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Introduction

Zirconium (Zr) alloys are used worldwide as cladding materials in water cooled nuclear power plants. Cladding materials corrosion in normal in-service conditions has been the subject of numerous studies since decades, see for example Ref [START_REF] Coindreau | Waterside corrosion of zirconium alloys in nuclear power plants[END_REF], and references herein. Cladding degradation at high temperature in conditions representative of accidental scenarios in nuclear plants is also an important concern. Scenarios related to loss of coolant accident (LOCA) in the reactor core, where the cladding material might be oxidized at high temperature by steam have been the subject of numerous investigations since many years [START_REF] Chung | Fuel behavior under loss-of-coolant-accident situations[END_REF].

Even if of low probability, other scenarios, such as spent fuel storage pool loss of coolant, loss of cooling, or even assembly handling accidents, would also involve high temperatures, but more complex oxidizing atmospheres. For such scenarios, the fuel rods might be exposed to gaseous environments containing air and steam, thus nitrogen. We will examine this particular situation throughout the present paper.

The effects of nitrogen on the high temperature oxidation of zirconium alloys are now documented [START_REF] Evans | Critical Role of Nitrogen during High Temperature Scaling of Zirconium[END_REF][START_REF] Steinbrück | High-Temperature Oxidation of Zircaloy-4 in Oxygen-Nitrogen Mixtures[END_REF][START_REF] Duriez | Zircaloy-4 and M5 High Temperature Oxidation and Nitriding in air[END_REF][START_REF] Lasserre | Modelling of Zircaloy-4 accelerated degradation kinetics in nitrogen-oxygen mixtures at 850 °c[END_REF][START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF], even if they are not still completely understood. All the studies conducted so far have shown that right from 750-800°C, oxidation of pure Zr or Zr-based alloys is by far much faster in nitrogen-containing environments (oxygen and/or steam) than in nitrogen-free atmospheres. Most of the experimental findings suggested that the formation of ZrN and its further reoxidation is responsible for the fast cladding material degradation [START_REF] Duriez | Zircaloy-4 and M5 High Temperature Oxidation and Nitriding in air[END_REF][START_REF] Steinbrück | Prototypical Experiments Relating to air Oxidation of Zircaloy-4 at high Temperatures[END_REF]. The nitrogen impact is strong in the 800-1000 °C temperature range because it leads to an early breakdown of the first-formed protective corrosion scale and to a huge acceleration of the oxidation kinetics [START_REF] Steinbrück | Prototypical Experiments Relating to air Oxidation of Zircaloy-4 at high Temperatures[END_REF][START_REF] Steinbrück | Air oxidation of Zircaloy-4, M5® and ZIRLO™ cladding alloys at high temperatures[END_REF][START_REF] Duriez | Separate-effect tests on zirconium cladding degradation in air ingress situations[END_REF]. At higher temperatures, because a fast consumption of the available oxygen and/or steam can lead to local starvation conditions and to an extended formation of the unstable ZrN compound, the impact of nitrogen can also be very significant [START_REF] Duriez | Zircaloy-4 and M5 High Temperature Oxidation and Nitriding in air[END_REF][START_REF] Steinbrück | Oxidation of Zircaloy-4 in steam-nitrogen mixtures at 600-1200 °C[END_REF][START_REF] Grosse | Influence of the steam and oxygen flow rate on the reaction of zirconium in steam/nitrogen and oxygen/nitrogen atmospheres[END_REF].

On the other hand, cladding materials corrosion in atmospheres containing simultaneously both oxidizing species, steam and di-oxygen, has been less studied [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF][START_REF] Steinbrück | Comparative High-Temperature Oxidation Tests With Zircaloy-4 In Various Atmospheres[END_REF][START_REF] Grosse | In-situ neutron radiography investigations of the reaction of Zircaloy-4 in steam, nitrogen/steam and air/steam atmospheres[END_REF][START_REF] Steinbrück | High-temperature oxidation of Zircaloy-4 in mixed steam-air and steamnitrogen atmospheres[END_REF][START_REF] Duriez | Zircaloy-4 high temperature oxidation in atmospheres representative of SFP-LOCA: Investigation of the influence of a low temperature pre-oxidation scale[END_REF][START_REF] Negyesi | Oxidation behavior of Zry-4 in steam-air mixtures at high temperature[END_REF]. In this regard, it is worth bearing in mind that the oxidation behavior of Zr alloys in water-vapor-containing environments may substantially differ from that in dry oxygen containing gases. Obviously, the question of the respective contribution of oxygen and steam arises, both in the pre-and post-transition, nitrogen-"catalyzed" regimes. From a pure academic viewpoint, this is a question that has rarely been addressed. More than this academic interest, for safety concerns in such accidental scenarios, any possible hydrogen release is indeed a parameter to be controlled. The presence of steam is also known to potentially affect the mechanical properties of the alloy if hydrogen is incorporated during the oxidation, which is also a strong safety concern.

Both steam and di-oxygen can oxidize zirconium. However, from thermodynamic arguments, oxidation by di-oxygen is expected to be favored, having a lower Gibbs free energy than oxidation by steam:

Zr + O2  ZrO2
G (kJ/mol Zr) = -993.6 + 0.1835*T(K)

Zr + 2H2O  ZrO2 + 2H2 G (kJ/mol Zr) = -557.4 + 0.0706*T(K)

Here, the G functions were fitted data from the NUCLEA database [START_REF] Fischer | NUCLEA Thermodynamic Database for Corium Applications[END_REF].

Summarising the main published results, steam addition in air has only a moderate effect on the corrosion kinetics in the 700-900°C temperature range [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF][START_REF] Steinbrück | High-temperature oxidation of Zircaloy-4 in mixed steam-air and steamnitrogen atmospheres[END_REF][START_REF] Negyesi | Oxidation behavior of Zry-4 in steam-air mixtures at high temperature[END_REF]. For higher temperatures, the dependence of the oxidation rate with the steam fraction is more pronounced [START_REF] Steinbrück | High-temperature oxidation of Zircaloy-4 in mixed steam-air and steamnitrogen atmospheres[END_REF][START_REF] Negyesi | Oxidation behavior of Zry-4 in steam-air mixtures at high temperature[END_REF]. However, in the above mentioned studies, the steam and oxygen partial pressures were varied simultaneously, preventing the contribution of the two oxygen-bearing species on the oxidation process to be unambiguously assessed. In Ref. [START_REF] Steinbrück | High-temperature oxidation of Zircaloy-4 in mixed steam-air and steamnitrogen atmospheres[END_REF], mass spectrometry analysis of off-gas composition did not evidence any hydrogen release as far as oxygen was in excess. It was concluded that oxidation by steam could take place only once oxygen was completely consumed. However, post-test destructive analysis of the oxidized specimens showed that the metal incorporated significant amounts of hydrogen, even for low steam partial pressures [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF][START_REF] Duriez | Zircaloy-4 high temperature oxidation in atmospheres representative of SFP-LOCA: Investigation of the influence of a low temperature pre-oxidation scale[END_REF][START_REF] Negyesi | Oxidation behavior of Zry-4 in steam-air mixtures at high temperature[END_REF]. Furthermore, the hydrogen content of the metal was found to increase with the steam partial pressure in the oxidizing mixture. Even if the hydrogen pick-up was mostly detected in the posttransition regime, this first experimental finding might be a first evidence that steam might effectively contribute to the oxidation process.

In that direction [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF], thermogravimetry and differential scanning calorimetry were recently coupled to evaluate the heat released during the oxidation process. Only one test could be performed at 750 °C, and the results are known to be hardly completely quantitative. Nevertheless, this test suggested that, at least in the nitrogen-"catalyzed" regime, both reactions (1) and ( 2) contributed to the oxidation process.

In this same work, first isotopic labelling experiments were performed in 18 O2 -N2 -H2 16 O atmospheres. One particular test has been conducted on bare zircaloy-4 (Zy-4). Surprisingly, the results suggested that in the pre-transition regime, the "dense" pre-transition oxide has mainly formed from steam. By contrast, in the post-transition nitrogen-"catalyzed" regime, the 18 O isotopic content in the oxide matched the gas phase one, a possible indication that both oxygen and steam were simultaneously involved in the oxidation process. However, because of experimental constraints, results were still questionable. Low 18 O2 and steam partial pressures and flow rates had to be used, and significant deviations from the targeted isotopic oxygen and steam compositions were detected in the gas phase. This made it difficult to correlate unequivocally the solid and the gas phase isotopic compositions.

In the present paper, we want to further explore the use of the isotope labelling technique to unravel the reaction mechanisms and the transport processes involved in the oxidation of Zr alloys in mixed atmospheres. Reexamining the whole experimental protocol to prevent or limit gas phase isotopic scrambling, it seems clear that such isotopic labeling techniques can provide a great deal of information on both oxygen transport within the oxidation layers and surface reaction mechanisms.

To this end, the experimental protocol was reformulated to limit as far as possible the isotopic exchanges in the gas phase. From there, two different oxidation protocols, still applied to Zy-4, were considered in the temperature range 700 -950°C. For both measurement sets, the gas phase composition was monitored using mass spectroscopy, while the oxygen isotopic distribution within the samples was assessed using Raman imaging along with the data analysis protocols described in [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF]. This method indeed enabled to obtain fairly quickly isotopic composition images over regions of a few hundred μm 2 , with a spatial resolution close to one μm.

First, following [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF], oxidation tests were conducted in 18 O2 -N2 -H2 16 O atmospheres. Either way, as long as the isotopic exchange between oxygen and steam in the gas phase remains low, the isotopic distribution in the solid must give some information on the respective contribution of the two oxygen-bearing species to the oxidation process. Analyzes were systematically carried out in regions characteristic of pre-and post-transient behavior.

Second, more conventional two-stage oxidation tests were examined, after a sequential exposure of the alloy in 18 O2, then in 16 O2-or H2 16 O-containing atmospheres. These tests were carried out to get information on oxygen transport within the oxide layers, at both the macroscopic and microscopic scales, and /or possible molecular transport along short-circuit pathways.

Results are first analyzed taking into account surface and transport processes within the layers. Some probable consequences of the formation of ZrN precipitates are highlighted. Because some of the isotopic distribution maps can be understood in different ways, isotopic exchange within the open porosity of the corrosion layers is also considered. Finally, we discuss the strengths and weaknesses of the methodology used throughout this work.

II. Experimental

In what follows, the terms steam, water and oxygen will be used in their general sense. When it is necessary to specify the isotopic variety considered, we will use their corresponding chemical formulae.

