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OXIDATION AT HIGH TEMPERATURE IN AIR PLASMA FOR THE TPS OF IXV -PASSIVE/ACTIVE TRANSITION AND TEMPERATURE JUMP

This paper reports the experimental results of oxidation studies for the determination of the transition between passive and active oxidation of two silicon carbidebased materials produced by Herakles-Safran (France) and MT Aerospace (Germany). The transition between active and passive oxidation is determined for both materials using two different plasma facilities -a low enthalpy one and a high enthalpy one -and the experimental results lead to the same transition law. Characterization by SEM of the oxidized samples (surface and cross-section) is shown. Mass loss rates in active oxidation conditions are reported for both Herakles and MT Aerospace materials. Moreover, samples exposed to heat fluxes exceeding 1.2 MW/m 2 and low pressures show a spontaneous jump at surface temperature near 2100 K, rapidly leading to temperatures above 2400 K. Under these conditions, the SiC coating at the sample surface is entirely eroded and the bare carbon fibers of the substrate are left exposed to the incoming flow. The temperature jump phenomenon is described by means of infrared temperature measurements and real time visible recordings of the surface. Space-and time-resolved optical emission spectroscopy and SEM analysis of the samples are used to discuss and explain the chemical processes occurring at the surface.

INTRODUCTION

The material used for the hottest parts of the Intermediate eXperimental Vehicle (IXV) is based on silicon carbide. The IXV Thermal Protection System (TPS) is composed of a C/SiC nose, C/SiC shingles on the windward area and ablative materials on the leeward. The control of the vehicle during re-entry is made using C/SiC flaps. Taking into account the heat flux, wall temperature and total air pressure data calculated by the European Space Agency (ESA) for the IXV trajectory, several points were identified on the surface of the vehicle as critical because of a period of a few seconds in the active oxidation zone. The hottest parts are localized on the nose, front part of the windward and on the flaps. The temperature values are derived from fully catalytic radiative equilibrium wall calculations for a total hemispherical emissivity of 0.85 for the surface material. SiC is oxidized according to two regimes, mainly depending on the oxygen partial pressure and temperature. During passive oxidation (Eqs. 1 and 2)often at low temperature and high partial pressure of oxygen -a silica layer is formed on the surface of SiC and this layer is protective slowing down the oxidation process (passivation):

SiC (s) + 2 O 2(g) = SiO 2(s) + CO 2(g) (1) SiC (s) + 3/2 O 2(g) = SiO 2(s) + CO (g) (2) During active oxidation (Eq. 3) -often at high temperature and low partial pressure of oxygengaseous SiO is produced and consequently, no passive layer is formed and significant mass loss can be observed:

SiC (s) + O 2(g) = SiO (g) + CO (g) (3) Previous studies [START_REF] Balat | Determination of the active-to-passive transition in the oxidation of silicon carbide in standard and microwave-excited air[END_REF][START_REF] Rosner | High temperature kinetics of the oxidation and nitridation of pyrolytic silicon carbide in dissociated gases[END_REF][START_REF] Vaughn | Active-to-passive transition in the oxidation of silicon carbide and silicon nitride in air[END_REF][START_REF] Sekigawa | Endurance test of oxidation-resistant CVD-SiC coating on C/C composites for space vehicle[END_REF][START_REF] Ogasawara | Thermal response and oxidation of Tyranno-fiberreinforced Si-Ti-C-O matrix composites for a TPS in high-enthalpy dissociated air[END_REF][START_REF] Jacobson | Oxidation transitions for SiC. Part 1: active-to-passive transition[END_REF] gave theoretical and/or experimental transitions between passive and active oxidation, depending on total pressure, oxygen partial pressure and temperature. The huge discrepancy between the results can be explained by the difference in the parameters taken for the study (total and partial pressures, gas flow rates…) and also by the nature of the gaseous atmosphere surrounding the sample: standard, dissociated in low or high enthalpy facilities.

