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Abstract

The oxidation of Si—~C—N-O fibres has been investigated. The oxidation rates and the activation energies for the Si-C—-O system
are similar to those for crystalline SiC. The oxygen and the free carbon concentrations in the ceramics have a limited influence on
the oxidation behaviour. As long as the formed silica scale is protective, oxidation kinetics are essentially controlled by the diffusion
of oxygen through SiO,. The parabolic rates in the Si-C—-N-O and Si-N-O systems are lower and their activation energies higher
than those for SiC. Their values strongly depend on the ratios of C and N bonds to Si and continuously vary from those for SiC
(E. = 110 — 140kJ mol~") to SizNy (E, = 330—490 kJ mol~"). The oxidation mechanism might be related to a complex diffusion/
reaction regime via the formation of an intermediate silicon-oxynitride (like for Si3Ny4) or silicon-oxycarbonitride layer. The oxi-
dation behaviour of such complex systems is not significantly influenced by the oxygen nor the free carbon contents. It might be
governed by the C/Si and N/Si ratios, limiting the nitrogen concentration gradient of the silicon-oxy(carbo)nitride sub-layer and

therefore affecting the diffusion/reaction rates. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Crystalline silicon-based ceramics such as silicon car-
bide (SiC) or silicon nitride (SizNy) are high temperature
structural materials of prime interest because of their
excellent properties in thermal shock resistance, corro-
sion resistance, creep resistance and high strength and
stiffness retention at elevated temperature.! Silicon-
oxynitride (Si;N,O) is also remarkable for its high
strength, low thermal expansion, abrasion resistance
and its excellent chemical stability in acid, molten non
ferrous metals and air at high temperature.> Ceramics
belonging to the Si-C-N-O system and the various
related sub-systems (e.g. Si-C-N, Si—C-O, Si—-N-O and
Si—C) are therefore attractive candidates for high tem-
perature structural applications in corrosive media.
Polymeric precursor pyrolysis and chemical vapour
deposition (CVD) processing techniques are suitable to
control the composition and the properties of such
complex systems. They have been successively used to
synthesise small diameter ceramic fibres and whiskers of
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various compositions, for the reinforcement of metal
and ceramic matrix composites (MMC and CMC).32!
Such complex quaternary and ternary systems generally
give rise to combinations of covalent structures, either
amorphous or nanocrystalline.>2° One of the most
important issues regarding the application of ceramic
fibres as reinforcement for high temperature structures,
is their thermal stability. Decomposition and/or crys-
tallisation of the silicon-oxycarbonitride metastable
phases may therefore be expected at high temperature
(beyond the processing temperature), resulting in a
degradation of the mechanical properties.!4-17-21,26-35
Another key thermal characteristic of ceramics from
these complex systems is their oxidation resistance. The
high oxidation resistance of Si-based ceramics is attrib-
uted to the growth of a protective silica film in the pas-
sive regime. The oxidation of pure silicon, crystalline
SiC (monocrystals and polycrystalline CVD layers) and
Si3Ny (polycrystalline CVD films) has been extensively
studied. The growth of the silica layer thickness generally
exhibits a parabolic time dependence but with radically
different kinetics and thermal dependence. The para-
bolic constants of oxidation for Si;N, are generally
lower than those for Si and SiC at low temperature
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(T'<1400°C) and have a much higher thermal
activation.?®~%2 The oxidation kinetics of ceramics from
the Si-C-N-O system and the related ternary sub-
systems (Si-C-N, Si-C-O and Si-N-O) have seldom
been reported. Few studies have been dedicated to the
oxidation of Si-C-N-O, Si—-C-O and Si—C fibres,®3-70
however, their respective oxidation kinetics have not
been discussed in details so far. For instance, the influ-
ence of the oxygen concentration, the carbon to nitro-
gen ratio in the ceramics and the presence of free
carbon, which is commonly encountered in polymer
derived ceramic fibres, have not been systematically
investigated yet. The aim of this work was to achieve a
comparative analysis of the oxidation of various fibres
from the Si-C-N-O system. This analysis is based on
the examination of the oxidation features of commercial
or experimental fibres being investigated during the last
few years, as well as crystalline compounds (SiC and
Si;Ny) reported in the literature.

2. Experimental
2.1. Description of the fibres

2.1.1. The Si-C-O0 fibre

Nicalon NL 200 fibre (from Nippon Carbon, Japan)
is the most widely used SiC-based composites reinfor-
cement for industrial applications. The fibre is fabri-
cated through the spinning of a polycarbosilane (PCS),
its curing, by simple oxidation in air (to make the fila-
ment infusible) and its final pyrolysis.? This fibre consists
of nanometric SiC crystals (~2 nm), carbon clusters
(~15 at.% of free carbon) and an amorphous silicon-
oxycarbide phase, the oxygen (~13 at.%) being intro-
duced during the curing step.?>72° The Nicalon NL 200
has a limited thermal stability. The silicon-oxycarbide
phase decomposes above 1100-1200°C into CO and
SiO, leading to a strong decrease of strength.?6—3!

2.1.2. The Si-C—(0) fibre

This experimental low-oxygen SiC-based fibre was
prepared from a commercial PCS (from Shin Etsu,
Japan) modified to allow for melt spinning.!! The PCS
filaments were cured with an electron beam (EB) (dose
of 1000 Mrad, with a rate of 300 Mrad h—') under an
argon atmosphere. The irradiated filaments were subse-
quently pyrolysed under an argon flow up to 850°C with
a heating rate of 50°C h~!. The pyrolysis was then
achieved under argon at the final treatment temperature
Tp = 1400°C for 0.25 h.

2.1.3. The Si—C fibre

This commercial Si-C fibre (Hi-Nicalon from Nippon
Carbon, Japan) is also prepared from the spinning of
PCS and subsequent electron beam curing process.>¢ It

has a very low oxygen content (<0.5 at.%) and exhibits
a remarkable thermal stability.%32—33

2.1.4. The Si-Ti—-C—(0) fibre

This fibre (Tyranno Lox-E from UBE, Japan) is pre-
pared from a polytitanocarbosilane (PTCS) precursor
synthesised by mixing polydimethylsilane (PDMS),
polyborophenylsiloxane and a tetralkoxide titanate (Ti-
(OR)4).# Like the Hi-Nicalon fibre, the Tyranno Lox-E
fibre is prepared by replacing the oxygen curing (cur-
rently used to process the standard Tyranno Lox-M
fibre) by an electron beam curing process.!?

2.1.5. The Si—-C—N-O fibre

The precursor used was an original polycarbosilazane
(PCSZ). It was prepared according to a procedure
which has been described elsewhere.!*!> The PCSZ was
spun in the molten state and the filaments were cured
under a mixture of pure oxygen (P =50 kPa) and
nitrogen (P = 50 kPa).'* They were subsequently pyr-
olysed under a flow of pure argon up to 850°C with a
heating rate of 50°C h~!. The pyrolysis was then
achieved under flowing nitrogen at the final treatment
temperature 7p = 1200°C for 0.25 h.

