously reported by 
Yajima et  al. and by Poupeau et  al. [3, 14, 18]. Besides 
the shift in temperature already mentioned between 
pyrolyses performed conventionally (e.g. TGA) and 
under flash conditions, the evolution of heavy molecu- 
lar weight gaseous species, easily recondensable, and 
corresponding to a very small gas volume hardly 
detectable up to 700~ an evolution of various 
methylsilanes (and to a lesser extent, light alcanes) 
occurs. Above about 800~ the relative concentra- 
tions of the gas phase in methylsilanes decrease and 
the light carbon-containing species (i.e. mainly CH 4 
and C2H6) a re  produced preferentially. At least small 
amounts of carbon monoxide and hexamethylcyclo- 
trisiloxane are identified due either to the oxygen 
present in the starting material (i.e. 1% to 1.5%) or to 
some contamination during the experiment (PCS are 
very sensitive to moisture and oxygen). 
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Figure 4 TGA of the weight loss observed during the pyrolysis of a 
polycarbosilane. 

3.2. The organ ic - inorgan ic  t ransi t ion 
The occurrence of an organi~inorganic transition 
established on the basis of the gas species analysis 
(the gas species result from broken organic bonds and 
recombination processes) is also confirmed by the 
infrared characterization of the condensed phases. In 
fact, the evolution of the infrared spectra with respect 
to the pyrolysis temperature (Fig. 5), is very similar to 
that previously reported by Yajima et  al. [3, 14]. Up 
to 550~ under conventional pyrolysis conditions 
(and 700 to 750 ~ for flash pyrolysis), all the expected 
absorption peaks corresponding to the theoretical 
formula of the polymer are observed (i.e. C-H at 2900 
and 2950cm-1; Si-H at 2100cm-1; Si-CH 3 at 
1400cm -1 and Si-CH2-Si at 1355 cm-1). The peak 
intensities decrease slowly up to Tp = 550 ~ a feature 
which confirms that the polymer is only weakly degra- 
ded up to this temperature, as already identified from 
the gas species analysis. Under such conditions only a 
few organic bonds are broken, resulting in the forma- 
tion of low molecular weight polymers. Between 550 
and 700 ~ the sbsorption bands due to the organic 
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Figure 5 The organi~inorganic transition during the pyrolysis of 
polycarbosilane as evinced from the infrared spectra of the pyrolysis 
residues. 

bonds decrease in a dramatic manner, a feature which 
evinces a strong degradation of the polycarbosilane. It 
seems reasonable to assume that the broken hydrocar- 
bon and silane side entities form, by recombination, 
those species which have been identified by gas phase 
analysis. Above 700~ (or 850 to 900~ in flash 
pyrolysis), the infrared spectra do not change mark- 
edly, i.e. the bonds between hydrogen and carbon (or 
silicon) which are characteristic of the organic state 
are no longer detected while Si-C and Si-O large 
bonds (between 800 and 1100 cm-1) are observed. 

3.3. Chemical analysis of the pyrolysis 
residues 

The results of chemical analyses performed on the 
residues resulting from pyrolyses run at increasing Tp 
are given in Table I. It appears that the thermal 
degradation of the organometallic polymer, which has 
been already established to be significant at 800~ 
from gas analysis and TGA, is achieved only above 
1000 ~ as evinced from the variation of the hydrogen 
concentration with temperature. As Tp is raised, both 
silicon and carbon concentrations increase whereas 
there is a marked decrease in the oxygen and hy- 
drogen contents. Finally; at 1600~ the residue is 
almost free of oxygen and hydrogen. Thus, by assum- 
ing that SiC is stoichiometric, it appears that the final 
residue of the pyrolysis of the polycarbosilane is a 
mixture of SiC and free carbon. 