FACILITIES USED: MESOX AND PLASMATRON

The MESOX -Moyen d'Essai Solaire d'OXydationfacility used in this study is described in details elsewhere [START_REF] Balat | Determination of the active-to-passive transition in the oxidation of silicon carbide in standard and microwave-excited air[END_REF], only its main features are outlined here. The sample (25 mm diameter and 2 mm thickness) is placed in a plasma reactor consisting of a quartz tube, 50 cm in length and 5 cm in diameter, equipped with a CaF 2 viewport at its top. A regulator, a gauge and a vacuum pump allow the precise control of the total pressure during experiments. The airflow is fixed at 4 l/h (1.4 mg/s) and is coming from to the top of the reactor and then pumped down. The air plasma is generated by a 300 W microwave discharge surrounding the sample leading to a degree of dissociation of nearly 70% for oxygen, nitrogen being not dissociated [START_REF] Balat-Pichelin | Neutral oxygen atom density in the MESOX air plasma solar furnace facility[END_REF]. The sample is placed on a sample-holder at the centre of the plasma discharge. The reactor is positioned in way to allow a sample positioning at 25 mm above the theoretical focus of the solar furnace equipped with a variable opening shutter in order to have a homogeneous temperature on 10-12 mm in the center of the sample. The available incident concentrated solar flux can reach 5 MW/m 2 . The temperature measurement is performed using a monochromatic optical pyrometer and to convert measured radiation into temperature, for the C/SiC material, we chose a normal spectral emissivity of 0.90. The testing conditions offered by this reactor allow reproducing a chemical boundary layer that is the main focus of the gas-surface interaction phenomena. Moreover, this set-up allows the independence of the chemical and thermal conditions, i.e. the plasma can be kept constant (300 W, 4 l/h air flow) and the temperature of the sample can be increased independently using the concentrated solar radiation by the progressive opening of the shutter. Finally, it is equipped with detailed measurements (video, optical emission spectroscopy) that give access to a quite complete characterization for TPS testing. The present research was also carried out at the 1.2 MW Plasmatron facility at VKI. It is a high enthalpy, subsonic wind tunnel that generates plasma by electromagnetic induction, at sub-atmospheric pressure [START_REF] Chazot | Simulation methodology in Plasmatron facility and hypersonic wind tunnels[END_REF][START_REF] Chazot | TPS ground testing in plasma wind tunnel for catalytic properties determination[END_REF]. The Plasmatron allows the in-ground simulation of the chemically reacting boundary layer around a reentry body [START_REF] Kolesnikov | Condition of simulation of stagnation point heat transfer from high enthalpy flow[END_REF][START_REF] Barbante | Flight extrapolation of plasma wind tunnel of stagnation region flowfield[END_REF]. Its long test time (up to hours uninterruptedly) and high purity flow make it an ideal set-up for material thermochemistry testing and studies of gas/surface interactions. Displacement mechanisms mounted on a 1.4 m diameter water-cooled test chamber allow moving the test models into or out of the flow. Optical accesses equip the system for non-invasive measurements. A 50 mm diameter copper water-cooled probe, mounting a copper calorimeter in the center of the front face, is used for the calibration of plasma flow conditions. Both the probe and calorimeter have copper surfaces which are highly catalytic to nitrogen and oxygen atoms recombination. A water-cooled Pitot probe is used to perform stagnation pressure measurements. A pyrometer records the front surface temperature of the sample. It measures over two overlapping wavelengths around 1 µm. Measurements of erosion products from the material surface are performed by means of temporally-and spatiallyresolved optical emission spectroscopy in front of the test model. Volatilization of SiO during active oxidation tests is expected to occur according to the reaction mechanism [START_REF] Vaughn | Active-to-passive transition in the oxidation of silicon carbide and silicon nitride in air[END_REF]. We take into account only the formation of CO instead of CO 2 as the reaction occurs at high temperature where the CO formation is favored. Excited Si atoms, likely to be formed as SiO is transported to the high temperature boundary layer, radiate strongly in the UV-range and can be detected using the available three Ocean Optics HR4000 spectrometers.

