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In this study, the Laser Induced Fluorescence (LIF) technique is used to detect BO 2 radicals in the gas phase above heated ZrB 2 and ZrB 2 -20 vol. % SiC samples in air, in order to provide an in situ and real-time monitoring of their thermal oxidation. Samples are heated up to 1923 K in air flow with a 2 kW CO 2 laser. The BO 2 fluorescence and the laser transmission signals are monitored throughout the temperature ramp. This technique allows to detect the key steps of the oxidation (silica formation,...) and to propose more precise oxidation mechanisms as a function of temperature.

I. Introduction

ZrB 2 and HfB 2 -based ceramics belong to the Ultra-High Temperature Ceramics (UHTC) family and are good candidates for applications in extreme environments such as thermal protection systems on hypersonic aerospace vehicles or atmospheric re-entry vehicles. The interest brought by these materials is due to their good thermal, mechanical and chemical properties: high melting point, high hardness, chemical inertness and relatively good oxidation resistance in severe environments.

The oxidation resistance of ZrB 2 , HfB 2 , ZrB 2 -SiC and HfB 2 -SiC materials has been thoroughly studied [START_REF] Carney | Oxidation behavior of zirconium diboride silicon carbide produced by the spark plasma sintering method[END_REF][START_REF] Fahrenholtz | Oxidation of ultra-high temperature transition metal diboride ceramics[END_REF][START_REF] Williams | Oxidation of ZrB 2 -SiC ultra-high temperature composites over a wide range of SiC content[END_REF][START_REF] Zhang | Structure evolution of ZrB 2 -SiC during the oxidation in air[END_REF][START_REF] Monteverde | The thermal stability in air of hot-pressed diboride matrix composites for uses at ultra-high temperatures[END_REF][START_REF] Carney | Oxidation resistance of hafnium diboride-silicon carbide from 1400 to 2000 °C[END_REF][START_REF] Shugart | SiC Depletion in ZrB 2 -30 vol% SiC at Ultrahigh Temperatures[END_REF][START_REF] Monteverde | The resistance to oxidation of an HfB 2 -SiC composite[END_REF][START_REF] Shugart | Initial stages of ZrB 2 -30 vol% SiC oxidation at 1500°C[END_REF][START_REF] Hu | Oxidation mechanism and resistance of ZrB 2 -SiC composites[END_REF], and the oxidation mechanisms in air are relatively well known up to 1873-2073 K. Bulk ZrB 2 , when oxidised, develops on the surface a boria (B 2 O 3 ) layer that protects the material up to ~1373 K [START_REF] Tripp | Thermogravimetric study of the oxidation of ZrB 2 in the temperature range of 800° to 1500°C[END_REF]. Beyond this temperature, B 2 O 3 volatilisation is significant, and the boria layer does not protect the material anymore. The addition of SiC has proven to enhance the oxidation resistance properties up to 1873 K. Indeed, the passive oxidation of SiC (onset at ~1473-1573 K [START_REF] Opeka | Oxidation-based materials selection for 2000°C + hypersonic aerosurfaces: Theoretical considerations and historical experience[END_REF]) generates SiO 2 (l), which is able to form, in the presence of boria, a borosilicate glassy layer on the surface. The borosilicate layer is more viscous and more stable than a boria layer, and is therefore able to decrease the diffusion of oxygen at higher temperatures. The glassy layer formed on the surface of UHTC during oxidation is known to be a key point in the oxidation resistance of UHTC. Several attempts have been made to increase the viscosity of the borosilicate glass by increasing liquid immiscibility [START_REF] Opila | Oxidation of ZrB 2 -and HfB 2 -based ultra-high temperature ceramics: Effect of Ta additions[END_REF][START_REF] Talmy | High-temperature chemistry and oxidation of ZrB 2 ceramics containing SiC, Si 3 N 4 , Ta 5 Si 3 , and TaSi 2[END_REF]. In addition, several studies deal with the oxidation behaviour at temperatures higher than 2273 K of either monolithic materials or UHTC matrix composites [START_REF] Guérineau | Oxidation mechanisms under water vapour conditions of ZrB 2 -SiC and HfB 2 -SiC based materials up to 2400°C[END_REF][START_REF] Carney | Qualitative analysis of hafnium diboride based ultra high temperature ceramics under oxyacetylene torch testing at temperatures above 2100 °C[END_REF][START_REF] Li | Effect of heat flux on ablation behaviour and mechanism of C/C-ZrB 2 -SiC composite under oxyacetylene torch flame[END_REF] and have shown the formation of a dense zirconia or hafnia layer.