Materials

Two different Zy-4 alloy batches supplied by AREVA were used as received. Their chemical compositions are given in table 1. The samples were prepared in the form of flat square coupons of approximate size 10 x 10 mm, cut from 425 µm thick plates. In terms of oxidation rates, these two batches gave similar results and will not be distinguished. 

Thermobalance

Oxidation experiments were performed using a SETARAM SETSYS single furnace thermobalance, fitted with a 18 mm inner diameter alumina tube. To limit as far as possible the gas phase recombination reactions, which are known to be catalytically activated by metallic surfaces and would result in the undesired formation of the H2 18 O, 16 O 18 O and 16 O2 species, the use of platinum suspension wires was avoided. They were replaced by quartz hooks. Furthermore, dynamic rather than static conditions were preferred, to continuously renew the atmosphere seen by the sample.

To avoid excessive 18 O marked gas consumption, low flow rates had to be used. The choice of a flat rather than a tubular sample geometry favoured a better access of the reactive species to the sample.

The steam -N2 mixture was produced with a Bronkhorst Controlled Evaporator Mixer (CEM), composed of two calibrated mass flowmeters and an evaporating unit. A third mass flowmeter was used for oxygen, either 16 O2 or 18 O2. The reactive gas mixture was injected from the bottom and flowed upward. A helium counterflow was injected in the balance head to avoid water condensation.

After a vacuum purge phase, the helium flow was used to fill-up the furnace up to atmospheric pressure. The heating-up phase (30K/min) was performed under helium. The oxidizing mixture was injected when the targeted temperature has been reached. However, helium was observed to saturate the mass spectrometer. For some of the tests, it was therefore replaced by nitrogen. Even if the reaction rate of nitrogen with zirconium is known to extremely low in the temperature domain investigated, the formation of a thin ZrN film on the substrate during the heating-up phase cannot be fully excluded, specifically at 950°C. Therefore, additional tests were performed at 950°C using argon instead of nitrogen. As a counterpart, possible formation of the H2 18 O molecule could not be tracked with the mass spectrometer because the mass spectrum of argon has a high contribution at a mass-to-charge ratio (m/e) of 20, due to the Ar ++ ion. We will come back to this point below.

Oxidation conditions

Two different test protocols were examined. They were conducted in the 700 -950°C temperature range. This temperature range is considered to be the more relevant during the analysis of spent fuel pool accidents scenarios.

First, oxidation tests were performed in mixed N2 -18 O2 -H2 16 0 atmospheres. To discriminate between the respective contributions of steam and oxygen, high purity (97%) 18 O2 had to be used.

Two different gas phase compositions were targeted, with a "high" (1) and a "low" (1/4) 18 O2/H2O ratio respectively, see table 2. To adjust the oxidation protocol, and to get reference labelled oxygen-free samples, some tests were also conducted in pure 16 O atmospheres, while maintaining similar oxidation conditions. For both "high" and "low" 02 concentration conditions, these tests were conducted for three different temperatures, namely 700, 850 and 950°C, a temperature range for which the "catalytic" effects of nitrogen are known to be significant. The test grid is summarized in table 3.

Flow rates

Partial pressures* (hPa) 18 O at. fraction** H2O (g/h) N2 (ml/min) Zy4RXA-P-V-01 high, 16 O He 60 5.4

Zy4RXA-P-V-02 high, 18 O He 60 6.9

Zy4RXA-P-V-03 low, 16 O He 60 6.7

Zy4RXA-P-V-04 low, 18 O He 60 6.8 950°C Zy4RXA-P-V-07 high, 16 O N2 15 10.6

Zy4RXA-P-V-08 high, 18 O N2 15 11.4

Zy4RXA-P-V-09 Low, 18 O N2 15 10.8

Zy4SRA-P-V-19 High, 18 O Ar 15 9.9

Zy4SRA-P-V-20 low, 18 O Ar 15 9.5

Zy4SRA-P-V-18 high, 18 O Ar 15 10.3

*ECR = Equivalent Cladding reacted = ratio of the mass of metal converted into oxide to the initial sample mass. Second, two different so-called two-stage oxidation were performed. These oxidation tests were carried out at 850 ° C. For both samples, the first oxidation step was performed during 30 min in an atmosphere containing only 18 O2, still of 97% purity. For both samples, the duration of the second stage has been adjusted to 60 min, using either a H2 16 O -N2 or a 16 O2 -N2 atmosphere. The gas flow rates used and the Equivalent Cladding Reacted (ECR) reached at the end of the tests are given in Table 4. Here, ECR is defined as the ratio of the metal mass converted into oxide over the initial metal mass [START_REF] Duriez | Zircaloy-4 high temperature oxidation in atmospheres representative of SFP-LOCA: Investigation of the influence of a low temperature pre-oxidation scale[END_REF]. These ECR values, see the last column of table 4, provide a direct indication of the extent of oxidation.

Sample name

Step 1 (30 min)

Step 2 (60 min) ECR (%)

Zy4RXA-P-V-11 10 ml/min 18 O2 1 g/h H2 16 O + 100 ml/min N2 11.9

Zy4RXA-P-V-24 10 ml/min 18 O2 120 ml/min synthetic air 10.4 For both sample sets, to get on a same sample both pre-and post-transition regions, and to minimize isotopic exchanges within the zirconia grains after their formation, rather short oxidation durations were targeted. Scale thicknesses were in the 10-30 µm range, corresponding to ECR lower than ca 10%. Thus, the µm spatial resolution of Raman imaging was well suited for such scale thicknesses. Post-transition areas were found at the sample edges.

Mass spectrometry

The gas phase composition at the exhaust of the thermobalance was continuously monitored during the oxidation tests using a HIDEN ANALYTICAL HPR50 mass spectrometer. The different mass-to-charge (m/e) signals recorded are given in table 4, along with the corresponding chemical species that may be identified through their characteristic fragmentation patterns. No specific calibration of the mass spectrometer was performed. The relative sensitivity factors available in the spectrometer software library were used instead. Furthermore, the spectrometer sensitivity was assumed to be the same for 18 O2, 16 O2 and 16 O 18 O, and for H2 16 O and H2 18 O respectively. Therefore, the measurements were only semi-quantitative, and were mostly used to evaluate the 16 O2 and 16 O 18 O and H2 18 O production in the gas phase.

The signal at m/e = 2 comes from the H2 + ion and may arise from the H2, H2O 16 and H2 18 O molecules, as detailed in table 5. Practically, to track the possible presence of molecular hydrogen in the gas phase, the S2/(S18+S20) ratio is calculated. Here, Si stands for the signal at m/e = i. A constant ratio means that the S2 signal mostly comes from the fragmentation pattern of water molecules in the mass spectrometer, and that the gas phase is free of molecular hydrogen in detectable amounts.

Raman spectroscopy and imaging

For all the microscopy examinations and Raman analyses, metallographic cross sections were prepared. After cutting, samples were embedded in a two component epoxy resin, chosen to minimize possible fluorescence issues during Raman analysis. Cross sections were then polished using diamond pastes of decreasing sizes. The final polishing step used a colloidal silica aqueous suspension.

Micro-Raman measurements were performed using a Renishaw InVia spectrometer. All the measurements were conducted at 532 nm. A 50x (numerical aperture or NA = 0.75) objective was systematically used to focus the laser at the sample surface and collect the scattered light. To prevent sample heating, the power at the specimen was a few mW/µm 2 . Using the present set-up, the spectral resolution (i.e. the accuracy on the frequency determinations from line fitting procedures) was about 0.1 cm -1 , and the lateral resolution was about 1 µm. For these particular zirconia samples, the probed volume has been estimated and measured to be at maximum 2 µm 3 (~ 1 µm spot size and ~ 2 µm maximum probing depth).

A completely oxidized Zy-4 fragment was used to get a reference spectrum of unstrained and stoichiometric monoclinic zirconia. This allowed alloying effects to be taken into account. These effects were clearly evidenced by small but significant line shifts (about 0.5 cm-1) when comparing spectra obtained for samples of different origins, including commercially-available monoclinc zirconia (Tosoh). Here, we implicitly assumed that the distribution of the alloying elements in this reference sample, tin in particular, was homogeneous at the micron scale. Other reference spectra (t-ZrO2, and ZrN in particular) were obtained in previous works [START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF].

Raman imaging was used to examine samples' cross sections according to protocols already described in Refs [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF][START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF]. Before and after each map acquisition, a few spectra of the reference sample were acquired for calibration purposes. For each cross-section, systematic scans, from the metal/oxide (M/O) interface to the oxide surface, were performed to study the variations in oxide crystalline structure and isotopic composition as a function of position with a point spacing of 1 µm or less. The sizes of the examined areas were chosen to get representative maps for each sample. In pre-transition areas, a few measurements were carried out over very large distances, between 600 and 800 µm. These particular measurements have shown that the examination of the samples over a length of about 100 µm was appropriate to extract characteristic sample properties, whether in terms of labelled oxygen content or observed phases.

Different maps were produced using the information available in all the individual spectra.

First of all, we tried to find out what were the different crystallographic phases present and their corresponding location in the corrosion layers. For such a purpose, different methods can be used [START_REF] Idarraga | Potentialities of Raman Imaging for the Analysis of Oxide Scales Formed on Zircaloy-4 and M5 in Air at High Temperature[END_REF][START_REF] Idarraga | Raman investigation of pre-and postbreakaway oxide scales formed on Zircaloy-4 and M5_ in air at high temperature[END_REF]. A characteristic feature of those corrosion layers is their low grain size, ranging between some tens to a few hundred nm. This means that each individual spectrum may reflect the presence of different phases that may be present within the probed area, all with their own characteristic Raman signature. Among these different phases are the three different ZrO2 polymorphs and ZrN. Here, we simply assumed that each experimental spectrum was a linear combination of these spectra, that were all characteristic of the different phases expected. However, as explained in [START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF], it was necessary to add an additional broad component to completely describe the whole dataset, i.e. each individual spectrum. This means that five different components were necessary to reproduce the whole data set without redundancy. The origin of this last signal is still uncertain, but has in one way or another to be related with oxide substoichiometry [START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF][START_REF] Idarraga | Potentialities of Raman Imaging for the Analysis of Oxide Scales Formed on Zircaloy-4 and M5 in Air at High Temperature[END_REF][START_REF] Idarraga | Raman investigation of pre-and postbreakaway oxide scales formed on Zircaloy-4 and M5_ in air at high temperature[END_REF]. A complete description of this particular signal falls out the scope of the present paper, and we refer the reader to Refs. [START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF] and [START_REF] Idarraga | Raman investigation of pre-and postbreakaway oxide scales formed on Zircaloy-4 and M5_ in air at high temperature[END_REF] for a complete description of the fitting process which allows to determine the spatial distribution of the different phases.

