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Introduction

Boron carbide (B 4 C) is a neutron absorber material used in many nuclear reactors worldwide to control the yield of the nuclear reaction. It is present as control rods in some of the pressurised water reactors (PWR) and as control blades in boiling water reactors (BWR). The behaviour of this type of material during core meltdown accident conditions plays a decisive role in the accident progression.

When the temperature rises in the reactor core during the initial accident phase, B 4 C reacts with the stainless steel cladding, forming a mixture that melts from 1200°C onwards [START_REF] Hofmann | Reactor core materials interactions at very high temperatures[END_REF][START_REF] Hofmann | Reaction behaviour of B 4 C absorber material with stainless steel and Zircaloy in severe light water reactor accidents[END_REF][START_REF] Belovsky | Chemical interactions in B 4 C-filled control rod segments above 1000°C under transient conditions[END_REF] and reacts with the Zircaloy of the guide tube. This guide tube, which is oxidised by the steam at the same time, loses its integrity and leaves the B 4 C/steel/Zircaloy mixture flowing towards the bottom of the core. The remaining bare B 4 C pellets and the relocalised mixtures will in turn be oxidised by steam, with a significant and poorly-quantified consequence: worsening of material deterioration in the relocalisation zones, caused by the temperature increase due to the extreme heat produced by the oxidation of the mixtures.

The BECARRE program was carried out at the French "Institut de Radioprotection et de Sûreté Nucléaire" (IRSN) under the framework of the International Source Term Program (ISTP) [START_REF] Clement | The PHEBUS Fission Product and Source Term International Programme, International Conference Nuclear Energy for New Europe[END_REF][START_REF] Clement | International Source Term Programme: Recent Results and Prospects, CSARP Meeting[END_REF]. Its objectives were to improve understanding of the phenomena involved in the deterioration of the B 4 C absorber materials and the determination of laws of steam oxidation of the B 4 C pellets and relocalised mixtures. The results from this programme will contribute to improve models implemented in severe accident codes, especially by providing laws to quantify gas production and therefore to estimate their potential effect on fission products chemistry and their release into the environment. Steam oxidation of B 4 C pellets has been studied within the COLOSS program [START_REF] Adroguer | Core loss during a severe accident (COLOSS)[END_REF][START_REF] Adroguer | Core loss during a severe accident (COLOSS)[END_REF][START_REF] Steinbrück | Oxidation of boron carbide at high temperatures[END_REF][START_REF] Dominguez | Investigation on boron carbide oxidation for nuclear reactor safety. Experiments in highly oxidising conditions[END_REF] and results have been applied to computer codes that predict transient progression in postulated reactor accidents [START_REF] Seiler | Investigation on boron carbide oxidation for nuclear reactor safety. General Modelling for ICARE/CATHARE code applications[END_REF][START_REF] Steiner | Modeling of boron carbide oxidation in steam[END_REF]. Steinbrück studied the steam oxidation of steel/ B 4 C/zircaloy-4 mixtures on transient test up to 1550°C [START_REF] Steinbrück | Degradation and oxidation of B 4 C Control Rod Segments at High Temperatures[END_REF]. He found that the composition of the melt, especially its melting point, has a strong influence on oxidation kinetics. However, Steinbrück study was exploratory and did not provide oxidation rate data. In the present study, oxidation kinetics of B 4 C-stainless steel liquid mixtures was investigated at temperatures between 1289 and 1527°C, for the first time to our knowledge. In order to identify the basic oxidation mechanisms, several exploratory tests with simple compositions (pure 304L stainless steel, iron-boron, iron-boron carbide and stainless steel-boron) were also performed. The BECARRE program will next be completed with the study of the degradation of B 4 C control rods.

Experimental set up and procedure

Pure stainless steel and various mixtures were studied: Fe-B (5 and 10 wt % B), Fe-B 4 C (6.3 wt % B 4 C), stainless steel-B (5 wt % B), and stainless steel-B 4 C (5, 9, 10 and 15 wt % B 4 C). To simplify, we will use the following notation for mixtures: Fe or SS (stainless steel)-xB or B 4 C, x being the weight percentage of the boron component (B or B 4 C) of the mixture. For example, SS-5B 4 C stands for a stainless steel-B 4 C mixture with 5 wt % of B 4 C. Samples were prepared from B (Merck TM 112070, ≤ 1 wt % Mg), Fe (Merck TM 103819, ≥ 99.5 wt % Fe), B 4 C (Sigma-Aldrich TM 378100, > 76 wt % B) and 304L steel (Höganäs TM -100µm, [START_REF] Opila | Predicting oxide stability in high-temperature water vapour[END_REF].63 wt % Cr, 11.08 wt % Ni, 0.92 wt % Si, 0.02 wt % C) powders. The powders, in the appropriate proportion for each composition, were mixed in ethanol using an alumina mortar. Then, the powders mixture was heated under Ar atmosphere in a graphite furnace using a zirconia crucible. To protect the mixture during melting, it was covered by another zirconia crucible. Samples were treated during 1 hour at a temperature depending on composition: 1300°C for Fe -5B and Fe-6.3B 4 C samples, 1500°C for pure stainless steel, SS-5B and SS-5B 4 C samples and 1650°C for SS-9B 4 C, SS-10B 4 C and SS-15 B 4 C samples.

The set up, presented in figure 1, includes:

-A gas supply system able to provide pure argon or homogeneous Ar/steam mixtures. To generate Ar/steam mixtures, an Instrutec™ CEM (controlled evaporator and mixer) is used. Accuracies given by the manufacturer are ± 0.2 g/h and ± 0.1 l/min for steam and argon flow rates respectively.

-A tube furnace with a maximum working temperature of 1600°C equipped with an alumina tube.

-A heated hose, placed at the outlet of the alumina tube. This hose is used to stabilize the temperature of the outlet gases before filtration.

