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Si-C-N ceramics with a high microstructural 
stability elaborated from the pyrolysis of new 
polycarbosilazane precursors 
Part V Oxidation kinetics of mode/filaments 

D. MOCAER,  G. C H O L L O N ,  R. PAILLER,  L. F IL IPUZZ l ,  R. N A S L A I N  
Laboratoire des Composites Thermostructuraux (UMR 4 7 CNRS- SEP- UB 1), Domaine 
Universitaire, 3 Allee de La Be#tie, F-33600 Pessac, France 

Oxidation tests have been performed on model Si-C-N-O filaments prepared from a new 
polycarbosilazane (PCSZ) precursor, according to a spinning-oxygen-curing-pyrolysis proced- 
ure. Thermogravimetric analyses have been run under a flowing atmosphere of dry oxygen 
( P =  100 kPa) at 1000 < T<  1400~ The oxidation treatment results in the growth of a sil- 
ica layer (passive oxidation regime) and simultaneously the release of carbon oxides and ni- 
trogen, with an overall weight increase. At a given test temperature, the kinetics of growth of 
the silica scale obeys a parabolic law. The parabolic rate constant is thermally activated with 
an apparent activation energy of 170 kJ mol 1 The rate-limiting step is diffusion-controlled. 
The ex-PCSZ filaments exhibit a better oxidation resistance than the related Si-C-O fibres pre- 
pared from polycarbosilane precursors according to a similar procedure. 

1. Introduction 
A number of Si-based ceramic fibres have been elabor- 
ated according to a spinning-stabilization-pyrolysis 
general procedure from various organosilicon pre- 
cursors including polycarbosilanes (PCS) [1, 2], poly- 
titanocarbosilanes (PTCS) [3, 4] and polysilazanes 
(PSZ) [5, 6]. These fibres were designed to be used in 
ceramic-matrix composites (CMCs) or metal-matrix 
composites (MMCs) at high temperatures and under 
oxidizing atmospheres [7-10]. The organosilicon pre- 
cursors are usually spun in the molten state, so the 
green fibres have to be properly stabilized before the 
high-temperature pyrolysis. This is often done 
through a curing step with oxygen. Since the Si-O 
bonds are very stable, the oxygen which has been 
introduced in the material is not released during 
pyrolysis and remains in the fibres (with a weight 
concentration of the order of 10%). When such fibres 
are further aged in an inert atmosphere at high tem- 
peratures (i.e. T > 1200~ most of them undergo a 
decomposition-crystallization process with a drop in 
their mechanical properties. Now it is well established 
that this process involves the formation of gaseous 
oxides (i.e. SiO and CO) [11, 12]. Thus, improving the 
thermal stability of ex-organosilicon fibres through 
the use of new precursors and curing agents is a 
subject of active research [13, 14]. 

Surprisingly, very few articles have been devoted to 
the kinetics of oxidation of ex-organosilicon ceramic 
fibres despite the fact that most related MMCs or 
CMCs are used in oxidizing atmospheres. Warren and 
Anderson [15] and more recently Filipuzzi and 
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Naslain [16] have studied the oxidation of ex-PCS 
Si-C-O fibres (Nicalon fibres from Nippon Carbon). 
The latter have shown that such fibres undergo a 
parabolic weight increase versus time, within the tem- 
perature range 850-1200~ They assigned this fea- 
ture to diffusion phenomena across the protective 
silica film formed on the fibre surface and reported an 
apparent activation energy value (i.e. ~ 70 kJ mol-1) 
much lower than that usually accepted for pure poly- 
crystalline SiC (i.e. ,-~200-300 kJmol-1). They also 
mentioned that beyond 1200~ the kinetic data no 
longer obeyed parabolic laws owing to crystallization 
of the glassy silica film, the occurrence of micro- 
cracking and the intrinsic lack of stability of the fibres 
at high temperatures. 

As far as we know, no detailed study has been 
published on the oxidation kinetics of ex-polysilazane 
and ex-polycarbosilazane (PCSZ) fibres. The aim of 
the present contribution is to report the oxidation 
kinetic data that we have obtained on model 
Si-C-N-O monofilaments prepared from new oxy- 
gen-cured PCSZ precursors according to a procedure 
which has been described elsewhere [17,18], and to 
compare the related kinetic law with those previously 
published for ex-PCS Si-C-O fibres [16] in order to 
try to point out the influence of the nitrogen atoms. 

