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bstract

n the frame of generation IV gas-cooled fast reactor (GFR), the cladding materials currently considered is a SiC/SiC-based composite with a
yrocarbon interphase and a �-SiC coating on the surface to close the porosity (noted �-SiC–SiC/PyC/SiC). These elements are subjected to
emperatures going from 1300 to 1500 K in nominal operating conditions to 1900–2300 K in accidental conditions. The coolant gas considered is
elium pressurized at 7 MPa.

After a thermodynamic study carried out on the oxidation of �-SiC under helium and low oxygen partial pressures, an experimental approach
as made on �-SiC–SiC/PyC/SiC composites under active oxidation conditions (1400 ≤ T ≤ 2300 K; 0.2 ≤ pO2 ≤ 2 Pa). This study follows two
receding studies carried out on two polytypes of SiC: � (Part 1) and � (Part 2) under the same conditions. In these studies, the influence of the
rystalline structure on the transition temperature between passive and active oxidation and on the mass loss rate was discussed.

The experimental study allows to determine the oxidation rates in incidental and accidental conditions under pO2 = 0.2 and 2 Pa. The variation of
he mass loss rates according to the temperature for �-SiC–SiC/PyC/SiC oxidized under pO2 = 0.2 and 2 Pa shows the existence of three domains
n the zone of active oxidation. These tests also show the weak impact of the oxygen partial pressure on the mass loss rate of the material in this
ange of pressure for temperatures lower than 2070 K. On the other hand, beyond 2070 K, an increase of the mass loss rate leading to important

amage of the material has been observed, at lower temperature under pO2 = 0.2 Pa than under pO2 = 2 Pa. This variation was associated to the
ffect of the oxygen partial pressure on the sublimation temperature of SiC. Similar experiments were performed on pre-oxidized samples and on
he face without CVD �-SiC coating and both the results are close to the ones obtained for the face with the CVD �-SiC layer.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The study of the behavior of a new fuel cladding material for
he future Gas-cooled Fast Reactor (GFR) is necessary, not only
n nominal operating conditions, but also in the case of inci-
ent or accident. SiC/PyC/SiC composites covered by a �-SiC
oating to close the porosity are the principal structural materi-
ls candidate for the cladding of future GFR due to their good
echanical properties at high temperature and their resistance to

rradiation.1 The chemical stability and especially the oxidation

esistance of the cladding is one of the important properties for
ladding materials since the helium coolant gas can contain a
ow residual oxygen partial pressure.

∗ Corresponding author. Tel.: +33 468 307 768; fax: +33 468 302 940.
E-mail address: marianne.balat@promes.cnrs.fr (M. Balat-Pichelin).
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ear applications

The notation of the composites in the following paragraphs
s labeled as coating-fiber/interphase/matrix as for example �-
iC–SiC/PyC/SiC for a composite with �-SiC as coating, SiC
s fibers and matrix and with a pyrocarbon (PyC) interphase.

Several studies were carried out on the oxidation of com-
osites like SiC–C/SiC, composite C/SiC with a SiC coating
nd SiC/SiC at high temperature.2–10 The interesting part of
his study lies in the fact that it is carried out at very low oxygen
artial pressure (0.2 ≤ pO2 ≤ 2 Pa) that can be found in the GFR.

The main problem of the current SiC-based composite is the
resence of a pyrocarbone interphase (PyC). Under oxidizing
tmosphere, this interphase is consumed, for example, according
o the following reactions:
(s) + O2(g) = CO2(g)

C(s) + O2(g) = 2CO(g)

dx.doi.org/10.1016/j.jeurceramsoc.2011.08.005
mailto:marianne.balat@promes.cnrs.fr
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.005
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In the case of thin interphase (<0.1 �m), the vacuum thus
reated can be filled with silica, fragile and adherent. A study
n the behavior and oxidation mechanism of the SiC/PyC or
L/SiC composites with conventional pyrocarbone interphase

PyC) or advanced multi-layer interphase (ML = n PyC–SiC)
sing thermogravimetric analysis (TGA) under He–O2 atmo-
phere at 1270 and 1470 K was carried out recently.2 It was
oted that the SiC/PyC/SiC oxidized at 1470 K and SiC/ML/SiC
xidized at 1270 and 1470 K both present a relatively low mass
hange during oxidation, associated to relatively fast silica for-
ation on the SiC matrix and fibers, closing the access of

xidizing species before the beginning of the carbon combus-
ion. On the other hand, in the case of SiC/PyC/SiC oxidized at
270 K, significant mass loss rate was measured, associated with
low silica formation for closing the porosity and avoiding a PyC
ecession.

