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Abstract In this study, the role played by polymer pre-
cursor chemistry on the nature of the pyrolyzed product
was examined. Variables examined included extent of
conjugation of the precursor, differences between a
homopolymer and co-polymer, linear and cyclic structures,
siloxanes and silazanes and between vinyl and phenyl
containing silanes. Results indicate increasing the vinyl
content of the precursor increases the amount of free car-
bon in the pyrolyzed product. The introduction of an aryl
group in the silane decreased yield and lastly there was no
change in the yield when a silazane was used instead of a
silane, however, the composition of the silazane precursor
ceramic is rich in nitrogen while a silane precursor ceramic
is rich in carbon.

Introduction

The processing of ceramics by pyrolysis of polymeric pre-
cursors holds tremendous potential because the route has
been successfully utilized to make a variety of ceramics such
as SiC, Si3Ny, AIN, BN, etc. [1-10]. This process was first
demonstrated by Yajima et al. [1, 2] to make SiC and has
been successfully produced in the form of fibers and mar-
keted as Nicalon™ fibers by Sumitomo Corporation. The
principal advantages of using polymer pyrolysis over other
conventional techniques like powder processing are: lower
processing temperatures; ease of processing large complex
shapes; better control of impurities and the potential for
developing materials with tailored microstructures, e.g.,
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composites [11, 12]. Some of the potential applications for
these materials include, high strength and modulus fibers
[1, 2], coatings for environmental protection, batteries
[13], luminescence [14], polymer infiltration processing of
composites [11, 15], etc. Apart from the aforementioned
ceramics, this process has been utilized to make a variety of
amorphous materials, like silicon carbonitride (Si—-C-N)
[16], silicon oxynitride (Si—O-N) [17], and silicon oxycar-
bide (Si—O-C) [18]. It has been reported that both the cat-
ionic and anionic substitution in SiO, leads to the significant
improvement in mechanical properties like Young’s mod-
ulus, hardness, strength, fracture toughness, etc. [18, 19].
Substitution of O with either trivalent N or tetravalent C is
expected to increase the cross-linking and thereby tightening
the structure and increasing density. In this respect, C is the
preferred substituent due to the greater extent of cross-
linking because of its four-fold coordination. Early attempts
to make silicon oxycarbide involved mixing SiO, with
carbon, subsequently, C was incorporated by melting SiO,
along with SiC [20, 21]. However, only 2.5% C could be
introduced using this technique. In order to realize the
improvement in properties, not only should greater amounts
of C be incorporated but it must also be introduced directly
into the Si—O network and not as “free carbon”. An alter-
native route to processing silicon oxycarbides is to use
organosilicon compounds. The advantage of using such a
route is that C is easily introduced into the network and Si—C
bonds are established in this stage. These linkages are
retained in the final ceramic obtained on pyrolysis. Most
studies have concentrated on the sol-gel route where
organically modified silicon alkoxides or chlorides are used
as precursors [22-25]. In these precursors, the Si—C bonds
are created by hydrolysis/condensation reactions, which are
subsequently pyrolyzed into oxycarbide glasses. A variation
of this process is more popular as polymer pyrolysis in which
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addition polymerization reactions are used to form the initial
Si—C linkages [12, 17]. In a recent study with silazanes, it
was shown that pyrolysis of tetraethyl and teracycle siloxane
and trimethyl and trivinylcyclotrisilazne resulted in a com-
posite with an amorphous Si—~O-C-N matrix with nano-
crystals of SiC embedded in them [26]. Interrante et al. [27]
showed that by blending precursors it is possible to develop
interesting new ceramic architectures. Other studies with
fillers have shown that the extent of shrinkage and cracking
maybe controlled by the use of active and inactive fillers
[28, 29].

Advances have been made by utilizing gravimetric and
spectroscopic techniques such as thermo gravimetric anal-
ysis [30-32], solid state MAS Nuclear Magnetic Resonance
spectroscopy [33-36], FTIR, X-ray diffraction [26, 37],
extended X-ray absorption fine structure (EXAFS), X-ray
photoelectron spectroscopy (XPS) [11, 14], etc., to under-
stand the conversion process from preceramic polymer to
ceramic. In this study, the approach was to understand the
pyrolysis process by studying the effect of preceramic
polymer structure, composition, and architecture on the
pyrolyzate using available techniques such as FTIR and
XPS together with chemical analysis.

