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Silicon oxycarbide glasses have been synthesized by inert 
atmosphere pyrolysis at 1000°C of gel precursors obtained 
by cohydrolysis of triethoxysilane, HSi(OEt),, and methyl- 
diethoxysilane, HMeSi(OEt), . The oxycarbide structures 
have been carefully characterized by means of different 
techniques such as 29Si magic angle spinning nuclear mag- 
netic resonance (MAS-NMR) and Raman spectroscopies, 
X-ray diffraction (XRD), and chemical analysis. Experi- 
mental results clearly indicate that, depending on the 
composition of the starting gels, the resulting oxycarbide 
glass either is formed by a pure oxycarbide phase or con- 
tains an extra carbon or silicon phase. By increasing the 
temperature up to 1500"C, the oxycarbide glasses display 
compositional and weight stability; however, the amor- 
phous network undergoes structural rearrangements that 
lead to the precipitation of nano-sized p-Sic crystallites into 
amorphous silica. Crystallization of metallic silicon is also 
clearly observed at 1500°C for the samples in which the 
presence of Si-Si bonds was postulated at 1000°C. 

I. Introduction 

ILICON OXYCARBIDE glasses are a new class of amorphous S solids derived from the structure of silica glass in which part 
of the divalent oxygen atoms have been replaced with tetracoor- 
dinated carbon atoms.' The ideal composition of a silicon oxy- 
carbide phase consisting only of Si-0 and Si-C bonds, with no 
Si-Si, C-0, and C-C bonds, is SiC,O,,, -,), in which one tetra- 
valent carbon atom substitutes for two divalent oxygen atoms. 
This substitution leads to the presence, in the amorphous net- 
work, of carbidic carbon units, [C(Si),], which strengthen the 
structure by increasing its bond density. Thus, all of the physi- 
cal and chemical properties directly related to the structure of 
the amorphous network, such as the elastic modulus, hardness, 
density, viscosity, glass transition temperature, and chemical 
durability, are expected to increase with the amount of incorpo- 
rated carbon. Indeed, literature data on the characterization of 
these novel materials indicate superior properties for the 
C-containing glasses compared to the parent fully oxide sys- 
tem~. ' -~  Moreover, preliminary results obtained in our labora- 
tory3 and also reported in the literature"' indicate the possibility 
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of crystallizing nano-sized S i c  from the oxycarbide glass, thus 
giving the opportunity of processing in situ silicon carbide rein- 
forced silica nanocomposites. 

Silicon oxycarbide glasses can be produced by pyrolysis in 
an inert atmosphere of polysiloxanes.*-" These precursors can 
be synthesized via the sol-gel route starting from organically 
modified silicon alkoxides, R',-Si(OR),-,. R' is usually a 
methyl group.~7,9-11,13,16,18,21 However, other organic groups 
containing more C atoms were introduced in silica gels such as 
ethyl, propyl, phenyl, vinyl, or allyl:"5,11 in the case of alkyl 
chains, carbon is lost during the pyrolysis by p-elimination, and 
thus the final C content is similar to that obtained with methyl 
groups. In contrast, with phenyl or unsaturated side chains, the 
residual C content is much higher and leads to the formation of 
an important free carbon phase. Methyl-substituted silica gels 
thus appear as the most suitable precursors for silicon oxycar- 
bide glasses. 

29Si magic angle spinning nuclear magnetic resonance 
(MAS-NMR) experiments clearly indicated that part of the 
Si-C bonds present in the precursor gel are retained in the pyro- 
lyzed product, thus leading to the expected oxycarbide struc- 
ture.2,8,'G12 Ho wever, even for the methyl-substituted systems, 
Raman spectros~opy,~'~l~ transmission electron spectroscopy 
(TEM)? quantitative MAS-NMR analysis,'6,21 and also the 
black color of the oxycarbide samples show that, in the gel- 
derived oxycarbide glasses, part of the carbon atoms are present 
in a second phase as free carbon. Therefore, the system must be 
described as a composite material formed by a silicon oxycar- 
bide matrix of the general formula SiC,O,,, and a dispersed 
free carbon phase.5," The problem of controlling the composi- 
tion of the resulting oxycarbide phase, i.e., the x value of substi- 
tuted C, and the amount of the free carbon phase, has been 
recently addressed in the literature by one of the present authors 
for the methyl-modified silica gels." This study suggests that, 
as a first approximation, the amount of carbidic carbon in the 
oxycarbide structure, (C/Si)oxy, is related to the oxygen content 
of the precursor gel, (O/Si)ge,, via the relationship 

(C/Si)oxy = (4  - [(O/Si),,, X 21114 

It is based on the assumption that the number of Si-0 bonds 
remains constant during the transformation process from the gel 
to the oxycarbide structure. This assumption was established 
based on available published data on the compositions of the 
starting gels and the corresponding pyrolyzed products.22 In the 
same study, it was suggested that, when the C content of the 
precursor gel is higher than the amount of carbon required to 
form the oxycarbide phase according to Eq. (l), a free carbon 
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phase can form. For example, fully condensed silica gels 
obtained from tetraethoxysilane, Si(OEt), (TEOS), and dimeth- 
yldiethoxysilane, Me,Si(OEt), (DMDES), copolymers in a 1/1 
ratio with (O/Si)ge, = 1.5 should lead to the following oxycar- 
bide phase: Sic, 5 .  Moreover, the carbon content of the gel 
is (C/Si)gel = 1 >> (C/Si)oxy = 0.25 and therefore a free car- 
bon phase could be present in the pyrolyzed samples. Experi- 
mental results are in good agreement with this model; the C/Si 
ratio in the 1000°C sample is 0.56. So almost 50% of the initial 
C was eliminated through gaseous products (methane, but also 
silanes); the residual C was found in the oxycarbide phase 
[(C/Si),,, - 0.151 and also in a free carbon phase." 

