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bstract

n the frame of the Generation IV International Forum, Gas-cooled Fast Reactor (GFR) is one system studied by CEA (France). Helium pressurized
t 7 MPa is the coolant and the nominal temperature of use is about 1300 K. The cladding materials currently considered is a SiC/SiC composite
ith a �-SiC coating. In case of accident, reactor temperatures can reach 1900–2300 K. A previous study was carried out to determine the
hysico-chemical behavior of another polytype, �-SiC, for comparison on the position of the active to passive transition and of the mass loss rates
nder active conditions to simulate a typical accident. Experimental oxidation tests at high temperature (1400–2300 K) on massive �-SiC samples
rocessed by Chemical Vapor Deposition (CVD) coupled to mass variation, SEM, XPS, AFM and roughness analyses enabled to determine the
ransition between passive and active oxidation regimes, and to study the resistance to oxidation of such material in some conditions that might

e encountered in case of accident (high temperature increase up to 2300 K). Finally, the experimental results have shown that the transition from
assive to active regime occurs at higher temperature for �-SiC than for �-SiC and that the mass loss rate of �-SiC is lower than the one measured
or �-SiC on the common temperature range investigated (up to 2100 K).

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Increasing the efficiency of fission energy by producing
nergy at higher temperatures than the current second and third
eneration of nuclear systems implies the conception of new
uclear systems. In the frame of the Generation IV forum, the
onception of new reactors requiring different safety and reli-
bility issues than the current ones will be based on several
echnologies like liquid sodium, molten salts or gaseous helium
oolants instead of pressurized water. In this study, the one
f interest is the GFR (Gas-cooled Fast Reactor) system that
eatures a fast-spectrum helium-coolant reactor and closed fuel
ycle. The nominal working condition of this system is a temper-
ture level about 1300 K with an elevated total pressure of 7 MPa.

uch high temperatures enable not only to deliver electricity but
lso heat for different industrial processes (hydrogen produc-
ion, reduction of metallic oxides, etc.) with high conversion

∗ 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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ture

fficiency. The main technological challenge is the develop-
ent of the cladding materials resisting to damage at very high

emperatures, fast-neutron fluences and with enhanced fission
roduct retention capability. SiC is an excellent candidate for
hese requirements and nuclear fuel claddings are planned to
e in high thermal conductive SiC/SiC composite with a �-SiC
oating. Such coating would be able to prevent the pyrocar-
on interphase present in the composite from oxidation1,2 and
o smooth the surface of the composite in order to respect the
eometrical specifications.

This study focuses on the oxidation behavior of �-SiC pro-
essed by CVD under helium polluted with oxygen impurities
from 2 to 1000 ppm). The oxidation of silicon carbide spec-
mens obeys to different mechanisms as a function of oxygen
artial pressure and temperature: passive oxidation where a sil-
ca protective layer is formed at the surface of SiC preventing
t from further oxidation, and active oxidation where SiO(g) is

roduced and, consequently, no protective silica layer appears
hereas SiC is characterized by a significant mass loss. A
revious paper3 has reported the theoretical and experimental
etermination of the transition from passive to active oxidation

dx.doi.org/10.1016/j.jeurceramsoc.2010.04.031
mailto:marianne.balat@promes.cnrs.fr
dx.doi.org/10.1016/j.jeurceramsoc.2010.04.031
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ig. 1. Peak fitting of the Si 2p1/2,3/2 photoelectron peak obtained through XPS
nalysis on �-SiC before oxidation.

egime and the evolution of the material damage at high tem-
erature for �-SiC under helium at 105 Pa, with oxygen partial
ressure varying from 0.2 to 100 Pa, in a temperature range from
400 to 2100 K. We have continued the investigation on the same
emperature range and interval of oxygen partial pressure on �-
iC as none of the previous studies4–7 refers to oxidation under
uch conditions. The aim of this study is also to compare the
ehavior of the two polytypes of SiC, �-SiC formerly studied3

nd �-SiC investigated here.

. Experimental procedure

After the description of the studied material and its charac-
erization, the oxidation procedure is presented in this section.

As we have proceeded with �-SiC, we focused on the

xperimental determination of the transition between passive
nd active oxidation and on the behavior in conditions that
ight be encountered in case of accident (up to 2300 K) for

he � polytype using the REHPTS (REacteur Hautes Pression

ig. 2. SEM image of the surface of �-SiC before oxidation (the length of the
cale bar is 4 �m).
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t Température Solaire) facility formerly described.3 Surface
haracterization through Scanning Electron Microscopy (SEM),
oughness measurements (mean square roughness RMS and
aximal roughness variation Rmax), Atomic Force Microscopy

AFM) and X-ray Photoelectron Spectroscopy (XPS) were used
o differentiate the characteristics of passive (presence of a silica
ayer) or active (no silica, etched SiC surface) oxidation.