The pyrolysis residues were also characterized by 
ESCA and AES. For all pyrolysis conditions, the 
ESCA spectra of the residues exhibit peaks character- 
istic of silicon, carbon and oxygen, as shown in Fig. 6. 
From the deconvolution of the Si 2p and C ls peaks 
of the high-resolution spectra, a semiquantitative 
analysis of the chemica! bonds has been tried. 

The 2p silicon peak can be analysed on the basis of 
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T A B L E  I Chemical analysis of various pyrolysis products 

Pyrolysis Si C O H 
temperature (~ C) (at. %) (at. %) (at. %) (at. %) 

800" 31 a 33 a 18 a 18 a 
1000 31 44 13 12 
1400 34 52 12 2 
1600 "38 59 2 1 

a At 800~ the results should be taken with care due to un- 
controlled evolution of light hydrocarbon molecules during the 
analysis procedure. 
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Figure 6 ESCA spectrum of the pyrolysis residue of polycarbo- 
silane. 

three components: the first, occurring for a binding 
energy of 100.8 eV corresponds to the Si-C bond in 
silicon carbide, the second at 103.5 eV is assigned, as 
recently suggested by several authors [13-19], to the 
Si-O bond in silica, and the third at an intermediate 
energy of 101.8 eV could be assigned to silicon atoms 
bound to both carbon and oxygen (Fig. 7). Similarly, 
the ls carbon peak can be analysed on the basis of four 
components: the first at 282.8 eV corresponds to car- 
bon bound to silicon, the second at 284.2 eV could be 
assigned to the oxycarbide Si(C, O) species or to free 
a~romatic carbon (and to a lesser extent to C-H bonds) 
[13, 19, 20] and the other two, occurring at higher 
binding energy, can be attributed to carbon-oxygen 
bonds (i.e. C-O and C=O) (Fig. 8). Furthermore; the 
analysis of the ls oxygen peak reveals a shoulder (on 
the high binding energy side of the peak) whose 
intensityincreases with increasing Tp. Its assignment 
to a given bond is difficult because of the very low 
chemical shifts observed for this element. Thus, ESCA 
provides evidence for the occurrence in the pyrolysis 
residues of chemical species which are not well defined 
and could be regarded as species intermediate between 
SiC and SiO 2 (e.g. related to Si(O, C) tetrahedra). Such 
species, Sometimes referred to as Si-X (or O-Si-C), 
have already been reported by Sawyer et al. [9] or by 
Lipowitz et al. [21] and more recently Laffon et al. as 
well as Porte and Sartre [13, 19]. The occurrence of 
species intermediate between SiC and SiO 2 has also 
been ascertained by AES analysis. As shown in Fig. 9, 
the E N  (E) direct �9 electron spectra, recorded in 
the energy range corresponding to the electronic 
transition of silicon after ion etching of increasing 
duration, clearly show a fine structure with two shoul- 
ders between the 74 eV peak characteristic of silicon in 
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SiO 2 and the 86 eV peak characteristic of silicon in 
SiC [22]. 

A semi-quantitative analysis of the chemical bonds 
present in the pyrolysis residues has been made from 
the ESCA spectra. The results for unetched samples 
are given in Table II. There is an acceptable agreement 

between the Si C bond contents derived from the 
Si 2p and C Is peaks regarding the difficulty of an 
accurate separation of the peak components. More- 
over, the oxygen content appears to be very high, with 
respect to that obtained by chemical analysis of the 
bulk (Table I), at any Tp. Eventually, the hydrogen 
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Figure 9 Auger electron peaks corresponding to the electronic 
transition of silicon recorded from a pyrolysis residue after etching 
of increasing duration. 

concentration, known to be not negligble for 
Tp < 1400~ need not be taken into account. 