2. Experimental procedure 
The PCSZ-precursor used in the present study was 
prepared according to a co-polymerization process, 
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from dimethyldichlorosilane and 1,3-dichloro-1, 
3-dimethyldisilazane, according to a procedure which 
has been described elsewhere ]-19]. Its chemical com- 
position corresponds to the overall formula 
SiCI .22N o .45H4 .2Oo . o3  and was referred to as PCSZ- 
II in part I [20]. The precursor was spun in the molten 
state, with a laboratory-scale apparatus equipped with 
a single spinneret. The green continuous monofila- 
ment (25 gm in diameter) was cut into lengths of about 
50 mm and cured under a flowing oxygen-nitrogen 
mixture (P(O2)  = 50 kPa, P(N2) = 50 kPa, Q = 1 lh -  1) 
at 190 ~ (heating rate 5 ~ duration of isother- 
mal plateau 1 h), according to a procedure described 
and discussed in part II [17]. Finally, the oxygen 
cured filaments were pyrolysed under flowing argon 
(P = 100kPa, Q = 1 l h 1) up to a temperature 
Tp = 1200~ (the filaments being maintained at Tp 
for 15 rain), as described in part III 1-18]. After pyro- 
lysis, the chemical composition of the filaments corres- 
ponds to the overall formula S i l C 0 . 7 7 N 0 . 3 9 O o .  6 (with 
trace amounts of hydrogen) [18]. 

The oxidation kinetics of the ex-PCSZ-I[ 
S i -C-N O filaments were studied by thermogravi- 
metric analysis (TGA) (TAG 24 apparatus from 
S6taram). The experiments were performed on 
samples of 50 mg set in a pure alumina crucible and 
heated up to a maximum temperature T O ranging 
from 1000 to 1400 ~ (heating rate 30 ~ min-1, iso- 
thermal plateau of 3 h at To) under a flow of pure dry 
oxygen (P = 100 kPa, Q = 1 h -  1) (oxygen 
grade N45 (H20 < 2 p.p.m.) from Alphagaz). 

After the oxidation test, the morphology of the 
oxide scale was studied by scanning electron micro- 
scopy (SEM) (Jeol 840 S). Its structure and local 
composition were assessed by transmission electron 
microscopy (TEM) with electron energy loss spectro- 
scopy (EELS) (ELS 50 from Vacuum Generators). 

3 .  R e s u l t s  

3.1. Kinetics of oxidation of the filaments in 
dry oxygen 

The relative weight variations of the filaments (Am/rno) 
as a function of time during exposures in dry oxygen 
are shown in Fig. la for 1000 < To < 1400~ and 
0 < t < 12000 s. Oxygen exposures lead to an overall 
weight increase of the sample whatever the value of the 
temperature, thought to be the result of a complex 
chemical reaction involving the oxidation of the com- 
bined silicon from the filament into silica (occurring 
with a weight increase) and the evolution of gaseous 
species, i.e. CO, CO2 and N2 (taking place with a 
weight loss), as discussed later in section 4. Further- 
more, the variations of (Am~too) 2 as a function of time 
(Fig. lb) were observed to be linear, a feature sugges- 
ting that the oxidation kinetics obeyed a diffusion- 
controlled law, as is usually the case for silicon-based 
ceramics in the so-called passive oxidation regime 
(growth of a protective silica scale) [211. 

The thickness of the silica scale was calculated from 
the Am~too data assuming that (i) the composition of 
the non-oxidized part of the filament remained con- 
stant during the oxidation treatment (as supported by 
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Figure 1 Oxidation kinetics of ex-PCSZ-II S i -C-N O filaments in 
dry oxygen (P = 100 kPa, Q 1 lh -~) at temperatures ranging 
from 1000 to 1400 ~ (a) variations of the weight increase of the 
sample zXm/mo versus time, (b) variations of the square of the mean 
thickness of the silica scale versus time. 

electron-probe microanalysis data), (ii) the oxide scale 
is pure silica, the S i -C-N-O/SiO 2 conversion pro- 
ceeding radially from the external filament surface, 
and (iii) the thickness of the silica layer is small 
comparatively to the fibre diameter. Under such as- 
sumptions and as established in the Appendix, the 
thickness of the silica layer x (expressed in nanome- 
tres) can be calculated from the value of A m / m  o ac- 
cording to the equation 

x Am 
- f R. ( l )  

P iF/o 

where FR, the conversion factor, is equal to 0.044. This 
calculation procedure was validated on the basis of 
direct measurements of the silica layer thickness by 
SEM (Table I). 

The variations of x 2 as a function of time for 
1000 < T < 1400 ~ (Fig. lb) appear to obey a linear 
law and can be expressed by the equation 

2 g D t (2) X 2 __ X o 

where Xo is a constant taking into account the occur- 
rence of a silica layer which was formed during the 
transient regime (heating period from room temper- 
ature to To) prior to the isothermal treatment at To. 
The values of both Xo and K D are listed in Table II. It 
thus appears that the kinetics of oxidation of the 
ex-PCSZ-II Si-C-N-O filament obey a parabolic law 
and are diffusion-controlled. 