The oxidation of SiC/SiC at high temperature has also a
reat influence on the mechanical properties of the composite.
ndeed, in the study of Wu et al.5 carried out using TGA on
he oxidation behavior of SiC–SiC/PyC/SiC composites with
D Hi-Nicalon fibers, PyC interphase and SiC coating under a
ixture Ar/O2 (78/22 vol.%), three-point bending flexural tests
ere performed before and after each oxidation experimental

est. It was noted that, for temperatures below 1370 K, the com-
osite flexural strength is controlled by the consumption of the
yC interphase, and the oxidation has a small effect on the com-
osite resistance. Beyond 1470 K, the flexural strength in this
ase is controlled by the degradation of the Hi-Nicalon fibers
esistance. In addition, since oxidation takes place throughout
he interphase between fibers and matrix, the displacement of
he fracture (flexural tests) increases with the increase of the

ass loss rate, and the mode of fracture shows non-brittle pat-
ern. This study shows also the relation between the thermal
xpansion coefficients (CTE) of various components of the com-
osite and the appearance of cracking after oxidation. Indeed,
ne microscopic cracks are observed in the matrix of SiC/SiC
fter oxidation at high temperature. The authors explain these
racks by the difference of CTE between coating and composite
nd between fibers and matrix.

Other mechanical studies on SiC/SiC composites under oxi-
izing atmosphere at high temperature were published by Ochiai
t al. in air6 and vacuum.7 It was shown that the resistance of
he SiC/SiC composites decreases with the increase of tempera-
ure and experiment duration under vacuum or air, however, the

ode of rupture is different in both cases. This degradation of
he composites was attributed to the reduction of fibers resis-
ance in the two environments. A simple model was introduced
o describe the variation of the composites resistance according
o temperature and duration.

The SiC coating can protect the composite from oxidation
nder air at high temperature by limiting the degradation of the
yrocarbone interphase, hence reducing the mass loss of mate-
ial. This coating is more efficient at high temperature as we

emain within the domain of passive oxidation. The presence
f cracks in the coating allows the penetration of oxygen, thus
he consumption of the interphase at low temperature.9 The sil-
ca which is formed on the coating at high temperature makes

t
r

s
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ossible to fill in the cracks and to limit the diffusion of oxygen
n this case.

This study focuses on the oxidation behavior of �-
iC–SiC/PyC/SiC composite with �-SiC coating at high

emperature (1400–2300 K) in helium atmosphere with reduced
xygen partial pressure (0.2 and 2 Pa). This study follows two
receding studies carried out on two polytypes of SiC: � and �
nder the same conditions10,11 where the influence of the crys-
alline structure on the passive/active transition temperature and
n the mass loss rate was discussed. In this work, we study
he oxidation behavior of �-SiC–SiC/PyC/SiC in a tempera-
ure range of nominal operation conditions and in the case of
ncident or accident for GFR. The mass loss kinetics under acci-
ental operating conditions, the behavior and the lifetime of the
ladding were discussed. Various techniques of analysis (SEM,
RD, etc.) coupled to thermodynamic calculations by GEMINI

ode12 were used to interpret the results.

. Thermodynamic study

For the GFR, the SiC/SiC cladding elements are subjected
o temperatures ranging from 1300 K in nominal operating con-
itions to 2300 K in the case of an accident. Thermodynamic
alculations were carried out on a wider range of temperatures
rom 1000 to 2500 K by step of 100 K. The total pressure Pt is
xed at 1 atm (105 Pa). The range of oxygen partial pressures
tudied goes from 0.2 to 100 Pa. The software used is GEMINI
Thermodata).12 The calculations were carried out under isobar
nd isothermal conditions. Indeed, the pressure and the tem-
erature will be maintained constant during the experimental
ests.