However, in most cases, properties of the glassy layer are inferred from post-test analyses and despite the crucial role of the borosilicate glass, few studies attempted to investigate the in situ, and thus continuous, behaviour during a complete oxidation test [START_REF] Talmy | High-temperature chemistry and oxidation of ZrB 2 ceramics containing SiC, Si 3 N 4 , Ta 5 Si 3 , and TaSi 2[END_REF][START_REF] Guérineau | Oxidation mechanisms under water vapour conditions of ZrB 2 -SiC and HfB 2 -SiC based materials up to 2400°C[END_REF]. The thermogravimetric analysis (TGA) [START_REF] Monteverde | The thermal stability in air of hot-pressed diboride matrix composites for uses at ultra-high temperatures[END_REF] is a common method to study the oxidation of UHTC, but mass variations as a function of time only give insights to the sum of the mass gains and mass losses. Sevastyanov et al. [START_REF] Sevastyanov | Behavior of a sample of the ceramic material HfB 2 -SiC (45 vol %) in the flow of dissociated air and the analysis of the emission spectrum of the boundary layer above its surface[END_REF] have measured the spontaneous emission signals from excited B and Si atoms above an HfB 2 -SiC sample oxidised at very high temperatures, but limited to the 1873 K and above temperature range. Optical emission spectroscopy was also used by Playez et al. [START_REF] Playez | Optical Emission spectroscopy during plasmatron testing of ZrB 2 -SiC ultrahigh-temperature ceramic composites[END_REF] to detect the boron species (B, BO and BO 2 ) in the gas phase at the surface of ZrB 2 -SiC samples in high-temperature plasma oxidation conditions. Though, these techniques are of great interest, the elements have to be in an excited state and in sufficient quantity to be detected, thus making these techniques slightly sensitive. Nevertheless, reducing the number of samples and experiments and better understanding what happens during oxidation are key points for materials development and optimisation.

In this study, the authors have used a laser-based spectroscopic method, the laser induced fluorescence (LIF), to detect gaseous BO 2 (g) radicals above the sample during oxidation generated by the volatilisation of the boria and borosilicate layers. As excitation of species is performed using a dedicated laser with a specific wavelength adapted to the selected BO 2 (g) specie, the LIF technique allows to detect BO 2 radicals even at low concentrations thanks to its higher sensitivity and with a better spatial resolution than emission spectroscopy. The LIF signal of BO 2 is monitored through the well-known A 2  u -X 2  g electronic transition with laser excitation tuned to resonance with the (0,0,0-0,0,0) band near 547 nm [START_REF] Johns | The absorption spectrum of BO 2[END_REF]. To the authors' knowledge, this paper deals with the first application of the LIF technique to investigation of the oxidation of UHTC samples via the BO 2 radicals in the gas phase.

Thus, this paper is dedicated to the adaptation of the LIF technique in order to study the real time oxidation behaviour of the glassy layer formed on the surface of ZrB Then, the mixtures were sintered by Spark Plasma Sintering (SPS) in the MATEIS laboratory (FCT, HD 125) at 2323 K for 2 min. Detailed description of the manufacturing of the SiCcontaining samples is reported elsewhere [START_REF] Guérineau | Oxidation mechanisms under water vapour conditions of ZrB 2 -SiC and HfB 2 -SiC based materials up to 2400°C[END_REF]. Finally, pellets (15 mm in diameter and 2 mm in thickness) are used for characterisation tests. The bulk density and open porosity of materials were measured by the Archimedes' method. Then, the densification level was calculated as the ratio of the apparent density to the theoretical density of the powder mixture. Samples characteristics are summarised in table 1.

LIF experiment

The LIF method is used to detect gaseous BO 2 in the evaporation plume of a sample heated by a 2 kW CO 2 laser in air. BO 2 is excited by a tunable dye laser from its ground state X 2  g (0,0,0) to the excited state A 2  u (0,0,0) at 547.3 nm (in vacuum) (Figure 1). The excited radical relaxes to its ground electronic state by emitting photons at different wavelengths according to the vibration transitions A 2  u (0,0,0) -X 2  g (v 1 v 2 v 3 ) which constitute the dispersed fluorescence spectrum. The transition couple (laser excitation and fluorescence detection) chosen in the LIF experiments is shown in Figure 1. The fluorescence spectrum measured, after laser excitation at 547.3 nm, is presented in Figure 1. This spectrum is measured above the surface of a heated ZrB 2 sample in an argon/dry air (77/23 vol. %) mixture at 53.3 kPa. It is composed of the vibrational bands between 450 -660 nm of the electronic system A 2  u -X 2  g of BO 2 [START_REF] Johns | The absorption spectrum of BO 2[END_REF]. The (0,0,0) -(1,0,0) red-shifted band centred at 580 nm is chosen for the fluorescence light detection. It should be mentioned that the resonant band at the same wavelength as the laser one is not recorded here in order to avoid saturation of the detector with laser scattering from the boron oxide particles formed in the evaporation plume.