2.1.6. The Si-C-N—(O) fibre

This fibre was prepared from a polysilazane precursor
(PSZ) (NCP200 from Chisso, Japan). The PSZ was
spun and the green filaments were cured with an elec-
tron beam (EB) in the same conditions than the experi-
mental low-oxygen PCS-derived fibres described below.
The irradiated filaments were subsequently pyrolysed
under an argon flow up to 850°C with a heating rate of
50°C h~!. The pyrolysis was then achieved under argon
or nitrogen at the final treatment temperature
Tp(1000 < Tp < 1600°C) for 0.25 h.'°

2.1.7. The Si—-N-O fibre

These fibres were prepared by a high temperature
coreless CVD process developed at the Swiss Federal
Laboratories for Materials Testing and Research
(EMPA, Duebendorf, Switzerland). This process is
described elsewhere.?! The fibres were grown from silica
powder deposited on a SiC substrate and heated at
1450°C for 16 h in an ammonia flow. The growth
mechanism involves SiO(g) generated at SiO,/SiC inter-
face and ammonia-derived NH, species resulting from
the cracking of NHj.

2.2. Characterisation techniques

Quantitative chemical analyses of the bulk of the
fibres were performed on polished cross sections by
electron probe microanalysis (EPMA) (CAMEBAX 75
from CAMECA, France) using wave length dispersion
spectrometers (with a pentaerytritol crystal analyser for
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Si-K, and Ti-K, and a PCII multilayer pseudo-crystal
for C-K,, N-K, and O-K,) and pure or stoichiometric
standards (respectively SiC, Ti, SizsNg and SiO»).
Hydrogen is not taken into account by EPMA.

The nanostructure of the fibres was investigated by
high resolution transmission electron microscopy
(TEM) (EM 400 from Philips). Crystalline phases ana-
lyses were also carried out by X-ray diffraction (XRD)
(D5000 diffractometer from Siemens, Germany).

The oxidation kinetics of the fibres were studied by
thermogravimetric analysis (TGA) (TAG 24 from
Setaram, France). The experiments were performed on
approximately 100 mg samples set in a pure alumina
crucible and heated up to a maximum temperature T
ranging from 800 to 1400°C. The heating rate was 1°C
s~! and the samples were maintained at an isothermal
plateau at 7 for a time ¢ ranging from 10 to 50 h under a
pure oxygen flow (P = 100 kPa, O = 11h~!). The silica
layer resulting from the oxidation was also directly
measured on fracture surface of the filament by means
of scanning electron microscopy (SEM) analysis.

3. Results
3.1. Chemical and structural properties

The chemical composition of the various fibres is
shown in Table 1 and the phase composition and the
basic structural properties are summarised in Table 2.

3.1.1. The Si-C-0O system and sub-systems

The oxygen content of the SiC-based electron beam-
cured fibres is significantly lower than that of the oxy-
gen-cured fibre (Si—C—O) (Table 1). All the fibres from
the Si-C-O and Si—C systems contain significant
amounts of free carbon. The EB-cured PCS and PTCS
filaments [respectively Si—C-(O), Si—C and Si-Ti—-C—(O)
fibres] generally have a slightly higher free carbon con-
tent than the oxygen-cured PCS fibre (Si—-C-O). The
composition of the Si-C fibre is close (especially in
terms of free carbon) to that of the Si—-C—(O) fibre.
The higher oxygen concentration of the latter fibre

Table 1
Chemical composition of the Si-C-N-O fibres

Si(at.%) Ti(at.%) C(at.%) N(at.%) O(at.%) C,(at.%)

Si-C-O 39.0 0 45.0 0 16.0 14.0
Si-C—(0) 40.0 0 57.0 0 3.0 18.5
Si-C 41.0 0 58.0 0 1.0 17.5
Si-Ti-C—(0) 36.0 1.0 57.0 0 6.0 23.0
Si-C-N-O  36.0 0 28.0 14.0 22.0 13.5
Si-C-N—(O) 37.5 0 27.0 34.0 1.5 15.8
Si-N-O 40.9 0 0 45.1 14 0
SiC 50 0 50 0 0 0
SizNy 429 0 0 57.1 0 0

originates from the PCS precursor used which was pre-
oxidised in its as-received state.!' In addition to low
amounts of titanium, the Si-Ti—C—(O) fibre shows a
relatively high oxygen concentration. They both result
from the composition of the starting PTCS precursor.
The presence of hydrogen cannot be detected in the
materials. However, significant amounts of hydrogen
have been reported for the Si—-C-O fibre.?* It is also
worthy of note that a neutron diffraction analysis qua-
litatively showed the presence of residual hydrogen in
the Si-Ti~C-O fibre.3*

All the N-free fibres contain a nanocrystallised B-SiC
phase (Table 2). The mean apparent B-SiC grain size is
about 2 nm for the Si-C-O fibre,>* 4 nm for the Si—-C—
(O) fibre (currently ranging from 2 to 10 nm), 5 nm for
the Si—C fibre (2 to 20 nm) and 2 nm for the Si-Ti—C-
(O) (1-4 nm). The oxygen present in the fibres is under
the form of an amorphous silicon(titanium) oxy-
carbide.??726-34 It is present in large amounts in the Si—
C-O fibres whereas almost absent in the Si—C fibre. As
suggested by the chemical analyses, they all exhibit free
carbon organised as turbostratic stacks of graphene
layers. The organisation of the carbon phase slightly
differs in the different materials. It is present as BSUs
(basic structural units, i.e. small stacks of N =2-3
aromatic layers, L, = 1—2 nm in extension) in the Si—
C-O fibre** and slightly better organised in the Si—-C—
(O) (N=4-6, L, =3-5 nm), Si-C (N=5-8, L, =
2—3 nm) and Si-Ti-C—(O) fibre (N =4-05, L, =1-3
nm).

3.1.2. The Si—-C-N-O system

The oxygen content of the EB-cured Si—C-N—(O)
fibre is also much lower than that of the oxygen-cured
fibre (Si-C-N-O). It is worthy of note that the two
fibres were prepared from different precursors, the

Table 2
Microstructural features of the Si—-C-N-O fibres

Si-C-O Nano-crystallised SiC (~2 nm) +
amorphous silicon oxcarbide +
free carbon (basic structural units: BSU)

Si-C—(O) Nano-crystallised SiC (4 nm) +
traces of amorphous silicon oxcarbide +

free carbon

Si-C Nano-crystallised SiC (5 nm) +
free carbon

Si-Ti-C—(O) Nano-crystallised SiC (2 nm) +
amorphous silicon/titanium oxycarbide +
free carbon

Si-C-N-O Amorphous silicon oxcarbonitride +
free carbon

Si—-C-N—O) Amorphous silicon (oxy)carbonitride +
free carbon

Si-N-O Amorphous silicon oxnitride
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polysilazane precursor being richer in nitrogen than the
polycarbosilazane. Consequently, the ceramic resulting
from the polysilazane, has a much higher N/C atomic
ratio. Both Si-C-N-O and Si—-C-N—(O) fibres contain
significant amounts of free carbon.