Experimental procedures
Materials and processes

The materials used for his study were, cyclic vinyl methyl
siloxane (n = 3-4), cyclic methyl hydro siloxane (n =
4-6), poly methyl hydro siloxane, poly dimethyl siloxane
copolymer, tetra methyl tetra vinyl cyclotetrasilazane, tri-
vinyl methyl silane, and phenyl methyl vinyl silane. All of
the above was obtained commercially and were >99%
pure.

Curing

All precursor solutions were cured using addition poly-
merization reaction [38]. In this process, 0.5-wt% hydro-
silylation reaction catalyst, platinum divinyl tetramethyl
disiloxane complex was added. The solution was then
cured by heating the solution to 100 °C in air for 10 h.

Pyrolysis

Cured polymer samples were pyrolyzed into ceramics by
heating to 982 °C in an inert atmosphere. Samples (~ 1 g)
were pyrolyzed in tube furnace by heating from 25 to
982 °C at 5 °C/min. Ultra high purity argon (99.9999%) at
a 100 cc/min flow rate was used.
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Thermogravimetric analysis

All thermo gravimetric analysis of the polymer precursors
were conducted in a TA Instruments Model 2050 TGA at a
heating rate of 5 °C/min in an environment of flowing
nitrogen (99.99% purity) from room temperature to 600 °C
for the precursors and up to 1000 °C for the pyrolysis study.

Characterization of the pyrolyzed product
Chemical analysis

Quantitative Technologies Inc, New Jersey, USA con-
ducted C, H, and N analysis on the pyrolyzed samples to
determine the chemical composition. The analysis was
performed using optimum combustion techniques.

Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscopy was per-
formed using a Biorad FTIR. Liquid samples were run in a
KBr cell in the transmission mode. Cured samples were
mixed and powdered along with KBr to obtain the spec-
trum in the diffuse reflectance mode.

X-ray photoelectron spectroscopy (XPS)

Pyrolyzed samples were cleaned with acetone using a
cotton tip. This surface was then visually inspected under
an optical microscope at x500 for a clean surface. The
sample was ultrasonically cleaned with isopropyl alcohol
to remove residual deposit followed by ultrasonic cleaning
in distilled water. Finally, all traces of moisture and other
volatiles were removed by heating in an oven at 105 °C.
Monochromatic AlKa (hv = 1486.6 ¢V) radiation from a
Perkin—-Elmer spectrophotometer was used. Survey and
high-resolution scans were performed at an analyzer angle
of 70°. The high angle provides bulk information rather
than just surface analysis. High-resolution scans of Si 2p, O
s and Cls peaks were obtained to determine the chemical
bond configurations and chemical composition of the
pyrolyzed ceramic. The charging effect was prevented
using a neutralizer (low energy electron gun). The binding
energies (BE) reported were obtained by matching the
graphitic peak at 284.3 eV.

Variables used in the synthesis of the silicon oxycarbide
and silicon oxynitride glasses

In order to understand the role of processing variables on
the structure and composition of the final ceramic, a test
matrix was developed (see Table 1). The starting liquid
precursors are identified in Table 2 and mixed to form
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Table 1 Experimental variables examined in this study

Effect

Experimental variable

Effect of mixing ratios of precursor solution
Homo versus co-polymer

Linear versus cyclic

Effect of nitrogen in the backbone

Effect of vinyl and phenyl functional silanes

Effect of varying H/Vi ratios in the starting precursor.

Differences between the cure and pyrolysis of a homopolymer and co-polymer
A linear chain polymer is compared with a cyclic polysiloxane

Siloxane is compared with a silazane

Effect of vinyl and phenyl containing silanes

Table 2 Chemical names and

. Starting liquid ID
structures of precursors used in

Chemical name of liquid

Structure

the pyrolysis

Liq I Polymethyl hydro siloxane e
A o,
Liq I Polydimenthy siloxane (67.5%) + polymethyl e e
hydro siloxane (32.5%) .E%E_ O-Jlm_Eg‘_ 0]n
e
m/(m+n)=325%
Liq I Methyl hydrocyclosiloxane (n = 4-6) Me
dﬁ: 4-6
Liq IV Cyclic vinyl methyl siloxane (n = 3-4) VQ/'e }Vle
Me S os
v} 0—si-0" Vi
Mé Vi
LigV Tetra methyl tetra vinyl cyclo tetrasilazane Vwe H e
M k S
QséN\/Sl/N\:{ Vi
H M v
Liq VI Trivinyl methyl silane CH,=CH
CH3=CH—=Si Me
CH,=CH—"
Liq VII Phenyl methyl vinyl silane e

solutions whose compositions are given in Table 3. The
approach adopted here was to systematically vary the
structure and composition of the starting precursors.

