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The oxidation kinetics and mechanisms of SiC-matrix composites fabricated by chemical
vapor infiltration, and of their constituents (C or SiC-fibers, C or BN interphases and SiC
matrix) are studied on the basis of an experimental approach and modelling. The oxidation
of carbon fibers is rate-controlled by a combined diffusion/chemical reaction mechanism at
low temperatures and its rate reduced by a 1600◦C heat treatment. The oxidation rate of the
pyrocarbon is similar to that of the fibers when they have been heat-treated. The oxidation
kinetics of both the SiC-based fibers and matrix are parabolic and assumed to be
rate-limited by the diffusion of gaseous species in the silica scale. A full kinetics law is
given. The occurrence of water in the atmosphere increases the oxidation rate of the fibers
and decreases the activation energy, water becoming the main oxidizing agent. The
oxidation of the BN-interphase is complex and strongly anisotropic, its kinetics depending
on composition, structure and texture. Finally, the oxidation of SiC-matrix composites,
depicted for 1D-SiC/C/SiC and 2D-C/C/SiC composites, involves both diffusion of gaseous
species in the composite porosity and heterogeneous oxidation reactions. Oxidation occurs
through the thickness of the composites at low temperatures which consumes the
carbon-based constituents. Conversely, it tends to be limited to near the composite surface
at high temperatures, due to the formation of silica-based phases healing the material
porosity and preventing the in-depth oxidation of the carbon-based constituents.
C© 2004 Kluwer Academic Publishers

1. Introduction
SiC-based composites usually consist of carbon or
SiC fibers embedded in a SiC-matrix. They display
the outstanding property of being non-brittle when the
fiber/matrix (FM) bonding is optimized (that is not too
strong but not too weak) through the use of a thin layer
of a compliant material referred to as the interphase
which is deposited on the fiber surface before the infil-
tration of the SiC-matrix [1]. The most commonly used
interphase materials are pyrocarbon, i.e., a graphitic
carbon deposited from a gaseous precursor, or hexago-
nal boron nitride, both exhibiting a layered crystal struc-
ture in which the layers (deposited parallel to the fiber
surface) are weakly bonded to one another. The main
role of the interphase is to arrest and/or deflect the mi-
crocracks which are formed under load in the brittle
SiC-matrix, avoiding thus the early failure of the brittle
fibers by a notch effect. Hence, the interphase protects
the load-bearing fibers and is sometimes referred to as
a mechanical fuse [2].

SiC-matrix composites being refractory, stiff and
tough materials, are potential candidates for structural
application at high temperatures, including in aerojet
engines, rocket engines, gas turbines of cogeneration
and first wall of nuclear fusion reactors [3]. In most
cases, these materials are exposed for long periods of

time (several 10,000 h in gas turbines) to the com-
bined effect of temperature and load, in atmospheres
which are frequently oxidizing. Since the different con-
stituents of the materials are non-oxide ceramics, which
are intrinsically oxidation-prone, a good knowledge of
the oxidation mechanisms and kinetics of the compos-
ites and of their constituents is necessary to understand
and model the behavior of the composites when ex-
posed to severe service conditions [4–7].

The aim of the present contribution was to assess
the oxidation mechanisms and kinetics of SiC-matrix
composites and their constituents (fibers, interphase
and matrix) through experiments usually performed
on model substrates in the so-called passive oxidation
regime and through modelling.

2. Experimental
2.1. Materials
Oxidation tests were performed on the following mate-
rials: (i) fibers commonly used in ceramic matrix com-
posites (CMCs), namely, carbon and SiC-based ceramic
fibers, (ii) SiC-matrix of SiC (fiber)/SiC composites,
(iii) pyrocarbon and BN interphases and (iv) model
unidirectional SiC (fiber)/SiC composites and real C
(fiber)/SiC composites.
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Three kinds of fibers have been used. The carbon
fibers were T 300 high strength fibers (from Toray) pro-
duced by pyrolysis of a polyacrylonitrile (PAN) precur-
sor at moderate temperature and which contain some
residual nitrogen. They were used either as-received
or after a thermal treatment (HTT, for high tempera-
ture treatment) performed at 1600◦C, in order to sta-
bilize their microstructure [5]. The SiC-based fibers
were from two of the three fiber families commonly
used as reinforcements in CMC, namely: (i) nanocrys-
talline Si C O fibers (Nicalon NLM 202, ceramic
grade (CG) from Nippon Carbon, Japan) consisting
of SiC nanocrystals and carbon clusters dispersed in
an amorphous SiCx Oy phase [8] and (ii) SiC + C
oxygen-free fibers (Hi-Nicalon, also from Nippon Car-
bon) which consist of a mixture of SiC-nanocrystals
and free carbon [9]. Their overall chemical composi-
tion was respectively: 57Si-32C-12O-0.06H (in wt%)
corresponding to a C/Si at. ratio of 1.31, for the former,
and 62Si-37C-0.5O (wt%) and C/Si (at) ≈ 1.39, for the
latter. It is worthy of note that the fibers of the third fam-
ily, referred to as quasi-stoichiometric SiC fibers (such
as Hi-Nicalon type S, from Nippon Carbon) were not
available when the present study was initiated and are
the subject of a forthcoming study. The SiC-based fibers
were desized before being submitted to the oxidation
tests, according to conventional procedures (solvent ex-
traction and/or oxidation in air at low temperature).

The pyrocarbon (PyC) and boron nitride interphases
were deposited from a hydrocarbon (Cx Hy , usually
methane) and BX3 + NH3 mixture gaseous precursors
respectively, at a temperature of 900–1100◦C and un-
der reduced pressures, on different substrates including
fibers (Nicalon or Hi-Nicalon) and flat model substrates
(sintered SiC pellets), according to the following over-
all equations [6, 10, 12]:

2Cx Hy(g) → 2xC(s) + yH2(g) (1)

BX3 + NH3(g)
(H2orAr)

> BN(s) + 3HX(g)

with X = F, Cl (2)

The BN-deposits were first out-gased at 1000◦C in
the CVD reactor then heat treated, after having seen the
ambient atmosphere (with some oxygen absorption), at
the highest temperature compatible with the thermal
stability of the fibers, in order to improve their state
of crystallization (BN, deposited from BCl3 + NH3
precursor at low temperature, being known to be poorly
crystallized and sensitive to moisture) [6].

