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( )A model describing the pyrolysis of an organo-silicate polymer Blackglas polymer to
form a silicon oxycarbide glass was de®eloped based on the known chemistry and archi-
tecture of the polysiloxane precursor. The objecti®es were to de®elop a plausible reaction
pathway to explain the pyrolysis process, rate, and product spectrum, and to study the
effect of ®arious heating protocols on the pyrolysis process. The model successfully pre-
dicted the e®olution rates of the major gases as a function of process temperature and
the o®erall pressures reached during the process. The effects of ®arious heating protocols
on the outgassing kinetics were studied to de®elop an optimum protocol for a rapid
pyrolysis process that gi®es a composite with desirable mechanical properties. O®erall,
the model appears to capture the essential characteristics of the process and is in good
agreement with experimental results.

Introduction

The development of pyrolysis routes to form ceramic ma-
terials is attractive because the polymeric precursors can be
molded easily at relatively low temperatures and then fired to
produce near net shapes. These systems can also be adapted
for rapid prototyping operations. One such process uses a
polysiloxane precursor to form Blackglas, a refractory silicon

Žoxycarbide, invented at Allied Signal Leung et al., 1994; An-
.namalai et al., 1996 . The Blackglas silicon oxycarbide offers

the ease of fabrication of a polymer and the high tempera-
ture stability and capabilities of a ceramic. It is also envi-
sioned to be an excellent candidate for use as a composite
matrix to operate in the 260�1,200�C regime. A generic fab-
rication process for converting Blackglas or similar polysilox-
ane precursors to ceramics is shown in Figure 1. In these
fabrication processes, the pyrolysis step is the bottleneck due
to the slow diffusion and the low saturation concentrations of

Ž .evolved gases in the resin Dente and Ranzi, 1983 . Proper
control of the rate of pyrolysis and postcure temperature may
enable one to minimize microcracks and pores and to relate
changes in the composition of the matrix to the physical and

Žmechanical properties of the final product Hurwitz et al.,
.1995; Meador et al., 1996; Wang et al., 2000 .

ŽA lumped parameter model was previously developed An-
.namalai et al., 1995, 1996 to enable one to control the rate
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of mass loss as a function of time or temperature for a given
heating protocol. However, the mechanical and thermal
properties of the product and the composition of the evolved
gases are functions of the processing variables and the chem-
istry of the precursor. The lumped model did not address
these issues. This article describes how a mechanistic ap-
proach that considers the chemistry of the precursors, the
chemical pathways for the dissociation and redistribution re-
actions leading to gas evolution, and the microstructure and
properties of the product can be useful in designing a pyroly-
sis protocol for producing a useful ceramic part in minimal
time.

Model Development
Monitoring the changes in the chemical structure of the

matrix during pyrolysis indicates plausible chemical pathways
for generating the evolved gases and the ceramic product.

Ž . Ž . 29Hurwitz et al. 1995 and Meador et al. 1996 used Si
Ž .NMR nuclear magnetic resonance spectroscopy to study the

high-temperature processing regime for these materials.
Ž . 29Leung et al. 1994 used Si NMR to investigate the chemi-

cal composition of the polysiloxane precursor and then the
final product after pyrolysis at 1,200�C. The 29 Si NMR re-
sults indicated that the polymer precursor consists of

Ž . Ž . Ž . Ž . Ž .CH SiO CH CH 77% , CH SiO CHCH 12% ,3 2 2 2 3 2 3
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Ž . Ž . Ž . Ž .CH SiO 3% , CH SiHO 4% , CH SiO 1% ,3 3 3 2 3 3
Ž . Ž .yCH SiO 3% , and C H 0.1% . The silicon environ-2 3 4 8

ment in the final Blackglas ceramic consists of the following
Ž . Ž .tetrahedral sites: S iO 27.7% , SiCO 16.2% ,4 3

Ž . Ž .SiC O 22.6% , SiC 33.5% .2 2 4
The transformation of the polymeric network into an inor-

ganic material is characterized by a loss of methane, hydro-
gen, and C and C hydrocarbons as detected by thermo-2 3