-A M&C™ FT-0,1GT-H2 filter to remove boric acids formed during oxidation. The filter prevents boric acids from condensing inside the capillary of the mass spectrometer.

-An INFICON™ CIS2 mass spectrometer to measure the gaseous reaction products except the boric acids.

-A JAI™ CVM 820 camera to film the behaviour of the surface sample during oxidation.
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PICCOLO furnace Inlet and outlet gas tubes, the extremities of the alumina tube, the filter, the spectrometer and the camera window are heated to prevent from steam condensation. Filtration of boric acids was a recurrent problem leading to the blockage of the outlet circuit. Several adjustments of the outlet circuit (pipes and heated hose diameters, temperatures of the different parts, kind of filter…) were necessary to find the best filtration conditions. Even so, blocking of the outlet circuit was occasionally observed during the tests.

Various ceramics (HfO 2 , Y 2 O 3 and ZrO 2 doped with MgO, CaO or Y 2 O 3 ) have been tested as crucible material, and hafnia was chosen as the material that presents the lowest degradation in contact with a Fe-B mixture under steam. A previous study on degradation of boron carbide rods [START_REF] Steinbrück | Degradation and oxidation of B 4 C Control Rod Segments at High Temperatures[END_REF] has shown that oxidation of steel-boron carbide mixtures leads to a fast degradation of the furnace tube by melt splashing. So, to protect the alumina furnace tube, a 12 cm-long alumina tube is placed between the crucible and the furnace tube and two zirconia caps are placed at both ends of the small alumina tube (see figure 1). In tests where a camera is employed, the caps are removed and a longer alumina section (33 cm) is used. Sample temperature is measured by a thermocouple located inside a notch placed under the hafnia crucible. After each test, all parts of the set-up between the alumina tube and the gas exhaust are cleaned with hot water in order to remove the deposits accumulated during the test.

Samples were heated (20°C/min) under argon flow up to 1527°C. This temperature was maintained during 2 0 minutes to completely melt the mixture. When test temperature was lower than 1527°C, samples were cooled down to the target temperature at 20°C/min and maintained at this temp erature during 15 minutes under Argon. Then, samples were oxidised for different durations under a mixture of steam and argon. Finally, the furnace was cooled down at 20°C/min under argon flow.

Tests were performed at atmospheric pressure at three different temperatures: 1289°C, 1422°C and 1527°C (temperatures measured before steam injection). Tests were not "strictly" isothermal and sample temperature increases in parallel to hydrogen production giving temperature variations between 7.5°C (SS-5B 4 C at 1289°C) and 44.7 °C (SS-5B 4 C mixture at a steam partial pressure of 0.8 bar).

Volumetric flow rate was constant during the entire test. Oxidation was carried out with two different steam flows (10 and 60.5 g/h) and three steam partial pressures (0.43, 0.6 and 0.8 bar). The majority of the tests were performed at 1527°C, a steam partial pressure of 0.43 bar and a steam flow of 60.5 g/h, which are considered as the "reference conditions" in this study. The influence of temperature on steam oxidation was only studied on SS-5B 4 C mixtures, while steam partial pressure and steam flow variations were investigated on Fe-5B, SS-5B 4 C and SS-9B 4 C mixtures.

The outlet gases (steam, H 2 , CO, CO 2 and CH 4 ) were measured on-line all over the oxidation stage by mass spectrometry (INFICON™ Transpector CIS2). The mass spectrometer was calibrated for H 2 using certified H 2 -Ar mixtures with 20, 10 and 1 % of H 2 , for CO, CO 2 , CH 4 using certified Ar-1% and 1000 ppm gas mixtures, and for steam using the Instrutec™ evaporator.

Crucible tends to stick to mixture during oxidation. Furthermore, various phases develop on the surface of the melt during oxidation like powders, glassy phases and solid crusts. These phases cannot be easily removed and prevent from correct measurement of the sample weight after the test. For both reasons, the weight of the oxidised samples was not measured.

Extensive post-test examinations were carried out with a LECA™ DMR microscope and a CAMECA™ SX-100 electron microprobe equipped with five WDS (Wavelength Dispersive Spectrometer) and a variety of crystals, in order to identify the different phases present in the oxidised samples and the products formed during oxidation. Spectral analyses were carried out to detect the chemical elements that compose each phase. Chemical compositions were measured from a minimum of 10 randomly selected points. The calibration of the microprobe is performed with standards: Fe 2 B (homemade standard prepared with the same method used to prepare the samples) to quantify B and Fe, SiO 2 (CAMECA standard) to quantify Si and pure element standards (from CAMECA) to quantify the other elements. More details about the electron probe microanalysis (EPMA) method can be found in [START_REF] Sao Joao | Light elements microanalysis of steel/B 4 C melts for nuclear power plants accident studies[END_REF].

When possible, main phases present in the samples, in the products formed on the mixtures during oxidation or in the deposits observed in the outlet cold walls of the experimental set-up were identified by X-ray diffraction.

Experimental Results

The experimental conditions of all the tests are presented in table 2 except those performed at reference conditions with SS, SS-5B and SS-15B 4 C compositions where only one test was performed.

Fe-5B Fe-10B Fe-6. 

Mixtures

The microstructure of the obtained mixtures at room temperature is presented in Figure 2. When phases were large enough, their chemical composition was measured by electron microprobe analysis (table 1). [START_REF] Steinbrück | Degradation and oxidation of B 4 C Control Rod Segments at High Temperatures[END_REF]. Phase 10 is hardly distinguished from phase 9, inducing a higher uncertainty on measurements performed on phase 10 (especially in SS-10B 4 C sample). Chemical composition of phase 11 could not be measured due to its small size. However, spectral analysis revealed that this phase is mainly composed of Zr (probably coming from the melting crucible). Phase 14 is mainly composed of Ni and Fe with noticeable quantities of Si. The measurement of the chemical composition of this phase leads to high disperse values (for example, Fe between 14 and 31 wt %). Therefore, the result has not been reported on. Zr-containing phases were observed in mixtures with at least 9 wt % of B 4 C: phase 11 and phase 15 (only in SS-15B4C mixture) composed mainly of Zr and C and of Zr and B respectively. Zr comes from the reaction with the melting crucible.

