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The isothermal oxidation behaviour of ultrafast slurry aluminized pure nickel was studied between 900 and 1100°C in air for 100h. The microstructure and composition of the coatings evolved with the increase of the oxidation temperature resulting in a progressive reduction of aluminium content of the initial bilayered Ni2Al3 + NiAl coating. The oxidation curves exhibited a parabolic shape due to the formation of α-Al2O3 scale. The parabolic rate constants increased from 950 to 1100°C in line with the faster degradation of the coating. Moreover, the kinetic constant at 900°C was higher than at 950°C because of a greater formation of the less protective metastable θ-Al2O3 scale developed rather than α-Al2O3. While the oxidation kinetics of the ultrafast slurry coatings are one order of magnitude higher than that of pack-cemented coatings, the evolution of the microstructure is alike to the ones of slowly grown CVD-derived and slurry aluminide coatings.

Introduction

Aluminide coatings are employed in different fields of application like power plants and aeronautical engines to improve the resistance of critical components to high temperature oxidation and corrosion. Indeed, the good mechanical and protective properties of these coatings are well recognized [START_REF] Patnaik | Intermetallic coatings for high temperature application -a review[END_REF][START_REF] Nicholls | Designing oxidation-resistant coating[END_REF]. Processes like CVD [START_REF] Warnes | Clean diffusion coatings by chemical vapor deposition[END_REF][START_REF] Pedraza | High quality aluminide and thermal barrier coatings deposition for new and service exposed parts by CVD techniques[END_REF], pack cementation [START_REF] Kung | Kinetic study of aluminization of iron by using the pack cementation technique[END_REF][START_REF] Levin | Controlled formation of surface layers by pack aluminization[END_REF] or hot dipping [START_REF] Glasbrenner | Comparison of hot dip aluminised F82H-mod. steel after different subsequent heat treatments[END_REF][START_REF] Chen | Optimization of process parameters of hot-dip aluminized coating[END_REF] are commonly employed to elaborate aluminium diffusion coatings. In CVD and pack cementation, aluminizing occurs by adsorption of an Al-containing gas precursor molecule, which is then hydrolysed or reduced. The Al atoms finally incorporate into the bulk by solid-state diffusion. For these processes, both the microstructure and the composition are controlled by the activity of the aluminium (high or low activity coatings), i.e. the amount of Al precursors supplied to the surface of the substrate and the temperature [START_REF] Bozza | Diffusion mechanisms and microstructure development in pack aluminizing of Ni-based alloys[END_REF][START_REF] Goward | Mechanisms of formation of diffusion aluminide coatings on nickel-base superalloys[END_REF].

Similar Al-diffusion coatings can be achieved by slurry [START_REF] Rasmussen | Microstructures of thin and thick slurry aluminide coatings on Inconel 690[END_REF] that often involves the appearance of molten Al and the dissolution of the metal substrate resulting in self-propagating hightemperature synthesis (SHS) reactions and a subsequent solid-state diffusion once any of the reagents has been consumed [START_REF] Galetz | The role of combustion synthesis in the formation of slurry aluminization[END_REF]. The slurries are usually composed of organic binders and contain phosphorus and Cr(VI) derivatives [START_REF] Rasmussen | Microstructures of thin and thick slurry aluminide coatings on Inconel 690[END_REF][START_REF] Čelko | Microstructural characterization of slurry aluminide diffusion coatings[END_REF]. In contrast, Pedraza et al. employed additive-free water-based slurries to obtain high activity aluminide coatings on pure Ni [START_REF] Pedraza | Potential thermal barrier coating systems from Al microparticles. Mechanisms of coating formation on pure nickel[END_REF][START_REF] Bonnet | Initial aluminizing steps of pure nickel from Al micro-particles[END_REF] and on different Ni-based superalloys [START_REF] Pedraza | Oxidation resistance of thermal barrier coatings based on hollow alumina particles[END_REF] similar to those elaborated by other diffusion coating processes.

However, like with CVD-like techniques, the slurry coating processes often require several steps comprising many hours of diffusion treatments at different temperatures. In an attempt to obtain aluminide coatings in a faster manner, Bauer et al. studied a "fast aluminizing" slurry process of a Ni-rich Fe-based alloy [START_REF] Bauer | Fast heat treatment methods for al slurry diffusion coatings on alloy 800 prepared in air[END_REF] that necessarily modified the microstructures of the coating because of the short dwell times (3 to 5 min) at temperatures between 700 and 1000°C.