The second harmonic of a Nd:YAG laser (Quantel, YG781) at 532 nm is used to pump a tunable narrow-linewidth dye laser (Quantel, TDL50), which operates with Rhodamine 575 diluted in methanol, in order to generate a laser beam around 547 nm. Dye laser wavelength is measured by means of a wavelength-meter (WS6-600, Highfiness). The laser wavelength is finely tuned (1 pm steps) to the peak of the A 2  u (0,0,0) -X 2  g (0,0,0) band of BO 2 at 547.312 nm in vacuum (Figure 1). The pulse duration is 6 ns, with a repetition rate of 10 Hz, the output energy is 15 mJ/pulse and the spectral linewidth is 0.07 cm -1 . The excitation laser beam passes through a diaphragm (3 mm in width) and is focused with a spherical lens (f = 600 mm) to obtain a spot size of 1 mm at the chamber centre. The energy is reduced to 1 mJ/pulse using neutral density filters.

The laser energy fluctuations are controlled by means of a photodiode (DET210, Thorlabs). During a thermal oxidation run, the laser energy is recorded at the chamber exit by a photodetector (PD10, Ophir) in order to monitor the beam attenuation through the evaporation plume (absorption pathway in Figure 2).

Fluorescence at 580 nm from BO 2 , after laser excitation at 547 nm, is collected at right angle from the probe laser beam axis (Figure 2) by a 100 mm focal-length lens coupled to an optical fibre ( A chamber has been adapted for LIF experiments. This chamber is equipped with 3 horizontal optical windows with a broadband visible antireflection coating (400 -700 nm).

Two of them are lined up to allow the laser beam propagation through the chamber (Figure 2). regulator (651, MKS). This system allows working in dynamic conditions: gases are injected in the chamber, and evacuated at a rate which depends on the closing rate of the throttle valve.

Experimental protocol

The sample is positioned on the holder at the centre of the chamber. The alignment of the excitation laser beam is checked in order to target just above the centre of the sample.

Vacuum is made in the chamber, and then the gases are injected inside the chamber. Every sample was oxidised under 0.1 MPa of synthetic air. Once the chamber pressure attains 0.1 MPa, the CO 2 laser is turned on and heating of the sample surface begins.

Heating of the sample is achieved by increasing manually the power of the CO 2 laser. The reason for a manual control of the laser power is that, several times during an experiment, temperature has to be stabilised (the temperature ramp is temporarily stopped) in order to make several adjustments. For instance, when the fluorescence of BO 2 is detected for the first time during an experiment, the height of the sample is adjusted in order to optimise the signal intensity. Moreover, at higher temperatures, to ensure that the detected signal originates from BO 2 , without any optical interference, the wavelength of the laser excitation or of the detection can be modified and the temperature is stabilised during these manipulations.

Differentiation between the LIF signal and possible interference signals is described in the Appendix.

Finally, in order to perform Scanning Electron Microscope (SEM) examinations after the oxidation tests, samples are impregnated in an epoxy resin, cut in half, polished down to 3 µm and a carbon layer is then deposited on the surface. Identification of the nature and thicknesses of each layer of the oxidised layers was performed using an SEM (DSM 982, Zeiss) equipped with Energy Dispersive Spectroscopy (EDS).

For comparison, some TGA experiments were performed in a SETSYS Evolution 16/18

(SETARAM) to measure mass variations during oxidation. Parallelepipeds, 2 x 2 x 4 mm 3 in size, were extracted from sintered samples. Heating rate was 2 K/min, and tests were performed from room temperature to 1823 K with a 50 ml/min air flow.

II. Results

TGA measurement tests

The SiC-containing sample has been submitted to TGA, and the results are presented in Figure 3.