Ž . Ž .gravimetric analysis TGArEGA Leung and Porter, 1994 .
Elemental analyses indicate that all the silicon and oxygen
present in the polymer remain in the ceramic Blackglas
Ž .Leung and Porter, 1994 after pyrolysis. Electron spin reso-

Ž .nance ESR results, and the high temperatures involved dur-
ing pyrolysis, suggest that this transformation occurs via a free
radical mechanism. The energies for the various bonds pre-
sent in the polymer are listed in Table 1 and provide for a
simplistic representation of how the process might proceed.
Cleavage of the Si-C and C-C bonds would likely occur first,
at the lower temperatures, leading to the evolution of hydro-
carbons. At temperatures above 600�C, the stronger C-H
bonds would begin to break to form carbon and hydrogen
Ž .Leung and Porter, 1994 . The silicon-oxygen bond is very

Žstrong and is stable to temperatures beyond, 1,450�C Babon-
.neau, 1995 even in the presence of excess carbon. This sug-

gests that only Si-C, C-C, Si-H, and C-H bonds are broken to
form radicals during the pyrolysis. There is no Si-Si to be

Ž . Ž .formed during the pyrolysis Soraru et al., 1990 . Infrared IR
spectra at 800�C suggest that only Si-C, Si-CH -Si, Si-O-Si2
bonds exist in the solid matrix, indicating that the condensa-
tion process is completed through the formation of Si-CH -Si2

Žin the transformation of the polymer to a ceramic Yajima et
al., 1978; Haregawa et al., 1980; Haregawa and Okamura,

.1983, 1986 .

Decompositions of -CH -CH -, CH - and -CH -2 2 3 2

In the final silicon oxycarbide ceramic, some silicon is
bonded to both oxygen and carbon while carbon is bonded
either to silicon or carbon. There are no carbon-oxygen bonds

Ž .found in the material Renlund and Prochazka, 1991 . The
silicon oxycarbide structure is envisioned to be a random net-
work of silicon-oxygen tetrahedra with an occasional silicon
bonded to one or two carbons. These carbons are, in turn,
tetrahedrally bonded to other silicon atoms. Although redis-
tribution reactions between Si-C and Si-O bonds are likely
during the pyrolysis, the number of Si-O bonds remains ap-
proximately constant. The redistribution reactions lead only
to the change of atoms surrounding Si. Therefore, any out-
gassing or mass loss with respect to temperature or time is
caused by the cleavage of Si-C, C-C, Si-H, and C-H bonds.
This suggests that the functional groups in the precursor in-
volved in the pyrolysis reactions are CH , -CH -CH -, and3 2 2
-CH y.2

Table 2 shows that the functional group -CH -CH - can be2 2
Ž .thermally decomposed to form ethylene by reaction 1 , ben-

Ž . Ž .zene C H and hydrogen by reaction 2 , carbon and hy-6 6
Ž . Ž Ž . .drogen by reaction 3 , 1-hexene CH CH CHsCH by3 2 3 2

Ž . Ž .reaction 4 , or carbon and methane by reaction 5 . The
Ž .methyl -CH group can be thermally decomposed to form3
Ž . Ž . Ž .methane CH and methylene -CH - by reaction 6 , car-4 2

Ž . Ž .bon and hydrogen by reaction 7 , or ethane C H by reac-2 6

Figure 1. Process for making composite from prece-
ramic polymer.

Ž . Ž .tion 8 . The methylene -CH - group can be thermally de-2
Ž .composed to form carbon and hydrogen by reaction 9 or to

Ž .form carbon and methane by reaction 10 . The Gibbs ener-
gies for reactions 1�10 are shown in Figures 2, 3, and 4, and
indicate which reactions from that set are possible at a given
temperature.