SiC-based ceramics follow two types of oxidation, passive
nd active, depending on the oxygen partial pressure and tem-
erature. The passive oxidation leads to formation of a silica
rotective layer which slows down further oxidation. The pas-
ive oxidation reaction of SiC with oxygen at high temperature
s described by:

iC(s) + 3/2O2(g) = SiO2(s) + CO(g)

The active oxidation leads to the formation of volatile oxides
iO(g) and CO(g), and consequently, a mass loss of SiC is
bserved according to the reaction:

iC(s) + O2(g) = SiO(g) + CO(g)

At the passive/active transition, there are 6 species present:
e(g), O2(g), SiC(s), SiO2(s), CO(g) and SiO(g). These species

re connected by two chemical equilibriums and can exist in the
orm of three phases: two solid phases SiC(s) and SiO2(s) and a
aseous one. The variance of the system is 3, hence, an additional
arameter has to be taken into account to define the system at
he thermodynamic equilibrium, in addition to the total pressure
t and temperature T, it is the oxygen partial pressure. Indeed,
xperimentally, the three parameters that can be controlled are

he temperature, the total pressure inside the chamber of the
eactor and the oxygen partial pressure of the carrier gas.

Fig. 1 shows the variation of the number of moles of solid
pecies versus temperature for the oxidation of �-SiC in an
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ig. 1. Variation of the number of moles of solid species versus temperature
nder pO2 = 0.2 Pa.

tmosphere containing 0.2 Pa of oxygen. Fig. 2 shows the partial
ressures of the gases produced versus temperature for the same
xygen partial pressure. It can be seen in Fig. 1 that silica is
hermodynamically not stable above 1300 K, and that from this
emperature we observe in Fig. 2 a stable period (plateau) for the
quilibrium partial pressures: pe(CO) = pe(SiO) ∼0.2 Pa on the
ange 1300–1600 K. Beyond 1600 K, the SiO partial pressure
ecreases (and that of CO increases) and the species Si, Si2C
nd SiC2 appear due to the sublimation of SiC at high tempera-
ure. Based on these observations, we define the passive/active
ransition temperature, Tp–a, as the temperature at which pe(SiO)
eaches the stable period such as pe(SiO) = pe(CO).

The same calculations were carried out for oxygen partial
ressures equal to 2, 10, 30, 60 and 100 Pa. These calculations
how that a higher oxygen partial pressure stabilizes the silica at
igher temperatures, and the number of moles of SiC consumed

y sublimation is lower. Therefore, we expect a shift towards
igher temperatures for the passive/active transition. Fig. 3
hows, for example, the calculations obtained for pO2 = 2 Pa.

ig. 2. Variation of partial pressures of gases produced versus temperature under
O2 = 0.2 Pa.
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ig. 3. Variation of partial pressures of gases produced versus temperature under
O2 = 2 Pa.

n this figure, we see an increase of the passive/active transition
emperature Tp–a of nearly 100 K and also of the SiC sublimation
emperature. The calculations indicate a passive/active transi-
ion temperature Tp–a equal to 1300 K and 1400 K, respectively,
nder pO2 equal to 0.2 and 2 Pa.

. Experimental study

This study focuses on the oxidation behavior of �-
iC–SiC/PyC/SiC composite in low oxygen partial pressure in
elium atmosphere, in the temperature range of nominal opera-
ion conditions of the GFR and in the case of accident and, on the
egradation kinetics in accidental conditions. The oxidation tests
ere performed using the high pressure and temperature solar

eactor (REHPTS) facility formerly described.10 This reactor
nstalled at the focus of the 5 kW solar furnace allows studying
he behavior of materials subjected to high temperatures under
ontrolled atmosphere with increase temperature speed ranging
rom 10 to 100 K/s similar to those that may occur during an
ncident or accident in a nuclear reactor.