Modified silica gels obtained from cohydrolysis of triethoxy- 
silane, HSi(OEt), (TREOS), and methyldiethoxysilane, HMe- 
Si(OEt), (MDES), are attractive precursors for oxycarbide 
glasses due to the possibility of changing the oxygen and car- 
bon content in the gel by varying the relative amount of the two 
alkoxides. For these gels, the amount of carbon is related to the 
amount of oxygen according to the solid line of Fig. 1 and it 
ranges from a value of 0 for 100% TREOS composition up to 1 
for the 100% MDES sample. In the same figure, the dotted line 
shows the relationship between the C and 0 contents in the stoi- 
chiometric oxycarbide phase. The two lines cross each other for 
a value of O/Si = 1.33, corresponding to a gel composition of 
66.7 TREOS.33.3 MDES (mol%). In this case, the carbon con- 
tent of the gel matches the amount of carbon of the correspond- 
ing oxycarbide phase and therefore the tendency for the system 
to form a C,, phase should be low. Following the same idea, 
the formation of a free carbon phase should be favored for gel 
compositions with O/Si < 1.33, i.e., TREOS content lower than 
66.7%, whereas when O/Si > 1.33, i.e., for TREOS content 
higher than 66.7%, the pyrolysis process should lead to the for- 
mation of an oxycarbide phase with a carbon deficiency, thus 
leading to the presence of Si-Si bonds. Indeed, it has already 
been proved experimentally by quantitative 29Si MAS-NMR 
analysis that gels with the 66.7 TREOS.33.3 MDES composi- 
tion pyrolyzed at 1000°C lead to an almost pure silicon oxycar- 
bide glass while a Ckee phase was observed in the black glass 
derived from the 50 TREOS.50 MDES (mol%) composition, in 
agreement with the previous analysis.'* 

The present study focuses on the high-temperature behavior 
up to 1500°C of the oxycarbide glasses produced from TREOS/ 
MDES copolymers pyrolyzed at 1000°C. Compositions of the 
starting gels have been chosen in order to get, after the pyrolysis 
process, the two different structures as previously discussed, 
i.e., the almost pure oxycarbide phase (66.7 TREOS.33.3 
MDES) and the system with a C,, phase (SO TREOS.50 
MDES). An additional gel with TREOS content higher than 
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Fig. 1. C/Si vs O/Si for gel samples obtained from cohydrolysis of 
TREOS and MDES (solid line) and for the stoichioinetric oxycarbide 
phase (dotted line). The compositions of the studied gels (A, B, and C )  
are also reported. 

66.7% has been studied to verify the hypothesis of the forma- 
tion, when (O/Si)ge, > 1.33, of an oxycarbide network with not 
only Si-0 and S i x  but also Si-Si bonds. 

11. Experimental Procedure 

Three gel compositions, labeled A, B, and C, have been stud- 
ied with a TREOS content = SO,  66.7, and 90.9 mol%, respec- 
tively (Fig. 1). The chosen compositions have a TREOS/MDES 
ratio of 1, 2, and 10, respectively. Weighted amounts of the 
two alkoxides (K&K, New York) were mixed in ethanol 
(EtOH/Si = 2) and hydrolyzed with distilled water 
(H,O/OR = 1; pH -6). The solution was stirred for 15 min and 
then poured into open test tubes. Gelation times range from a 
few hours for the TREOS-rich composition up to a few days for 
the MDES-rich gel. Transparent, monolithic gels were obtained 
after a drying process of 1 week at room temperature and 24 h at 
80°C. Weight losses and thermal effects associated with the 
pyrolysis process were monitored on powdered samples by per- 
forming TG/DTA analysis in flowing argon on Netszch equip- 
ment up to 1550°C with a heating rate of 5"C/min. 

Black glasses were produced from the gels by a pyrolysis 
process at 1000°C in flowing Ar (100 cm3/min). Samples were 
placed in a furnace equipped with a silica tube and heated 
5"C/min with a holding time of 1 h at the maximum tempera- 
ture. The oxycarbide samples were then fired in a graphite 
furnace at various temperatures up to 1500°C using the same 
heating schedule and atmosphere. Selected samples were 
analyzed for Si, C, and H contents by the Service d'Analyse 
Elementaire du CNRS, France. Oxygen was estimated by 
difference. 

"Si MAS-NMR spectra were collected with a MSL 400 
Bruker spectrometer (79.5 MHz). The powdered samples were 
put in 7-mm zirconia rotors and spun at 4 or 5 kHz. The spectra 
were recorded using a spectral width of 50000 Hz with pulse 
width of 2.5 p s  (0 - 30") and relaxation delays of 60 s. 
Because of long 29Si relaxation times, quantitative analysis of 
the NMR data is always delicate. However, the parameters used 
in this study should give a general trend in the evolution of the 
various Si sites;" 1000 to 1500 transients were recorded and a 
line-broadening procedure (50 Hz) was applied before Fourier 
transform. 

A Rigaku diffractometer operating at 40 kV and 30 mA, 
equipped with a graphite curved crystal monochromator in the 
diffracted beam, was used to record the XRD spectra of pow- 
dered samples fired at various temperatures. A JEOL lO0CX I1 
instrument was used to perform TEM investigations on fine 
powders dispersed on a copper grid. 