Oxidation at reference conditions.

Fe-5B, Fe-6.3B 4 C and SS-5B 4 C compositions have been oxidised during different times under the same conditions (1527°C, P steam =0.43 bar, Q steam =60.5 g/h). The purpose was to study the progress of the oxidation reaction and its influence on melt composition. In addition, one test was performed with both SS (60 min) and SS-5B (26 min) compositions. Outlet gases were measured on-line all over the oxidation period. Figure 3 displays the H 2 , CO and CO 2 flow rates measured during the longer test performed with each composition. It can be observed that hydrogen production differs between the samples but presents a similar behaviour at the beginning of oxidation for all compositions except SS and SS-5B. In Fe-5B, Fe-6.3B 4 C and SS-5B 4 C samples, initial hydrogen production rate slightly decreases as oxidation proceeds. This stage is called "1 st oxidation stage". Differences between the three compositions can be observed, such as the H 2 rate measured during the oxidation stage and the duration of this stage. After the When C containing mixtures are oxidised, carbon oxide and carbon monoxide are released in addition to hydrogen (see fig. 3). However, methane was never detected during the oxidation of all tested compositions. In all cases, initial peaks of CO and CO 2 are measured when steam is injected. In the Fe-B 4 C mixture, CO and CO 2 are mainly observed during the 2 nd oxidation stage, while in a steel-5B 4 C composition, CO and CO 2 releases are essentially measured simultaneously to H 2 isolated peaks observed during the 3 rd stage.

The evolution of the appearance and microstructure of oxidised Fe-5B, Fe-6.3B 4 C and SS-5B 4 C samples after cooling at room temperature is presented in figure 4. Samples are classified with increasing oxidation duration from left to right. It can be seen in figure 4 that, when tests duration does not exceed significantly the duration of the 1 st oxidation stage, the surface of Fe-5B and Fe-6.3B 4 C samples can be locally covered with a thin white coating and the hafnia crucible is not degraded. Nevertheless, when the duration of the test is significantly larger than the duration of the 1 st stage the sample surface is covered with a dark crust and the hafnia crucible is considerably damaged (see Fe-5B sample oxidised 26 min.). If oxidation duration is longer, the melt completely attacks the crucible. Figure 4 also shows that a black phase forms between the SS-5B 4 C sample and the crucible during oxidation (see sample oxidised during 12 min). After the 2 nd stage, a solid crust is observed above the sample's surface (see sample oxidised during 32 min). This crust is formed mainly by chromium oxide grains and a chemically complex vitreous phase composed of B, Fe, Cr, Hf, Mn and O (see figure 5). Small hafnia grains (angular shape) from the crucible and small iron particles (round shape) are also observed on the crust. The evolution of the microstructure of the mixtures with oxidation is also presented in figure 4. A similar behaviour is observed in the three kinds of mixtures. At the beginning of the oxidation, the microstructure presents the same phases observed in the original mixtures. As oxidation progresses, the quantity of dark phases (rich in B or B-Cr) diminishes while that of the light phase (Fe-rich) increases. Finally, the microstructure of the mixtures is mainly composed of the light phase. Thus, the proportion of B (all compositions) and Cr (SS-5B 4 C mixture) in the melt decreases as oxidation progresses. The compositions of the final light phases obtained after the longest test performed with the Fe-5B, Fe-6.3B 4 C and SS-5B 4 C mixtures are respectively in wt % 100Fe, 99.4 ± 0.7 Fe-0.6 ± 0.9 C and 79.7 ± 0.8 Fe-12.9 ± 0.4 Ni-7.0 ± 0.5 Cr-0.9 ± 0.3C. The evolution of the SS-5B sample with oxidation is similar to that observed on SS-5B 4 C mixtures. The composition of phase 2 after oxidation is (in wt %): 77.0 ± 0.8 Fe, 14.5 ± 0.6 Ni, 5.0 ± 0.2 Cr and 0.7 ± 0.1 C).

The appearance of the protective layer formed on the surface of the SS sample can be observed in figure 5. This black layer of inhomogeneous thickness, that crumbles easily, is formed by two different scales: an internal dark Cr oxide and an external light Fe-Cr spinel. A product was deposited during oxidation on the outlet cold walls of the experimental set-up. It was analysed by XRD and identified as boric acid (H 3 BO 3 ).

A camera was used to film the behaviour of the melt surface during oxidation, revealing a complex phenomenology in the SS-B 4 C mixtures. As can be seen in figure 6, various phenomena can be observed at the melt surface and can be related to different stages of the hydrogen curve:

-The H 2 flow rate decrease observed in the middle of the 2 nd stage corresponds to big gas bubble formation.

-From the middle to the end of the 2 nd stage, small liquid drops are projected from the melt. Simultaneously, small solid particles begin to form on the melt surface.

-The number of solid particles increases as oxidation progresses, finally forming a crust that strengthens and is clearly visible all through the 3 rd stage. 

Oxidation at thermodynamic conditions different from reference ones.

