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Electrolytic dissolution of aluminide coatings on model (pure Ni, Ni20Cr) and René 125 Ni-based superalloy was conducted by alternated cathodic and anodic polarizations. The pure nickel aluminide dissolved homogeneously. In contrast, the inhomogeneity of dissolution increased with the incorporation of Cr in the coating. The coatings were however uniformly dissolved when the cathodic step was eliminated. XPS and TEM demonstrate that the occurrence of a passive layer containing Cr and Al oxy-hydroxides blocked dissolution.

and interdiffusion layers indicate that chemical methods are not selective enough and do not provide in situ monitoring of the progress of dissolution. Therefore, Bouchaud et al. proposed a threeelectrode electrolytic method to dissolve the aluminide coatings from DSR142 Ni-based superalloy using alternated cathodic and anodic polarizations [START_REF] Bouchaud | Controlled stripping of aluminide coatings on nickel superalloys through electrolytic techniques[END_REF]. The cathodic steps were employed to reduce the oxide layers from the coatings and the smut formed upon dissolution while the anodic ones allowed dissolution. However, the galvanostatic polarizations led to some inhomogeneity that Le Guével et al. succeeded to palliate when using a potentiostatic approach to remove the oxide layers and aluminide coatings from model pure Ni and Ni20Cr alloys [START_REF] Guével | Influence of the oxide scale features on the electrochemical descaling and stripping of aluminide coatings[END_REF]. The alternated cathodic/anodic potentiostatic method dissolved progressively the oxides and the aluminide coatings on pure Ni. However, the dissolution was heterogeneous in the aluminized Ni20Cr in spite of the mechanical removal of the oxide scale by grit blasting. It was suggested that dissolution was blocked upon the cathodic polarization steps due to a potential passivation of the coating surface. Very likely, such inhomogeneity was related to the formation of smut at the surface upon dissolution. Some authors have proposed to alternate acidic chemical stripping with basic (NaOH) removal of the smut to allow progress of the dissolution of the coating [START_REF] Ward | A1: Method for smut removal during stripping of coating[END_REF]. Unfortunately, little is known on the dissolution and on the passivation of nickel aluminide compounds. The only study refers to the X-ray Photoelectron Spectroscopy (XPS) characterization of ultra-thin alumina oxide layer (about 5.5 nm) grown at 900°C from single crystal -NiAl and its evolution when immersed in 0.5 M NaCl [START_REF] Bennour | X-ray photoelectron spectroscopy study of the interaction of ultra-thin alumina films on NiAl alloys with NaCl solutions[END_REF]. Therefore, this work provides experimental evidence on the dissolution and passivation mechanisms on aluminized model (Ni and Ni20Cr) and Ni-based superalloy (René 125) by combining electrochemical methods and surface analytical techniques.

2.-EXPERIMENTAL

Substrates of pure Ni (99.95%), Ni20Cr (75.7Ni, 21.3Cr, 3Si, at%) and René 125 superalloy (9.9Cr, 10.3Co, 1.3Mo, 2.6W, 1.3 Ta, 10.8Al, 3.2Ti, 0.5Hf, at%) were aluminized by Snecma Vapour Aluminizing Process (SVPA) at 1080°C for 6h using 80Cr-20Al nuggets and NH4F as activator. The experimental details of the electrochemical tests are widely given in [START_REF] Guével | Influence of the oxide scale features on the electrochemical descaling and stripping of aluminide coatings[END_REF]. In essence, the 3-electrode electrochemical cell consists of a working electrode (coated substrate), a counter-electrode (large Pt grid) and a saturated calomel reference electrode (SCE) connected to an ARBIN BT 2000 potentiostat/galvanostat. The electrolytic solution is composed of highly diluted aqueous solution of 5 wt% HNO3, 2 wt% HCl and 0.7 wt% (NH4)6Mo7O24, 4H2O (pH 0) [START_REF] Power | Electrolytic Stripping[END_REF]. The cyclic polarization tests were performed from -1.5 to 2 V/SCE and back to -1 V at 10 and 20 mV/s to characterize both the uncoated and the aluminized superalloy and the model substrates. The electrochemical dissolution cycles consisted in repeating alternatively cathodic polarization at -0.8 V/SCE for 3 min (an initial cathodic polarization lasts however for 10 min to reduce the surface oxides [START_REF] Ph | A round robin on combined electrochemical and AES/ESCA characterization of the passive films on Fe-Cr and Fe-Cr-Mo alloys[END_REF]) and anodic polarization at 0.5 V/SCE for 6 min (SCE = saturated calomel electrode). The open circuit potential (Eocp) was systematically read for 1 min between the cathodic and the anodic steps to monitor the surface state of the samples. In the following, one "step" will consist in the combination of (cathodic polarization + Eocp + anodic polarization). For the continuous anodic dissolution, only the 10-min initial cathodic polarization was applied.