The ZS mass gain begins at 1113 K. This is attributed to the oxidation of ZrB 2 into ZrO 2 and liquid B 2 O 3 (l) (reaction 1). This is in quite a good agreement with Sarin et al. [START_REF] Sarin | In situ studies of oxidation of ZrB 2 and ZrB 2 -SiC composites at high temperatures[END_REF] and Monteverde et al. [START_REF] Monteverde | The thermal stability in air of hot-pressed diboride matrix composites for uses at ultra-high temperatures[END_REF] studies who have observed a mass gain starting around 973 K for a ZrB 2 sample in air using the same kind of TGA measurements. This slope starts decreasing at around 1373 K. This is due to the fact that at this temperature, the volatilisation of B 2 O 3 is less and less compensated by the formation of ZrO 2 and B 2 O 3 (l), and therefore the mass gain starts increasing more slowly (reaction 2). Then, the slope increases at ~1473 K, due to the onset of the passive oxidation of SiC. This will generate SiO 2 (l) that will form, with the boria glassy layer, a borosilicate layer, thus preventing the volatilisation of B 2 O 3 (l) and inducing a mass gain (less mass loss). Then, the SiO 2 -B 2 O 3 glassy layer protects the sample from the oxidising atmosphere and mass gain decreases (less mass gain) (reactions 3-4). This explains why the slope of the mass gain increases first (formation of the borosilicate layer) and then decreases (hindering oxidation through a more stable and viscous glassy layer). However, at 1673 K, the mass gain increases noticeably, and this is due to an increased volatilisation of B 2 O 3 , which enhances the oxidation.

ZrB 2 + 5/2 O 2  ZrO 2 (s) +B 2 O 3 (l) (1) 
B 2 O 3 (l)  B 2 O 3 (g) (2) SiC + 2O 2  SiO 2 (l) + CO 2 (g) (3) SiO 2 (l)+B 2 O 3 (l)  {SiO 2 :B 2 O 3 }(l) (4) 
TGA measurements provide some details of the oxidation phenomenon. However, mass variation analysis of such a binary system is not so easy and, mass loss and gain due to the volatilisation of B 2 O 3 and the formation of SiO 2 , respectively, cannot be precisely determined.

Moreover, the composition of the glassy phase cannot be assessed using this technique. The LIF experiments detailed in the following sections, show that the LIF is a promising technique to obtain more information about oxidation phenomena (reactions, volatile species,…) and the evolution of the composition of the glassy layer as a function of temperature.

LIF signal of BO 2 radicals during oxidation of ZrB 2 samples

ZrB 2 samples were oxidized under 0.1 MPa dry air and two kinds of tests were performed: one test where the LIF signal is measured and another one for which the laser light scattering (Rayleigh scattering or Mie scattering) generated by the very fine boron oxide particles is measured (Figure 4). The laser scattering signal is measured by tuning the laser excitation at 560 nm (away from the bands of BO 2 ) and the detection window is shifted up by 3 nm from the laser wavelength in order to monitor the tail of the laser scattering band. Thereby, it was possible to discriminate between the LIF and laser scattering signals. In both tests, the laser transmission is simultaneously monitored. Retrospectively, it confirms that the signal observed at 1333 K, and its progressive increase, is a pure LIF signal of gaseous BO 2 , without any interference. Moreover, it can be noticed that the LIF signal is very smooth at low temperature and exhibits noticeable fluctuations around 1523 K, thus emphasising the condensation into B 2 O 3 droplets.

Based on these considerations, the authors assume that the signal detected during the oxidation experiments was mostly due to the light-induced fluorescence of BO 2 . Therefore, the LIF signal variations are interpreted as a consequence of the volatilisation of the boria or borosilicate layers.

Influence of SiC on the LIF signal

The analysis of the oxidation behaviour of ZS will allow studying the influence of SiC.

The LIF signal as a function of time for a ZS sample is shown in Figure 5. A general trend is that the experiments with SiC-containing materials are much longer than with pure ZrB 2 . This is due to the fact that a higher CO 2 laser power must be applied to reach high temperatures.

This can be explained by the fact that SiC-containing samples are very dense, large, and the SiC presence allows the formation of a more stable glassy phase at the surface which is less isolating than the zirconia layer underneath.

Four key steps are spotted in Figure 5, and are numbered from ① to ④. The LIF signal is first observed at 1263 K (①). Between ① and ②, the LIF signal slowly increases. The step ②, at ~1563 K, is characterised by an inversion of the trend: the LIF signal decreases, despite the continuous increase in temperature. The LIF signal keeps decreasing up to step ③ (~1643 K) where the LIF signal enters into what could be called the "dynamic phase". This phase, which lasts until step ④, is characterised by small signal bumps, immediately followed by a decrease in the signal. Finally, a high intensity LIF signal peak and a concomitant drastic drop in the laser transmission are observed in step ④ (~1863 K). This step is very similar to what was observed for ZrB 2 , but it happens at a higher temperature. The test is stopped at this time because the excitation laser beam is too much absorbed, and the LIF signal is no longer detected.