TPS MATERIALS STUDIED

Two Ceramic Matrix Composites (CMC) based on a carbon preform and a matrix of silicon carbide have been investigated in this study. Both have a β-SiC coating to increase the protection from high temperature oxidation (Fig. 1). In passive conditions, there is a thin silica layer on the oxidized samples (Fig. 2a) compared to the reference sample, also proved by the light blue color on the edges of the samples. For sample HER I (Fig. 2b), the silicon carbide layer is broken and in the hole, the carbon fibers are clearly visible. Atomic oxygen is highly reactive with carbon at these temperature levels and the mass loss rate increases a lot under these conditions. The obtained transition, taking into account that the temperature measurement carried out on the MESOX facility using the optical pyrometer working at 5 µm was done with a value of 0.9 for the spectral normal emissivity, led to the following expression: p O2 (HER) = 10 15 exp (-55850/T) with a correlation factor of 0.99994 with the oxygen partial pressure p O2 expressed in Pa and T in K. This transition is very close to the one previously obtained by Balat [START_REF] Balat | Determination of the active-to-passive transition in the oxidation of silicon carbide in standard and microwave-excited air[END_REF] for nearly the same material (reported in blue in Fig. 3); the difference between the two curves of around 20 to 30 K is due to a different value chosen for the spectral normal emissivity (0.87) in the past study. However, the activation energy of the process is the same and is equal to almost 465 kJ/mol. 

Bubbles formation in active oxidation conditions

Figure 6 shows the photos of some samples after oxidation and the still images from video recordings of the in situ oxidation process acquired through the quartz tube and the hole performed in the side face of the wave guide, in the MESOX set-up. Around the melting point of silica (2000 K), the presence of silica bubbles is clearly visible on the video captures in Fig. 6 (white bubbles on the upper surfaces).

The CO partial pressure at the silica/SiC interface being higher than the surface pressure, bubbles are formed and some of them exploded leading to some traces visible on the photos of the samples after oxidation. The samples that present bubbles on their surfaces are classified in active oxidation conditions as the remaining oxide layer is no more protective and passivating as some holes are present on the surface leading to an access for atomic oxygen for further oxidation.

Mass loss rates in active oxidation conditions

In order to have a better control on the mass loss rate in active oxidation, complementary experiments were performed in the MESOX facility at a total pressure of 5000 Pa on smaller samples of 15 mm x 15 mm size that allowed an homogeneous temperature on their whole surface. Figure 7 reports the results obtained for HER (black diamonds) and MTA (open dots) samples. About the mass loss rate results, one can see, except for some points, that the trend is the same for HER and MTA samples with a significant increase of the mass loss rate above 2000 K (melting of SiO 2 as confirmed by the images of the video captures in Fig. 6) followed by a plateau up to almost 2150 K (main vaporization of SiO and CO) and then a huge increase again from 2150 K (beginning of SiC sublimation in gaseous Si and Si 2 C) with maximum mass loss rates of nearly 20 mg cm -2 min -1 at around 2300 K. This trend is in agreement with the thermodynamic calculations where the onset of SiC sublimation is calculated to be around 2100 K. In Fig. 8, the β-SiC layer on the HER reference sample before test is clearly visible with a mean thickness of around 80 µm (Fig. 8a). Cracks are present but their widths are very small. In passive oxidation conditions such as for sample HER G (1922 K, 2000 Pa, Fig. 8b), the SiC coating layer is not affected and presents nearly the same thickness as for the reference sample. The presence of a very thin silica layer is confirmed by XPS analyses. For samples submitted to active oxidation conditions but at temperature lower than 2100 K, the formation of silicon monoxide and carbon monoxide are the main reactions leading to a rapid damage of the SiC coating with large holes showing the substrate carbon fiber structure like for HER I (2006 K, 2000 Pa, Fig. 8c). Around 2100 K, even at 5000 and 2000 Pa, the main reaction is the sublimation of SiC leading to the formation of Si and in lesser extent Si 2 C as predicted by thermodynamics calculations. These reactions can explain why the SiC coating layer is still present, but it is affected by large cracks that allow oxygen to pass through and to react with carbon fibers leading to a more porous substructure and an important mass loss rate (HER 6, 2096 K, 2000 Pa, Fig. 8d). Same analyses and conclusions can be done for the MTA samples. 