The different methods (induction, heating mat and burner) were carried out under air (no protective gas) and led to the oxidation of Al particles during the process and to heterogeneous coatings. While the feasibility of fast aluminizing was clearly demonstrated in Bauer's work, neither the control of the aluminizing process nor the oxidation resistance and the stability of the coating were considered. Therefore, our previous study on "fast slurry aluminizing" under argon atmosphere investigated the formation of homogenous coarse-grained (~50 µm) coatings of NiAl (Al rich) on pure nickel similar to those obtained by pack cementation [START_REF] Kepa | Intermetallic formation of Al-Fe and Al-Ni phases by ultrafast slurry aluminization (flash aluminizing)[END_REF]. However, neither the high temperature oxidation resistance nor the potential evolution of the microstructure of these fastly-grown coatings with temperature were elucidated, which is the main aim of this work. Indeed, when aluminide coatings are exposed to high temperatures, the formation of a protective α-Al2O3 scale from the coating may be compromised with the consumption of the Al reservoir [START_REF] Pint | The role of chemical composition on the oxidation performance of aluminide coatings[END_REF]. In this view, Mollard et al. thoroughly investigated the evolution of conventional (slowly-grown) high activity slurry coatings with temperature on the formation of the allotropic varieties of alumina and spinel (NiAl2O4) oxides and compared the results with similar coatings obtained by pack cementation [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF]. The parabolic rate constants were slightly higher than those obtained for the pack cemented coatings because their microstructure and composition of the slurry coatings evolved more rapidly with temperature, resulting in the formation of the NiAl2O4 spinel in addition to α-Al2O3. In contrast, the pack cemented coatings never grew the spinel oxide. Similar results were obtained after the isothermal oxidation at 1100°C of the slowly-grown slurry Al-coated Rene N5 Ni-based superalloy [START_REF] Rannou | Comparative isothermal oxidation behaviour of new aluminide coatings from slurries containing Al particles and conventional out-of-pack aluminide coatings[END_REF]. After 100h, the parabolic rate constant of slurry coating was again somewhat greater than that of the out-of-pack aluminide coating due to the fast evolution of the high activity slurry coating compared to that of the low activity out-of-pack and the derived formation of thicker duplex α-Al2O3/ NiAl2O4.

Galetz et al. also reported a rapid evolution of the high activity slurry Al coating on Alloy

602CA when isothermally oxidized for 100h between 900 and 1200°C due to the significant Al gradient between the top of their coatings and the substrate [START_REF] Galetz | Microstructural degradation and interdiffusion behavior of NiAl and Ge-modified NiAl coatings deposited on Alloy 602 CA[END_REF]. The greater evolution and kinetics of the slowly-grown slurry aluminide coatings than the pack cemented or out-of-pack ones can result from the small grain size of the former, allowing faster transport of Al to form the oxide and diffusion into the substrate [START_REF] Littner | Performance and Thermal Stability of Pt-modified Al-diffusion Coatings for Superalloys under Cyclic and Isothermal Conditions[END_REF].

Since the grain size in the fast-slurry aluminide coatings is as coarse as the pack cemented ones (~50 μm) it is assumed that they should provide better oxidation resistance at high temperatures than the slowly-grown slurry aluminides. Indeed, the fast-aluminized slurry coatings are believed to be off-thermodynamic equilibrium. This is because the ultrafast slurry process involves self-propagating high temperature synthesis (SHS) reactions between molten Al and solid Ni inducing a quite significant local raise in temperature to produce a melt in just a few seconds [START_REF] Curfs | Al-Ni intermetallics obtained by SHS; A time-resolved X-ray diffraction study[END_REF]. The very short aluminizing times (~35 min) [START_REF] Kepa | Intermetallic formation of Al-Fe and Al-Ni phases by ultrafast slurry aluminization (flash aluminizing)[END_REF] may not allow to dissipate the heat flux of the exothermic reactions, hence introducing metallurgical defects (vacancies, dislocations, voids…) like in welding processes involving the appearance of molten metal. Offequilibrium aluminide coatings do not necessarily behave worse than conventional pack cemented diffusion coatings as demonstrated by Shen et al. for their Ni2Al3/NiAl coatings using low energy Al-radiation [START_REF] Shen | Synthesis of advanced aluminide intermetallic coatings by low-energy Al-ion radiation[END_REF]. The authors attributed the sole formation of α-Al2O3 to the surface nanostructuring and bulk nanocavities formed upon irradiation that fostered the flow of Al.