The oxidation of SS-5B 4 C mixtures has been studied at different temperatures. Figure 9 shows, the curves of H 2 release rate as a function of time. It has been observed that the behaviour of SS-5B 4 C mixtures at 1422°C is similar to that observed at 1527°C. At 1289°C, on the contrary, sev eral differences can be noticed. At this temperature, either a high and sharp peak or a small and broad H 2 production peak replace the "2 nd oxidation stage" observed at higher temperatures. The high H 2 peaks, when they are formed, are accompanied by the projection of high quantity of liquid (see video1, figure 8) and small CO and CO 2 release peaks. The microstructure of the sample after oxidation at 1289°C shows that phase 1, richer in Cr and B, diminishes during oxidation but do not completely disappears (see figure 10) and main phases observed have higher Cr and lower B contents than before oxidation (phase 2: 13.2 ± 0.5 wt % of Cr, 0.0 ± 0.0 wt % of B; phase 4: 31.8 ± 2.1 wt % of Cr and 1.8 ± 0.0 wt % of B in a sample oxidised during 151.1 min). Consequently, only the preferential oxidation of B is clearly noticed at this temperature. -A biphasic oxide (Cr-Fe)-metal (Fe-Ni) layer.

-And an upper vitreous phase of complex chemistry.

This vitreous phase contains B, Cr and Fe from the original melt, Si and Mn, initially presented as impurities in the stainless steel powder, Hf from the oxidation crucible and O.

No significant differences have been found in the surface layers developed above the samples that can explain why, important liquid projections accompanied by a sharp H 2 peak are only occasionally observed. Nevertheless, it has to be noticed that the sharp H 2 peak is always associated with small CO and CO 2 peaks. After tests, big gas bubbles are enclosed inside the solidified melt (figure 10). 

DISCUSSION

The oxidation of SS-B 4 C mixtures of different compositions was investigated under various Ar-steam atmospheres and temperatures. When Fe-5B and Fe-6.3B 4 C mixtures are exposed to steam at 1527°C, it has b een observed that B oxidises preferentially up to obtain a sample composed mainly of Fe. During B oxidation, a thin white layer is formed on sample surface. Moreover, H 3 BO 3 deposits have been observed on cold outlet parts of the experimental set-up. All these observations lead to propose the following oxidation mechanism for this kind of mixtures: initially oxidation is controlled by the competition between the formation and the disappearance of a liquid B 2 O 3 layer on the sample surface, the B present in the melt reacts with steam to form a liquid B 2 O 3 layer and releases H 2 . The liquid B 2 O 3 formed, covers the melt surface and acts as a diffusion barrier for the reaction. Boron oxide evaporates and reacts with surplus steam to form volatile boric acids. This mechanism has been previously observed during the steam oxidation of boron carbide pellets at high temperature [START_REF] Steinbrück | Oxidation of boron carbide at high temperatures[END_REF][START_REF] Dominguez | Investigation on boron carbide oxidation for nuclear reactor safety. Experiments in highly oxidising conditions[END_REF].

When a SS-B 4 C mixture is exposed to steam at 1527 and 1423°C, i t has been observed that not only B but also Cr oxidises preferentially. Moreover, the 1 st stage of the H 2 curve is similar to that measured for Fe-B and Fe-B 4 C compositions and a liquid Cr-B-Si-O layer is formed above the surface of the melt (Si is present as impurity in the original 304 L steel). A protecting Cr-B-O film was previously observed by Rowley [START_REF] Rowley | The effects of boron additions on the oxidation of Fe-Cr alloys in high-temperature-steam : Analitical results and mechanisms[END_REF] during the steam oxidation of B-doped Fe-Cr alloys at 600°C. Therefore, it can be assumed th at, during the 1 st oxidation stage, the mechanism is similar to that of simpler compositions: oxidation is controlled by the formation and the consumption of a liquid B-Cr-Si-O layer on the surface of the melt. Ellingham diagram shows that, at temperatures of the present study, the standard free energies of formation of the oxides likely to be formed from the SS-B 4 C mixtures increase following:

SiO 2 < B 2 O 3 < Cr 2 O 3 < CO 2 <
FeO < NiO. Consequently, Si is the chemical element that thermodynamically should oxidise first, followed by B and Cr, which is consistent with the presence of these 3 elements on the liquid layer formed above the sample during the 1 st oxidation stage. Boron oxide shows very low stability in high-temperature water vapour compared to Cr and Si oxides [START_REF] Opila | Predicting oxide stability in high-temperature water vapour[END_REF]. Thus, even if small quantities of volatile chromium and silicon hydroxides can form, in the presence of steam, the consumption of the liquid B-Cr-Si-O layer should be mainly linked to the formation of volatile boric acids.

Melt surface is still covered by a liquid layer during the H 2 depression observed in the 2 nd oxidation stage (figure 6).

However, the surface tension of this layer is so high that the released gases are temporarily retained by this liquid layer, forming big bubbles. These big bubbles form a gaseous layer that prevents steam from reaching the surface of the mixture. As a result, oxidation is slowed down and H 2 release rate significantly decreases.

During the 2 nd half of the 2 nd oxidation stage, gas release is accompanied by the projection of small liquid drops and the formation of solid particles (mainly Cr 2 O 3 grains) on the surface of the melt. As oxidation proceeds and Cr oxidises, the slag progressively solidifies. This slag is responsible for the observed decrease in hydrogen production during the 3 rd oxidation stage. As Kerr and Fruehan pointed out [START_REF] Kerr | Foamability of Stainless Steelmaking Slags in an EAF[END_REF], stainless steelmaking slags are high in Cr 2 O 3 . Chrome oxide has a low solubility in slags. When the solubility limit for chrome oxide is reached, second phase precipitates form, increasing the bulk viscosity of the slag. This behaviour has also been observed on a multi-component borosilicate glass melt where the solubility limit of Cr 2 O 3 is close to 2 wt % [START_REF] Hrma | Chromium phase behaviour in a multi-component borosilicate glass melt[END_REF]. Depending on the temperature, various Cr-phases appeared in the melt that can be macroscopically segregated. Increasing temperature, they are: spinel, chromate or chromium oxide.

The significant difference in H 2 production rate observed between 1 st and 2 nd oxidation stage can be explained by a change in the oxidation mechanism. During 1 st stage, oxidation is mainly due to the incorporation of B to the liquid B-Cr-Si-O layer and its consumption to form volatile boric acids. When most B has been consumed, Cr oxidation increases leading to 2 nd oxidation stage.