CHARACTERIZATION OF THE TEMPERATURE JUMP

Studies on the oxidation transition of silicon carbidebased materials, conducted in high enthalpy plasma facilities, led many authors to observe spontaneous jumps in surface temperature, of the order of hundreds of degrees, during exposure of the samples to high heat flux, low pressure, dissociated flows. The phenomenon was firstly observed during arc-jet experiments of C/SiC samples at temperatures up to 2120 K [START_REF] Lacombe | Investigation of C/SiC breaking point under arc-jet environment at NASA-JSC[END_REF]. Hald discussed temperature jumps on similar CMC materials and suggested an explanation based on exothermic catalytic reactions of gaseous silicon with atomic nitrogen, which would raise the temperature of the boundary layer and hence the convective component of heating to the surface [START_REF] Hald | Operational limits for reusable space transportation systems due to physical boundaries of C/SiC materials[END_REF]. The phenomenon was observed by Herdrich et al. [START_REF] Herdrich | Oxidation behavior of silicon carbide-based materials by using new probe techniques[END_REF] and Laux et al. [START_REF] Laux | Oxidation behavior of sintered silicon carbide in various plasma wind tunnels[END_REF] both in inductively heated and arc-jet facilities, during The same protocol as the one followed before for the determination of the transition was followed. The Plasmatron tests are performed under standard air plasma (79% N 2 and 21% O 2 ) at a mass flow of 16 g/s.

The plasma conditions are adjusted based on the twocolor pyrometer reading. Once the specified static pressure values are reached by air by-pass and vacuum pumps regulation, the sample is swung into the plasma stream at low heat flux and the power is progressively increased to obtain the target temperature value. A constant temperature is then maintained for a total steady-state time of 600 s. For some tests, this is shortened in order to avoid damages to the set-up or to prevent the complete destruction of the sample.

Description of the temperature jump phenomenon

Figure 9 shows the temperature measured during the cases that present the temperature jump phenomenon. For both materials, the temperature history measured during a jump test is compared with that in passive and active regime, at the same static pressure, tests of HER samples at 2000 Pa and test of MTA samples at 5000 Pa. Test HER 17 represents a well suited case to illustrate the evolution of the surface. A sintered SiC cover is used to hold the sample. The insertion of the test model into the flow at 1.3 MW/m 2 heat flux leads to a natural rise of the surface temperature, stabilizing to a plateau of 2095 K after approximately 40 s. Differently from tests in passive and active oxidation, where a steady state is reached and maintained constant throughout the test, a temperature plateau is measured only until 120 s, when a sudden jump of ~400 K leads to a surface temperature near 2500 K. Power, pressure, and mass flow (i.e. total enthalpy and total pressure) are maintained constant throughout the test, hence the phenomenon results as spontaneous process at constant freestream conditions. 

Microscale morphology and surface chemistry

The information obtained by visual imaging of the surface is confirmed at microscopic scale by SEM analysis, shown in Figs. 10 and11. Micro-cracks are present on the pristine β-SiC layer (Figs. 10a and11a). Microscopic analyses of the material cross-section show that the cracks can extend through the whole coating thickness, nevertheless their width never exceeds 5 µm. The morphology of the cracks and the coating itself are not seen to be affected by exposure to passive oxidation conditions (Figs. 10b and11b). Within the investigated pressure range, passive oxidation occurs at surface temperatures below 2000 K. Under passive oxidation condition, a uniform silica scale is formed constituting a protective barrier for the surface from the incoming reactants. After the passive/active oxidation transition, increasing temperatures promotes the decomposition and volatilization of SiO 2 into SiO and Si. High evaporation rates would eventually lead to its depletion, hence to the onset of active oxidation conditions, where the β-SiC coating is progressively consumed by oxygen reactants. This condition is revealed by Figs. 10c and11c where, despite some traces of SiO 2 being still present, several damages and holes in the SiC layer are observed. During the temperature jump experiments, the samples are injected into the flow at very high enthalpies and a very steep temperature rise is experienced upon insertion. The surface temperature reaches values above 2000 K in less than 30-40 s. The progression of silica formation/evaporation interests only the first 20 s and represents therefore a minor contribution to the chemical history of the surface, while active oxidation starts soon after the injection into the flow. Under this condition, the silicon carbide reacts with oxygen atoms, producing mainly SiO and CO. The higher the incoming flux the higher the rate of consumption of the β-SiC layer. Thermodynamic calculations have shown that, if temperatures exceed 2100 K (jump temperature), sublimation of SiC into Si and in lesser extent into Si 2 C largely contributes to the chemistry of the surface. Active oxidation processes continue at the interstices between the fibers, occupied by the SiC matrix filler used to densify the carbon preform.