Room-temperature Raman spectra were recorded, in a 90" 
scattering geometry, on monolithic pyrolyzed samples by excit- 
ing the samples in air with an Art ion laser operating at 
488.0 nm. The scattered radiation was dispersed with a double 
monochromator (Jobin-Yvon, Ramanor HG2-S), equipped with 
holographic gratings (1800 line/mm), and detected with a 
cooled photomulitplier interfaced with a standard photon count- 
ing system. Well reproducible Raman spectra, of remarkable 
intensity and of quite good signal-to-noise ratio, were collected 
with a single scan. 

111. Experimental Results 

(1) Characterization of the Gels 
Chemical analysis of the gel samples is reported in Table I. 

The C/Si ratio for the A and B compositions (0.51 and 0.35, 
respectively) are very close to the expected values (0.5 and 
0.33, respectively) calculated assuming that the condensation 
reactions are complete, with no residual Si-OH or Si-OEt 
groups in the gels. These results suggest that all the Si-CH, 
moieties of the MDES precursor survive the gelation process 
and that the gel networks are fully condensed. For the 10/1 
composition (sample C), the experimental C/Si ratio (0.16) is 
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Table I. Chemical Analysis of the Gels and Their Ceramic Yields 

38 1 

TG Composition (wt%) 

Sample Si C 0 H Empirical formula C/Si* (yield %) 
_____ ~~ 

A 47.22 10.38 38.15 4.25 SiC,,,O,,,H,,, 0.5 84 
B 48.90 7.26 40.34 3.50 SiC,,,O,,,H,,, 0.33 90 
C 49.61 3.295 44.56 2.53 SiC,,,O,,,H,,, 0.09 96 

*Theoretical value calculated from the TREOWMDES ratio assuming fully condensed gels and complete retention in the gel 
structure of the Si-CH, groups of MDES. 

higher compared to the theoretical one (0.09). This difference, 
however, can be easily accounted for by the presence in the gel 
of only 1 mol% of nonhydrolyzed Si-OEt groups. 

29Si MAS-NMR analysis shows unequivocally the presence 
of the Si-H and S i x  bonds in the gel network (Fig. 2). NMR 
spectra display two main peaks at - 84 pprn (HSiO, units) and 
at -34 pprn (HSiCO, units) and two less intense peaks at 
- 110 pprn (SiO, units) and at - 64 pprn (SXO, units). All of 
the detected NMR peaks can be assigned to fully condensed sil- 
icon units and no evidence was found for terminal groups such 
as Si-OH or Si-OEt. The experimental spectra were simulated 
to get a quantitative estimation of the various silicon sites pres- 
ent in the gels (Table 11), which suggests that the Si-H bonds 
are retained to a large extent in the gels and only a few percent 
of them are hydrolyzed, leading either to SiO, or SiCO, units. 
The quantitative analysis of the 29Si MAS-NMR spectra also 
allows one to estimate the amount of carbon directly bonded to 
silicon atoms (Table 11). These values, for all three gels, are in 
excellent agreement with the theoretical ones and confirm the 
stability of the Si-C bonds of MDES toward the hydrolysis 
reaction. Therefore, the three gels can be described as formed 
by a fully condensed silica network containing almost all of the 
Si-H and Si-CH, groups introduced with the TREOS and 
MDES precursors, without appreciable amounts of unreacted 
Si-OEt or uncondensed Si-OH moieties. 

The three gel samples display similar thermogravimetric 
behavior with only one main weight loss between 400" and 
500°C and no weight loss above 1000°C up to 1500°C. 

l c  * I  I / ! \  I * I 
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Fig. 2. 
sidebands. 

"Si MAS-NMR spectra of the A, B, and C gels; (*) spinning 

The ceramic yield at 1000°C is very high, always over 84% 
(Table I). A detailed study of the conversion process performed 
mainly by using the "Si MAS-NMR technique will be reported 
el~ewhere.'~ 

(2) 
Pyrolysis of the gels at 1000°C leads to X-ray amorphous 

oxycarbide glasses. Chemical analyses performed on the black 
glasses pyrolyzed at 1000°C are reported in Table TIT. The C/Si 
ratio does not change during the pyrolysis process, which is the 
same, within the accuracy of the experimental method, for the 
gel samples and for the corresponding ceramic chars. Chemical 
analysis can help in understanding the structure of the pyro- 
lyzed gels. Indeed, assuming the general formula SiC,O,(, 
for the oxycarbide phase, from the experimental O/Si value, it 
is possible to estimate the C/Si value of the oxycarbide struc- 
ture. Thus, by comparing these results with the total amount of 
carbon derived from chemical analysis, it is possible to estimate 
the amount of free carbon, if any. When the total carbon content 
is not enough to saturate all of the free valences on silicon atom, 
then some Si-Si bonds could form. The stoichiometry of the 
oxycarbide phase and the excess C or Si, if any, is reported in 
Table 111. For gel A, -40 mol% of the total carbon is present in 
a free carbon phase while, for gel B, an almost pure oxycarbide 
phase has been obtained. As for the ceramic char derived from 
gel C, this analysis suggests the formation of S i S i  bonds. 
These results, for the three systems, are in good agreement with 
what was expected. 

