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A gel resulting from cohydrolysis of dimethyldiethoxysilane and tetraethoxysilane has been
converted through pyrolysis at 1000 °C into a silicon oxycarbide glass. A previous study
has shown that this system can be described as a silicon oxycarbide matrix (SiC¢140;64) in
which a free carbon phase (=8 wt %) is dispersed. Its chemical evolution at high
temperatures from 1000 to 1600 °C was investigated using various structural techniques:
298i solid state magic angle spinning nuclear magnetic resonance (*Si MAS NMR), Raman
spectroscopy and X-ray diffraction (XRD). In the 1000—1300 °C temperature range,
redistribution reactions between Si—O and Si—C bonds occur, which lead to an enrichment
in SiO4 and SiC, units. Above 1400 °C, small silicon carbide crystallites are formed through
carbothermal reaction between the free carbon and the silicon oxycarbide phase. However,
even at 1500 °C, the samples remain mainly amorphous. The oxidation behavior of the
glasses was also investigated using thermogravimetric analysis coupled with mass spec-
trometry: despite the presence of a free carbon phase, the samples exhibit a high oxidation
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resistance.

Introduction

It is already known that anionic substitution of
oxygen by nitrogen in a silica network improve the
mechanical properties of the resulting silicon oxynitride
glasses.!=3 Introduction of tetravalent carbon in a silica
network using classical synthetic procedures was less
successful: melting of a silica-based glass in the pres-
ence of silicon carbide leads to the incorporation of only
0.5 wt % of carbon ; however, the oxycarbide glasses
showed an improvement in mechanical properties.*5
The sol—gel process is an attractive synthetic approach
to silicon oxycarbide glasses, as revealed by the numer-
ous studies recently published in this field.5-%° Si—C
bonds can be introduced very easily in silica gels, using
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organically modified silicon alkoxides.2! The pyrolysis
of such gels above 1000 °C and under inert atmosphere
leads to residues, which can be described as an intimate
mixture of silicon oxycarbide and free carbon phases.
The silicon oxycarbide phase is built on SiC,0O4-, units
as clearly shown by 2°Si magic angle spinning nuclear
magnetic resonance (MAS-NMR).7810.12=20 The chemi-
cal composition of this phase is strongly related to the
nature of the gel precursor and more precisely to the
O/Si ratio.!822 The presence of a free carbon phase was
evidenced indirectly from the comparison between el-
emental analysis and quantitative analysis of the 2°Si
NMR data.l? Its amount in the pyrolysis residue
depends on the structure of the gel precursor, the nature
of the organic substituents and the pyrolysis conditions
(temperature and duration).??
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These sol—gel derived silicon oxycarbide glasses have
interesting potential applications in the field of ceramic
fibers'1-?3 and ceramic composites.?425 High elastic
modulus and flexural strength have already been re-
ported.?6 These applications are, however, strongly
related to their thermochemical and thermomechanical
stability, which have received little attention in the
literature.?” It is well-known that in these systems,
carbothermal reduction occurs at high temperatures (T
> 1500 °C), leading to the formation of crystalline silicon
carbide. In fact, these polysiloxanes have also been
studied as potential SiC precursors. 1428-32

A previous study was focused on the conversion of a
siloxane-silica polymer prepared by cohydrolyzing di-
methyldiethoxysilane (DMDES) and tetraethoxysilane
(TEOS) in a 1/1 ratio into a silicon oxycarbide glass.3
The pyrolysis process was analyzed in detail using
thermogravimetric analysis coupled with mass spec-
trometry (TG/MS), multinuclear magic angle spinning
nuclear magnetic resonance (3%Si, 13C, and 'H MAS-
NMR), infrared spectroscopy (IR), and electron spin
resonance (ESR). The residue obtained after pyrolysis
at 1000 °C can be described as an amorphous silicon
oxycarbide phase mixed with a free carbon phase.