Thus, the presence of SiC has a strong influence on the LIF signal as a function of time. In order to clarify the analysis of this signal, several key steps (labelled from a) to e)) are depicted in Figure 6. When the LIF signal appears (①, a)), it means that there is a B 2 O 3 (l) vitreous phase at the surface, which allows the formation of a detectable quantity of BO 2 (g), likely through reactions 2 and 5 or 6. At this temperature (1263 K), SiC is not yet oxidised (Figure 3). This is confirmed by SEM examinations in several studies in which SiO 2 is not detected below 1473 K [START_REF] Zhang | Structure evolution of ZrB 2 -SiC during the oxidation in air[END_REF]. The following steady increase in the LIF signal intensity is due to the increased volatilisation of B 2 O 3 , leading to an increased quantity of BO 2 (g).

Step ② is essential and emphasises a clear difference compared to the tests performed on ZrB 2 samples.

This decrease in the LIF signal intensity happens at a temperature where SiC starts to oxidise passively [START_REF] Zhang | Structure evolution of ZrB 2 -SiC during the oxidation in air[END_REF][START_REF] Tripp | Effect of a SiC addition on the oxidation of ZrB 2[END_REF][START_REF] Rezaie | Evolution of structure during the oxidation of zirconium diboride-silicon carbide in air up to 1500 °C[END_REF][START_REF] Fahrenholtz | Refractory diborides of zirconium and hafnium[END_REF] through reaction 3.

Therefore, the formation of SiO 2 (l) will feed the vitreous phase, thus forming a borosilicate layer which is more viscous and more stable than a boria layer [START_REF] Carney | Oxidation behavior of zirconium diboride silicon carbide produced by the spark plasma sintering method[END_REF][START_REF] Monteverde | The thermal stability in air of hot-pressed diboride matrix composites for uses at ultra-high temperatures[END_REF][START_REF] Carney | Oxidation resistance of hafnium diboride-silicon carbide from 1400 to 2000 °C[END_REF][START_REF] Opeka | Oxidation-based materials selection for 2000°C + hypersonic aerosurfaces: Theoretical considerations and historical experience[END_REF][START_REF] Han | Oxidation behavior of zirconium diboride-silicon carbide at 1800 °C[END_REF][START_REF] Jayaseelan | Microstructural evolution of HfB 2 based ceramics during oxidation at 1600-2000°C[END_REF].

As the layer is more stable, less LIF signal is observed, due to the volatilisation of its constituents, despite the continuous temperature increase. Actually, the volatilisation of B 2 O 3 (l) may be hampered by the decrease in its activity in the B 2 O 3 -SiO 2 system [START_REF] Simonenko | Promising ultra-high-temperature ceramic materials for aerospace applications[END_REF].

Moreover, Karlsdottir et al. [START_REF] Karlsdottir | Oxidation of ZrB 2 -SiC: Influence of SiC content on solid and liquid oxide phase formation[END_REF][START_REF] Karlsdottir | Convection patterns in liquid oxide films on ZrB 2 -SiC composites oxidized at a high temperature[END_REF][START_REF] Karlsdottir | Formation of oxide scales on zirconium diboride-silicon carbide composites during oxidation: relation of subscale recession to liquid oxide flow[END_REF] have reported that when a borosilicate layer is subjected to high temperatures, a preferential evaporation of B 2 O 3 is observed. This will form a concentration gradient (visible at (b)), and the B 2 O 3 concentration will be, in proportion, lower on the surface than at the bottom of the glassy layer. At the very top of the surface, this lower concentration of B 2 O 3 also explains the LIF signal decrease.

In order to explain the onset of steps ③ and ④, a technical bias caused by the experimental setup must be explained. When increasing the CO 2 laser power is required, the set value is modified and sometimes, some power peaks are observed, superior to the ordered power setpoint. Those power peaks trigger sudden temperature increases (as an example, a 40 K rise in 20 s is observed).

Step ③, characterised by a sharp increase in the LIF signal, is triggered by a power peak, as well as the signal bumps between steps ③ and ④. Before step ③ (and before the power peak), the borosilicate layer is in equilibrium between volatilisation and refilling of its constituents. Kinetics studies [START_REF] Tripp | Effect of a SiC addition on the oxidation of ZrB 2[END_REF][START_REF] Fahrenholtz | Refractory diborides of zirconium and hafnium[END_REF][START_REF] Levine | Evaluation of ultra-high temperature ceramics for aeropropulsion use[END_REF] show that at these temperatures, the oxidation kinetics of ZS is parabolic, which means that the glassy layer is protective towards oxidation.

