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bstract

he emissivity and the catalytic efficiency related to atomic oxygen recombination were experimentally investigated in the range 600–1600 ◦C for a
arbon fibre reinforced silicon carbide composite produced by polymer vapour infiltration and then coated with SiC by chemical vapour deposition.
igh emissivity (about 0.7 at 1600 ◦C) and low recombination coefficients (on average 0.07 at 1500 ◦C) were found for all the samples tested. The
xperimental data showed a marked effect of the surface finish on the catalytic behaviour only: C/SiC samples belonging to the same production
atch but having slightly different surface morphology, while exhibiting the same catalycity trend, are characterized by detectable differences in
bsolute values of the recombination coefficient. Micro-structural investigations performed on post-test samples have shown the formation of a
ilica-based glassy layer and have confirmed that the oxidation of C/SiC lies on the boundary line between the active and passive mechanism.
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. Introduction

Carbon fibre reinforced silicon carbide composite (C/SiC) is
ceramic matrix composite characterized by good mechanical
roperties, thermo-mechanical stability and fracture toughness:
eing a long-fibre reinforced composite, its fracture behaviour
ets it apart from conventional monolithic ceramics, allowing
or a variety of uses in which damage tolerance, low density,
nd high fracture toughness at high temperatures are the main
equirements. One of the most relevant application fields of
/SiC lies within the aerospace sector and concerns the man-
facturing of structural thermal protection systems (TPSs) for
e-entry vehicles, where good thermo-mechanical properties
t high temperature associated with oxidation resistance are
equired.1–9

The good resistance to oxidation processes at high temper-
tures, both in static and dynamic oxidizing environmental,

s indeed another core characteristic of C/SiC as opposed to
ther structural ceramic matrix composites (CMCs) like the car-
on/carbon (C/C). This important property is guaranteed by the

∗ Corresponding author. Fax: +39 0823 623 515.
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assivating effect of silica (SiO2) formed by passive oxidation of
he SiC matrix. When SiC undergoes passive oxidation10–15 SiC
nd the carbon fibres are protected by formation of stable silica-
ased glassy layers (SiO2) which provide an effective barrier to
he oxygen diffusion.16–20 In order to improve further the oxida-
ion resistance of C/SiC, protective coatings19–24 usually based
pon SiC, and applied by chemical vapour deposition (CVD),
an be employed and that is the case in most space applications,
here high reliability is usually a mandatory requirement.
While SiC-coated C/SiC composites have been studied for

uite a long time in the space field, and have been fully char-
cterized in their base thermo-mechanical properties, little or
o data at all is available to date on their radiative and surface
atalytic behaviour at high temperature. Nonetheless, emissiv-
ty and surface catalycity represent key parameters for space
e-entry thermal protection system applications. Since Earth
e-entry phase takes place in low pressures25–30 the radiation
ecomes the main method to dissipate heat in order to reduce
he surface temperature. Moreover, when crossing the atmo-
phere, a space vehicle creates a shock wave leading to very

igh temperatures. The excited species (atoms, ions, molecules,
lectrons) created in this phase diffuse in the boundary layer
nd react with the materials of the vehicle with the final effect
o degrade them. The surface of the spacecraft could also act
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dx.doi.org/10.1016/j.jeurceramsoc.2008.12.011


2 ean C

a
(
N
(
a
t
o

c
i
r
t
h
p
t
e

t
h
r
(
n
A
S
a
s
o
i
c
m
e
s

2

2

c
k
p
m
i

2

p
u
o
F
P
v
p
s
t
c

e
t

t
c
n
0
b
t
t
w
b
a
i
h
±

e
v
d

2

o
t
a
s
o

m
o
n
I
f
4
m
t
e
e
A
P
n
p
c
d
i

2

e
S

046 D. Alfano et al. / Journal of the Europ

s a “catalyst” for recombination processes of atomic species
nitrogen and specially oxygen) to form molecular ones (O2,

2, and NO). Since recombination processes are exothermic
498 kJ released per mole of O2 formed, 945 kJ per mole of N2,
nd 415 kJ per mole of NO),31,32 part of the released energy is
ransferred to the surface of TPSs with the consequent increasing
f their temperature.33–37

Therefore, high emissivity (above 0.7) and low surface
atalycity (recombination coefficient’s values below 0.1) greatly
mprove the material performance in re-entry conditions, by
educing temperature gradients and thermal stresses in the struc-
ure, thus enabling the re-entry vehicle to operate under higher
eat flux conditions. A reliable experimental evaluation of these
arameters is required to feed aero-convective heating compu-
ations that, in absence of experimental data, have to rely on
xtremely conservative theoretical values.