The objective of the present paper was to follow the
chemical evolution of this silicon oxycarbide glass at
high temperatures, up to 1500 °C, in order to investigate
its thermal stability and crystallization behavior under
inert atmosphere. The firing process has been charac-
terized using 2°Si MAS NMR, chemical analysis, X-ray
diffraction (XRD), and Raman spectroscopy. The oxida-
tion behavior was also investigated using thermogravi-
metric analysis coupled with mass spectrometry.

Experimental Section

The preparation of the polysiloxane polymer has already
been described.?® Gels were prepared by mixing TEOS (Fluka)
and DMDES (Fluka) in a 1/1 ratio. Acidic water (HCI, pH =
2) was then added (H;O/TEOS = 6) and the mixture was
stirred. No alcohol was used as solvent. The sol was then
poured into plastic tubes and air dried at room temperature.
The solution gelled within about 2 days. Heat treatment under
flowing argon was carried out in a tubular furnace at 10 °C/
min. The dried gel was finely ground and placed in graphite
crucible.

2981 MAS NMR spectra were recorded on a Bruker MSL400
spectrometer with 7 mm rotors and spinning rates of 4 kHz.
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Short pulsewidths of 2 us (8 = 30°) and relatively long recycle
delays of 60 s were used to account for long relaxation times.
About 1000 transients were recorded with 125 kHz spectral
width and 4K data points. Exponential line broadening (50
Hz) was applied before Fourier transform. The spectra were
simulated with the program WINFIT? to extract the percent-
ages of the various SiC,O4—, units (0 < x = 4). SiC.0Os .
represents a Si site with x Si--C bonds and (4 - x) Si- O bonds.

Raman spectra were recorded on a Jobin-Yvon U1000
spectrometer using a Ar laser (457.9 nm excitation). The laser
power was set to 80 mW. The spectra were recorded between
700 and 1800 cm™!, with 1 cm~! increment and acquisition time
of 2 s. A 90°excitation collection geometry was used. The
powdered sample was placed in a rotating sample holder to
prevent excessive heating of the sample.

ESR experiments were run at room temperature on a Varian
E09 spectrometer with a microwave resonance frequency of
about 9.1 GHz.

X-ray diffraction (XRD) spectra were recorded on a Philips
PW 1820 spectrometer between 2° and 90° (26), with 0.05°
increment and acquisition time of 20 s.

The oxidation behavior was followed using a B60 Setaram
thermobalance coupled to a quadrupole mass spectrometer
(MS, Quadrex 200, 70 eV, electron impact). The powder was
heated under a mixture of gas (2% O; in He). The oxygen
consumption and the release of gases were simultaneously
analyzed.

Results

Characterization of the Oxycarbide Phase. The
characterization of the oxycarbide phase obtained after
pyrolysis at 1000 °C, has already been reported® and
will only be summarized in this paper. The X-ray
diffraction pattern is characteristic of an amorphous
material and the main structural characterization came
from MAS NMR experiments. The 2°Si NMR spectra
have clearly shown the existence of Si—C bonds in the
pyrolyzed samples through the presence of resonances
at —72 ppm (35%) due to SiCO; sites, at —32 ppm (8%)
due to SiCq0; sites and at —8 ppm (2%) due to SiC30
sites. The major component is due to SiQy sites (55%).26
Recently, Mutin et al. have shown that the environment
of silicon atoms in the oxycarbide phase depends only
on the O/Si ratio in the glass. and not on the structure
of the precursors:® it corresponds to a purely random
distribution of Si—O and Si~C bonds. For O/Si = 1.7,
the calculated percentages of the various Si sites are
the followings : 52.20% of SiOy, 36.85% of SiCO3, 9.75%
of SiCq0q, 1.15% of SiC30, and 0.05% of SiC4s. The
results obtained on the present oxycarbide glass with
O/Si = 1.64 are in good agreement with these calcula-
tions, showing that the oxycarbide network can be
described with randomly distributed SiC,04-, units.
This oxycarbide glass derived from a starting gel with
SiC302 and SiO4 units, is close to that obtained by
Mutin from a gel prepared from methyltrimethoxysi-
lane, and thus containing only SiCOs units. Both gels
have in fact, very similar O/Si ratios, 1.64 and 1.69.