In this study, we mostly describe t-ZrO2 and ZrN distribution maps. As shown in [START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF], ZrN distribution maps obtained from Raman imaging were found to match to those of the nitrogen distribution as acquired with an electron probe microanalyser (EPMA). At present, when detected, nitrogen was found to be in the form of ZrN. Because the fitting process includes a normalization step, the information present in these spatial distribution maps is obviously only qualitative, and does not lead to true volume fraction calculations. These distribution maps are rather an indication of the presence or absence of a given phase at a given location in the analyzed area.

As expected, m-ZrO2 was always the predominant crystallographic phase, and most of the quantitative information, i.e. the local isotopic composition, was extracted from its corresponding Raman spectrum. As a matter of fact, within the framework of the so-called harmonic approximation, it is shown that the frequency of each zone-center Raman-allowed mode is proportional to √𝐾/𝜇, where K is an effective force constant and  an effective mass [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF]. The effective force constant brings structural information, to summarize, an information on any internal or external parameter whose consequence is to modify the lattice constants. Among these parameters, are external stress, alloying, sub-stoichiometry, … The effective mass naturally brings chemical or isotopic information. The virtual crystal approximation is usually introduced for a crystal containing several isotopes in order to recover the translational invariance lifted by the isotopic disorder. Masses of these isotopes are simply replaced by their average weighted relative abundances. To extract the 18 O content, line frequencies, more exactly their shifts vs a suitable reference, are used. This means that it is necessary to discriminate between chemical (mass) and structural (strain) effects on the observed frequencies of the m-ZrO2 spectra. For such a purpose, among the 18 lines (9Ag and 9Bg modes) expected, three particular ones can be used [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF]. These lines are peaking at about 178, 198 and 475 cm -1 for the reference sample oxidized in a 16 O containing atmosphere. They will be referred as M2, M3 and M9 lines in the following, according to their occurrence order in the m-ZrO2 spectrum (see Fig. 2). These frequencies were obtained by fitting these particular three lines with mixed Gaussian and Lorentzian functions. The two low frequency lines are characteristic of pure Zr motions, and as such are not affected by oxygen (mass) labelling. They can be used as a qualitative "strain gauge". The high frequency one, due to pure O motions, allows the quantitative isotopic content extraction. As shown in Ref. [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF], the line downshift versus the 18 O content is strong, estimated and measured to be about 0.27 cm -1 / 18 O at.%. Here, the 0.2% natural 18 O abundance was not taken into account. Nevertheless, the M9 line contains a priori both information (mass and strain), which obviously introduces some uncertainty in the extraction of the 18 O content. This uncertainty will be discussed in detail below.

Line width and intensity maps may be drawn according to the same protocol. Regions including resin or metal, for which the interpretation of the Raman signal in term of 18 O content in zirconia has obviously no meaning, have been manually masked from the maps.

Data processing was achieved in part using the factory-supplied Wire 4 software. Averaged spectra over the areas which were mapped were obtained by summing all the individual spectra. Finally, mean 18 O distribution profiles along the film thicknesses were extracted from the 18 O concentration maps by averaging the data over a few dozen vertical profiles.

III. Results

Mass spectroscopy monitoring of the gas phase

As already mentioned, the gas phase composition at the exhaust of the thermobalance was continuously monitored during the oxidation tests. An example of such a monitoring is given in Fig. 1. It concerns the V-09 specimen, which was obtained at 950°C using the "low" 18 O protocol, see the corresponding complete oxidation conditions in table 3. were strictly correlated. This is an indication that the m/e = 2 signal mainly arises from the fragmentation pattern of the water molecules, but not from hydrogen in the gas phase.

Nevertheless, assuming that H2O could contribute to the oxidation process, some hydrogen production is expected, in particular at the beginning of the oxidation process, when the oxidation reaction rate is the highest. This production was not directly evidenced by its corresponding signal at m/e=2. This is perhaps not surprising since the hydrogen produced in the gas phase is expected to immediately react with O2, thus mainly 18 O2, to form H2 18 O. This reaction is known to have a high rate. Consequently, negligible amounts of H2 are expected to be present in the gas phase using gas compositions with large oxygen excess. This was effectively what was measured. Nevertheless, a weak signal a m/e = 20 effectively translated the presence of H2 18 O in the gas phase. The intensity of this signal was indeed the highest for short reaction times, which can effectively translate some hydrogen production in the gas phase, and its subsequent recombination with excess oxygen present in the form of 18 O2.

Fig. 1B gives some molar ratios that were computed as follows:

H2 18 O/H2O tot = S20/(S20+S18 corr ) 18 O 16 O/O2 tot = S34/(S32+S34+S36) 16 O2/O2 tot = S32/(S32+S34+S36)

where Si stands for the raw signal at m/e = i. S18 corr is the signal at m/e = 18, corrected from the contribution of the 18 O2 ++ and the 18 O + ions. The 18 O + and 18 O2 ++ ions were assumed to arise from the 18 O2 molecule fragmentation only, neglecting possible contributions of H2 18 O and 18 O 16 O molecules to their formation. These contributions were determined by measuring the S18/S36 ratio in a pure 18 O2 atmosphere. A S18/S36 = 0.046 value was obtained. Therefore, S18 corr is given by: Values or variation ranges of these three molar ratios for the experimental conditions investigated are given in table 6. In some cases, the significant variations observed were induced by slight instabilities of the steam flow rates.

S18 corr = S18 -0.046 S36
H2 18 O/H2O tot (%) At 700 and 850°C, the analysis of the gas phase showed that its composition, estimated at the thermobalance exhaust, was always close to that initially targeted. Oxygen or steam starvation can be completely excluded. As already discussed, no hydrogen was directly evidenced, confirming its probable fast reaction with excess 18 O2. More important, the H2 18 O/H2O tot, 16 O 18 O /O2 tot and 16 O2/O2 tot ratios were always weak, a few % at maximum. Thus, there is no isotopic mixing in the gas phase. The oxygen exchange reactions between water and oxygen molecules, either catalyzed by the growing ZrO2 scale, or by any active surface in the hot zone of the furnace, therefore remained weak in this temperature range. Thus, under the specific conditions used here, 16 O and 18 O in the ZrO2 scales will essentially or even nearly exclusively derive from steam and molecular oxygen respectively. The isotopic ratio in the scales must therefore give insights on the growth mechanisms. Nevertheless, we will see later that it will be necessary to reconsider in part this first conclusion.

At 950°C, higher H2 18 O/H2O tot, 16 O 18 O/O2 tot and 16 O2/O2 tot molar ratios were found. Both the 16 O 18 O and 16 O2 concentrations were systematically much higher than the expected value given by the isotopic composition of the 18 O source used, i.e. 3%. While the formation of the H2 18 O molecule can be due, at least partly, to the recombination of the released hydrogen with 18 O2, the 16 O 18 O and 16 O2 high contents likely indicate that recombination reactions, catalyzed by surfaces, occurred in the hot zone of the furnace. Here, isotopic exchanges with the alumina tube of the TGA apparatus cannot be excluded, also contributing to the 16 O 18 O and 16 O2 formation. Because part of these recombination/exchanges may have occurred upstream of the sample position, a possible consequence is that the gas phase seen by the sample can deviate notably from the one initially targeted. Anyway, the 18 O and 16 O bearing molecules are not anymore only di-oxygen and water respectively. Interpretation of the 18 O concentration maps obtained at 950°C should therefore be more cautious.

Preliminary measurements -Reliability of the 18 O uptakes extracted from Raman spectra

Zy-4 samples oxidized at 850°C were examined first. Preliminary measurements were conducted within the dense oxide formed before the kinetic transition.

A first and fast reading of the results obtained for the samples exposed to atmospheres containing labelled oxygen immediately showed that, for both gas phase compositions, 18 O uptakes were necessarily very low, see Fig. 2. The examination of the average spectra showed that, from a sample to another, the measured M9 line downshifts were systematically much lower than ca 2 cm -1 (Fig. 2B), translating 18 O contents much lower than ca 10%. Moreover, the average frequencies and the contrast of the M9 line frequency images obtained for growths under 16 O2 or 18 O2 were very similar. Therefore, for these particular gas phase compositions and temperature conditions, a first important conclusion is that, in the absence of strong gas phase recombination, steam mainly or even exclusively contributes to the growth of these protective corrosion layers, which first form at the Zy-4 surface in the pre-transition regime. Of course, we will come back in details to this point in the following. Obviously, because the observed line downshifts were much smaller than those expected from thermodynamic arguments, i.e. a corrosion layer rich in 18 O, questions about the accuracy of the 18 O determinations arise. Using Raman spectroscopy, the downshift of a particular Raman mode is used to extract the 18 O concentration. As already discussed in the experimental part of this paper, and in Ref [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF], residual strain and alloying, and perhaps even sub-stoichiometry may also contribute to shift the position of this particular vibrational mode. For two stage experiments conducted with nearly pure 18 O, these effects (a few cm -1 at most) were usually weak compared to the main isotopic effects (about 27 cm -1 at maximum). In the high 18 O concentration range, it has been shown that Raman and secondary ion mass spectroscopy (SIMS) concentration images compared well [START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF]. However, this is no longer the case here since alloying, strain and isotopic effects on the M9 line shifts have more or less same amplitudes.

Alloying effects may be minimized, or even eliminated using a suitable reference sample, a strainfree ZrO2 standard obtained from the complete oxidation of Zy-4. This allows to take into account the effects of possible slight distortions of the m-ZrO2 unit cell induced by the substitution of Zr by Sn on the measured frequencies. On the other hand, strain effects, characteristic of such corrosion layers cannot be disregarded for such low 18 O uptakes. Here residual strain obviously includes thermally-induced and intrinsic or growth strains, both at the macroscopic and microscopic scales. A complete discussion of the mechanical effects on the line shifts in m-ZrO2 is beyond the scope of this paper, but nevertheless they must be taken into account here, at least qualitatively. We just emphasize here that it is probably safer to speak of residual strain rather than residual stress.

These residual strain effects can be evaluated at different scales, using either averaged or spatially-resolved Raman data. The two pieces of information are obviously present in each Raman image data set.