Results
FTIR spectroscopy of liquid precursor samples

The FTIR spectra were obtained for all the liquid precursor
samples and are presented in Fig. la—g. The sample iden-
tification and molecular structure are presented in Table 2.
In order to clearly establish the transitions in the precur-
sors, the liquid samples were analyzed completely and
peaks were assigned. Table 4 lists the most frequently
occurring vibrational modes and frequency range in which

they were observed. As can be seen from the figures, many
overlapping peaks and peak shifts can be seen when the
spectra are compared with each other. For ease of com-
prehension, the spectrum of Liq I in Fig. 1 is described in
great detail. All subsequent spectra are interpreted with
respect to this and only the differences and new peaks are
identified and explained. Although it should be mentioned
that successful identification of all peaks was not possible
as is usually the case. The spectrum of Liq I is that of
(MeHSiO)n with trimethyl silyl end groups. It should be
mentioned here that this spectrum exactly reproduces that
of (MeHSiO)x found in reference [39]. From the figure the
two of the most intense bands at 2167 cm™' for Si-H
stretch and at 1000-1100 cm ™" for Si—~O-Si asymmetrical
stretch. The Si—O-Si stretch is split into two bands at 1094
and 1032 cm™ . This is characteristic of polysiloxanes with
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Table 3 Identification of polymer precursor solutions prepared for pyrolysis study

ID of mixture Composition H/Vi ratio Comment

Sol T 1.44 Liq IIT + Liq IV 1.44 Mixing ratio and copolymer study

Sol I Liq IIT + Liq IV 1

Sol III Liq IIT 4+ 0.4 Liq IV 0.4

Sol IV 1.44Liq I 4+ Liq IV 1.44 Mixing ratio and copolymer study

Sol V Lig I + Liq IV 1

Sol VI LigI + 04 Liq IV 0.4

Sol VII Liq IT + Liq IV 1 Linear versus cyclic

Sol VIII Liq V +Liq IV 1 Comparison of silazane to siloxane

Sol IX Lig VI + 3 Liq II 1 Vinyl silane: effect of vinyl silane versus linear siloxane
Sol X 50 wt%(Liq VII) 4+ 50 wt% (Sol VII) 1 Phenyl silane: effect of vinyl and pheny containing silane

Lig!

10

Ligh

Intensity (a.u)
E.

LigVvl

Ligvil

LI Id L]
3000 2000 1000

Wave Number(cm™)

4000

Fig. 1 IR spectra of samples Liq I through VII. Numbers indicate ID
numbers corresponding to peaks in Table 4

n > 4 [40]. In addition, the 9, SiCH; at 1261 cm™' and
others (see Fig. 1) show the presence of the CH; group.
The Si—C and Si-C, stretches are at 800 cm~! and
712 em ™', respectively.

The spectrum of Liq Il in Fig. 1 which is a copolymer (see
Table 2) is very similar to that of Liq I. The presence of the
dimethyl group gives a more intense peak for Me group
deformations. In addition, the y-CHj peaks are split and two
bands are seen at 760 cm™' and ~800 cm™'. The v Si-H
peak shift from 2167 in homopolymer to 2159 in the copoly-
mer, while the Si—H bending vibration occurs at 912 cm ™.
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The spectrum for Liq III is also shown in Fig. 1.
Comparing with spectrum for Liq I, the differences are:
(i) due to the absence of the terminal methyl groups, the
peaks due to the Me groups are less intense, (ii) the Si—-O—
Si bands are not split which again is characteristic of cyclic
structures.

Figure 1 also shows the spectrum for Liq IV ([MeVi-
SiO]). Characteristic vibrations associated with the vinyl
group can be easily identified. For example the C=C stretch
occurs as a sharp band at 1597 cm™'. Other frequencies
associated with the vinyl group are identified in Fig. 1. The
Si—0-Si stretch occurs at 1075 cm ™', slightly lower than
the value expected for cyclic structures (1080 cm™") which
is possibly caused by steric effects. Liq IV is a mixture of
cyclics with three and four members.