A comparison between chemical analysis (8iCq 5301 64)
and NMR results obtained on the oxycarbide phase
suggested that ~75 mol % of the carbon (~8 wt %) is
present in a free carbon phase. Indeed, formation of
aromatic carbon was clearly evidenced by 13C CP MAS
NMR. The sample pyrolyzed at 1000 °C for 1 h still
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Table 1. Elemental Analysis on Pyrolized Samples, Ceramic Yields (Y), and Silicon and Carbon Losses (ASi and AC)

chemical analysis®

char
temp (°C) %8Si %C %0P emp formula yield (wt %) ASi (%) AC (%)
1000 (5 °C/min; 10 min) 46.5 11.2 41.2 SiCo.5601.55 78 14 48
1200 (5 °C/min; 10 min) 45.2 104 44.4 SiCo.5301.72 74 16 54
1400 (10 °C/min; 10 min) 48.6 10.6 40.8 SiCo.5101.47 71 18 56
1500 (10 °C/min; 1 h) 50.0 10.8 39.2 SiCo.5001.37 63 21 60
1500 (10 °C/min; 1 h) 45.5 9.9 44.5 SiCo.5101.71 45 49 74
1500 (10 °C/min; 10 h) 46.8 9.4 43.8 SiCo.4701.64 34 47 81
1500 (2 °C/min; 10 min) 46.1 10.1 43.7 SiCo.5101.68 71 19 58
1500 (5 °C/min; 1 h) 44.5 10.5 45.0 SiCo.5501.77 70 23 57
1500 (25 °C/min; 10 min) 45.7 11.2 43.1 SiCo.5701.65 72 19 52
1600 (10 °C/min; 10 min) 45.5 10.6 43.9 SiCy.5401.69
@ Hydrogen was always less than 0.2 wt % except in the 1000 °C sample, 1.0 wt %. ® Oxygen was estimated by difference.
exhibits a high surface area (~100 m?%g), and this was 100
related to the presence of adsorbed water in the sample, l
as detected by infrared analysis. g 0y ® e o ®
Thermal Evolution of the Oxycarbide Samples 3 T °an
under Argon. The oxycarbide sample was fired under T 60 7
flowing argon to various temperatures. Experimental f e (5h
conditions are presented in Table 1. The char yield is L 407 ® (10 h
almost constant from 1000 to 1400 °C, 75 + 5 wt %. At g
1500 °C, the char yield decreases strongly with holding © 20 ]
time to reach 34 wt % after 10 h. Elemental analysis (a)
have been pgrformed on the fired samples (Tableil). The 2 000 ] 2{00 ] :0 0 1600
losses of silicon and carbon were estimated using the Temperature (°C)
formula introduced by Mutin et al.:16
0
AX = 100((%X), — YEOMEX), (1 I
100..
where (%X), and (%X)r are the mass percentages of the 201 R TRRERLL .
X element in the gel precursor and in the pyrolyzed = ] ® (1 h
sample and Y is the char yield. All the results are £ 30+
reported in Figure 1. The large weight losses observed @ 40l
at 1500 °C are related with losses of carbon and <
especially silicon, most likely in the form of gaseous CO 507 eEm
and SiO. 60 + e (10 h
Structural evolution of the pyrolyzed samples has (b)
been investigated using 2°Si MAS NMR spectroscopy. 7(1)0 00 12:0 0 m 0 1600
The spectra were simulated and the results are pre- Temperature (°C)
sented in Figure 2. Five possible components were used
at —110 £ 2 ppm (Si0Qy4), —74 + 3 ppm (SiCOs3), —36 + 0
3 ppm (SiC502), —4 £ 2 ppm (SiC30), and —13 + 5 ppm
(SiC4) and the percentages of the various Si sites 20 -
extracted. Due to the rather low signal/noise ratios,
these quantitative data can not be of high accuracy. In T a0 4
addition, the assignment of the broad overlapped signals ; AT ...
which range between 0 and —40 ppm is rather delicate. < 60+ 7 - eqn
Thus these results are presented to give a general trend o5 h
in the evolution of the various SiC,.04_, sites. All the 80 + ® (10 h
various components show the same trend: they shift J( 0
upfield continuously with the firing temperature. 100 + .
1000 1200 1400 1600