NMR spectra recorded on these samples are reported in 
Fig. 3. Compositions A and B, with a higher carbon content, 
display similar spectra with three broad NMR peaks in the 
chemical shift ranges 0 to - 40 ppm, - 50 to - 80 ppm, and 
- 90 to - 120 ppm, associated with all of the possible mixed 
silicon oxycarbide sites SiC,O,_, with 0 5 x 5 4, i.e., SiO, at 
= - 108 ppm, SiCO, at - - 70 ppm, SiC,O, at - - 35 ppm, 
Sic, at - - 16 ppm, and SiC,O = - 5 ppm. The NMR spectrum 
of the C sample is dominated by the SiO, component with a 
smaller resonance peak assigned to the SiCO, site and also a 
very small and broad peak in the chemical shift range (0 to - 40 
ppm) typical of Si atoms in Sic,, SiC,O, and SiC,O, units. 
These results show that the pyrolytic conversion of the studied 
gels actually leads to the formation of an amorphous oxycarbide 
structure built by a random array of silicon oxycarbide units 
SiC,O,-, with 0 5 x 5 4. This was already seen by various 

but what is important is to extract the C content of 
the oxycarbide phase. A quantitative description of the amor- 
phous oxycarbide networks in terms of the various silicon sites, 
SiO,, SiCO,, S iCz02,  SiC,O, and Sic,, can be determined by 
simulating the experimental 29Si MAS-NMR spectra with the 
individual components. The results are reported in Table IV. 

Characterization of the Black Glasses 

Table 11. 29Si MAS-NMR Characterization of the Gels 
szo, HSzO, SICO, HScCO, 

Sample G(ppm) % G(ppm) % G(ppm) % G(ppm) % C/SI* H/Si* 

A - 109.9 4 -83.7 46 -64.5 2 -33.7 48 0.50 2.43 
B -110.0 2 -84.8 65 -64.4 1 -34.3 32 0.32 1.93 
C -111.7 3 -85.6 88 -33.9 9 0.09 1.24 

*Vdlues calculated from z9S1 MAS-NMR analysis assuming a fully condensed network 
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Table 111. Chemical Analysis of Black Glasses Fired at 1000°C for 1 h* 

Oxycarbide Composition (wt%) 
Sample Si C 0 Empirical formula stoichiometry' 

A 49.17 9.72 40.81 SiC,,,O, 46 SiC,,,O,,, + 0.19C 
B 51.78 7.03 40.88 SiC,,,O, 2n SiC,.,,O, In + 0.02C 
C 49.67 2.45 47.57 0,12 S i C ~ . ~ ~ O ~ : ~ ~  + 0.04% 

*The hydrogen content was found to be lower than 0.30 wt% for all of the samples and is not reported here. 'The reported oxy- 
carbide stoichiometry and the amount of free carbon or silicon is calculated on the basis of the experimental O/Si ratio as 
explained in the text. 

The corresponding oxycarbide stoichiometries have been calcu- 
lated assuming all C atoms in carbidic carbon units [C(Si),]. 

For sample A, the composition of the oxycarbide phase 
established by NMR, SiC,,,O,,, is in very good agreement 
with that determined by chemical analysis (Table 111), thus sug- 
gesting strongly the presence of a free carbon phase that should 
contain, according to the NMR analysis, -35 mol% of the total 
C content. 

For sample B (SiCo370125), the agreement between NMR 
( C h i  ~ = i  0.37) and chemical analysis (C/Si - 0.30) results is 
not so good. However, these two values can be considered as 
equivalent to each other within the range of experimental error, 
especially considering that the C/Si ratio from NMR should be 
equal to or less than the total amount of C derived from chemi- 
cal analysis, i.e., C/Si 5 0.32. Indeed, by taking into account 
the rather high level of noise in the NMR spectra, the accuracy 
of the NMR quantitative analysis cannot be high and the results 
should be examined more to understand the general trend in the 
compositional evolution rather than to get very precise compo- 
sitional information. Thus the ceramic char from gel B could be 
described as an almost pure oxycarbide phase with no or very 
low amount of free carbon. 

For sample C, chemical analysis results suggest the presence 
of Si-Si bonds, probably in mixed silicon oxycarbide units such 
as Si(Si,C,O,> with x + y + z = 4. Unfortunately, the chemi- 
cal shifts for these mixed silicon units are known for very few 
cases, such as Si(SiC0,) (6 = -22 pprn), Si(SiC,O) (6 = 0 
pprn), and have been usually reported for siloxane compounds 
in which the carbon environments are C(H,Si) and not C(Si),.I7 

The only reported value that could be directly used for the oxy- 
carbide systems is that of metallic silicon, i.e., Si(Si), (6 = 
- 80 ~ p m . ' ~  The NMR spectrum of sample C can be satisfacto- 
rily explained in terms of only Si-0 and Si-C bonds. 29Si NMR 
peaks at = - 70 and = - 110 ppm can be assigned respectively 
to SiCO, and SiO, units. However, a careful observation of the 
29Si MAS-NMR peak at ~ = i  - 70 pprn (Fig. 4) suggests that 
a component at - - 80 ppm, assigned to Si(Si), units, could 
be present. The simulation of this spectrum was done includ- 
ing this component, and gave the following stoichiometry: 
Sic, ,20, 77 + O.O6Si, in good agreement with the composition 
extracted from chemical analysis (Table 111), suggesting that 
-6 mol% of the silicon atoms could be present in an environ- 
ment similar to that found in metallic silicon. Indeed the pres- 
ence of Si-Si bonds will be strongly confirmed by the XRD 
study discussed later in this paper. 

Thus, both NMR and chemical analysis studies strongly 
suggest that the structure of the ceramic chars derived from 
gels A, B, and C depend on the composition of the starting gels. 
Sample B can be described as an almost pure oxycarbide phase. 
Sample A contains an additional free carbon phase, while sam- 
ple C could present an extra metallic silicon phase. However, in 
this last sample, the Si-Si bonds could be present within the 
oxycarbide network. 
(3) High-Temperature Evolution of Sample A 

The black glass obtained after firing gel A at 1000°C has been 
fired at 1200°, 1400°, and 1500°C with 1 h of holding time at the 
maximum temperature in order to study its high-temperature 
stability. 