Comparing the spectrum in Fig. lof Liq V to that of Liq
1V, the differences in introducing nitrogen into the back-
bone are: (i) N-H stretch at 3386 cm™', (ii) N-H bending
at 1174 em™', (iii) asymmetrical Si—-N-Si stretch at
940 cm™', (iv) absence of Si—O-Si band at 1075 cm™ ',
(v) Shift to higher frequencies of most vibrations associ-
ated with Me and Vi groups again possibly due to the lower
strains in the nitrogen containing rings.

Figures for Liq VI and VII show the vinyl and phenyl
containing silane spectra, respectively. Spectra for Liq VI
in Fig. 1 show no anomalies and all Vi group frequencies
and Me are observed. Spectra for Liq VII in Fig. 1 the
characteristics frequencies of the Ph groups can be seen at
1540 cm™', 1490 cm™', 1428 cm™', and 1114 cm™".
Heavy overlap of peaks prevents complete identification of
the spectra.

Curing of precursor solutions

Solutions Sol I-Sol IX were mixed up in the ratios shown
in Table 5 and cured. The cured product was characterized
by FTIR spectroscopy. Figure 2a, b shows the spectra for
liquid solution and cured Sol II, respectively. Many new
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Table 4 Characteristic IR vibrations in the precursor polymers
Number Group/bonds  Mode Frequency range (cm ™)
1 —CH; Vas (C-H) ~2960
2 Alkane CH, v, (C-H) ~2926 Cured Sol I
3 Alkane CH v, (C-H) ~2890
4 Si-H Vae (Si=H) 2157
5 Vinyl Vas (C=C) 1596
6 Si—O-Si vas (Si—-O-Si)  1000-1100 -
7 Si-CHj, Js (Si-Me) 1261 3 (b)
8 Si~(CH,),-Si @ (CH,-CH,) 1060 E.
9 Si~(CH,),~Si 6 (CH,-CH,) & 1600 ‘g»
10 Si-C Vas (Si=C) 796 % M
11 Si-OH J (Si-OH) 830-950 =
12 —OH v (O-H) ~3700
Liquid Sol Il
bands are seen on curing, which are attributed to the (a)
following:
(i) The formation of Si—-CH,—CH,—Si bonds due to the

hydrosilylation reactions. This is confirmed by the

appearance of band at 1137 cm™' due to in-phase

wagging of the two CH, groups. The out of phase 4000 3500 3000 2500 2000 1500 1000 0

wagging of the groups occurs with another sharp
band at 1060 cm™". Unfortunately, this is not seen
unless very intense, due to the interference from v,
Si—O-Si. Also the appearance of C-H (-CH,-)
stretch and —-CH,— scissors at 2910 cm~! and
1442 cm™', respectively, confirm the presence of
the Si-CH,—CH,—Si linkages.

Wave Number(cm™)

Fig. 2 IR spectra of Sol I showing spectra of (a) liquid and (b) cured
sample

the result of several overlapping peaks in that region
(see Fig. 2a).

(ii) The appearance of peaks in the 36003800 cm™ ' is  (iii) The appearance of other peaks may probably be due
attributed to the O-H stretch possibly due to the to combinations and overtones, sample contamina-
formation of Si—OH bonds. This could not be tion through adsorption of CO, species, etc. Although
confirmed because the broad band arising from other reactions are possible, DSC scans on the liquid
Si—O (Si—-OH) stretching vibration in the range of precursor solution show the appearance of a single
830-950 cm™ ' is absent. This absence is probably peak attributable to the hydrosilylation reaction.

Table 5 Carbon composition of precursor and final ceramic

Sol. ID Composition Calculated %C %C from %C from H/Vi ratio %C in % ceramic

in polymer CH; Vinyl in polymer ceramic yield
Sol I Liq III + Liq V 325 26.5 6.0 1.44 11.0 £ 3 70.0
Sol I 333 254 7.9 1 252 £ 8 76.4
Sol III 35.8 21.9 13.9 0.4 259 + 0.8 74
Sol IV Lig I + Liq IV 30.8 16.6 14.2 1.44 178 £ 5.5 81.6
Sol V 32.7 16.1 16.7 1 20.1 £5.6 82.4
Sol VI 36.9 15.0 21.9 0.4 214 £ 28 79.1
Sol VII Liq II + Liq IV 329 16.4 16.5 1 262 £ 35 82.5
Sol VIII Liq V + Liq IV 34.0 17.0 17.0 1 274 +£20 81.0
Sol IX Liq IT + Liq VI 37.5 15.0 22.5 1 254 £ 85 83.3
Sol X Liq Il 4+ Liq IV + Lig VI 52.8 123 16.3 1 358 +£43 549
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Therefore the curing in the samples could be caused by
the following reactions:

= Si— H+ CH,=CH-Si= — =Si—CH,-CH,-Si= (1)

which is the hydrosilylation reaction. It should be noted
here that the addition of Si to the olefin occurs according to
Farmers rule [41] in which Si adds to the most
hydrogenated carbon atom. Addition to the other carbon
atoms is possible depending on steric effects and inductive
effects of functional groups on the carbon. This reaction is
represented in Eq. 2

=Si—H + CH,=CH-Si= — =Si—C(CH;)H-Si=  (2)

Evidence of this reaction is restricted to the appearance of
alkane C—H stretch at ~2890 cm™'. Unfortunately, other
peaks due to 6-CHj, Si—C-Si, etc., overlap with already
existing peaks and hence cannot be confirmed by IR
spectroscopy.

In addition to this, reaction of Si—H to form silanols is
also possible through one of the possible mechanisms

2=Si—H + O, — 2= Si—OH

3
=Si—H + H,0 — =Si—OH + H, ®)

Although the silicon hydride bonds are stable, the
formation of silanol groups can be catalyzed by oxidative
agents like platinum catalysts. The source for both O, and
H,O0 in the above reactions is the atmosphere, and pick-up
of these is easily possible during curing which is performed
in laboratory air environment. It has been reported [8, 18]
that these silanols have a tendency to undergo condensation
to form Si—O-Si linkages according to Eq. 4;

2=Si—OH — =Si—0-Si + H,0 (4)

Curing of Sol I through Sol IX did not bring about many
changes when compared with each other. The mechanisms
of curing for all the solutions appear to be the same as
mentioned above. Although it should be mentioned that
curing is not complete in any of the cases as indicated by the
bands due to vinyl and hydro group, which are still seen
except in the case of Sol VIII. The Sol VIII shows the
presence of only Si—H bonds which possibly occur due to
evaporation of Liq VI (MeSi(Vi)3) during the cure process.
Comparing spectra of Sol I, Sol II, and Sol I1I, it can be seen
that decreasing the H/Vi ratio increases the intensity of vinyl
group frequencies (1597 cm™') and decreases those of
hydro groups (2157 cm™'). One common feature of the
curing process is the shift of v,; Si—~O-Si to lower frequen-
cies centering around ~ 1060 cm™' which is attributed to
the formation of Si—CH,—CH,—Si bridges which as men-
tioned previously has a sharp band at 1060 cm™'. Another
feature of the cure process is that in the case of cyclics,
polymerization did not cause ring opening as indicated by v,
Si—0O-Si bands, which remained sharp and unsplit.

@ Springer

Pyrolysis

Summary of results obtained from the pyrolysis of cures
samples is presented in Table 5. Ceramic yields on pyro-
lysis range from ~55% in Sol IX to 83% in Sol VIII. The
Table also lists the results of chemical analysis on the
samples. The results presented for percentage of carbon in
the pyrolyzed ceramic represent average of triplicate anal-
ysis. It was found that percentage of C in the samples varied
by large amounts as can be seen from the average deviation
in the results. Two factors that could contribute to this are
(a) heterogeneity of samples and (b) incomplete combus-
tion. The exact cause for this anomaly is yet unknown.

Figure 3 shows a representative FTIR spectra of the
pyrolyzed ceramic. The occurrence of two broad bands at
1014 and 809 cm™' confirm the presence of Si—O and Si—C
bonds. The presence of amorphous carbon is indicated by
the broad peak at 1800 cm™'.The ceramic structure was
further analyzed using XPS. Figure 4 shows the results of
the survey and high-resolution scans on the sample Sol VII.
The XPS spectra was analyzed and interpreted, and com-
pared with published data [42—44]. The deconvoluted
Cls peak clearly shows the presence of carbon in the two
major forms. The first peak at 284.3 eV represents carbon
in graphitic/turbostratic form (free carbon). The second
peak at 282.5 eV is a associated C—Si bond in oxycarbide
environment. The carbon peak for SiC is shifted to lower
energies and is at 282.5 eV [45]. A third small peak can
also be seen in the figure and is attributed to Si~C—O bonds.
Table 6 shows summary of XPS results on all tested
samples.