.1. Material and oxidation protocol

The oxidation tests were conducted on a �-SiC–SiC/PyC/SiC
omposite developed by Snecma Propulsion Solide (SPS),
rance. This material consists of a �-SiC matrix produced
y CVI (chemical vapor infiltration) and reinforced by Hi-
icalon fibers (�-SiC) with a pyrocarbon interphase (PyC). A
-SiC coating deposited by the CVD (chemical vapor deposi-

ion) method on one face is used to close the porosity of the
urface.

To reproduce the possible atmospheres of the GFR, different
elium qualities from Air Liquide were used: He Alphagaz1
ith 2 ppm O2 and 1 ppm H2O and He U with 20 ppm O2, with

gas flow of 10 l/min. Samples were oxidized during 10 min at
onstant temperatures ranging from 1400 to 2300 K. The heating
ate up to the plateau is between 20 and 100 K/s and the cooling
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measurement is always performed in the center of the sample
on a 6 mm diameter circle.10 Thus, we notice three different
surface morphologies according to the oxidation temperature:

Table 1
Summary of the tests carried out on �-SiC–SiC/PyC/SiC composite oxidized
under pO2 = 0.2 Pa, temperature conditions, oxidation regime identified and
mass change rate.

pO2 = 0.2 Pa

Sample
reference

T (K) Oxidation
regime

�m/m0 (%) Mass change rate
(mg cm−2 min−1)

2-16-C 1546 Passive 0.06 0.02
1-12-C 1672 Passive/Active 0.00 0.00
2-16-A 1855 Active −0.15 −0.04
2-16-D 1966 Active −0.51 −0.14
6-14-C 2024 Active −0.85 −0.23
Fig. 4. Photos of �-SiC–SiC/PyC/SiC composites after

own to the room temperature is about 20 K/s. The total pressure
nside the REHPTS is maintained at 105 Pa.

The samples are weighed before and after oxidation in order
o calculate the relative mass changes (average value). SEM
maging was performed to analyze the surface morphology.

Some samples were pre-oxidized during 48 h at 1300 K under
ir inside an electrical furnace to develop a silica layer before
eing treated inside the REHPTS under helium with pO2 = 2 Pa,
n order to define the effect of a silica layer on the active oxidation
inetics.

.2. Results and discussion

.2.1. Oxidation experiments and surface characterization
Tables 1 and 2 summarize the experimental conditions of

he various tests carried out on �-SiC–SiC/PyC/SiC composite
nder pO2 = 0.2 and 2 Pa, and the corresponding mass variations,
iven in percentage and in mg cm−2 min−1.

Fig. 4 presents the photographs of some representative sam-

les of �-SiC–SiC/PyC/SiC oxidized under pO2 = 0.2 and 2 Pa.
he images of Fig. 4 present different zones due to the ther-
al gradient on the surface during heating by concentrated solar

adiation.10 For temperatures from 1540 K to 1670 K, the shutter

1
1
2
1

tion under pO2 = 0.2 and 2 Pa at different temperatures.

s not fully open to reach these temperature levels so the solar
ux distribution is not the same as for images around 2200 K
ith a nearly fully opening of the shutter. The temperature
-1-B 2073 Active −1.33 −0.36
-1-C 2100 Active −2.47 −0.68
-16-B 2126 Active −2.72 −0.78
-2-C 2200 Active −5.15 −1.33
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Table 2
Summary of the tests carried out on �-SiC–SiC/PyC/SiC composite oxidized
under pO2 = 2 Pa, temperature conditions, oxidation regime identified and mass
change rate.

pO2 = 2 Pa

Sample
reference

T (K) Oxidation
regime

�m/m0 (%) Mass change rate
(mg cm−2 min−1)

1-12-A 1540 Passive −0.03 −0.01
1-14-A 1650 Passive/Active −0.12 −0.03
1-14-B 1740 Active −0.22 −0.06
2-10-C 1969 Active −0.35 −0.09
6-14-B 2036 Active −0.85 −0.23
6-14-A 2100 Active −1.41 −0.39
1-14-C 2160 Active −1.63 −0.44
1-2-B 2190 Active −4.54 −1.10
1-1-A 2203 Active −4.87 −1.59
2
1

