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Introduction

Titanium and its alloys are increasingly used in industrial applications thanks to their interesting mechanical properties and to their good resistance to corrosion. However, the high temperature use of titanium and their alloys are limited by oxidation, which is mainly based on an anionic mechanism at temperatures lower than 800°C [START_REF] Kofstad | High Temperature Corrosion[END_REF]. The atmospheric oxygen diffuses through the oxide scale. A fraction of this oxygen contributes to forming new oxides at the interface oxide/metal and the balance of it continues to diffuse within the metal as interstitial solid solution. Thus, the oxide layer is protective if it is dense and unfractured. The oxygen solid solution, sometimes called alpha-case is hard and brittle. Its oxygen-content can go up to 33 at. % [START_REF] Kofstad | High Temperature Corrosion[END_REF].

Many studies point out the role of the nitrogen in the oxidation of titanium and alloys in air. Thus, Chaze and Coddet [START_REF] Chaze | The role of nitrogen in the oxidation behaviour of titanium and some binary alloys[END_REF], observed that the presence of nitrogen slowed down the rate of oxidation compared to oxidation under pure oxygen at equivalent partial pressure. They also remarked that the adhesion of the oxide layers formed under air atmosphere is improved compared to oxides obtained under pure oxygen. Other authors pointed out more recently the role of the atmospheric nitrogen during the oxidation in air and showed the nitrogen is located at the interface oxide/metal of commercial pure titanium [START_REF] Kanjer | Influence of mechanical surface treatment on high-temperature oxidation of pure titanium[END_REF][START_REF] Kanjer | Effect of laser shock peening on the high temperature oxidation resistance of titanium[END_REF][START_REF] Kanjer | Improving the high temperature oxidation resistance of pure titanium by shot-peening treatments[END_REF][START_REF] Lavisse | High temperature oxidation resistance and microstructure of lasershock peened Ti-Beta-21S[END_REF][START_REF] Lavisse | Tracking the role of nitrogen in the improvement of the high temperature oxidation resistance of titanium by mechanical treatments[END_REF], near-alpha Ti alloys [START_REF] Lavisse | Tracking the role of nitrogen in the improvement of the high temperature oxidation resistance of titanium by mechanical treatments[END_REF][START_REF] Dupressoire | Effect of Nitrogen on the Kinetics of Oxide Scale Growth and of Oxygen Dissolution in the Ti6242S Titanium-Based Alloy[END_REF][START_REF] Abdallah | STEM-EELS identification of TiOXNY, TiN, Ti2N and O, N dissolution in the Ti2642S alloy oxidized in synthetic air at 650 °C[END_REF] or beta meta-stable Ti alloy [START_REF] Lavisse | High temperature oxidation resistance and microstructure of lasershock peened Ti-Beta-21S[END_REF].

Kanjer et al. [START_REF] Kanjer | Influence of mechanical surface treatment on high-temperature oxidation of pure titanium[END_REF][START_REF] Kanjer | Effect of laser shock peening on the high temperature oxidation resistance of titanium[END_REF][START_REF] Kanjer | Improving the high temperature oxidation resistance of pure titanium by shot-peening treatments[END_REF] and Lavisse et al. [START_REF] Lavisse | High temperature oxidation resistance and microstructure of lasershock peened Ti-Beta-21S[END_REF][START_REF] Lavisse | Tracking the role of nitrogen in the improvement of the high temperature oxidation resistance of titanium by mechanical treatments[END_REF] showed that the quantity of nitrogen is dependent on the mechanical treatment that the metal underwent prior to oxidation in air. Thus, mechanical treatments like shot-peening and laser-shock peening showed beneficial results on the high temperature oxidation resistance of titanium in air and were associated with bigger quantities of nitrogen observed at the oxide/metal interface. Dupressoire et al. [START_REF] Dupressoire | Effect of Nitrogen on the Kinetics of Oxide Scale Growth and of Oxygen Dissolution in the Ti6242S Titanium-Based Alloy[END_REF] showed that the oxidation rate of Ti6242 alloy is substantially lower in synthetic air than in a mixture of 80% Ar -20% O2. Kitashima et al. [START_REF] Kitashima | Oxidation-nitridation-induced recrystallization in a near-α titanium alloy[END_REF] showed the presence of nitrogen and highlighted the role of nitrogen in the recrystallization of some titanium grains at the oxide/metal interface of a near-alpha titanium alloy oxidized at 750 °C in air. They suggested that the presence of nitrides plays a role in the recrystallization process and showed that the recrystallized grains contain less oxygen than the non-crystallized grains. Abdallah et al. [START_REF] Abdallah | STEM-EELS identification of TiOXNY, TiN, Ti2N and O, N dissolution in the Ti2642S alloy oxidized in synthetic air at 650 °C[END_REF] observed the presence of Ti2N, TiN and TiOxNy phases at the interface between oxide and metal in Ti6242 alloy oxidized for 1000 h at 650 °C in air. They showed that the nitrides are not present in a continuous layer.

While the presence of nitrogen at the oxide/metal interface from the first hours of exposure at high temperatures is well proven now, the kinetic of insertion of the nitrogen is however still not investigated. Several questions are then worth to be studied:

-How much nitrogen is inserted during the oxidation? -Does the quantity of inserted nitrogen vary as a function of the time? -Is the nitrogen quantity renewed during the oxidation or is the quantity initially inserted trapped at the oxide/metal interface that travels with the interface?

In order to answer these questions, experiments of isotopic labelling with 15 N-rich air were carried by oxidation tests led at 700 °C during relatively short durations: 5 h and 20 h. The kinetics of nitrogen insertion were revealed using two-stages oxidation using regular air (80% N2, 20% O2) and 15 N-labelled air (80% 15 N2, 20% O2). The switch between the two atmospheres (containing two different isotopes of nitrogen) during the oxidation permits to track the path of nitrogen and then reveals the mechanism of insertion of this element.