100 0 -1  00 -200 
Chemical Shift (ppm) 

Fig. 3. 
1000°C for 1 h. 

29Si MAS-NMR spectra of the A, B, and C gels pyrolyzed at 

c 
-50 -70 -90 -110 -130 -1 

Chemical Shift (ppm) 
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Fig. 4. Enlargement of the "Si MAS-NMR spectrum of gel C pyro- 
lyzed at 1000°C for 1 h. The various components used for the simula- 
tion of the spectrum are also shown. 

Table IV. 29Si MAS-NMR Characterization of the Oxycarbide Glasses Fired at 1000°C for 1 h 

Composition 
from NMR analysis 

SIO, SlCO, SIC,O, SIC,O SIC, SO), 
Sample G(ppm) % G(ppm) % G(ppm) % G(ppm) 8 G(ppm) % G(ppm) % 

slcO Wo, 40 
A -107.6 42 -67.6 29 -31.3 11 -3.3 5 -15.2 13 
B -108.8 36 -73.8 27 -37.0 11 -7.0 5 -16.4 21 SiC..,-O. "r " I <  - 1 L l  

C -109.7 67 -72.4 17 -39.6 5 - 16.0 4 -85.0 7 SiC,,,O,,, + 0.06Si 
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Table V. Chemical Analysis Characterization and Char Yields of Black Glasses Fired for 
1 h at Various Temperatures between 1000" and 15OO0C* 

Composition (wt%) 

Pyrolysis parameters s1 C 0 Empincal formula Char yield (%) 

10OO"C, 1 h 49.17 9.72 40.81 sic0460, 46 I00 
1200"C, 1 h 48.88 10.18 40.79 'Ic, 49O146 99.7 

15OO0C, I h 48.59 9.75 41.56 s1cn4@1m 97.5 
14OO0C, 1 h 47.70 9.89 42.31 'Ic, 4X01 56 
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*Hydrogen content, not reported here, was found to be lower than 0.30% for the 1000°C samples and lower than 0.15% for all 
of the other samples. 

Chemical analysis and char yields reported in Table V show 
that the nominal composition of the black glass is stable up to 
1500°C. However, in spite of this compositional stability, XRD 
analysis, reported in Fig. 5, suggests that, by increasing the fir- 
ing temperature, a structural evolution occurs, leading to the 
crystallization of very fine p-Sic crystals. Indeed, starting from 
1 200°C, the typical diffraction peaks of cubic silicon carbide 
crystal around 2 0  = 35", 60", and 72" can be clearly seen. At 
1500"C, an average crystallite size of =2 nm has been com- 
puted from the XRD data using the Scherrer equation. 

The structural evolution shown by the XRD study is even 
more evident from the 29Si MAS-NMR analysis reported in 
Fig. 6. By increasing the firing temperature, the intensity of the 
NMR signals due to mixed silicon oxycarbide units, especially 
SiCO, and SiC,O, sites, progressively decreases, and finally the 
NMR spectrum at 1500°C shows mainly the resonance peaks 
due to SiO, (6 = - 110 ppm) and Sic, (6 = - 15 ppm) units. 
The NMR analysis clearly indicates that the starting homoge- 
neous oxycarbide network undergoes structural rearrangements 
that lead to a phase separation into silica and silicon carbide, in 
agreement with the diffraction studies. A similar evolution has 
already been reported in the literature for different gel-derived 
oxycarbide g l a s s e ~ ~ ~ ~ ~ ' ~ ~ ~ ~  and has been ascribed' to redistribu- 
tion reactions between Si-0 and S i x  bonds similar to those 
first discovered by Corriu et al.26,27 in a study on the pyrolysis of 
polysilsesquioxane gels. The NMR spectra have been simulated 
with individual components and the composition of the oxycar- 
bide phase at various pyrolysis temperatures has been calcu- 
lated (Table VI). The quantitative study suggests that, by 
increasing the temperature from 1000" to 1200"C, the oxycar- 
bide network becomes richer in Sic, and SiO, units with a con- 
current decrease of the amount of SiCO, and SiC,O, units. It 
should be noted that this structural evolution occurs without any 
variation in the chemical composition of the oxycarbide phase 
as well as without any appreciable weight loss, as can be seen 
from the char yield reported in Table V. From 1200" to 1400"C, 
the relative amount of the various silicon units in the oxycar- 
bide network is stable. Conversely, from 1400" to 1500"C, 
NMR analysis shows a dramatic decrease of the mixed SiCO,, 
SiC,O,, and SX,O units and a simultaneous strong increase 
(from - 18% to -40%) of the silicon atoms in a silicon carbide 
environment, i.e., Sic, units. The peak due to these units has an 
asymmetric line shape and was simulated with three compo- 
nents at - 16, - 20, and - 25 ppm. The first value is character- 
istic of Si sites present in crystalline p-Sic while the two others 
have been reported for 01 polytypes." The presence of these 
three components has already been mentioned for S i c  derived 
from polycarbo~ilane.~~ At this temperature, the composition of 
the oxycarbide network, derived from the NMR study, suggests 
that the amount of carbon atoms directly bonded to silicon 
atoms (C/Si) has increased from -0.29 at 1400°C up to -0.45. 
This value is close to the total amount of carbon measured by 
chemical analysis, -0.47. The NMR data have also been ana- 
lyzed in terms of the number of Si-C and Si-0 bonds per sili- 
con atom (Fig. 7). The number of S i x  bonds is constant from 
1000" to 1400"C, -1.2 f 0.1, confirming the compositional 
stability of the oxycarbide phase. At 15OO"C, the increase of the 
number of Si-C bonds up to - 1.8 t 0.1 seems to indicate that 

some free carbon has reacted with the oxycarbide network to 
form new Si-C bonds. 