(
d
s
a

(
(
c
h
u
a
a

c
p
e
p
t
p
(
w
t
o
o

F
(

-10-D 2215 Active −2.86 −0.69
-1-D 2250 Active −7.70 −2.06

1) a representative surface for passive oxidation (samples oxi-

ized at 1546 and 1540 K) looking like the virgin samples, (2) a
urface presenting a limit state between passive oxidation and
ctive oxidation (samples oxidized at 1672 and 1650 K) and

p
g
t

ig. 5. SEM images of the surface of �-SiC–SiC/PyC/SiC composites before (a) and
e) and 2190 K (f).
eramic Society 32 (2012) 485–494 489

3) a more damaged surface representative of active oxidation
samples oxidized at 1966, 2200, 1969 and 2190 K). In this last
ase, we note the existence on the samples oxidized at very
igh temperature, T > 2100 K under pO2 = 0.2 Pa and T > 2160 K
nder pO2 = 2 Pa, of greenish zones representative of areas more
ttacked than the rest of the sample (samples oxidized at 2200
nd 2190 K).

Fig. 5 shows the SEM images and the oxidation regime of
haracteristic samples of �-SiC–SiC/PyC/SiC oxidized under
O2 = 2 Pa. We can see in the image: (a) the surface of the refer-
nce sample, (b) the presence of a silica layer characteristic of
assive oxidation, (c) a limit state between passive (silica crys-
als and needles appearing as white) oxidation and active (grey
arts with a lot of holes) oxidation and for the other samples,
d), (e) and (f), the presence of a surface increasingly attacked
hich is characteristic of active oxidation. It may be noticed

hat in the case of active oxidation, various surface states are
bserved according to the temperature level. Indeed, for samples
xidized under active oxidation conditions at ‘moderate’ tem-

eratures – sample (d) – the surface appears covered with small
rains and rather rough, while for samples oxidized at higher
emperatures – sample (f) – the surface appears with large

after oxidation under pO2 = 2 Pa at 1540 K (b), 1650 K (c), 1969 K (d), 2100 K
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ig. 6. Comparison between the mass loss rates according to temperature for �

nd 2 Pa.

mooth grains surrounded by several large porosities. We note
hat a limit case between these two ones is observed on the
ample (e). The same observations were noticed in the case of
O2 = 0.2 Pa.

We can see that by increasing the temperature, the surface
ppears more attacked with a larger porosity emerging on the
urface. The replacement of small grains by larger grains is
bserved from 2070 K under pO2 = 0.2 Pa and from 2100 K
nder pO2 = 2 Pa. This replacement may be related to the coa-
escence of some grains at high temperature coupled with the
onsumption of small grains by sublimation. In fact, according
o the thermodynamic calculation that have been performed on
he oxidation of SiC in the same conditions as in the experi-

ental tests, pO2 = 0.2 and 2 Pa (Figs. 2 and 3), it appears that
or temperatures between 1400 and 2000 K, an active oxidation
akes place leading to formation of SiO(g) and CO(g) on the
ample surface, this resulting in the production of small grains
ue to the recession of the original ones. For temperatures above
000 K, the predominant species given by the thermodynamic
alculation are in this case: Si(g), Si2C(g) and SiC2(g), due to
he sublimation of SiC(s) at very high temperatures. Compared
o the microstructure, we note that the sublimation of SiC leads
o the disappearance of the small grains of the surface and some

domain (I) 1

domain (II) 1

domain (III) 2
rains become replaced by large ones (coalescence) with larger
orosities observed. t
SiC/PyC/SiC (simply labeled in the graph SiC/SiC) oxidized under pO2 = 0.2

.2.2. Kinetics of active oxidation
Fig. 6 shows the evolution of the mass loss rate versus tem-

erature for �-SiC–SiC/PyC/SiC oxidized under pO2 = 0.2 and
Pa. These variations are calculated in mg cm−2 min−1 taking

nto account the total surface of the sample (front face submit-
ed to the concentrated solar radiation), they are average values
btained after a 10 min heat treatment on a temperature plateau,
his being more detailed in Ref. 10. We note that the variation of
he mass loss rate as a percentage – �m/m0 (%) – versus tem-
erature shows the same trend line appearance as those obtained
or the mass loss rate expressed in mg cm−2 min−1.