There are very few works in the literature using nitrogen isotopic labelling during oxidation of titanium and titanium alloys. Haanapel et al. [START_REF] Haanappel | The isothermal and cyclic high temperature oxidation behaviour of Ti-48Al-2Mn-2Nb compared with Ti-48Al-2Cr-2Nb and Ti-48Al-2Cr[END_REF] used two stages oxidation studies with 15 N tracers to highlight the mechanisms of oxidation of Ti-Al based alloys. Carpene et al. [START_REF] Carpene | Free-electron laser surface processing of titanium in nitrogen atmosphere[END_REF] studied laser nitridation of titanium under nitrogen atmosphere with 15 N isotope. Göbel et al. [START_REF] Göbel | Study of the hightemperature oxidation behaviour of Ti and Ti4Nb with SNMS using tracers[END_REF] exploited isotopic tracers to study the oxidation of titanium and Ti-Nb alloy at 800°C under dry and humid air and used secondary neutral mass spectrometry to find the distribution of nitrogen and oxygen as a function of depth.

To our knowledge this is the first time when the tracking of nitrogen by isotopic labelling is used for titanium to quantify the nitrogen mass gain on samples oxidized in air at 700°C combined with the Nuclear Reaction Analysis for accurate quantification.

Materials and Methods

Material and sample preparation

Commercially pure Titanium (1 mm thick cold-rolled and annealed plates, purity 99,6%, grade 1, Goodfellow Supplier) was cut in samples of 10 x 10 mm 2 . The cutting edges were slightly rounded in order to avoid geometrical singularities that could provoke partial delamination of the oxide. The samples were polished up to P1200 grit, washed, cleaned in ethanol and distilled water, dried, measured and weighted.

The samples were oxidized at 700 °C in a quartz tube and a tubular furnace for two durations and with various controlled atmospheres, as presented in Table 1. The pressure of the atmosphere was 1 bar. We will refer to each sample using the name declared in the first column of this table. The periods of exposure were chosen in order to produce oxides of about 1 µm thick after 5 h of exposure and about the double after 20 h of exposure, as the oxide thickness goes approximately with the square root of the time at this temperature.

After the oxidation the samples were weighted in order to determine the mass gain. For the short oxidation durations studied here, the thickness of the oxide scales is small (few microns). This allowed us to investigate the whole thickness of the scale, up to the metal substrate, by XRD, nuclear reaction analysis (NRA), and secondary ions mass spectrometry (SIMS). In the followings, for readability reasons, we will designate the mix 80% N2+ 20% O2 as regular synthetic air, and the mix 80% 15 N2+ 20% O2 as 15 N-labelled air.

The oxidized samples were crosscut, coated with very thin Au layer by PVD technique in order to enhance the conductivity of the oxidized surface, then electrolytically coated with a thick Cu layer to prevent or limit the oxide delamination during the polishing process. Then the samples were resin embedded and mirror-polished up to 30 nm colloidal silica suspension.

Experimental device for isotopic labeling and high temperature oxidation

The experimental device used for isotopic labelling is presented in Figure 1. The isotopic labelling was made at 700°C by interrupted oxidation with dry synthetic air and/or 15 Nlabelled air (Euriso-top supplier, 15 N purity 99.0 %) In order to reuse the onerous 15 Nlabelled air, a cryogenic trap with zeolite was used. The schematic of the isotopic labelling setup is presented in Figure 1. A thermocouple is mounted close to the sample (not represented on the schematic) in order to precisely control the temperature. For the sample S3 the oxidation is made for the first 5 h under 15 N-labelled air followed by a rapid trapping of the oxidative atmosphere using the cryogenic unit made from zeolite and cooled down in liquid nitrogen. The trapping process is very rapid, in less than 1 min the pressure within the chamber drops below 5.10 -5 mbar, which is the minimum pressure that can be measured by the vacuum gauge used here. Once the cryogenic reservoir isolated, the chamber is filled for the next 15 h of oxidation with regular synthetic air. Thus, the switch in the atmosphere nature is sudden and the samples are kept at constant temperature during the gas change.

The furnace used here is mounted on bearings that allow it to be moved up and down in order to heat and cool down the sample in few minutes. These steps are important since the oxidation times are relatively short.

Figure 1. Experimental device for isotopic labelling during oxidation.

Characterization methods

The oxidized samples were analysed by XRD techniques in two different configurations: fix grazing incidence and Bragg-Brentano (theta-theta) mode. The grazing incidence diffraction patterns were made with grazing angles: 1°, 2°, 4° and 8°. The goniometer used in this study was Brucker D8-A25 Discover with Cu K1,2 tube. The experimental diffraction patterns were fitted by Rietveld techniques using Topas V6 software in PV_TCHZ mode. A standard corundum sample SRM1976b was used to quantify the instrumental broadening. The XRD patterns recorded in theta -theta mode covered a range of 2𝜃 scale from 20° to 80°.

Raman spectroscopy was used to investigate the non-metallic phases formed in the oxidized samples. Spectra were made at room temperature using a Renishaw inVia micro-Raman spectrometer in backscattering configuration. The spectra were recorded with a 532 nm wavelength laser as excitation source. The laser power was about 2.5 mW to avoid heating the sample.

The high-resolution scanning electron microscope images were taken using a Schottky field emission SEM JEOL JSM-7600F with LABE detector (Low Angle Backscattered Electron). The EDS/WDS cartographies were recorded using JEOL JSM7600F SEM equipped with Oxford Instruments energy dispersive (EDS) SDD X-max 80 mm² and wavelength dispersive spectroscopy (WDS) INCA Wave 500 detectors.

The in-depth distribution of oxygen and nitrogen were also investigated by SIMS with NanoTOF II apparatus (ULVAC-PHI). TOF analyses are done using Bi3 2+ primary ions in 40x40 µm 2 area (30 keV). Cs + ions in 200x200 µm 2 (2keV -2nA) are used before analysis for sputtering sequences. Negative secondary ions are monitored, in particular 16 O -, 12 C 14 N - and 12 C 15 N -for respectively oxygen and nitrogen elements.