Both the Si-C-N-O and the Si—-C-N—(O) fibres are
amorphous on the basis of the X-ray and the electron
diffraction. They consist of amorphous silicon oxycar-
bonitride phases of different compositions. TEM ana-
lyses also showed the presence of a free carbon phase in
the Si-C-N-O fibre.!* It was hardly evidenced under
the form of BSUs, probably because of its poor struc-
tural organisation.

3.1.3. The Si—-N-O system

With respect to the other fibres, the Si—-N-O fibre is
totally carbon free. Its chemical composition is com-
prised between those of Si;sNy and Si,N,O. It consists of
an amorphous silicon oxynitride phase of chemical
composition close to SiN; ;0 3.2!

All the fibres mentioned here belong to the Si-C—N-O
system. Their chemical composition is defined by the
atomic fractions cgj, cc,cy and co(0<¢;<1; Zi;=1;
i=S8i, C, N, O). It is represented by the point M on the
composition quaternary diagram (Fig. 1). The fibres can
be described as a combination of free carbon, with an
atomic fraction ccr(ccr < cc) (except the carbon free Si—
N-O fibre where ¢.,s = ¢, = 0) and a silicon oxycarbo-
nitride continuum, of atomic fractions ¢ =¢;/
(I —ccr)(@=Si, N, O) and ¢, = (cc — ccr)/ (1 — ccr),
represented by the point M’ in Fig. 1. Generally speak-
ing, the silicon oxycarbonitride phase includes here
either an amorphous silicon oxycarbonitride phase?>>—2¢
(like for instance in the Si-C-N-O and Si—-C-N—(O)
fibres), a single amorphous silicon oxynitride phase (the
Si-N-O fibre),?! a silicon oxycarbide continuum invol-
ving interconnected nanocrystalline SiC and amorphous
silicon oxycarbide phases?>—* (like in the Si-C-O fibre)
or a single nanocrystalline SiC phase (like in the Si—C
fibre). The concept of silicon oxycarbonitride con-
tinuum which has been described in previous studies is
based on detailed chemical analyses such as 2°Si-MAS-
NMR, XPS, EELS, IR, EPMA and elemental ana-
lyses.?!-22724 The general assumptions for the calculation
of the chemical composition of the Si-C-N-O con-
tinuum are essentially : (i) the tetrahedral coordination
of all the Si atoms (with C, N and O atoms as first
neighbours), (ii) the C-Si4 tetrahedral environment of
the C atoms involved in the continuum only, (iii) the N—
Si; environment of all the N atoms and (iv) the O-Si,
environment of all the O atoms. If Si — CxNyOu_x_v)
(0<X<X+ Y<4) is the average tetrahedral environ-
ment of silicon atoms in the Si-C—N-O continum (Fig. 2),
the chemical atomic composition of the later material
becomes Si—CX/4NY/30(4,X, Y)/2 0<X<X+Y<4)or,
with x = X/4 and y=Y/4 (0<x<x+y<1) SiCNy,s3

O5(1—x—y), Where x, y and 1—x—y=z are the average
fractions of, respectively, the number of Si—C, Si—N and
Si-O bonds to the total number of Si—i bonds
(i=CN,0), i.e. x =nsic/Zinsi—i, ¥ = nsin/Zinsi—; and
z =nsio/Linsi; (1=C,N,0). The parameters x and y,
which define the composition of the continuum, as well
as the free carbon concentration c¢¢y are directly related
to the average composition of the fibre, according to:
x =1-3cy/4csi—co/2¢si, y = 3cy/4csi cor = cc — csi+
3cwy/4. Hence, the phase composition of the Si-C—N-O
fibres is defined by three parameters (x, y and ccr) of
which only two, x and y, fully describe the composition
of the Si—-C-N-O continuum and one, ccr, the con-
centration of free carbon. In the Si-C-O system, two

C

Fig. 1. Quaternary diagram showing the composition of the Si—-C—N-—
O fibres.

Si

Si Si
i N
A

Si Si
Fig. 2. Schematic description of the Si-CyNyO4—y.v

(0<X<X+Y<4) tetrahedral environment of silicon atoms in Si-C—
N-O ceramics.



G. Chollon | Journal of the European Ceramic Society 20 (2000) 19591974 1963

parameters, x and ccr, are needed to define the phase
composition whereas only one, y, is required in the case
of the Si—-N—O system, where the Si—-N-O continuum is
the only phase involved.?! The values of x, y and ¢y are
plotted in Fig. 3, in a composition quaternary diagram.

3.2. Oxidation behaviour

Small diameter fibres are particularly suitable for the
investigation of oxidation kinetics through TGA
experiments because of their high and uniform specific
surface (due to their small and regular diameter) and the
limited contact points preventing the coalescence of the
viscous oxide layer (as opposed to fine powders).

The change of the relative weight of the fibres during
an oxidation test is related to their oxidation rate and
more especially within the passive regime, to the growth
of an oxide layer at their surface. A weight increase was
generally observed for all the fibres within the whole
tested temperature range, whose rate increased as the
temperature was raised. The TGA curves (the relative
weight Am/my, versus time) are generally parabolic for
T<1400°C (Fig. 4) except for the Si—-C-O fibre beyond
1200°C and for the Si-Ti—C—(O) fibre beyond 1350°C.
Above these temperature limits, a catastrophic increase
of Am/my was observed and the parabolic regime was
no longer observed.

SEM analyses of the oxidized specimens confirmed
the presence of the oxide scale resulting from oxidation.
For low temperatures, when the oxidation rate is parti-
cularly low and the oxide layer and the underlying sub-
strate are very adherent (e.g. for the Si—-C—N-O and the
Si—N-O fibres), the thickness of the oxide layer, e, could
not be reliably measured from direct secondary elec-
trons SEM imaging. In such a case, back-scattered
electrons imaging was used (see example in Fig. 5). A
short bleaching in a HF aqueous solution was even

Si-C-0
Si-C-(0)

A Si-C

~ Si-Ti-C-(0)
Si-C-N-O
Si-C-N-(0)
Si-N-O

Cct

0.2

0
. /]
Si0, 0o

—1{
y
><‘

Fig. 3. Composition diagram showing the free carbon concentration
(ccp) and the fraction of C and N bonds to silicon (respectively x and y).

sometimes necessary to reveal the ceramic/oxide inter-
face to measure e.

For all the fibres, the oxide scale remains dense and
adherent to the substrate for 7'<1400°C, except for the
Si—C-O fibre at 1300°C and for the Si—-Ti—C—(O) fibre at
1400°C.

Within this temperature range, the continuous oxide
apparently acts as a passivating scale owing to two main
reasons: (i) the ceramic/oxide conversion is always
associated to a volume expansion, i.e. the ratio A
representing the volume of the oxide formed per volume
of the ceramic consumed is always greater than 1
(equation 1, Table 3) and (ii) the oxide formed is suffi-
ciently plastic, both factors increasing its capability of
covering the ceramic substrate in a continuous manner.

_ Msio, d

A= Cs; 1
Msi dsio, S M

After oxidation beyond 1400°C, the oxide formed at
the surface of the Si-C-O and Si-Ti—C—(O) fibres is

(a) 4
3 -
<
S 2
£
< 14
0 T T T T T
0 10 20 30 40 50 60
t(1035s)
® 0.8
0.6 1
E 041
“o
0.2 1
0 T T T T T
0 10 20 30 40 50 60
t(103 s)

Fig. 4. : Oxidation kinetics of Si—-C-N—(O) fibres in pure oxygen
(P=100 kPa) at 1400°C. (a) relative weight versus time and (b) square
of the oxide thickness versus time.