Table 6 also gives the chemical composition of the
samples as calculated from high-resolution XPS scans and
is compared to the experimental obtained values. It should
be mentioned here that chemical information presented
here is semi-quantitative and there is 5-10% associated
error. This is especially true in heterogeneous samples
because of different sensitivity factors for each element and
different charging effects of different ceramic species. But

Intensity (a.u)

Si-0-Si
4000 3500 3000 2500 2000 1500 1000 500
Wave Number(cm™)

Fig. 3 Spectra of pyrolyzed sample of Sol 1I
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Fig. 4 XPS spectra of sample Sol VII showing survey and high-
resolution scans. The Si2p, Cls and Ols peaks are deconvoluted

despite this, XPS provides useful information regarding
trends. From the results it is apparent that

(i) Trends indicated in carbon concentration (obtained
from chemical analysis) are approximately maintained
in the XPS analysis.

(ii) Oxygen content in the ceramic as shown by XPS
analysis is very high.

Although the oxygen sensitivity is exaggerated possibly
due to high sensitivity factor of oxygen (0.66 vs. 0.25 for C
and Si) and as can be seen from the intensity of Ols peak,
the atomic concentration of oxygen can safely be taken to
be higher than the precursor. The Si/O ratio for the ceramic
increases from an initial value of 1 in the precursor. This
implies that either Si is lost during pyrolysis or there is a
gain in oxygen. The former hypothesis is unlikely as this
would imply cleavage of Si—O bonds, which is stable and
has not been reported in any of the earlier studies. Since the
pyrolysis was conducted in an oxygen free environment, it
seems likely that oxygen was picked up during the cure
process. It was earlier indicated after examination of the IR
spectra that this was possible by Eq. 3.

Comparison of results for Sol IV-Sol VI shows that with
decrease in H/Vi ratio, the carbon concentration in the
ceramic product increases. In addition, it can be seen that a
high carbon concentration is retained in the ceramic when
cyclic precursors are used (Sol VII and Sol VIII). The
highest carbon content was found in Sol X with phenyl
groups. When expressed as fraction of the initial carbon
present, it is clearly evident that higher fractions of carbon
are retained if cyclics are used. In addition, for H/Vi ratios
close to one, greater cross-linking through formation of
Si-CH,—CH,-Si bridges promote a greater retention of
carbon. Also presented in Table 7, is the fraction of oxy-
carbide and graphitic phases as calculated from the areas
under the deconvoluted Cls peaks. It is again seen that
fractional amount of free carbon is reduced and oxycarbide
increased when,

(i) cyclics are used,
(i) H/Vi=1,
(iii)) copolymer is used instead of homopolymer.

Although use of excess amount of vinyl groups
increased carbon concentration in the ceramic, there is a
greater tendency to form graphitic carbon rather than net-
work carbon.

Discussion

Mechanisms of transformation

From the results, two clear trends are exhibited.

(i) Yield is maximized when H/Vi ratios equal to 1 are
used and also when cyclics are used.

(i) As the H/Vi ratio decreases, the amount of graphitic
carbon in the ceramic increases.
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Table 6 Summary of XPS

results of the pyrolyzed ceramic Solution ID

XPS chemical analysis

Chemical (CHN)
analysis %C

Fraction of carbon forms
from XPS analysis

%Si %0 %C %SiC,0, %Free C
Sol I 337 47.4 18.8 11.0£3 71.5 232
Sol II 322 45.7 22.1 252 £ 8 71.0 25.5
Sol 11T 353 48.9 15.8 259 £ 0.8 67.9 26.9
Sol IV - - - 17.8 £ 5.5 - -
Sol V - - - 20.1 £5.6 - -
Sol VI 34.7 475 17.8 214 £ 2.8 67.9 25.5
— Not analyzed for Sol VII 31.2 459 22.8 262 £ 35 75.3 18.0
Table 7 IR activity of select functional groups as a function of temperature
Temperature °C Sol IV Sol V Sol VI
100 °C Si-OH Si-OH «*
Si-H « Si-H «
Si-Vi — Si-Vi —
200 °C Si-Vi® Same as Sol IV Si-H |
Si-C, (p Si-CH3 w.r.t. v Si-C) 1
v OH |
400 °C Si-H (=~ same) Si—H almost disappears Si-H disappears
Si-Vi disappears Si—Vi almost disappears Si-Vi |
Si—(CH,),~Si 1 Si—(CH,),~Si 1 Si~(CHyp),—Si T
Peak at 1630 cm™' H,0 Peak at 1630 cm™' H,O Peak at 1630 cm™' H,0
600 °C Appearance of broad band between Appearance of broad band between