It is also remarked that the jump process starts at the edges of the probe, where indeed the heat flux is higher due to the turning of the streamlines and the thinning of the boundary layer and where the SiC coating is thinner, hence more quickly consumed.

Optical emission spectroscopy results

Temporally-resolved spectral profiles within the 240-290 nm band are compared in Fig. 12 where oxidation and nitridation reactions occur. These further increase the temperature accelerating the rate of volatilization of SiC. Once the coating is completely eroded, that is once the observed temperature front has covered the whole surface, the substrate preform is directly exposed to the incoming plasma and carbon oxidation and nitridation become the leading reaction mechanisms. Beside those primary effects, further contributions to the convective heating might come for exothermic processes in gas phase in the vicinity of the surface, like reactions of the sublimated silicon with nitrogen radicals, or O and N atom recombination.

CONCLUSION

Air plasma experiments of C/SiC heat shield materials from Herakles and MT Aerospace were performed in the MESOX facility of PROMES-CNRS laboratory (France) and in the high enthalpy Plasmatron facility at VKI (Belgium) to study their response to high temperatures experienced during IXV re-entry trajectory conditions. The transition between passive and active oxidation regimes was determined on both facilities and materials, and an agreement was found for the results obtained on both facilities and on both materials. SEM micrographs of the surface and of the cross-section of the samples were carried out in order to plot and confirm the transition limit that was finally defined by the following law: p O2 (Pa) = 10 15 exp (-56000/T) with the oxygen partial pressure p O2 expressed in Pa and T in K.

The transition obtained experimentally at PROMES-CNRS and at VKI is the same for the CMC samples from Herakles and MT Aerospace, which is not surprising as the composition is very similar and both have a β-SiC coating on the top surface. About the mass loss rates in active oxidation conditions, the trend is the same for Herakles and MT Aerospace samples with a huge increase of the mass loss rate above 2000 K (melting point of SiO 2 ) followed by a plateau up to 2150 K (main vaporization of SiO and CO) and then a huge increase again (SiC sublimation in Si and Si 2 C) with maximum mass loss rates of nearly 20 mg cm -2 min -1 at around 2300 K. This trend is in agreement with the thermodynamic calculation. Air experiments were performed in low pressure plasma flows at temperatures above 1900 K. These tests aimed to simulate enthalpy levels experienced by the IXV TPS material during hypersonic reentry, and to exceed nominal heat flux conditions. A sudden and spontaneous surface temperature increase of several hundred degrees, at constant freestream condition, was observed under different operating conditions. The phenomenon occurred at wall temperatures near 2100 K. A mass loss exceeding 30% of the initial values was found, one order of magnitude higher than that experienced by the material under active oxidation regime. A strong reduction in thickness and a deep erosion of the surface were also observed, consistent with a strong increase in Si radiation detected by optical emission spectroscopy close to the surface. The jump is explained with augmented surface chemistry characterized by sublimation of SiC around 2100 K and onset of O and N reactions with the carbon substrate, leading to a quick and complete erosion of the superficial β-SiC coating and to the exposure of the carbon fibers to the incoming plasma.
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 141 Figure 1. SEM images of the surface of the materials before test (reference): (a) HER and (b) MTA4. EXPERIMENTAL RESULTS4.1. Results for the CMC from Herakles (HER)Oxidation tests on HER material were carried out in the MESOX facility on 24 samples and in the Plasmatron on 16 samples. The sample is put in the air plasma then the temperature increases up to a plateau where a steady-state is maintained during 600 s then the heat
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 2 shows clearly the difference between passive and active oxidation for (a) HER G at 1922 K and (b) HER I at 2006 K for 2000 Pa.
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 2 Figure 2. SEM images of HER samples:(a) G passive, 1922 K and (b) I active, 2006 K at 2000 Pa The transition is reported in Fig. 3 together with the points representing the several experiments, with green diamonds for samples under passive oxidation and red diamonds for the active ones (plain dots for MESOX experiments and open dots for Plasmatron ones).
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 3 Figure 3. Experimental points (filled diamonds for MESOX and empty diamonds for Plasmatron) and transition line determined for HER samples on both facilities. Green dots are for passive oxidation and red dots for active oxidation.
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 2 Results for the CMC from MT Aerospace (MTA)Oxidation tests on MTA material were carried out on 27 samples in the MESOX facility and on 11 samples in the Plasmatron with the same protocol as for HER samples. The classification in passive conditions is determined by a relative mass loss lower than ≈ 0.3 % and by a mass loss rate lower than 0.3 mg cm -2 min -1 . As before, the confirmation is obtained through the SEM images performed on the surface of the samples. The transition was found for 200 Pa air total pressure between 1776 and 1822 K, for 500 Pa between 1841 and 1906 K, for 2000 Pa between 1927 and 1957 K and for 5000 Pa between 2008 and 2052 K.