1964 G. Chollon | Journal of the European Ceramic Society 20 (2000) 1959-1974

Table 3
Weight gain/oxide thickness conversion factor (Fc) and volume
change ratio (A) calculated for the oxidation of the Si-C—N-O fibres

d(gem™) ro(um) So(m’g~") Cy(wt.%) Fe A

Si-C-O 2.56 7.5 - 58.8 2.82 147
Si-C—(0) 2.73 6.5 - 60.5 2.71 1.61
Si-C 2.77 7.0 - 60.5 2.75 1.63
Si-Ti-C—~O) 2.37 6.0 - 55.0 296 1.29
Si-C-N-O 245 10.0 - 53.3 447 1.27
Si-C-N—(O) 2.64 6.0 - 56.0 3.60 1.44
Si-N-O 3.00 - 0.45 57.2 3.70 1.67
SiC 3.20 - - 70.0 - 2.18
SizNy 3.20 - - 60.0 - 1.87

Fig. 5. SEM micrograph of a Si-C-N—(O) fibre oxidised 15 h in pure
oxygen (P=100 kPa) at 1400°C.

extremely thick and no longer continuous nor adherent
to the substrate. It shows extensive cracking, with
sometimes debonding of the oxide and irregular oxida-
tion patterns, with porous oxide at the fibre/oxide
interface. This phenomenon is related to the increase of
the oxidation rate recorded by TGA. For the other
fibres, some cracks occasionally appear in the oxide
scale at T = 1400°C, although it is still dense and
adherent. These cracks are thought to occur on cooling.
They might result from the thermal expansion mismatch
between the silica and the fibres, or the density change
related to the B-« cristoballite transition occurring on
cooling, while the plasticity of the oxide is too high to
relax strain. However, very few cracks are also likely to
originate at high temperature. They are only observed
when the oxide is substantially crystalline, i.e. for
T>=1400°C. The oxide cracking results in an inhomo-
genous oxide thickness at the vicinity of the crack tips
(Fig. 5), but their number is so limited that the para-
bolic regime is still observed by TGA.

The chemical composition of the oxide scale was also
investigated. From the surface to the interfacial zone,
AES and EELS analyses of the oxide layer formed at

the surface of the fibres only evidenced silicon and oxy-
gen atoms (except for the Si-Ti—-C—(O) fibre), with a
composition close to SiO,. No carbon nor nitrogen tra-
ces were detected throughout the oxide layer.?!-33:65-66
Under the following assumptions, the thickness of the
oxide layer can be easily inferred from Am/mgy. Assum-
ing that (i) the oxide formed during oxidation is pure
and dense silica [the low amounts of titanium in the
oxide layer formed at the surface of the Si-Ti—C—O)
fibres can be reasonably neglected, since the Ti/Si
atomic ratio is below 3%], (ii) that the density and the
bulk composition of the fibre are unchanged (as sup-
ported by EPMA) and (iii) for small oxide thicknesses
(e << rp), e, can be written according to the following

equation:33-6¢
Am
e = I”Och—O (2)

where

1 Msio,Csi d

F.==
¢ 2 1\45102 CSi - MSi dSiOz

(©)

where F. is a dimensionless conversion factor and rg,
Ms;i, Msio,, d, dsio, and Cs; are respectively the radius of
the fibre, the molar masses of silicon and silica, the
densities of the fibre and pure silica and the silicon
weight concentration of the fibre (Table 3). Alter-
natively, when the average radius of the fibres was too
dispersed to be measured (e.g. for the Si—-N-O fibres),
the silica thickness was assessed from their specific sur-
face Sy measured by BET, according to equation :

gt Msio,Csi  Am
Sodsio, Msio, Csi — Ms; my

4)

The silica thicknesses were also directly measured by
SEM analysis after the test in order to validate Eq. (2).
A good agreement was found between the calculated
and the measured values (Table 4). The silica thickness
obeys a parabolic law versus time which can be written
as:

() — eﬁ = Krt ®)

where K7 is the kinetic constant at temperature 7 and e
is the thickness of the silica layer for t = 0. The K
values for the different fibres are presented in Table 5.
The thermal dependence of the oxidation kinetic con-
stants K of the various fibres are represented in an
Arrhenius plot, along with the values obtained for high
purity monocrystalline and polycrystalline (CVD) SiC
and Si;N,; which have been reported in the literature
(Fig. 6). For a given material and within the studied
temperature range, Ky obeys an Arrhenius law:
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Table 4

Oxide thicknesses formed at the surface of the Si—-C—-N-O fibres in pure oxygen versus temperature and time, as measured by SEM (ep,,) and calcu-

lated from the weight gains (e.)

T(°C) 1000 1100 1200 1300 1350 1400
Si-C(0) t(h) 11 - - - - 7
em(pm) 0.25 - - - - 0.63
e.(um) 0.29 - - - - 0.65
Si-C t(h) 10 20 15 15 15 - 15
em(um) 0.25 0.35 0.45 0.65 0.80 - 1.1
e(m) 0.24 0.35 - 0.59 - - 1.1
Si-Ti-C~(0) t(h) - 20 - 10 10 -
em(m) - 0.50 - 0.70 0.90 -
eo(um) - 0.45 - 0.67 0.79 -
Si-C-N-O t(h) 200 - 50 - - 20
em(1im) 0.60 - 0.80 - - 1.0
e(um) 0.53 - - 0.78 - - 1.13
Si-C-N-(0) t(h) 0.50 15 0.20 0.15 - 15
em(pm) 0.1 - - 0.30 0.55 - 0.85
eo(um) - 0.07 0.29 0.59 - 0.81
Si-N-O t(h) - - - - - - 10
em(pum) - - - - - 0.59
ec(um) - - - - - - - 0.75
Table 5 bolic regime, both the free carbon concentrations (ccr)

Parabolic law kinetic constants (K7) for the oxidation of the Si-C—N-—
O fibres in pure oxygen

K (nm?s~")
T(°C) 800 1000 1100 1150 1200 1250 1300 1350 1400
Si-C-O 050 1.4 24 - 48 - - = -
Si—-C—0) — 2.0 - — 69 -— 11.0 - 17.0
Si-C 0.27 1.8 - - 6.2 - - - 21.0
Si-Ti-C—~(0O) — 2.3 29 — 53 - 12.0 - 17.0
Si-C-N-O - 0.37 1.0 - 3.1 - - - 14.8
Si-C-N—-(O) — 0.013 0.098 — 1.4 - 6.4 — 11.8
Si-N-O - - 0.013 0.035 0.36 0.80 1.6 82 156
E,

InKr=InKy — — 6

T 00 RT ( )

where K, is a pre-exponential parameter, R the ideal
gas constant and E, the apparent activation energy
(Table 6).