The quantitative evolution of the various Si units is
presented in Figure 3: the number of mixed SiC,04—,
units (x = 1, 2, 3) decreases with pyrolysis temperature
while the number of SiC, and SiOs units increases,
indicating that a phase separation occurs between a
silica-rich phase and a silicon carbide-rich phase.

The number of Si—C bonds per Si site was calculated
by the following relation:

nSi_C = (4'%SZC4 + 3'%SZC3O + 2'%81«0202 +
%SiCO,)/100 (2)

(36) Tuinstra, F.; Koenig, J. L. J. Chem. Phys. 1970, 53, 1126.

Temperature (°C)

Figure 1. : Evolution of char yields (a) and losses of silicon
(b) and carbon (c) versus pyrolysis temperatures. Heating rate
10 °C/min; holding time 10 min except at 1500 °C, 1 h, 5 h,
and 10 h.

It is almost constant up to 1300 °C, ngi—¢ ~ 0.6 (Figure
4). Then above 1300 °C, the number of Si—C bonds
increases (ngi—c ~ 0.9 at 1500 °C), and this is favored
by longer holding times. After 10 h at 1500 °C, ngi—¢c ~
1.0.

Assuming that the C atoms present in the silicon
oxycarbide phase are bonded to four silicon atoms, it is
possible to estimate from the 2°Si NMR simulations, the
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(a) - Experimental (b) - Simulated
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Figure 2. Experimental (a) and simulated (b) *Si MAS-NMR
spectra of pyrolyzed samples. Heating rate 10 °C/min; holding

time 10 min except at 1500 °C, 1 h.
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Figure 3. Evolution of the number of Si sites versus pyrolysis

temperature. Heating rate 10 °C/min; holding time 10 min
except at 1500 °C, 1 h.
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Figure 4. Evolution of the average number of Si—C bonds
per Si sites units and of the free carbon content in the
pyrolyzed samples. Heating rate 10 °C/min; holding time 10
min except at 1500 °C, 1 h.

number of carbon per silicon in this phase:

nC,y, = (%8iCy + 0.75:%8iC40 + 0.5:%SiC,0, +
0.25:%SiC0O,)/100 (3)

A comparison with elemental analysis which gives the
total amount of carbon, nCi, allows to estimate the
percentage of C present in the free carbon phase:

%Cftee = (nCtot - nCoxy)/nCtot (4)

The evolution of %Cg.. versus temperature (Figure
4) seems closely related with the evolution of the
average number of Si—C bonds per silicon: the percent-
age of free carbon is constant up to 1300 °C (=75 mol
%) and then decreases to 55 mol % in the 1500 °C
sample pyrolyzed for one hour.

Bois et al.

1000°C

1200°C

1400°C

1500°C

1200 1400 1600
wavenumber (cm™)

Figure 5. Raman spectra of the pyrolyzed samples. Heating
rate 10 °C/min; holding time 10 min except at 1500 °C, 1 h.