In order to study the possible occurrence of concen- 
tration gradients near the sample surface, ESCA spec- 
tra were recorded after a deep etching (i.e. 20 min ion 
etching) on a residue obtained at T o = 1400~ As 
shown in Table II, the ESCA semi-quantitative ana- 
lysis appears to be in rather good agreement with the 
composition of the bulk (Table I). This is particularly 
true for oxygen. Furthermore, the vanishing of the 
high-energy components of the carbon Is peak (as- 
signed to both C-O and C=O bonds) suggests that 
part of the oxygen near the surface is present in 
adsorbed chemical species, such as CO x . On the basis 
of the ESCA data and assuming that the species 
present in the residues are SiC, SiO2, Si-X and free 
carbon (including carbon from the hydrocarbon com- 
pounds), the relative atomic concentrations were cal- 
culated. Their variations as a function of Tp near the 
sample surface and after etching are shown in Fig. 10. 
It is noteworthy that there is, near the surface, both a 
rapid increase in the free carbon content and a de- 
crease in Si X species as Tp is raised to about 1000 ~ 

Furthermore, it appears, from the data obtained on 
the sample etched at 1400 ~ that the content in free 
carbon is much higher near the sample surface than in 
the bulk and that it is the reverse for Si-X. These 
results are in agreement with the occurrence of a 
carbon-rich thin layer often found around Nicalon- 
type fibres annealed at high temperatures and support 
the hypothesis that it could result from the thermal 
decomposition of a ternary Si(C, O) phase. 

3,4. Microstructural analysis of the 
pyrolysis residues 

The solids resulting from the pyrolysis of polycarbosil- 
ane are amorphous for Tp < 1000~ as shown by 
X-ray diffraction analysis (Fig. 11). Above this temper- 
ature, broad diffraction peaks corresponding to 13-SIC 
are observed. Assuming that the pyrolysis residues are 
not microstrained, the line-broadening effect (i.e. the 
Scherrer equation) has been used to assess the mean 
grain size. As illustrated in Fig. 11 the diffraction 
peaks become sharper and sharper as Tp increases, 
suggesting a progressive crystallization process. The 
variations of the apparent grain size as a function of 
Tp are shown in Fig. 12. Up to  Tp = 1400~ the 
apparent grain size increases slowly and remains smal- 
ler than about 5 nm, then it undergoes an important 
increase (Le. at 1600 ~ the mean grain size is of the 
order of 50 nm). The kinetics of growth of [3-SIC have 
been roughly estimated by plotting the variations of 
the mean apparent grain size as function of the dura- 
tion of the Tp plateau (from 1 to 20 h) (Fig. 13). At a 
given temperature, the apparent grain size increases 
rapidly during the first 2 h, then very slowly. 

The short-range order around silicon has been in- 
vestigated by EXAFS experiments carried out on the 
SiK edge. The samples resulting from pyrolyses per- 
formed at Tp ranging from 800 to 1600~ were re- 
duced to powders (mean particle size less than 1 ~tm) 
and deposited on a membrane as a thin film for 
experiments in the transmission mode. Amorphous 
silica and crystalline 13-SIC were used as standards for 
quantitative analysis. For Tp--800 to 1000~ the 
residues resulting from the pyrolysis of PCS do not 
exhibit a defined structure beyond 0.3 nm (Fig. 14a). It 
is interesting to notice that the short-range order 
around silicon is limited, as it is in the PCS precursor, 

TABLE II Analysis of the chemical bonds of various unetched pyrolysis products from ESCA experiments (the result corresponding to an 
etched sample obtained at 1400 ~ is given for the purpose of comparison) 

Pyrolysis temperature (~ Si (at, %) C (at. %) O (at. %) 

Si-C S i X  Si-O C-Si C-C, C-H "C-O . . . .  C=O" 

800 26.8 42.3 30.9 
15.1 6.6 5.1 18.3 18.5 4.0 1.5 

1000 27.0 47.0 26.0 
17.0 4.8 5.2 17.8 24.2 3.8 1.2 

1200 25.9 48.2 25.9 
16.8 4.6 4.5 16.2 24.5 5.3 2.2 

1400 25.8 49.9 24.3 
17.5 4.6 3.7 15.4 25.6 4.7 4.2 

1400 after etching 39.9 47.5 12.6 
28.7 8.3 2.9 23.6 19.9 4.0 
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Figure 11 X-ray diffraction patterns of-the solids resulting from the 
pyrolysis of polycarbosilane with increasing temperatures. 