800 and 1000 cm ™"
Si—H reappears 1
Peak at 1630 cm™! H,0

800 and 1000 cm ™"
Si—H reappears 1
Peak at 1630 cm™! H,0

% —, « Indicates direction of increase

° 1 Peak intensity increases, | peak intensity decreases

In order to explain these trends, a pyrolysis study was
performed on Sol IV, Sol V, and Sol VI. Pyrolysis of these
samples was interrupted at intermediate temperatures and
the pyrolyzate analyzed using IR. Choice of temperatures
was based upon TGA analysis on sample Sol II. Figure 5
shows the TGA data for Sol II along with weight loss data
for Sol V at different temperatures. Also presented is the
first derivative curve for Sol II. Five regions can be iden-
tified based on slope changes.

(i) Region I: 25-300 °C
(ii)) Region II: 300460 °C
(iii)) Region III: 460 to ~620 °C
(iv) Region IV: 580-800 °C
(v) Region V: temperatures greater than 800 °C

Region I, in which weight loss occurs is followed by a
small weight loss in Region II. There seems to be no clear
distinction between the Regions III and IV since the slope
gradually changes in these regions. Above 800 °C, the
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weight loss is again minimal. The temperatures chosen for
the study were at 200 °C (Region I), 400 °C (Region II),
and 600 °C (Regions III and IV). Figures 6 and 7 represent
the IR spectra at various temperatures for Sol II and Sol III.
Summaries of the observations and trends are presented in
Table 7.

At400 °C, nomajor changes are seen in the spectra except
for decreases in the Si—H/Si—Vi groups. At 400 °C, the Vi
and Hydro groups are either completely absent or almost
extinct. This is accompanied by an increase in the intensity of
Si—-CH,~CH,-Si at ~ 1430 cm™'. At 600 °C, surprisingly
Si—H bond attributes reappears while bond attributed to O-H
and water (broad peak at 1630 cm™") either disappear or are
nearly extinct. Studies on the organic to inorganic transition
during pyrolysis suggest that the transformations occur via a
radical mechanism [46]. Therefore, radicals are formed by
thermally induced changes of bonds. Based on bond disso-
ciation energies (at 25 °C), the stabilities of various bonds in
increasing of order as follows [45]:
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Fig. 6 IR spectra of sample Sol V after intermediate temperatures of
pyrolysis to show transitions from polymer to ceramic state. (a) After
cure (100 °C), (b) after 200 °C (c) after 400 °C, and (d) after 600 °C

Si—Si<Si—H =~ Si—C<
C-H<H-H<O-H<Si-0<C=C (5)

This suggests that the breakage of the bonds should also
proceed in that order during pyrolysis. However, the above,
rather simplified picture is somewhat complicated by other
factors, such as

(i) Steric effect that causes straining of the bonds.
(ii)) Inductive effect of the neighboring atoms.
(iii) The reactivity of the groups to each other.

For example, although bond energy of Si—C is much
lower than Si—OH, there is an extreme tendency of silanols
to condense according to Eq. 4. However, there is no
corresponding increase in the intensity of Si—-CH,—CH,-Si
peak at 1137 cm™'. Therefore, a second cross-linking
mechanism is operative in which thermally activated
addition of methyl groups to vinyl groups occurs through

the reaction
Si—CH=CH, + CH;—Si — Si—CH,—CH,—CH,—Si
(6)

The small weight loss at this stage is explained by removal
of the condensation products (Eq. 3), formation of H,
and/or removal of un-reacted monomer units as volatiles.
At 600 °C, analysis of the IR spectra reveals the presence
of a broad band in the region of 700-1100 cm™". Formation
of free radicals along with redistribution of the structure
brings about Si-O-C bonds in addition to the already
existing Si—~OH. Absorption at 1630 cm™' suggests the
presence of water that is a condensation reaction product.
The analysis of bond energies in conjunction with IR
spectra enables classification of bands as'

