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Very high temperature oxidation of SiC in Ar-O 2 -H 2 O atmosphere
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The oxidation of SiC follows two regimes, according to temperature and partial pressure of oxidizing species. The first one, occurring at low temperatures and relative high partial pressures is the passive one, with the production of solid silica (SiO 2 ). The second one at higher temperatures and lower partial pressures is the active one, with the production of gaseous SiO. The presence of water steam may favour the volatility of the SiO 2 layer through the production of gaseous hydroxides such as Si(OH) 4 . We studied the behaviour of some SiC samples heated using a solar furnace in a 'wet' gas flow around 2150 K. The experiments were filmed through a video camera and in parallel, some thermodynamic calculations were performed to check the domains of stability of SiO and Si(OH) 4 gaseous products. It appeared that SiO was preponderant above 2000 K.

INTRODUCTION

Silicon carbide (SiC) is a ceramic that can be used for some high-temperature applications (solar receiver, nuclear cladding, combustion engine…). The oxidation of SiC follows two regimes, according to temperature and partial pressure of oxidizing species (O 2 , H 2 O…). The first one, occurring at low temperatures and relative high partial pressures is the passive one, with the production of solid silica (SiO 2 ). The second one at higher temperatures and lower partial pressures is the active one, with the production of gaseous SiO. As for example, Kim et al. [1] reported that at 1570 and 1670 K, the passive oxidation mode occurred when the partial pressure of H 2 O (pH 2 O) was above 500 Pa (using H 2 as carrier gas with total pressure P of 10 5 Pa), whereas active oxidation mode was encountered for pH 2 O < 100 Pa.

Nevertheless, Opila [2,3] discovered that water steam played a different role than dry O 2 on the oxidation behaviour of SiC. Performing thermogravimetric analyses (TGA) between 1470 and 1870 K, she discovered that adding water steam (pH 2 O = 10 4 Pa) to dry oxygen (at P = 10 5 Pa) increased the growth rate of silica [2]. She explained that H 2 O could favour the transportation of impurities from the protective tube (containing Na, Al) and the contamination could enhance the diffusion through the silica layer and therefore its growth rate. In wetter atmosphere (a gas mixture of 50% H 2 O -50% O 2 ), it was reported that part of the formed silica could volatilise between 1470 and 1670 K [3]. Mass spectrometry enables to identify the Si(OH) 4 species as the primary vapour species produced during this volatilisation [4].

TGA presents nevertheless two limitations to study the reaction of ceramics in wet atmosphere: -Its heating rate is slow, around 15 K min -1 . The absorption of concentrated solar flux, the nuclear accidents, the explosion inside combustion chambers provoke much faster heating rates (around 100 K s -1 ). During TGA analyses, some reactions may occur during transition from ambient to the desired temperature plateau, and therefore affect the final result compared to which could be expected in a real application. -Its temperature limitation: it is hardly possible to reach higher temperatures than 2000 K.

Therefore we have performed investigations at the 5 kW Odeillo solar furnace, using the REHPTS facility (Réacteur Hautes Température et Pression Solaire, High Temperature and Pressure Solar Reactor) that is described in another presentation [START_REF] Charpentier | this conference. 6. Thermodata[END_REF] in order to perform high temperature oxidation and to study the influence of water steam on the high temperature corrosion of SiC at 2150 K. Thermodynamic calculations performed using GEMINI [6] software enabled to predict the domain of stability of gaseous SiO and Si(OH) 4 .

EXPERIMENTAL PROCEDURES

The REHPTS set-up previously described [START_REF] Charpentier | this conference. 6. Thermodata[END_REF] was equipped with a controlled evaporator mixer (CEM from Bronkhorst [START_REF] High-Tech | [END_REF]) to study the experimental influence of water steam on the high-temperature oxidation of SiC. The SiC samples are heated inside the REHPTS using concentrated solar flux and a 'wet' gas flow for a total pressure of P = 10 5 Pa. The carrier gas is a mixture of 80% mol. Ar and 20% mol. O 2 , close to air composition about oxygen content and H 2 O is added to it using the CEM device. H 2 O content is 30 or 50 % mol. The oxidation experiments are carried out during 5 min. and are filmed through a video camera. Temperature is measured using an optical pyrometer at 5µm and the error for SiC sample is ± 25 K at 2200 K. Samples of α-SiC from Boostec (Fr) were weighed before and after the experiment so that the mass variations were reported into a percentage (ratio of the mass variation toward the initial mass).