In addition, this representation gives a clear vision of the
mpact of temperature on the mass loss rate. Thus, we notice
he existence of three domains in the active oxidation regime for
he two oxygen partial pressures. In the case of pO2 = 0.2 Pa, we
bserve a linear and low mass loss rate up to 1970 K, domain
I), then a significant increase of the mass loss rate in two steps,
omains (II) and (III). The domain (II) shows a mass loss rate
ncreasing 4 times higher than that of the domain (I), whereas,
he domain (III) shows a 3.6 times increase more important than
hat of the domain (II). The equations of linear trends are the
ollowing ones with the corresponding correlation coefficient (v
n mg cm−2 min−1 and T in K):

≤ T ≤ 1970 K v = 0.0005T − 0.79 (R2 = 0.85)

≤ T ≤ 2070 K v = 0.0020T − 3.88 (R2 = 0.97)

≤ T ≤ 2200 K v = 0.0073T − 14.71 (R2 = 0.98)
In the case of pO2 = 2 Pa, we note again the existence of
hree domains in the active oxidation regime. The corresponding
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ig. 7. SEM images of transverse cross-sections of �-SiC–SiC/PyC/SiC before
190 K (observation in the level of a greenish zone (e) and of a grey zone (f)).

inear trends are the following ones with the corresponding cor-
elation coefficient (v in mg cm−2 min−1 and T in K):

domain (IV) 1650 ≤ T ≤ 1970 K v = 0.0002T − 0.24 (

domain (V) 1970 ≤ T ≤ 2160 K v = 0.0019T − 3.68 (

domain (VI) 2160 ≤ T ≤ 2250 K v = 0.0156T − 33.14 (

In this case, the increase of the mass loss rate is more impor-
ant than the one calculated under pO2 = 0.2 Pa. Thus, the mass
oss rate of the domain (V) is 9.5 times more important than that
f the domain (IV) and the mass loss rate of the domain (VI)
s 8 times more important than that of the domain (V) (com-
ared, respectively, to 4 and 3.6 times more important under
O2 = 0.2 Pa).

To explain the first increase of the mass loss rate (domains
I and V), we refer to the observations of the transverse cross-
ections which were carried out on some representative samples

f the domain (V) oxidized under pO2 = 2 Pa, e.g. the sample oxi-
ized at 2160 K, Fig. 7(d). Indeed, the SEM micrographs reveal
surface matrix detached from the body of the composite with
more important degradation of the �-SiC coating compared to

l
w
o
t

d after oxidation under pO2 = 2 Pa at 1540 K (b), 1740 K (c), 2160 K (d) and at

0.94)

0.97)

0.61)

non-oxidized matrix and �-SiC coating observed in the case
f the reference sample (Fig. 7(a)) and in the case of the domain

IV) samples (e.g. samples oxidized at 1540 and 1740 K,
ig. 7(b) and (c)). Thus, the body of the composite is more and
ore exposed to the oxidizing atmosphere and a very damaging

xidation is taking place which is characterized by an increase
f the mass loss rate. Same observations were noticed in the case
f the samples oxidized under pO2 = 0.2 Pa.

Above 2160 K for pO2 = 2 Pa and 2070 K for pO2 = 0.2 Pa,
he �-SiC–SiC/PyC/SiC composite shows a huge increase of
he mass loss rate. Indeed, it appears that the sublimation of
iC(s) to Si(g), Si2C(g) and SiC2(g) starts at this temperature

eading to an important mass loss rate. This is in agreement

ith the thermodynamic calculations that were performed on the
xidation of �-SiC in the same conditions as in the experimental
ests (pO2 = 0.2 and 2 Pa) (Figs. 2 and 3).
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Table 3
Summary of the tests carried out on the uncoated face of SiC/PyC/SiC composite
under pO2 = 2 Pa, temperature conditions and mass change rate.

pO2 = 2 Pa; uncoated face

Sample reference T (K) �m/m0 (%) Mass change rate
(mg cm−2 min−1)