The oxidation kinetics of the SiC-matrix were as-
sessed through tests performed on the matrix of SiC/SiC
composites prepared by the chemical vapor infiltra-
tion (CVI) process [10]. The SiC-matrix was deposited
from a flowing gaseous mixture of methyltrichlorosi-
lane (MTS) and hydrogen, at relatively low temperature
(900–1100◦C) and under reduced pressure (to favor the
in-depth deposition), according to the following overall
equation [10, 13]:

CH3SiCl3(g)
(H2)

> SiC(s) + 3HCl(g) (3)

It consisted mainly of β-SiC (cubic 3C-polytype) with
a trace amount of free silicon. It was first formed within
the open porosity of the fiber preform (infiltration or in-
depth deposition) and then on its external surface (when
the preform porosity became sealed by the deposit) as
an over-coating (or seal-coat) of ≈120–150 µm. The
oxidation test samples were cut from the composite
with a diamond saw, as 3 × 3 × 3 mm3 cubes, and
their 150 µm SiC over-coating face polished with dia-
mond pastes, according to conventional metallographic
procedures for ceramics [4].

Finally, overall oxidation tests were performed on
SiC-matrix model and real composites, in order to
study the combined effect of the oxidation of their con-
stituents. The model materials were unidirectional (1D)
composites fabricated from one single fiber tow com-
prising several hundreds or thousands elementary fila-
ments and usually referred to as minicomposites. The
fibrous reinforcements were maintained straight during
the successive deposition of the interphase (PyC or BN)
and matrix with a ceramic holder, according to a tech-
nique which has been depicted elsewhere [14]. The real
composites were fabricated from a bidirectional (2D)
fiber preform consisting of a stack of woven carbon
fabrics maintained pressed together with a graphite fix-
ture during the infiltration of the interphase and matrix,
by the isothermal/isobaric CVI process [10]. The SiC-
matrix was deposited from the MTS + H2 precursor,
as described above. It was found close to stoichiome-
try and mainly consisted of β-SiC nanocrystals with a
preferred orientation (their [111] direction being per-
pendicular to the fiber surface).

2.2. Oxidation tests
Most oxidation tests were performed with a thermo-
gravimetric analysis (TGA) equipment (24 S 16 TGA
apparatus, from SETARAM, France), at atmospheric
pressure (P ≈ 100 kPa) and in a flowing atmosphere
consisting of either dry oxygen or dry oxygen-nitrogen
mixtures. However, some experiments were conducted
with oxygen-water vapor–nitrogen mixtures (with dif-
ferent partial pressures of either oxygen or water), with
a modified TGA-apparatus (also from SETARAM)
which has been described elsewhere [15]. The oxida-
tion kinetics were mostly assessed from the variations
of relative sample weight (�m /mo = 100 (m − mo)/mo,
where mo is the sample mass at t = 0 and m that at t)
versus time curves. In a few cases, they were derived
from the variations of the thickness X of material con-
sumed (BN interphase) or that of the oxide scale (SiO2)
resulting from the oxidation process, as a function of
time. This layer thickness was either directly measured
by scanning electron microscopy or spectroreflectom-
etry (Nanospec/AST-201), for silica scales [4] or cal-
culated from TGA-curves according to models given
elsewhere [6], for the oxidation of BN-interphases. Ki-
netics constants were calculated from the experimen-
tal kinetics curves and their variations as a function
of temperature (Arrhenius plots) and oxygen (or water
vapor) partial pressure established, when enough data
could be collected, in order to derive apparent activa-
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tion energies and apparent reaction orders, and finally
to establish apparent kinetics laws that could be further
utilized in modelling.

3. Results and discussion
3.1. Oxidation of carbon fibers

and interphases
Isothermal oxidation tests were conducted in flowing
oxygen on T 300 carbon fiber tows used either
as-received, or after heat treatment (HTT = 1600◦C)
or coated with a pyrocarbon interphase deposited
from methane. Oxidation of the fibers occurs with a
weight loss corresponding to the formation of CO2
and/or CO. The kinetics curves exhibit a classical
sigmoidal shape, the oxidation rate first increasing (for
0 < �m/mo < 20%) then remaining almost constant
for 20 < �m/mo < 70% and finally decreasing (for
70 < �m/mo < 100%), as a function of time (Fig. 1a).
The oxidation rate was almost constant within the

Figure 1 Oxidation kinetics of T300 carbon fiber tows in flowing oxygen
(P = 100 kPa; Q = 10−3m3per hour): (a) kinetics curves at different
temperatures for as-received fibers, (b) Arrhenius plots of the apparent
kinetics constants for as-received and heat-treated (HTT = 1600◦C)
fibers. Redrawn from data of ref. [15, 16].

second domain, with the kinetic constant k defined as:

k = − 1

mo

dm

dt
(4)

and calculated for �m/mo = 50% in the following. As
shown in Fig. 1b, its temperature dependence obeys an
Arrhenius-type law within two temperature domains
that will be referred to as the high and low temperature
domains, respectively [5, 16]:

k = ko exp(−Ea/RT) (5)

where ko is a pre-exponential term, Ea the apparent
activation energy, R the perfect gas constant and T the
temperature in Kelvin. The data suggest the occurrence
of two different oxidation mechanisms with Ea = 80
kJ/mol at low temperatures and Ea = 15 kJ/mol at high
temperatures. It is worthy of note that the former is
significantly increased (to Ea = 150 kJ/mol) when the
fibers have been heat treated before the oxidation tests.