The nitrogen isotopic composition and profile of the oxidized samples were investigated by Nuclear Reaction Analysis [START_REF] Trocellier | Nuclear Reaction Analysis[END_REF][START_REF] Peisach | Nuclear Reaction Analysis[END_REF] performed at CEA Saclay (LEEL Laboratory of CNRS/CEA), France [START_REF]Agence internationale de l'??nergie atomique, Ion beam techniques for the analysis of light elements[END_REF][START_REF] Khodja | The Pierre Süe Laboratory nuclear microprobe as a multi-disciplinary analysis tool[END_REF]. A 1.9 MeV deuteron (d+, deuterium ion) micro-beam (size 2.5 x 4 µm 2 ) was directed perpendicularly to the samples surface and the emitted particles were detected backwards at 170° from the beam axis. The energy of the beam was chosen to be the highest deliverable by the accelerator for deuteron beams in order to maximize the cross-section (which is the probability to occur) of the nuclear reactions on 15 N and 14 N isotopes. At this energy, nuclear reactions with other light elements like 16 O and 12 C can also occur. They are used for calibration purposes. The NRA technique allows to quantify the concentration of all light elements present in the samples and to discriminate between their isotopes.

The Table 2 indicates the nuclear reactions we have considered to quantify the 14 N and 15 N profiles. Since the amount of energy released by a given nuclear reaction is a characteristic feature of it, the energy of the particles produced at the surface of the sample is a signature of the reaction. This energy can be calculated according to the beam conditions and confirmed by the measurement of known calibrated samples.

As both deuterons of the incident beam and particles produced by the nuclear reactions lose energy when travelling through solid matter. Then, any shift of the detected particle energy towards lower values (compared to the nominal value) indicates that the reactions occur deeper into the material. From the value of the shift and the knowledge of stopping power of the material one can calculate the thickness of the solid matter the particles have traversed. Hence, the depth at which the reactions occurred can be determined. So, the energy shift from the nominal value can be converted into a depth scale. The intensity profile of the signal depends on the concentration of the element at a given depth and to the related cross section (probability) of the reaction. Then, concentration depth profiles can be extracted from NRA spectra from the surface over depths of several µm, without any destructive preparation. The size of the scans was 200 x 200 µm 2 , which covers several grains. Thus, the information obtained by this technique on the concentration or location of elements represents an average value over this area. 

Results

Mass gain

The samples were weighted before and after the high temperature exposure in order to determine the overall mass gain per unit area. The results are given in Table 3. One can remark that the mass gains under regular air and 15 N-labelled air increase with the exposure time, as expected. The samples S1 and S2 present very similar mass gains, which confirm the fact that the two isotopes induce similar behaviours. The mass gain values obtained in the presented work during 5 and 20 h of oxidation are nearly those reported in previous works for pure titanium at 700 °C [START_REF] Kanjer | Improving the high temperature oxidation resistance of pure titanium by shot-peening treatments[END_REF][START_REF] Lavisse | Tracking the role of nitrogen in the improvement of the high temperature oxidation resistance of titanium by mechanical treatments[END_REF]. For short-time exposures, Kanjer et al. [START_REF] Kanjer | Improving the high temperature oxidation resistance of pure titanium by shot-peening treatments[END_REF] found a nearly linear oxidation kinetics up to about 7 h, while the mass gain variation was close to parabolic kinetic law from 7 up to 40 h, which corresponds to a rate-limiting process given by the diffusion of oxygen through a dense and protective barrier.

Table 3. Measured mass gain per unit area of the samples after various expositions at 700°C.

Sample oxidation duration (h)

Mass gain m/S (mg/cm 2 )

S1 5 0.251 S2 5 0.245 S3 20 0.689

Structure of oxide layers

Microscopic investigations

The microscopic images of the samples can be found in Figure 2. The oxide layers (grey, grainy layers on the top of the images) thicknesses are inhomogeneous with average values of ~1 µm, ~1 µm and ~3 µm for, S1, S2, and respectively S3 samples. The images show equiaxed oxide grains of about 200 nm in the outer side of the oxide and smaller grains (~50 nm) near the oxide/metal interface. Porosities are also remarked in the oxide scales, located mainly close to the oxide/metal interface. These porosities can favour cracking by weakening the mechanical resistance. Moreover, the different thermal expansion coefficients of oxide and metal lead to strong mechanical stresses at the oxide/metal interface during the cooling stage of the samples, after the oxidation process. The polishing process during the preparation of the samples can also propagate cracks at the oxide/metal interface. Such cracks can be observed between the oxide scale and the metal, for the S3 sample in Figure 2(f).