7-3-B 1762 −0.12 −0.04
1-2-D 1973 −0.78 −0.20
6-12-A 2130 −1.53 −0.42
7-3-D 2177 −2.26 −0.61
6-14-D 2205 −2.27 −0.61
7
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Table 4
Summary of the tests carried out on pre-oxidized SiO2-�-SiC–SiC/PyC/SiC
composites under pO2 = 2 Pa, temperature conditions and mass change rate.

pO2 = 2 Pa; samples pre-oxidized during 48 h under air at 1300 K

Sample reference T (K) �m/m0 (%) Mass change rate
(mg cm−2 min−1)

6-8-C 1760 −0.14 −0.04
6-8-D 1887 −0.28 −0.08
6-8-A 2165 −3.36 −0.91
2-10-A 2170 −1.69 −0.38
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obtained on non pre-oxidized samples (coated face) are the
-3-A 2224 −3.71 −1.03

This sublimation reaction explains the greenish zones
bserved on the surface of the samples exposed to very high
emperatures (Fig. 4, samples 1-2-C and 1-2-B). Indeed, the
EM observations of transverse cross-sections carried out on

hese zones show that the �-SiC coating has nearly completely
isappeared along with an advanced oxidation of the matrix
Fig. 7(e) and (f)). This advanced degradation, preferentially
n some zones of the surface, can be explained by a SiC layer
matrix + coating) more or less thick according to irregular sur-
ace roughness of the composite. A longer exposure under these
onditions will lead to a total revealing of the body of the com-
osite. In addition, the chemical analyses performed by EDS
n these greenish zones and grey areas around them showed, in
oth cases, a typical composition of SiC.

These results show, for temperatures lower than 2070 K, the
eak impact of oxygen partial pressure (in the range 0.2–2 Pa) on

he mass loss rate of material. For both operative pressures and
eyond 2070 K, the composite �-SiC–SiC/PyC/SiC shows an
ncrease in the degradation rate. This increase occurs at a lower
emperature for pO2 = 0.2 Pa than for pO2 = 2 Pa. This difference
ould be associated with the increase of the SiC sublimation
emperature according to pO2 as shown by the thermodynamic
alculations (Figs. 2 and 3).

.2.3. Oxidation study on the uncoated face
In order to study the role of the �-SiC coating, some oxidation

ests were also performed under incidental and accidental oper-
ting conditions on the SiC/PyC/SiC samples on the uncoated
ace. Table 3 summarizes the various tests conducted under
O2 = 2 Pa.

By comparison to the SEM observations of the oxidized sam-
les, we notice the same surface morphology as that observed
n the case of the samples oxidized on the coated face.

Fig. 8 shows the evolution of the mass loss rates versus tem-
erature for the SiC/PyC/SiC oxidized under pO2 = 2 Pa. The
mpty circles represent the results obtained on the uncoated
ace. Thus, we note in this case, the existence of two oxidation
omains in the zone of active oxidation. The equations of linear
rends are the following ones with the corresponding correlation
oefficient (v in mg cm−2 min−1 and T in K):
domain (VII) 1760 ≤ T ≤ 2170 K v = 0.0013T − 2.28 (R2

domain (VIII) 2170 ≤ T ≤ 2220 K v = 0.0083T − 17.58 (R2
-10-B 2208 −3.92 −0.72

Compared to the results obtained on the samples oxidized on
he coated face, the results obtained on the uncoated face are
ery close with linear mass loss rate between 1760 and 2170 K
hich strongly increases beyond 2170 K due to the sublima-

ion of SiC at very high temperature. This last point is the most
mportant one showing that the coating is not very useful in case
f accidental conditions.