First, the mean, macroscopic residual strain contributes to down-or upshift the m-ZrO2 characteristic lines of the average spectra, once again compared to the characteristic spectrum of the reference sample. Concerning the samples examined in this work, these averaged effects were always rather weak, see the example shown in Fig. 2, which shows that the low frequency M2 and M3 modes were only slightly downshifted from the strain-free values, by about 0.5 cm -1 at most. These weak downshifts are the indication of small residual tensile strains. Moreover, for a given oxidation protocol, the comparison of the spectra of scales grown in 16 O2-or 18 O2-mixed atmospheres have shown that the M2 and M3 mode frequencies usually coincide, see Fig. 2. This means that the average or macroscopic strain state is similar for both oxide layers. This also means that an order of magnitude of the mean 18 O content can be safely extracted, even if it is weak: it is simply given by the frequency difference between the M9 lines of the samples obtained in 16 O2 and 18 O2 mixed atmospheres. In the following, we will systematically give these average values.

On the other hand, the main interest of Raman imaging obviously lies in its spatial resolution, slightly lower than 1 µm. Thus, the main idea is to get spatially resolved results, i.e. 18 O concentration images from the mapping experiments. Obviously, the rationale described above to take into account strain effects, which is based on the comparison of two spectra with identical strain levels, can no longer be locally applied. As well as for the reading of the average spectrum, when the local 18 O content is high, the frequency of the M9 mode can be directly translated in terms of concentration with an uncertainty which will always be low. On the other hand, for lower contents, 5% or less to give a first rough estimate, this direct conversion can be questionable. If the analysis of the average spectra tends to show that the mean mechanical effects are rather weak, less than ca 1 cm -1 , this is no more the case for more local strain, or micro-strain in other words. This simply translates strong strain state variations from one grain to another, which is not unusual for polycrystalline films. For the samples grown in 16 O, micro-strains are directly exhibited in the frequency images contrast, that is to say in the frequency histogram. Fig. 2 shows that this frequency distribution can be relatively large, around +/-1.5 cm -1 over the median or average frequency. Translated in terms of 18 O composition, this shows that the uncertainty can be as large as +/-5% in these pre-transition regions, in particular within the first five microns above the M/O interface, where those micro-strains are the stronger. A closer examination of these frequency histograms shows that this uncertainty is to some extent overestimated. However, it is necessary to keep in mind this order of magnitude. In the post-transition regions, where the oxide is highly porous and thus more or less strain-free, these strain effects are by far weaker. Therefore, the uncertainty on the 18 O concentration determinations is undoubtedly lower. Nevertheless, these results show that this method may have a significantly higher detection threshold (a few%) than SIMS (less than 1%) for oxygen isotopic analysis.

Finally, it is necessary to keep in mind that 18 O concentration estimates are averaged values within the probing spot (about 2 µm 3 ). Indeed, the grain size was found to lie between a few tens and a few hundred µm from SEM/FEG images. Such a probed volume obviously contains a high number of Zirconia grains. Because it was already shown that diffusion along the grain boundaries was much faster than in-grain diffusion, 18 O concentration gradients within individual grains are expected [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF].

Oxidations at 700 and 850°C

For both temperatures, two samples were examined, corresponding to "low" and "high" 18 O2 contents in the gas phase.

Pre-transition areas were examined first. As expected from previous works, m-ZrO2 was always the main observed phase. At 700°C, t-ZrO2 (not shown here) and ZrN were found along the M/O interface in the form of a more or less continuous film, of about 1 µm in thickness (Fig. 3). At 850°C, ZrN has only been very scarcely observed, always in the form of small isolated nodules (a few µm in diameter, not shown here). t-ZrO2 was still detected at the M/O interface, also in the form of isolated nodules (not shown here).

For both temperatures, M9 line frequency images were similar to those given in Fig. 2, meaning that the average 18 O content was always low, a few % at maximum, by far lower than the targeted 18 O compositions of the oxidizing mixture. As discussed above, most of the frequency fluctuations were likely due to strain effects. Mean scale 18 O contents obtained from the analysis of the average spectra are given in Table 6. In spite of some sample to sample fluctuations, values remain close to a few%. Moreover, no clear concentration gradient could be detected along the thickness of the layers from the M9 line frequency images. Likewise, the images did not reveal any significant accumulation of 18 O close to the surface of the samples, thus showing that no or limited isotopic exchange occurred between the 18 O2 and the scale after its formation. Therefore, 18 O composition images supports the earlier conclusion [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF] that for these gas composition and temperature conditions, Zy-4 oxidation is triggered by steam. Possible scale growth mechanisms will be examined and discussed in the following. As already mentioned, post-transition regions could be found at the corners of cross-sectional metallographic preparations. In these regions, both a dense oxide scale, which formed during the pre-transition regime, and a much more porous post-transition area, which grew later below the pre-transition scale, coexist. Fig. 3 and Fig. 4 show the 18 O concentration maps obtained in these areas at 700 and 850°C respectively. The rectangles in the optical images highlight the scanned areas. At 700 °C, we still observed a thin layer of ZrN along the M/O interface. This layer was not optically detectable. On the other hand, at 850 °C, ZrN nodules, of yellowish color in the optical images, were clearly observed, which was subsequently confirmed by the Raman spectra recorded in these regions. For both temperatures and gas phase compositions, the concentration images exhibited two different regions, of low and much higher 18 O contents. Obviously, the regions of low 18 O concentration correspond to pre-transition areas, i.e. the first-formed oxide, as already described above. Therefore, in these regions, even after the kinetic transition, the isotopic exchange with the gas phase remained very weak. On the other hand, for both temperatures and in the porous oxide which formed after the kinetic transition, the 18 O concentrations were more inhomogeneous, but significantly higher than in the dense oxide. The areas with the highest 18 O concentrations were located near the M/O interface, in particular in the regions in which ZrN was observed. In such a case, maximum 18 O uptakes reached that corresponding to the targeted gas phase isotopic composition, see Table 6. This very clear concentration contrast was systematically observed, for all the analysis carried out in the edge areas on the four samples examined.

Fig. 3: Post-transition regions in V-13 and V-15 samples, oxidized at 700°C in 18 O2 -H2 16 O mixtures. From top to bottom, optical bright-field cross section images, 18 O concentration maps and ZrN distribution maps. Scanned areas are delineated in red.

Fig. 4: Post-transition regions in V-02 and V-04 samples, oxidized at 850°C in 18 O2 -H2 16 O mixtures. From top to bottom, optical bright-field cross section images and 18 O concentration maps. Scanned areas are delineated in red.

Oxidations at 950°C

For this particular oxidation temperature, as already mentioned, the heating-up phase was carried out either under nitrogen or under argon. Results for both protocols were similar and only the maps obtained for samples heated under argon are displayed in the figures hereafter.

For this particular temperature, as described above, the gas phase isotopic composition deviated quite strongly from the one initially targeted, specifically exhibiting significant amounts of H2 18 O, 16 O 18 O and 16 O2. Interpretation of the 18 O concentration maps should therefore be cautious.

In the pre-transition regions, ZrN nodules were still identified, see A concentration gradient between the surface and the M/O interface was also systematically observed. Surprisingly, much higher 18 O uptakes were observed close to the M/O interface. For the examples presented in Fig. 5, the measured contents were close to the nominal composition of the gas phase, i.e. about 30 and 60% for the low and high 18 O conditions respectively. Fig. 5. They were more numerous than at 850 °C, and were still located in the middle of the corrosion layer. For this particular temperature t-ZrO2 was only seen anecdotally.

Regarding 18 O distribution maps, for both protocols, the results were significantly different from those obtained for the lower temperatures. First, some spots of very high concentrations were clearly identified, where 18 O contents could reach values as high as 90%. For all the four samples, these spots were of micrometer size. Interestingly, some of these high concentration spots perfectly corresponded to the location of ZrN nodules. Second, the 18 O contents in the first-formed dense oxide were systematically much higher than at lower temperatures. Depending on the samples, they were observed to vary between 10 and 30% for "low" and "high" 18 O gas phase content conditions respectively. However, close to sample surfaces, 18 O concentrations remained much lower than the nominal 18 O composition of the gas phase, see table 6. Therefore, steam still mainly contributed to the growth process, at least for the very beginning of the oxidation process.

A concentration gradient between the surface and the M/O interface was also systematically observed. Surprisingly, much higher 18 O uptakes were observed close to the M/O interface. For the examples presented in Fig. 5, the measured contents were close to the nominal composition of the gas phase, i.e. about 30 and 60% for the low and high 18 O conditions respectively.

Fig. 5: Pre-transition areas in V-19 and V-20 samples, oxidized at 950°C in 18 O2 -H2 16 O mixtures. From top to bottom, optical bright-field cross section images, 18 O concentration maps and ZrN distribution maps. Scanned areas are delineated in red.

For these same samples, Erreur ! Référence non valide pour un signet. shows the 18 O concentration maps obtained in post-transition areas, near samples edges. For the porous oxide formed, the trend was similar to that already seen for the lower temperatures: the maximum 18 O content corresponded to the nominal gas phase isotopic composition. However, areas of very high concentration, already observed in the pre-transition regions, were still detected in the ex-dense scale for all the samples. In particular, this was clearly the case for the sample grown with the "low" 18 O content condition, for which the measured contents, locally above 50%, were much higher than the nominal composition of the gas phase. 

Two stage oxidations

As measured in the optical images, the mean thickness, for both oxide scales, formed after the two oxidation steps was about 22 µm. Assuming parabolic or cubic oxidation rates, the thickness formed during the first step can therefore be estimated to lie in the 13-16 μm range. Away from specimens' edges, ± 2 µm undulations of the M/O interface were observed.

The purpose of these measurements was to get information on solid-state oxygen transport within the zirconia scales. Accordingly, the mapped areas were chosen far from the samples edges, where the oxide layer was still apparently dense and crack-free. 600 or 800 µm wide areas have been mapped out with a point spacing of 1 µm. Here 16 O instead of 18 O was tracked. The results are plotted in term of 16 O rather than 18 O concentration maps (the 16 O concentration is simply 1 -C18O). 16 O concentration images for the two experiments performed are given in Fig. 7, along with the corresponding ZrN distribution maps.

Fig. 7: 16 O concentration maps and ZrN distribution maps obtained after the two-stage oxidation tests conducted at 850°C. V-11: 30 min in 18 O2, then 60 min in H2 16 O -N2; V-24: 30 min in 18 O2, then 60 min in 16 O2 -N2.