.1. Material

The silicon carbide studied is �-SiC from Rohm & Haas
USA) processed by Chemical Vapor Deposition (CVD) in
temperature range from 1470 to 1570 K. The manufacturer

ives a purity of 99.9995%. The crystallographic structure is
ace-centered cubic and the density is close to the theoretical
ne (3.21). �-SiC has a higher thermal conductivity (around
00 W m−1 K−1) than the �-SiC polytype (between 50 and
20 W m−1 K−1) previously studied3 and also a low coefficient
f thermal expansion (CTE). The CTE of this �-SiC was
easured by CEA as equal to 5.15 × 10−6 between 700 and

500 K and the manufacturer data is 5.31 × 10−6. The samples
sed in this study are squares of 25 mm and 2 mm thickness.
hey were polished by the manufacturer and our measurement
btained using 1D profilometry gives a mean square roughness
MS of 58 nm.

XPS analyses were performed on the samples (reference and
fter oxidation) using the KRATOS ULTRA set-up at SPCTS
aboratory. The X-ray source is the Al K� ray with energy
ν = 1486.6 eV. The accuracy of the binding energy measure-
ent is ±0.1 eV. The surfaces of the different samples were

tched during 10 min using Ar+ at 2 keV in order to remove the
urface contamination.

Fig. 1 shows the Si 2p1/2,3/2 photoelectron peak collected
or an untreated �-SiC sample (reference material). The main
omponent located at 100.5 ± 0.1 eV is attributed to Si–C bonds
Si–C4 chemical environments). The lower components located
t 103.2 ± 0.1 eV, 102.2 ± 0.1 eV were attributed to Si–O bonds
n SiO2 and Si–OxCy (x + y = 4) compounds, respectively. The

resence of the component located at 99.5 ± 0.1 eV characteris-
ics of Si–Si bonds could be due to etching effects. Finally, the
hemical composition of the material obtained by XPS is closed
o the theoretical one with a ratio C/Si equal to 1.05.

Fig. 3. AFM imaging of �-SiC before oxidation (40 �m × 40 �m).
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ig. 4. (a) Typical thermal history for a sample for the determination of the
xidation regime and (b) image of an oxidized sample showing the uniformity
f the solar heating.

The surface morphology of the samples was analyzed with
EM before oxidation and a typical image is presented in
ig. 2. The surface looks quite smooth with the presence of
ome closed porosities that is confirmed through roughness mea-
urements and AFM imaging (Fig. 3). Indeed both techniques
re complementary. Roughness measurements are performed
long six 5 mm-long trajectories at different angles in order
o estimate a pertinent average roughness for the analyzed
ample using the profilometer Hommel Tester T2000 with a
ensor Hommel Werke LV-50E. AFM imaging was performed
n 40 �m × 40 �m scanned surface using a Smena MT-MDT
et-up. The mean square roughness (RMS) and maximal rough-
ess variation (Rmax) values were measured at different scales
hrough AFM (RMS = 153 nm, Rmax = 1538 nm), values there-
ore higher than the ones measured using 1D profilometry
RMS = 58 nm, Rmax = 472 nm) because profilometry excludes
ore local minima and maxima than AFM but gives roughness

ariations on a longer scale.

.2. Oxidation procedure

Samples were oxidized during 10 min at constant temperature
nside the REHPTS according to the same procedure previously
escribed.3 To reproduce the GFR atmosphere, different helium
ualities from Air Liquide – 2 ppm O2 and 3 ppm H2O content
He Alphagaz 1) and up to 20 ppm O2 and 5 ppm H2O content
He U) – were used with a gas flow of 10 l min−1. Pure oxygen
ith 2 ppm H2O and 6 ppm N2 (Air Liquide O2 N48) was added
o He U through a second gas line in order to increase the content
f the O2 impurity up to 1000 ppm. A safety valve with a gauge
nabled us to work with a constant total pressure of 105 Pa under
as flow. Therefore the partial pressure of oxygen pO2 could

a
i
i

ig. 5. SEM images of �-SiC oxidized under pO2 = 0.2 Pa at (a) 1595 K (sample
o. 16), (b) 1653 K (sample no. 17) and (c) 2120 K (sample no. 21). The length
f the scale bar is 4 �m.