The thermal variations of the kinetic constant KD 
are shown in Fig. 2 in an Arrhenius plot and observed 
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Oxidation treatment 

T A B L E  II Values of parabolic diffusion constant  K o and equi- 
valent initial thickness at t = 0, xo, for various oxidation test 
temperatures 

200 h lO00 ~'C 50 h (1200 ~ 20 h (1400~ 

Calculated SiO a layer 527 782 1128 
thickness (nm) 
Measured SiO 2 layer 600 800 1000 
thickness (nm) 

T(~ 3 

Temperature (~ 

1400 1200 1100 1000 
I I i I 

1000 1100 1200 1400 

Xo (nm) 11 18 41 96 
K D (nm 2 s-1) 0.37 1 3.05 14.8 

to obey the equation. 

K D = K o e x p ( -  Ea/RT ) (3) 

where Ko, the so-called pre-exponential constant, is 
equal to 3 x 106 nm 2 s 1; Ea ' the apparent activation 
energy, is equal to 170 kJ tool-1 and R is the ideal gas 
constant. 

3.2. Failure surface of t he  f i l a m e n t s  
Two SEM micrographs of the surfaces of oxidized 
filaments which failed under tensile loading at room 
temperature are shown in Fig. 3. The filament which 
has been maintained in dry oxygen for 200 h at 
1000 ~ exhibits after failure the typical surface of a 
brittle material and appears to be coated with a 
smooth layer of silica with a thickness of about  0.6 gm. 
Conversely, the filament which has been treated 20 h 
at 1400~ exhibits a rough and cracked silica layer 
with a thickness of about  1 gin. 

3.3. Structure and composi t ion of the oxide 
scale 

T E M - E E L S  analyses were performed on cross-sec- 
tion thin foils of Si-C N O filaments (which had been 
treated for 20 h in dry oxygen at 1400 ~ prepared by 
ultramicrotomy according to a technique described by 
Maniette and Oberlin [22]. One of the TEM images 
taken in the bright-field (BF) mode is shown in Fig. 4a. 
Three different zones (referred to as zones 1, 2 and 3) 
are clearly apparent. The external zone 3, with a mean 
thickness of about  1 gin, was assigned to cz-cristobalite 
on the basis of its selective-area diffraction (SAD) 
pattern. It has been observed that cz-cristobalite has a 
tendency to become amorphous  under the electron 
beam, as already reported by Maniette and Oberlin 
[22] for ex-PCS fibres. The internal zone 1 is amorph-  
ous (Fig. 4b) and was assigned to part of the non- 
oxidized Si-C N O filament. Finally, the intermedi- 
ate zone 2, with a thickness of about  50 nm, was also 
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Figure 2 Arrhenius plots showing the thermal variations of the 
kinetic parabolic constants K D for the oxidation of the ex-PCSZ-II 
S i - C - N - O  filaments and various Si-based ceramics: ([]) Si C O ex- 
PCS fibres [16], (O) bulk Si3N ~ [28], ( l l )  silicon single crystal (1 1 1) 
[24], (�9 CVD Si3N 4 [24], (<~) HP SiC [26], ( # )  present work. 

observed to consist of an amorphous material (Fig. 
4c). 

An elemental analysis was performed by EELS in 
the three different zones. The EELS spectra are shown 
in Fig. 5. The external zone 3, previously identified as 
silica, contains only silicon and oxygen (no nitrogen or 
carbon were detected in significant amounts), the O/Si 
ratio being 2.3, i.e. close to that characterizing pure 
silica. Furthermore, no significant concentration gra- 
dient was observed across the silica scale. The inter- 
mediate amorphous zone 2 contains carbon and it was 
tentatively identified as an infiltration of the resin 
which was used to embed the filament prior to ultra- 
microtomy (as supported by the fact that the c~-cristo- 
balite scale formed at 1400 ~ C is cracked and partly 
debonded from the filament after cooling at room 
temperature, as shown in Fig. 3b). Finally, quantita- 
tive EELS analysis performed in zone 1 (corres- 
ponding to the non-oxidized ex-PCSZ-II  Si C N O 
filament) led to the overall chemical formula 
SiCo.sNo.44Oo.6, which is in rather good agreement 
with that established from the EPMA data, i.e. 
S i C o . 7 7 N o . 3 9 O o .  6 a s  reported in part III  [18]. 
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Figure 4 TEM analysis, near the external surface, of an ex-PCSZ-II, 
S i -C-N O filament after oxidation treatment of 20 h at 1400 ~ in 
dry oxygen: (a) bright-field image; (b, c, d) SAD patterns of zones 1, 2 
and 3, respectively. 