As shown in Figure 2, the -CH -CH - group can be de-2 2
composed to form ethylene above 400�C, to form benzene
and hydrogen, or to form 1-hexene above 300�C. Benzene

Žand 1-hexene are not observed in mass spectroscopy TGA-
. Ž .MS or residual gas analysis TGA-RGA thermogravimetric

Ž .experiments Leung and Porter, 1994 , and so, while reac-
tions 2 and 4 are thermodynamically favorable, they appear
unlikely to occur in the transformation of the polymer to a
ceramic. The slow diffusion of the -CH -CH - group in the2 2
solid may kinetically limit the formation of these bigger
molecules. The -CH -CH - group can also be decomposed to2 2
form carbon and hydrogen or to form carbon and methane
above 300�C. 13C NMR of the semi-ceramic, intermediate
material indicates that free carbon forms around 600�C. At
higher temperatures, the -CH -CH - group is most likely de-2 2
composed to form carbon and methane, because the Gibbs
energy of reaction 5 is more negative than the other four
decomposition pathways and diffusion through the solid pro-
vides ample opportunity for hydrogen and carbon to react
and form methane.

Table 1. Bond Energies of Various Bonds Present in the
Polymeric Precursor

Bond Si-C C-C Si-H C-H Si-O

Bond energy 75 80 80�90 100 127�195
Ž .kcalrmol
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Table 2. Decomposition Reactions of Functional Groups in
Blackglas Resin

Group Products Formed Reaction No.
Ž .C H 12 4
Ž .1r3 C H qH 26 6 2
Ž .-CH -CH - 2Cq2H 32 2 2

Ž . Ž .1r2 CH CH CHsCH 43 2 3 2
Ž .CqCH 54

Ž . Ž .-CH 1r2 CH q-CH - 63 4 2
Ž .Cq3r2 H 72
Ž .C H 82 6

Ž .-CH - CqH 92 2
Ž . Ž .1r2 CqCH 104

Figure 3 shows that the CH - group can be thermally de-3
Ž .composed to form methane and methylene -CH - at tem-2

peratures below 600�C. The CH - group is not favored to3
decompose to form carbon and hydrogen directly, because
the Gibbs energy of reaction 7 is always positive above room

Ž .temperature. Two methyl CH - groups are strongly favored3
Ž .to combine to form ethane C H at all temperatures. Since2 6

the CH - group in the polymer resin is stable to about 600�C,3
Ž .it is expected that ethane C H might be formed at tem-2 6

peratures below 600�C.
The decomposition of the -CH - group to form either car-2

Figure 2. Calculated Gibbs energies of reactions 1–5
with temperature.

Figure 3. Calculated Gibbs energies of reactions 6–8
with temperature.

bon and hydrogen or carbon and methane is thermodynami-
cally favored, as shown in Figure 4. As the pyrolysis tempera-
ture increases, the decomposition to carbon and methane is
more strongly favored since the Gibbs energy for reaction 10
is more negative.

Figure 4. Calculated Gibbs energies of reactions 9–10
with temperature.

Table 3. Mechanical Tests of 2D Nextel 312 Composite Panels

Temp.rPyrolysis Cycle Time

Sample 3-Pt Flex 5.0Crmin 2.0Crmin Beta Cycle 0.2Crmin
Ž . Ž . Ž . Ž .Thickness Test 4.2 h 6.8 h 22.4 h 46.7 h

0.070 in. Ult. Stress 42.0 KSI 40.0 KSI 41.0 KSI 37.0 KSI
Ž .® s50% Modulus 11.5 MPSI 11.4 MPSI 11.9 MPSI 11.4 MPSIf

% Strain 0.5% 0.4% 0.4% 0.4%

0.140 in. Ult. Stress Delam Delam 45.0 KSI 35.0 KSI
Ž .® s50% Modulus 2nd Pyro 4th Pyro 11.2 MPSI 11.4 MPSIf

% Strain 0.5% 0.3%
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Actual TGArRGA experiments during Blackglas pyrolysis
Ž . Ž .Leung and Porter, 1994 indicate that methane CH and4

Ž .hydrogen H are the major evolved gases. These would be2
the gases having the highest diffusivity in the solid. There are
two peaks for methane at 590�C and 730�C, and one broad
peak for hydrogen at 800�C. Thus, on the basis of the ther-
modynamic decomposition analyses for the functional groups
-CH -CH -, CH - and -CH -, we expect that the methyl group2 2 3 2
Ž .CH - would be responsible for the first methane peak via3

Ž .reaction 6. The intermediate -CH - would be responsible2
for the second methane peak via reaction 10. The carbon and
hydrogen are likely formed via reactions 9 and 10.