to the first shell (which co r re sponds  to bo th  te t ra-  
hedra l  Si C and  Si O distances)  and  to the second 
shell (associa ted  with Si-Si  d is tances  found in bo th  
crystal l ine SiC and  a m o r p h o u s  silica). Thus,  a mem-  
m o r y  effect dur ing  the o r g a n i c - i n o r g a n i c  t r ans i t ion  
occurs.  A s imilar  conclus ion  was d r a w n  by Laffon 
et al. for the N ica lon  N L P  grade  fibre [13]. F u r t h e r -  
more,  in all the samples  ob ta ined  at  Tp > 1200 ~ a 
crystal l ine o rder ing  occurs  which extends well b e y o n d  
1.5 nm (Fig. 14b). This  crysta l l ized o rde r ing  is very 
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Figure 12 Variations of the mean grain size of [3-SIC in the solids 
resulting from the pyrolysis of polycarbosilane as a function of the 
pyrolysis temperature. 
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Figure 13 Kinetics of growth of [3-SIC grain size in the solids 
resulting from the pyrolysis of polycarbosilane at (Q) 1400~ 
(�9 1000 ~ 

close to tha t  of [3-SIC bu t  add i t iona l ly  some a tomic  
su r round ing  typical  of tha t  present  in a m o r p h o u s  
silica is a lways  observed.  The  a m o u n t  of  silica is found 
to decrease from a b o u t  13 % to 7 % with increasing Tp. 
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From the EXAFS data, the ceramization threshold 
(i.e. the transition from the amorphous state to a 
crystalline material) has been estimated to lie between 
1000 and 1200 ~ 

Raman microprobe has been used, rather recently, 
to characterize pyrolytic carbon [23-26] as well as 
CVD thin films of amorphous silicon carbide [27-29] 
or SiC-based CVD filaments [30]. According to Les- 
pade et  al. [23] the graphitization of carbons can be 
followed through the variations of four indices: the 
wave number and width of the E2g line (1580 to  
1600 cm-1) which characterizes the extent of the two- 
dimensional graphitic domains, the occurrence of a 
1350 cm -1 line due to lattice defects and the width of 
the 2700 cm-1 line (second order) which permits the 
final stage of the graphitization process (tridimen- 
sional ordering) to be followed. Amorphous silicon 
carbide films give rise to three groups of bands cor- 
responding to Si-Si, Si-C and C-C bonds [28]. Even 
when containing low percentages of free carbon, the 
intensity of the C-C band (1300 to 1600 cm-1) in the 
films is much higher than those related to the Si-Si 
band (300 to 600 cm -1) and the Si-C band (700 to 
1000 cm -1) due to a better Raman efficiency. As a 
result, Raman analysis was preferentially used to 
structurally characterize the free carbon in the films. 
Only a few studies have been carried out in the field of 
the ordering state of SiC itself. Two lines are usually 
observed at 789 and 967 cm-1 assigned to the cubic 
low-temperature 13-modification, the former being of- 
ten stronger than the latter as reported by Martineau 
et  al. for SiC CVD filaments [30]. 

Raman microprobe analyses were performed on the 
residues obtained under different pyrolysis conditions 
with the following main features: (1) the presence of 
free carbon in all the samples, (2) a better definition of 
the SiC lines as Tp is increased and (3) the occurrence 
of heterogeneities (in both concentration and crystal- 
lization state) within the samples. Some of the most 
representative Raman spectra corresponding to in- 
creasing Tp are shown in Fig. 15. As far as free carbon 
is concerned, a single broad asymmetric band at about  
1500 cm -1 is observed for Tp = 850~ suggesting 
that carbon is totally amorphous or still bound to 
hydrogen atoms [28]. The splitting of this band, 
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Figure 15 Evolution with T p  of the Ra-man spectra of the residues 
resulting from the pyrolysis of PCS. 