Unstable : Si—H, Si—Vi, C—H

Stable : Si—(CH,),—Si, Si—CH,, Si—0-Si, Si—OH

Since Si—H vibrations reappears strongly, it is suspected
that formation of the =Si* followed by H abstraction as
elucidated in [47] is the cause of this. Examination of
Figs. 6 and 7 in conjunction with Table 7 shows two
possible sources of =Si® radicals. The decrease in the
intensity of the peaks at 1410 and 1596 cm™' shows the
instability of the vinyl groups. Although the band at
1410 cm™" also corresponds to O, Si—CHj, the strong
appearance of 0,3 S—CHj3 at 1261 cm ™' shows stability of
CH; groups. Another possible source, is the Si—-OH bonds,
which is indicated by the decrease in intensity of the silanol
vibrations.

! Unless in contact with another Si-OH whereby condensation
occurs.

@ Springer
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Effect of variables on ceramic yield, structure,
and composition

On comparison of results from Sol I to Sol VI a clear
picture can be found. Comparing Sol I-Sol III to Sol IV—
Sol VI, we find that the effect of the copolymer (poly
methylhydrosiloxane or methyl hydrosiloxane) is only to
change the yield and does not affect the extent of graphitic
carbon. Therefore, the presence of larger amount Si—-CHj3
group results in lower yields but does not contribute sig-
nificantly to free carbon. The reason the yield is lower in
the case of Sol I-Sol III is explained by the following
mechanism. Earlier studies on the pyrolysis of poly
dimethyl siloxane (PDMS) show that on pyrolysis PDMS
forms D3-D7 cyclo siloxanes [40]. The structure consists
of polycyclic siloxane “cages” which are interconnected.
On further heating them the links break and siloxane units
escape as volatiles. Therefore, loss of heavier siloxane
species is directly responsible for decreased yield. This also
explains drop in yield from Sol II to Sol I (76% — 70%).
In comparison Sol V to Sol IV drop is just from 82% to

@ Springer

81%. Higher fraction of PDMS in Sol I is detrimental in
overall yield of the pyrolysis process.

The formation of free carbon increases with increase in
vinyl content. A explanation based on the IR and XPS
results is now possible. Thermally activated curing of vinyl
groups lead to the formation of Si—~CH,—CH,—CH,-Si
bridges. With increase in vinyl groups more such bridges
are formed. Driven by greater stability of the C—C bonds as
compared to Si—C bonds, it is postulated that —(CH2)n—
bridges cleave and form graphitic carbon. The presence of
such a carbon phase helps in “binding up” the oxycarbide
grains.

Retention of carbon in the ceramic has been shown to be
directly influenced by cross-linking through hydrosilyla-
tion. In addition, this carbon is directly introduced into the
reticulated network. Finally, when cyclics are used, more
3D cross-linking occurs during hydrosilation (as compared
to linear siloxanes) thereby resulting in Si—CH,; —CH,—Si
or = Si—CH(CH;)—Si=. = Si—CH(CH3)—Si = is more
stable compared to Si—-CH,—CH,-Si. Therefore yield,
which is a function of the carbon retained is maximum for
H/Vi = 1 and in the case of cyclic structures.

The introduction of N in the precursor chemistry as in
silazanes resulted in the incorporation of N in the pyro-
lyzed product in the form of Si-O-N and Si—-O-C-N
linkages. However, when nitrogen is used as a pyrolysis
medium there is little incorporation of nitrogen in the
structure of the finished product as gaseous nitrogen is very
stable and does not crack to yield nitrogen radicals. On the
other hand an earlier study [11] has shown that pyrolysis in
NH; is very reactive and can incorporate N into the
pyrolyzed product.

Conclusions

The following conclusions can be drawn from the research
study:

1. Ceramic yield is maximized for H/Vi ratios close to 1.
In addition, the carbon retention in the ceramic is
maximized for this ratio.

2. Increasing the vinyl content increases the amount of
free carbon in the ceramic.

3. The phenyl silane containing solution was markedly
different from others. Aryl groups decrease the yield
drastically.

4. Introduction of N in the backbone did not influence the
yield but did significantly increase the amount of N in
the pyrolyzed product.
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