According to previous SHS studies of NiAl [START_REF] Curfs | Al-Ni intermetallics obtained by SHS; A time-resolved X-ray diffraction study[END_REF][START_REF] Fan | Dissolution-precipitation mechanism of self-propagating hightemperature synthesis of mononickel aluminide[END_REF][START_REF] Liu | Chemical reaction of in situ processing of NiAl/Al2O3 composite by using thermite reaction[END_REF], the resulting NixAly phases should not be nanostructured. In contrast, the natural content of vacancies in the NixAly intermetallics [START_REF] Schaefer | Vacancies and atomic processes in intermetallics -from crystals to quasicrystals and bulk metallic glasses: vacancies and atomic processes in intermetallics[END_REF] should be increased due to the rapid quench after the strong exothermic SHS melting.

Therefore, this work intends to unveil the oxidation behaviour of the very-fast slurry aluminide coatings under synthetic air between 900 and 1100°C for 100h. A special emphasis is put on the analysis of the microstructural and chemical evolution of the coatings to establish a direct comparison with slowly-grown aluminide coatings (pack cementation and slurry routes) [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF] and ascertain the stability of these new fast aluminized coatings.

Pure nickel samples (Goodfellow, 99.9 % purity) of 12.7 mm of diameter and an approximate thickness of 1.5 mm were ground with SiC P180 paper, rinsed with deionized water, then with ethanol (3 minutes in an ultrasonic bath), and finally dried in hot air before the deposition of the slurry by spraying.

The slurry was composed of 43 wt.% aluminium microparticles (Hermillon, 99.9 % purity, 2-5 µm average size) mixed in 57 wt.% of an aqueous binder (PVA/water with a mass ratio 1/10).

Each surface was sprayed with 12 ± 1 mg•cm -2 of slurry and allowed to dry in ambient air for at least 1h.

The consecutive heat treatment was conducted in a thermobalance (SETARAM TGA 92) under argon flow (20 mL•min -1 ) for a very short time, contrary to that required to elaborate coatings by "classical" slurry route for which the overall processing time exceeded 12h [START_REF] Pedraza | Potential thermal barrier coating systems from Al microparticles. Mechanisms of coating formation on pure nickel[END_REF][START_REF] Agüero | Microstructural evolution of slurry Fe aluminide coatings during high temperature steam oxidation[END_REF][START_REF] Boulesteix | Characterisation of aluminium diffusion coatings elaborated on austenitic stainless steels and on ferritic-martensitic steels[END_REF]. The fast heat treatment consisted in a quick heating ramp (at 100°C/min) from room temperature till 1080°C, followed by a dwell time of 5 min and, finally, a rapid quench at 50°C/min to keep the high temperature microstructure, composition and phases of the coatings. Overall, the coating process duration was about 35 minutes. The residue of the slurry left over the aluminized surface was sand-blasted with alumina (mesh 220) in a SANDMASTER FG-94 apparatus prior to the oxidation tests.

The isothermal oxidation tests were performed in a SETARAM TGA SETSYS 1750 thermobalance (10 -7 g accuracy). The apparatus was first purged from air by a vacuum pump. Inert argon gas was then flowed (20 mL•min -1 ) all along the heating ramp (50°C•min -1 ) up to the oxidation temperature where the gaseous atmosphere was switched to flowing (16 mL•min - 1 ) synthetic air (80 vol.% N2 -20 vol.% O2). At the end of the oxidation experiments, the samples were cooled down at a rate of 50°C/min. The time and oxidation temperatures were identical to the ones employed by Mollard et al. [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF] to allow direct comparison. Thus, the isothermal oxidations were conducted from 900 to 1100°C (every 50°C) in synthetic air for 100 hours.

The crystalline phases of the coatings were determined before and after oxidation by X-Ray Diffraction (XRD) using a Bruker AXS D8 Advance set-up (Cu Kα radiation, λ= 0.15418 nm) in the θ-2θ mode, from 10 to 90°. The samples surfaces were also analysed after oxidation by Raman spectroscopy with a Jobin Yvon High Resolution (LabRaman HR) using a He-Ne laser, combined to an optical microscope (Olympus BX 41) and a CCD detector. In order to protect the outermost part of the oxide scale from spalling during metallographic preparation, the samples were gold coated (plasma coater Cressington Sputter coater 108 auto) and then nickel electroplated (Watts bath). The cross-sections were observed before and after etching (Kalling n°2 etchant: CuCl2, HCl, ethanol) under a FEI Quanta 200F scanning-electron microscope (SEM). The chemical analyses were conducted with the EDAX detector with a Si drift detector (SDD) coupled to the SEM using EDAX GENESIS software.