  (a) MTA 7 (b) MTA 20
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 4 Figure 4. SEM images of MTA samples:(a) 7 passive, 1927 K and (b) 20 active, 1957 K at 2000 Pa Figure 4 shows the difference between passive and active oxidation for (a) MTA 7 at 1927 K and (b) MTA 20 at 1957 K for 2000 Pa. In passive conditions, there is a thin silica layer on the oxidized sample (Fig. 4a) compared to the reference one. For sample MTA 20 (Fig. 4b), the silicon carbide layer is broken and absent in several parts, the carbon fibers being clearly visible. As for the Herakles ones, the samples present very colored surfaces for the ones under passive oxidation from blue to light brown according to the thickness of the silica layer and light grey ones for the samples under active oxidation conditions. The determined transition is reported in Fig. 5 together with the points representing the several experiments with light green dots for samples under passive oxidation and orange dots for the active ones (plain dots for MESOX experiments and open dots for Plasmatron
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 5 Figure 5. Experimental points (filled dots for MESOX and empty dots for Plasmatron) and transition line determined for HER samples on both facilities. Light green dots are for passive oxidation and orange dots for active oxidation.
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 96 Figure 6. Photos of the samples after oxidation and captures from video during oxidation in air plasma at 2000 Pa. On the upper surface of the samples (side view) bubbles are clearly visible (in white).
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 7 Figure 7. Mass loss rate versus temperature for HER and MTA samples (15 mm x15 mm) at 5000 Pa 4.5. SEM micrographs of the cross-section of oxidized samples and oxidation mechanisms Figure 8 presents the SEM micrographs of the crosssections of the HER samples oxidized in the MESOX facility at PROMES-CNRS. These images are in good agreement with the conclusions obtained for the determination of the active-passive transition and confirm the position of the transition line. These images can also be useful to explain the oxidation mechanisms that seem different according to the temperature levels.In Fig.8, the β-SiC layer on the HER reference sample before test is clearly visible with a mean thickness of around 80 µm (Fig.8a). Cracks are present but their widths are very small. In passive oxidation conditions such as for sample HER G (1922 K, 2000 Pa, Fig.8b), the SiC coating layer is not affected and presents nearly
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 8 Figure 8. Comparison of SEM cross-sections for HER samples: (a) reference and oxidized at 2000 Pa, (b) G at 1922 K, (c) I at 2006 K and (d) 6 at 2096 K.
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 9 Figure 9. Temperature jump time-histories during standard model testing: (a) HER, (b) MTA materials
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 1011 Figure 10. Micrographs of HER samples at 5000 Pa under different regimes