Figure3 SEM micrographs of ex-PCSZ-II Si C N O filaments 
after oxidation treatments in dry oxygen (P = 100 kPa, Q = 1 I h 1 
(a) 200 h at 1000 ~ (b) and (c) 20 h at 1400 ~ 
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4. Discussion 
4.1. Chemical species involved in the oxida- 

tion of ex-PCSZ-II Si C-N-O filaments in 
dry oxygen 

The analytical data which have been presented in 
section 3 clearly show that the oxidation of ex-PCSZ- 
II S i -C-N-O filaments results mainly in the growth of 
a silica layer at the filament surface whose kinetics is 
controlled by diffusion phenomena. The silica scale is 
amorphous for oxidation tests performed at low tem- 
peratures (e.g. T o = 1000~ whereas it consists of 
~-cristobalite at high temperatures (e.g. T O = 1400 ~ 
Conversely the oxidation mechanisms remain a mat- 
ter of speculation owing to (i) the limited amount of 
experimental data and (ii) the complexity of the mater- 
ial (the filaments have an amorphous character and 
their chemical composition involves five elements and 
is close to the overall formula SiCo.sNo.4Oo.6(H)). 
However, it is thought that they might have common 
features with the oxidation mechanisms of different 
related materials, such as silicon, silicon carbide and 
silicon nitride, which have been the subject of many 
detailed analyses [23, 27]. 

It is generally accepted that the important step, 
from a kinetic point of view, in the oxidation of silicon 
by oxygen is the diffusion of oxygen through the silica 
layer involving molecular species at T o < 1400 ~ and 
ionic species at T o > 1400 ~ [23,24]. In the oxidation 
of silicon carbide, two opposite diffusion fluxes are 
present in the silica scale: (i) a flux of oxygen, as 
already mentioned for silicon, and (ii) a flux of carbon 
oxides (i.e. CO and to a less extent CO2) [25]. Finally, 
the oxidation of silicon nitride also involves two op- 
posite diffusion fluxes: a flux of oxygen and a flux of 
nitrogen (as molecular species) [26, 27]. 

Furthermore, hydrogen is present in small amounts 
(i.e. ~ 2  at %) in ex-PCSZ-II Si C - N - O  filaments and 
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Figure 5 EELS spectra of the different zones shown in the TEM BF image of Fig. 4: (a) silica scale (zone 3) and (b) non-oxidized ex-PCSZ-II 
Si-C-N-O filament (zone 1). 

might play a role in the oxidation process [18]. It 
could be responsible for the formation of OH species 
whose occurrence in silica would decrease the vis- 
cosity of the oxide scale and thus favour the perme- 
ation of molecular gaseous species [28]. It has also 
been mentioned that hydrogen enhances the forma- 
tion of NO during the oxidation of Si3N 4 by an 
H20 02 mixture [24]. 

On the basis of the various oxidation mechanisms 
previously reported for silicon, SiC and Si3N4, the 
oxidation of ex-PCSZ-II Si-C-N O filaments might 
involve, in a similar manner, two opposite diffusion 
fluxes, as shown schematical!y in Fig. 6: (i) a flux of 
reactant (molecular oxygen or /and 0 2-ions) and (ii) a 
complex flux of products including mainly carbon 
oxides (CO and to a less extent COs) and nitrogen (as 
molecular N 2 species or/and to a less extent NO 
species) as well as small amounts of hydrogen-contain- 
ing species (H2, O H -  or H20 ). 

The local TEM-EELS analysis reported in section 
3 (as well as Auger electron spectroscopy data) does 
not support the occurrence of an intermediate phase 
between the silica layer and the Si-C-N-O filament, 
at least at a scale larger than about 10 nm. This result 
is in opposition with a conclusion drawn by Du et al. 

[27] according to which a ternary material S i z N 2 0  is 
formed, as a thin interphase, during the oxidation of 
Si3N 4 by oxygen. However, the occurrence of a thin 
intermediate phase (with a subnanometre scale) be- 
tween SiO  2 and Si-C-N O filament is not to be 
strictly excluded even if it has not yet been experi- 
mentally established (owing to pollution of the inter- 
face by the resin used to embed the filament). 

4.2. Morphology of the  silica scale  
As already mentioned, the silica scale resulting from 
the oxidation of ex-PCSZ-II filaments in dry oxygen is 
amorphous for To~1000~ and crystalline for 
To~ 1400~ in agreement with the data reported 
previously by Filipuzzi and Naslain [16] in their study 
of the oxidation of ex-PCS Si-C-O fibres in dry 
oxygen [16] and, more generally, with the data pub- 
lished on the oxidation of bulk SiC and Si3N 4 ceram- 
ics [25, 26, 29, 30]. The amorphization effect of the 
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Figure 6 Tentative modelling of the oxidation of an ex-PCSZ-II 
Si-C-N-O filament in dry oxygen showing the mass transfers of 
reactant/products across the silica scale and the oxidation reaction 
taking place at the scale-filament interface (schematic). 

electron beam on the cristobalite scale, observed dur- 
ing the TEM analyses, has been also mentioned by 
Maniette and Oberlin [22] for silica grown on ex-PCS 
Si-C-O fibres. 