The metal shows large Ti grains in the lower part of the images and smaller grains at the oxide/metal interface, on the metal side. Such small grains have also been observed by Kitashima et al. [START_REF] Kitashima | Oxidation-nitridation-induced recrystallization in a near-α titanium alloy[END_REF] on a near alpha titanium alloy. The BSE mode revealed chemical contrast in the metal, near to the oxide/metal interface, suggesting that some grains close to the interface were enriched with lighter elements than oxygen, probably nitrogen. As shown previously by many authors, the metal is highly enriched in light elements, mainly oxygen, in the region close to the oxide/metal interface [START_REF] Kofstad | High Temperature Corrosion[END_REF], [START_REF] Kanjer | Influence of mechanical surface treatment on high-temperature oxidation of pure titanium[END_REF][START_REF] Kanjer | Effect of laser shock peening on the high temperature oxidation resistance of titanium[END_REF][START_REF] Kanjer | Improving the high temperature oxidation resistance of pure titanium by shot-peening treatments[END_REF][START_REF] Lavisse | High temperature oxidation resistance and microstructure of lasershock peened Ti-Beta-21S[END_REF][START_REF] Dupressoire | Effect of Nitrogen on the Kinetics of Oxide Scale Growth and of Oxygen Dissolution in the Ti6242S Titanium-Based Alloy[END_REF][START_REF] Abdallah | STEM-EELS identification of TiOXNY, TiN, Ti2N and O, N dissolution in the Ti2642S alloy oxidized in synthetic air at 650 °C[END_REF][START_REF] Dupressoire | The role of nitrogen in the oxidation behaviour of a Ti6242S alloy: a nanoscale investigation by atom probe tomography[END_REF], [START_REF] Berthaud | Study of titanium alloy Ti6242S oxidation behaviour in air at 560°C: Effect of oxygen dissolution on lattice parameters[END_REF]. The small size of the thin layers makes quantification of nitrogen near the oxide/metal interface hazardous by EDS techniques. This is one of the reasons why we will use further in the paper the NRA techniques to quantify the nitrogen concentration. Elemental maps using EDS/WDS were made in order to reveal oxygen-rich and nitrogen-rich zones, as presented Figure 3. One can clearly see, as expected, the insertion of nitrogen at the interface. The Figure 3.(b), (d) and (e) show that the nitrogen accumulates at the top of the metal under the oxide/metal interface. Moreover, nitrogen seems to insert preferentially in some grains, while it is absent in others. It suggests that the nitrogen diffusion and insertion is probably an anisotropic process. It is worth to point out that the nitrogen-rich zone seems to form a discontinuous layer with thicknesses about 0.8 µm for S1 and S2 samples and 1.3 µm for S3. This feature has already been observed on pure Ti [START_REF] Kanjer | Influence of mechanical surface treatment on high-temperature oxidation of pure titanium[END_REF][START_REF] Kanjer | Effect of laser shock peening on the high temperature oxidation resistance of titanium[END_REF][START_REF] Kanjer | Improving the high temperature oxidation resistance of pure titanium by shot-peening treatments[END_REF] or on titanium alloys [START_REF] Abdallah | STEM-EELS identification of TiOXNY, TiN, Ti2N and O, N dissolution in the Ti2642S alloy oxidized in synthetic air at 650 °C[END_REF]. WDS mappings confirm that in the nitrogen rich layers the oxygen is present in small quantities, which suggests that the oxygen must pass through the nitride layer to continue the diffusion within the metal. Small grains of nitrides have already been observed at the interface oxide/metal and were attributed to an oxidationnitridation recrystallization, as already pointed out by Kitashima et al. [START_REF] Kitashima | Oxidation-nitridation-induced recrystallization in a near-α titanium alloy[END_REF]. 

Phases analysis

The XRD patterns recorded in theta -theta mode are presented in Figure 4. As expected, the S1 and S2 samples show almost identical XRD patterns. The rutile TiO2 and the alphatitanium are the most visible phases. The relative intensity of the peaks of rutile with respect to alpha-Ti are clearly higher for the S3 sample compared to the S1 and S2 samples, as it was expected. The nitride phase Ti2N0.84 (tetragonal, ICDD 04-002-0574, which is an under-stoichiometric Ti2N phase) is detected in all the patterns, but the peaks are barely visible because of the small quantity of this phase. This agrees with the presence of nitrogen detected by EDS/WDS (Figure 3), and with the results previously reported by Lavisse et al. [START_REF] Lavisse | Tracking the role of nitrogen in the improvement of the high temperature oxidation resistance of titanium by mechanical treatments[END_REF] and Dupressoire et al. [START_REF] Dupressoire | Effect of Nitrogen on the Kinetics of Oxide Scale Growth and of Oxygen Dissolution in the Ti6242S Titanium-Based Alloy[END_REF]. As expected, the S3 sample presents bigger rutile peaks. Figure 5 shows the Raman spectra obtained for the samples S1, S2 and S3. The spectra were vertically shifted for clarity. All the spectra show the Raman bands of the rutile phase (marked as R on the graphic) of TiO2 at 238, 448 and 611 cm -1 [START_REF] Oghenevweta | Understanding reaction sequences and mechanisms during synthesis of nanocrystalline Ti2N and TiN via magnetically controlled ball milling of Ti in nitrogen[END_REF]. In addition, a peak at 146 cm -1 clearly reveals the formation of TiO2 crystallized in the anatase phase (marked as A on the graphic) for the 5h-oxidized samples, S1 and S2. The other Raman bands of the anatase phase at 399, 514 and 639 cm -1 have a quite lower intensity and they are masked by the signal of the rutile phase. The intensity ratio between anatase and rutile bands slightly varies depending on the analysed area, but on average the spectra show the formation of a majority of rutile phase together with a small proportion of anatase phase. For the 20h-oxidized sample, S3, the intensity of the Raman peak at 146 cm -1 is very low compared to the rutile peaks. Moreover, the rutile phase also displays a very weak Raman mode of rutile at 143 cm -1 . All this indicates that the amount of anatase formed is negligible.

The spectra do not show, for any of the three samples, any feature, which can be assigned to oxynitride or nitride phases (TiN or Ti2N). It is worth to remember that first order Raman scattering is forbidden in stoichiometric TiN due to the high Oh symmetry of its structure (𝐹𝑚3 ̅ 𝑚 ). The presence of defects breaks the symmetry and allows to observe a weak Raman signal. This effect has been observed for example in titanium oxynitride thin films as a function of the N/O ratio [START_REF] Trenczek-Zajac | Structural and electrical properties of magnetron sputtered Ti(ON) thin films: The case of TiN doped in situ with oxygen[END_REF]. Here, if present, the signal of TiN would be masked by that of the rutile phase. Concerning tetragonal Ti2N, few works have analysed its Raman spectrum. Oghenevweta et al. [START_REF] Oghenevweta | Understanding reaction sequences and mechanisms during synthesis of nanocrystalline Ti2N and TiN via magnetically controlled ball milling of Ti in nitrogen[END_REF] reported the spectra of nanocrystalline TiN and Ti2N formed by ball milling of titanium powder under nitrogen atmosphere. Despite the low signal to noise ratio of the reported spectra, they assigned two bands at 340 and 456 cm -1 to nanocrystalline Ti2N. In the spectra given in Figure 5, no band is observed at 340 cm -1 , and the strong signal of rutile at 448 cm -1 does not allow for the detection of other signals. Grazing incidence X-ray diffraction (GIXRD) was used for in-depth phase analysis of the oxidation layers in order to reveal the location of the nitride phase. The angles used here were 1°, 2°, 4°, 8°. The corresponding depths of penetration of X-rays in grazing incidence in rutile, at 90% of reflection of the X-Rays, were calculated using AbsorbDX software and are given in Table 4 for two values of 2θ angle. The diffraction patterns in grazing mode for the sample S1 are shown in Figure 6 for several angles of incidence. The S2 sample shows almost identical diffraction patterns and thus will not be shown here. The identified phases were the rutile phase (tetragonal) of TiO2, the alpha-Titanium (hexagonal close-packed) and the nitride close to the Ti2N0.84 phase detected in Brag-Bretano configuration, which is a Ti2N-type nitride. One can notice several isolated peaks of nitride, oxide and metal, which permits to evaluate the maximum depth at which each layer is located. The nitride peaks are slightly perceptible at 1° of incidence angle, which suggests that the nitride phase is located deeper than 0.7 µm. They show a maximum of intensity at 4° of incidence, which indicates that most of the nitride phase must be above a depth of 2.8 µm. These results are in good agreement with those obtained by SEM/EDS/WDS analyses and they will be confirmed further in this article by NRA techniques.