The chemical, structural and microstructural characterizations were performed by scanning electron microscopy/energy dispersive spectrometry (SEM/EDS) in a FEI Quanta 200F environmental microscope with EDAX detector, X-ray diffraction in a Bruker Advance D8 apparatus and Cu kα radiation in the -2 mode and Raman spectroscopy with a Jobin-Yvon LabRam HR8000 spectrometer (He-Ne laser emission of 632.82 nm). Optical profilometry was performed with a Wyko-NT1100 in the white light optical interferometry (WLOI) and vertical scanning interferometry (VSI) modes.

Precise surface analysis was performed by X-ray photoelectron spectroscopy (XPS) with a Thermo Scientific K-Alpha ESCA using a monochromatic Al Kα radiation (1486.6 eV) in ultra-high vacuum (6×10 -9 mbar). The photoelectrons were captured at 90° against the surface of the samples. The spot size selected was 400 µm and K-Alpha's charge compensation system was employed during analysis.

The survey spectra were recorded with a pass energy of 100 eV and an energy step of 1 eV. The high resolution spectra of C1s, O1s, Al 2p, Cr2p, Ni2p and Mo3d were recorded using a pass energy of 20 eV with an energy step of 0.5 eV. The binding energy (BE) scale was calibrated with respect to the C 1s at 285 eV. The atomic concentrations were determined from the XPS peak areas using the Shirley background subtraction routine and the Scofield sensitivity factors.

In addition, the characterization of the crystallographic structure of the passive film was conducted by transmission electron microscopy (TEM) in a JEOL JEM-2011 electron microscope equipped with a LaB6 filament at 200 kV. The TEM/EDS analyses were performed with an INCA-X sight detector of Oxford Instruments. Thinning of the TEM foils was performed by mechanical polishing to obtain a thickness less than 100 µm and subsequent electrolytic thinning in 25 vol% HNO3 in methanol at -20°C with a double twin-jet electro-polisher at different potentials and times (Tenupol-5, Struers).

Note that the investigated surface was protected with a Parafilm® film, and that thinning of the films was performed only from the back side. The TEM results were treated using the Digital Micrograph® software of Gatan.

3.-RESULTS

3.1.-Characterization of the coatings

Figure 1 shows the morphology and the composition (in at%) of the aluminide coatings on the different substrates. Irrespective of the substrate, the aluminide coatings displayed two major layers. The outer layer is often called the diffusion or additive layer and results from major outward diffusion of alloying elements, in particular Ni at high temperatures [START_REF] Pedraza | Investigation of the microstructure of platinummodified aluminide coatings[END_REF]. At the very top of this diffusion layer, an additional Al-rich layer between 5 to 10 µm is typical of the aluminide coatings grown by SVAP [START_REF] Pedraza | High quality aluminide and thermal barrier coatings deposition for new and service exposed parts by CVD techniques[END_REF]. The second main layer corresponds to the interdiffusion layer and contains a great number of precipitates segregated upon the major countercurrent diffusion of Al and Ni. The precipitates are composed of Cr in Ni20Cr and of refractory elements in René 125. There are no precipitates in the interdiffusion layer formed in pure Ni. It was also observed that the greater the Cr content in the alloy, the greater the Al concentration at the outermost surface of the coating. As such, the Al content decreases from 54.6 to 51.6 and to 46.5 at% in Ni20Cr, René 125 and Ni, respectively. The Al also decreased steadily in the coating towards the substrate in both alloys but remained constant in the additive layer of pure Ni till the interdiffusion zone was reached. In turn, the Cr content decreased progressively from the substrate to the external coating in model Ni20Cr and René 125 superalloy.

3.2.-Electrochemical features

Table 1 gathers the major electrochemical parameters of the aluminide coatings and the uncoated substrates. and René 125 may passivate upon the polarization in the potential range studied here. It also appears that the activity of the aluminized surfaces is greater than the one of uncoated Ni. In addition, the electrochemical parameters indicate that the surface activity differ from one aluminide coating to another. The aluminized superalloy seems to dissolve less than the aluminized Ni20Cr, which in turn is equivalent to that of the aluminized Ni.