Several isolated peaks of H 2 , CO and CO 2 can be observed during the 3 rd stage. These peaks coincide with an increase in the steam consumption. Thus, the slag can crack locally, allowing the steam to reach and to oxidise the liquid mixture.

The crack is sealed few minutes after its formation reducing the H 2 O consumption and the release of oxidation gases to levels observed before the slag cracking.

The steam oxidation of SS-B 4 C mixtures is affected by different parameters: temperature, composition, steam flow rate and steam partial pressure. The effect of these parameters on oxidation are discussed hereafter. The conditions that favour liquid projections will also be discussed.

Effect of composition

Bittel et al [START_REF] Bittel | Oxidation of 304L stainless steel by steam and by air[END_REF] studied the oxidation of 304L steel in pure steam at temperatures between 1000 and 1375°C. They obtained an initial linear weight gain with time followed by parabolic rate behaviour, where W/t=1.1•10 

Effect of temperature and flow parameters.

Two different behaviours are observed as a function of temperature:

At 1527 and 1422°C, the H 2 production curves are somewhat similar but events recorded at 1422°C are however slightly delayed with respect to the same events recorded at 1527°C. In both cases, no significant amounts of l iquid projections are observed. At these temperatures B and Cr oxidised preferentially and a protective slag composed of Cr 2 O 3 in a chemically complex liquid phase was formed above the melt.

At 1289°C, in contrast, hydrogen production rate me asured is lower than those measured at higher temperatures while the 2 nd oxidation stage observed at higher temperature is replaced in some tests by a sharp H 2 peak (see figure 9). This peak corresponds to significant melt liquid projections. In other tests performed at 1289°C, only smal l broad peaks in the hydrogen production rate, not associated with substantial liquid projections, were measured. Events recorded at this temperature are significantly delayed with respect to events recorded at higher temperature; more specifically, the formation of a stable protective crust occurred very late at low temperature. At 1289°C, the microstru cture evolution of the The increase of either steam partial pressure or steam flow has a similar effect on the hydrogen rate curve: it shortens the duration of the initial phase of oxidation, 1 st stage, and increases the H 2 production during both 1 st and 2 nd oxidation stages. The obtained dependence of oxidation rate on thermalhydraulic conditions shows that, under the flow parameters of this study, the transport of gaseous reaction products determines the overall rate in the reaction chain as observed in [START_REF] Steinbrück | Oxidation of boron carbide at high temperatures[END_REF].

Liquid projections

It is of particular interest to understand the mechanism that leads to liquid projections since these projections may play a significant role in the propagation of the core degradation in case of a core melting accident. Large quantity of liquid was at times projected during the 2 nd oxidation stage in tests performed with a SS-5B 4 C mixture at 1289°C, with SS-5B 4 C and SS-9B 4 C mixtures at a steam partial pressure of 0.8 bar at 1527°C and with a SS-10B 4 C mixture at reference conditions.

Consequently, liquid projections are favoured by high B 4 C contents in the melt, high steam partial pressures and low temperatures.

Nevertheless, these projections are not systematically observed but are always accompanied by CO and CO 2 releases.

An explanation for liquid projections can be the CO supersaturation of the melt during oxidation. Molten metals have such high surface tensions that it is difficult for bubbles to nucleate homogeneously. If the supersaturation is not retrieved, it builds until the driving force for nucleation is enough to overcome the surface tension barrier. Once nucleation begins, bubbles can grow rapidly and produce what is called a "carbon boil". Carbon boil' is CO gas bubbling to the liquid steel surface. It is a manifestation of carbon removal from the melt due to oxidation.

At high temperature (1527°C), main liquid projectio ns were observed during the 2 nd half of the 2 nd oxidation stage, at the same time that the formation of Cr 2 O 3 grains above the sample surface. Carbon boil was previously related to the formation of metallic oxides on the surface of the melt: Distin et al. studied the oxidation of drops of iron containing carbon levitated in different gases [START_REF] Distin | Some reactions between drops of iron and flowing gases[END_REF]. They observed that at a carbon level characteristic of each decarburization rate, particles of oxide suddenly formed on the surface of each drop. The drops started to boil as soon as the oxide phase appeared.

The boiling of drops after oxide formation was more vigorous and with longer duration, the faster the rate of decarburization. They supposed that CO nucleation can occur at the oxide-metal interface. A similar behaviour was remarked by Rao and Robertson [START_REF] Rao | A fundamental study of oxygen-melt reactions in the AOD process[END_REF] who studied the reaction of Fe-18%Cr-2%C levitated drops with oxygen-argon mixtures. They observed that carbon boil, may or may not occur, but is always related to the formation of a film of iron, silicon and chromium oxides in pure and actual Fe-18%Cr-2%C samples.

CONCLUSIONS

This experimental study was performed to understand the mechanisms that control the oxidation of melts formed in B 4 C control rods during a lost of coolant accident. For this purpose, the oxidation of liquid and solid SS-B 4 C mixtures, under various Ar-steam atmospheres and temperatures, was investigated. Hydrogen and to a lesser extent CO and CO 2 are produced by the reaction while methane was never detected. Results show that a "standard behaviour" is observed for most of the tests. This standard behaviour is characterised by: -An initial stage of moderate oxidation rate, controlled by the competition between the formation and the consumption of a B-Cr-Si-O liquid layer above the surface of the melt. The consumption of the liquid layer is linked to the formation of volatile boric acids. The formed liquid layer acts as a diffusion barrier for the reaction.

-When most B has been consumed, Cr oxidation rate increases significantly leading to an irregular 2 nd stage. During this stage, the solubility limit of Cr 2 O 3 in the liquid layer is reached and chromia grains nucleate. This chromia-rich slag strengthens progressively due to the increase in solid particles with oxidation time.