The power peak breaks this equilibrium and leads to a quick volatilisation of the top of the glassy layer (c)). This reveals the B 2 O 3 -rich glassy layer, where the activity of B 2 O 3 is higher and therefore the volatilisation of B 2 O 3 is favoured. The glassy layer is therefore less thick, less stable, and offers less protection to the material underneath: a BO 2 (g) LIF signal peak is observed in consequence. The glassy layer being destabilised, the material underneath is oxidised more intensely, and therefore quickly reforms a stable glassy layer (d)), and the LIF signal decreases. As the temperature is continuously increasing, the average intensity of the signal also increases. The subsequent signal bumps have the same origin (power peak) and the same consequences (second c), d) steps). The very high intensity signal peak, that characterises the onset of step ④, is also triggered by a power peak. But at this high temperature, the volatilisation of the glassy layer is very intense, and the active oxidation of SiC is favoured via reaction 7:

SiC + O 2 (g) = SiO(g) + CO(g) (7) 
Consequently, the material can no longer compensate the loss of the glassy layer, and a catastrophic volatilisation is therefore observed (e)). This catastrophic volatilisation is characterised by the LIF signal peak and the drop in the laser transmission signal, which means that there is an intense formation of B 2 O 3 (l) and SiO particles in the atmosphere.

After the test, SEM/EDS analyses allow to visualise the state of the glassy layer at the surface (Figure 7). The surface of the ZS sample after oxidation at 1873 K shows the presence of a residual glassy layer, but also the presence of many recrystallised zirconia particles, grains and dendrites. According to Karlsdottir and Halloran [START_REF] Karlsdottir | Oxidation of ZrB 2 -SiC: Influence of SiC content on solid and liquid oxide phase formation[END_REF][START_REF] Karlsdottir | Zirconia transport by liquid convection during oxidation of zirconium diboride-silicon carbide[END_REF], the presence of ZrO 2 structures in the borosilicate is explained by the following mechanism: during the oxidation of ZS, a BSZ (boria-silica-zirconia) liquid phase is formed. The solubility of zirconia is greater in B 2 O 3 than in SiO 2 . When this BSZ liquid emerges at the surface, the preferential evaporation of B 2 O 3 will lower its concentration in the BSZ liquid and will cause an increase in the viscosity of the glass and crystallisation of ZrO 2 . The BSZ liquid will move into the two-phase region with solid ZrO 2 and liquid BSZ. This is in agreement with the LIF observations. The observation of a LIF signal throughout the test means that B 2 O 3 is constantly evaporating from the glassy layer. Moreover, the test ended with a catastrophic volatilisation of the glassy layer, which likely removed a great portion of the remaining B 2 O 3 .

Those conditions favour the saturation of the solubilised zirconia, which therefore recrystallises. The surface and transverse section micrographs of oxidised ZS (Figure 7d, Figure 8b) confirm the observation of a catastrophic volatilisation of the glassy layer: the zirconia layer is bare at some places, while at others a thin glassy layer is observed. A SiCdepleted layer is also observed, i.e. a layer where SiC, only, was actively oxidised, so that only empty pores are left in the ZrB 2 matrix. Because of the oxygen gradient in the oxidised layer, SiO(g) formed by reaction 7 can react with oxygen via reaction 8 and therefore refill the glassy layer [START_REF] Simonenko | Promising ultra-high-temperature ceramic materials for aerospace applications[END_REF][START_REF] Parthasarathy | Modeling oxidation kinetics of SiCcontaining refractory diborides[END_REF].

SiO(g) + ½ O 2 (g) = SiO 2 (l) (8) 
The beneficial influence of SiC on the oxidation resistance of UHTC is well known [START_REF] Carney | Oxidation behavior of zirconium diboride silicon carbide produced by the spark plasma sintering method[END_REF][START_REF] Monteverde | The thermal stability in air of hot-pressed diboride matrix composites for uses at ultra-high temperatures[END_REF][START_REF] Carney | Oxidation resistance of hafnium diboride-silicon carbide from 1400 to 2000 °C[END_REF][START_REF] Opeka | Oxidation-based materials selection for 2000°C + hypersonic aerosurfaces: Theoretical considerations and historical experience[END_REF][START_REF] Han | Oxidation behavior of zirconium diboride-silicon carbide at 1800 °C[END_REF][START_REF] Jayaseelan | Microstructural evolution of HfB 2 based ceramics during oxidation at 1600-2000°C[END_REF]. The detection of the LIF signal of BO 2 (g) allows to demonstrate, during the oxidation process, that, when SiO 2 (l) was added to the glassy layer, this latter was more stable at higher temperatures, prevented the volatilisation of B 2 O 3 and was able to maintain its integrity even after several power peaks.