13C MAS NMR experiments could not be performed
easily on pyrolyzed samples, because of long 3C relax-
ation times in these systems and presence of a probe
signal in the region due to aromatic C atoms. Cross-
polarization techniques which were of great utility for
samples pyrolyzed at low temperatures?® (T < 1000 °C)
cannot be applied for these samples because of the large
decrease in hydrogen content. Raman experiments
were carried out to get information on the structural
evolution of the carbon phase. The spectra of the
samples pyrolyzed between 1200 and 1500 °C are shown
in Figure 5.

The Raman spectrum of the 1000 °C sample consists
of a very broad fluorescence signal. This signal which
almost disappears for samples pyrolyzed between 1400
and 1500 °C, could come from radical species which have
been evidenced by ESR.33 In the 1000 °C sample, the
concentration of radical species was estimated to ~3.0
x 101? gpins/g, while at 1500 °C, this value decreases
to ~2.5 x 1018 spins/g. Despite this fluorescence signal,
the Raman spectrum of the 1000 °C sample shows two
hardly visible Raman bands at ~1300 and ~1600 cm™1,
In the spectrum of the 1200 °C sample, these two signals
at 1360 and 1620 cm™! become more intense. For the
1500 °C sample, the intensity of the 1360 cm™! signal
is higher than that at 1620 cm~1, and the signals are
strongly sharpened.

These two bands are characteristic of disordered
graphitic forms of carbon.?”3 The Raman spectrum of
graphite presents one band at 1590 cm™! (Eg, mode).
The 1600 cm™! vibration is thus usually referred as the
G band. The 1360 cm™! is commonly called D band, for
defect band. It corresponds to the A;; mode of graphite,
which is theoretically Raman inactive in perfect graph-

(37) Wang, Y.; Alsmeyer, D. C.; McCreery, R. L. Chem. Mater. 1990,
2, 557.
(38) Knight, D.; White, W. B. J. Mater. Res. 1989, 4, 385.
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Table 2. Results of the Simulations of the 22Si MAS NMR
Spectra

chemical shift in ppm (% Si units)

sample Si0, SiCO3  SiCy0p SiC30  SiCy
1000 °C —109 (65) —71(35) —33(8) -8(2)
1100 °C —111(62) —72(19) —33(15) -11(4)
1200 °C —118(63) —72(22) —35(11) -9 4)
1300 °C —110(66) —70(18) —37(11) —15(5)
1400 °C -110(70) —-72(9) -36(7) —-3(1) —-16(12)
1500 °C —111(70) —-76(6) —35(6) —3(2) —14(16)

1500°C(1h) -—110(65) —76(2)
1500 °C (10 h) —111(68)

—34(13) -6(3) —-18(17)
—38(12) —18 (20)

Table 3. Evolution of the Relative Intensity (Ip/lg), Peak
Frequency (w), and Full Width at Half-Maximum (fwhm)
of the D and G Bands of the Raman Spectra with the
Pyrolysis Temperature

pyrolysis wp fwhmp wa fwhmg
parameters Inlc (em™)  (ecm™) (em™) (ecm™D)
1200 °C 1.3 1340 150 1600 80
1400 °C 1.4 1346 100 1605 64
1500°C;1h 1.9 1357 54 1610 58
1500°C; 10 h 2.2 1362 52 1600 75

ite crystals. However, this band appears in every
polycrystalline graphitic material, pyrolytic carbon or
vitreous carbon.?® The intensity ratio between the D
and G bands (Jp/Ig) can provide indication about the
graphitic domain sizes,36:3839 while the line width of the
G band can be related to disorder between the carbon
sheets.?® The spectral parameters of these two bands
for the various pyrolyzed samples are reported in Table
3: the position of the two bands shift slightly toward
higher wavenumbers, especially the position of the D
band, while they simultaneously sharpen. The intensity
ratio Ip/lg increases with firing temperature from 1.3
at 1200 °C to 1.9 at 1500 °C. Theses values indicate
that the particle size is quite small around 8—4 nm.%®
The band shape parameters of the 1200 and 1400 °C
samples are close to those of coke, corresponding to
highly disordered carbons, while the parameters of the
1500 °C correspond more to glassy carbon.3®