-Slag strengthening leads to a sudden decrease of the oxidation rate. A 3 rd stage in H 2 production is then observed.

This slag is not rigid but it grows, moves, spreads and forms temporary cracks leading to H 2 production peaks.

When solid mixtures are oxidised, B and C are progressively consumed, so that the composition of the mixture approaches that of low B 4 C mixtures that are liquid at the test temperature.

At 1289°C, no clear oxidation stages are differenti ated. The decrease in oxidation temperature delays the formation and modifies the nature of the protective layer. At this temperature, Cr oxidation mechanism is different: O reaches the SS-B 4 C melt surface forming complex Cr and Cr-Fe oxide scales. The result is the simultaneous consumption of B, Cr and Fe.

Variable quantities of liquid are often projected from the melt. They are favoured by high B 4 C contents, high steam partial pressures and low temperatures. These projections may play a significant role in the propagation of the core degradation in case of accident.

In addition to present paper, two companion papers (under preparation) will present the results of the last part of the BECARRE program (degradation of 60 cm-long B 4 C control rods) and the contribution of BECARRE tests to the improvement of ASTEC severe accident code.
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 2 Figure 2: Microstructure of non oxidised compositions at room temperature. Micrograph scales are equal to those displayed for Fe-5B composition.
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 3 Figure 3: H2, CO and CO2 production rates measured during oxidation of different compositions at reference conditions.
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 4 Figure 4: Evolution of appearance and microstructure of the mixtures after oxidation tests at reference conditions.
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 5 Figure 5: Microstructure of the protective layer formed on SS-5B4C, SS and SS-15B4C samples during oxidation at reference conditions.
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 6 Figure 6: Correlation between H2 production rate and phenomena observed on the surface of a SS-5B4C mixture during oxidation at reference conditions.

Figure 7 :--

 7 Figure 7: H2 production rates measured during oxidation of Fe-B and SS-B4C mixtures at reference conditions as a function of B or B4C content.
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 8 Figure 8: Behaviour of SS-10B4C sample during oxidation at reference conditions and of SS-5B4C mixture at 1289°C.
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 8 Figure 8: Behaviour of SS-10B4C sample during oxidation at reference conditions and of SS-5B4C mixture at 1289°C.
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 1011 Figure 10: Microstructure and products formed above the SS-5B4C mixture during oxidation at 1289°C (Psteam = 0.43 bar, Qsteam = 60.5 g/h).
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 12 Figure 12: Weight gain for the SS sample exposed to steam at reference conditions (broken lines). Comparison to Bittel's data at

  The microstructure of the Fe-5B sample is composed of big dark grains surrounded with a two-phase matrix. Big grains and the dark phase matrix are both Fe 2 B while the light phase matrix is pure iron. The microstructure of the Fe-10B sample is mainly composed of Fe 2 B grains with a small quantity of FeB located in grains boundaries. Big dark grains surrounded by a light matrix are observed in the microstructure of the Fe-6.3B 4 C sample. A section of this sample has been analysed by XRD showing that Fe 23 (B,C) 6 is the main phase observed in the matrix. The apparently uniform light matrix is composed of two phases with very low quantities of pure iron between the Fe 23 (B,C) 6 grains. Chemical composition of the iron phase could not be Similar phases, marked with the same number in figure2, were found first in SS-5B and SS-5B 4 C mixtures and later in SS-9B 4 C and SS-10B 4 C mixtures. The microstructure of the SS-5B 4 C mixture is consistent with that previously observed by Steinbrück

	measured due to its small size. The microstructures observed in Fe-5B, Fe-10B and Fe-6.3B 4 C samples, are the ones
	expected from the Fe-B and Fe-B-C phase diagrams [15-16].				
	Composition Phases	Fe	Cr	Ni	B	C	Si	Mn	Total
	Fe-5B								
	Fe2B 91.4 ± 0.4	-	-	9.0 ± 0.2	-	-	-	100.5 ± 0.5
	Fe 100.1± 0.4	-		-				100.1± 0.4
	Fe-10B								
	Fe2B 90.9 ± 0.8	-	-	9.0 ± 0.3	-	-	-	100.1 ± 0.9
	FeB 84.6 ± 0.5			14.4 ± 0.2				99.5 ± 0.3
	Fe-6.3B4C								
	Fe2B 91.3 ± 0.3			9.0 ± 0.1	-	-	-	100.3 ± 0.3
	Fe23(B,C)6 93.3 ± 0.3	-	-	3.9 ± 0.1 3.3 ± 0.2	-	-	100.5 ± 0.4
	SS	67.4 ± 0.4 19.0 ± 0.1 11.2 ± 0.1 0.0 ± 0.0 0.6 ± 0.1	-	-	98.2 ± 0.4
	SS-5%B								
	Phase 1 48.0 ± 1.3 37.1 ± 0.7 1.8 ± 0.0 10.1 ± 0.6 0.6 ± 0.1 0.0 ± 0.0	-	99.9 ± 1.0
	Phase 2 75.7 ± 1.1	6.3 ± 1.9 18.4 ± 2.1 1.1 ± 1.1 1.1 ± 0.9 1.7 ± 0.2	-	104.1 ± 0.5
	SS-5%B4C								
	Phase 1 52.4 ± 0.5 37.3 ± 0.5 1.9 ± 0.0	7.9 ± 0.1 0.9 ± 0.2	-	-	100,4 ± 0.3
	Phase 2 72.5 ± 0.5	6.5 ± 0.9 18.7 ± 1.0 0.0 ± 0.0 1.8 ± 0.2	-	-	99.5 ± 0.5
	Phase 4 72.1 ± 0.6 11.4 ± 1.5 10.4 ± 2.1 3.3 ± 0.2 3.8 ± 0.2	-	-	101.0 ± 0.6
	SS-9%B4C								
	Phase 6 28.9 ± 1.9 56.4 ± 2.1 0.9 ± 0.0 15.1 ± 0.6 0.9 ± 0.1 0.0 ± 0.0	-	92.0 ± 0.7
	Phase 7 47.1 ± 2.2	2.0 ± 0.1 41.5± 3.3 1.0 ± 0.9 1.8 ± 0.5 6.3 ± 0.7	-	102.8 ± 0.4	a
	Phase 9 69.7 ± 0.3 17.4 ± 0.6 5.4 ± 0.6	7.9 ± 0.3 0.8 ± 0.0 0.0 ± 0.0	-	100.9 ± 0.2
	Phase 10 60.5 ± 1.3 27.3 ± 1.8 4.3 ± 0.2	2.6 ± 0.1 7.8 ± 0.1 0.0 ± 0.0	-	96.9 ± 0.3
	SS-10%B4C								
	Phase 6 32.6 ± 1.6 50.2 ± 1.6 0.6 ± 0.0 13.3 ± 0.1 1.9 ± 0.5	-	-	98.7 ± 0.5
	Phase 7 51.8 ± 2.5	1.0 ± 0.4 38.6 ± 2.1 0.0 ± 0.0 2.4 ± 0.3	-	-	93.8 ± 0.9
	Phase 8 73.7 ± 0.4	4.3 ± 0.7 14.9 ± 0.3 2.9 ± 0.05 5.4 ± 0.2	-	-	101.2 ± 0.5
	Phase 9 70.4 ± 0.5 15.5 ± 0.6 5.4 ± 0.6	7.5 ± 0.1 1.5 ± 0.4	-	-	100.3 ± 0.5
	Phase 10 63.8 ± 3.7 23.3 ± 4.3 5.4 ± 0.6	2.2 ± 0.1 8.8 ± 0.5	-	-	103.5 ± 1.1
	SS-15%B4C								