Generally speaking, the oxidation of a porous carbon
(as a matter of fact, a carbon fiber tow displays both in-
trafiber nanoporosity and interfiber microporosity) in-
volves diffusion phenomena (of the reactant and prod-
uct) in the boundary stagnant gas layer surrounding the
solid, corresponding to low Ea-values, on the one hand,
as well as surface chemical reactions between carbon
and gaseous species adsorbed on the so-called active
sites (edges and in in-plane defects of the carbon lay-
ers) and related to much higher Ea-values, on the other
hand [17, 18]. The low Ea-value (Ea = 15 kJ/mol), cal-
culated for 750 < T < 950◦C, strongly suggests that the
rate limiting phenomenon is the diffusion of the gaseous
species (reactant or product) in the boundary layer. By
contrast, the Ea-value calculated for 500 < T < 700◦C,
namely 80 kJ/mol, is too low to be assigned to a pure rate
control by the oxygen-carbon surface reaction (reported
to be 160–200 kJ/mol). Tentatively, it is proposed that
the oxidation of T 300 carbon fiber tow is rate controlled
by a mixed in-pore diffusion/surface reaction mode, in
the low temperature domain. This assumption is mainly
based on the fact that these fibers are known to display
a significant nanoporosity and poor structural organi-
zation in the as-produced state [5, 16]. However, the
influence of catalytic impurities (such as alkali metal
compounds) known to be present in carbon fibers pre-
pared from PAN-precursor, cannot be ruled out.

Interestingly and as apparent from Fig. 1b, anneal-
ing the fibers at 1600◦C does not change the oxidation
mechanism at 800–900◦C (diffusion rate control). Con-
versely, it reduces significantly the oxidation rate at low
temperatures with an increase of the apparent activation
energy (from 80 to 150 kJ/mol). Ea is now closer to that
reported above for the oxygen-carbon surface chemical
reaction but still lower than those reported for carbon
fibers which have been prepared from mesophase pre-
cursors or/and treated at very high temperature and are
partly graphitized (Ea =185–195 kJ/mol). To conclude,
the high oxidation rate observed at low temperatures for
the as-received T 300 fibers is related to its poor overall
structural organization (and possibly to the occurrence
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Figure 2 SEM-micrographs of the end of a T300 carbon fiber tows (as-received) infiltrated with a pyrocarbon interphase after a mild oxidation at
550◦C in pure oxygen showing the areas of selective oxidation. From ref. [5].

of heteroatoms, including nitrogen and catalytic impu-
rities). The effect of the annealing treatment is related
to nanostructural change (and eventually, to a reduction
of the heteroatom concentration by volatilization).

Oxidation tests were also performed on T 300 carbon
tows in which the individual fibers were coated with a
thin layer of pyrocarbon interphase deposited at about
1000◦C. As shown in Fig. 2 for a material prepared
from as-received fibers, the oxidation rate of the fiber
is higher than that of the PyC-coating, which is known
to display much better structural organization and hence
lower chemical reactivity. Further, the oxidation of the
fiber occurs preferentially in specific areas of the cross-
section, including the fiber center and the fiber surface,
which correlates with the radial microstructural het-
erogeneity of the fiber [16]. Conversely, in materials
prepared with heat treated fibers (HTT = 1600◦C), the
oxidation rates of the fiber and of the pyrocarbon in-
terphase are now similar but there remains, near the
fiber/interphase border, a zone (where heteroatoms are
assumed to be concentrated and which displays a high
porosity) of high reactivity.

3.2. Oxidation of SiC-based fibers
3.2.1.
The oxidation of Si C O and SiC C fibers, in flowing
air or pure oxygen, occurs with the formation of gaseous
carbon oxides and a scale of silica (amorphous or crys-
tallized, depending on oxidation conditions), according
to the following equations (written for stoichiometric
SiC in the passive oxidation regime) [20–25]:

SiC(s) + 2O2(g) → SiO2(s) + CO2(g) (6)

SiC(s) + 3/2O2(g) → SiO2(s,l) + CO(g) (6′)

to which, one should add the equations corresponding
to the active oxidation of carbon when the fibers contain
free carbon :

C(s) + O2(g) → CO2(g) (7)

C(s) + 1/2O2(g) → CO(g) (7′)

The silica scale is continuous and protective (pas-
sive oxidation regime) since the value of the �-factor,
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defined as the ratio of the molar volume of silica to
that of the fiber (calculated from its composition), is
higher than one, namely � = 1.35 for the Si C O
fiber and � = 1.66 for the SiC + C fiber (it would
still be higher, � = 2.2, for the stoichiometric fibers)
[8]. For both fibers, the oxidation kinetics curves are
parabolic within a given temperature range (as further
discussed) and the rate limiting step assumed to be the
diffusion of oxygen through the silica scale, by refer-
ence to the oxidation of silicon and pure SiC. Hence,
they obey the following equations:

X2 = Bt + X2
o (8)

(�m/mo)2 = B′t + (�mi/mo)2 (8′)

where B and B ′ are the so-called parabolic kinetics
constants and X2

o, (�mi/mo)2 terms added to take into
account the silica eventually present on the fiber surface
at t = 0. These equations are particular cases of a
more general model, referred to as the linear-parabolic
model, proposed by Deal and Grove for the oxidation
of silicon [26].