In both cases, the images gave very similar trends, the results did not strongly depend on the nature of the atmosphere used in the second oxidation step, H2 16 O -N2 or 16 O2 -N2. First, ZrN was still detected, even if nitrogen was injected in the gas phase only in the second oxidation step. ZrN was evidenced in the form of small nodules with dimensions close to a few microns. ZrN nodules were located in the upper part of the scale. Second, the 16 O concentration images were very inhomogeneous. Both images revealed numerous diffusion short-cuts. They also clearly showed that 16 O locally reached the M/O interface: 16 O contents as high as 80% were observed in these regions. Interestingly, most of these high concentration areas were found below the ZrN nodules. However, the images suggested other preferential diffusion paths. For these diffusion paths, the observed concentrations of 16 O along the M/O interface were much lower.

Finally, the images showed that the isotopic exchange was never complete, even at the surface of the samples. For both conditions, the 16 O content in the vicinity of the surface varied between 60 and 90%, with a mean value close to 70%. As already mentioned in Ref. [START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF], close to the surface, spectra systematically exhibited very broad and rather asymmetric lines. This strong peak broadening likely reflected that the 16 O content was not uniform in the ∼2µm 3 volume probed by the focused laser beam. As already mentioned, the most probable source for this non-uniformity was a concentration gradient between the grain boundaries and the core of the grains, with the highest 16 O concentration in the grain boundaries. Again, this observation strongly suggested a preferential diffusion path along grain boundaries.

To refine the comparison of both samples, we computed in-depth concentration profiles averaged over a width of 50 µm. For such a purpose, other Raman images were recorded on randomly selected areas, over shorter distances, close to 100 μm. Eight mean profiles were extracted. Even if the physical meaning of these mean profiles is probably questionable because of the observed lateral concentration variations at the micron scale, this allows a better quantitative comparison between the two samples. Results that are plotted in Fig. 8 immediately showed that averaging these transport-related data, both samples could not still be distinguished. Only one profile stood out significantly from the seven others, corresponding to a region with a fairly large area of high 16 O concentration at the M/O interface. From an oxygen transport point of view, it is difficult to discriminate between the two atmospheres, oxygen -nitrogen or steam -nitrogen. In both cases, nitrogen seems to have a significant effect on the local transport of oxygen towards the M/O interface through the formation of small ZrN nodules.

IV. Discussion

Whatever the oxidizing species, oxygen or steam, high temperature oxidation of nuclear grade zirconium alloys in nitrogen-containing atmospheres is known to proceed via two distinct successive regimes [START_REF] Duriez | Zircaloy-4 and M5 High Temperature Oxidation and Nitriding in air[END_REF][START_REF] Lasserre | Modelling of Zircaloy-4 accelerated degradation kinetics in nitrogen-oxygen mixtures at 850 °c[END_REF][START_REF] Steinbrück | Prototypical Experiments Relating to air Oxidation of Zircaloy-4 at high Temperatures[END_REF][START_REF] Steinbrück | Air oxidation of Zircaloy-4, M5® and ZIRLO™ cladding alloys at high temperatures[END_REF][START_REF] Steinbrück | High-temperature oxidation of Zircaloy-4 in mixed steam-air and steamnitrogen atmospheres[END_REF]. The bare metal first oxidizes in a so-called pre-transition regime, in which a dense and rather protective oxide scale forms. For this first regime, there is a broad consensus that the kinetically limiting rate is the diffusion of the oxidant specie(s) through the growing zirconia scales. This chemically-driven oxygen flux through a mixed-conducting oxide is usually modelled using Wagner's theory of oxide film growth, with the usual assumption that the surface-related processes lead to fast equilibrium of the oxide surface with the gas atmospheres. Even if transport processes other than simple lattice diffusion are to be considered, short-cuts paths, grain boundary diffusion or even molecular diffusion in an open nanoporosity, this explains the observed decrease of the oxidation rate with time. According to these assumptions, oxygen transport through the scale is controlled by diffusion once the oxide scale is made sufficiently thick. When the zirconia scale loses its protective nature, through the formation of porosity or cracks, the oxidizing atmosphere has a more direct access to the metal, and an acceleration of the oxidation process is observed. In the presence of nitrogen, this acceleration is much more pronounced than in nitrogen free-atmospheres, because of a complex ZrN formation and oxidation reaction sequence. In this second regime, the rate-limiting step has been proposed to be the oxidation of the ZrN precipitates formed close to the M/O interface [START_REF] Lasserre | Modelling of Zircaloy-4 accelerated degradation kinetics in nitrogen-oxygen mixtures at 850 °c[END_REF][START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF].

Regarding mixed atmospheres, the respective contribution of oxygen and steam in both pre-and post-transition regimes is still not clearly established. In this study, isotopic labelling of one of the oxidizing molecules, using 18 O2 -H2 16 O -N2 gas mixtures, has been implemented and gave valuable information. Herein, two different situations were considered: growth in mixed atmospheres and two-step oxidation processes. The detailed analysis of the oxygen isotopic distributions maps allows to describe in part, at the µm scale, the network of serial and parallel processes that may be operative in the polycrystalline ZrO2 scale: surface reactions, bulk diffusion, diffusion along and across grain boundaries and the open porosity [START_REF] Duriez | Zircaloy-4 high temperature oxidation in atmospheres representative of SFP-LOCA: Investigation of the influence of a low temperature pre-oxidation scale[END_REF][START_REF] Guerain | The use of micro-Raman imaging to measure 18O tracer distribution in thermally grown zirconia scales[END_REF][START_REF] Kasperski | Combined Raman imaging and 18O tracer analysis for the study of Zircaloy-4 high temperature oxidation in spent fuel pool accident[END_REF][START_REF] Sakai | Application of SIMS analyses on oxygen transport in SOFC materials[END_REF][START_REF] Sakai | Effect of water on oxygen transport properties on electrolyte surface in SOFCs. I. Surface reaction mechanism of oxygen isotope exchange on solid oxide electrolytes[END_REF][START_REF] Pietrowski | Oxygen isotope transport properties of yttria-stabilized zirconia (YSZ) in O2-and H2O-containing atmospheres[END_REF][START_REF] De Souza | Oxygen diffusion in nanocrystalline yttria-stabilized zirconia: The effect of grain boundaries[END_REF][START_REF] Tupin | Effect of Ion Irradiation of the Metal on the Oxidation Rate of the M5Framatome Alloy[END_REF][START_REF] Mazères | Modeling Two-and Three-Stage Oxygen Tracer Experiments during High-Temperature Oxidation of Metals with a High Oxygen Solubility[END_REF][START_REF] Mazères | Etude expérimentale et modélisation de l'oxydation et des transformations de phases associées dans les gaines en alliage de zirconium[END_REF][START_REF] De Souza | Probing Diffusion Kinetics with Secondary Ion Mass Spectrometry[END_REF][START_REF] Akermark | The Use of Oxygen Isotopic Labeling to Understand Oxidation Mechanisms[END_REF]. As a matter of fact, strong isotopic composition contrasts between different oxide regions have been systematically observed in the present study, which gave further evidence of the interest of this technique.

A first result to be emphasized is obviously the very low amount of 18 O found in pre-transition oxide scales grown at 700 and 850°C, even for high 18 O2/H2O ratios in the gas phase. This is a strong and direct evidence that in the (virtually purely) diffusion-controlled regime, the main, if not exclusive, contribution to the oxide formation comes from steam, while the reverse was expected from thermodynamic considerations. A same trend seems to be observed at 950° C, although labelled oxygen coming from di-oxygen was detected near the surface of the oxide layers. Mass spectroscopy monitoring of the gas phase tends to indicate hydrogen release at the beginning of the oxidation process, through the production of H2 18 O.

Different processes are known to govern the oxygen transport in these corrosion layers: (i) the oxygen incorporation at the oxide surface and (ii) the oxygen diffusion through the material. In a diffusion-controlled regime, the first step is usually considered to be close to equilibrium. aside for the moment diffusion aspects, this observation immediately suggests that, within the gas mixture composition and temperature ranges considered, oxygen from water adsorb and/or dissociate and/or incorporates faster than the one from molecular oxygen, as if water monopolizes the active exchange sites at the material surface. Assuming that steam and oxygen share the same surface incorporation sites, a competitive adsorption is indeed expected. The surface-related mechanisms involve adsorption, dissociation, incorporation steps as well as charge transfer. Here, it is commonly assumed that oxygen vacancies at the vicinity of the surface play a central role in this process, acting as exchange sites between the adsorbed oxygen-bearing species and the solid.

Unlike diffusion phenomena (thermally activated outward hopping of oxygen vacancies in this particular case), surface processes are not at all well understood at the atomistic level. Surface exchanges are by far much more complex processes, a priori involving many reaction steps as well as various possible intermediate neutral or ionized species. Adsorption, dissociation and even transfer in the oxide are known to be related to the so-called "catalytic" activity of the surfaces. Since oxide surfaces contain charged cations and anions, this catalytic activity is usually first described in terms of Lewis acid-base reactions [START_REF] Parkinson | Adsorption on Metal Oxide Surfaces[END_REF]33]. Moreover, this activity can be significantly altered by the oxide surface structure, i.e. structural defects, surface reconstructions, or even alloying elements addition. More, the nature of the surface itself may change depending on the temperature and partial pressures conditions. In other words, the exact surface reaction mechanisms are generally not known in detail. Obviously, reaction rates, the near-surface vacancy concentration and even the different surface reconstructions are temperature-and partial pressures-dependent. On the sole basis of our results, it is difficult to comment in more details this first finding, the discussion can only be highly speculative.

Nevertheless, additional information may be found in the literature, which are in line with our observations.