As aluminized nickel samples

Figure 1.a shows the SEM cross-section of the sample in the as-coated condition. A diffusion coating of about 60 µm thick and composed of two major distinctive layers grew after 5 min at 1080°C (heating ramp of 100°C/min). The outermost part of the coating corresponds to the Ni2Al3 phase according to the EDS profile plotted in figure 1.b and the XRD patterns (Fig. 2) and is about 35 µm thick. It can be observed that this layer contains some submicron cavities located within the grains and at the grain boundaries, possibly related to the fast shrinkage of the melt upon cooling and accumulation of vacancies. The second major layer is about 25 µm thick and is attributed to NiAl according to the EDS analysis but this cannot be assessed by XRD because of the insufficient penetration depth of the X-rays. Between the main coating and the substrate, two very thin layers (55 to 60 µm deep) can also be observed likely corresponding to the NiAl (Ni rich) and γ'-Ni3Al, according to the EDS spot analyses (not shown).

Our previous work using the same fast aluminizing treatment on pure nickel [START_REF] Kepa | Intermetallic formation of Al-Fe and Al-Ni phases by ultrafast slurry aluminization (flash aluminizing)[END_REF] demonstrated the sole formation of hyperstoichiometric NiAl phase and no Ni2Al3 nor Ni3Al. The reason for this is related to the lower amount of slurry deposited (10 mg•cm -2 ) than in the present work (12 mg•cm -2 ), hence supplying more Al to the coating upon the same aluminizing time. In contrast, the overall thickness (~60 µm) is quite similar to the one obtained with either the fast aluminizing (10 mg•cm -2 ) [START_REF] Kepa | Intermetallic formation of Al-Fe and Al-Ni phases by ultrafast slurry aluminization (flash aluminizing)[END_REF], or the slowly grown (5°C/min) slurry coatings including two isothermal stages (700°C/2h + 1100°C/2h [START_REF] Pedraza | Potential thermal barrier coating systems from Al microparticles. Mechanisms of coating formation on pure nickel[END_REF][START_REF] Boulesteix | Characterisation of aluminium diffusion coatings elaborated on austenitic stainless steels and on ferritic-martensitic steels[END_REF]), or the one obtained by pack cementation in the work of Mollard et al. [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF]. The aluminium content is however lower with pack cementation and long-time slurry processes because of the promotion of outward diffusion of nickel with time at high temperature. This would imply that the thickness of the coatings is controlled by the main intermetallic phase (NiAl) given its very large composition range [START_REF] Okamoto | Al-Ni (aluminium-nickel)[END_REF].

After aluminizing, the topcoat corresponding to the oxidized shell of the emptied Al microparticles (bisque) [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF] was removed by light sand-blasting and then analysed by XRD before the isothermal tests. All the X-ray patterns exhibited the Ni2Al3 peaks (Figure 2) but with different relative intensities attributed to the variability of the deposited mass (12 ± 1 mg•cm - ²).

Isothermal oxidation tests

Kinetics

Figure 3.a shows the mass gain per surface unit (ΔM/S) against time of the fast-aluminized nickel oxidized in air at different temperatures for 100h. The specific mass gain increases with the oxidation temperature, except for the coated sample oxidized at 900°C for which the mass gain is higher than those registered at 950 and 1000°C. Several authors reported a similar behaviour on alumina forming bulk materials like β-NiAl + Zr [START_REF] Rybicki | Effect of the θ-α-Al2O3 transformation on the oxidation behaviour of β-NiAl + Zr[END_REF], pure NiAl [START_REF] Grabke | Oxidation of NiAl and FeAl[END_REF], (Ni, Pt)Al [START_REF] Tolpygo | Microstructural study of the theta-alpha transformation in alumina scales formed on nickel-aluminides[END_REF], and FeCrAl alloys [START_REF] Kadiri | Abnormal high growth rates of metastable aluminas on FeCrAl alloys[END_REF], or on Al microparticles [START_REF] Kolarik | Oxidation of micro-sized spherical aluminium particles[END_REF][START_REF] Velasco | Oxidation of micro-sized aluminium particles: hollow alumina spheres[END_REF] or slurry aluminides [START_REF] Bauer | Fast heat treatment methods for al slurry diffusion coatings on alloy 800 prepared in air[END_REF]. The higher mass gain for 900°C can be attributed to the preferential formation of metastable θ-Al2O3 (rather than α-alumina) growing at this temperature by the presence of twin boundaries and the intrinsic cation vacancy network allowing faster diffusion than in the nearly close packed structure (i.e. α-Al2O3) [START_REF] Kadiri | Abnormal high growth rates of metastable aluminas on FeCrAl alloys[END_REF]. Otherwise, all the curves display a parabolic shape and the parabolic constants (kp) calculated from the (ΔM/S)² curves against oxidation time (fig 3.b) are gathered in Table 1.