In this paper, the results of an in-depth experimental inves-
igation into the efficiency of a SiC-coated C/SiC CMC for
eat radiation and for the recombination of atomic oxygen are
eported. The study is focused on a high temperature regime
from 600 to 1600 ◦C) that was achieved using the solar fur-
aces, associated facilities Moyen d’Essai et de DIagnostic en
mbiance Spatiale Extrême (MEDIASE) and Moyen d’Essai
olaire d’Oxydation (MESOX) and measurement methods
vailable at PROMES-CNRS laboratory in France. Total hemi-
pherical emissivity and recombination coefficient for atomic
xygen were characterized in the range 600–1600 ◦C. Support-
ve micro-structural analyses based upon XRD and SEM were
arried out in order to correlate the obtained results to the surface
odifications occurring in the material during high temperature

xposure. The C/SiC tested is produced by MT-Aerospace and
pecifically designed for TPS applications.28,38–40

. Material and experimental procedures

.1. Material

The material tested is a SiC-coated two-dimensional C/SiC
eramic matrix composite, produced by MT-Aerospace and mar-
eted under the name Keraman®. The C/SiC is produced by
olymer vapour infiltration (PVI) using carbon fibres with fila-
ent diameter of 7 �m. The SiC coating is applied by CVD and

s characterized by an average thickness of 60–80 �m.

.2. Emissivity measurement method

Total hemispherical emissivity ε∩(T) as a function of tem-
erature T has been measured in the range 700–1600 ◦C
sing a direct method41 with the MEDIASE set-up devel-
ped at PROMES-CNRS laboratory42–44 under the Solar
acilities for Europe (SOLFACE) program (6th Framework
rogram—European Community). Although the temperature
alues reached by different parts of a TPS during the re-entry

hase in Earth’s atmosphere depends on the geometry of the
pacecraft and on the specific re-entry trajectory, the chosen
emperature range (700–1600 ◦C) to perform emissivity and
atalycity measurements is relevant to describe the typical re-
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ntry conditions of a blunt-body winged re-entry vehicle (e.g.
he Space Shuttle or the X-38 vehicle).25,45,46

In our experiments the specimen, characterized by a diame-
er of 40 mm and by a thickness equal to 2 mm, was heated by
oncentrated solar energy at the focus of the 1 MW solar fur-
ace. On the back face of the sample, total (wavelength range
.6–40 �m) and spectral (wavelength 5 �m) directional (0–80◦
y 10◦ step) radiance were measured by mean of a moving
hree-mirrors goniometer that collects the radiation emitted from
he sample at different angles. The total directional radiance
as measured with a radiometer calibrated against a reference
lackbody. Each emissivity experiment has been carried out in
ir at 4 and 200 Pa obtaining the total hemispherical emissiv-
ty values by integration of directional emissivity ones. Every
emispherical emissivity value is characterized by accuracy of
5%.
Further details about the facilities used to measure directional

missivity and the method to obtain hemispherical emissivity
alues starting from the directional radiance ones are widely
escribed elsewhere.41–44

.3. Catalycity measurement method

The catalytic efficiency of the material for the recombination
f atomic oxygen was studied by means of a direct method for
he measurement of the recombination coefficient γo, defined
s the ratio of the flux of atomic oxygen that recombines on the
urface to that of the total atomic oxygen impinging the surface
f the sample.