X-ray diffraction patterns are presented in Figure 6.
For the 1200 °C sample, the pattern consists of a broad
signal centered at 260 = 21 °, characteristic of amorphous
silica.4® For the 1400 °C sample, it shows new broad
peaks at 26 ~ 35 °, 60°, and 70° due to the crystalliza-
tion of 8-SiC.#! These signals sharpen with the pyrolysis
temperature, but still remain broad after 1 h at 1500
or at 1600 °C. Above 1500 °C, formation of crystalline
Si0; cristobalite*? is detected through the presence of
sharp signals at 26 = 22.0°, 28.5°, 31.5°, and 36.1°. This
crystalline phase is even more present in the sample
fired at 1500 °C for 10 h.

TEM experiments performed on the 1500 °C sample
fired for 1 h show a very featureless microstructure,
characteristic of a poorly ordered material. Some dif-
fraction rings due to the presence of 5-SiC crystallites
were observed.

A silica gel mixed with amorphous carbon was pre-
pared with a C/Si ratio similar to that of the starting

(39) Lespade, P.; Marchand, A.; Couzi, M.; Cruege, F. Carbon 1984,
22, 375.

(40) Warren, R. E. J. Am. Ceram. Soc. 1934, 17, 24.

(41) JCPDS File 29 1129.

(42) JCPDS File 11 695.

(43) Bahloul, D.; Pereira, M.; Goursat, P. Ceram. Int. 1992, 18, 1.

(44) Biernacki, J. J.; Wotzak, G. P. J. Am. Ceram. Soc. 1989, 72,
122.
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Figure 6. XRD patterns of the pyrolyzed samples. Heating
rate 10 °C/min.
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r — T
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26(°)

Figure 7. XRD patterns of (a) the silicon oxycarbide sample
and (b) a mixture of silica and carbon pyrolyzed under the
same conditions. Heating rate 10 °C/min; maximum temper-
ature 1500 °C; holding time 1 h.

gel from DMDES and TEOS, i.e., C/Si = 1. This sample
was pyrolyzed at 1000 and 1500 °C in order to compare
the crystallization behavior of the two systems. The
1000 °C sample (C/Si = 0.86), is amorphous while the
XRD pattern of the 1500 °C sample (C/Si = 0.4) shows
sharp diffraction peaks due to the formation of cristo-
balite SiO; and silicon carbide 5-SiC (Figure 7).

Oxidation Behavior of Oxycarbide Samples. The
oxidation behavior of oxycarbide samples has been
examined using TG/MS analysis. The TG curves were
recorded under flowing pure oxygen. The TG curve of
the 1200 °C sample (Figure 8) shows a first weight gain
of 0.2% between 500 and 800 °C and then a continuous
weight gain with an increasing oxidation rate above
1000 °C. The total weight gain is 1% at 1400 °C. For
the 1500 °C sample, the weight gain starts only at 900
°C, but the total weight gain is still 1%.

To better define the oxidation of the various phases
present in the materials, evolved gas analysis by mass
spectrometry has been used. This technique follows the
oxygen uptake from a mixed gas (2% Og/helium) by the
pyrolyzed sample, as well as the gases released during
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Figure 8. TG curves under O; of the samples pyrolyzed at
1200 and 1500 °C.
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Figure 9. MS analysis of the gas evolution during the heat
treatment of the pyrolyzed samples under a mixture of He/
2%0,: (a) 1200 °C and (b) 1500 °C pyrolyzed samples.

the reaction. MS curves are shown in Figure 9 for the
1200 and 1500 °C (1 h) samples.