ary between 0.2 and 100 Pa according to the controlled oxygen
ontent. The gas phase composition inside the reactor is checked
y a mass spectrometer (©Pfeiffer Omnistar Vacuum GSD 301).
Two samples were pre-oxidized during 24 h at 1300 K under
mbient air inside an electrical furnace before being treated
nside the REHPTS above 2100 K under helium with pO2 = 2 Pa,
n order to define the effect of a silica layer on the active oxida-



2 opean

t
p
1

t
i
a

b
o
v
r
a
a

s
e
t
6
s
s
s
c
s
t
p
a

h
a
r
a
t
F
i
a
i
c
m
t

3

s
a
g
t
o
t

F
n

664 L. Charpentier et al. / Journal of the Eur

ion kinetics. The mass gain measured after the thermal oxidative
re-treatment corresponds to the production of an approximately
00 nm thick silica layer on each sample.

In situ analysis of the gaseous phase was performed using
he mass spectrometer enabling to follow the variation of the
ntensity corresponding to the gaseous species CO (at m/e = 28)
nd SiO (at m/e = 44).

Mass variation was measured by weighting the samples
efore and after oxidation, converted to percentage and rates
f mass change are expressed in mg cm−2 h−1. These mass
ariations and various surface analyses (SEM observations,
oughness measurements through AFM and profilometry, XPS
nalyses) enabled to determine the oxidation regime (passive or
ctive).

A monochromatic (5 �m) optical pyrometer is used to mea-
ure the surface temperature of the sample during all the
xperiment. At a distance of 1200 mm between the sample and
he optical pyrometer, the temperature is measured on an area of
mm in the centre of the sample, and due to the position of the

ample 25 mm above the focus, a homogeneous concentrated
olar flux is obtained on the sample. The spectral normal emis-
ivity taken for SiC is 0.90 at this wavelength and it does not
hange during passive or active oxidation, silica presenting the

ame emissivity than SiC at this wavelength. The accuracy of
he temperature measurements at the surface of the �-SiC sam-
le is going from 1400 ± 15 K to 2300 ± 25 K mainly due to the
ccuracy of the pyrometer. Fig. 4(a) presents a typical thermal

3

t

ig. 6. SEM images of �-SiC oxidized under pO2 = 2 Pa at (a) 1650 K (sample no. 2)
o. 33). The length of the scale bar is 4 �m.
Ceramic Society 30 (2010) 2661–2670

istory of a sample during oxidation with the first huge temper-
ture increase due to the absorption of the concentrated solar
adiation followed by the temperature plateau and (b) shows
n image of one sample after the oxidation procedure where
he result of the homogeneous solar flux is clearly visible. In
ig. 4(a), the first points around 550–600 K have not to be taken

nto account as our pyrometer can measure temperatures only
bove this level. Nevertheless, the opening of the shutter lead-
ng to the temperature increase begins at t = 0 s and the shutter is
losed at around t = 750 s leading by the natural cooling of the
aterial due to its thermal properties. The total pressure during

he experiment is also shown in Fig. 4(a).

. Experimental results

In this section are presented the surface characterization of
everal selected samples after oxidation according to temper-
ture and oxygen partial pressure, the in situ amount of some
aseous emitted species during the oxidation process and mainly
hose at m/e equal to 28 and 44, the experimental determination
f the transition between passive and active oxidation and finally
he kinetics of active oxidation at high temperature.
.1. Surface characterization

SEM images enable to determine the oxidation regime close
o the transition under pO2 = 0.2 Pa (Fig. 5), 2 Pa (Fig. 6) and

, (b) 1764 K (sample no. 3), (c) 2173 K (sample no. 13) and (d) 2270 K (sample
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ig. 7. SEM images of �-SiC oxidized under pO2 = 100 Pa at (a) 1739 K (sample
o. 9), (b) 1900 K (sample no. 11) and (c) 2119 K (sample no. 14). The length
f the scale bar is 4 �m.