Most often, in a macroscopic approach, these surface processes are simply described and modelled using a simple phenomenological constant k*, the so-called surface exchange coefficient, that characterizes the exchange flux of the dynamic equilibrium between oxygen in the gas phase and oxygen at the surface of the solid [START_REF] Kilner | Diffusivity of the Oxide Ion in Perovskite Oxides[END_REF]. As such, this coefficient is a measure of the rate of oxygen exchange in these materials at equilibrium. This surface exchange coefficient is usually determined from 18 O/ 16 O exchange experiments [START_REF] Kilner | Surface exchange of oxygen in mixed conducting perovskite oxides[END_REF]. As a rule, it is often observed to be different in different atmospheres, for instance, O2 -N2, CO -CO2, H2 -H2O mixtures, even for a same oxygen partial pressure [START_REF] Bouwmeester | Importance of the surface exchange kinetics as rate limiting step in oxygen permeation through mixed-conducting oxides[END_REF]. Zirconia, in its yttria-stabilized cubic form (YSZ), is widely used as a solid electrolyte in Solid Oxide Fuel Cells (SOFC). In this context, Sakai and co-workers have studied solid/gas exchange reactions for either di-oxygen or wet atmospheres [START_REF] Sakai | Effect of water on oxygen transport properties on electrolyte surface in SOFCs. I. Surface reaction mechanism of oxygen isotope exchange on solid oxide electrolytes[END_REF][START_REF] Sakai | Effect of water vapour on oxygen exchange kinetics of ceria and zirconia solid electrolytes[END_REF]. A large increase of the oxygen exchange rate k* was found in wet conditions in comparison with dry conditions, whereas the oxygen isotope diffusivity was not observed to have a strong dependence on the water vapour partial pressure. More recently, using a similar isotope exchange technique with YSZ single crystals these findings were confirmed in the 250-1000°C temperature range, up to atmospheric pressure [START_REF] Pietrowski | Oxygen isotope transport properties of yttria-stabilized zirconia (YSZ) in O2-and H2O-containing atmospheres[END_REF]. While again no dependence of the 18 O diffusion coefficient on the nature of the atmosphere, steam or di-oxygen, was observed, gas/surface exchange coefficients k* were measured to be much higher for H2O than for O2, up to 2 to 3 orders of magnitude at 800°C. In the 650-1000°C temperature range, only a weak dependence of k* with the temperature was observed in H2O atmospheres, whereas in dry O2 conditions k* strongly increased with temperature, so that at about 920°C and above, similar k* values were obtained for both types of atmosphere, see in particular Fig. 6 of Ref. [START_REF] Pietrowski | Oxygen isotope transport properties of yttria-stabilized zirconia (YSZ) in O2-and H2O-containing atmospheres[END_REF]. Even if the properties of the YSZ surfaces undoubtedly very different of those of the present corrosion scales, single crystal vs polycrystal, yttrium doping, different reconstructions, different surface sites, etc, the main trends given in these works are quite similar to those obtained in the present study. They all suggest a fast interaction between H2O and zirconia surfaces in wet atmospheres, they also suggest that oxygen from water or di-oxygen molecule incorporate with more or less the same rate in the oxide above 900°C.

Sakai et al. tentatively explained that a reason why water exchange is faster than dry molecular oxygen exchange could be related to the fact that electrons are not formally required for oxygen incorporation from water vapour. Water dissociation is expected to give an hydroxyl anion and a proton, with a neutral charge balance, while in contrast incorporation from O2 requires electrons to be available close or at the adsorption site [START_REF] Sakai | Effect of water on oxygen transport properties on electrolyte surface in SOFCs. I. Surface reaction mechanism of oxygen isotope exchange on solid oxide electrolytes[END_REF]. This may explain the observed high surface reaction rates with steam. It was also suggested that the faster exchange is due to facilitated adsorption and dissociation of water on surface oxygen vacancies, forming two surface hydroxyl groups. Little is known about the interaction of water with ZrO2 surfaces at a fundamental level. Main results were quite recently summarized in Refs [START_REF] Bachiller-Baeza | Interaction of Carbon Dioxide with the Surface of Zirconia Polymorphs[END_REF][START_REF] Lackner | Water adsorption at zirconia: from the ZrO2(111)/Pt3Zr(0001) model system to powder samples[END_REF]. Dissociative adsorption of water on monoclinic zirconia is effectively known to occur for low surface coverages, already at room temperature, leading to the formation of surface hydroxyl groups [START_REF] Korhonen | Stability of Hydroxylated (111) and (101) Surfaces of Monoclinic Zirconia: A Combined Study by DFT and Infrared Spectroscopy[END_REF]. The presence of these hydroxyl groups is usually assessed by Infrared spectroscopy. Therefore, it is usually considered that the surfaces of zirconia are hydroxylated under ambient and in most reactive atmospheres. These hydroxyl groups can be manipulated by thermal treatment in vacuum or in different atmospheres. In vacuum, they appear to be stable up to 400-600°C. Kock et al. had to heat zirconia in air at 900°C to completely dehydroxylate the sample, and only very weak infrared OH-related bands remained [START_REF] Köck | In Situ FT-IR Spectroscopic Study of CO2 and CO Adsorption on Y2O3, ZrO2, and Yttria-Stabilized ZrO2[END_REF]. This is also a result which tends to show that the interaction of water with the surface of the zirconia is weaker at high temperature.

A second result to be emphasized is the much higher 18 O content observed in post-transition areas, specifically close to the -Zr(O) / oxide interface, where the ZrN phase was also found without any ambiguity. The more recent oxide was formed in these regions. In the vicinity of these regions, within the experimental accuracy, the 18 O uptakes approach or match the nominal isotopic ratio in the gas phase. In the very porous part of these regions, formed earlier during the oxidation process, the 18 O concentration was slightly lower, but still much higher than that seen in the pretransition regime. This second result can be understood in different ways that involve either a change in the oxidation rate-limiting step or changes in the gas phase composition in the open porosity.

The first one is rather similar to the working hypothesis formulated above, but simply implies that the reaction sequence leading to the alloy oxidation is no longer the same than the one which drives the scale growth during the protective regime [START_REF] Duriez | Zircaloy-4 and M5 High Temperature Oxidation and Nitriding in air[END_REF][START_REF] Lasserre | Modelling of Zircaloy-4 accelerated degradation kinetics in nitrogen-oxygen mixtures at 850 °c[END_REF][START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF][START_REF] Steinbrück | Prototypical Experiments Relating to air Oxidation of Zircaloy-4 at high Temperatures[END_REF]. As a matter of fact, in this second regime, one cannot exclude the potential simultaneous presence of three different gas/solid reactional interfaces, namely m-ZrO2, ZrN and -Zr(O)/gas interfaces. Because of the very high porosity, the gas phase can access these three interfaces. These three different interfaces are expected to lead to three different sets of reaction sequences that drive gas/surface oxygen and/or nitrogen exchange and incorporation in the solids. In all cases, m-ZrO2 is the final product of the reaction sequences. In particular, in this second regime, the rate-limiting step has been proposed to be the oxidation of the ZrN precipitates formed close to the M/O interface [START_REF] Lasserre | Modelling of Zircaloy-4 accelerated degradation kinetics in nitrogen-oxygen mixtures at 850 °c[END_REF][START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF]. Our results strongly suggest that the maximum 18 O uptakes are observed in their vicinity. Therefore, one can hypothesize that the dissociation of the oxidizing species no longer takes place selectively at the surface of the zirconia crystallites, but rather at the gas/ZrN interface. In other words, the selectivity observed in the pre-transition regime, attributed to the high affinity of zirconia surfaces for H2O molecules, no longer applies: both steam and di-oxygen contribute to the oxidation process according to their respective concentration in the gas phase.

Such a mechanism does not take into account a possible limitation by gas diffusion through the cracked and porous zirconia layer, which would lead to local oxygen or steam depletion and starvation [START_REF] Lasserre | Modelling of Zircaloy-4 accelerated degradation kinetics in nitrogen-oxygen mixtures at 850 °c[END_REF]. Because the contribution of steam and di-oxygen to the oxidation process corresponds to their respective concentrations in the gas phase, the knowledge of the exact isotopic composition of the gas phase in the porosity is not mandatory to interpret the experimental finding. Such a mechanism is consistent l with the observed metal hydrogen pick-up which was proportional to the gas phase steam content [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF]. It is also consistent with the low sensitivity of the measured oxidation rates on the gas phase composition in the post-transition regime [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF].

Nevertheless, other possible scenarios, that take into account some possible consequences of the high residence times of the gaseous species in the open micro-or nanoprorosity, are to be considered. Within the open porosity, a high specific surface is available for gas/solid exchanges.

Here, the local composition of the gas phase may be strongly different from its nominal one insofar it is not renewed continuously. Such scenarios do not necessarily involve changes in reaction ratelimiting steps in the oxidation process.

First, one can expect local H2 16 O depletion or starvation conditions induced by a preferential and fast steam consumption with the first-formed m-ZrO2 grains. Further oxidation in such local steam depleted-conditions necessarily leads to 18 O-rich oxide formation, either by reaction with 18 O2 or with H2 18 O formed by recombination between the hydrogen released and the excess oxygen available in the porosity. In its formulation, this hypothesis is rather similar to the one usually put forward to explain the nucleation and growth of the ZrN precipitates, i.e. local oxygen starvation conditions. As such, this hypothesis alone does not rule out local 18 O contents higher than those of the nominal composition of the gas phase. Most probably, still assuming no strong isotopic scrambling, this most probably implies the formation of an isotopic composition gradient along the thickness of the porous layer, finally leading to a strongly 18 O-enriched zirconia. That might mean that the correspondence between the isotopic composition of the solid and the gas phase is purely fortuitous, which is probably not the case in light of most of our observations.

Second, owing to the high residence times and the high specific surface available in the porous regions, one can also speculate that all gas molecules ( 18 O2, H2 16 O and N2) that are present in the porous areas made of m-ZrO2 adsorb, dissociate, and recombine to form new molecules, including 16 O 18 O, 16 O2 and H2 18 O. In other words, the porous solid is not inert with respect to gas transport. As shown by the different mass spectroscopy recordings, such recombination were very limited in the gas phase at 700 and 850°C, in spite of the rather low flow rates used. Thus, one can infer that this assumption most probably requires a large specific surface area to be available for gas / solid exchanges, which is likely the case in the open porosity. Moreover, on the contrary of what happens on the free outer oxide surface, all the formed molecules stay longer in the inner oxide zone because their diffusion out of the porosity is hindered. As a consequence, a statistical equilibrium of oxygen isotopic composition between steam and di-oxygen may be reached, meaning that a complete isotopic scrambling can occur. With this assumption, the local H2 18 O/(H2 16 O+ H2 18 O) ratio would effectively corresponds to the nominal gas phase isotopic composition. This can mean that steam alone can still drive the corrosion process. Most of all, this means that the respective di-oxygen and steam contributions to the oxidation mechanism in the post-transition regime can no longer be discriminated on the basis of the isotopic analysis of the solid alone: both steam and di-oxygen are expected to reach the same isotopic composition. This last scenario is probably difficult to analyse in details, insofar it will leave no sign in the analysis of the gas phase by mass spectrometry. The analysis can be even more problematic if the isotopic exchange in the porosity is only partial, or depth-dependent in the oxide.