3.2.2.
Fig. 3a shows the kinetics curves, recorded under
flowing pure oxygen, for the Si C O Nicalon fibers
and which have been represented as the variations of
(�m/mo)2 as a function of time. As expected, they obey
Equation 8′, i.e., they are linear, but only up to 1200◦C
(at this temperature, a deviation from linearity being ob-
served beyond about 400 minutes). As a matter of fact,
this limit corresponds to the onset of the thermal de-
composition of the SiCx Oy amorphous phase present
in the fibers and which occurs with an evolution of
gaseous species (CO and to a less extent SiO). This
additional evolution of CO, if it occurs, would lower
the overall weight gain related to the oxidation process.
However, the fiber core composition was observed to
remain constant during the oxidation test which means
that fiber decomposition if it occurs, is limited to near
the fiber surface where oxidation concurrently takes
place. The silica scale is amorphous at low tempera-
tures but cristobalite has been detected in the scale by
XRD at and above 1100◦C. Hence, fiber decomposition
and/or a change in the scale structure could be respon-
sible for the deviation from linearity observed above
1100◦C [4, 20]. An apparent activation energy, Ea ≈70
kJ/mol, has been calculated from the Arrhenius plots
of the kinetics parabolic constant B′ (Fig. 3b). This
value is much lower than those reported for the oxida-
tion of SiC, namely, ≈200 kJ/mol. On the one hand,
this is not totally surprising since the Si C O Nicalon
fiber is a complex multiphase material, at the nanometer
scale, which only contains ≈50 mol% SiC. On the other
hand, assuming that the rate limiting step is still the
molecular oxygen permeation through the growing sil-
ica scale (as for pure SiC), the lower Ea value observed
for the fibers suggests that the structure/composition
of the scale might be somewhat different. It could be
more microporous. It could also contain Si H or/and
Si OH bonds resulting from interactions between sil-

Figure 3 Kinetics of oxidation of the Si C O Nicalon (NLM 202/CG)
fibers at P = 100 kPa: (a) variations of (�m/mo)2 as a function of time
at different temperatures in flowing dry oxygen, (b) thermal variations
(Arrhenius plots) of the parabolic rate constant B ′ (derived from a)) in
dry oxygen and dry air (adapted from ref. [4]).

ica and the residual hydrogen (and its oxidation product,
H2O) present in this fiber. Water is known to enhance
the oxidation of SiC, even in trace amounts, as further
discussed. All these features may cause the diffusion of
oxygen through the oxide scale to be easier and lower
the apparent activation energy [4, 20].

3.2.3.
Oxidation tests were also conducted on the more recent
SiC + C (Hi-Nicalon) oxygen free fibers but in a more
detailed manner since they are more thermally stable,
keep their mechanical properties at higher temperatures
and hence are more suitable for the reinforcement of
ceramic matrix composites with service temperature
higher than 1000◦C, compared to their Nicalon coun-
terparts. The tests were performed in oxygen/nitrogen
and oxygen/nitrogen/water vapor flowing atmospheres,
with different oxygen or/and water vapor partial pres-
sures, in order to assess experimentally full kinetics
laws [15].

As shown in Fig. 4a, the variations of the square of
the weight gain as a function of time are still linear over
the whole studied temperature range (900–1400◦C).
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Figure 4 Kinetics of oxidation of SiC + C (Hi-Nicalon) fibers in dry oxygen/nitrogen flowing atmospheres (P = 100 kPa): (a) variations of the
square of the weight gain as a function of time at different temperatures in a 80/20 nitrogen/oxygen atmosphere, (b) variations of the square of the
weight gain at 1200◦C in different nitrogen/oxygen atmospheres (adapted from ref. [15]).

Hence, the oxidation regime is still parabolic (assumed
to be rate-controlled by the oxygen-diffusion through
the silica scale) and obeys Equation 8′, even above
1200◦C. This feature can be correlated with the fact
that this fiber is fabricated at higher temperature, does
not contain significant amounts of the metastable
SiCx Oy amorphous phase (being almost oxygen-free)
and hence does not undergo decomposition in the
1100–1400◦C domain, contrary to the behavior of
its Nicalon counterpart [8, 22]. The silica scale is
amorphous, smooth and dense at 1300◦C but it is crys-
tallized as cristobalite and heavily microcracked (after
cooling at room temperature, as the result of the α-β
phase transformation) for oxidation tests at 1400◦C. As
shown in Fig. 4b, the oxidation regime is still parabolic
when the tests are performed in flowing atmospheres
with different oxygen partial pressures: raising the
oxygen partial pressure increases the oxidation rate.
Furthermore, the variations (in a Ln-Ln scale) of the
kinetics constant B ′ as a function of PO2 are linear,
in a first approximation. From these data, an apparent
reaction order with respect to oxygen, n = 0.8–0.9,
has been calculated (Fig. 5). Finally, an apparent
activation energy, Ea = 144 kJ/mol, was derived from
the Arrhenius plot of the parabolic rate constant B ′ as
a function of temperature (Fig. 6). It is noteworthy that
this value is higher than that previously reported for the
Si C O Nicalon fibers (Ea = 70 kJ/mol). However,
this still low activation energy, compared to those
reported for the oxidation of SiC (≈200 kJ/mol) might
be correlated with the fact that the fiber also contains
a large amount of free carbon (C/Si (at.) ≈1.39).

In a second step, the oxidation tests on SiC + C
(Hi-Niclaon) fibers were performed under flowing wet
oxygen/nitrogen atmospheres (either at constant PO2

or PH2O the total pressure being constant and equal to

Figure 5 Variations of the oxidation parabolic constant B ′ as a function
of the oxygen partial pressure in flowing oxygen/nitrogen atmospheres
(P = 100 kPa), for SiC + C (Hi-Nicalon) fibers (adapted from ref. [15]).

P = 100 kPa), in order to compare the role of the two
oxidizing species : oxygen and water vapor. As shown
in Fig. 7, the oxidation regime is still parabolic, at least
in a first approximation, when water is present in the
gas phase, with a dramatic increase in the oxidation
rate. As an example, the parabolic rate constant is mul-
tiplied by a factor of 20 at 1000◦C and 3.5 at 1400◦C
when the water vapor partial pressure is raised from 0
to 20 kPa (that of oxygen remaining constant and equal
to 20 kPa), through the variation of PN2 . Further and as
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Figure 6 Arrhenius plots of the thermal variations of the oxidation
parabolic rate constant B ′ for SiC + C (Hi-Nicalon) fibers tested in
flowing N2/O2/H2O atmospheres (P = 100 kPa and PO2 = 20 kPa)
with different PH2O (adapted from ref. [15]).