Table 1:

Parabolic rate constants for nickel samples coated either by fast slurry aluminizing (no residues, this work), "Particoat" (slow treatment with residues) slurry process [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF], by pack cementation and by Particoat (slow treatment) without the foam (residues) on top [START_REF] Mollard | Elaboration de systèmes barrière thermique par barbotine: comportement du nickel et de ses superalliages revêtus en oxydation cyclique à haute température[END_REF].

Temperature (°C)

kp (g².cm -4 .s -1 )

Present work (fast)

Particoat [20] (slow) Pack cementation [20] (slow) Particoat without foam [38] (slow) 900 1.5 x 10 -13 7.7 x 10 -14 1.5 x 10 -13 -950 3.7 x 10 -14 The kp values of the Table 1 are plotted in an Arrhenius diagram shown in Figure 4 based on the diagram established by Brumm and Grabke for pure NiAl [START_REF] Brumm | The oxidation behaviour of NiAl-I. Phase transformations in the alumina scale during oxidation of NiAl and NiAl-Cr alloys[END_REF] corresponding to the grey crosses. The kp values of the present work are one order of magnitude lower that those obtained with the "Particoat" slurry (slow) heat treatment [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF]. This is because the high activity slurry process led to the formation of a top coat of hollow alumina spheres (slurry residues) on top of the aluminide coating. The metallic Al left in the residue contributed to the greater mass gain and the actual tortuous surface was not accurately assessed. In contrast, when the residue had been removed by sand blasting ("Particoat without foam"), the parabolic rate constants decreased by one order of magnitude [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF] and are then similar to the kp values of the fast aluminizing coatings of this work. The kp values of the high activity pack aluminides were lower than ours over 1000°C but were of the same magnitude at 900 and 950°C [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF]. In contrast, the high activity pack aluminides of Choux et al. [START_REF] Choux | High temperature reactivity of nickel aluminide diffusion coatings[END_REF][START_REF] Choux | Elaboration et réactivité à haute température de revêtements d'intermétalliques, application aux atmosphères complexes[END_REF] on pure nickel oxidized faster at 900°C and similarly at 1000°C than our fast-aluminized coatings.

The main differences in the oxidation rates can be attributed to three major factors: internal defects, composition and microstructure. According to various works [START_REF] Shen | Synthesis of advanced aluminide intermetallic coatings by low-energy Al-ion radiation[END_REF][START_REF] Lozovoi | Surface stoichiometry and the initial oxidation of NiAl(110)[END_REF], the internal defects appear to facilitate the rapid establishment of the protective alumina scales, which is in line with our results, in particular at low temperatures (900°C). However, the increase of temperature could foster the outward diffusion of Ni to result in less protective scales (NiAl2O4) [START_REF] Pedraza | Solid state interfacial reactions in a ceria-coated Ni-based superalloy[END_REF]. When considering composition, both our fast slurry aluminized and high activity pack aluminides from Choux et al. [START_REF] Choux | High temperature reactivity of nickel aluminide diffusion coatings[END_REF][START_REF] Choux | Elaboration et réactivité à haute température de revêtements d'intermétalliques, application aux atmosphères complexes[END_REF] contain Ni2Al3 phase and are thus comparable but the absence of the internal defects in the pack aluminide resulted in the major growth of the nonprotective θ-Al2O3. It is interesting to note that for an equivalent Ni2Al3 composition, the apparent rougher surface of the fast slurry coatings compared to the pack ones does not seem to contribute to an increase of the mass gain, hence to higher parabolic constants [START_REF] Piehl | Influence of chromium diffusion and different surface finishes on the oxidation behaviour of chromium steels[END_REF][START_REF] Huntz | Roughness and oxidation: application to NiO growth on Ni at 800°C[END_REF]. One can thus hypothesize that the internal defects can indeed contribute to grow more protective oxide scales. The third major factor is microstructure, especially the grain size upon the first oxidation stages. Indeed, the grain size of the pack aluminides of Mollard et al. [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF] were around twice (~50 µm) than our slurry ones (~20-25 µm). Therefore, the density of grain boundaries is greater in the slurry coatings, which increases the probability of high angle boundary responsible of faster alumina scale growth [START_REF] Doychak | The evolution and growth of Al2O3 scales on β-NiAl[END_REF]. In order to confirm these hypotheses, the evolution of the oxide scales and of the coatings were characterized.