Phase 12 44.4 ± 5.0 36.7 ± 5.3 1.1 ± 0.1 14.9 ± 0.2 1.0 ± 0.1 -2.0 ± 0.2 100.2 ± 0.4 Phase 13 74.5 ± 1.3 8.1 ± 0.5 7.4 ± 1.2 8.1 ± 0.2 1.0 ± 0.4 -1.6 ± 0.1 100.7 ± 0.6 Table 1 : Composition (wt %) of the phases observed in SS-B4C mixtures at room temperature.

Table 2 :

 2 Longer oxidation tests have been performed with SS-B 4 C mixtures. At the end of the irregular 2 nd stage, the quantity of H 2 decreases suddenly. A 3 rd stage in H 2 production is observed with several isolated peaks. When pure steel is oxidised, initial H 2 release rate is close to that of SS-5B 4 C mixture and highly decreases as oxidation proceeds, revealing the early formation of a stable protective layer on the surface of the mixture. The shape of the H 2 rate curve of SS-5B mixture is close to that obtained with SS-5B 4 C. Nevertheless, the SS-5B mixture 1 st oxidation stage, if present, is very short (close to 1 min) and 2 nd stage is more regular than observed with the other mixtures. For each set of experimental conditions, the mean hydrogen formation rate in the 1 st oxidation stage has been calculated. Results are summarised in table 2, including the average duration of the oxidation stage. Mean H2 production rates ( st

	Composition	Temperature (°C)	Psteam (bar)	Qsteam (g/h)	N° of tests	(10	st H 1 2 -3 •mol/min)	Duration (min)
	Fe-5B	1527	0.43	60.5	4	4.4 ± 0.5	21.8 ± 2.3
			0.6	60.5	2	6.2 ± 0.2	16.3 ± 1.8
			0.8	60.5	3	6.6 ± 0.2	12.6 ± 3.0
			0.43	10	2	2.4 ± 0.1	40.0 ± 808
	Fe-10B	1527	0.43	60.5	2	5.5 ± 0.3	52.0 ± 5.6
	Fe-6.3B4C	1527	0.43	60.5	3	6.8 ± 0.7	22.6 ± 0.9
	SS-5B4C	1527	0.43	60.5	8	3.1 ± 0.7	7.7 ± 0.6
		1422	0.43	60.5	5	3.2 ± 0.8	9.6 ± 1.2
		1289	0.43	60.5	6	1.6 ± 0.3	33.9 ± 5.9
		1527	0.8	60.5	4	4.4 ± 1.9	4.5 ± 4.4
		1527	0.43	10	4	1.8 ± 0.4	16.2 ± 3.9
	SS-9B4C	1527	0.43	60.5	6	1.8 ± 1.0	78.1 ± 23.3
			0.8	60.5	2	4.8 ± 1.6	25.5 ± 0.7
			0.43	10	2	1.9 ± 0.1	65.0 ± 0.2
	SS-10B4C	1527	0.43	60.5	8	1.9 ± 1.8	97.3 ± 97.4
			H 1 2 ) measured during 1			

1 st stage, the quantity of formed hydrogen increases significantly (2 nd stage). The duration of Fe-B and Fe-B 4 C mixtures tests could not exceed significantly the end of the 1 st stage because, during the 2 nd stage, the mixture strongly attacked the crucible. st oxidation stage and duration of this stage.

  each mol of H 2 measured, the sample has gained ½ mol of O 2 , giving the upper broken curve of figure12. Weight gain obtained is initially higher than that measured by Bittel at 1200°C (only W and W 2 curves at 1200°C are presented in Bittel's paper) but after nearly 20 minutes, ratio is inversed and weight gain measured by Bittel is higher.