3.3.-Electrochemical dissolution with alternated cathodic and anodic polarization

Figure 2 shows the evolution of the current density with time when increasing the number of dissolution steps. In all cases, the current density drops markedly for the first few seconds of each step.

Thereafter, the current density stabilizes at different values. With the increase of the number of steps, the current density values decrease. However, the differences between the substrates are very significant. In aluminized Ni (Fig. 2a), a progressive decrease of the current density occurs with the number of steps. After 5 or 6 steps, steady values of about 0.22 A cm -2 are achieved, which implies that the surface remains active. In the aluminized Ni20Cr (Fig. 2b) and René 125 (Fig. 2c), the current density drops significantly between step 1 and the following ones till passive current densities are achieved.

The Al content against coating thickness is plotted simultaneously with the evolution of the current density and with time in Fig. 3. The current density drops with decreasing the Al content in particular in the aluminized superalloy (Fig. 3c). In pure Ni, the dissolution current decreases although the Al content is approximately constant. In contrast, the current drops drastically in Ni20Cr in spite of a progressive decrease of Al. Nevertheless, the major current drop in all three aluminized substrates occurs in the outermost coating zone, where the Al content is the highest. It thus derives that the greater the Al content, the greater the dissolution but this does not seem to be the only reason for.

Indeed, the dissolution is homogeneous only in the aluminized pure Ni.

The progressive removal results in an etched surface where the grains of the Ni substrate are clearly observed (Fig. 4a). In the Cr-containing aluminide coatings, the dissolution is very heterogeneous in particular in Ni20Cr (Fig. 4b) and somewhat less in the aluminized René 125 (Fig. 5). Here, the surface displays elongated features probably related to the H2(g) flow upon the extensive bubbling generated during the cathodic steps. Therefore, one can presume that in the Cr-containing coatings the surfaces blocked access to the stripping solution. Additional tests were thus carried out by removing the intermediate cathodic steps and by applying the anodic current in a continuous manner. 

3.4.-Electrochemical dissolution without cathodic polarization

Figure 6 compares the two modes of dissolution, i.e. alternated (cathodic/anodic) vs. continuous anodic polarization. After the application of the initial cathodic polarization for 10 min to remove the surface oxides [START_REF] Ph | A round robin on combined electrochemical and AES/ESCA characterization of the passive films on Fe-Cr and Fe-Cr-Mo alloys[END_REF] and the measurement of the Eocp for 1 min, the current density drops in a relatively steady manner in all three aluminized substrates using the continuous mode at 0.5V/SCE (Fig. 6b).

However, as described above, the current decreases sharply after the first anodic polarization in the Cr-containing substrates, which is indicative of passivation upon the cathodic polarization. The current density of the aluminized Ni is very similar regardless of the stripping mode, which suggests that NiAl does not passivate in this medium. Indeed, the evolution of the current density of the model (bulk)