Characterization of the oxidized coatings

Raman spectroscopy was performed on the surface of the samples after the isothermal oxidation tests. Three spots were realized in different areas of surfaces: close to the centre, close to the edge and midway between the centre and edge. patterns is observed for 900 and 950°C because the intensity of peaks is weak compared to the main NiAl phase. The main peaks obtained at the lowest temperature (900°C) in the enlarged area corresponds to the θ allotropic form as indexed in other works [START_REF] Kolarik | Oxidation of micro-sized spherical aluminium particles[END_REF][START_REF] Zhou | Structures and transformation mechanisms of the η, γ and θ transition aluminas[END_REF][START_REF] Lee | Low temperature synthesis of αalumina from aluminum hydroxide hydrothermally synthesized using [Al(C2O4)x(OH)y] complexes[END_REF]. A clear existence of this transition alumina lies in the observations of the SEM surfaces in Figure 7, with the typical needle-like morphology already reported by several authors [START_REF] Rybicki | Effect of the θ-α-Al2O3 transformation on the oxidation behaviour of β-NiAl + Zr[END_REF][START_REF] Grabke | Oxidation of NiAl and FeAl[END_REF][START_REF] Tolpygo | Microstructural study of the theta-alpha transformation in alumina scales formed on nickel-aluminides[END_REF][START_REF] Kadiri | Abnormal high growth rates of metastable aluminas on FeCrAl alloys[END_REF][START_REF] Kolarik | Oxidation of micro-sized spherical aluminium particles[END_REF][START_REF] Velasco | Oxidation of micro-sized aluminium particles: hollow alumina spheres[END_REF][START_REF] Mollard | Elaboration de systèmes barrière thermique par barbotine: comportement du nickel et de ses superalliages revêtus en oxydation cyclique à haute température[END_REF]. As shown in Fig. 7.b, spallation of the oxide scale occurred in all samples very likely upon cooling as the TGA curves do not display any mass loss. Beneath the oxide scales, the voids observed result from preponderant cationic outward diffusion, as reported by Brumm and Grabke [START_REF] Brumm | Oxidation behaviour of NiAl-II Cavity formation beneath the oxide scale on NiAl of different stoichiometries[END_REF] and/or can be attributed to the non-reciprocal diffusion inducing a biaxial stress field perpendicular to the diffusion flux [START_REF] Suo | Stresses induced in alloys by selective oxidation[END_REF]. In contrast, the surfaces are fully covered with α-Al2O3 from 950°C onwards (Fig. 7c).

The cross-sections of the oxide scales formed after 100 h of oxidation in air at 900, 950, 1000 and 1100°C are shown in figure 8. The evolution of the average oxide scale thickness with the oxidation of temperature is gathered in Table 2. Oxide thickness (µm) 6.0 ± 0.9 0.9 ± 0.1 1.6 ± 0.2 3.4 ± 0.4 4.5 ± 0.4

The significant oxide thickness grown in the coatings oxidized at 900°C is in line with the TGA curves (Fig. 3a) and the SEM surface morphologies (Fig. 7) which suggested that the scale are thicker than the scales at 950 and 1000°C. Fig. 8a also demonstrates that the allotropic variety θ-Al2O3 presenting the characteristic whiskers grows over a very thin layer of α-Al2O3. This oxide scale is less compact compared to the α-Al2O3, which allows faster growth and explains the greater thickness at 900°C than the ones of the scales grown at higher temperatures even for a greater mass gain (e.g. 1050 and 1100°C) [START_REF] Zhou | Structures and transformation mechanisms of the η, γ and θ transition aluminas[END_REF][START_REF] Lee | Low temperature synthesis of αalumina from aluminum hydroxide hydrothermally synthesized using [Al(C2O4)x(OH)y] complexes[END_REF]. With increasing temperature, the scales become fully composed of α-Al2O3 and thicken. Moreover, the very thin layer observed at 950°C (~0.9 µm) (Fig. 8.b) is in line with the smaller mass gain recorded by the TGA upon the oxidation test (Fig. 3.a) and agrees with other works [START_REF] Rybicki | Effect of the θ-α-Al2O3 transformation on the oxidation behaviour of β-NiAl + Zr[END_REF][START_REF] Grabke | Oxidation of NiAl and FeAl[END_REF][START_REF] Tolpygo | Microstructural study of the theta-alpha transformation in alumina scales formed on nickel-aluminides[END_REF][START_REF] Kadiri | Abnormal high growth rates of metastable aluminas on FeCrAl alloys[END_REF]. One can also note some tiny internal oxidation in the metal area close to the scale grown at 1100°C, which is consistent with the work of Brumm et al., who claimed that the internal oxidation could occur under defective alumina scales, in particular when the oxygen solubility increases in Ni3Al and Ni after the transformation of NiAl [START_REF] Brumm | The oxidation of NiAl-III. Internal and intergranular oxidation[END_REF].