The rutile peaks seem also to be maximum at 4° of incidence angle, which suggests that the oxide layer is entirely traversed by the X-rays at this angle. The alpha-titanium peaks increase with the incidence angle, as expected. The very small peak observed at 43.05° can be assigned to oxynitrides of the family TiOxNy (such as TiO0.78N0.22 ICDD 04-001-9292, TiO0.05N0.58 ICDD 04-002-0428, TiO0.78N0.22 ICDD 04-002-0430 and TiO0.14N0.49 ICDD 04-002-0431) [START_REF] Dolat | Preparation of photoactive nitrogen-doped rutile[END_REF][START_REF] Antończak | Laser-induced oxidation of titanium substrate: Analysis of the physicochemical structure of the surface and sub-surface layers[END_REF]. Figure 6. Grazing incidence X-rays diffraction pattern obtained for S1 sample (5h at 700°C under regular air) with different incidence angles.

The S3 sample's diffraction patterns presented in Figure 7 show the same phases as those detected for S1 (Figure 6). The notable difference is that no nitride can be detected at 1° and 2°, which according to Table 4 suggests that this phase is located deeper than 1.5 µm. The nitride peaks seem not to evolve between 4° and 8°, which suggests that the X-rays have probably passed through the entire nitride layer. The rutile peaks are smaller at 8° of incidence than at 4°, which shows that the oxide layer is entirely traversed at 4° of incidence. A small peak seems to be present at 43.3°, which can correspond to tiny quantities of titanium nitride TiN (face-centered cubic structure) or to TiOxNy phases cited above.

The Rietveld refinement technique was used to fit the GIXRD patterns of the samples S1, S2 and S3, in order to extract quantitative phase composition, lattice parameters and crystallite size. The quantitative phase composition must be taken as indicative, since the Rietveld refinement for layered structures is delicate. The results are given in Figure 8 and Figure A-1 in Appendix A. The S2 sample shows almost identical results (not shown here) to S1. Figure 8 displays the percentage of phase of rutile, titanium and titanium nitride phases. It shows that the proportion of rutile decreases by increasing the incidence angle, which means that the incident X-rays beam covered the entire thickness of the oxide layer for the smallest incidence angle. As expected, the alpha-titanium proportion is continuously growing with the incidence angle. The nitride proportion remains stable between 4° and 8° of incidence for the S1 sample, which suggests that the entire nitride phase thickness was probed by the X-Rays.

Figure 7. Grazing incidence X-rays diffraction pattern obtained for S3 sample (5h at 700 °C under 15 N-labelled air followed by 15h under regular air) with different incidence angles. 

In-depth analysis of the elemental distribution

The Figure 9 presents the in-depth analyses by SIMS for the three samples over 40 x 40 µm 2 . The profiles of the signals of 14 N in S1 and 15 N in S2 are very similar. They display a peak, which coincides with the decrease of the signal of 16 O, which points out that the nitrogen is located at the oxide/metal interface. This confirms the results obtained by XRD and agrees with the conclusions reported in refs [START_REF] Kanjer | Influence of mechanical surface treatment on high-temperature oxidation of pure titanium[END_REF][START_REF] Kanjer | Effect of laser shock peening on the high temperature oxidation resistance of titanium[END_REF][START_REF] Kanjer | Improving the high temperature oxidation resistance of pure titanium by shot-peening treatments[END_REF][START_REF] Lavisse | High temperature oxidation resistance and microstructure of lasershock peened Ti-Beta-21S[END_REF][START_REF] Lavisse | Tracking the role of nitrogen in the improvement of the high temperature oxidation resistance of titanium by mechanical treatments[END_REF] concerning the presence of a nitrogen-rich layer at this interface.

For the sample S3, the distribution of the isotope 14 N shows an intense and broad peak for a sputtering time of about 5500 seconds, and a weak bump at about 3200 seconds. The profile obtained for the isotope 15 N shows similar features, but the intensity of the main peak is quite lower, which agrees with the short exposition time of sample S3 to 15 Nlabelled air compared to regular air. It is important to notice that the location of the both maximum pics of 14 N and 15 N in S3 sample are the same despite the fact that each isotope was introduced at different times within the sample. The peak of nitrogen concentration is correlated with a decrease in the oxygen signal, but the nitrogen seems to spread deeper than the oxygen. This agrees with SEM/EDS/WDS observations showing that nitrogen accumulates at the top of the metal, below the oxide/metal interface. The signal of nitrogen rises near the surface of the samples S1 andS2, while is wavy for S3 up to 4000s of sputtering time. The possibility of near-surface edge effects on this signal cannot be ruledout. Further analysis is needed to confirm or not the presence of significant amount of nitrogen in the oxide scale. Moreover, the SIMS analysis does not allow to determine the amount of nitrogen inserted in the samples. Nuclear reaction analysis (NRA) is further used for this purpose. the 14 N(d,1) 12 C and 15 N(d,0) 13 C reactions which have been used to determine the amount of 14 N, respectively 15 N isotopes inserted in the oxidized samples. Dashed vertical lines correspond to the energy of the different emitted particles when the reactions occur at the very surface of the sample (without any energy loss i.e. when no solid matter is crossed by the emitted particle). Their positions were calculated using the SIMNRA software [START_REF] Mayer | Improved physics in SIMNRA 7[END_REF] and confirmed by calibration samples. One can remark the shift of all the experimental peaks towards lower energies, which reflects the presence of 14 N and 15 N isotopes located under the oxide surface. The higher shift of the 14 N(d,1) 12 C reaction for the sample S3 compared to S1 shows that nitrogen is located deeper in the S3 sample. In the same way, the higher shift of the 15 N(d,0) 13 C reaction for the sample S3 compared to S2 shows that nitrogen is located deeper in S3.