which begins at 1000 ~ (giving rise to the classical 
1580 and 1350cm -1 lines), evinces the formation of 
true free carbon. Then the Raman spectrum of carbon 
does not change markedly up to 1600~ (with the 
exception of a progressive narrowing of the lines). 
Finally, above 1800 ~ the respective intensities of the 
two lines reverse (e.g. at 2200~ the one at the 
1350 cm-  1 line is much lower) suggesting an evolution 
of the free carbon towards carbon crystallites of larger 
size (Fig. 16). Similarly, the Raman lines characteristic 
of crystalline SiC are almost unobservable for the 
lowest T ,  values (Fig. 15): On the contrary, for 
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Figure 16 Raman spectra of the residues resulting from the high- 
temperature pyrolysis of PCS. 

Tp > 1200 ~ two broad lines occur at about 795 and 
975 cm-  1 becoming sharper as Tp increases, due to a 
better crystallization state. As can be seen in Figs 15 
and 17, the spectrum definition was not good enough, 
even for Tp = 1600 ~ to ascertain the occurrence of a 
small amount  of s-SiC (whose higher lattice symmetry 
results in a third Raman line of low intensity at 
780 cm-  1). 

In order to confirm the occurrence of chemical- and 
structural heterogeneity within the residues resulting 
from PCS pyrolysis, already partly established by 
ESCA, point analyses (made possible by the space 
resolution of Raman microprobe) were performed on 
a cross-section. Due to the high Raman efficiency of 
the C C bonds (which give lines of high intensity even 
for low carbon concentrations), it has not been pos- 
sible to observe any heterogeneity in the free carbon 
distribution. On the contrary, the crystallization state 
of SiC within residues obtained at Tp = 1400 ~ was 
found to be dependent upon the analysed area, i.e. 
both 789 and 967 cm -1 lines exhibit variable in- 
tensities and even totally vanish. For  Tp = 1600~ 
the heterogeneity of the residues seems to be less 
significant, the SiC lines being always observed what- 
ever is the analysed area. 

The PCS pyrolysis residues were also analysed by 
transmission electron microscopy (bright-field, dark- 
field, high-resolution lattice fringes, selected-area elec- 
tronic diffraction). The results of this detailed analysis 
will be reported elsewhere and are only summarized 
here for the purpose of the discussion [31]. The 
heterogeneity of the pyrolysis residues discussed 
above is confirmed by the results of the TEM analyses 
carried out on crushed samples except for those result- 
ing from pyrolyses performed at Tp < 850 ~ As an 
example, the material resulting from pyrolysis at 
1400~ contains the four kinds of particles which 
can be seen in the micrographs of Fig. 18. For  
Tp < 850 ~ the pyrolysis residue appears to be a SiC- 
based amorphous phase in which it is impossible to 
ascertain whether free carbon or silica are present. For  
Tp = 1000~ this amorphous phase (which corres- 
ponds to particle 4 in Fig. 18a) gives rise partly to a 
microcrystalline phase containing SiC crystals 3 nm in 
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Figure 17 Raman spectrum of the high-temperature modification of 
SiC. 

size (such as particle 3) and to a lesser extent to 
crystals 10 nm in size (corresponding to particle 2). 
Finally, for Tp = 1400 ~ the residues exhibit a more 
pronounced microstructural heterogeneity with 
"large" crystals (about 15 nm in size, particle 1) and 
smaller ones which are surrounded by thin films of 
aromatic carbon (observed on dark-field, Fig. 18c, and 
lattice-fringe imaging), resulting in a sponge-like 
microtexture. The above results are in rather good 
agreement with the apparent grain size values calcu- 
lated from X-ray diffraction patterns (the small differ- 
ence being due to the fact that the latter are mean 
values while the former are measured on individual 
grains). On the basis of the TEM-analysis, the crystal- 
lization threshold of the pyrolysis residues of PCS, 
already established by EXAFS to be in the 1000 to 
1200 ~ temperature range, rather occurs at 1000 ~ 