Chemical analysis and 29Si MAS-NMR results explicitly sug- 
gest the presence, in the pyrolyzed samples, of an extra C,, 
phase. While NMR investigation provided insight into the local 
order around the silicon atoms in terms of SiC,O,-, (0 5 x 5 4) 
units and their evolution with the firing temperature, no infor- 
mation is available on the structure of the free carbon phase. 

moot 
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Fig. 5. 
ous temperatures between 1000" and 1500°C. 

XRD spectra recorded on sample A pyrolyzed for 1 h at vari- 
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Fig. 6. 
1 h at various temperatures between 1000" and 1500°C. 

"Si MAS-NMR spectra recorded on sample A pyrolyzed for 
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Table VI. Sample A: *'Si MAS-NMR Characterization of Black Glass Fired for 1 h at Various Temperatures between 
1000" and 1500°C 

Pyrolysis 
parameters G(ppm) % G(ppm) % G(ppm) % G(ppm) % G(ppm) % fromNMRaalysls 

s10, SlCO, scc,o, SlC,O SIC, Composition 

1000°C, 1 h -107.6 42 -67.6 29 -31.3 11 -3.3 5 -15.2 13 30°1 40 

1200"C, 1 h -108.0 55 -72.0 15 -34.0 7 0.0 5 -10.6 18 sic, S o l  42 

1400°C, 1 h - 108.0 54 -74.0 15 -36.0 12 -3.7 1 - 14.2 18 sic" 29O142 

1500"C, 1 h -110.7 47 -77.0 5 -42.0 7 -7.0 1 -16.5 40 sic, 4 5 0 1  10 

Composition 
.. b (ppm) ~L' L. 

1000°C, l h  -107.6 42 -67.6 79 --?I 7 1 1  -1.3 5 -15.2 13 Sic, An 

1200°C. 1 h - 108.0 55 -73 n 

3 1  I 

. . . 
0 

1 '  
1000 1200 1400 1600 

Temperature ("C) 

Fig. 7. Evolution of the average number of Si-C and Si-0 bonds per 
Si sites units in sample A pyrolyzed for 1 h at various temperatures 
from 1000" to 1500°C. 

I I , . . . . . . .  I 

This prompted us to study the pyrolysis process by Raman 
spectroscopy, which is the most suitable tool to characterize the 
various forms of crystalline as well as disordered graphitic car- 
b o n ~ . ~ ~  Typical Raman spectra recorded in the region 200-3200 
cm- ' from oxycarbide glasses pyrolyzed at various tempera- 
tures between 1000" and 1500°C are shown in Fig. 8. Indepen- 
dently of the firing temperature, two main distinct features in 
the 1300-1600 cm-' region are observed. They are superim- 
posed upon a luminescence background whose spectral inten- 
sity and shape are strongly dependent on the processing 
temperature. For temperatures below 1300"C, the luminescence 
background whose maximum is around 2750 cm-' (-2.2 eV) 
is particularly broad and intense. In contrast, a nearly flat and 
relatively weak luminescence background is observed for sam- 
ples fired at 1500°C. Such luminescence has already been 
reported for polymer-derived ceramics.* ' ~ 3 , ~ '  This phenomenon 
could come from the presence of radical species. Indeed, the 
ESR spectrum of the sample fired at 1000°C shows a signal at 
g = 2.0027. Such a value, typical of organic free radicals, can 
be attributed to the presence of dangling bonds on C atoms." 
Similar ESR spectra have already been reported for poly- 
silane-derived  material^.^' 33 34 

The pair of Raman bands observed in the 1300-1600 cm-' 
region are the diagnostic features of all known disordered gra- 
phitic forms of carbon30,35-37 and are often referred to as the D 
and G bands,'" re3pectively. In the highly disordered carbons, 
such as coke and charcoal, they are very broad bands whereas 
they turn out much more narrow in glassy carbon and in poly- 
crystalline graphite. The higher energy band (G band) is the 
only vibrational mode (EZg symmetry in the D& space group) 
observed in this region for both natural single crystals of graph- 
ite30 36 and highly oriented pyrolitic gra~hite.~" 17 The lower 
energy band (D band) occurs in the Raman spectra of carbon in 
polycrystalline and amorphous forms. The broadening of these 
bands relates to the degree of structural disorder of the gra- 
phitic phase. 

The observation of the D and G bands in the Raman spectrum 
of the 1000°C sample clearly indicates the presence of a dis- 
ordered graphitic-like component even at this temperature. 

I I I 
1000 2000  30C 

RAMAN SHIFT ( c r n - l )  

Fig. 8. Experimental Raman spectra obtained at room temperature 
under excitation of the 488.0-nm line from samples pyrolyzed for 1 h at 
(a) 1000"C, (b) 1200"C, (c) 1300"C, (d) 1400"C, and (e) 1500°C. 

The band position and broadening change with firing tempera- 
ture. In fact, their maxima continuously shift toward higher 
energies, from about 1323 and 1575 cm-' in the spectrum of the 
1000°C sample to the respective values of 1357 and 1605 cm-' 
at 1500°C. As for their line broadening, a progressive nar- 
rowing is observed as a function of the pyrolysis temperature. 
The line-broadening evolution clearly suggests a structural 
rearrangement in the carbon phase which could occur through 
the growth or the ordering of existing nanocrystallites. The 
spectral parameters of these two bands derived from the spectra 
of the different samples are reported in Table VIl. For the 
1500°C sample, the Raman spectrum is very similar to that 
reported in the literature for turbostratic microcrystalline graph- 
ite and glassy carbon in which typical domain sizes are around 
2 to 3 nm.15,38 

TEM studies confirmed the presence of a free carbon phase 
in the 1200" and the 1500°C samples derived from the gel A. 
Figure 9 shows a high-resolution micrograph of the sample 
fired at 1200°C in which a well-defined turbostratic graphite 
structure is clearly visible. Similar results were obtained for the 
1500°C sample. The domain size of the turbostratic graphite 
structures was found to be usually lower than 5 nm with few 
crystallites, such as the one shown in Fig. 8, over 10 nm. 