Even if this does not call into question other experimental observations, assuming isotopic scrambling at an appreciable rate in the open porosity, the determination of the 18 O distribution in the solid cannot anymore allow to conclude unequivocally on the respective contributions of oxygen and vapor of water.

Finally, whatever the hypothesis adopted, far from the reaction front, i.e. far from the ZrN precipitates, all the formed ZrO2 grains will continue to exchange oxygen with the local gaseous environment, all the more easily than the mean size of the oxide grains is small. This porous part of the corrosion layer no longer participates in the solid-state transport of oxygen in the layer, and can therefore be considered to be in equilibrium with the gas phase. Still assuming that steam preferentially adsorbs at the surface of these small m-ZrO2 grains, one should expect a progressive decrease of their 18 O content with time, or position in the scale, as long as it is available in the open porosity. This is indeed what seems to be observed, in particular at 850°C, on the basis of the analysis of few observations however.

Again, it is difficult to discuss in more detail on these results, that are expected to be time-, temperature-and partial pressures-dependent. Since a single observation of the corrosion layer is only a snapshot of the corrosion phenomenon, many snapshots should be necessary to go deeper in this discussion. Indeed, the transition from a diffusion-controlled regime to a fully established nitride-assisted regime may be progressive. The formation of the open porosity in the oxide layers should also be gradual as well.

At 950°C, mass spectrometry results revealed significant deviations of the reactive atmosphere composition from the targeted ones. Both tests showed a strong gas phase enrichment in 18 O 16 O, and significant amounts of H2 18 O, see table 6. This complicates the reading and the analysis of the results. At 950°C also, the initially hexagonal Zircaloy metallic substrate is expected to have fully be converted into the cubic -Zr phase (excepted the oxygen-stabilized Zr(O) layer) [START_REF] Chung | Pseudo-binary Zircaloy-Oxygen Phase Diagram[END_REF], which means that the mechanical behavior of the M/O layer system as a whole may differ significantly from the one which is characteristic of lower oxidation temperatures. Nevertheless, in the pretransition regions, a few differences deserve to be discussed.

As compared to the dense and protective layers obtained at lower temperatures, a first difference was the higher 18 O content measured close to the sample surfaces. Here, the H2 18 O gas phase concentration cannot be neglected anymore. However, judging from table 6, this is not sufficient to explain the 18 O contents observed close to the surface of the samples, which are still much lower than the 18 O nominal gas phase composition , but higher than the H2 18 O/H2 16 0 estimated ratios.

This means that di-oxygen contributes to the oxidation process. As discussed above, for higher temperatures, beyond 900°C, this is an indication that there is some competition between steam and oxygen. Still assuming that the rate-limiting step is solid-state anionic diffusion, this means that this competition has to be related to surface processes including adsorption and/or dissociation steps. Nevertheless, the adsorption rate and/or the dissociation rate of H2O must remain higher than O2 at higher temperatures to understand the observed low 18 O contents.

A second difference was the clear 18 O enrichment of the inner part of the corrosion scales. Such a 18 O enrichment can be understood accepting some porosity development in the upper part of the layers, and progressive modifications of the local composition of the gas phase in the open porosity, either assuming a progressive steam depletion or isotopic exchange between steam and di-oxygen in the open porosity. This result would argue in favor of the scenarios that involve strong gas phase composition changes in the open porosity. In this case, isotopic scrambling should be an indirect means to reveal such an open porosity.

The last significant difference was the detection of areas rich in 18 O in apparently dense regions, in the form of "spots" of a few µm in size. In these areas, 18 O contents reached 80%, or even more.

As already mentioned, their distribution seems to be, at least partly, correlated with the presence of ZrN precipitates embedded in the oxide scales. If usually ZrN precipitates are preferentially distributed along the M/O interface, ZrN inclusions in the bulk of dense scales were sometimes detected at 900 and 1000°C [START_REF] Idarraga | Raman investigation of pre-and postbreakaway oxide scales formed on Zircaloy-4 and M5_ in air at high temperature[END_REF]. ZrN precipitates were also observed for lower temperatures in the present work. Their formation simultaneously implies a low local oxygen partial pressure, roughly below 10 -30 , and an access for nitrogen.. The very high local 18 O content (up to about 90 at%) near these precipitates necessarily also implies that the gas phase, at least di-oxygen had a direct access to the surface of these precipitates. This suggests that ZrN preferentially reacts with the di-oxygen molecules when available, at least at 950°C. This is also what Fig. 6 suggests (in particular the isotopic distribution in the solid for the V20 sample), in spite of the uncertainty on the actual gas phase composition. Now regarding oxygen transport, the oxidation behavior of Zy-4 is usually discussed in terms of a vacancy diffusion rate-limiting step (diffusion by successive jumps across oxygen-vacancies) through the oxide. Here, as far as mixed atmospheres are concerned, an essential question is usually: which is the dominating migrating species? First, we can presume that another contribution to explain the different behavior of oxygen and steam might be related to the nature of the diffusing species, for example oxygen or hydroxyl anions respectively. Indeed, because of steric and charge effects, the self-diffusion coefficient of the latter is usually considered to be higher. However, in the present conditions, and more generally for zirconia scales thermally grown at high temperature on zirconium alloys, an oxygen transport through the scale via protons or hydroxyl anions rather than via oxygen-ions diffusion seems unlikely for a number of reasons : (i) As already mentioned, from a pure kinetic point of view, the air/steam ratio in the gas phase was observed to have a very limited impact on the Zy-4 oxidation rate, at least in the temperature range investigated in the present study [START_REF] Gestin | Experimental study of oxidation in oxygen, nitrogen and steam mixtures at 850°C of pre-oxidized Zircaloy-4[END_REF][START_REF] Steinbrück | High-temperature oxidation of Zircaloy-4 in mixed steam-air and steamnitrogen atmospheres[END_REF][START_REF] Negyesi | Oxidation behavior of Zry-4 in steam-air mixtures at high temperature[END_REF]. The reading of the thermogravimetric data of the present oxidation tests (not shown here) confirmed this trend: very similar oxidation rates were observed for both gas phase compositions, despite strong different O2/H2O ratios. (ii) Both two-stage tests performed at 850°C have shown quite complex diffusion patterns, see Fig. 8 7, notably showing 16 O enriched regions more or less correlated with the presence of ZrN precipitate. However, far from these regions, mean 16 O concentration profiles look similar for both specimens, supporting that bulk oxygen transport mechanism through the scale formed in 18 O2 did not strongly depend on the oxygen-bearing molecule in the gas phase. (iii) In the temperature range investigated, it is worth mentioning that the Zy-4 hydrogen pick-up is limited or even not observed in the protective regime [START_REF] Chung | Fuel behavior under loss-of-coolant-accident situations[END_REF][START_REF] Billone | Cladding Embrittlement During Postulated Loss-of-Coolant Accidents[END_REF][START_REF] Brachet | Overview of CEA Analytical Studies on the Cladding Behavior During and After Prototypical LOCA Transients[END_REF]. This is a strong indication that hydrogen does not access to the M/O interface during this protective regime. Therefore, it may be inferred that a same diffusing specie is involved, namely the oxygen anion O 2-, whatever the oxygen-bearing molecule, water or di-oxygen. This explains why hydroxyl-related diffusion is generally not considered in the high temperature diffusion models developed by the zirconium alloy LOCA community [START_REF] Corvalán-Moya | Numerical Modeling of Oxygen Diffusion in the wall Thickness of Low-Tin Zircaloy-4 fuel Cladding tube During high Temperature (1100-1250 °C) Steam Oxidation[END_REF][START_REF] Debuigne | Étude de l'oxydation du zirconium non allié et de la diffusion de l'oxygène dans la couche d'oxyde et dans le métal[END_REF][START_REF] Denis | Diffusion in a semi-Infinite System with a Moving Interphase Considering Solvent Density Change: Application to the Oxidation of Zirconium[END_REF].

As mentioned earlier in this paper, and shown in previous works, another interest of the methods used, which combine isotopic labeling and imaging, is to directly visualize the oxygen transport through the growing scales, at least at the µm scale that can be reached using optical techniques.

Previous studies have demonstrated that some of the characteristics of the particular Raman line used to extract the average isotopic composition in the analysis spot, its asymmetry and line width in particular, could only be understood with two parallel diffusion paths, bulk and grain boundaries. In agreement with other works, a simplified modelling of the tracer profiles confirmed that the diffusion coefficients along the grain boundaries were several orders of magnitude higher than the intra-granular ones. These data allowed an average or macroscopic interpretation of the transport data. On a more local scale, fast diffusion paths were clearly observed in the isotopic distribution images after the two-stage oxidation tests. They were also clearly observed in this work.

First, these fast diffusion paths may imply the local micro-texture of the layers. Indeed, SEM images reveal a complex microstructure of the dense scales, notably showing veins made of smaller grains, see Fig. 9. Knowing that grain boundaries are preferential diffusion paths in finegrained oxides [START_REF] Sakai | Application of SIMS analyses on oxygen transport in SOFC materials[END_REF], these veins may favour fast oxygen diffusion and can be associated with some of the 16 O-rich areas observed close to the M/O interface, see Fig. 7. Second, the isotopic distribution images show that locally, the reactive atmosphere can more or less directly access the M/O interface. As discussed above, they reveal the formation of an open micro-porosity in the layers. Finally, as stated above, a clear 18 O enrichment of the inner part of the corrosion scales formed at 950°C was observed. Such a 18 O enrichment can be understood accepting some porosity development in the upper part of the layers, and progressive modifications of the local composition of the gas phase in the open porosity. The formation of this porosity must undoubtedly depend on the thickness of the layer. Here the role of the ZrN precipitates themselves must be emphasized. Their apparent stability only reflects a transient state frozen during the sample cooling step. During the oxide inward progression, they are known to progressively convert into oxide. The volume increase associated to the ZrN to ZrO2 conversion (about 50%) is expected to induce high local compressive stresses in the newly formed oxide. Reversely, this volume increase must create tensile stresses veins in the scale in the vicinity of the converted ZrN nodules. From place to place, small cracks, not observable in the optical micrographs, may form and enhance the access of the oxidizing gas. This is consistent with the fact that the kinetic transition is observed much earlier in nitrogencontaining gaseous environments.

ZrN nodules were sometimes observed for experiments in which nitrogen was not intentionally injected into the gas phase. This means that low nitrogen concentrations, perhaps at the trace level, can contribute, at least locally, to modify the oxidation kinetics, an observation that one must keep in mind.