			5 exp (-44.350/RT)
	and W	2 /t=2.4•10 12 exp (-84300/RT) were respectively the linear and parabolic constants. W is the weight gain per unit
	area (mg/cm	2 ), t is time in s, R is the gas constant in cal/mol/K and T the absolute temperature in K. To compare the
	results of the present study with their results, the hydrogen release rate (mol/min) was converted in weight gain (mg/cm	2 )
	considering that for

  These differences can be explained considering the experimental conditions of these studies. Bittel tests were performed at temperatures between 1000 and 1375°C with solid samples oxidised under pure steam at a flow velocity of 0.018 m/s. Test presented in this paper was carried out at 1527°C with a molten sample under a steam partial pres sure of 0.43 bar at a flow velocity of 1.95 m/s. In the present study, pure steel is the composition that shows the formation of the most protective layer on the surface of the liquid mixture at the beginning of oxidation. This layer is composed of two different scales: an internal Cr oxide and an external Fe-Cr oxide. The apparently low oxidation rate of the 304L stainless steel melt, compared to that of the solid sample at lower temperature, can be explained by the formation of a stable Cr 2 O 3 protective layer. In the Bittel study, no Cr 2 O 3 protective layer is formed in steam but a Fe-Ni-Cr spinel is observed. However, a Cr 2 O 3 protective coating is observed at the surface of the metal oxidised in air. The parabolic constant obtained in our study is intermediate between those obtained by Bittel in air (0.0074 mg An inner protective layer of iron-ni ckel-chromium spinel was also developed in stainless steels with Cr and Ni contents (15% Cr, 15% Ni and 18% Cr, 8% Ni) close to that of the 304 L stainless steel and exposed to steam oxidation at temperatures up to 1289°C[START_REF] Leistikow | Comparison of high-temperature steam oxidation kinetics under LWR Accident conditions: Zircaloy -4 versus austenitic stainless steel n°1.4970[END_REF][START_REF] Chaudanson | Influence de la pression de vapeur sur les premiers stades d'oxydation d'alliages fer-chrome et ferchrome-nickel à 1200[END_REF]. The layers formed above the steel melt after oxidation coincide with those observed by Rao and Robertson[START_REF] Rao | A fundamental study of oxygen-melt reactions in the AOD process[END_REF] after oxidation of pure Fe-18%Cr-0.1%C levitated drops with oxygen at 1600-1700°C. Their samples were covered by an external F e 3 O 4 and an internal Cr 2 O 3 layers. The Fe 3 O 4 layer contains Cr in concentration decreasing from internal to external surfaces. Pure steel is the only composition that shows a H 2 release rate curve with only one stage. The other compositions present, at least partially, the typical 3 stages observed in SS-B 4 C compositions. It can be seen comparing SS, SS-5B and SS-5B 4 C curves in figure 3, that the presence of B in stainless steel delays the formation of a stable protective layer (Cr 2 O 3 ). In the presence of B, this layer is progressively developed during the 2 nd oxidation stage and leads to the high decrease in oxidation rate observed at the end of this stage. It is worth pointing out that in the Fe-B and Fe-B 4 C mixtures, no stable protective layer was formed. It can be observed in figure 7 that the duration of the 1 st oxidation stage increases with boron or boron carbide content in the melt. It can also be noticed that 1 st stage of high oxidation rate curves is close to that measured with composition SS-15B 4 C, composition completely solid at the beginning of the test. Differences between the curves are more in the initial oxidation rate, which rises with the B 4 C content on the mixtures, than in the mean oxidation rate of the 1 st stage. A crust was formed above SS-15B 4 C sample during oxidation, while the sample passes from solid to liquid state. The crust was mainly composed of ZrO 2 with some disperse grains of Cr 2 O 3 (SS-15B 4 C sample contains significant quantity of Zr). The standard free energy of formation of ZrO 2 is significantly lower than those of the other oxides likely to be formed from the elements present in the mixture. Consequently, Zr is the chemical element that should oxidise first. Even if B has not clearly been observed in the crust and the sample was solid, in the presence of steam, a boron oxide should form above the sample as it has been previously observed in solid materials containing B [8-9, 16, 25]. In addition, significant quantities of CO and CO 2 are formed during oxidation of the SS-15B 4 C mixture, compared to those produced with lower B 4 C content samples. Thus, in the presence of steam, B and C are removed from the sample leading to composition close to that of low B 4 C mixtures that are liquid at the test temperature. Given the close oxidation rate of composition SS-15B 4 C and that of mixtures with lower B 4 C content, the ZrO 2 crust should be highly permeable and does not perturb significantly the access of gases to the sample surface.

						). Comparison to Bittel's data at
						1200°C (triangular and square points).
	W/t and W	2 /t constants were calculated by least squared fit via the same method used by Bittel et al.: W/t constant was
	calculated by least squared fit from the initial linear region of the W curve, while W	2 /t constant was calculated from the
	final linear region of the W	2 curve. The constants obtained are 0.11 mg/cm	2 /s and 0.44 mg 2 /cm	4 /s. Linear constant is
	comparable but parabolic constant is significantly lower than constants calculated by Bittel not only at 1200°C (0.034
	mg/cm	2 /s and 0.8 mg 2 /cm	4 /s) but also at 1350°C (0.11 mg/cm	2 /s and 13 mg 2 /cm	4 /s).
						2 /cm	4 /s) and in steam (13
	mg 2 /cm	4 /s) at 1350°C.	

  SS-B 4 C mixture with oxidation duration does not shows a clear Cr consumption. Moreover, instead of the Cr 2 O 3 rich slag observed at higher temperatures, complex Cr and Cr-Fe oxide scales are formed on the surface of the melt.

Consequently, a different oxidation mechanism is observed: the liquid layer formed above the sample is less protective than at high temperature and allows O to reach the SS-B 4 C melt surface. Finally, Cr is slowly oxidised inside the SS-B 4 C melt together with Fe. At this temperature, B preferential consumption is observed but B-containing phases, which diminished with oxidation duration, are still observed in the SS-B 4 C mixture after the longer test (151 min). Thus, B oxidation, that still produces boric acids, is slower than at high temperature and continuous all over oxidation.
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