00 Pa (Fig. 7). On these figures, we observe on the (a) images
he presence of a silica layer, characteristic of the passive regime
nd on the (b) images the presence of etched areas revealing

he grains, characteristic of the active one. The higher the par-
ial pressure is the more significant the differences are. The (c)
mages are obtained on samples tested under conditions that can
e encountered in case of accident, respectively at 2120 K (sam-

s
t
f
1
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le no. 21, Fig. 5), 2173 K (sample no. 13, Fig. 6) and 2119 K
sample no. 14, Fig. 7). We can notice on these three figures an
mportant development of columnar grains at such high temper-
ture. At 2270 K and for pO2 = 2 Pa (sample no. 33 in Fig. 6(d)),
t is even more difficult to focus on both the revealed grains and
he deeper etched areas. The cause of this grain development is
he preferential attack that is mainly due to the different orienta-
ions of the grains, C-terminated plans being known to be more
eactive to oxygen than Si-terminated plans.8,9

Table 1 presents the measurements of the mean square rough-
ess RMS and of the maximal roughness variation Rmax using
rofilometry for the reference sample and for oxidized samples
nder pO2 = 0.2, 2 and 100 Pa, at various temperatures. Few
hange in the roughness values is detected for the samples oxi-
ized under pO2 = 0.2 Pa, the lowest partial pressure studied.
nder pO2 = 2 Pa, we can notice that the roughness of the sam-
les oxidized under active regime increases with the temperature
ue to the more significant development of the grains. Under
O2 = 100 Pa, we notice an important increase of RMS and Rmax
alues close to the transition. Indeed comparing the SEM images
f Figs. 5(b), 6(b) and 7(b) show that under pO2 = 100 Pa a much
ore etched surface is present close to the transition than at

ower oxygen partial pressure due to the more important sup-
ly of oxygen. Around 2150 K (samples no. 21, 13 and 14), we
bserve that the RMS and Rmax values are on the same range
nder pO2 = 0.2, 2 and 100 Pa. Under pO2 = 100 Pa, the surface
oughness is even lower at 2120 K than at 1900 K. The grains
rowth at such elevated temperature could explain the decrease
f roughness under pO2 = 100 Pa and the identical size of the
emaining grains regardless the oxygen partial pressure.

Fig. 8 presents AFM images obtained on �-SiC oxidized
nder pO2 = 2 Pa at (a) 1650 K (sample no. 2) and at (b) 2173 K
sample no. 13). Fig. 9 presents the ones obtained after oxida-
ion under pO2 = 100 Pa at (a) 1739 K (sample no. 9) and at (b)
119 K (sample no. 14). The AFM revealed different morpholo-
ies between samples oxidized under passive (a) and active (b)
onditions. Grain development is observed in Figs. 8(b) and 9(b)
s also on SEM images (Figs. 6(c) and 7(c)). Table 2 presents the
MS and Rmax values measured using AFM on these 4 oxidized

amples. These values are on the same range for the samples no.
and 9 that supported passive oxidation and close to the refer-

nce values. The RMS and Rmax values are much more important
nearly twice) for the samples no. 13 and 14 that supported active
xidation. AFM gives roughness values very close for these two
amples oxidized around 2150 K but under different pO2 (2 Pa
or sample no. 13, 100 Pa for sample no. 14) confirming that the
urface roughness is not affected by the oxygen partial pressure
t such temperature as previously measured using profilometry.

XPS analysis (performed after 10 min Ar+ etching) gives
ther information on the composition close to the surface of
xidized samples. Table 3 contains the amount of each compo-
ent for the deconvoluted C 1s (Table 3a), Si 2p1/2,3/2 (Table 3b)
nd O 1s (Table 3c) photoelectron peaks collected for oxidized

amples no. 2, 9 and 13. For example, Fig. 10 shows the results of
he peak fitting procedure for the Si 2p1/2,3/2 photoelectron peak
or the samples no. 2 (pO2 = 2 Pa, 1650 K), no. 9 (pO2 = 100 Pa,
739 K) and no. 13 (pO2 = 2 Pa, 2173 K). The component located
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Table 1
Mean square roughness measurements RMS and maximum roughness variation Rmax (using a 1D-profilometer) for reference �-SiC and oxidized samples under
various pO2.

Sample (temperature and oxidation regime) Reference �-SiC 16 (1595 K, passive) 17 (1653 K, active) 21 (2120 K, active)

pO2 = 0.2 Pa
RMS (nm) 58 134 107 104
Rmax (nm) 472 1028 958 937

Sample (temperature and oxidation regime) Reference �-SiC 2 (1650 K, passive) 3 (1764 K, active) 13 (2173 K, active) 33 (2270 K, active)

pO2 = 2 Pa
RMS (nm) 58 75 74 114 395
Rmax (nm) 472 705 564 805 2848

Sample (temperature and oxidation regime) Reference �-SiC 9 (1739 K, passive) 11 (1900 K, active) 14 (2119 K, active)

pO2 = 100 Pa
RMS (nm) 58
Rmax (nm) 472 14

Fig. 8. AFM images of �-SiC oxidized under pO2 = 2 Pa at (a) 1650 K (sample
no. 2) and (b) 2173 K (sample no. 13).