The atomic oxygen recombination coefficient γo was deter-
ined by measuring the concentration gradient of atomic

xygen in proximity of the sample surface by means of acti-
ometry and optical emission spectroscopy (OES) techniques.
n any case more and wide information about the method and the
acilities used to evaluate the γo coefficient are reported in Refs.
7–49. In order to use the monochromatic optical pyrometer to
easure the sample temperature during catalycity experiments,

he normal spectral (5 �m) emissivity was recorded during the
missivity tests. On the basis of these results, a constant normal
missivity of 0.90 at 5 �m was chosen for each tested sample.
ll tests have been carried out in MESOX set-up (developed at
ROMES-CNRS) on discs 25 mm in diameter and 2 mm thick-
ess in the range of temperature 500–1530 ◦C, and at total air
ressure of 200 Pa. The concentration of atomic oxygen in the
onditions of the measurements is about 1022 atoms m−3 and the
egree of dissociation is 80%.50 Each recombination coefficient
s characterized by an accuracy of ±30%.

.4. Micro-structure characterization methods

The sections of all specimens were examined by scanning
lectron microscopy (SEM) using a Oxford Instrument Leica
440. Samples for SEM observations were prepared using

rgon plasma sputtering with gold electrode to obtain a sam-
le covered with a 50 Å gold layer. The measurements were
erformed in high vacuum (10−4 Pa). The cross-sections were
btained by cutting the discs along their diameter using a HER-
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Table 1
Values of total hemispherical emissivity measured at 4 and 200 Pa on CVD
SiC-coated C/SiC.

Total pressure
(Pa)

Temperature
(◦C)

Total hemispherical
emissivity (ε∩) (0.6–40 �m)

200

746 ± 8 0.57 ± 0.03
947 ± 10 0.71 ± 0.04

1118 ± 12 0.73 ± 0.04
1354 ± 14 0.73 ± 0.04
1422 ± 15 0.72 ± 0.04
1624 ± 17 0.74 ± 0.04

4

841 ± 8 0.59 ± 0.03
947 ± 10 0.69 ± 0.03

1144 ± 12 0.71 ± 0.04
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1347 ± 14 0.72 ± 0.04
1441 ± 15 0.70 ± 0.03

ON MT60 diamond cutting machine tool with diamond wheel
.2 cm thick.

X-ray diffraction (XRD) investigations were performed on
amples tested with MEDIASE and MESOX facilities. X-ray
iffraction patterns (2θ = 10–60◦) were obtained with nickel-
ltered CuK� radiation with an automatic Bruker diffractometer.

. Experimental results

.1. Emissivity measurements

Total hemispherical emissivity values measured at 4 and
00 Pa are listed in Table 1 and plotted in Fig. 1. In the examined
emperature range, there is no significant difference between the
missivity values measured at 4 and at 200 Pa (the observed dif-
erences lie in the experimental uncertainty). In both cases the
missivity values show a similar trend increasing from ∼0.6 to
0.7 in the temperature range 750–1000 ◦C then staying almost

onstant in the temperature range 1000–1600 ◦C with an average
alue of about 0.7. The sample tested in the MEDIASE set-up

xhibits the formation on its surface of a protective scale of sil-
ca detected by X-ray diffraction analyses (Fig. 2). In the XRD
attern shown in Fig. 2, the peak of �-SiC at 35.8◦ and the peak
t 26.2◦ related to the reflection [1 0 1] of quartz are evident.

ig. 1. Total hemispherical emissivity values of CVD SiC-coated C/SiC samples
easured at 4 Pa (triangles) and at 200 Pa (squares).
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ig. 2. X-ray diffraction patterns of the CVD SiC-coated C/SiC sample after
he emissivity measurement performed with the MEDIASE facility.

his protective layer is not thermodynamically stable: actually,
he partial pressures of both gaseous SiO2 and SiO are not neg-
igible and indeed comparable in these experimental conditions.
n fact, as theoretically demonstrated by means of the volatility
iagrams of �-SiC reported in Ref. 10, at 1500 ◦C and at total air
ressure of 200 Pa silicon carbide exhibits active oxidation. This
esult is confirmed by experimental data obtained by tests per-
ormed under standard air on C/SiC composites with a coating
f �-SiC deposited by chemical vapour deposition: at 200 Pa the
hreshold temperature for the transition passive/active oxidation
f CVDed samples is 1600–1700 ◦C.14,15