We also computed thermodynamic calculations using GEMINI [6] software. The data required (∆H f °(298 K), S°(298 K), c p (T) ) for most of expected chemical species were found in the JANAF tables [8], excepted for Si(OH) 4 . Several authors have determined thermodynamic data for this compound [START_REF] Krikorian | Thermodynamics of the Silica-Steam system[END_REF][10][11][12][13][14]. The most recent data are in the work from Plyasunov [14]. We used the same standard enthalpy and entropy than he did, i.e.:

∆H f °(298 K) = -1340.68 kJ mol -1 S°(298 K) = 347.78 J K -1 mol -1 Nevertheless we had to change the formula he used to calculate c p (T). Plyasunov fitted his experimental measurements by a 5-degree polynom: c p /R = a 0 + a 1 T + a 2 T 2 + a 3 T 3 + a 4 T 4 + a 5 T 5 (1) with the following values : a 0 = 2.87914, a 1 = 5.89126x10 -2 , a 2 = -9.47715x10 -5 , a 3 = 7.84564x10 -8 , a 4 = -3.15382x10 -11 , a 5 = 4.89073x10 -15 .

This formula was determined for a temperature range between 250 and 2000 K. The matter is that GEMINI computes values of c p using the following formula:

c p = a + b T + c T 2 + d/T 2
(2) Therefore we had to calculate values of a , b, c and d coefficients on various temperature intervals in order to be the closest possible to the model that Plyasunov proposed. Table 1 resumes the values of coefficients we used and figure 1 compares the result of our interpolation with Plyasunov formula. The deviation is less than 1% between the two calculations.

TABLE 1.

Values of the coefficients used to calculate the c p for Si(OH) 4 on various temperature ranges Temperature range (K) a (J K -1 mol -1 ) b (J K -2 mol -1 ) c (J K -3 mol -1 ) d (J K mol - ∆H f °(298 K), S°(298 K), and the values of the coefficients we interpolated were incorporated to the existing thermodynamic database in order to add the possibility of Si(OH) 4 production. Unfortunately, these data are only valid up to 2000 K, we cannot check if Si(OH) 4 is stable around 2150 K as in our experimental conditions (no thermodynamic data are available at so high temperature range as far as we know).

RESULTS AND DISCUSSION

Thermodynamic calculations

In an atmosphere with 50% mol. H 2 O Figure 2 presents the results of the thermodynamic calculations that were performed with the following initial conditions:

- 

It can be noticed on figure 2 (a) that a slight amount of silica (it stays lower than 0.4 % mol. at 2200 K) is volatising above 2000 K. Figure 2 (c) is a semi-logarithmic graph of the partial pressures of the gases SiO and Si(OH) 4 that could result from this volatilisation, the ratio between the two partial pressures is also plotted. This last 

)

Plyasunov model [14] Our interpolation figure show that Si(OH) 4 is the main product of volatilisation at temperatures lower than 1750 K (where pSi(OH) 4 /pSiO > 10), whereas SiO is preponderant at 2000 K (pSi(OH) 4 /pSiO ≈ 0.1). We could not plot pSi(OH) 4 above 2000 K, but from the regular decrease of the ratio between the two partial pressures from 1600 to 2000 K, we may conclude that SiO is much more preponderant than Si(OH) 4 above 2000 K. So the volatilisation of silica into Si(OH) 4 is possible up to 1750 K, which is coherent with the observations of Opila and co-workers [4,[START_REF] Charpentier | this conference. 6. Thermodata[END_REF] who noticed the experimental production of Si(OH) 4 up to 1670 K. Above 2000 K, and particularly during our experiments at 2150 K, SiO is the expected gaseous product of the volatilisation of silica.