Table 2
Mean square roughness measurements RMS and maximum roughness variation
Rmax (using AFM) for reference �-SiC and oxidized samples under various pO2.

Sample Reference 2, passive 13, active 9, passive 14, active

RMS (nm) 153 174 314 114 334
Rmax (nm) 1538 1173 1843 1061 2026

a
S
w
o
d
c
o
w
a
d

F
n

93 267 108
87 2400 760

t 100.5 ± 0.1 eV is attributed to Si–C bonds. The amount of
i–C bonds (Table 3b) and C–Si bonds (Table 3a) increases
ith increasing the oxidation temperature due to the presence
f mainly SiC on the surface (active oxidation). The component
etected at 103.2 ± 0.1 eV is attributed to Si–O bonds in SiO2
ompounds (more important in Fig. 10(a) and (b)). The amount

f Si–O bonds (Table 3b) and O–Si bonds (Table 3c) decreases
ith increasing the oxidation temperature due to the same reason

s before, samples no. 2 and 9 being under passive oxidation con-
itions and sample 13 under active oxidation. The three lower

ig. 9. AFM images of �-SiC oxidized under pO2 = 100 Pa at (a) 1739 K (sample
o. 9) and (b) 2119 K (sample no. 14).
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Fig. 10. Peak fitting of the Si 2p1/2,3/2 photoelectron peak obtained using XPS
(after 10 min Ar+ etching) on (a) sample no. 2 (pO2 = 2 Pa, 1650 K), (b) sample
no. 9 (pO2 = 100 Pa, 1739 K) and (c) sample no. 13 (pO2 = 2 Pa, 2173 K).

F
a

c
a
T
d
t
t
s
C
t
o
f

3

a
y
c
e
o
a
o
d
m
p
s
o

ig. 11. Intensities measured with the mass spectrometer at various temperatures
nd pO2 for the signal at (a) m/e = 44 and (b) m/e = 28.

omponents located at 101.4, 102.0 and 102.5 ± 0.1 eV were
ttributed to O–Si–C bonds in Si–OxCy (x + y = 4) compounds.
he significant increase of Si–O bonds on samples no. 2 and 9 is
ue to the production of silica during passive oxidation whereas
he bonds Si–C and C–Si are the preponderant contributions on
he surface of sample no. 13 while hardly no silica was produced
howing the oxidation was active. The contribution of Si–C and
–Si bonds for the sample no. 9 is more important than the con-

ributions of those bonds for the sample no. 2 so the contribution
f the SiC material is more important for the sample no. 9 than
or no. 2 which might be due to a thinner or broken oxide layer.

.2. Gaseous phase analysis

Ogura et al.10 have reported that the condensation of the SiO
t lower temperature prevents this gas from reaching the anal-
sis chamber of a mass spectrometer, therefore such a set-up
annot be used to detect the production of SiO. Indeed, Ogura
t al.10 have determined the transition following the intensity
f the signal at m/e = 28, corresponding to CO. They measured
more important intensity for active oxidation than for passive
xidation, as the presence of one silica layer slows down the pro-
uction and the release of the CO. Fig. 11 presents the signals

easured at (a) m/e = 44 (SiO) and at (b) m/e = 28 (CO) under

O2 = 0.2, 2 and 100 Pa and at 1650, 1900 and 2150 K. The
ignal at m/e = 44 is slightly higher than the limit of detection
f the spectrometer (10−13 A) and it does not change signifi-
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Table 3
Contribution of the different chemical bonds determined using XPS (after 10 min Ar+ etching) for the oxidized samples no. 2 (pO2 = 2 Pa, 1650 K), no. 9 (pO2 = 100 Pa,
1739 K) and no. 13 (pO2 = 2 Pa, 2173 K).

�-SiC sample no. Total C 1s C–Si (282.6 eV) C–C/C–H (285 eV) C–O (286.6 eV) C O (288.5 eV)

(a)
2 17.3 2.3 12.8 1.6 0.6
9 27.1 15.2 10.8 1.1 –

13 47.4 34.3 13.1 – –

�-SiC sample no. Total Si 2p Si–Si (99.5 eV) Si–C (100.5 eV) Si–OxCy (102 eV) Si–O (103.2 eV)

(b)
2 33.9 0.7 2.1 2.7 28.4
9 39.7 – 19.6 3.1 17.0

13 44.4 – 42.0 – 2.4

�-SiC sample no. O–Si (531.7 eV)

(c)
2 47.7
9 32.5

1 7.1
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Table 4
Mass variation and oxidation regime for the oxidized �-SiC samples according
to temperature T and oxygen partial pressure pO2.