The mass loss rates and the SEM observations do not show
great influence of the �-SiC coating on the oxidation behav-

or of �-SiC–SiC/PyC/SiC at high temperature. This coating
hich seems to be too thin (as shown by the SEM observations
f transverse cross-sections) in case of accidental conditions of
he GFR (active oxidation) to show a remarkable effect on the
xidation rate, remains essential to close the porosity of the sur-
ace and to prevent a direct contact between the reactant gases
nd the body of the composite. This can explain the linear trend
f the mass loss rate between 1760 and 2170 K obtained on
iC/PyC/SiC oxidized on the uncoated face due to direct inter-
al oxidation of the body of the composite, compared to the
ass loss rate observed on �-SiC–SiC/PyC/SiC oxidized on the

oated face. Nevertheless, to be sure of the trend followed for
he uncoated face of the sample, more experiments have to be
erformed.

.2.4. Study on pre-oxidized samples
Table 4 summarizes the experimental conditions for tests car-

ied out on SiO2-�-SiC–SiC/PyC/SiC pre-oxidized during 48 h
nder air at 1300 K, and the corresponding mass variations, given
n percentage and in mg cm−2 min−1. The SEM observations of
he oxidized samples show again and according to temperature,
change in the surface morphology from a surface covered with

mall grains to a smooth surface composed of large grains. This
hange occurs at temperatures around 2170 K like in the case of
he non-pre-oxidized samples.

The solid squares on Fig. 8 represent the tests carried out
n the pre-oxidized samples. The equations of linear trends
hich take into account these points together with the ones
= 0.92)

= 0.65)
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ig. 8. Evolution of the mass loss rate versus temperature for �-SiC–SiC/PyC/Si
epresent the tests performed on SiC/PyC/SiC composite oxidized from the un
iO2-�-SiC–SiC/PyC/SiC samples.

ollowing ones with the corresponding correlation coefficient (v
n mg cm−2 min−1 and T in K):

domain (IX) 1650 ≤ T ≤ 1970 K v = 0.0002T − 0.24 (

domain (X) 1970 ≤ T ≤ 2160 K v = 0.0016T − 3.07 (

domain (XI) 2160 ≤ T ≤ 2250 K v = 0.0140T − 29.80 (

It can be seen, by comparison between the results obtained
n pre-oxidized samples with those on normal samples, that
he presence of a silica layer on the surface, formed after pre-
xidation under air during 48 h, does not affect the kinetics of
ctive oxidation in accidental conditions. For the GFR, it is clear
hat the formation of SiO2 during the nominal operation mode is
tabilized after a certain duration. The silica layer thus formed
emains in all cases very thin and volatilizes very quickly in the
ase of an accident at high temperature and consequently does
ot protect the material from aggravated active oxidation.

. Conclusion

The experimental study carried out on the �-
iC–SiC/PyC/SiC composites has allowed to determine

he oxidation rates under incidental and accidental operating
onditions for two low oxygen partial pressures, 0.2 and 2 Pa,
or a total pressure of 105 Pa (helium). In fact, the evolution of
he mass loss rates versus temperature for �-SiC–SiC/PyC/SiC
xidized under pO2 = 0.2 and 2 Pa shows the existence of three
omains in the active oxidation regime. These experiments
ave also shown the weak impact of oxygen partial pressure

n the mass loss rate, in the range 0.2–2 Pa, for temperatures
elow 2070 K. However, beyond 2070 K, we notice an increase
f the mass loss rate at lower temperatures for pO2 = 0.2 Pa
han for pO2 = 2 Pa. This difference was associated to the effect
ply labeled in the graph SiC/SiC) oxidized under pO2 = 2 Pa. The empty circles
d face and the solid squares represent the tests performed on the pre-oxidized

0.94)

0.90)

0.54)

f the oxygen partial pressure on the sublimation temperature
f SiC as given by the thermodynamic calculation.

For the tests carried out on SiC/PyC/SiC on the uncoated
ace, the results do not show a great influence of the �-SiC coat-
ng on the oxidation behavior at very high temperature (active
xidation). This coating which seems to be too thin to show a
emarkable effect on the oxidation rate remains essential to close
he surface porosity and to prevent a direct contact between the
eactant gases and the body of the composite.

In the case of the pre-oxidized samples, the variation of mass
oss rate and the SEM observations do not show a great impor-
ance of SiO2 layer formed after pre-oxidation. This layer will
ot protect the �-SiC–SiC/PyC/SiC in accidental operating con-
itions.
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