In an atmosphere with 30% mol. H 2 O

Figure 3 presents the results of thermodynamic calculations on the oxidation of 1 mol α-SiC, from 1600 to 2200 K, with initial composition of the atmosphere: 5.6 mol Ar, 1.4 mol O 2 , 3 mol H 2 O. We observe two main difference with figure 2: -SiO 2 volatilises less (figure 3 (a) ). -More CO 2 and less CO are stable (figure 3 (b)). -Production of Si(OH) 4 is less significant (figure 3 (c)). The production of SiO stays nearly the same in figures 2 and 3 on the investigated temperature range. 

Experiments

Figure 4 shows the video captions of various experiments after 3 min. at 2150 K in wet atmosphere. Experiments 1 and 2 were performed in an atmosphere containing 30% mol. H 2 O, 3 and 4 in an atmosphere containing 50% mol. H 2 O. We notice for these two latest cases the presence of water droplets around the observation window. In all of the experiments we reported an important production of gases (CO, CO 2 and a smaller amount of SiO according to the thermodynamic calculations), with the presence of smokes and an important formation of bubbles of molten silica. The sample 3 and 4 are even leaning due to an important bubble formation on the back side of the sample. These results are different from the predictions of themodynamic calculations. According to figures 2 (a) and 3 (a), a wetter atmosphere should favour the volatilisation of silica. The explanation could be that increasing the content in H 2 O would favour a more important production of silica, and a thicker silica layer would limit the diffusion of gaseous species, reducing the volatilisation kinetics.

CONCLUSIONS

Thermodynamic calculations enable us to determine than in a wet atmosphere containing 30% mol. or 50% mol. H 2 O, silica could volatilise into Si(OH) 4 and SiO, Si(OH) 4 being preponderant at temperatures lower than 1750 K, 

FIGURE 2 .

 2 FIGURE 2. Thermodynamic calculations performed from 1600 to 2200 K. Initial conditions: 1 mol α-SiC, 4 mol Ar, 1 mol O 2 , 5 mol H 2 O. P = 10 5 Pa. a) Number of moles of silica produced ; b) partial pressures of CO and CO 2 ; c) partial pressures of Si(OH) 4 and SiO and their ratio (semi-logarithmic scale).

FIGURE 3 .

 3 FIGURE 3. Thermodynamic calculations performed from 1600 to 2200 K. Initial conditions: 1 mol α-SiC, 5.6 mol Ar, 1.4 mol O 2 , 3 mol H 2 O. P = 10 5 Pa. a) Number of moles of silica produced ; b) partial pressures of CO and CO 2 ; c) partial pressures of Si(OH) 4 and SiO and their ratio (semi-logarithmic scale).

FIGURE 4 .

 4 FIGURE 4. Video captions after 3 min. of α-SiC oxidation at 2150 K and in Ar/O 2 mixture + 30 % mol. H 2 O (1, 2) or 50% mol. H 2 O (3,4).

Table 2

 2 presents the mass variations of the samples during the experiments. We observe the samples lose less weight (sample 4 is even gaining weight) in an atmosphere containing 50% mol. H 2 O than in an atmosphere containing 30% mol. H 2 O.

TABLE 2 .

 2 Mass variations of the samples treated at 2150 K in an atmosphere Ar/O 2 + H 2 O

N° of the experiment H 2 O content (% mol.) Mass variation (%)

  

	1	30	-0.54
	2	30	-0.80
	3	50	-0.01
	4	50	+ 0.10

SiO being the main product at temperatures higher than 2000 K. Experiments performed at 2150 K reveal an important production of gases, in agreement with the expected production of CO, CO 2 , and a smaller amount of SiO from the thermodynamic calculations. The mass losses are nevertheless less significant in an atmosphere with 50% mol. H 2 O than in an atmosphere with 30% mol. H 2 O, although thermodynamic calculations predict a more important volatilisation. This might be due to the kinetics: a wetter atmosphere could favour the production of a thicker silica layer that would control the diffusion of gaseous species.