No. �-SiC pO2 (Pa) T (K) Oxidation
regime

�m/m0 (%) Rate of mass
change
(mg cm−2 h−1)

18 0.2 1530 Passive −0.007 −0.29
16 0.2 1595 Passive −0.005 −0.19
17 0.2 1653 Active −0.005 −0.19
19 0.2 1853 Active −0.066 −2.56
20 0.2 1887 Active −0.097 −3.55
21 0.2 2120 Active − 0.303 −10.75

1 2 1560 Passive −0.002 −0.09
2 2 1650 Passive −0.026 −0.99
3 2 1764 Active −0.059 −2.41
4 2 1900 Active −0.094 −4.19

13 2 2173 Active −0.230 −9.09
33 2 2270 Active −0.972 −30.62
32a 2 2168 Active −0.412 −14.07
31a 2 2282 Active −0.756 −26.65

7 10 1632 Passive −0.005 −0.19
10 10 1690 Passive −0.002 −0.09

8 10 1776 Active −0.048 −1.88
12 10 1925 Active −0.126 −4.83

5 100 1667 Passive +0.028 +1.06
9 100 1739 Passive −0.002 −0.10
6 100 1815 Passive −0.013 −0.49

11 100 1900 Active −0.288 −10.63
15 100 2000 Active −0.445 −15.99
1

o

3

3

antly during active oxidation due to the condensation of SiO.
nder pO2 = 0.2 Pa, the transition temperature is lower than
650 K, therefore the three temperatures correspond to active
xidation and the signal at m/e = 28 increases due to a more
mportant CO production when the temperature increases. Under
O2 = 2 Pa and pO2 = 100 Pa, the oxidation is passive at 1650 K,
ctive at 1900 and 2150 K. Nevertheless, if the signal at m/e = 28
ncreases when the temperature increases from 1650 to 1900 K
nder pO2 = 2 Pa, it continuously decreases for pO2 = 100 Pa.
he decrease of the signal above 1900 K might be due to the
ondensation of the gaseous species CO and SiO. A deposit
as formed on the cooled walls of the reactor at these temper-

tures and the analysis of this powder, recovered just after the
nd of the experiment, by XRD showed that the deposit was a
ixture of graphite and silica. SiO and CO which were formed

t the surface of the �-SiC sample by active oxidation above
900 K could condensate at 300 K on the walls according to the
eaction:

iO(g) + CO(g) = SiO2(s) + C(s).

This condensation prevents the mass spectrometer from
etecting the total amount of CO produced during active
xidation, especially at high temperature or high oxygen par-
ial pressure, as the amount of SiO produced is also supposed to
e higher. Around 2270 K and under pO2 = 2 Pa (sample no. 33),
e noticed that the intensity of the signal at m/e = 28 was equal

o 7 × 10−12 A, twice the one measured at 2150 K. Previous ther-
odynamical calculations with the software GEMINI7,11 have

hown that the sublimation of SiC is possible at this tempera-

ure and pO2 ranges with gaseous Si appearing around 2300 K.
s gaseous Si gets the same molar mass than CO, this increase

t 2270 K might be linked to the production of both CO and
i.

a
e

4 100 2119 Active −0.435 −16.02

a Samples which have been pre-oxidized during 24 h under air at 1300 K before
xidation inside the REHPTS facility.

.3. Determination of the transition for β-SiC
Table 4 presents the different experimental results obtained
ccording to the applied conditions (T, pO2). During all the
xperiments the total pressure was close to 105 Pa. The sam-
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Table 5
Transition temperatures Tpa calculated7 and experimentally determined for �-
SiC3 and �-SiC according to the oxygen partial pressure pO2.

pO2 (Pa) Theoretical Tpa (K) Tpa, �-SiC (K) Tpa, �-SiC (K)
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les no. 31 and 32 correspond to the samples which have been
re-oxidized during 24 h under air at 1300 K before the oxida-
ion inside the REHPTS facility. Every sample has lost mass
robably due to the consumption of free carbon present on the
urface (contamination) except sample no. 5 due to the higher
artial pressure of oxygen. The classification between the sam-
les having being oxidized in passive or active conditions was
ade thanks to the surface characterization previously described

n Section 3.1 and according to the mass loss rates.
Fig. 12 reports the theoretical transition we calculated in a

ormer study3,7 using thermodynamical calculations with the
EMINI code11 and the Wagner modified model4,12, the exper-