The oxidation of the 1200 °C sample leads to a
departure of COg (m/z = 44) and HyO (m/z = 18) in the
400-800 °C temperature range which coincides with the
slight intake of oxygen (m/z = 32). The peak due to m/z
= 44 could also correspond to SiO, but the presence of
the m/z = 12 fragment due to C2* confirms its attribu-
tion to CO.. In this temperature range, it has often been
reported that the departure of these gases (COs, HyO)
correspond to the combustion of free carbon by the
following reaction:

C-H + 0, — CO, + H,0 (5)

However, this reaction is characterized by a weight
loss and thus is not consistent with the weight gain
observed by TGA (Figure 8). This weight gain seems
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more related with the oxidation of the silicon oxycarbide
phase:

SiC,0, + 0, — SiO, + volatiles (CO, CO,) (6)

Thus, it can be noted that the carbon, present in the
1200 °C product, appears to be embedded in a continu-
ous silicon oxycarbide phase and is not easily oxidized.

Both reactions 5 and 6 could occur simultaneously and
this could explain the changes in the oxidation rate
observed by TGA (Figure 8).

Above 800 °C, an important loss of COy (m/z = 44) is
observed which occurs in two steps. This suggests the
existence of at least two different species in the solid
product. According to the weight gains observed in the
TG curve (Figure 8), the peaks at m/z = 44 (CO,) can
be interpreted as the oxidation of silicon oxycarbide
phases having different compositions, and also by the
oxidation of silicon carbide, according to reactions 6 and
7:

SiC + 0, — Si0, + (CO, CO,) )

For the 1500 °C sample, the TG curve exhibits a rapid
increase in the weight gain above 900 °C due to the
formation of silica. The MS profile of the m/z = 44 peak
is similar to the behavior found for the 1200 °C sample,
above 1100 °C. This could essentially correspond to the
oxidation of the silicon carbide phase, which was
detected by X-ray diffraction and 2°Si NMR.

Whatever the pyrolysis temperature is, 1200 or 1500
°C, these materials thus show a good oxidation resis-
tance, at least in the short term, despite the presence
of carbon-containing phases. However, their oxidation
behavior is different, certainly because of different
microstructures.

The difference in temperature observed between the
TGA and MS can be explained by the difference of
oxygen pressure used during the two types of analyses.

Discussion

The high-temperature behavior of the oxycarbide
samples under argon, can be divided in three main
steps:

(1) From 1000 to 1300 °C. The samples are obtained
with an almost constant char yield, =75 wt %. They
are X-ray amorphous, but the 2°Si MAS NMR shows
clearly the presence of a distribution of SiC,O4-, sites,
with SiOy as the major component. In this temperature
range, the average number of Si—C bonds per Si site
does not vary (Figure 4), but the distribution of SiC,O4—,
sites does change (Figure 3): this is clearly due to
redistribution reactions between Si—C and Si—O bonds
leading to domains rich in Si—O bonds and domains rich
in Si—C bonds according to:

SiCO, + SiCO, — SiC,0, + Si0, (8)
SiC,0, + SiCO, — 8iC40 + Si0, (9)
SiCO, + SiCO, — SiC, + SiO, (10)

Such reactions have already been mentioned in the
literature in the same temperature range for siloxane-
derived oxycarbide samples.!4

The free carbon phase, which formed during the
polymer-to-ceramic conversion around ~700 °C,% is still
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present as revealed from a comparison between the
NMR data and the chemical analysis. Its percentage
does not change over this temperature range and
represents ~75 mol % of the total carbon. Some
information on the structure of this phase can be
extracted from the Raman bands whose spectral pa-
rameters are characteristic of highly disordered carbons
such as charcoal or coke.3® The results of the TG and
MS analyses during oxidation (Figures 8 and 9) suggest
that the free carbon is embedded in a continuous glassy
silicon oxycarbide phase and thus is not readily exposed
to oxidation.