(4) Structural Characterization of Gels A, B, and C Fired at 
1500°C: A Comparative Analysis 

XRD spectra of the samples fired at 1500°C for I h are shown 
in Fig. 10. Samples A and B display similar spectra with the 
typical features of amorphous silica around 2 0  = 22" and 



February 1995 Structural Characterization and High-Temperature Behavior of Silicon Oxycarbide Glasses 

Table VII. Sample A: Evolution of the Relative Intensity (ZD/ZG), Peak Frequency (m), and 
Full Width at Half-Maximum (FWHM) of the I) and G Bands with the 

Pyrolysis Temperature* 
Pyrolysis W" FWHM, % FWHM,, 

parameters ID& (cm-') (cm-') (cm-') (cm-') 

1000"C, 1 h 1.36 1323 220 1575 96 
1200"C, 1 h 1.38 1340 215 1590 86 
1300"C, 1 h 1.31 1342 178 1605 70 
1400"C, 1 h 1.36 1345 117 1605 72 
1500"C, 1 h 1.92 1357 64 1605 61 

*The parameters were derived from expenmental Raman spectra shown in Fig. 7, after subtraction of the luminescence 
background. 
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Fig. 10. 
1 hat  1500°C. 

XRD spectra recorded on samples A, B, and C pyrolyzed for 

Fig. 9. High-resolution transmission electron micrograph of sample 
A fired at 1200°C showing a well-defined turbostratic graphite 
structure. 

broad peaks at 35", 60", and 72" due to p-Sic microcrystals. 
The crystal size was estimated around 2 nm for both samples 
using a peak broadening procedure. The diffraction spectrum of 
sample C, besides the features of amorphous silica and cubic 
silicon carbide, shows also quite sharp peaks at 2 0  = 28", SO", 
and 55" due to the presence of a metallic silicon phase. Crystal 
sizes were estimated to be -3 nm for p-Sic and 20 nm for 
metallic silicon. 

29Si MAS-NMR spectra recorded on the same samples are 
shown in Fig. 11. They show two resonance peaks at = - 15 
ppm and at - - 110 ppm, respectively, due to silicon atoms in 
silicon carbide and silica environments. In addition, the NMR 
spectrum of sample C shows a sharp peak at -79.4 ppm 
assigned to silicon atoms in a metallic silicon environment such 
as Si(Si,) units. 

Thus NMR and XRD investigations explicitly indicate that 
for all of the studied samples, the amorphous oxycarbide phase 
formed at 1000°C undergoes, at 1500"C, a phase separation 
leading to the crystallization of p-Sic microcrystals into an 
amorphous silica phase. In order to extract quantitative infor- 
mation on the different phases present in the three 1500°C sam- 
ples, the 29Si MAS-NMR spectra have been simulated and the 
composition of the oxycarbide phases have been calculated 
(Table VIII). Results concerning sample A, showing at 1500°C 
an increase in the C content of the oxycarbide network, have 
already been presented above. 

For sample B, it is worth noting that, at 1500"C, the stoichi- 
ometry of the oxycarbide phase derived from the NMR analysis 
(SiC,,,O, ,*) is unchanged, within the accuracy of the experi- 
mental method, compared to the value at 1000°C (Sic, ,,01 39). 

This seems consistent with the absence, in this sample, of a free 
carbon phase. The weight loss between 1000" and 1500°C is 

100 0 -100 -200 
Chemical Shift (ppm) 

Fig. 11. 
pyrolyzed for 1 h at 1500°C. 

29Si MAS-NMR spectra recorded on samples A, B, and C 

negligible (52%). The chemical analysis gives the composition 
SiC,,,O,,,, in perfect agreement with the value at 1000°C 
(Sic, 3201 39). This reveals the very high compositional stability 
of such samples even at 1500°C. NMR analysis of sample C at 
1500°C reveals unambiguously the presence of a metallic sili- 
con phase, as well as an oxycarbide phase with the composition 
SiC,,,O, 30. However, these quantitative results do not agree 
with the chemical analysis, which gives a much lower carbon 
content in the oxycarbide phase, C/Si = 0.12, similar to the 
value obtained at 1000°C. 
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Table VIII. 29Si MAS-NMR Characterization of Black Glasses Fired for 1 h at 1500°C 

Composition 
from NMR analysis 

SiO, SiCO, sic,o,  SiC,O Sic, Si(Si), 

Sample G(ppm) % G(ppm) % G(ppm) % G(ppm) % G(ppm) % G(ppm) % 

A - 107.7 47 -72.4 5 -36.5 7 -7.0 1 - 16.5 40 SiC~.4S0I.IO 
B - 110.7 58 -74.4 8 -37.1 4 -8.5 12 -14.6 18 SiCO.,lOI.~, 
C - 108.2 49 -67.2 6 -39.7 5 - 15.7 26 -79.4 14 SiC,,,O,,, + 0.16 Si 