The surface of the silica scale grown at 1400 ~ on 
the filaments is rough and contains microcracks, in 
contrast with that of the filaments treated at 1000 ~ 
which is smooth and crack-free, as shown in Fig. 3. 
This difference could be assigned to (i) the well-known 
effect of the volume change occurring at the 13-a 
transition of cristobalite upon cooling (at about 
270~ and (ii) a coefficient of thermal expansion 
(CTE) mismatch between the cristobalite layer and the 
filament. Conversely, it does not seem that the volume 
change related to the Si-C-N-O/SiO 2 conversion 
could explain the microcracking phenomenon ob- 
served in the cristobalite scale after an oxidation test 
at 1400 ~ (Fig. 3b). If it was the case, the microcracks 
would have been formed at high temperatures and 
have favoured the diffusion of oxygen (via the gas 
phase) towards the filament surface. Under such 
conditions, the filament oxidation would have been 
pronounced locally near the scale microcrack ends, a 
feature which has not been observed here in opposi- 
tion to what has been reported for the oxidation of ex- 
PCS Si-C-O fibres (Nicaton fibres from Nippon Car- 
bon) [16]. This difference of behaviour between ex- 
PCS Si-C-O and ex-PCSZ Si-C-N-O fibres could be 
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TABLE III Values of the Pilling Bedworth coefficient A and the conversion factor FR, calculated for various exorganosilicon fibres 
(dsio~ ~ 2.22 gcm -3 for all calculations) according to Equations 4 and AI0 

Si-C-N-O Si-C-N O Si C Si-C-O 
cured at 140~ cured at 190 ~ radiation-cured oxygen-cured 
(present work and [17]) (present work and [17, 18]) [13] [16] 

Composition SiCo.9No.4Oo.2 
Silicon mass concentration, Cs~ 0.56 
Fibre diameter, 2r(103 nm) 18.5 
Density (g cm- 3) 2.46 
Pilling-Bedworth coefficient, A 1.33 
Conversion factor, FR ( x 103) 32 

8iCo.78No.3900.61 S iq .3  SiC1.200. 4 
0.53 0.64 a 0.57 

20 15 15 
2.45 2.7 2.55 
1.26 1.68 1.41 

44 22 32 

a Estimated. 

explained taking into account the respective values of 
the so-called coefficient of Pilling and Bedworth [29, 
313 A. 

In the oxidation of silicon-based ceramic material, 
A is defined as the volume of silica formed per volume 
of ceramic consumed. As shown in the Appendix, it 
can be expressed according to the equation 

A -  M~(2~xx)Csi (4) 

where Msio~ and Msi are the molar masses of silica and 
silicon, d and dsio2 the densities of the ceramic and 
silica, respectively, and cSi the mass concentration in 
silicon of the ceramic material. When A > l, oxidation 
of the ceramic yields an oxide scale which has the 
capability of covering the ceramic substrate in a con- 
tinuous manner. It appears from Equation 4 that 
ceramics with a high silicon concentration and density 
are characterized by high A values (e.g. A = 2.24 and 
2.18 for pure silicon and silicon carbide, respectively). 
Furthermore, since silica is formed continuously at the 
scale-substrate interface (Fig. 6), the mechanical stress 
level will be more significant when A is high unless the 
stresses can be properly released (e.g. by viscous flow). 
The values of A, calculated according to Equation 4 
for various ex-organosilicon fibres, are listed in Table 
Ili. High values of A are thought to favour the occur- 
rence of mechanical stresses and thus that of cracks 
during the growth of thick and rigid oxide scales: 
microcracks and enhanced oxidation at the crack ends 
have been reported for ex-PCS Si-C-O fibres whose A 
value is 1.41, as already mentioned [-16]. Conversely, 
values of A close to unity are thought to induce lower 
mechanical stress levels in the scale; this might be the 
case for the ex-PCSZ-II S i -C-N-O filaments studied 
here, whose A value is only 1.26, the microcracks 
observed after an oxidation test at 1400~ being 
formed upon cooling as the result of other phenomena 
(i.e. ~-13 cristobalite transition and/or CTE mismatch). 