(2) From 1300 to 1500 °C. The char yield is still
stable around 75 wt %, showing no major gas losses.
However, the chemical composition of the oxycarbide
phase changes, according to the 2°Si MAS NMR spectra,
with an increase in the number of Si—C bonds (Figure
4). This is in agreement with the X-ray diffraction
pattern of the 1400 °C sample which reveals the
presence of small 3-SiC crystallites. Simultaneously,
the free carbon content seems to decrease. The Raman
spectra show an ordering of the carbon phase, with
particle size around 3—4 nm. Siloxane derived oxycar-
bide phases, compositionaly stable up to ~1500 °C, have
already been reported in the literature.'*** This is a
surprising result, considering the observed high tem-
perature behavior of the Nicalon fibers: evidence for a
silicon oxycarbide phase was found in these fibers,*®
which is responsible for their degradation at 7" > 1200
°C, caused by carbothermal reactions with free car-
bon.4"48 This point should be further investigated.

(3) At 1500 °C. At this temperature, the char yield
decreases dramatically with holding time, strongly
suggesting that at this temperature, carbothermal reac-
tions occur in the system. The Si—C—-O system is
known to be unstable in this temperature range.*’~4°
Carbothermal reaction between silica and carbon to
produce SiC is well-known:

SiQ, + 3C — SiC + 2CO (11)
Other reactions should be also considered:445°
2S8i0 + 3C — 28iC + CO, (12)
Si(g) + CO(g) — SiC+ /,0, (13)
Si0, + C—Si0 + CO (14)

The latter is in perfect agreement with the loss of
silicon observed with long holding times (Figure 1).
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Formation of silicon carbide is clearly observed by X-ray
diffraction and 2Si MAS NMR. However, the crystallite
size remains very small, #2—3 nm, even after 10 h at
1500 °C. At this temperature, the mixed SiC,0,-, units
(x = 0 and 4) have almost all disappeared and the
system can be described as a matrix of poorly crystalline
silica in which small silicon carbide particles are
dispersed. A free carbon phase is still present as
evidenced by the Raman spectra. The spectral param-
eters, compared to those found for the 1200 °C sample
correspond to more ordered carbon phases such as
glassy carbon. However, the intensity ratio (Ip/Ig) is
quite high, suggesting very small carbon particles. The
comparison of the crystallization behavior of this system
with that of a mixture of silica gel and carbon clearly
shows a high resistance to crystallization of these
oxycarbide samples.

These samples are also resistant to oxidation: in the
1500 °C sample, the oxidation starts only above 1000
°C, compared to 400 °C in the 1200 °C sample. This
can be related to the presence of less free carbon which
has been consumed according to reaction 11, as well as
less mixed SiC,O4-. sites (x = 4) which seem much more
reactive to oxidation than SiC.

Conclusion

The high temperature behavior of silicon oxycarbide
samples obtained through the pyrolysis under inert
atmosphere of methyl-containing silica gels was inves-
tigated, using elemental analysis, 2°Si MAS NMR
spectroscopy, Raman spectroscopy, and X-ray diffrac-
tion. The starting sample, pyrolyzed at 1000 °C, can
be described as a main oxycarbide phase with a random
distribution of SiC,04_, units and an additional free
carbon phase. Up to 1300 °C, the system undergoes
redistribution reactions between Si—C and Si—O bonds
leading to a phase separation between domains rich in
SiCy4 units and others rich in SiO4 units. Between 1300
and 1500 °C, the system is still compositionaly stable.
The NMR data seems to indicate an enrichment in Si—C
bonds of the oxycarbide phase, which is related to a
decrease in the free carbon content. However, no
important weight loss are observed. At 1400 °C, small
SiC crystallites start to form. It is only at 1500 °C with
increasing holding times that the char yields strongly
decrease, indicating carbothermal reduction reactions
between the oxycarbide and the free carbon phases.
However, the samples remain poorly crystalline, show-
ing a high resistance to crystallization. Their good
oxidation resistance is also a positive point for these
systems, if applications in the field of high-temperature
materials are considered.
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