Fig. 9 presents the SEM cross-sections of all oxidized samples etched with Kalling's n°2 reagent used to reveal the evolutions of microstructure. The composition of each layer was evaluated by making EDS spots before etching the cross-section (figure 10) and the results agree with the XRD patterns (fig. 6). However, the penetration of the X-rays was not deep enough to detect the Ni3Al sub-layer for the coating oxidized at 900°C. It can be observed that the two main layers of the coating before oxidation were still present after oxidation. The thickness of the outermost coating layer after oxidation is similar to the two main layers (~50µm) after coating and grain size is also about the same (~20±5 µm) after 100h of exposure at 900°C. By raising the oxidation temperature from 900 to 1000°C, the same coating layers are observed but the thickness of NiAl decreases while that of Ni3Al increases as demonstrated by both the cross sections (fig. 9) and the EDS profiles (fig. 10). At 1050°C, NiAl has been fully consumed and only a layer of ~25 µm of Ni3Al remains in contact with the oxide. After 100h of exposure at 1100°C, the EDS profile shows that between 17 and 19 at.% of aluminium remain in the subsurface (5 µm) of the substrate. This range seems to correspond at the critical aluminium content necessary to continue to form Al2O3. Indeed, Atas et al. [START_REF] Atas | Temporal evolution, coarsening behavior and oxidation resistance of Ni-15[END_REF] demonstrated that NiO is the main oxide produced after cyclic oxidation tests at 1000°C of a Ni-15Al bulk while a protective Al2O3 scale forms on Rene N5 coated by a Ni-19Al magnetron sputtering coating [START_REF] Yao | Low inter-diffusivity γ'-base bondcoats for single crystal superalloy René N5 I Primary study of microstructures and oxidation behaviors at 1100 ºC[END_REF]. Figure 10 also clearly displays that the higher the oxidation temperature, the greater the Al flux towards the substrate. As such, the Al depletion in the first 50 microns falls to about 65% (900, 950 and 1000°C), 56% (1050°C) and 45% (1100°C) of the initial content.

Yet, the interdiffusion in Ni3Al and Ni(Al) is much lower than in NiAl [START_REF] Brossard | Modelling of aluminized coating growth on nickel[END_REF]. One can thus anticipate that the overall Al reservoir to form exclusively Al2O3 will be maintained for extended periods of oxidation provided the alumina scale does not spall off as opposed to the slowly grown slurry coatings of Mollard et al. [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF] that quickly lost the Al reservoir upon oxidation at the same temperatures.

Such evolution of these aluminium diffusion coatings with temperature is very well-known and it occurs because of the outward diffusion of Al to form the alumina scale and because of the significant compositional gradient between the Ni substrate and the Al-rich coating in the absence of any other alloying element to reduce the chemical activity of the diffusing species [START_REF] Yang | Microstructure and oxidation behavior of modified aluminide coating on Ni3Al-based single crystal superalloy[END_REF]. This is particularly true in the initial transformation of Ni2Al3 into NiAl in line with the full transformation of the 240 µm-thick slurry Ni2Al3 coating in just 100h of oxidation at 1000°C reported by Wang et al. [START_REF] Wang | High temperature oxidation resistance and microstructure change of aluminized coating on copper substrate[END_REF].