3.2.1. Fibres from the Si—-C-0 system and sub-systems
The different Si—-C-O fibres generally exhibit a para-
bolic time-dependence of oxidation within the range
800-1400°C. The parabolic rates for a given tempera-
ture are all close to the value for pure SiC. The corre-
sponding activation energies all fall within the range 70—
110 kJ mol~!, also in agreement with the values repor-
ted for SiC (E, = 90 to 140 kJ mol~1).384261 However,
the oxidation kinetics dramatically increase and the
parabolic law is ruled-out for the Si—-C-O and the Si—
Ti-C—(0O) fibres, respectively for 7 > 1200°C and
T > 1350°C. It is worthy of note that within the para-

and ratio of O bonds to Si (z =1 — x — ), have no sig-
nificant influence on the parabolic rates.

3.2.2. Fibres from the Si-C—N-O and Si—-N—O systems

The oxidation behaviour in these systems con-
siderably differs from that of SiC. The parabolic con-
stants of oxidation are generally lower than those of
SiC, especially at low temperature (7 < 1400°C). The
corresponding activation energies are significantly
higher, i.e. E, = 165, 319 and 464 kJ mol~!, respectively
for the Si-C-N-O, the Si-C-N—(O) and the Si-N-O
fibres. The magnitude of the parabolic constants as well
as the activation energies ranges from that reported for
SiC (E, =90 to 140 kJ mol™!) to that for Si;Ny
(E. = 330 to 490 kJ mol~1).46-4%:61 L jke for the Si-C-O
fibres, the oxygen and the free carbon concentrations
have a limited influence on the oxidation rates. Con-
versely, the parameters x and y, i.e. the ratios of C and
N bonds to Si, respectively, have obviously a prevalent
effect. Indeed, K, and E, vary continuously and almost
linearly from the values for SiC (y/(x + y) = 0) to those
for SizNg (v/(x+y)=1) whatever the z=1—-x—y
and ccr values (Fig. 7).

4. Discussion

SiC and Si;Ny actually set the two composition
bounds of the ternary diagram describing the ratio of C,
N, and O bonds to silicon (Fig. 3). Their respective
oxidation behaviours were not investigated here but
they are well documented in the literature. Though
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Table 6
Arrhenius law constants (£, and In K,) of the parabolic law kinetic constants (K7) for the oxidation of the Si-C—-N-O fibres in pure oxygen

E, (kJ mol*!) In Ko (nm?s~!) x (0<x<1) y(O<y<)) z=1-xy (0<z<1) cer (at.%) o
Si-C-O 70+7 —6.7+0.7 0.85 0 0.15 15.0 1.46
Si-C—(0) 95+1 —4.240.1 0.96 0 0.04 18.5 1.67
Si-C 10743 —3.240.3 0.99 0 0.01 17.5 1.70
Si-Ti-C—(O) 101+£15 —3.7+1.3 0.92 0 0.08 23.0 1.69
Si-C-N-O 165+5 0.8+0.4 0.40 0.29 0.31 13.5 1.08
Si-C-N—(0) 319427 12.14£2.2 0.30 0.68 0.02 15.8 1.34
Si-N-O 464127 224422 0 0.83 0.17 0 0.83
SiC [3,5,6] 90/140 -5.1/-0.5 1 0 0 0 1.5
SizNy [6,7,8,9] 33/490 11.6/23.5 0 1 0 0 1

having common main features, i.e. the formation of a
protective silica scale (passive oxidation), their kinetics
and temperature dependence differ greatly as well as the
mechanisms involved.’” 2 One can, therefore, expect
that the oxidation properties of more complex Si—C—N-
O materials strongly depend on their composition, while
being bounded by those of SiC and SizNy. It is also
thought that the oxidation mechanisms in such systems
have common features with those of SiC and SisNy. The
experimental studies clearly evidenced that, similarly to
SiC and SisNy, all the Si-C-N-O ceramics studied here
exhibit a parabolic rate of oxidation whose kinetics are
likely to be controlled by diffusion phenomena. An
important result established here is that the parabolic
constants K7 at a given temperature and the activation
energy E, of the various ceramics vary consistently with
parameters x and y which precisely define the ratio of C
and N bonds to Si atoms in the material, from the

values for SiC (x = 1, y = 0) to those for SizNy (x =0,
y=1) (Fig. 7). The mechanisms responsible for the
oxidation of SiC and SizNy are therefore likely to be
partly involved in the oxidation of more complex cera-
mics from the Si—-C—N-O system.

4.1. The Si-C-0 system and related sub-systems

The oxidation of pure SiC (i.e. SiC single crystal or
polycrystalline SiC-CVD) generally results in the for-
mation of a pure homogeneous silica scale, according to
the equation:

SiC(s) + 3/202(g) — SiOz(S) + CO(g) (7
The controlling step imposing the oxidation rate for SiC
below 1400°C, is generally admitted to be the permea-
tion of O, through the silica scale inward. This
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Fig. 7. Arrhenius law parameters (E, and In K_)) of the oxidation parabolic kinetic constants of the Si-C—N-O fibres and crystalline compounds.

assumption is based on the following remarks : (i) simi-
larly to pure silicon, the oxidation rate of SiC is para-
bolic suggesting a diffusion phenomenon as rate
controlling, (ii) Ky and E, values are essentially the
same as those for silicon after taking into account the
additional oxygen needed to oxidise carbon,3®>% (iii)
K7 is dependent on the oxygen partial pressure,340 (iv)
CO has been concluded to diffuse readily outward3%->°
and (v) a single interfacial reaction controlling step is
very improbable because the oxidation rate is not linear
but parabolic. Hence, though a mixed control mechan-
ism involving both diffusion (either O, inward or CO
outward) and interfacial reaction is not excluded,®
most of the data for pure SiC suggest the oxygen per-
meation through the silica layer as being the rate con-
trolling step. It is, however, worth mentioning that
Costello et al. reported that the Si (0001) face of a SiC
single crystal exhibits significantly lower parabolic oxi-
dation rates and a higher activation energy than the C
(000-1) face.3® More recently, the same conclusions were
reported by Ramberg et al. and extended to highly tex-

tured CVD-SiC.#'=#*2 This behaviour was suggested to
arise from the presence of a Si—-C—O sublayer appearing
only for the slow oxidation rate faces of the SiC single
crystal and the CVD-SiC film. This sublayer, more
resistant to oxygen diffusion, would result in much
lower parabolic constants than on the opposed faces.

All the materials described in this study have an
isotropic microstructure (either amorphous or nano-
crystallized). Their oxidation behaviour is therefore
expected to be dominated by the highest oxidation rate
of SiC monocrystals (that of the C-face), consistently
with the large majority of the data obtained for similar
materials.