Considering the experimental conditions reached during the
missivity experiments, the oxidation process of the SiC coating
alls on the boundary line between active and passive oxidation
ith the consequential ablation of the sample surface due to the

oss of silicon as SiO2 and SiO. The degradation of the sample
urface is evident by comparing the optical pictures of two sam-
les heated up to 1600 ◦C at 4 and 200 Pa to the picture of the
ristine one (Fig. 3). The quite strong evaporation–condensation
f SiO2 is also confirmed by the appearance after the test of a
hin layer of white powder on the surface of the sample holder of
he MEDIASE set-up (Fig. 4) probably due to the condensation
rocess of silica vapours on the cold surface of the sample holder
Fig. 4b). The surface ablation becomes more evident when at
500 ◦C the pressure decreases at 4 Pa (Fig. 3c) because the par-
ial pressure of SiO becomes slightly higher than that of SiO2.
n these experimental conditions the complete transition from
assive behaviour to active oxidation occurs.13–15

Cross-section SEM images of the pristine and tested sample
re compared in Fig. 5: after oxidation at 1600 ◦C the sample
ontinues to show a relatively compact coating with the thickness
f about 40–50 �m which, however, is formed by unoxidized
iC and glass silica as demonstrated by the X-ray diffraction
attern carried out after the emissivity test and shown in Fig. 2.

The average hemispherical emissivity value of about 0.7 mea-
ured in the temperature range 1000–1600 ◦C is in line with
ata retrieved on silica-covered surfaces on different ceramic

aterials,51,52 confirming that the radiative behaviour of the
iC-coated C/SiCs is mainly dictated by the surface glassy oxide
cale.
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ig. 3. Pictures of the emitting surface of the sample CVD SiC-coated C/SiC
emperature from 600 ◦C up to about 1600 ◦C at air pressure of 200 and 4 Pa, re

.2. Catalycity measurements

Two identical C/SiC specimens (labelled as A and B) were
ested in MESOX facilities in order to measure the recombina-
ion coefficient for atomic oxygen (γo). In Fig. 6 the logarithm
f γo for the two samples respect the reciprocal of the abso-
ute temperature is plotted in accordance with the well-known

rrhenius equation53:

o = A exp

(−Ea

RT

)
(1)

t
v
p
1

ig. 4. (a) Sample of CVD SiC-coated C/SiC in the sample holder of the MEDIASE
easurement.
fore and (b) and (c) after the emissivity experiment carried out increasing the
ively.

here A is the pre-exponential coefficient, Ea the activation
nergy of the oxygen recombination process, R the universal
as constant, and T is the absolute temperature.

Both samples conform approximately to the Arrhenius law
hat predicts a linear behaviour in the examined temperature
ange. The Arrhenius parameters (A and Ea) used to fit by Eq.
1) and the values of γo measured at the maximum tempera-

ure reached during the tests are summarized in Table 2. The
alues of γo coefficients exponentially increase with the tem-
erature starting from about 0.001 at 527 ◦C to about 0.07 at
527 ◦C. Differences between the values of γo coefficients for

facility before testing and (b) detail of the sample holder after the emissivity



D. Alfano et al. / Journal of the European Ceramic Society 29 (2009) 2045–2051 2049

Fig. 5. Cross-section SEM micrographs of (a) pristine sample and (b) after emissivity measurement performed at about 1600 ◦C and 200 Pa.
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Fig. 7. Pictures of the surface of two CVD SiC-coated C/SiC specimens obtained
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ig. 6. Evolution of the recombination coefficient for atomic oxygen versus
eciprocal absolute temperature for the two CVD SiC-coated C/SiC samples A
nd B. Both the measurements were performed at 200 Pa of total air pressure.

he two sets of measurements are evident with particular ref-
rence to low temperatures. This behaviour could be explained
onsidering that each sample tested has a different surface rough-
ess which strongly depends on the manufacturing process. For
xample, in Fig. 7 the pictures of the two samples manufactured
y PVI and employed to perform emissivity tests are shown:
he different roughness structure of the two samples is evident
y the simple macroscopic and optical examination. In any case
he comparable values of the slope of the fitting curves should
eem to confirm the reproducibility of the catalycity experiments
y means of them the activation energy for the atomic oxygen
ecombination process of C/SiC has been estimated equal to

bout 35 kJ/mol.