Thermal decomposition of the Blackglas organo-silicon
polymer

The transformation of organo-silicon polymers to a ce-
ramic in an inert atmosphere proceeds via a free radical reac-
tion mechanism as supported by ESR, IR, TGA-DTA, and

ŽTGA-MS experimental results Yajima et al., 1978; Hasegawa
.et al., 1980; Hasegawa and Okamura, 1983, 1986 . The Gibbs

Ženergy of formation for the generic Blackglas polymer ap-
.proximately Si C O is on the order of -116 kcalrmole at10 12 11

300�. Thus, considerable energy input is required to decom-
pose it. The polymer survives intact at temperatures up to
450�C. As the pyrolysis temperature increases beyond 450�C,
the concentrations of C-H, Si-H and Si-CH bonds decrease3
and hydrogen and methane are evolved. New bridging species,
Si-CH -Si, form at the same time, and these bonds eventually2
break down above 800�C. The reactions of -CH - in the Si-2

Ž .CH -Si lead to the formation of Si-CH Si -Si and finally to2
Ž .Si-C Si -Si, resulting in the formation of a three-dimensional2

Ž .3-D network.
The stability of a chemical bond in an organo-silicon poly-

mer depends primarily on its bond energy and this provides
one plausible route for developing a reaction pathway for the
pyrolysis process. Based on the bond energies for Si-H, Si-C,
C-C, C-H and Si-O bonds listed in Table 1, the Si-H, Si-C
and C-C bonds would be broken first and so the proposed
initial decomposition reactions are

Si�H™Si �qH �

Si�CH �CH �Si™2Si-CH �2 2 2

Si�CH ™Si �q �CH3 3

The radicals formed from these reactions may then ab-
stract hydrogen atoms to give H and CH . Tetra-substituted2 4
atoms such as silicon or carbon are almost never abstracted
by free radicals. Similarly, the abstraction of an entire group
such as CH or SiR is also unlikely. Therefore, hydrogen3 3
abstraction probably occurs at Si-H bonds or C-H bonds via

R �qH�Si™RHqSi �

R �qCH �Si™RHq �CH �Si3 2

R �qSi�CH �Si™RHq �Si�CH�Si2

where R � sH � , �CH , Si � or �CH -Si. The abstraction of3 2
hydrogen attached to carbon should take place at higher tem-
peratures since the C-H bond is stronger than the Si-H bond.

The combination of the various Si and C radicals formed in
the above reactions may lead to the formation of Si-Si, Si-C,
and C-C bonds. At higher temperatures, the probabilities of
Si-C and Si-H bond cleavage are higher, the concentrations
of radicals become significant and combination reactions can-
not be neglected. However, the Si-Si bonds are unstable at

Žthe temperatures required by those cleavage reactions T �
.500�C , and any Si-Si bonds formed are likely to reform to

more stable Si-CH -Si bonds. This latter species may be2
formed according to

Si�CH �q �Si™Si�CH �Si2 2

The evolution of ethylene may be due to the degradation
of Si-CH -CH -Si bridges via a two-step mechanism�clea-2 2
vage of Si-C bonds followed by a radical rearrangement and
hydrogen abstraction according to

Si�CH �CH �Si™Si�CH �CH �qSi �2 2 2 2

Si�CH �CH � ™SiqCH sCH2 2 2 2

�CHsCH H CH sCHabstraction2 2 2

Residual vinyl groups may also account for the formation
of ethylene according to