The magnitude of the oxidation parabolic rates
obtained for the different Si—-C-O fibres are generally
close to those reported for crystalline SiC and the cor-
responding activation energies fall all within the range
70-110 kJ mol~!, close to the values for SiC.3842:6! This
feature suggests that, similarly to pure SiC, the oxida-
tion kinetics of the Si—C—O fibres is controlled by the
same mechanism as that of the oxidation of silicon, i.e.
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the permeation of molecular oxygen inward through the
growing silica layer. The general oxidation reactions for
the Si—C-O fibres can be written as follows:

Sicx02(1,_¥)(s) + 3/2x02<g) — SiOy) + XCO(g) ®)

with 0<x <1 for the SiC,0O(_y) continuum and

C(S) +0.5 Oz(g) — CO(g) (9)

for the free carbon phase. The reactions corresponding
to Egs. (8) and (9) are independent but simultancous
and their ratio for 100 average atoms of ceramic oxi-
dised is defined by the overall equation :

(10) = 100(1 — ccr)/(3 — x)(8) + 100ccr(9) (10)

The equations are basically the same for the Si-Ti—C—
(O) fibre, except the presence of low amounts of Ti
atoms substituting to Si atoms (the oxidation number
and the chemical environment being the same) in the
oxycarbide continuum and in the silica scale (about 2%
of Ti are substituted for Si sites).

The oxidation of the Si—-C-O fibres differs from that
of pure SiC in the presence of the free carbon, necessi-
tating an additional oxygen flux to be oxidised (an
addition of ¢cp(3 — x)/(1 — ¢cr) mol to the 1.5 mole of
0O, needed to yield 1 mol of SiO,) and oxygen atoms in
the oxycarbide phase, conversely requiring a lesser oxy-
gen flux (1.5x mol of O, instead of 1.5 mol). Assuming
that the permeation of O, through silica is still the rate
limiting step for the oxidation of the Si—C-O fibres, the
parabolic rate should therefore depend on the stoichio-
metry of the material. To take this into account, a
parameter «, i.e. the number of mol of O, needed to
oxidise the material into 1 mol of SiO,, can be intro-
duced.®® Under the above assumption, the Ky value
should be constant for all the Si-C—O materials, o being
equal to 1 for silicon, 1.5 for SiC and more generally
o= 1.5x4+ ccr(3 — x)/(1 — ¢cp) for the Si—-C-O fibres.
The « values of the latter are presented in Table 6. It is
worthy of note that no significant difference in o is
observed for the different materials (@ ranges from 1.5
to 1.7). Consequently, both the oxygen concentration
and the free carbon (though present in relatively high
amounts) cannot be expected to affect significantly the
parabolic oxidation rates with respect to pure SiC. The
variations of K7 which might be assigned to the stoi-
chiometry should actually hardly exceed the experi-
mental error due to the TGA measurement and the Ky
calculation. Accordingly, the effect of the composition
of the Si—-C-O fibres (within the present range of x and
ccr values) was not evidenced by TGA.

If the amount of oxygen and free carbon in the fibres
only slightly affects the oxidation parabolic rates, as
long as a parabolic time dependence is observed, it has a

dramatic influence on the upper temperature limit
beyond which the parabolic regime is no more obeyed.
This behaviour is likely to be related to the chemical
and the structural instability of these fibres reported at
high temperatures in inert atmosphere. It is well estab-
lished that the oxycarbide phase present in the fibres is
metastable and intrinsically decomposes in inert atmo-
sphere at high temperature (beyond 1200°C) into crys-
talline SiC and SiO and CO gaseous species.?’ 234 The
decomposition finally yields a SiC grain coarsening, an
emission of SiO and CO (whose extent is related to x)
and eventually residual free carbon (whose amount
depends on x and c¢r). Though in a lesser extent, the
same phenomenon is likely to occur despite the appar-
ent passive oxidation regime. The intrinsic decomposi-
tion of the fibres is thought to be responsible for the
dramatic increase of the oxidation rate becoming no
longer parabolic at high temperature. This assumption
is supported by the presence at the fibre/oxide interface
of a highly inhomogeneous and porous zone. Some
debonding at the interface was sometimes also
observed.® The pores in the silica at the interface might
originate from the pressure build-up of the gaseous
species (mainly CO) resulting from the decomposition
of the oxycarbide. Although the fast CO diffusion out-
ward, preventing the formation of bubbles at the SiC/
SiO, interface for the oxidation of stoichiometric SiC,
the considerably higher CO partial pressure resulting
from the oxycarbide decomposition might be sufficient
to allow the formation of pores within the silica and at
the fibre/oxide interface. The pressure resulting from
gaseification would blow up the dense outer scale gen-
erating radial cracks and fibre/oxide debonding. Under
these conditions, the micro-cracked oxide scale is no
longer protective and allows a fast oxygen diffusion
inward to the interface, resulting in a dramatic increase
of the oxidation rate. This phenomenon is not observed
for the Si—-C—(O) nor the Si—C fibres, which are chemi-
cally stable at high temperature in inert atmosphere 11—
33 but only for the Si—-C-O and the Si-Ti—C—(O) fibres,
both rich in oxycarbide phase are therefore highly
unstable,?’2%3% respectively for 7 > 1200°C and 7>
1350°C.

Furthermore, hydrogen, which is present in small
amounts in the Si—C-O fibres (especially in the Si-C-O
and Si-Ti—C—(O) fibres), might also affect the oxidation
regime. The fibres prepared at relatively low tempera-
tures (1100-1300°C) contain up to several atomic per-
cents of hydrogen which is released when annealed at
higher temperatures.”* Although H,O is generally
reported to enhance the oxidation rate of silicon car-
bide,%? this effect is not fully understood yet. It might
effect the physical properties of the oxide (viscosity,
porosity,...), for instance through the formation of OH
species, favouring the permeation of O,.#” Hydrogen or
water vapour might also enhance the devitrification of
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silica. Whereas the crystallisation of SiO, is generally
observed from around 1400°C,38 it starts at a tempera-
ture as low as 1200°C for the Si—C-O fibres.33%> How-
ever the effect of devitrification on the O, permeation
and, therefore, the oxidation rate remains unclear.
Simultaneously to the oxidation process, a release of
hydrogen from the fibre bulk occurs beyond
1200°C.2434 This phenomenon might also be partly
responsible for the deviation to the parabolic rate and
the Arrhenius law observed for the Si—-C—O and the Si—
Ti—C—(O) fibres. Conversely, the most thermally stable
fibres, i.e. the Si-C—(O) and the Si—C fibres, were found
to exhibit oxidation parabolic rates and an activation
energy similar to those for pure SiC within the whole
800-1400°C temperature range. It is worthy of note that
these fibres were processed at temperatures above 1350—
1400°C."133 As a consequence, no intrinsic decomposi-
tion (owing to the absence of oxycarbide phase) nor
hydrogen emission (being mostly eliminated during the
high temperature processing) are expect to affect the
oxidation rate within that test temperature range.

A significant increase of the activation energy for SiC
was reported in the literature beyond 1350-1400°C.38-3°
It was concluded to arise from the change of the oxygen
diffusion regime from molecular permeation at low
temperature, to network exchange diffusion beyond
1400°C. The present experimental data tend to show
that the permeation of O, remains the prevalent
mechanism up to at least 1400°C for the most stable
fibres.