NiAl with dissolution time is constant, i.e. NiAl dissolves evenly. In turn, in the cathodic mode, the surface activity is lowered with the change in composition of the coatings. These observations strongly suggest that dissolution is enhanced with a greater Al content and that the incorporation of alloying elements (Cr) in the coating lowers the electrochemical activity. Indeed, the comparison of the surfaces with and without cathodic polarization after the first dissolution step displays major differences. The SEM images of Fig. 7 show that the surface of the aluminized René 125 superalloy looks less contrasted after the cathodic polarization (Fig. 7b) than after the dissolution step (Fig. 7a). Also, some of the grains appear preferentially etched during the anodic step and some pits may initiate. Such etched surface is covered with a veil after the cathodic step. The EDS analyses did not highlight any difference of composition between the anodically and cathodically polarized surfaces. Also, we could not observe such veil in the SEM cross-section. In addition, the X-ray patterns in the symmetric mode displayed also the major reflection of the (110) planes of NiAl in all cases. Therefore, these analyses are not shown here. In contrast, some interesting differences are found in the Raman spectra of Fig. 8. After the cathodic polarization, the peaks are far better defined than after the anodic one. Also, the doublet between 1350-1575 cm -1 often associated with α-Al2O3 [START_REF] Zhou | Microstructure of oxides in thermal barrier coatings grown under dry/humid atmosphere[END_REF][START_REF] Zhang | Raman scattering modification induced by structural change in alumina polymorphs[END_REF] does not exist in the anodic domain. The remaining peaks can be related to CrOOH [18], Cr2O3 [START_REF] Kemdehoundja | High temperature oxidation of Ni70Cr30 alloy: Determination of oxidation kinetics and stress evolution in chromia layers by Raman spectroscopy[END_REF] and different classes of aluminium hydroxides and of α-Al2O3 [START_REF] Zhang | Raman scattering modification induced by structural change in alumina polymorphs[END_REF] as summarized in Table 2. It appears that the aluminium derivatives are more abundant in the anodic domain while the chromium compounds are more frequent in the cathodic domain. The latter would slow down the dissolution but there is no clear identification of such compounds. Here, the hypothesis is that the surface dissolution of the aluminide coatings is slowed down because of the formation of passive film containing Cr derivatives. Therefore, XPS and TEM analyses were performed on the aluminized model Ni20Cr samples that had been polarized cathodically (-0.8 V/SCE for 10 min) once to reduce the surface oxides [START_REF] Ph | A round robin on combined electrochemical and AES/ESCA characterization of the passive films on Fe-Cr and Fe-Cr-Mo alloys[END_REF], and twice the alternated anodic (0.5 V/SCE for 6 min) and cathodic (-0.8 V/SCE for 3 min) i.e., where the current density dropped drastically (Fig. 2b, "step 2") and the surface was inhomogeneously stripped (Fig. 5b, "step 2"). This represents about 10 µm below the coating/gas interface. Two clearly distinctive areas appeared with very low differences in surface roughness between them. The "stripped" areas had Ra values of about 0.83 µm whereas the "non stripped" ones had Ra values of 0.91 µm. However, the maximum heights (depths) against the zero level surface are of 40 and 26 µm, respectively. This confirms that some grains dissolved more than the others. These areas were sufficiently large to focus the beam for the XPS analyses (Fig. 9). The spot size of the X-rays is 400 µm, as was indicated in the experimental procedure. Without cleaning the surface by Ar + sputtering, Al was the major metal peak observed in the X-ray photoelectron spectra. The peak of Cr was barely observed. After a very light sputtering to remove surface contaminants, the peaks of Cr could be unambiguously identified. This suggests that the major external oxide is made of Al (about 3 to 5 nm deep in the surface). However, the high-resolution XPS spectra of the main elements were recorded without any sputtering of the surface to avoid potential reduction of the species.

Table 3 summarizes the binding energies of the main XPS peaks identified on the surface of the "stripped" and "non-stripped" areas. The value for the C 1s peak can be ascribed to hydrocarbon contamination [START_REF] Bennour | X-ray photoelectron spectroscopy study of the interaction of ultra-thin alumina films on NiAl alloys with NaCl solutions[END_REF][START_REF] Malayoglu | Characterisation of the passive film on HIPed Stellite 6 alloy using X-ray photoelectron spectroscopy[END_REF]. The oxygen peaks can be associated with anionic oxygen in pure oxides and in hydroxides [START_REF] Biesinger | Resolving surface chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni[END_REF][START_REF]NIST X-Ray Photoelectron Spectroscopy Database Version 2.0[END_REF][START_REF] Crist | The Elements and Native Oxides[END_REF]. In addition to the oxygen associated with metal oxides and hydroxides, the O1s binding energy of many compounds and species like water and organic contamination falls within a very narrow range. Therefore, the O1s peaks tend to be broad, with multiple overlapping components.

In this study, because of the significant organic contamination at the surface of the samples, the deconvolution of the O 1s emission, the contribution of the oxides and hydroxides species as well as the organic hydrocarbon contamination species was considered.

The binding energies of the Al2p, Cr2p, Ni2p and Mo3d peaks in the stripped areas are generally lower than those of the non-stripped ones. Also, the quantification of the different species displayed in Table 4 indicates that the oxidized elements are more abundant in the non-stripped areas than in the stripped ones, where the metals are majorly in their ground chemical state. 
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After light sputtering of the surface to remove surface contaminants, the content of the main elements retrieved by XPS is in line with the previous observations, i.e. the non-stripped areas appear more oxidized with a greater content of oxygen than the stripped ones (Table 5). Further, the concentration of Al, Cr and Mo is higher than in the stripped areas. In contrast, the stripped areas contain more Ni than the non-stripped ones. It should be noted that this percentage has been calculated eliminating from the quantification the elements that do not really belong to the sample in a natural way such as nitrogen and carbon. Additional surface investigations to unveil the structural features of the surface chemical compounds were thus performed by TEM and selected area diffraction patterns like the ones shown in Figure 10, which appear to be representative of the non-stripped ones. Fig. 10a shows the bright field image where there is a gradient of thickness from the external layer (brighter) to the substrate (darker).