Si�CHsCH ™Si �q �CHsCH2 2

�CHsCH H CH sCHabstraction2 2 2

The C-H bond is the second strongest bond present in the
polymer resin. The cleavage of this bond requires higher tem-
peratures. It probably accounts for most of the hydrogen
formed above 600�C, and for the formation of free carbon

C�H™C �qH �

In addition to hydrogen radicals abstracting hydrogen to
form molecular hydrogen, methyl and ethyl radicals also ab-
stract hydrogen to form methane and ethylene. The decom-
position of the �C H radical may be another source of ethy-2 5
lene

2CH � ™C H3 2 6

�C H ™C H qH2 5 2 4

The C and C hydrocarbons, if any, may be formed via3 4

�CH qC H ™CH q �C H3 2 6 4 2 5

�CH q �C H ™C H3 2 5 3 8

�CH qC H ™CH q �C H3 2 4 4 2 3

�CH q �C H ™C H3 2 3 3 6

2C H � ™C H2 5 4 10
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Figure 5. Chemical reaction pathway.

Rate equations
Based on these thermodynamic considerations, the stability

29 13 Žof the various functional groups, Si and C NMR Leung
. w xand Porter, 1994 analysis, and TGA-MSrTGA-RGA 8

characterization of Blackglas resin and ceramic product, a
proposed reaction pathway is shown in Figure 5.

During the thermal cracking of the polymer, the evolved
gases are assumed to be formed by the chemical reactions in
Table 4, and then these gases diffuse out from the resin. We
assume that the intervening mechanism between the solid-
phase generation of gases and gas-phase transport involves a
process of adsorption and desorption from the solid. The fol-
lowing assumptions are used for a model to describe the py-
rolysis process:

� The temperature is homogeneous throughout the sam-
ple;

� There is no polymer evaporated in the transformation
from polymer to ceramic;

� The rate constants for chemical reactions and for ad-
sorption and desorption processes are of the Arrhenius form

E
Ks A exp yž /RT

where A is the pre-exponential factor and E is the activation
Ž .energy kcalrmole ;

� Chemical reactions only occur in the solid solution;
� All reactions are elementary reactions;
� The sample volume remains constant during the pyroly-

sis;
� Thermal redistribution reactions do not affect the kinet-

ics of gas formation since these reactions in the solid phase
are slow compared to thermal degradation reactions leading

Ž .to gas formation Wang et al., 2001 ; and
� The overall process is an endothermic one. Although heat

may be released via radical recombination reactions, the
amount of heat released in those reactions is negligible com-
pared to the energy input needed for decomposition.

Table 4 lists 35 possible reactions during pyrolysis. The last
Ž .seven reactions, 29�35 , are adsorption-desorption relations

between the solid and gas phases dealing with the evolved
gases. 33 differential equations must be solved simultane-
ously to chart the evolution of all the species.

Data available on the kinetics and energetics of polysilox-
Ž .ane decomposition are scarce Walsh, 1989 . Therefore, the

values used for the parameters in this study were based on
Žthe pyrolysis of similar compounds Benson, 1976; Libanati,

.1992 . The values for the activation energies of the reactions
in Table 4 were related to the energies of bonds broken dur-
ing the reaction. For radical reactions, the activation energy
was assumed to be zero. Values of these parameters were
adjusted via a least-squares algorithm to improve the corre-
spondence between the model and the data. The final values
for the activation energies and pre-exponential factors are

Ž .given in Table 5 and can be found in the thesis Wang, 2000
from which this article was abstracted. We should note that
these values are not unique. As additional or more reliable
experimental activation energies and preexponential factors

Table 4. Chemical Reactions during Pyrolysis�

Ž .1. Si-CH ™Si �qCH � 19. C H �qCH � ™C H a3 3 2 3 3 3 6
Ž .2. Si-CH CH -Si™Si-CH-Si �q �CH 20. Si-H™Si �qH �3 3