Figure 10. NRA spectra of S1, S2 and S3 samples showing the main nuclear reactions of 14 N and 15 N isotopes. The reactions 14 N(d,1) 12 C and 15 N(d,0) 13 C were used to determine the inserted amount of nitrogen. The calculated energies of the nuclear reactions produced at the extreme surface of the samples are drawn as reference.

In order to determine the in-depth distribution profiles of 14 N and 15 N isotope, we focused on the 14 N(d,1) 12 C and 15 N(d,0) 13 C reactions, respectively. This choice was driven by the fact that no other nuclear reactions interfere with these two reactions. The concentration of each isotope ( 14 N or 15 N) at a given depth was calculated using the intensity of the corresponding reaction in the NRA spectrum at a given energy and the cross-section of the reaction. The depth at which these reactions occur are obtained from the energy of the detected emitted particle. Figure 11 shows the profiles of nitrogen concentration obtained for S1, S2 and S3 samples obtained in this way, as a function of depth. in-depth 15 N(d,0) 13 C reaction 14 N(d,p0) 15 N at surface 14 N(d,p1) 15 N at surface 14 N(d,0) 12 C at surface 14 N(d,1) 12 C at surface 15 N(d,0) 13 C at surface in-depth 14 N(d,1) 12 C reaction in-depth 14 N(d,1) 12 C reaction in-depth 15 N(d,0) 13 C reaction Figure 11. In-depth distribution of 14 N and 15 N isotopes in the samples S1, S2 and S3 after oxidation at 700°C.

As seen in Figure 11, the samples S1 and S2, which were oxidized for 5 h under regular air and 15 N-labeled air respectively, show very similar nitrogen insertions. Both samples present a maximum of nitrogen concentration at a depth of about 1.1 µm under the sample surface. The thickness of the oxide layer observed by SEM/BSE was about 1 µm. The profiles of nitrogen obtained by NRA show the insertion of this element under the oxide/metal interface up to about 1.2 µm in depth (based on TiO2 density of 4.23 g/cm 3 ), which agrees with the WDS cartographies for nitrogen distribution in Figure 3. The profile of nitrogen obtained by NRA shows the presence of nitrogen above the oxide/metal interface. However, this result must be taken with care because the NRA analysis was done over a larger surface area (200 x 200 µm 2 ). As seen on the SEM/BSE images, the thicknesses of the various layers are not laterally homogeneous, which means that different phases, such as TiO2, Ti2N, Ti-O solid solutions (and possibly TiN or oxynitrides) can be present at the same depth, each of them located in different regions.

The maximum concentration of nitrogen is about 500 mg/cm 3 in both the samples, which corresponds to a composition Ti2N0.76, if only Ti and N are considered. This composition is very close to that of the Ti2N0.84 phase detected by XRD.

As seen in Figure 11 for the S3 sample the two isotopes 14 N and 15 N are located at the same depth, which agrees also with the in-depth profiles obtained by SIMS for both isotopes (Figure 9). The maximum concentration of the two isotopes of nitrogen, 14 N and 15 N, is located at about 3 µm in-depth, which corresponds to the average thickness of the oxide layer as seen on SEM/BSE views (Figure 3).

Discussion

In-depth distribution of nitrogen

In the previous section it has been shown (Figure 11) that both isotopes, 14 N and 15 N were located at the same depth within the sample S3. This result is surprising since the isotope 

depth (µm) 14N in S1 15N in S2 14N in S3
15N in S3

14 N in S1 15 N in S2 14 N in S3 15 N in S3

15 N was present only at the beginning of the oxidation up to 5 h, while the isotope 14 N was introduced later from 5 to 20 h. The diffusion coefficient of nitrogen in rutile is higher than that of oxygen [28]. So, the diffusion of nitrogen in the oxide scale is not the limiting step to its insertion in depth. On the contrary, the diffusion coefficient of nitrogen in metalic titanium is one order of magnitude smaller than that of oxygen [START_REF] Nakajima | Diffusion in titanium[END_REF][START_REF] Anttila | Diffusion of nitrogen in α-Ti[END_REF][START_REF] David | A Study of the Diffusion of Oxygen in α-Titanium Oxidized in the Temperature Range 460°-700[END_REF]. Thus, the nitrogen can easily diffuse into the rutile and accumulates at the oxide/metal interface where it forms nitrides, as shown by XRD results. The WDS cartographies also show for the S3 sample the insertion of nitrogen in a discontinuous layer about 1.3 µm thick on the top of the metal. The nitrogen concentration profile obtained by NRA are slightly broader. However (as argued for the samples S1 and S2), the inhomogeneity in thickness of the oxide and nitride layers induces a broadening of the nitrogen distribution profile, and can explain the detection of some amount of nitrogen up to about 1 µm above the oxide/metal interface.