3.5. Electrical properties of the pyrolysis 
residues of PCS 

The variations of the electronic conductivity appear to 
be a very sensitive way to follow the transition taking 
place between the PCS precursor and the SiC-based 
ceramic material by pyrolysis at increasing Tp. Con- 
ductivity measurements have been performed, accord- 
ing to the four-contact method, on PCS pyrolysis 
residues obtained at Tp ranging from 700 to 1600 ~ 
Nicalon fibres (NLP 101 grade) as well as polycrystal- 
line and monocrystalline SiC were used as standards. 
For  each sample, the variations of the electrical con- 
ductivity between 20 and 600~ are plotted as a 
function of the reciprocal temperature on a semi- 
logarithmic scale in Fig. 19. Because the data follow 
Arrhenius laws, activation energies characterizing 
the conduction mechanism have been derived from 
the slopes of the straight lines. The reversibility of 
the electrical behaviour has been verified for all sam- 
ples, a feature which indicates that the materials are 
stable up to 600~ and exhibit an electronic-type 
conductivity. The variations of the activation energy 
as well as those of the conductivity at 20~ as a 
function of Tp are given in Fig. 20. 

For  Tp < 1000 ~ the pyrolysis residues are insu- 
lating materials with a conductivity lower than 
10-1~ -1 cm -1 at 20~ and an apparent activation 
energy of 0.7 eV. The low conductivity could be due 
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Figure 18 TEM analysis of residues resulting from PCS pyrolysis: (a) bright-field, (b) dark-field showing SiC microcrystals, (c) dark-field in 
two orthogonal positions showing carbon distribution. 
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Figure 19 Temperature dependence of the electrical con- 
ductivity of materials resulting from the pyrolysis of PCS 
precursors. 
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Figure 20 Variation, as a function of the pyrolysis temperature, Tp, of (a) the electrical conductivity at 20 ~ and (b) the activation energy. 

either to a low mobility or a low concentration of 
charge carriers. For 900 < Tp < 1200 ~ the electrical 
conductivity undergoes a dramatic variation, i.e. the 
ambient conductivity increases by a factor of ten 
orders of magnitude and the activation energy de- 
creases to values lower than 0.01 eV. Finally, for 
Tp > 1200 ~ the electrical characteristics remain al- 
most constant, the ambient conductivity being close to 
1 Q-1 cm- 1 and the activation energy almost zero, a 
feature which suggests a partly metallic behaviour as 
in the related case of Nicalon fibres. On the contrary, 
crystalline SiC exhibits properties which are inter- 
mediate between those of residues resulting from PCS 
pyrolysis performed at high or low temperatures. 

The evolution of the electrical behaviour of the PCS 
pyrolysis residues with respect to Tp has some sim- 
ilarity with that reported for the pyrolysis of hydrocar- 
bon polymers into pyrocarbons. Such a process can be 
explained, for instance, on the basis of the following 
mechanism [32-33]: (1) for Tp < 600 ~ volatile spe- 
cies (e.g. CH4) give rise to aggregates of sp 2 aromatic 
carbons bound to free radicals with single electron; 
(2) for 600 < Tp < 1200 ~ the radicals capture the 
electrons of the aromatic network and leave cor- 
responding holes which results in a rapid increase of 
conductivity as Tpis raised, a marked decrease in the 
activation energy and simultaneously an extension of 
the aromatic carbon domains as well as a strong 
decrease in the hydrogen content; (3) finally, for 
Tp > 1200 ~ the carbons (which are no longer bound 
to any hydrogen atoms) undergo no further change in 
their crystallization state up to the graphitization 
temperature. 