Comparison with TGA results

The LIF signal is first detected at 1263 K, whereas the mass gain observed in TGA starts at 1113 K: this means that LIF detection is less sensitive than TGA for detecting the beginning of oxidation. This is due to the fact that the LIF signal appears when there is enough BO 2 (g) to be detected, therefore after the oxidation has started. Then, at 1563 K, the LIF signal decreases despite the continuous temperature increase. This has been attributed to the influence of the oxidation of SiC. In the TGA curve, there is a slight decrease in the slope at ~1573 K, which is therefore interpreted as the influence of SiC, which would overall hinder the oxidation of the sample. If these two methods are compared, then it can be noticed that the LIF detection is much more sensitive to a change in the chemistry of the glassy layer on the surface, in the present case: the introduction of SiO 2 in the boria layer in order to form a more protective borosilicate layer. At 1643 K, it was shown that the LIF signal entered into the "dynamic phase". The temperature itself is not very important, since it depends on the time, or on the temperature, at which the power peak happens. In the TGA study, at 1673 K, there was a sharp mass gain, attributed to an enhanced volatilisation of B 2 O 3 which would, in turn, enhance the oxidation. The "dynamic phase" observed through LIF measurements does illustrate this state. At those temperatures, there are both an intense volatilisation of the surface glass and an intense oxidation underneath, which continuously replenish the glassy layer. The glassy layer on the surface is therefore metastable: if the temperature ramp is slow enough, then the glassy layer is rather stable on the surface. However, if there is a sudden increase in the temperature, the volatilisation is enhanced (LIF signal increases) because the glassy layer is destabilised. Nevertheless, as the oxidation is still intense, and the temperature peak quickly ceases, the glassy layer is quickly refilled (LIF signal decreases). The LIF detection allows to embrace more accurately the oxidation features on the surface than the TGA, because this latter only measures the sum of the mass gains and losses.

III. Conclusion

ZrB 2 and ZrB 2 -SiC materials were oxidised up to 1873 K in a dry air atmosphere, and their oxidation behaviours were studied through the measurement of BO 2 (g), via the LIF method, above the sample during oxidation. Thanks to this method, key steps of the oxidation can be detected for both ZrB 2 and ZrB 2 -SiC materials: (i) the starting point of the influence of oxidation of SiC in the stabilisation of the surface glassy layer and (ii) the catastrophic volatilisation of the glassy layer. The LIF method also allowed to emphasise the "dynamic phase", between ~1623 and ~1873 K, which is characterised by the formation of a metastable glassy borosilicate layer on the surface, in equilibrium with an intense volatilisation of its components and its refilling by an intense oxidation of the material underneath. The dynamic behaviour of this glassy phase was evidenced through the power peaks, which allowed detecting the temporary destabilisation of this layer. Therefore, LIF is a promising method, which can be quantitative, to study in situ, and thus continuously, the oxidation behaviour of UHTC, and could be a good alternative to the classical post-test and ex situ studies, which are very consuming in terms of time and samples.

VIII. Appendix

The signals, possibly interfering with the LIF signal of BO 2 at 580 nm after a laser excitation at 547 nm, are:

-The black body radiation of the heated surface and of the hot gases and hot particles in the evaporation plume produces an emission continuum. Moreover, the spontaneous emission from the excited BO 2 (chemiluminescence) may interfere with LIF of BO 2 . In the absence of the laser beam excitation source, no signal was detected, thus demonstrating that these interferences are negligible under these experimental conditions.

-The laser light scattering from the fine boron oxide particles which density increases in the plume with the heating temperature. In this case, the elastic scattering (Mie or Rayleigh scattering) is very intense close to the laser wavelength but vanishes for sufficiently shifted fluorescence bands which is the case for the selected red-shifted fluorescence band of BO 2 at 580 nm compared to the 547 nm excitation line.

-Another possible interference is the Laser-Induced Incandescence (LII) signal produced by the incandescence of nano-sized particles (< 100 nm) after absorption of the laser beam at 547 nm. This signal generates a broad continuous spectrum without any particular structure such as a black body radiation. This signal can become intense at high temperatures and can impede the detection of BO 2 (g) fluorescence when the density of nanoparticles in the smoke becomes sufficiently high. Indeed, a persistent signal is still detected when the detection window is moved out any fluorescence bands. This phenomenon may be attributed to the laser incandescence background since a white smoke is observed above the sample.

We achieved in accurately detecting the BO 2 fluorescence with a good signal/noise ratio up to 1773-1873 K. At higher temperatures, the laser beam energy is strongly attenuated by the rise of the density of boron oxide smoke, and this prevents a proper measurement of LIF signal.