The typical plate-like microstructure of the martensitic transformations was only observed for the NiAl phase after the oxidation at 1000°C (fig. 8c) and was also identified by XRD with the characteristic peak of tetragonal L10-Ni3Al phase. This martensitic transformation has been widely studied [57][START_REF] Smialek | Martensite in NiAl oxidation-resistant coatings[END_REF][START_REF] Smialek | Transformation Temperatures of Martensite in β-Phase Nickel Aluminide[END_REF][START_REF] Zhang | Martensitic transformation in CVD NiAl and (Ni,Pt)Al bond coatings[END_REF][START_REF] Kositsyn | Investigation of microcrystalline NiAl-based alloys with high-temperature thermoelastic martensitic transformation: I. Resistometry of the Ni-Al and Ni-Al-X (X = Co, Si, or Cr) alloys[END_REF] and demonstrated to occur in Ni-rich NiAl phases provided the alloy contains less than ~35-37 at.% of Al, the coating has been exposed to temperatures at or above 1000°C and that fast cooling has been imposed to supress the β  γ' transformation [START_REF] Zhang | Martensitic transformation in CVD NiAl and (Ni,Pt)Al bond coatings[END_REF]. In our work, the martensitic transformation is solely observed at 1000°C where the Al content is about 35 at%. In contrast, the Al content was already too low (<25 at%) or too high (> 37 at%) at, respectively, higher and lower temperatures (fig. 10). This statement is in line with the lack of martensitic transformation after 240h of isothermal oxidation at 1100°C of CVD aluminised Ni-based superalloy where the Al content appeared sufficiently high to maintain the NiAl phase.

In contrast, the martensitic transformation occurred when the same coating was cyclically oxidized for 72h (3 cycles x24h) because the Al had dropped to about 31 at.% [START_REF] Bouchaud | Cyclic and isothermal xidation at 1,100 °C of a CVD aluminised directionally solidified Ni superalloy[END_REF]. Despite such work could not clearly ascertain the origin of the undulations of the scale and underlying coating like the ones we observe in our fast aluminides (Fig. 8.c) under isothermal conditions, they may be related to the compressive stresses generated upon the growth of the oxide scale and the derived creep relaxation of the underlying coating [e.g. 63].

Nevertheless, the fast slurry aluminizing of this study generated a stable NiAl coating until 1000°C, like the pack-cemented ones, while the NiAl phase dissolved at only 950°C with the slow slurry aluminized coatings [START_REF] Mollard | Comparative degradation of nickel aluminized by slurry and by pack cementation under isothermal conditions[END_REF]. This result can be explained by both the greater amount of deposited slurry and the fastest heat treatment which produced coatings enriched in aluminium. Furthermore, the dissolution of the coating layers is more even than in the slowly-grown slurry and pack cemented coatings, because no isolated islands of NiAl in Ni3Al [START_REF] Agüero | Microstructural evolution of slurry Fe aluminide coatings during high temperature steam oxidation[END_REF] have been observed. This implies that the rapid formation of the oxide scale from the Al-rich layer (Ni2Al3) and the absence of spallation upon the oxidation required less flux of Al through the coatings grain boundaries, in particular at the lowest oxidation temperatures. The precise origin of this may also be found in the potential defects (e.g. voids, dislocations, nanocavities) introduced upon this non-equilibrium aluminizing process, which deserves more thorough investigations by e.g. transmission electron microscopy in future works.

The isothermal oxidation behaviour of a fast slurry aluminized pure nickel substrate has been studied between 900 and 1100°C under synthetic air for 100h. The very short heat treatment applied ("flash" aluminizing) leads to the formation of a bi-layer coating composed by Ni2Al3

and NiAl with the former on top. The oxidation kinetics of the fast-aluminized coatings is similar to the slowly grown slurry and the pack-cemented ones and pure NiAl till 950°C. Above this temperature, the kinetics are one order of magnitude higher possibly because of the higher Al content of the flash coatings (Ni2Al3). In contrast, the coatings exclusively grow an α-Al2O3 alumina scale at temperatures above 1000°C and no other oxide was observed after 100h of oxidation even at 1100°C. Like with other aluminide coatings, the metastable alumina scale majorly forms at 900°C, which results in a thicker layer than those obtained at higher temperatures.

The degradation occurs evenly without forming diffusion islands by counter-current diffusion of Al and of Ni following the series: Ni2Al3 (as-coated)  NiAl (as-coated, 900°C, 950°C, 1000°C)  Ni3Al (950°C, 1000°C, 1050°C)  Ni(Al) at 1100°C. Such even degradation and absence of Ni-containing oxides (e.g. NiAl2O4) may be due to high Al content, the smaller grains (hence greater density of grain boundaries) and potential introduction of internal defects through the non-equilibrium flash aluminizing. While the former has been experimentally demonstrated in this work, the internal defects have not, which opens an avenue of further investigation. 
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