4.3. Kinetics of growth of the silica scale 
As shown in section 2, the kinetics of growth of the 
silica layer on ex-PCSZ-II Si-C N - O  filaments in dry 
oxygen obeys a parabolic law. The observed overall 
weight increase Am/mo is the result of two opposite 
phenomena: (i) the weight increase related to the 
oxidation of silicon and (ii) the weight loss due to the 
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release of gaseous species (mainly CO and N2). The 
overall reaction can be expressed by the equation 

SiCo.sNo.4Oo. 6 + 1.,10 2 --, SiO 2 + 0.8CO + 0.2N 2 

(5) 

in which hydrogen, known to be present in the fila- 
ment in small amounts (~  2 at %), is not taken into 
account. This equation should be compared with 
those characterizing the oxidation of related Si-based 
materials, i.e. ex-PCS Si-C-O Nicalon fibres, silicon 
carbide, silicon and silicon nitride: 

SiC1.2Oo.~ + 1.40 2 --* SiOz + 1.2CO (6) 

S i C +  1.50 2 ~ SiO 2 + C O  (7) 

Si + 0 2 ~ SiO2 (8) 

1 2 
~Si3N4 + 02 ~ SiO2 + ~N2 (9) 

The values of the kinetic parabolic constant K D (de- 
fined in Equation 2) and the apparent activation en- 
ergy Ea (defined in Equation 3) are listed in Table IV 
for the ex-PCSZ-II S i -C-N-O filaments studied here 
as well as for some related Si-based materials for the 
purpose of comparison. The thermal variations of KD 
are shown in Fig. 2. 

The kinetics of growth of the silica scale which has 
been established in the present work for the ex-PCSZ- 
II S i -C-N-O filaments exhibits two important fea- 
tures with respect to those previously published for 
the related ex-PCS Si-C-O fibres [16] : (i) the para- 
bolic rate constant Ko at a given temperature is lower, 
the ratio between the respective rate constants, Ko(Si- 
C-O)/KD(Si C-N-O),  being larger at low temper- 
atures (e.g. its value is 4 at 1000~ and only 1.5 at 
1200 ~ (Table IV); and (ii) the parabolic growth law 
of the silica is still obeyed up to 1400 ~ for the ex-PCS 
lI Si C - N - O  filaments whereas this is no longer true 
beyond 1200~ for the ex-PCS Si-C-O Nicalon fi- 
bres, as previously reported [16]. This latter feature is 
thought to be related to the fact that the filaments 
studied in the present work are stable up to 1400~ 
from a microstructural point of view, whereas the ex- 
PCS Si-C-O filaments are known to undergo beyond 
about 1200~ a decomposition-crystallization pro- 
cess [11, 30]. As shown in Fig. 3, the thickness of the 
silica scale formed in dry oxygen at high temperatures 
is significantly higher for the ex-PCS Si-C-O fila- 
ments with respect to the ex-PCSZ-II S i -C-N-O 



T A B L E  IV Variations of the parabolic kinetic constant Ko (nm2 s 1) as a function of oxidation test temperature for various Si-based 
ceramic materials 

Material Sample K o (nm 2 s -  1) 

900~ 1000~ l l00~ 1200~ 1300~ 1400~ E a Ref. 
(kJ mol 1) 

Single 
Silicon crystal 3.2 6.3 15.8 25 37 11 l [24] 

(111) 

Silicon carbide HP 4.1 11 30 200 [26] 
SiC 

Silicon nitride CVD 0.08 0.76 8 468 [24] 
Si3N4 

Silicon nitride CVD 0.002 0.02 0.16 1 330 [28] 
Si3N4 

Si C-O Fibre 0.96 1.38 2.31 4.75 70 1-16] 
(ex-PCS)" 

S i - C - N - O  Filament Present 
(ex-PCSZ II) (amorphous) 0.37 1 3.05 14.8 170 
cured at 190 ~ work 

aNicalon fibres (grade NLM 202) from Nippon Carbon. 

filaments, owing to the various degradation phe- 
nomena which take place in the former and which are 
thought to enhance the oxygen diffusion (e.g. the scale 
microcracking discussed in Section 4.2). As an ex- 
ample, the mean thickness of the silica layer observed 
after an oxidation test of 10 h at 1400 ~ was observed 
to be 3 lain for an ex-PCS Si C-O fibre (Nicalon grade 
NLM 202) but only 0.7 lain for ex-PCSZ-II Si -C-N-O 
filaments. 

As shown in Fig. 2, the growth rate of the silica is 
thermally activated, the variations of lnK D as a func- 
tion of the reciprocal temperature being linear within 
ttae whole temperature range which has been studied. 
This feature, together with the parabolic character of 
the kinetics of growth of the silica layer, supports the 
assumption that the rate-limiting step in the growth of 
the oxide scale is a diffusion mechanism. The value of 
the related apparent activation, energy, i.e. E, 
= 170 kJmo1-1, is significantly higher than that re- 