The temperature limit depends on the sample. 

  using a delay generator (DG535, Stanford Research Systems). A Labview  interface is used to acquire integrated fluorescence signals via an acquisition PCI card (1.25 MHz, 16 bit) at 10 Hz. The fluorescence band detection (580 nm) is far enough from the laser excitation line to avoid interference by laser scattering. It is assessed by carefully checking the drop in signal when the laser wavelength is tuned out of the excited band during an oxidation test. The probe volume is estimated to be roughly 0.5 mm 3 .

  The third one, perpendicular to the other two, is used for the detection of the fluorescence signal. On the top of the chamber, a ZnSe lens is used to focus the CO 2 laser beam. The sample is positioned on an alumina support itself placed on a vertical translation stage. Thus, the height of the sample can be adjusted under the focused laser beam which is fixed. The surface temperature is measured through a bichromatic pyrometer working in the 1273-2773 K range (modline 6R-2565, Ircon). The chamber is pumped down to ~5 Pa, measured with a Pirani gauge. Inside the chamber, the gases are then injected through a ring having several holes surrounding the sample. The flow rates of gases are regulated by mass flow regulators (Full scale: 10 L.min -1 ). The gases used are synthetic air (Alphagaz 1) and argon (Argon N48 ARCAL PRIME). Absolute pressure is measured with a Baratron gauge. This pressure is regulated around a set value of 0.1 MPa by a throttle valve (235B, MKS) and a
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 6 Figure4apresents the evolution of the surface temperature, the intensity of the LIF signal
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 12 Figure 1: Selected excitation/detection scheme of BO 2 (left) and dispersed fluorescence spectrum measured above a heated ZrB 2 sample in an Ar/dry air atmosphere (right). Pressure: 53.3 kPa; temperature: between 1623 K and 1773 K during measurement; resolution: 4 nm.

Figure 3 :Figure 4 :

 34 Figure 3: Mass variation vs. temperature for ZS sample (2 K/min temperature ramp). The TGA is performed under a 50 mL/min air flow.

Figure 5 :

 5 Figure 5: Surface temperature (left axis), LIF signal and laser transmission (right axis) vs. time of a ZrB 2 -SiC sample during an oxidation test in dry air under 0.1 MPa. Key steps (numbered ① to ④) are described in the text.

Figure 6 :

 6 Figure 6: Evolution of the boria and borosilicate layers interpreted from the LIF signal vs. time. Steps labelled from a) to e) are described in the text.

Figure 7 :

 7 Figure 7: SEM micrographs of different areas of the surface of a ZS sample oxidised at 1873 K. In grey, the borosilicate layer and, in white, zirconia inclusions and dendritic structures. Evidence of the recrystallisation of ZrO 2 (a, b, c) and of complete evaporation of the glassy layer (d).

Figure 8 :

 8 Figure 8: SEM micrographs of transverse sections of an oxidised ZS sample (1873 K). The different layers are: (1) a borosilicate glass, (2) the ZrO 2 layer, (3) the SiC-depleted ZrB 2 layer and (4) the bulk material. In (b) the glassy layer has totally disappeared through evaporation.

  [START_REF] Fahrenholtz | Oxidation of ultra-high temperature transition metal diboride ceramics[END_REF] and ZrB 2 -SiC UHTC materials during oxidation in dry air, from ~1173 to 1873 K. Finally, the results obtained with LIF measurements are then compared to TGA results.To study the interest of LIF diagnostic during the oxidation test, two compositions of UHTC materials were selected: ZrB 2 and ZrB 2 + 20 vol. % SiC, labelled ZS.The ZrB 2 samples were prepared by cold-pressing of as-received ZrB 2 powder (H.C.
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Starck, grade A, d 50 = 2.8µm) at 148 MPa for 10 s, and then sintered at 1823 K for 1 h in an argon atmosphere in a graphite furnace (Pinette Emidecau). Resulting ZrB 2 pellets (13 mm in diameter and 5 mm in thickness) have an average porosity of 46 %. These samples were prepared as reference without SiC for the LIF experiments. Thus, the sintering of these samples was not studied. ZrB 2 -SiC samples were prepared from powders of ZrB 2 and SiC (H.C. Starck, BF12, d 50 = 0.6 µm). Powders were attrition-milled in cyclohexane using zirconia media, dried and sieved.

Table 1 : Sintering conditions, open porosity and oxidation conditions of the studied UHTC materials

 1 

	Composition	Sintering process	Applied pressure	Thermal treatment	Open porosity	Densification rate / th
	ZrB 2	Pressureless sintering	-	1823 K, 1 h	46 %	54 %
	ZrB 2 + 20 vol. % SiC	SPS	28 MPa	2323 K, 2 min	0.1 %	>99 %
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