Overall, the layer is about 250 nm. At greater magnifications (Fig. 10b), the distance between each interplanar distance is about 1.90 nm. The three selected area diffraction patterns shown in Figs. 10c, 10d and 10e were taken respectively, at about 25, 100 and 150 nm from the gas/material interface (Fig. 10a). The interplanar distances dhkl were compared with those of many different probable compounds. It appeared that most of the distances correspond to the orthorhombic CrOOH (JCPDS no.

01-074-4780) and to AlOOH (JCPDS no. 01-78-4590) in addition to NiAl for the deepest pattern (JCPDS no. 0365-0420) according to table 6. 

4.1.-Coatings

All the aluminide coatings exhibited the typical microstructure of outwardly grown diffusion coatings [START_REF] Das | Evolution of aluminide coating microstructure on nickel-base cast superalloy CM-247 in a single-step high-activity aluminizing process[END_REF]. The aluminide coating in pure Ni displayed a lower content of Al than the ones obtained in the alloys Ni20Cr and René 125. This is because the aluminizing process at 1080° for 6h is optimized for nickel-based superalloys, for which interdiffusion of Al and of Ni is hampered by the alloying elements of the substrate. Therefore, Al diffused into the pure Ni substrate to result in Ni(Al) with lower contents than in stoichiometric -NiAl. In Ni20Cr and René 125, the Al content at the surface of the coating is greater than in the aluminide coating formed in pure Ni. This results from the incorporation of Cr from the substrate to the aluminide that blocks Al inward diffusion [START_REF] Pérez | Kinetic studies of Cr and Al deposition using CVD-FBR on different metallic substrates[END_REF][START_REF] Cheng | Effect of chromium on the formation of intermetallic phases in hot-dipped aluminide Cr-Mo steels[END_REF], which in turn provokes the drop of the Al content in the interdiffusion layer of the coating. The Cr barrier effect is clearly demonstrated when comparing the composition profiles of Figs. 1d, 1e and 1f. However, the amount of Cr at the outermost surface of the coating is somewhat greater in René 125 (2.9 at%) than in Ni20Cr (1.3 at%) because the alloying elements of the substrate increase the solubility of Cr in the aluminide coating.

The tiny precipitation of -Cr at the grain boundaries of the bottom zone of the coating in Ni20Cr appear from the limited dissolution of Cr in the aluminides [START_REF] Pérez | Kinetic studies of Cr and Al deposition using CVD-FBR on different metallic substrates[END_REF][START_REF] Cheng | Effect of chromium on the formation of intermetallic phases in hot-dipped aluminide Cr-Mo steels[END_REF]. The precipitates composed of refractory elements in the interdiffusion zone of the coating grown in René 125 appear because of their low solubility in the aluminide phases [START_REF] Pedraza | High quality aluminide and thermal barrier coatings deposition for new and service exposed parts by CVD techniques[END_REF]6].

4.2.-Dissolution and passivation

The dissolution of the aluminide coatings has been rarely studied. Most of the works refer to chemical stripping of these coatings on nickel-based superalloys [START_REF] Poupard | Soft chemical stripping of aluminide coatings and oxide products on Ni superalloys[END_REF][START_REF] Alam | Refurbishment of thermally degraded diffusion Pt-aluminide (PtAl) bond coat on a Ni-base superalloy[END_REF][START_REF] Ward | A1: Method for smut removal during stripping of coating[END_REF] and on steels [START_REF] Boulesteix | Oxidation performance of repaired aluminide coatings on austenitic steel substrates[END_REF]. However, this work is focused on the electrochemical stripping of nickel aluminide coatings. It seems that the mechanisms of dissolution and of passivation in this particular aqueous electrolytic solution (5 wt% HNO3, 2 wt% HCl and 0.7 wt% (NH4)6Mo7O24, 4H2O) and (pH 0)) are ruled by chemical and electrochemical reactions.