3. Si-CH -CH -Si™2Si-CH � 21. Si-CH -Si™Si-CH-Si �qH �2 2 2 2
Ž . Ž .4. Si-CH -Si™Si �qSi-CH � 22. Si-CH Si -Si™Si-C Si -Si �qH �2 2

Ž . Ž .5. Si-CH Si -Si™Si �qSi-CH-Si � 23. H �qSi-CH ™Si-CH �qH a3 2 2
Ž . Ž . Ž .6. Si-C Si -Si™Si �qSi-C Si -Si � 24. H �qSi-CH -Si™Si-CH-Si �qH a2 2 2

Ž . Ž . Ž . Ž .7. CH �qSi-H™Si �qCH a 25. H �qSi-CH Si -Si™Si-C Si -Si �qH a3 4 2
Ž . Ž .8. CH �qSi-CH ™Si-CH �qCH a 26. H �qH � ™H a3 3 2 4 2

Ž .9. CH �qSi-CH -Si™Si-CH-Si �qCH a 27. Si-CH � ™Si �q �CH �3 2 4 2 2
Ž . Ž . Ž . Ž .10. CH �qSi-CH Si -Si™Si-C Si -Si �qCH a 28. �CH � ™C s q2H �3 4 2
Ž . Ž . Ž .11. 2CH � ™C H a 29. CH a ™CH g3 2 6 4 4

Ž . Ž . Ž . Ž .12. CH �qC H a ™C H �qCH a 30. C H a ™C H g3 2 6 2 5 4 2 4 2 4
Ž . Ž . Ž .13. CH �qC H � ™C H a 31. C H a ™C H g3 2 5 3 8 2 6 2 6

Ž . Ž . Ž .14. 2C H � ™C H 0 a 32. C H a ™C H g2 5 4 1 3 6 3 6
Ž . Ž . Ž .15. C H � ™C H a qH � 33. C H a ™C H g2 5 2 4 3 8 3 8

Ž . Ž . Ž . Ž .16. CH �qC H a ™C H �qCH a 34. C H a ™C H g3 2 4 2 3 4 4 10 4 10
Ž . Ž . Ž .17. CH �qH � ™CH a 35. H a ™H g3 4 2 2

Ž .18. �CH �q2H � ™CH a2 4

� Ž . Ž .All species are in the solid phase unless noted by a for adsorbed molecules or g for gaseous molecules. Radicals are denoted by a � .
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Table 5. Kinetic Data for the Mechanistic Kinetic Model

Forward Reaction Reverse Reaction
Ž . Ž . Ž . Ž .Reaction No. log A Ei kcalrmol log A E kcalrmolf f r r

1 16 60.0 10 0.0
2 16 62.0 10 0.0
3 16 64.0 10 0.0
4 10 0.0 15 85.0
5 10 0.0 15 85.0
6 10 0.0 15 85.0
7 15 45.0 15 80.0
8 15 45.0 15 80.0
9 15 48.0 15 80.0

10 15 50.0 15 80.0

11 10 0.0 15 60.0
12 10 15.0 9 10.0
13 10 0.0 15 45.0
14 10 0.0 15 45.0
15 14 40.0 10 0.0
16 9 15.0 9 8.0
17 10 0.0 15 95.0
18 10 0.0 15 45.0
19 15 64.0 10 0.0
20 15 66.0 10 0.0

21 15 68.0 10 0.0
22 15 45.0 15 80.0
23 15 48.0 15 80.0
24 15 50.0 15 80.0
25 15 62.0 10 0.0
26 10 0.0 15 80.0
27 15 64.0 15 80.0
28 6 2.0 15 80.0
29 6 37.0 0 0
30 6 37.0 0 0

31 6 38.0 0 0
32 6 40.0 0 0
33 6 42.0 0 0
34 6 35.0 0 0
35 10 36.0 0 0

are determined, these can be fed into the model and used to
constrain the optimization. We are primarily interested in de-
termining whether the set of proposed reactions is sufficient
to describe the pyrolysis process, whether our set of parame-
ters allow us to match experimental mass loss, gas evolution,
and pressure data, and whether the model can give us some
insight into how best to operate the pyrolysis process to pro-
duce useful product in a minimum amount of time. Table 3
relates mechanical properties to the pyrolysis cycle used.