As already mentioned, a crystallisation of the SiO,
layer is observed, very limited at a temperature of
1200°C but rapidly improving at higher temperatures.
After 10 h at 1400°C, the oxide is substantially crystal-
line. A short bleaching in an HF aqueous solution
allows the crystobalite domains to be distinguished from
the amorphous silica. An examination of the section of
the oxidised/HF etched fibres did not evidence any
change in the thickness of the oxide nor any dis-
continuity in the fibre/oxide interface, from amorphous
to crystalline oxide domains. This feature, as well as the
constant activation energy, indicates that the oxidation
rate is approximately independent on the crystalline
state of the oxide and would suggest a value of the
oxygen diffusivity in crystobalite similar to that in
amorphous SiO,. Assuming that the permeation of
oxygen is rate controlling, because of its stiffer and
denser structure, one would expect a slower diffusion
rate in cristoballite than in amorphous SiO,. Unfortu-
nately, oxygen diffusivity data are still scarce and
sometimes contradictory to clarify this point. It is,
however, worth mentioning that the crystallisation of
SiO» seldom indirectly results in local inhomogeneous
oxidation pattern. The strain build-up resulting from
the volume change due to oxidation and crystallisation,
as well as the increase of the viscosity of the oxide, result

in radial and interfacial cracks locally favouring the
oxidation.

4.2. The Si—-C-N-0O, Si—-N-O and Si—N systems

The oxidation behaviour of Siz;N,4 presents a number
of common features with that of SiC. The oxidation
results in the formation of an oxide layer consisting
mainly of pure silica. The corresponding reaction is
represented by the following equation.

Si3N4(s) +3 Og(g) — 3Si02(3) + 2N2(g) (1 1)

However, some authors proposed a more complex pro-
cess consisting in the two successive equations [such as
(1D)=(12)+1.5 (13)]:

Si3N4(5) + 3/402(g) — 3/2 SizNgO(s) + O.SNz(g) (12)

and

SizNzO(s) + 3/202(g) — 2Si02(5) + Nz(g) (13)

The oxidation results in the formation of a duplex
Si,N,0/Si0; layer where the silicon oxynitride sub-layer
is not crystalline nor necessarily stoichiometric.40:47->2—59
A direct evidence (SIMS, TEM, XPS, AES, RBS) of the
existence of such a silicon oxynitride sub-layer has been
established*®3235, It is also supported by indirect
investigations such as optical measurements and step-
by-step etching.*¢

Similarly to SiC, SisNy generally exhibits a parabolic
oxidation rate where kinetic constants K7, are depen-
dent on the oxygen partial pressure while independent
on the nitrogen partial pressure.*® Like for silicon car-
bide, the interfacial reaction as rate-limiting step is
improbable since no linear oxidation rate was observed.
A controlling step similar to the one involved for SiC,
i.e. the diffusion of oxygen through the oxide layer, is
therefore likely to impose the oxidation rate. However,
a simple comparison in a Arrhenius plot of the SiC and
Si3Ny parabolic rate constants obviously demonstrates
different magnitudes and temperature dependencies.
Whereas Kt values for SizNy are close to the SiC values
around 1400°C, they become significantly lower as the
temperature decreases. Indeed, the corresponding acti-
vation energies typically range 330-490 kJ mol~! for
SizNy4 while only 90-140 kJ mol~! for SiC. Hence, if the
permeation of O, through SiO, governs the oxidation
rate of Si and SiC, it seems to be ruled out for SizNy.
The silica scale formed on Si, SiC and SizNy4 has appar-
ently the same nature. Additionally, the N, diffusion
outward has no apparent effect on the oxidation rate,
since Kr is not dependent on Py,. The oxygen transport
mechanism through the SiO, outer layer is therefore
probably the same for SizN,4 as for Si and SiC. The
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higher activation energy for Si;sN4 has been attributed
to the oxygen transport through the silicon oxynitride
layer. Du et al. proposed a lower permeability to oxygen
of this sub-layer than Si0,.46*7 The silicon oxynitride
layer acting as a diffusion barrier and gradually
increasing in thickness during oxidation would give rise
to lower parabolic rates and a higher activation energy
than those for SiC. However, this assumption presents
some thermodynamic inconsistencies for the oxygen
diffusion as rate controlling.>!>8-°* Alternatively, Luthra
proposed a mixed interfacial reaction and nitrogen dif-
fusion mechanism as rate controlling.>"%® Such
mechanism would solve the discrepancies encountered
by Du et al. while giving rise to oxidation rates
approaching a parabolic dependence. Finally, the oxi-
dation kinetics of SisN,; were modelled describing a
simultaneous oxygen diffusion/reaction through the oxy-
nitride sublayer with a depth-variable composition.>¢—>’
This concept of gradual substitution of O for N atoms
in the oxynitride instead of interfacial reactions is
attractive because it overcomes the thermodynamic
inconsistencies (thermochemical calculations at equili-
brium become inadequate since the oxidation is not, in
this case, strictly diffusion-controlled) and accounts for
the graded composition of the sublayer. However,
owing to the complexity of such process, the model for
the oxidation kinetics still has some limitations and
needs some further developments (especially in terms of
temperature dependence).

The oxidation of ceramics from the Si—-C—N-O system
is particularly complex because it combines the oxida-
tion features of SiC and Si;Ny, e.g. the simultancous
diffusion of CO and N, through the oxide layer out-
wards. It also involves a free carbon phase whose oxi-
dation results in an additional CO flux, some oxygen
initially present in the ceramic and possibly some traces
of hydrogen. Neglecting the presence of hydrogen, the
overall reaction of the oxidation can be described by the
following equation :

SiCyNay/302(1-x-y), + (3X/2 + ¥)Ox
— SiOy) + XCO(g) + 2y/3Ny() (14)

(with 0<x<x+ y<1) for the SiCXN4y/302(1_X_y) con-
tinuum and in some cases :

Cis) +1/2 Oy — COy (15)

for the free carbon phase. The overall equation for 100
average atoms is therefore :

(16) = 100(1 — ccr)/(3 — x — 2y/3)(14) + 100ccr(15)

(16)

The parameter « (the number of mole of O, needed to
form one mole of SiO,) becomes then:

a=15x4+y+0.5¢ce(3 —x —2y/3)/(1 — ccx) (17)

(Table 6). @ ranges from 0.83 for fibres with high z and
low x and ccr values (e.g. the Si—-N-O fibre), to 1.34 for
fibres with low z and high x and c¢r values [e.g. the Si—
C-N—(O) fibre].

Similarly to the Si—C-O systems, one of the significant
features of the oxidation behaviour of the various Si—-C—
N-O systems, is the moderate influence of the oxygen
and the free carbon concentrations. Conversely, the
effect of x and y is indeed determinant on the values of
E, and K,. On the basis of the oxidation mechanism of
Si and SiC (i.e. the permeation of O, through the SiO,
scale inwards), the expectable effect of z, ¢cr and o on
the K7 values is limited and under no circumstances
supposed to affect the rate limiting step nor the activa-
tion energy E,.