In the case of the pyrolysis of PCS, the 
insulator-quasimetal transition occurs at a slightly 
higher temperature (i.e. between 1000 and 1200 ~ 
Regarding the semiconducting behaviour of crystal- 
line SiC, the transition could be explained by both a 
segregation of free carbon at the external surface of the 
SiC particles and an increase in the carbon concentra- 
tion on increasing Tp, which induces a percolation 
effect [34]. This effect seems to take place at about 
Tp = 1100 ~ This outstanding behaviour is entirely 

consistent with the results of all the chemical analyses 
reported above, concerning the amount and micro- 
structural state of free carbon (ESCA, Raman spectro- 
scopy and TEM). 

4.  D i s c u s s i o n  a n d  c o n c l u s i o n  
The large variety of chemical and microstructural 
analyses all performed on residues resulting from the 
pyrolysis of the same PCS precursor has permitted, on 
the one hand, an increase in our knowledge of the 
different stages occurring during the transformation 
process of PCS into SiC-based ceramic materials and, 
on the other hand, the suggestion of a general pro- 
cedure for studying other similar transitions that 
take place between organometallic precursors and 
ceramics. 

Three fundamental steps occur during the pyrolysis 
of PCS: (1) the organometallic-mineral transition (at 
550 < Tp < 800 ~ (2) the crystallization threshold 
of the amorphous residue (at 1000 < Tp < 1200 ~ 
and (3) a grain coarsening above 1400 ~ The inter- 
mediate steps (i.e. for 800<  Tp< 1000~ and 
1200 < Tp < 1400~ correspond to more limited 
changes in the composition or microstructure of the 
pyrolysis residues. 

The experimental results which have been presented 
above support the following pyrolysis mechanism for 
the PCS precursor which has been studied here (and 
which is close to those used for the synthesis of 
Nicalon-type fibres). 

(a) For 20 < T~ < 550 ~ the structure of the poly- 
mer precursor does not change markedly as evinced 
from infrared" analysis. Lateral organic functions do 
not seem to be broken significantly as shown by the 
gas phase analysis (i.e. absence of light gaseous spe- 
cies). The only important phenomenon which occurs 
within this temperature range is the evolution of heavy 
gaseous products corresponding to polymers of low 
molecular weight, which results in a large weight loss 
as established from the TGA analysis. At this stage, 
the polymer becomes infusible, probably due to an 
increase in the reticulation degree resulting from (i) the 
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effect of temperature, and (ii) some accidental addition 
of oxygen taken from the atmosphere of the pyrolysis 
furnace. 

(b) For 550 < Tp < 800~ the main part of the 
organometallic-mineral transition is effective. Most of 
the Si H and C-H bonds are broken, as shown by the 
infrared analysis. The tetrahedral environment of sil- 
icon as well as the polymer Si-C skeleton are probably 
maintained (i.e. the short-range atomic order) as sug- 
gested by the EXAFS results. An important evolution 
of gaseous species is observed mainly consisting of 
light hydrocarbon molecules (i.e. CH~, C2H 6 . . . .  ) 
and methylsilanes (i.e. (CH3)4Si, (CH3)BSiH, 
(CH3)zSiH2) resulting respectively from the broken 
lateral chains and chain ends, as well as probably 
a large amount of hydrogen (which has not been 
analysed). 