Results and Discussions
Simulations of the pyrolysis process were done for the ini-

tial concentrations of species determined from the 29 Si NMR
Ž .results Leung et al., 1994 on the Blackglas polymer precur-

sor. The initial concentrations of the Si-CH , Si-CH -CH -Si,3 2 2
Ž . Ž .Si-CH CH -Si were 10.4, 8.35 and 1.11 molerL , and the3

concentrations of all the other species were set to zero ini-
tially. A linear temperature ramp was used in the simulation
and the experiments. The concentrations of various groups
were calculated at different temperatures or times using the

Ž .DASSL Petzold integration package.
The percentage of initial mass lost from the model was

Žcompared with the experimentally observed value Leung and
.Porter, 1994 , shown in Figure 6. The rates of evolved gases

Figure 6. Comparison of mechanistic model with exper-
iment.
TGA errors are �5%.

with respect to temperature are shown in Figure 7. Methane
is the primary gas evolved in both the experiments and in the
simulation. Hydrogen is the second most abundant gas fol-
lowed by a minor amount of ethane. Similar observations on

Žgas evolution were made in the Grumman studies Leung,
.1996; Leung and Porter, 1994 . Other studies conducted by

Allied Signal indicate C ’s as the second most abundant gas2
Ž .group after methane Leung, 1996; Leung and Curran, 1994 .

The model predicts two peaks for methane and one broad
peak for hydrogen. Both predictions are in good agreement
with observations from TGA-RGA experiments.

This pyrolysis system is extremely complex with numerous
chemical reactions taking place simultaneously. The total
moles of evolved gases generated per gram of sample vs. tem-
perature is compared with the experimental data shown in
Figure 8. A closed system of fixed volume was used to cap-

Figure 7. Simulation results for the gas evolution rate
during pyrolysis.
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Figure 8. Total moles of evolved gases vs. temperature.
TGA errors are �5%.

ture the evolved gases during polymer decomposition. This
approach was a useful way of estimating the pressure that
may be built up in the closed pores of a composite and check-
ing to see that gas production from the model matched the
experiment. As shown in Figure 9, the pressure buildup is
significant and the model is in reasonable agreement with the

Ž .experiments Leung, 1996 .
ŽThe consumption of the initial functional groups Si-CH ,3

.Si-CH -CH -Si in the resin and the appearance of the inter-2 2
Ž .mediate functional group Si-CH -Si are shown in Figure 10.2

ŽAt temperatures above 400�C, the functional groups Si-CH ,3
. ŽSi-CH -CH -Si rapidly decrease, the functional group Si-2 2

.CH -Si is formed, and the latter group survives up to 800�C.2
These model predictions are in a good agreement with 29 Si
NMR observations. Carbon in the forms of silicon carbide
and graphite can also be predicted, as shown in Figure 11.

Figure 9. Pressure vs. temperature in the closed sys-
tem.
Experimental errors are �10%.

Figure 10. Calculated concentrations of functional
groups vs. temperature.

Free carbon is deposited above 600�C, which is in a good
agreement with the experimental observation that the color
of the sample changes from transparent to brown. Free car-
bon comprises about 55% of the total carbon in the Blackglas
ceramic. This prediction is also in good agreement composi-
tions determined from 13C NMR observations of Blackglas
ceramic pyrolyzed at 900�C. A small percentage of carbon

Ž .exists in the form of Si-C Si -Si, which suggests that a con-
nection between the network of silicon oxycarbide and the
free carbon is possible.