The experimental data presented here strongly suggest
that the oxidation mechanism and its rate limiting step,
change continuously from those for SiC (for x = 1 and
y =0), to those for SizNy (for x =0 and y = 1), con-
sistently with the E, and the K, values. It is proposed
that the oxidation process of Si—-C—-N-O ceramics
involves a simultaneous (i) oxygen diffusion inwards, (ii)
reaction and (iii) CO and N, diffusion outwards
through a silicon oxycarbonitride continuum sub-layer
of a graded composition ranging from SiO, (at the free
surface) to the bulk composition (Fig. 8). The gradual
increase of the oxidation rate, either with time at a given
depth, or along the thickness of the sub-layer for a given
time, corresponds to a continuous substitution of Si-O
bonds for both the Si—C and Si—N bonds of the SiC,
N4y/302(1-x—y) continuum. The oxidation reaction of the
latter phase is, therefore :

SiCxN4y/302(1,xfy)(s) + (36x/2 + 5y)02(g)
= SiCly—sx)Nay—sy)/ 30201 —x—y-+sx-+sy),,

+8xCO) + 287/3 N (18)

(0<8<x and 0<d8y<y) and is combined to the com-
bustion of the free carbon phase:

SCCfC(S) + Sccr/2 Oz(g) — SCCfCO(S) (19)

(0<8ccr <ccr). This oxidation process has some com-
mon features with the mechanism suggested by Sheldon
et al. and Ogbuji et al. for the oxidation of SizNy, e.g.
the simultaneous oxygen diffusion/in-depth reaction
within a sub-layer of continuously variable composition
and structure.>®37 It is, however, more complex mainly



G. Chollon | Journal of the European Ceramic Society 20 (2000) 19591974 1971

P A C

Si0, S o ot aystents
OL‘

e Q10O
Sl(; N%.y(g(l-x—y)

f

(

y-dy
X-0

y
X

Cer

Fig. 8. Tentative schematic description of the oxidation of Si—-C-N—(O) fibres in pure oxygen (P =100 kPa) showing the mass transfer of reactants/
products and the concentration profile through the oxide layer and at the oxide/substrate interface.

because of the presence of carbon atoms in the con-
tinuum as well as in the free carbon phase. Local ana-
lyses by EELS of the oxide/fibre interfacial zone did not
support the occurrence of such an intermediate phase,
at least at a scale beyond about 10 nm but showed a
steep composition gradient between the silica and the
Si—-C-N-O bulk ceramic.?'~° However, its presence at a
lower scale is not strictly excluded, though not experi-
mentally established.

On the basis of the distinct mechanisms assumed to
control the oxidation kinetics of SiC and Siz;Ny, one can
suggest that the rate limiting step involved in the oxi-
dation of Si-C-N-O ceramics is the slowest permeation
rate of O, through either, the SiO, layer for low y values
(like for instance the Si—C or Si—~C-O ceramics) or, if
any, the SiC(y_5x)Na—s)30201—x—y+sx+sy) continuum of
the sub-layer for high y values (for instance SizNy). In
the latter case, the main parameter determining the rate
limiting step and the oxidation rate, would be the com-
position gradient along the thickness of that SiCi,_sy)
Nay—s5y)/302(1-x—y+sx+5y) sub-layer, itself depending on
the bulk composition of the Si—-C—N-O ceramic and
particularly the x and y values. It is worthy of note that
the composition change of the continuum along the
thickness the sub-layer depends on two parameters [6x
and 8y in Eq. (18)] instead of only one (8y) for the oxi-
dation of SizN,.3%37

For y = 0 (Si—C-O ceramics), the experimental results
showed that the parameter x has almost no effect on the
kinetics. This feature therefore suggests that the per-
meation of O, through the SiO, layer, remains the rate
limiting step of the oxidation mechanism within the
range of x values tested. Furthermore, there is no evi-
dence of the formation of a SiC,_s)O2(1—x+sx) Sub-layer
for the oxidation of polycrystalline SiC, suggesting in
this case, a true SiO,/SiC interfacial reaction [Eq. (7)].

Conversely, when y £ 0, the parameter y, either alone
(for Si-N-O system) or together with x (for Si-C-N-O

system), appears to have a determinant influence on the
rate limiting step of the oxidation mechanism.

It has been well established for of the oxidation of
SiC, that the permeation of O, through the SiO, scale,
as the rate limiting step, is slower than the oxidation
reaction itself, i.e., the substitution of Si—O bonds for
SiC—bonds at the SiO,/SiC interface. On the other hand,
for the oxidation of Si3Ny4, experimental studies and
models account for a simultaneous oxygen diffusion and
reaction (the substitution of Si—O for Si—N) through the
oxynitride sub-layer. A consequence of that, is that, for
a given position within the sub-layer, the diffusion rate
of O, inwards is of the order of the reaction rate (the
substitution of Si—O bonds for Si—N bonds), while both
being slower than the O, diffusion through the SiO,
outer scale. Hence, if one extends to the Si—-C-N-O
ceramics the concept of simultaneous O, diffusion/reac-
tion through a depth variable composition sub-layer
(but in this case with a two composition parameters 5x
and dy), a substitution of Si—O for Si—C faster than for
Si—N bonds might be expected. It would therefore result
in a x profile steeper than the y profile along the depth.
The oxidation rate would be therefore controlled by the
composition of the oxynitride derived from the partial
oxidation of the SiC,Ny,/3051—,) oxycarbonitride, i.e.
SiNyg,/3021-,) or in other terms as experimentally
observed, by the parameter y only (Fig. 8).

5. Conclusion

The oxidation of ceramics from the Si-C—N-O system
has been investigated through TGA tests of various
commercial and experimental small diameter fibres. The
oxidation rates (K7) and the activation energies (E,) of
the Si—-C—O ceramics investigated are close to those for
crystalline SiC. Both the oxygen and free carbon con-
centrations in the ceramic have a limited influence on
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the oxidation behaviour. As long as the silica scale
formed during oxidation is tight and protective, a para-
bolic oxidation regime is observed and the oxidation
kinetics of the Si-C—O materials are mainly controlled
by the diffusion of oxygen through SiO,. However,
because of the thermodynamical instability of the oxy-
gen rich systems, the parabolic regime is no longer
observed beyond their intrinsic degradation temperature
and the oxidation rate dramatically increases.

The parabolic rates of the nitrogen containing systems
(Si-C-N-O and Si—N-0) are generally lower than those
for SiC whereas their activation energies are higher.
Furthermore, the oxidation kinetics features strongly
depend on the fractions of the number of Si—C and Si-N
bonds to all Si—i bonds (i = C, N, O), i.e. respectively,
X =nsi_c/Lmnsi—; and y = ng_N/Z;nsi—;, with i=C,N,O.
The K7 and E, values continuously vary from those for SiC
(x = 1,y = 0), typically ranging E, = 110 — 140 kJ mol~!,
to those for SisNy (x =0, y = 1), i.e. E, =330—490 kJ
mol~!. The oxidation mechanism in such Si-C-N-O sys-
tems might be related to a complex diffusion/reaction
regime involving the formation of an intermediate silicon-
oxynitride sub-layer (in a similar manner than for SizNy) or
even also a silicon-oxycarbonitride layer. Like for the Si—
C-O system, the oxidation behaviour in these complex
systems is not significantly influenced by the presence of
oxygen nor free carbon in the initial ceramics. It might
rather be governed by the x and y ratios, limiting the
nitrogen concentration gradient of the silicon-oxy(carbo)-
nitride sub-layer at the oxide/substrate interface and there-
fore affecting the diffusion/reaction rates.
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