IV. Discussion and Conclusion 

Gel precursors for silicon oxycarbide glasses have been pre- 
pared from cohydrolysis of triethoxysilane and methyldiethox- 
ysilane. The use of these two precursors allows us to v q  the 
C/Si and O/Si contents in the starting gels. The studied compo- 
sitions have been chosen in order to verify if the composition of 
the oxycarbide phase could be estimated from the composition 
of the starting gel, according to the model proposed in the intro- 
duction of this paper. The model is based on the assumption that 
the amount of oxygen does not change during the pyrolysis pro- 
cess, and therefore the stoichiometry of the oxycarbide net- 
work, SiCx02(l-y), can be directly obtained from the O/Si ratio 
in the starting gel. Three gels with the following theoretical 
compositions (estimated assuming fully condensed networks) 
have been studied: gel A, Sic, 50, 25H2 s ;  gel B, Sic,, 330, 13H2 oo; 
and gel C, Sic, D901 45H1 27.  Indeed, 29Si MAS-NMR investiga- 
tion and chemical analysis reveal that the hydrolysis-condensa- 
tion reactions lead to the formation of fully condensed 
networks. Thus, according to the proposed model, the three gels 
should lead to the formation of the following oxycarbide 
phases: A, SiC,,,O, 2 5 ;  B, SiC,,,O, ?,; C, Si,,,C,,,,O, 4s. The 
"Si NMR and chemical analyses give a description of the amor- 
phous oxycarbide networks at 1000°C which are close to the 
expected ones. Indeed, for gels A and B, the (C/Si),,xy ratio is in 
the range 0.30-0.37, and for gel C -0.12. Moreover, as 
expected, NMR and chemical analysis seem to indicate, for 
sample C, the presence of Si-Si bonds, and for sample A, the 
formation of a free carbon phase. The Si-Si bonds present in the 
structure of the oxycarbide phase of the sample C fired at 
1000°C give rise, at 15OO0C, to a crystalline silicon phase as 
clearly shown by NMR and XRD studies. Moreover, a DTA 
analysis performed on the black glass C pyrolyzed at 1000°C 
(Fig. 12) shows an endothermic peak at =1450°C, assigned to 
the melting of the metallic silicon phase. When recorded on 
cooling, it shows an exothermic effect at -13OO"C, related to 
the crystallization of the same phase. 

29Si MAS-NMR and chemical analysis experiments indicate 
that the pure oxycarbide phase obtained by pyrolysis of gel B at 
1000°C undergoes a phase separation at 1500°C into microcrys- 
talline p-Sic dispersed into an amorphous silica matrix. The 
quantitative NMR study suggests that the number of Si-C and 
Si-0 bonds does not change during this process; therefore, the 
observed structural organization, which occurs without any 
weight loss, is not related to a carbothermal reduction process, 
but actually seems to be due to redistribution reactions between 
Si-C and Si-0 bonds. 

Black glass A, which consists of an oxycarbide matrix and a 
free carbon phase after pyrolysis at lOOO"C, displays similar 
high-temperature behavior. Raman scattering results indicate 
that, since the lowest firing temperature, carbon is present in 
graphitic form and that a progressive structural ordering occurs 
at higher temperature. Such a structural rearrangement results 
in the formation of turbostratic or glassy carbon domains at 
1500°C. XRD shows the crystallization of microcrystalline 
p-Sic and 29Si MAS-NMR indicates the consumption of mixed 
silicon oxycarbide units with a phase separation into Sic, and 
SiO, sites. In this case, however, quantitative NMR analysis 
indicates, in the temperature range between 1400" and 15OO0C, 
that the number of Si-C bonds increases with a corresponding 
consumption of Si-0 bonds. This evolution could be related to 
a carbothermal reaction between the free carbon phase and the 

800 1200 1600 
Temperature [ O C I  -> 

Fig. 12. DTA patterns, heating and cooling cycles, recorded on sam- 
ple C previously fired at 1000°C for 1 h. Heatingicooling rate 1WC/ 
min; Ar flow 100 cm'imin. 

oxycarbide matrix with the formation of S ic  and volatile spe- 
cies. Indeed, it is known from the literature39 that the reaction 

SiO, + 3C -+ Sic  + 2CO (2) 

starts to be operative above 1300°C. Thus, assuming for sample 
A at 1000°C the composition estimated from the NMR analysis, 
i.e., SiC,,,O, + 0.16C,,, reaction (2) should lead to a weight 
loss of -5 wt%, close to the measured value of -2.5%. How- 
ever, even if this reaction is in agreement with the low level of 
weight loss, it cannot satisfactorily explain the rather high level 
of estimated carbon in the oxycarbide composition at 1500°C 
(SiC,,,O, ,,). Actually, according to reaction (2), 0.16 mol of 
C,, can form 0.16/3 mol of S i c  so that the expected composi- 
tion should be Sic, 3s01 29. Assuming the presence of residual 
hydrogen as C-H groups, another possible reaction could be 

- =C-H + ESi-O-Sie - EC-SiG + H-O-Si.. (3) 

This partial carbothermal reduction of Si-0 bonds to form Si- 
C bonds could explain the observed increase of Si-C bonds 
with minimum weight loss. However, it should be a minor reac- 
tion due to the low hydrogen content (50.15 wt%; C/H = 0.2) 
in the pyrolyzed samples. 

Similar experimental data showing, in the temperature range 
1400-1 500°C, a weight stability and a simultaneous structural 
rearrangement leading to an increase of the number of Si-C 
bonds have already been reported in the literat~re'.~ for different 
gel-derived black glasses. This behavior is clearly different 
from what is usually reported for Nicalon fibers, in which an 
appreciable weight loss is observed in the temperature range 
120O-140O0C, due to the carbothermal reduction of the oxycar- 
bide phase present in the fiber.4" The understanding of this dis- 
crepancy is under investigation. 
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