Finally, among the possible consequences of is the uneven oxygen transport through the corrosion scales is the formation of M/O interface undulations. Such undulations are commonly observed during high temperature oxidation of Zr alloys below 1050°C. They are also known or supposed to be precursors of the breakaway phenomenon. Therefore, taking into account that the ZrN formation and reoxidation process probably play a significant role on the transport heterogeneities, it becomes understandable that the breakaway transition is generally observed to occur earlier in nitrogen-containing atmospheres than in nitrogen-free environments.

Conclusion

The oxidation behavior of Zircaloy-4 in N2-O2-H2O gas mixtures was studied in the 700-950°C temperature range combining thermogravimetry, oxygen isotopic labelling, and monitoring of the gas phase composition by mass spectrometry. As an attempt to extract information on the reactions at the gas/oxide interfaces as well as on transport mechanisms in the oxide, two different protocols were considered: a single oxidation step in N2 -18 O2 -H2O mixed atmospheres, or two-stage-oxidation steps exposing successively bare Zy-4 samples to 18 O2, then to H2 16 O -N2 or 16 O2 -N2 atmospheres.

Raman imaging was used to get the isotopic distribution maps in the oxide layers. Even if this method may have a significantly higher detection threshold, i.e. a few at%, than SIMS for oxygen isotopic analysis, it allows to capture subtle details within the composition images.

In the pre-transition regime, for which the ZrO2 growth process is mostly driven by oxygen solidstate diffusion through the oxide, the zirconia scales formed in atmospheres containing the two oxidizing species were found to have very low 18 O contents, showing unambiguously that the oxide mostly forms from steam. Surface reaction steps, including the dissociative adsorption of the oxidizing molecules at the surface of the different interfaces that are accessible to the gas phase, likely control the competition between oxygen and steam, and the high selectivity between the two oxidizing species. Although less marked, this selectivity was still observed at 950 ° C, as long as the oxide layers remained dense, free of open porosity.

In the post-transition regime, the 18 O uptakes were found to approach or match the nominal isotopic ratio in the gas phase. This observation can be first understood assuming that the contribution of di-oxygen and steam to the oxidation process correspond to their respective concentration in the gas phase. Such a conclusion is consistent with previous findings: (i) the overall oxidation rate only slightly depends on the steam content in the gas phase, (ii) the metal hydrogen pick-up is proportional to steam content in the gas phase. Nevertheless, this conclusion cannot be accepted unreservedly. Considering that the porous solid cannot be considered as inert with respect to gas transport, strong recombination in the gas phase may be expected. The main consequence is that both steam and di-oxygen might reach a same isotopic composition, equal to that initially targeted. In such a case, the contribution of both molecules to the oxidation process can no longer be distinguished.

In the pre-transition regime, the oxygen transport to the reaction front through the growing scale is usually described by a mean apparent diffusion coefficient. However, this approach obscurs a much more complex description at the microscopic scale. Oxygen transport is by far non homogeneous. Among the different possible causes that include mechanical ones, the formation of ZrN particles and their further reoxidation may play a significant role, contributing to create an open porosity in the oxide layers. Inhomogeneities in the oxygen transport processes and a direct gas access to the M/O interface can explain the development of undulations of the oxidation front.

These undulations are also supposed to promote the breakaway transition, which is observed to occur earlier in nitrogen-containing atmospheres.

Despite that in mixed atmospheres steam was shown to have only a weak influence on the oxidation kinetics, it does clearly contribute to the oxidation mechanism, both in the pre-and posttransition regimes. From a safety point of view, this contribution has to be taken into account for a better thermal analysis of a deflooding accident progression, because of the lower enthalpy of the Zr reaction with H2O than with O2. Furthermore, the intuitive rule to neglect hydrogen release associated to cladding oxidation in air-containing atmospheres has to be ruled out. From a more fundamental point of view, we believe that these results clearly illustrate the role of the interfaces in some corrosion processes, at least for the particular case examined in this study.

We are aware that most of the interpretations given in this paper can only be considered as tentative at present. Exploring a wider range of experimental parameters, specifically regarding the atmosphere composition and oxidation durations, would be necessary to strengthen some of the conclusions of this work. 

  Fig. 1A first gives the raw signals along with their corresponding m/e ratios. The signals at m/e = 20 and m/e = 28 have been rescaled for clarity reasons. Within the exception of the very beginning of the oxidation process, the recorded signals were quite constant vs time. Moreover, the signals at m/e = 2 and m/e = 18
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 1 Fig. 1: Example of mass spectrometry monitoring. (A): raw signals. (B): computed 18 O 16 O/O2 tot, H2 18 O/H2O tot and 16 O2/O2 tot Molar ratios.
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 2 Fig. 2:Dense scales grown at 850°C in O2 + H2O mixtures. (A): Optical bright-field cross section images and frequency maps of the M9 Raman line: 140 x 17 µm 2 scanned areas, delineated in red. Left: 16 O2 -H216 O mixtures; right: 18 O2 -H216 O mixtures. B -Corresponding averaged spectra computed from the mapped areas, and comparison with the averaged spectrum of a strain-free sample. a: full spectrum, b and c: close up on the M2, M3 and M9 lines.
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 6 Fig.6: Post-transition regions in V-19 and V-20 samples, oxidized at 950°C in 18 O2 -H216 O mixtures. From top to bottom, optical bright-field cross section images and18 O concentration maps. Scanned areas are delineated in red.
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 8 Fig. 8: Mean 16 O deep-concentration profiles for V-11 and V-24 samples.
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 9 Fig. 9: SEM-FEG image of the dense oxide scale for sample V-24 (two-stage oxidation at 850°C). The large vertical crack and the horizontal cracks close to the M/O interface likely formed during sample cooling.
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 2 Fig. 2:Dense scales grown at 850°C in O2 + H2O mixtures. (A): Optical bright-field cross section images and frequency maps of the M9 Raman line: 140 x 17 µm2 scanned areas, delineated in red. Left: 16 O2 -H216 O mixtures; right: 18 O2 -H216 O mixtures. B -Corresponding averaged spectra computed from the mapped areas, and comparison with the averaged spectrum of a strain-free sample. a: full spectrum, b and c: close up on the M2, M3 and M9 lines.
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 3 Fig.3: Post-transition regions in V-13 and V-15 samples, oxidized at 700°C in 18 O2 -H216 O mixtures. From top to bottom, optical bright-field cross section images,18 O concentration maps and ZrN distribution maps. Scanned areas are delineated in red.
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 4 Fig. 4: Post-transition regions in V-02 and V-04 samples, oxidized at 850°C in 18 O 2 -H 216 O mixtures. From top to bottom, optical bright-field cross section images and 18O concentration maps. Scanned areas are delineated in red.
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 5 Fig. 5: Pre-transition areas in V-19 and V-20 samples, oxidized at 950°C in 18 O 2 -H 216 O mixtures. From top to bottom, optical bright-field cross section images, 18O concentration maps and ZrN distribution maps. Scanned areas are delineated in red.
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 6 Fig. 6: Post-transition regions in V-19 and V-20 samples, oxidized at 950°C in 18 O 2 -H 216 O mixtures. From top to bottom, optical bright-field cross section images and 18 O concentration maps. Scanned areas are delineated in red.
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 7 Fig.7: 16O concentration maps and ZrN distribution maps obtained after the two-stage oxidation tests conducted at 850°C. V-11: 30 min in 18 O2, then 60 min in H216 O -N2; V-24: 30 min in 18 O2, then 60 min in 16 O2 -N2.
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 8 Fig. 8: Mean 16 O deep-concentration profiles for V-11 and V-24 samples.

Fig. 9 :

 9 Fig. 9: SEM-FEG image of the dense oxide scale for sample V-24 (two-stage oxidation at 850°C). The large vertical crack and the horizontal cracks close to the M/O interface likely formed during sample cooling.

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Mass composition of the two Zircaloy-4 batches (CEZUS data)

	Nb (%)	Sn (%)	Fe (%)	Cr (%)	O (%)	C (ppm) Si (ppm) S (ppm) H (ppm)
	Zy4 SRA <40 ppm 1.30-1.36 0.21-0.22 0.108-0.114	0.121-	123-140 96-101	<10	3
					0.126	
	Zy4 RXA <40 ppm 1.32-1.35 0.21-0.22 0.111-0.115	0.120-	125-141 97-101	5-10	≤5
					0.130	

Table 2 :

 2 Flow rates, partial pressures and isotopic composition of the oxidizing mixtures.

	T(°C)	Sample name	O2/H2O ratio	Conterflow	Duration	ECR*(%)
			and O isotop		(min)	
	700°C Zy4RXA-P-V-13	high, 18 O	N2	240	4.5
		Zy4RXA-P-V-15	low, 18 O	N2	180	4.7
	850					

Table 3 :

 3 

test grid for oxidation in mixed N2 -18 O2 -H2

16 

0 atmospheres.

Table 4 :

 4 Gas flow conditions for the two-stage tests at 850°C.

m/e ion(s) Chemical species

  The signals at m/e = 30, 46, 48 and 50, corresponding to the N16 O, N 16 O2, N16 O 18 O and N 18 O2 species respectively were also recorded during the preliminary tests conducted at 850°C. These signals systematically remained at the noise level and therefore were no longer analyzed. The contribution of the36 Ar isotope (0.34% relative abundance) to the signal at m/e = 36 has been neglected.

	2	H2 +	H2, H2O 16 , H2 18 O
	4	He +	He
	18	H2 16 O + , 18 O + , 18 O2 ++ H2 16 O, 18 O2, 18 O 16 O, H2 18 O
	20	H2 18 O + , 40 Ar ++	H2 18 O, Ar
	28	N2 +	N2
	32	16 O2 +	16 O2
	34	16 O 18 O +	16 O 18 O
	36	18 O2 + , 36 Ar +	18 O2, Ar
	40	40 Ar +	Ar
	Table 5: m/e signals recorded by mass spectrometry, and their corresponding ions and chemical parent
			species.

Table 6 :

 6 Molar ratios derived from the mass-spectrometry analysis of the gas phase

	18 O 16 O/O2 tot (%)	16 O2/O2 tot (%)

Temperature Sample Gas phase composition Mean 18 O content in the dense scale (at.%) Max 18 O content in the post- transition oxide (at. %)

  

	700°C	V-13	High 18 O2	11	61
		V-15	Low 18 O2	<4	25
	850°C	V-02	High 18 O2	<4	~60
		V-04	Low 18 O2	<4	~30

Table 7 : 18

 718 

O concentrations in the pre and post-transition oxides, for the tests at 700 and 850°C.
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