Figure 7 Oxidation kinetics for the SiC + C (Hi-Nicalon) fibers in
flowing 60/20/20 nitrogen/oxygen/water vapor atmospheres (Ptotal =
100 kPa) (adapted from ref. [15]).

shown in Fig. 6, the thermal variations of the parabolic
rate constant still obey an Arrhenius law with an appar-
ent activation energy of 86 kJ/mol for PH2O = 10 kPa
and 60 kJ/mol for PH2O = 20 kPa. Hence, adding water
vapor to the oxidizing atmosphere simultaneously in-
creases the oxidation rate and decreases the activation
energy to values close to that reported for the molecular
diffusion of water in silica (Ea = 75 kJ/mol). A similar
conclusion has been previously drawn for the oxidation
of silicon [26]. This feature suggests that H2O might

be the main oxidizing species in wet oxygen/nitrogen
atmosphere, on the one hand, and its molecular dif-
fusion through the silica scale, the rate limiting step.
Preliminary complementary oxidation tests conducted
at 1200◦C in atmospheres containing different oxygen
partial pressures (not illustrated here), when combined
with the tests at different partial pressures, have shown
that the apparent reaction orders with respect to water
and oxygen are n ≈ 0.8 and n ≈ 0.15, respectively, a re-
sult which confirms again the predominant role of water
vapor in the oxidation process of the fiber [15]. Finally,
the silica scale was observed to mainly be smooth, dense
and amorphous at 1200◦C and crystallized as cristo-
balite at 1300◦C.

3.3. Oxidation of the SiC-matrix
Oxidation tests were performed in flowing pure dry
oxygen (P = 100 kPa; Q = 10−3m3/minute; H2O <

2 ppm) on the SiC-matrix deposited from MTS + H2,
as depicted in Section 2.2, within the temperature range
900–1500◦C. In order to check the influence of the ex-
perimental set-up (particularly, that of the TGA alumina
tube, which is frequently a source of catalytic sodium
impurity), few oxidation tests were also conducted on
samples cut in a 300 µm thick single crystal 111 silicon
wafer and our results compared to literature data.

As shown in Fig. 8a, the variations of X (the sil-
ica scale thickness) as a function of the square root of

Figure 8 Oxidation kinetics of the CVI SiC-matrix in dry flowing oxy-
gen (P = 100 kPa; Q = 10−3m3 per minute): (a) variations of the
silica scale thickness X as a function of the square root of time, (b) Ar-
rhenius plot of the parabolic kinetics constant B: SiC (CVI) [27], SiC
(CNTD) [28], 4H-SiC polytype [29], 6H-SiC polytype [31]. Redrawn
from ref. [27].
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time, are linear and obey Equation 8 (with X2
0 ≈ 0).

Hence, the oxidation kinetics are again parabolic and
rate-controlled by diffusion phenomena (assumed to be
the oxygen transfer through the silica scale). The slopes
of these straight lines are equal to B1/2 and allow the
derivation of the parabolic kinetics constant B. Similar
results were obtained, as expected, for the silicon wafer
and the B-values determined at 1000 and 1200◦C were
almost identical to those previously reported by Deal
and Grove, a feature ruling out a possible contamina-
tion by catalytic impurities from the experimental set-
up [26, 27]. Interestingly, the silica scale was usually
amorphous whatever the temperature, cristobalite being
present only for the tests performed at 1500◦C, a result
which is at variance with those previously mentioned
for the SiC-based fibers (containing one or two sec-
ond phase(s) and heteroatoms) where the formation of
cristobalite was observed at much lower temperatures.

Further, the temperature dependence of the parabolic
constant obeys the Arrhenius law (Fig. 8b), with an ap-
parent activation energy, Ea = 128 kJ/mol, remaining
constant in the temperature range 1100–1400◦C, a value
which is in agreement with those previously published
by Tressler and co-workers [28–30]. Beyond 1400◦C,
there is an increase in the apparent activation energy
which has been assigned to a change in the mechanism
of oxygen transfer across the silica scale (from oxygen
permeation as molecular species to oxygen diffusion as
ionic species). Below 1100◦C, an increase in apparent
activation energy is also observed but its origin still re-
mains uncertain [27]. Finally, the B-parabolic constants
for the CVI SiC-matrix are slightly higher than those
measured on hexagonal SiC-polytypes [29, 31].

3.4. Oxidation of BN interphases
Preliminary oxidation tests were conducted at one sin-
gle temperature, i.e., 950◦C, under flowing dry reconsti-
tuted air (80N2-20O2) at atmospheric pressure (≈100
kPa), on boron nitride deposited from BCl3-NH3-H2
precursor, according to Equation 2. BN was deposited
on either Hi-Nicalon fiber tow samples (8 mm in length)
or model sintered-SiC flat substrates (all the samples
being set horizontally in the TGA-apparatus).

In dry air, the oxidation is assumed to proceed ac-
cording to the following overall equation:

2BN(s) + 3/2O2(g) → B2O3(s,l) + N2(g) (9)

corresponding to a �-factor, defined as the ratio of the
molar volume of B2O3 to that of 2BN, equal to 2.1.
As a result, the oxide is expected to form a covering
scale and the oxidation regime to be passive, as previ-
ously described for the oxidation of SiC-based materi-
als. However, B2O3is liquid above ≈410◦C. Its viscos-
ity decreasing as temperature is raised, it tends to flow
and to form droplets, thus modifying the nominal oxide
film thickness. Further, B2O3 undergoes vaporization at
sufficiently high temperatures, namely beyond 1000–
1100◦C in dry air, but at much lower temperatures if the
atmosphere contains water (even in trace amounts), ac-

cording to the main following overall equation [32, 33]:

B2O3(l) + H2O(g) → 2HBO2(g) at T ≥ 1000◦C

(10)

3/2B2O3(l) + 3/2H2O(g) → (HBO2)3(g) (10′)

1/2B2O3(l) + 3/2H2O(g) → H3BO3(g) at T < 1000◦C

(10′′)

Hence, it is often considered more appropriate to study
BN-oxidation kinetics from the variations versus time
of the amount of BN consumed by oxidation than from
those of the weight of B2O3 on the substrate [34]. Fi-
nally, the oxidation of BN (in its hexagonal (ordered) or
turbostratic (disordered) forms) is highly anisotropic,
as that of graphitic carbons, the oxidation rate being
much higher at the layer edges (where are mainly lo-
cated the reaction sites) than in a direction perpendic-
ular to the layers. For all these reasons, the oxidation
kinetics of BN are more complex than those previously
reported for SiC-based materials: they often are linear
(rate control by surface reaction), rarely parabolic (rate
control by oxygen diffusion through the oxide scale),
or a combination of both and strongly depending on the
crystallinity and microstructure of BN.