mental passive to active transition previously determined for
-SiC3 (transition a) and the experimental transition determined
ere for �-SiC (transition b) using the plotted experimental
ata. The filled diamond points represent the samples that have
upported passive oxidation and the open diamond points the
amples that have supported active oxidation. Table 5 reports
he theoretical and experimentally determined transition temper-
tures for �-SiC and �-SiC according to pO2. The experimental
ransition temperature for both SiC is quite close at pO2 = 0.2 Pa,
hen the difference increases with pO2 and �-SiC supports
assive oxidation at higher temperature than �-SiC on the

nvestigated range of oxygen partial pressure (difference of
70 K for pO2 = 100 Pa). Therefore the activation energy and
re-exponential coefficient obtained using an Arrhenius fit for
-SiC (Ea = 670 kJ/mol; A = 2 × 1021 Pa) are much lower than

ig. 12. Theoretical and experimental transitions between passive and active
xidation for �-SiC (transition a) and for �-SiC (transition b) using an Arrhenius
lot. The points are only related to the oxidation experiments for the determina-
ion of the transition for �-SiC (open diamonds: samples under active oxidation;
lack filled diamonds: samples under passive oxidation).

o
u
p

F
u
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or �-SiC (Ea = 1540 kJ/mol; A = 7 × 1050 Pa) and closer to the
heoretical values (Ea = 360 kJ/mol; A = 5 × 1013 Pa).

.4. Kinetics of the active oxidation

Fig. 13 presents the evolution of the mass loss rates for �-
iC according to temperature and oxygen partial pressure and
ives a clear vision of the impact of temperature on the mass
oss rate. It increases with temperature following linear trends
p to nearly 2150 K. On this temperature range, the oxygen
artial pressure has no significant effect from 0.2 to 10 Pa, the
ass loss rate being much more significant at pO2 = 100 Pa as

bserved also for �-SiC.3 Therefore we only studied the material
amage at higher temperatures for pO2 = 2 Pa. An acceleration
f the mass loss rate was observed between 2150 and 2300 K.
his acceleration could be due to the sublimation of the SiC

hat can occur according to the thermodynamical calculations3,7

bove this temperature with the formation of Si, SiC2 and Si2C.
he linear trends in the temperature range that have been deter-
ined are the following ones with the corresponding correlation

oefficient:
t pO2 = 0.2 Pa v = 0.0230 T − 38.8 for 1650 ≤ T ≤ 2120 K (R2 = 0.93)
t pO2 = 2 Pa v = 0.0196 T − 31.4 for 1650 ≤ T ≤ 2170 K (R2 = 0.88)

v = 0.1572 T − 329.3 for 2170 ≤ T < 2300 K (R2 = 0.89)
t pO2 = 10 Pa v = 0.0201 T − 33.9 for 1690 ≤ T ≤ 1925 K (R2 = 1)
t pO2 = 100 Pa v = 0.0491 T − 85.3 for 1740 ≤ T ≤ 2120 K (R2 = 0.86)

The mass loss rates for �-SiC are lower than the ones pre-
iously measured for �-SiC at temperatures up to 2100 K.3

s an example, under pO2 = 100 Pa and at 2100 K, the mass
oss rate value is equal to 16 mg cm−2 h−1 for �-SiC against
3 mg cm−2 h−1 for �-SiC equivalent to a decrease of 30%. The
aximal mass loss rate for �-SiC is obtained at 2270 K under

O2 = 2 Pa with a mean value of 30 mg cm−2 h−1.

The pre-oxidized samples no. 31 (2282 K) and 32 (2168 K),

xidized under pO2 = 2 Pa, with a protective silica layer obtained
nder air at 1300 K during 24 h of about 100 nm thickness, have
resented nearly the same mass loss rate than the ones without

ig. 13. Mass loss rates (mg cm−2 h−1) of oxidized �-SiC versus temperature
nder active conditions for various pO2.
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ilica layer at the beginning of the oxidation process (Table 4).
he sublimation of this silica layer seems to follow a very quick
inetics and its presence or not has no significant effect on the
nal mass loss rate. More tests have to be performed with silica

ayers with higher thickness.

. Conclusions

This study was done to understand the behavior of �-
iC under helium with low oxygen partial pressure and in a
igh temperature range of interest for GFR applications. We
ave determined the experimental transition law (Arrhenius fit)
etween passive and active oxidation for oxygen partial pres-
ures from 0.2 to 100 Pa under a helium total pressure of 105 Pa
nd we have studied the variation of the �-SiC mass loss rates
ccording to temperature and oxygen partial pressure under con-
itions that might be encountered in case of accident (up to
300 K).