ported previously for ex-PCS Si C-O Nicalon fibres 
i.e. 70kJmo1-1 [16]. It is worthy of note that the 
apparent activation energy reported for Si3N 4 (from 
330 to 468 kJ mol-  1) [24,30] is also higher than that 
measured for SiC (from 200 to 300 kJmo1-1) [27]. 
Thus, it is thought that these coherent differences 
could be related to some effect of nitrogen on the mass 
transfers of the oxygen-containing species (not to say 
oxygen itself) through silica (Fig. 6) which would be 
particularly effective at low temperatures (Fig. 2). The 
occurrence of some nitrogen in the silica glass formed 
at low temperatures might increase the viscosity of the 
medium through which molecular oxygen has to dif- 
fuse. Furthermore, the nitrogen flux through silica 
might also lower the permeation rate of molecular 
oxygen in the opposite direction (especially if the same 
sites are involved in both cases), as already suggested 
by Clarke [30] for the oxidation of SiaN 4. Conversely, 
we have not been able to establish the occurrence of a 

thin layer of Si2N20 at the Si-C-N O/SiO z interface 
in opposition to what has been reported by D u e t  al. 
[27] for the oxidation of Si3N 4. This latter difference 
could be related to the fact that the ex-PCSZ-II 
Si-C-N-O filament material already contains a large 
amount of oxygen (thus rendering unnecessary the 
formation of the Si2N20 phase at the interface with 
silica) or/and artefacts during the TEM analysis, as 
already mentioned in section 3.3. 

The role played by hydrogen, which is known to be 
present in small amounts in most ex-organosilicon 
fibres, in the kinetics of growth of the silica layer has 
been discussed previously for the ex-PCS Si C-O 
Nicalon fibres [16]. It has been suggested that H 2 
or/and H20 formed at the filament-silica interface 
could yield Si H and Si-OH bonds whose occurrence 
in silica glass could be responsible to some extent for 
the low value of the apparent activation energy, i.e. 
70 kJ tool-1. Different assumptions have been made 
to justify the role played by Hz/H20 including a 
lowering of the silica glass viscosity [28]. A similar 
effect could be present in the ex-PCSZ-II Si C-N-O 
filaments (whose hydrogen concentration is of the 
same order of magnitude); however, this subject re- 
mains a matter of speculation and would require more 
experimental support. 

Carbon monoxide is formed according to Equa- 
tions 5 and 6 in about the same amounts for ex-PCS 
Si C-O and ex-PCSZ-II Si-C-N O filaments. Its 
mass transfer of CO by diffusion across the silica layer 
is not thought to be the rate-limiting step at low 
temperatures, as previously suggested by D u e t  al. 
[27] in their study of the oxidation of Si-C ceramics. 

It appears from Fig. 2 that the kinetic parabolic rate 
constants K D tend towards values which are close 
together for tests performed at very high temperatures 
(e.g. 1400 ~ Under such conditions, the mass trans- 
fer across the silica layer might be rate-controlled by 
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the diffusion of O z ions. Conversely, at low temper- 
ature (e.g. 1000 ~ the values of KD are very different 
from one another. If one assumes that the rate-con- 
trolling step is the permeation of molecular oxygen 
across silica, it can be understood that the kinetics of 
the process are dependent on the heteroatoms which 
are present and thus are different for the various 
materials. 

5. Conclusion 
The oxidation of ex-PCSZ-II S i -C-N-O model fila- 
ments in dry oxygen (P = 100 kPa) results in the 
growth of a silica scale and simultaneously the release 
of carbon oxides and nitrogen. Within the temper- 
ature range 1000-1400~ the kinetics of growth of 
the silica scale remain parabolic, the kinetic parabolic 
constant K D being thermally activated with an appar- 
ent activation energy E a of 170 kJmol-1 .  These fea- 
tures suggest that the rate-limiting step is a diffusion- 
controlled mechanism (which might be the mass trans- 
fer of oxygen across the silica layer). The oxidation of 
the ex-PCSZ-II Si C - N - O  filaments thus exhibits 
common features with those of SiC and Si3N 4. 

With respect to the oxidation of the related ex-PCS 
oxygen-cured Si-C-O fibres, that of the model fila- 
ments derived from PCSZ precursors exhibits th ree  
major differences: (i) at a given temperature, the thick- 
ness of the silica layer is lower for the ex-PCSZ 
filaments (i.e. their oxidation resistance is higher), (ii) 
the kinetics of growth of the silica scale remains 
parabolic for 1000 < T O < 1400 ~ whereas this is no 
longer true for the ex-PCS fibres beyond about 
1200 ~ and  (iii) the temperature dependence of the 
parabolic rate constant is higher for the ex-PCSZ 
filaments. 

It thus appears that the ex-PCSZ-II filaments have 
a better behaviour in oxidizing atmospheres than their 
ex-PCS counterparts. 

Appendix 
AI. The Pilling-Bedworth factor 
It is assumed that during the oxidation of a silicon- 
based ceramic material all the silicon atoms are con- 
verted into silica, the other atoms being released as 
gaseous species. The Pilling Bedworth factor A is 
defined as the ratio between the silica volume formed, 
V, and the volume of ceramic material which has been 
oxidized, V o. 