Our results differ from those reported by Göbel et al. [START_REF] Göbel | Study of the hightemperature oxidation behaviour of Ti and Ti4Nb with SNMS using tracers[END_REF] who studied by secondary neutral mass spectroscopy the insertion of isotope-labelled oxygen and nitrogen in pure Ti and Ti-4Nb in two-stages oxidation experiments during 5 hours at 800 °C in a humid atmosphere. They found that the nitrogen used in the first stage of oxidation diffused deeper into the material than that used in the second stage. They concluded that in pure Ti the dissolution of nitrogen in the substrate at the nitride/substrate interface dominates over the formation of new nitride at the oxide/nitride interface. Our study provides different results using both NRA and SIMS techniques, showing that the nitrogen used in both stages of oxidation is located at the same position. It is worth to mention that in our case the oxidation experiments were done in dry air at a lower temperature (700°C) and for longer oxidation times.

Another interesting fact is that the maximum concentration of nitrogen detected by NRA does not seem to depend on the exposure time, which suggests that the same nitride compound is generated, probably an under-stoichiometric Ti2N, as revealed by the XRD. It should be noted that the bell-shape nitrogen profile broadens with the oxidation time. Thus, the overall amount of nitrogen increases with the exposure time.

Nitrogen mass gain during oxidation

By integrating the profiles of nitrogen concentration over the depth obtained by NRA (Figure 11), one can obtain the nitrogen mass gain per unit area given in Table 5.

For the samples oxidized 5 h, S1 an S2, the nitrogen ( 14 N and 15 N, respectively) mass gain values are almost the same, about 40 µg/cm 2 . For the sample S3 the amount of 15 N inserted after 5 h of exposure drops down to 28 µg/cm 2 after 15 h of supplementary oxidation under regular air. At the same time 57 µg/cm 2 of 14 N are inserted during the 15 h second oxidation stage. The partial replacement of 15 N inserted in the first oxidation stage by 14 N in the second oxidation stage shows that nitrogen does not have only a one-way diffusion direction downward in the metal, but it can also desorb from the sample to return to the atmosphere. There is a permanent flow of nitrogen inward and outward the sample promoted by the thermal agitation at high temperature. This answers to the third question raised in the Introduction section, and shows that there is a partial renewal of the nitrogen during the high temperature oxidation of titanium.

The XRD analysis showed the formation of a nitride phase close to Ti2N at the oxide/metal interface. Assuming that all the inserted nitrogen is in the form of Ti2N, one can calculate the thickness of a layer of a Ti2N equivalent to the amount of the measured nitrogen mass gain. The values given in Table 5 vary from around 0.6 µm for the samples S1 and S2 to around 1.3 µm for the sample S3. These values are in good agreement with those observed on SEM/BSE images and WDS cartographies (Figure 3). This shows that most of the inserted nitrogen is part of the nitrides formed at the oxide/metal interface. Moreover, this represents also an independent validation of the amounts of nitrogen obtained by NRA.

The total amount of nitrogen roughly doubles from 5 to 20 h of exposure to high temperature. This suggests that the nitrogen mass gain could increase according to a parabolic law, but further measurements for different oxidation durations are still needed to validate this assertion.

The nitrogen mass gained during the exposure to high temperature represents a small percentage of the total mass gain measured by weighing. The values obtained for the samples S1, S2 and S3 are given in Table 5. The percentage of nitrogen in the total mass gain is about 16 % for the samples oxidized during 5h and decreases to about 12 % for the sample S3 after 20 h of exposure to high temperature. 

Cycle of life of nitrides during the high temperature oxidation of titanium in air

The results presented above lead us to propose the following model (graphically summarized in Figure 12) for the evolution of the inserted nitrogen during the high temperature oxidation of titanium.

The nitrides formed at the oxide/metal interface are a slowing diffusion barrier for the oxygen coming by anionic diffusion through the oxide. The nitrides barrier produces the drop of the oxygen partial pressure under the nitrides (at the nitrides/metal interface) and simultaneously the rise of the oxygen partial pressure above the oxide/nitrides interface. This rise of the oxygen partial pressure produces the oxidation of the upper part of the nitrides, and the release of nitrogen. Part of this nitrogen can diffuse on short distances into the metal (to occupy the sites freed by the oxygen that diffused further to the core of the material) and form new nitrides. This produces a migration of nitrides in the direction of the metal. The rest of the nitrogen liberated by the oxidation of the nitrides can diffuse through the oxide scale and partially desorb at the surface of the oxide layer. At the same time, atmospheric nitrogen continues to diffuse inward and participate to the formation of new nitrides. The result is a progression of the nitrides to the core of the material at the same time as the oxide scale thickness grows. Thus, the kinetics of nitrogen insertion is limited by the formation of the nitrides at the oxide/metal interface ads their oxidation by the inward flow of oxygen.

Figure 12. Cycle of life of nitrides during the oxidation in air at 700°C.

Conclusion

The insertion of nitrogen during the high temperature oxidation of pure titanium was studied by two-steps oxidation experiments using regular air and in 15 N-labelled air for durations of 5 and 20 h at 700 °C. The main goal was to determine, for the first time to our knowledge, the amount of nitrogen inserted at the oxide/metal interface and to analyse its variation during the exposure at 700 °C. For this purpose, techniques were used to analyse the samples oxidized in regular and 15 N-labelled air (SEM, EDS/WDS, XRD, Raman, SIMS). In particular, Nuclear Reaction Analysis was used to quantify the insertion of nitrogen.

Our results confirm that the nitrogen locates at the oxide/metal interface from the very beginning of the exposure of titanium to high temperature, as reported in previous works.