SEM, AFM imaging and XPS analyses enabled to observe
ignificant differences between the surfaces that supported pas-
ive or active oxidation. 1D-profilometry put in evidence the
ore important damage of the material surface when the temper-

ture increases above 2100 K. The following of gas production
SiO, CO) using mass spectrometry has appeared to be difficult
ue to the condensation of silica and graphite on the cold walls
f the reactor. Nevertheless, an increase in the production of
O can be observed for the lower oxygen partial pressure and
ainly close to the transition.
The temperature and oxygen partial pressure values experi-

entally obtained for the transition between passive and active
xidation for �-SiC are respectively equal to 1570 K at 0.2 Pa,
650 K at 2 Pa, 1710 K at 10 Pa and 1810 K at 100 Pa. In this
ondition whatever the purity of helium, the nominal working
emperature of the GFR (1300 K) is always lower than the tran-
ition temperature measured. Moreover, the transition between
assive and active oxidation regime occurs at higher tempera-
ure for �-SiC than for �-SiC and the mass loss rate of �-SiC is
ower than the one measured for �-SiC on the common temper-

ture range investigated (up to 2100 K). Oxygen partial pressure
as no significant effect on the mass loss rate in active oxida-
ion conditions up to pO2 = 10 Pa in this temperature range on
he contrary to the �-SiC polytype. So high purity helium is not
Ceramic Society 30 (2010) 2661–2670

equired to prevent �-SiC from severe active oxidation up to
100 K in the GFR reactor. Nevertheless we observed quite an
mportant damage of �-SiC around 2270 K under pO2 = 2 Pa due
o the combined phenomena of active oxidation and SiC subli-

ation. Therefore the mass loss rate can reach 30 mg cm−2 h−1

n such temperature area.

cknowledgements

The authors thank the research groups MATINEX and
EDEPEON for their financial support and CEA for the funding
f the post-doctoral position of L. Charpentier.

eferences

1. Wu S, Cheng L, Zhang L, Xu Y, Zhang Q. Comparison of oxidation
behaviors of 3D C/PyC/SiC and SiC/PyC/SiC composites in an O2–Ar
atmosphere. Mater Sci Eng B 2006;130:215–9.

2. Lamouroux F, Camus G, Thébault J. Kinetics and mechanisms of oxidation
of 2D woven C/SiC composites. I. Experimental approach. J Am Ceram
Soc 1994;77:2049–57.

3. Charpentier L, Balat-Pichelin M, Audubert F. High temperature oxidation
of SiC under helium with low-pressure oxygen. Part 1. Sintered �-SiC. J
Eur Ceram Soc 2010;30:2653–60.

4. Balat MJH. Determination of the active-to-passive transition in the oxida-
tion of silicon carbide in standard and microwave-excited air. J Eur Ceram
Soc 1996;16:55–62.

5. Vaughn WL, Maahs HG. Active-to-passive transition in the oxidation of
silicon carbide and silicon nitride in air. J Am Ceram Soc 1990;73:1540–
3.

6. Hinze JW, Graham HC. The active oxidation of silicon and silicon carbide
in the viscous gas flow regime. J Electrochem Soc 1976;123:1066–73.

7. Eck J, Balat-Pichelin M, Charpentier L, Bêche E, Audubert F. Behavior of
SiC at high temperature under helium with low oxygen partial pressure. J
Eur Ceram Soc 2008;28:2995–3004.

8. Song Y, Dhar S, Feldman LC, Chung G, Williams JR. Modified deal
grove model for the thermal oxidation of silicon carbide. J Appl Phys
2004;95:4953–7.

9. Ramberg CE, Cruciani G, Spear KE, Tressler RE. Passive-oxidation kinet-
ics of high-purity silicon carbide from 800 to 1100 ◦C. J Am Ceram Soc
1996;79:2897–911.
11. Thermodata, 38400 Saint Martin d’Hères, France.
12. Wagner C. Passivity during the oxidation of silicon at elevated temperature.

J Appl Phys 1958;29:1295–7.


	High temperature oxidation of SiC under helium with low-pressure oxygen. Part 2: CVD beta-SiC
	Introduction
	Experimental procedure
	Material
	Oxidation procedure

	Experimental results
	Surface characterization
	Gaseous phase analysis
	Determination of the transition for beta-SiC
	Kinetics of the active oxidation

	Conclusions
	Acknowledgements
	References