The oxidation curves, as derived from TGA exper-
iments, for BN deposited on Hi-Nicalon fiber tows
with different α-ratios (with α = NH3/BCl3 and
α3 > α2 > α1 ≥ 1) are presented in Fig. 9. These curves
can tentatively be analyzed as follows. Firstly, there is
an induction period of about 1 h during which some BN
is consumed (Fig. 9a) but with almost no condensed
B2O3 formation (Fig. 9b). This feature could be related
to the progressive activation of the reaction sites (layer
edges). As a matter of fact, BN deposited by CVD/CVI
at low temperatures and further heat treated is strongly
textured (the BN layers being parallel to the deposit
surface) and hence poorly reactive (reaction sites being
initially limited to near fiber ends). Secondly, the oxida-
tion rate strongly depends on α and hence on the state
of crystallization of BN after the HTT (crystallinity
being higher for α = α3 than for α = α1) [6]. Fi-
nally, after the induction period, the oxidation curves
X2 (B2O3) = f (t) seem to be linear (Fig. 9b), suggest-
ing a parabolic regime.

A similar conclusion was drawn from oxidation tests
conducted on a free standing commercial boron nitride
(from Advanced Ceramics, USA), ≈2 mm in thickness,
deposited from the same precursor but at a temperature
of ≈2000◦C. This material is a highly textured, true 3D-
ordered hex-BN with the layers parallel to the surface.
In the oxidation samples cut from this material, the
layer edges bearing the reaction sites are apparent on
the lateral faces which represent a given percentage δ

of the total sample surface. This factor decreases as the
sample lateral size (�L) increases (the thickness h being
constant), as shown in Fig. 10a. It is worthy of note that:
(i) the kinetics curves X2 (B2O3) = f (t) are linear (with
no induction period since here the reaction sites are
initially numerous), suggesting a parabolic oxidation
regime, as mentioned above for the fibrous samples and
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Figure 9 Oxidation kinetics, under dry reconstituted air at 950◦C and P ≈100 kPa, of heat-treated Hi-Nicalon fiber tow coated with a BN-interphase
deposited with different α = NH3/BCl3 ratios: (a) variations of the BN-thickness consumed as a function of time, (b) variations of the square of the
B2O3-thickness as a function of time. The kinetics curves were derived from TGA-data (redrawn from ref. [6]).

(ii) the oxidation rate increases as the δ-value (i.e., the
number of reaction sites) increases (Fig. 10b).

Conversely, the oxidation tests performed directly
on BN deposited at low temperature on sintered SiC-
pellets, further heat-treated as previously depicted and
which have received no machining, yield different data,
as shown in Fig. 11. Firstly, there is a long induction
period, at least for the best crystallized materials (α =
α2 or α3) since the textured BN-deposit is continuous
all over the pellet surface with almost no layer edges
(reaction sites) apparent at the deposit surface. Hence,
reaction sites have to be created (by oxidation etching)
and activated. Secondly, after this activation period, the
oxidation curves are linear and not parabolic suggesting
that the oxidation kinetics are depending on surface
reactions and deposit microstructure.

These preliminary data clearly show that the oxida-
tion of BN-interphases deposited at low temperatures

(a requirement in the CVI-process for fiber-preforms)
from BCl3-NH3-H2 precursor and which cannot be
heat-treated at very high temperatures (owing to the
limited thermal stability of Hi-Nicalon fibers), obey
complex kinetics laws which depend on the structure
and microtexture of the BN-deposit.

3.5. Oxidation of SiC-matrix model
or real composites

When a SiC-matrix composite, reinforced with carbon
or SiC-based fibers precoated with a PyC or BN in-
terphase, is exposed to an oxidizing atmosphere, both
active and passive oxidation phenomena occur simul-
taneously which result either in a degradation or a
preservation of the composite properties, depending on
the oxidation conditions and composite microstructure
[4, 5]. This is illustrated in the two following examples
for model or real composites.
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Figure 10 Oxidation kinetics of self standing hex-BN, deposited at
2000◦C from BCl3-NH3-H2 gaseous precursor, under flowing reconsti-
tuted dry air at 950◦C and P ≈ 100 kPa: (a) geometry of the samples and
definition of the δ-factor, (b) oxidation curves, derived from TGA-data,
for different δ-values.

3.5.1. 1D-SiC (Nicalon)/PyC/SiC model
composites

The model composites considered here were fabricated
by the CVI-process, the fibers (Si C O Nicalon fibers)
being unidirectionally oriented. They comprised ei-
ther a thin (0.1 µm) or a thick (1 µm) pyrocarbon
interphase deposited from methane as well as a rela-
tively thick SiC-overcoating used to seal the residual
porosity.

Figure 11 Oxidation kinetics, at 950◦C under flowing dry reconstituted air (P ≈ 100 kPa), of BN-films deposited at low temperature from BCl3-
NH3-H2 and further heat-treated. The inset shows, in cross-section, the continuity of the BN-deposit (redrawn from ref. [6]).