(c) For 800 < Tp < 1000 ~ the material is essen- 
tially mineral but still contains some hydrogen which 
may have a role to play during the ceramization 
process. The pyrolysis residues must be regarded as 
homogeneous, being totally amorphous. It can be 
described on the basis of three chemical tetrahedral 
entities: (1) hydrogenated amorphous silicon carbide 
(including some residual hydrocarbon groupments 
(e.g. CH, CH2, CH3); (2) hydrogenated amorphous 
silicon oxycarbide; and (3) amorphous silica, the for- 
mer being widely predominant in the bulk. As Tp 
increases up to 1000~ the hydrogen content de- 
creases, the free carbon percentage rises, the SiX oxy- 
carbide amount decreases and the following phe- 
nomena are thought to occur: (1) volatile hydrocarbon 
molecules (e.g. CH4, CzH 6 . . . .  ) resulting from break- 
ing of Si-C bonds are decomposed in situ instead of 
being evolved, when their cracking temperature is 
reached, i.e. probably when Tp is close to 1000~ 
(2) this decomposition proceeds at a microscopic scale 
(e.g. in the microvoids of the residue or near the 
surface) giving rise to both a few nuclei of crystalline 
SiC and the heterogeneity of composition which has 
been evinced by ESCA and TEM analyses. The insu- 
lating electrical behaviour Of the material obtained 
within this temperature range could be attributed 
either to a low mobility of the charge carriers if the 
Fermi level lies close to localized states or to a low 
charge carrier concentration if the Fermi level is close 
to narrow bands. Finally, the evolution of a small 
amount of light species (e.g. silanes or carbon monox- 
ide) could be related to a partial decomposition of the 
amorphous hydrogenated silicon oxycarbide whose 
concentration decreases (according to Johnson et al. 
SiO remains the main gaseous species resulting from 
the heat-treatment of ex-PCS Nicalon fibres in the 
1100 to 1400 ~ temperature range [35]). 

(d) For 1000 < Tp < 1200~ the number of SiC 
nuclei (less than 3 nm in size), which was very low at 
Tp = 1000 ~ notably increases while their mean size 
is little changed. This nucleation of SiC in the overall 
material becomes detectable by EXAFS (which shows, 
for Tp= 1200~ a radial distribution function 
around silicon well defined beyond 1 nm). As the 
hydrogen content decreases, hydrogenated amorph- 
ous SiC vanishes, the only residual amorphous phases 
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being both silica (when present) and silicon oxycar- 
bide whose stoichiometry is very difficult to determine 
(from the ESCA chemical shifts between s ic  and SLOE, 
a tentative formula for the intermediate tetrahedra 
could be close to SiC30 ). As SiC nuclei grow from the 
amorphous medium, the free carbon content slowly 
increases, leading to a heterogeneous material with an 
extremely divided microtexture: SiC nuclei are 
thought to be surrounded with a thin film of aromatic 
carbon arranged as a stack of a few layers. As a 
consequence of the sufficiently high free carbon con- 
centration, the electrical properties of the material 
undergo a sharp insulating-quasimetallic behaviour 
transition according to a percolation mechanism from 
a concentration threshold. 

(e) For 1200 < Tp < 1400 ~ as the last hydrogen 
atoms are removed, a slow continuous crystallization 
of SiC is observed, the mean grain size reaching a 
value of about 10 nm. Simultaneously, the percentage 
of silica or Si(C, O) species decreases slowly (possibly 
due to an evolution of SiO) while the percentage of 
free carbon slightly rises. However, free carbon re- 
mains aromatic and the overall electrical behaviour is 
quasimetallic. 

(f) For 1400 < Tp < 1600~ a marked grain coar- 
sening of the SiC microstructure is observed (the 
average grain size reaching a value higher than 
50 nm). Simultaneously, a rapid decrease in both the 
amorphous silica (or silicon oxycarbide) contents oc- 
cur with a probable evolution of silicon and carbon 
monoxides. 

In summary, the various steps taking place during 
the pyrolysis of PCS precursor have been investigated. 
Interestingly, a correlation between a macroscopic 
behaviour, i.e. the insulator-metal transition, and a 
microscopic scale change, i.e. the amorphous-micro- 
crystalline state transition related to chemical com- 
position, has been pointed out for the first time in this 
field. The former, which requires simple experimental 
procedures, could be applied in the future to a variety 
of similar precursors while the latter, which 
supposes the use of heavy analytical techniques 
(e.g. TEM, EXAFS . . . .  ), could be better limited to 
the detailed study of a few chosen organometallic 
polymers. 
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