In addition, the following conclusions can be drawn regarding the stated objectives of this work:

• The inserted nitrogen forms a distinctive nitride phase, identified by XRD as an under-stoichiometric Ti2N phase (namely Ti2N0.84). It forms a discontinuous layer located on top of the metal, under the oxide scale, as shown by WDS cartographies. • The nitrogen is localized at the interface oxide/metal and its diffusion deeper into the metal seems negligible according to the analyses by SIMS and NRA. • The nitrogen mass gain was evaluated from NRA results to 40 µg/cm 2 for 5h of exposure at 700°C, which corresponds to around 16 % of the total mass gain. • The amount of inserted nitrogen was almost doubled for 20 hours of exposure, which suggests a parabolic-like nitrogen mass gain. Around 12.5 % of the total mass gain corresponds to the nitrogen while the oxygen represents the remaining 77.5 %. • The limiting step of the nitrogen insertion during the oxidation of titanium in air seems to be the formation of nitrides at the oxide/metal interface and their List of the Tables caption: Table 1. Ti samples identification and corresponding oxidation treatments. Table 2. Experimental conditions of the Nuclear Reaction Analysis used for this experiment and nuclear reactions used to reveal the nitrogen isotopes. Table 3. Measured mass gain per unit area of the samples after various expositions at 700°C. Table 4. Penetration depth (in µm) of X-rays in TiO2 rutile phase as a function of the incidence angle for detection angles 2 equal to 30° and 60° Table 5. Nitrogen and total mass gain per unit area obtained for the samples S1, S2 and S3. The nitrogen mass gain was determined by NRA analysis. The thickness of an equivalent Ti2N layer was calculated by assuming a density of 4.88 g/cm3. The total mass gain was obtained by weighing.
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Figure 2 .

 2 Figure 2. SEM images in back-scattered electrons mode (BSE). The oxide layer is located in the upper part of the images. The right column presents different spots, with higher magnification.
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 3 Figure 3. SEM images (BSE mode) and corresponding elemental cartographies (WDS for nitrogen and EDS for oxygen)
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 4 Figure 4. X-rays diffraction pattern (theta -theta mode) for the samples S1, S2 and S3.
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 5 Figure 5. Raman spectra of the samples S1, S2 and S3.
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 8 Figure 8. Percentage of the phases rutile, alpha-Ti and Ti2N0.84 obtained by Rietveld refinement of the GIXRD patterns of: (a) S1 sample and (b) S3 sample, as a function of the incidence angle.

Figure 9 .

 9 Figure 9. SIMS profile of the signals associated to the isotopes16 O,14 N and15 N for the samples S1, S2 and S3 as a function of the sputtering time.

Figure 10

 10 Figure 10 displays the NRA spectra of the samples S1, S2 and S3 in the range of [3.5 -10 MeV]. They show several nuclear reactions induced on 14 N and 15 N isotopes; in particular,
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 1 Figure 1. Experimental device for isotopic labelling during oxidation.
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 2 Figure 2. SEM images in back-scattered electrons mode (BSE). The oxide layer is located in the upper part of the images.
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 34 Figure 3. SEM images (BSE mode) and corresponding elemental cartographies (WDS for nitrogen and EDS for oxygen)
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 5 Figure 5. Raman spectra of the samples S1, S2 and S3.
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 6 Figure 6. Grazing incidence X-rays diffraction pattern obtained for S1 sample (5h at 700°C under regular air) with different incidence angles.

Figure 7 .

 7 Figure 7. Grazing incidence X-rays diffraction pattern obtained for S3 sample (5h at 700 °C under 15N-labelled air followed by 15h under regular air) with different incidence angles.
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 8 Figure 8. Percentage of the phases rutile, alpha-Ti and Ti2N0.84 obtained by Rietveld refinement of the GIXRD patterns of: (a) S1 sample and (b) S3 sample, as a function of the incidence angle.
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 9 Figure 9. SIMS profile of the signals associated to the isotopes 16O, 14N and 15N for the samples S1, S2 and S3 as a function of the sputtering time.

Figure 10 .

 10 Figure 10. NRA spectra of S1, S2 and S3 samples showing the main nuclear reactions of 14N and 15N isotopes. The reactions 14N (d,1 )  and 15N(d0 )  were used to determine the inserted amount of nitrogen. The calculated energies of the nuclear reactions produced at the extreme surface of the samples are drawn as reference.
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 11 Figure 11. In-depth distribution of 14N and 15N isotopes in the samples S1, S2 and S3 after oxidation at 700°C.
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 12 Figure 12. Cycle of life of nitrides during the oxidation in air at 700°C.
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 13 Figure A-13. Variation of the lattice parameters as a function of the incidence angle in GIXRD patterns: (a) S1 rutile, (b) S1 -Ti, (c) S3 rutile, (d) S3 -Ti.

  

Table 1 .

 1 Ti samples identification and corresponding oxidation treatments.

		Oxidation step 1	Oxidation step 2	Total exposure
	Sample	Time (h)	Atmosphere	Time (h)	Atmosphere	Time (h)
	S1	5	N2+O2	-		5
	S2	5	15 N2+O2	-		5
	S3	5	15 N2+O2	15	N2 +O2	20

Table 2 .

 2 Experimental conditions of the Nuclear Reaction Analysis used for this experiment and nuclear reactions used to reveal the nitrogen isotopes.

	Beam	Nuclear	Energy released	Energy of the emitted	Ref. for the cross-
	energy	reaction	by the reaction	α particle at the	section of
			(keV)	surface (keV)	reactions
	1.9 MeV	15 N(d,0) 13 C 14 N(d,1) 12 C	7687 9136	6001 6788	[19,20] [19,21]

Table 4 .

 4 Penetration depth (in µm) of X-rays in TiO2 rutile phase as a function of the incidence angle for detection angles 2 equal to 30° and 60°.

				Incidence angle	
		1°	2°	4°	8°
	2θ = 30°	0.7	1.4	2.6	4.4
	2θ = 60°	0.7	1.5	2.8	5.2

Table 5 .

 5 Nitrogen and total mass gain per unit area obtained for the samples S1, S2 and S3. The nitrogen mass gain was determined by NRA analysis. The thickness of an equivalent Ti2N layer was calculated by assuming a density of 4.88 g/cm3 . The total mass gain was obtained by weighing.

	Sample	Isotope	Exposure time (h)	Nitrogen mass gain (µg/cm 2 )	Thickness of equivalent Ti 2 N layer (µm)	Total mass gain (µg/cm 2 )	Percentage of Nitrogen in the total mass gain (%)
	S1	14 N	5	41	0.66	251	16.3
	S2	15 N	5	39	0.59	245	15.5
	S3	15 N	5	28			
	S3	14 N	15	57			
	S3	14 N & 15 N	5+15	85	1.34	689	12.3
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