In Fig. 8 the cross-section SEM images of the samples A and
after catalycity test are displayed. The surface of the spec-

mens are characterized by a compact and uniform layer with

m
o
o
m

able 2
arameters of the Arrhenius type expression (Eq. (1)) used to fit the measured recom
527 ◦C related to the two tested samples of CVD SiC-coated C/SiC.

ample Pre-exponential coefficient (A) Ea/R (K) Correlation coef

0.436 4.251 0.913
0.792 4.075 0.907
y physical vapour infiltration and employed to perform emissivity tests with
he MEDIASE facility.

hickness of 25–35 �m that is slightly thinner than the SiC coat-
ng of the pristine sample (Fig. 5a). This layer is formed by not
xidized SiC mixed with a glass silica layer as confirmed by
-ray diffraction patterns which were performed on the sam-
les A and B and are not shown here because are equivalent
o the pattern displayed in Fig. 2. In any case the experimen-
al catalycity conditions activate on the two samples A and B
he net weight loss that has never been more than 0.6 wt%. The
xperimental conditions applied during the catalycity measure-

ents lie on the boundary line between the active and passive

xidation process.14,15 Then the plasma flux actives the passive
xidation process of the C/SiC samples associated with the for-
ation of a silica glassy oxide scale, and, at the same time, the

bination coefficients (γo) plotted on Fig. 2, and mean measured values of γo at

ficient Activation energy (kJ/mol) Mean γo measured at 1527 ◦C

35.3 0.0368
33.9 0.0744
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Fig. 8. Cross-section SEM micrographs of the sample

artial ablation of the samples that is due to the loss of silicon
s SiO2 and SiO. Coherently with the micro-structural results,
t higher temperature (about 1500 ◦C) the values of γo reported
n this work are comparable to recombination coefficients for
xygen atoms measured for �-cristobalite.47,48

. Conclusions

In this paper the total hemispherical emissivity and the
ecombination coefficient of atomic oxygen on the surface of
iC-coated C/SiC composite are presented. The emissivity tests,
onducted using the MEDIASE facility, have highlighted that
cross the temperature range 600–1600 ◦C and both at 4 than
00 Pa the material displays a high emissivity with an aver-
ge value of about 0.7. This value is in line with data retrieved
n silica-covered surfaces on different ceramic materials, con-
rming that the radiative behaviour of the SiC-coated C/SiCs is
ainly dictated by the surface glassy oxide scale.
The catalycity evaluation performed using the MESOX

acility have on the other hand shown a low oxygen recom-
ination coefficient at high temperature (about 0.07 at 1500 ◦C).
ests performed on two samples have also shown the strong
ependence of the recombination coefficient on the surface mor-
hology, which may slightly vary from sample to sample due
o manufacturing issues: samples of the same production batch
ave indeed shown different values of the recombination coeffi-
ient while having the same overall catalycity trend. In any case
he results obtained allow the use in computations of a recom-
ination coefficient value of 0.1 for temperature up to 1500 ◦C
as a good compromise between the fully catalytic case with
= 1 and the maximum measured value of about 0.07). The low

atalycity exhibited by the investigated C/SiC further confirms
ts suitability for the intended application in the manufacturing
f hot structures for re-entry vehicles.

Micro-structural investigations conducted on the tested sam-
les have allowed to confirm that the oxidation of C/SiC lies

n the boundary line between the active and passive mechanism
t the higher temperature level correlated to the formation of a
ilica-based glassy layer and the contemporaneous little mass
oss.

1

1

and (b) B after the catalycity test performed at 200 Pa.
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