The two faces of the parallelepiped shaped oxidation
samples perpendicular to the fiber direction were ma-
chined to provide controlled access of oxygen to the
inside of the material. TGA-oxidation tests were con-
ducted under flowing dry oxygen (P ≈100 kPa) at a
temperature ranging from 700 to 1400◦C. Representa-
tive oxidation curves are shown in Fig. 12 (for the com-
posites with the thin PyC-interphase) and can be ana-
lyzed, as follows, on the basis of three domains [4, 36].
There is first a relatively sharp weight loss (domain I)
corresponding to the active oxidation of the carbon in-
terphase with formation of carbon oxides (CO2 and/or
CO). It is followed, after a transition period (domain II),
by a progressive weight gain (domain III) related to the
passive oxidation of the SiC-matrix and seal-coating
as well as the Si C O fibers with formation of silica
scales and carbon oxides, according to Equations 6 to
7′. At low temperatures, the extent of domain I is large
(at 700◦C both domains II and III are even not observed
at all) since the oxidation rates of the SiC-based con-
stituents are low whereas that of the PyC-interphase is
already relatively high. As temperature is raised, the
domain I extent becomes narrower and the weight loss
lower and lower. Further, the transition domain II is
shifted to shorter times and the weight gain (domain
III) more and more significant.

All the features of the oxidation TGA-curves of the
model composites can be interpreted on the basis of
a competition between the oxidation reactions and the
diffusion of oxygen along the annular pore which is
formed around each fiber by the oxidation of the PyC-
interphase (Fig. 13). Oxygen has to diffuse along that
pore to react with the carbon interphase. During this
diffusion, it may also react passively with the inner and
outer pore walls to form silica layers. At low temper-
atures, the rates of formation of the silica scales on
the pore walls are slow and the active oxidation of the
PyC-interphase proceeds in-depth with the result that
the interphase can be almost totally consumed with an
important weight loss (700◦C curve in Fig. 12). By con-
trast at high temperatures, silica is formed rapidly and
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Figure 12 Oxidation TGA-curves for SiC-coated 1D-Nicalon/PyC/SiC
composites fabricated by CVI, in dry flowing oxygen (P ≈ 100 kPa)
at different temperatures: (a) 700 < T < 1000◦C, (b) 1000 < T <

1400◦C, adapted from ref. [4] and [36].

Figure 13 Elementary phenomena occurring during the oxidation of 1D-
SiC/C/SiC model composites: (1) diffusion of reactant (O2) and products
(CO/CO2) along annular pore, (2) active oxidation of PyC-interphase, (3)
(4) formation of silica scales (passive regime) on pore walls, according
to ref. [4] and [36].

can seal the pores entrances in a short time. Conse-
quently, little PyC interphase is consumed, weight loss
is limited (domain I) and the weight gain (domain III)
is significant (1400◦C curve in Fig. 12).

The composite architecture and the oxygen transfer
by diffusion along the annular pores being unidirec-
tional, the oxidation phenomena depicted above have
been modelled on the basis of the classical diffusion
equations, utilizing the kinetics laws discussed previ-
ously in Sections 3.1, 3.2 and 3.3 (see Ref. [37] for

Figure 14 Calculated length, L r, of PyC-interphase consumed by oxi-
dation in pure oxygen for 1D-Nicalon/C/SiC composites fabricated by
CVI, as a function of time: (a) at different temperatures for a 0.1 µm thick
interphase, (b) for different interphase thicknesses at 1200◦C, adapted
from ref. [4] and [37].

details). The calculated TGA-curves were observed to
be in good agreement with the experimental data. Fur-
ther, the model has been used to predict the influence
of a given parameter on the oxidation of the compos-
ite. As an example, Fig. 14 shows the effect of tem-
perature and interphase thickness on the length L r of
PyC-interphase consumed by oxidation from the pore
entrance. It clearly appears that the material has a much
better behavior in oxygen, i.e., the PyC-interphase va-
porization is limited to near the external machined sur-
face, at high temperature and when the interphase is
thin, the materials being referred to as self-healing un-
der such conditions [37].

3.5.2. 2D-C/PyC/SiC real composites
SiC-matrix 2D-composites have been fabricated by
CVI, from a stack of carbon fiber fabrics (T 300) coated
with a pyrocarbon interphase. The samples for the oxi-
dation tests were cut in the composite, seal-coated with
a relatively thick layer of SiC by CVI (to seal the resid-
ual porosity) and finally heat-treated at 1600◦C (to sta-
bilize the microstructure). The samples were heavily
microcracked (in both the SiC-matrix and seal-coating),
in the as-fabricated state, as the result of thermal ex-
pansion mismatch: the microcraks being widely open
at room temperature and very narrow at high tempera-
tures. The oxidation TGA-tests were conducted in flow-
ing dry oxygen or air (P ≈ 100 kPa) [5, 38, 39].
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Figure 15 Oxidation kinetics of a 2D-C (T 300)/PyC/SiC composite in flowing dry oxygen (P ≈ 100 kPa) as assessed: (a) from TGA-experiments
and (b) by modelling. Adapted from ref. [5] and [39].

Representative oxidation curves are shown in
Fig. 15a for 700 ≤ T ≤ 1400◦C and flowing oxygen.
These curves can be classified into three families. At
low (T < 800◦C) and medium (800 < T < 1100◦C)
temperatures, a very important weight loss occurs, ten-
tatively assigned to the active oxidation (Equations 7
and 7′) of the PyC-coated carbon fibers by oxygen dif-
fusing in-depth along the microcracks. The oxidation
rate increases as temperature is raised (see Section 3.1).
At high temperatures (1100 < T < 1400◦C), the over-
all weight loss progressively decreases to become al-
most nil at 1400◦C.

The oxidation of the composite has been modelled
on the basis of (i) the oxygen diffusion along the

Figure 16 Phenomena occurring during the oxidation of 2D-C (T 300)/PyC/SiC composites: (i) diffusion along the SiC-microcracks, (ii) diffusion in
the pore created by oxidation of carbon phases, (iii) diffusion of oxygen at carbon surface to reaction sites, (iv) surface reaction, (v) growth of silica
on SiC-microcrack wall. Adapted from ref. [5] and [39].

microcracks of the SiC-matrix and seal-coating
(Fig. 16) taking into account the variations of the mi-
crocrack opening as a function of temperature and
(ii) the chemical reactions between oxygen and both
the SiC microcrack wall and carbon from the inter-
phase and fibers, utilizing the kinetics laws discussed
in Sections 3.1 to 3.3. It was further assumed that oxy-
gen arriving at the SiC-microcrack tip was totally con-
sumed by reaction with carbon (see ref. [39] for details).
The model was used to calculate the TGA-curves and
to study the influence of different parameters on the
oxidation of the composite.