  for tests, MTA 5, 6 and 12 respectively under passive oxidation (1956 K), active oxidation (2119 K) and jump regime (2064 → 2542 K), at similar oxygen partial pressure (~1000 Pa). No Si emission is recorded for sample MTA 5, consistent with a stable silica scale that protects the SiC, formed under passive oxidation. For MTA 6, as temperature increases to steady state, we have a rise in Si emission, which then stabilizes to constant values throughout the whole length of the test. This case is representative of active oxidation of SiC at low rate producing Si gaseous products in the boundary layer. For the temperature jump case (MTA 12) an initial sharp increase in Si emission is observed, leading quickly to values well above active oxidation. An intensity peak is observed around 40 s after sample injection, followed by a successive attenuation and final steady emission from 55 s till the end of the run. This behavior is consistent to what is described in the previous section about the jump. Strong active oxidation starts soon after the sample injection into higher heat flux flow, with a lot of SiO produced into the gas phase. After ~2100 K the onset of SiC sublimation, producing Si and Si 2 C, would lead to a peak intensity in Si emission, which would then decrease as the β-SiC layer is completely eroded. The final constant phase in Si intensity represents constant rate active oxidation reaction at the SiC filler matrix that starts after the substrate is left exposed and continues to occur until the end of the run.

Figure 12 .

 12 Figure 12. Temporal emission spectra of Si erosion products for experiments on MTA samples at 5000 Pa, under different regimes, measured with the spectrometer at 2 mm ahead of the surface: (a) MTA 5, passive oxidation, (b) MTA 6, active oxidation and (c) MTA 12, temperature jump

  These two materials are implemented on the IXV vehicle for the nose, leading edges and flaps. The composite material used for the IXV nose is a CMC which commercial name is Sepcarbinox ® L6 (called HER after) provided by Herakles (Safran group, France). The L6 CMC material is made from a Guipex ® carbon fibre preform. SiC matrix densification is performed by Chemical Vapor Infiltration (CVI). The part is machined to its final geometry at an intermediate state of densification. A final CVI cycle is performed to achieve the requested density while at the same time ensuring that the SiC matrix is deposited on the entire surface, fibers included.

	The manufacture of MT Aerospace Keraman ® C/SiC
	ceramic composites (called MTA after) is realized by an
	improved near-net shaped lay-up technique of carbon
	fabric layers combined with an optimized SiC matrix
	infiltration via gradient CVI process. The process allows
	the fabrication of complex and integrally shaped CMC
	parts. A process is disclosed for producing a high
	temperature stable fiber composite ceramic by CVI with
	a silicon carbide precursor in a suitable carrier gas.
	The samples used in this study are cylinders with a
	diameter of 30 mm for Plasmatron experiments and 25
	mm in the MESOX facility. The thickness of both
	samples is 2 mm.

  testing of sintered and CVD-β SiC coated C/C. Herdrich used increased N-atom recombination on SiC versus SiO 2 to explain part of the increased heat flux to the surface under temperature jumps, observed during plasma testing of passive/active oxidation transition.

	Silicon emissions, detected by optical emission
	spectroscopy, were used to distinguish between
	passively and actively oxidized samples. Investigations
	were performed in the VKI Plasmatron facility on β-SiC
	specimens at surface temperatures of 2000-2800 K and
	various pressures. Sudden temperature jumps for
	constant freestream conditions were observed,
	corresponding to high mass loss and strong increase in
	silicon volatilization, detected by optical emission
	spectroscopy near the surface.
	This section focuses on the temperature jump
	phenomenon observed on the IXV C/SiC materials.
	High heat flux experiments are conducted in the
	Plasmatron facility. Samples are tested at pressures
	between 2000 and 6000 Pa and temperature above 1900
	K. The practical challenges arising when performing
	temperature jump experiments are discussed. The jump
	phenomenon is illustrated by means of IR pyrometry
	measurements and real-time visible emission recording
	of the sample surface. A discussion on the phenomenon
	is provided, based on SEM analysis, spatially-and
	temporally-resolved optical emission spectroscopy and
	comparison with passive and active oxidation regimes.
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