Application of the Model
The major cost associated with the manufacture of com-

posites is the pyrolysis process. This is due to the long cycle
time required to obtain the desired properties and the ex-
tremely slow heating rate necessary. We were interested in
determining if our model could predict the rate of gas evolu-
tion with respect to time, identify the critical outgassing re-
gions in the pyrolysis cycle, and help to identify process
changes required to slow down a fast reaction zone or to ac-
celerate a slow reaction zone. Due to the complexity of the
pyrolysis process, a multistep heating protocol is indicated.
Such a protocol, called a � cycle, was designed to control the
fabrication of 2D Nextel 312 composite. This protocol is
shown in Figure 12 along with the evolution rate of methane,
ethane, and hydrogen. The experimental tests were per-
formed by Northrup Grumman.

ŽThe experimental test used a 4 in.�6 in. 102 mm � 152
.mm panel made from Nextel 312 fiber with a volume frac-

Žtion of 50% fiber. Panels were made in two thicknesses 0.070
.in. and 0.14 in., 1.78 mm and 3.56 mm to determine the

effect of the thickness on the final mechanical properties. All
Žpanels were made by a standard curing process Annamalai

. Žet al., 1996 . Three linear heating protocols 0.2, 2.0 and 5.0
. Ž .Crmin and one step-heating protocol � cycle to 1,000�C

were used to control the pyrolysis. The process also involved
five reinfiltration-pyrolysis cycles. Three-point flexure tests at

October 2002 Vol. 48, No. 10AIChE Journal 2321



Figure 11. Calculated concentrations of carbon species
vs. temperature.

room temperature were used to measure changes in mechan-
ical properties. The results of these flexure tests are summa-
rized in Table 3.

Ž .For the thinner panels 0.07 in. , the flexure properties are
fairly uniform except for the 0.2 Crmin cycle where there is
about a 10% drop in ultimate strength. In thinner panels, the
generated gases can easily diffuse out of the sample for all
heating protocols. Thus, there is no pressure built up in the
composite. The reason for the 10% drop for 0.2 Crmin cycle
is that some trace oxygen from the ambient environment may
have been incorporated in the ceramic and this reduced the

Žcarbon load in the silica network. For the thicker panels 0.14
.in. , delamination developed during the 4th cycle at a heating

rate of 2.0 Crmin and during the 2nd cycle at a heating rate
of 5.0 Crmin cycle. The � cycle outperformed the fixed 0.2

( )Figure 12. a Calculated gas evolution rate with re-
( )spect to the designed heating protocol; b

� cycle protocol.

Crmin cycle by producing panels with 20% higher ultimate
strength in less than half the time of the fixed cycle process.

Considering the mechanical test results from the 2-D Nex-
tel 312 composite panels shown in Table 3, the optimal tem-
perature protocol for making 0.140 in. 2-D Nextel 312 com-
posite panels is 5.0�Crmin for the first cycle, 2.0�Crmin for
the 2nd and 3rd cycles, and the � cycle for the 4th and 5th
cycles. The total pyrolysis time of 62.6 h for the five cycles

Ž .using this protocol is nearly half the time required 112 h , if
the � cycle alone is used.

Conclusions
A plausible reaction pathway and kinetic model has been

developed to describe the transformation of a polysiloxane
polymer to a silicon oxycarbide ceramic. Resin compositions
determined by 29Si NMR were used to determine the initial
conditions for solving the rate equations.

� The model can be used to predict the mass loss and the
rates and composition of evolved gases as a function of tem-
perature and time.

� The model predicts that free carbon is formed above
600�C, and this prediction is in good agreement with the ex-
perimental observation that the resin turns from transparent
to brown at 600�.

� The model can be used to design various step-heating
protocols for optimizing the pyrolysis fabrication process for
low cost ceramic composites.

The uniqueness of the model is based on the breakage and
the formation of chemical bonds present in the resin. This
methodology should be very useful for predicting the thermal
degradation of very complex organic matter such as biomass
or thermoset polymers.

The model can be expected to predict the evolution of gases
and the formation of specific chemical bonds during the py-
rolysis of polycarbosilane, because that pyrolysis process is
similar to that for polysiloxane.
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