As shown in Fig. 15 there is a fair agreement between
the calculated and experimental TGA-curves. Since the
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contribution of the different phenomena (Fig. 16) was
taken into account in the model, it now appears that at
low temperatures (T < 800◦C), the oxidation kinetics
are controlled by the in-depth, carbon /oxygen reaction:
the SiC-microcracks are widely open, little oxygen re-
acts with the SiC-microcrack wall since the oxygen/SiC
reaction kinetics are slow. Further, since the reactivity
of the carbon phases is still low compared to the rate of
oxygen diffusion in the microcracks, the carbon rein-
forcement is uniformly degraded in the whole sample.
At intermediate temperatures (800 < T < 1100◦C),
the microcracks are narrower and diffusion of the
gaseous species in the microcracks becomes the rate-
controlling step. Consequently, the degradation of the
carbon reinforcement is no longer uniform: it is more
significant near the surface than in the bulk. Finally,
at high temperatures (1100 < T < 1400◦C), the mi-
crocracks are now very narrow and the oxygen flux
along them is limited. Further, since the kinetics of the
SiC/oxygen reaction are now fast, the microcracks are
rapidly sealed by silica (self-healing character). Con-
sequently, the degradation of the carbon reinforcement
is limited to near the composite surface. Further, the
formation of silica in the microcrack network and on
the external surface of the material (SiC-seal-coating)
significantly reduces the overall weight loss.

3.5.3. Remarks
Some conclusions reported above have been used to im-
prove the oxidation resistance of SiC-matrix compos-
ites (assuming that one remains in the passive oxidation
regime of SiC). Firstly, there is an advantage in devel-
oping the concept of self-healing materials, through the
introduction of constituents, such as boron -or silicon-
bearing compounds (BN, B4C, SiC, SiB6 or ternary
phases) forming fluid oxides (B2O3, SiO2 or B2O3-
SiO2) in oxidizing atmosphere and sealing microcracks
as they form under load. Further, the healing process is
easier when the cracks (or pores) are narrow rather than
broad (see Fig. 14b). Secondly, SiC matrix composites
display better behavior in oxidizing atmospheres at high
temperature due to the formation of silica.

On the basis of the above remarks, several material
concepts have been successfully introduced. In multi-
layered interphases, the mechanical fuse (PyC or BN)
instead of being used as a single relatively thick layer
(0.1 to 0.3 µm) is subdivided into extremely thin lay-
ers (few nm to few 10 nm), a design which renders
much easier the crack healing phenomena [2, 40]. This
concept has been further extended to the matrix itself,
replacing the homogeneous SiC-matrix by a multilay-
ered matrix combining layers of materials deflecting
cracks with layers forming fluid oxides in oxidizing
atmospheres [41], as well as to the external coating. Fi-
nally, the use of more-thermally stable SiC-fibers (such
as the stoichiometric SiC-fibers) combined with BN-
interphases deposited at low temperature, would per-
mit heat-treatment at high temperatures, improving thus
the crystallinity and oxidation resistance (particularly
in wet atmospheres) of this kind of interphase whose
design is not yet fully achieved.

4. Conclusion
On the basis of the data reported and discussed in
Section 3, the following conclusions can be tentatively
drawn:

1. The oxidation kinetics of SiC fibers and matrix
are parabolic and assumed to be rate-controlled by the
diffusion of gaseous species (oxygen) in the silica scale.
However, the apparent activation energy for the fibers
is lower than for pure SiC, possibly due to secondary
phases and impurities. Finally, the apparent reaction
order with respect to oxygen partial pressure is close to
one.

2. The oxidation of SiC-based fibers is accelerated in
wet atmospheres. Oxidation kinetics are still parabolic
but with a much lower activation energy. Water, rather
than oxygen, could be the main oxidizing agent.

3. The oxidation of carbon fibers and interphases is
rate-controlled by diffusion at high temperatures and
by a combined diffusion/chemical reaction mechanism
at low temperatures. Heat treating the fibers at 1600◦C
lowers their oxidation rate and both increases the ac-
tivation energy and the role of surface reactions. The
oxidation rate of the PyC-interphase is lower than that
of the as-received fibers but similar when the fibers are
heat-treated at 1600◦C.

4. The oxidation of boron nitride deposited by CVD
is strongly anisotropic: it is easy at layers edges where
the active reaction sites are mainly located and dif-
ficult in a direction perpendicular to the layers. It is
parabolic when the active sites are numerous. Con-
versely, it requires an induction period when it is not the
case. The oxidation rate of BN-interphase deposited by
CVD depends on the composition, structure and tex-
ture of the deposit and hence it can be significantly re-
duced by heat-treatment. Increasing temperature or/and
adding water to the atmosphere favors the vaporization
of B2O3-scale.

5. The oxidation of SiC-matrix composites involves
both the diffusion of gaseous species in the material
porosity and heterogeneous oxidation reactions. At low
temperatures, the oxidation is an in-depth phenomenon
which consumes the PyC-interphase and carbon fibers
since the growth kinetics of the protective silica scale
are too slow. At high temperatures, it tends to be limited
to near the composite surface, silica (whose formation is
now fast) healing the cracks and porosity of the material
and preventing thus the in-depth oxidation of the carbon
phases.

6. Finally, the oxidation of SiC matrix composites
has been modelled utilizing the kinetics laws estab-
lished for the elementary constituents. The models are
interesting tools for studying the influence of different
parameters on the oxidation kinetics and for designing
composites with improved oxidation resistance.
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