Let too, m and Csi be the mass of ceramic material 
oxidized, the mass of silica formed and the silicon 
mass concentration of the starting material, respect- 
ively; then 

mo (A1) 
V~ - d 

m m~176 t (A2) 
r = ~/SiO2 -- dsio2 \ Msi / 

where d is the density of the ceramic material, dsio2 
that of silica, Msio2 the molar mass of the ceramic 
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material and Msi that of silicon. Then 

V Msioz / d \ 

A2. A s s u m p t i o n s  
For the derivation of the conversion factor F c used to 
calculate the thickness of the silica layer x from the 
measured weight change due to oxidation Am/too, the 
following assumptions are made : (i) the ceramic ma- 
terial has no porosity (i.e. the surface seen by oxygen is 
the external surface), (ii) the density of the oxide scale 
is constant, and (iii) the external surface is assumed to 
be planar (since the oxide scale thickness is small with 
respect to the filament radius). 

The thickness e o of the parallelepiped body having 
the same volume V o and surface So as the cylindrical 
filament (neglecting the lateral surfaces) is defined 
according to the equation 

V o 7cr2I r 

e~ - So - 2~r l -  2 (A4) 

where r is the radius of the filament and I its length. In 
the following and as shown in Fig. A1, the calculations 
will be done on the equivalent paralMepiped volume, 
assuming that only one face is oxidized and its surface 
remains constant and equal to So. 

A3. C o m p l e t e  ox ida t ion  of the  ce ramic  b o d y  
The equivalent parallelepiped body has an initial mass 
which is m o -- (r/2) Sod. If the oxidation treatment is 
long enough (i.e. for t = tf), it will yield quantitatively 
a mass of silica m given by 

m = moCsfMs'~ (A5) 
\ Msi // 

In the oxidation process, it is assumed that all the 
silicon present initially in the ceramic body is conver- 
ted into silica, the other elements being either integ- 
rated into the silica scale (e.g. oxygen) or released as 
gaseous species (i.e. C as CO or CO2 and N as N2). 
The initial volume of ceramic material Vo and the final 
volume of silica are those given by Equations A1 and 
A2, respectively. 

Surface seen by Silica scale. 
oxygen 

(I) Ini t ial  body 02 ~. (21 Par t ia l l y  oxidized 
body 

Figure A1 Parallelepiped body equivalent to the actual cylindrical 
filament. 



The overall mass change Amf corresponding to the 
quantitative conversion of the initial mass m0 of cer- 
amic material into silica is given by 

/ M s i ~  ) 
Amf = m o l - - C s i -  1 (A6) 

\ msi 
It is worthy of note that a transition between an 

overall weight increase to an overall weight loss oc- 
curs when Cs~ = 46.6%, assuming, as mentioned 
above, that the elements other than silicon (e.g. C and 
N) are released as gaseous species. Obviously, if the 
ceramic material contains other elements forming 
condensed oxides (e.g. titanium, known to be present 
in some fibres (Tyranno fibres from Ube), these ele- 
ments would have to be treated as silicon. 

Finally, the overall thickness ef of the parallelepiped 
body when quantitatively converted into silica is given 
by 

M o C s i  Ms io2  l 
ef So 

or, replacing m o by (r/2) Sod, 

1/Msio \ d 
ef = - l - -  | - - C s i r  (A7') 

2 \  Msi ]dslo2 

or, by combining Equations (A7') and (A3) 

1 
ef = ~A r (A7") 

A4. Partial ox ida t ion  of the  ce r amic  b o d y  
During the oxidation tests which have been performed 
in the present work, only a small fraction of the initial 
filament is converted into silica. This is shown in Fig. 
A2 for the equivalent paralMepiped body. 

At an intermediate time t, it is assumed that the 
thickness x of the silica scale is proportional to the 
actual weight increase Am, which can be written as 

x ef 
- ( A 8 )  

Am Amf 

Thus the thickness of the oxide scale at time t is given 
by 

Am 
x - Amfef (A8') 

Replacing ef and Arnf by their expressions given by 
Equations (A 7') and (A6), Equation (AS') can be re- 
written as 

r 2 \ M s i o z C s i  - M s i J \ d s i o z / \  m o / 

Defining the conversion factor F c as 

1( Msio2Cs: ) A  
F c : 2\Msio2Csi_ Msi]dsio 2 (A10) 

Equation (A9) can be rewritten as 

x Am 
- -  F c (All)  

Y m o 

which has been used to calculate the values of x from 

t=O 

Am t 

",,U//////A 
t t t 

Figure A2 Growth of silica scale on the equivalent parallelepiped 
body from t = 0 to t - tf. 

the values of A m / m  o measured by TGA. Note that (i) 
F c is a dimensionless coefficient and (ii) its value for 
ex-PCSZ Si C - N - O  filaments is equal to 0.04. 
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