In diluted nitric acid media, the reactions occur through equations (1-3) [START_REF] Boulesteix | Oxidation performance of repaired aluminide coatings on austenitic steel substrates[END_REF]:

8Al + 6NO3 -+ 30H + (aq)  8Al 3+ (aq) + 3N2O(aq) + 15H2O (1) 
4 Ni + 2NO3 -+ 10H + (aq)  4Ni 2+ (aq) + N2O(aq) + 5H2O

1.6NiAl + 2NO3 -+ 10H + (aq)  1.6Ni 2+ (aq) + 1.6Al 3+ (aq) + N2O(aq) + 5H2O

In addition, the Pourbaix diagrams of Al [START_REF] Pourbaix | Atlas of Equilibria in aqueous solutions[END_REF] and of Ni [START_REF] Protopopoff | Potential vs. pH (Pourbaix) Diagrams. Corrosion: Fundamentals, Testing and Protection[END_REF] clearly indicate that at pH 0 and in the anodic domain (0.5 V/SCE), Ni 2+ and Al 3+ cationic species are stable. However, Ni is immune in the cathodic domain (-0.8 V/SCE) but not Al, which remains in the Al 3+ form at pH 0. This suggests that Ni remains stable when the polarization is cathodic while Al and Ni dissolve upon the anodic polarization. This is confirmed in Fig. 6b, where the bulk NiAl dissolves constantly with time under continuous anodic polarization.

Also, the chloride ions are assumed here to degrade the passive film formed on NiAl upon the cathodic polarization steps and would be thus responsible for the pit initiation observed on the stripped surfaces shown in Figures 4, 5 and 7. Indeed, Marcus and Herbelin showed that chloride ions could enter the passive films of nickel immersed in 0.05M H2SO4 with different concentrations of HCl [START_REF] Ph | The entry of chloride ions into passive films on nickel by spectroscopic (ESCA) and nuclear ( 36 Cl radiotracer) methods[END_REF].

At potentials in the active region, the chloride ions entered the outer hydroxide layers and formed a thin hydroxy-chloride layer in which the chloride content increased with the potential. In contrast, the surface concentration of Cl -dropped markedly when the active/passive potential was reached. Yet, chlorides incorporated in the passive film formed in the passive domain. Bennour et al. demonstrated by XPS that the chloride ions promoted the hydroxylation reactions of a thermally grown -Al2O3 on pure NiAl immersed in 0.5M NaCl to result in a Cl-containing Al hydroxides film [START_REF] Bennour | X-ray photoelectron spectroscopy study of the interaction of ultra-thin alumina films on NiAl alloys with NaCl solutions[END_REF]. The surface of NiAl became depleted in Al while Ni incorporated in the film as a spinel oxide rather than as nickel hydroxide. This reduced further the corrosion resistance. These reports would agree with our XPS and TEM/SADPS results where AlOOH is one of the major constituents of the passive film but we did not find any oxidized nickel. In addition, here, the use of alternated cathodic and anodic polarizations appears to avoid the incorporation of chloride ions to the surface layers as they have not been identified in our XPS analyses.

On the other hand, the main electrochemical features of the aluminized and the uncoated pure Ni, model Ni20Cr and René 125 Ni-based superalloy gathered in Table 1 clearly show that pure nickel and nickel aluminide are active while the incorporation of alloying elements renders the surfaces passive in the electrolytic medium employed here. In particular, the results are quite comparable between the model Ni20Cr and the René 125 Ni-based superalloy in both the aluminized and in the uncoated conditions, which suggest that Cr is majorly responsible for the passivity. This is supported by the findings of Fig. 3, where the decrease of the current density with dissolution time is proportional to the drop of the Al content with coating depth in both the aluminized Ni and René 125 superalloy but not in the aluminized Ni20Cr. Another proof to support this major passive effect provided by Cr is the lower current density of the aluminized René 125 than in aluminized Ni20Cr during the first dissolution step (Fig. 2) as the former contains a greater concentration of Cr (2.9 at%) than the latter (1.3 at%) at the surface. Therefore, the intermediate steps of cathodic polarization allow the passivation of the surface to a greater extent in the aluminized Ni20Cr than in the aluminized Ni and René 125 (Figs. 4 and5).

The differences in dissolution behaviour can be also due to the alloying elements other than Cr. This hypothesis is sustained when comparing the electrochemical reactivity of the aluminide coatings of (2.9 at%) than in the aluminized Ni20Cr (1.3 at%) (Figs. 1e and1f).

However, the main surface products after the anodic and the cathodic polarizations seem to be just composed of Cr and Al oxy-hydroxides according to the Raman spectra (Fig. 8 and Table 2). This suggests that the species ruling the surface activity and passivity in the aluminide coating are only Al and Cr. This is demonstrated in the XPS analyses of Tables 3 and4, where the major elements are in the oxidized state after the cathodic polarization while their ground states are generally more abundant after the anodic polarization. Therefore, the XPS measurements of the "non-stripped" areas reflect the composition of the "unbroken" passive films formed after the cathodic polarization steps with much less content of Ni than in the stripped areas (Table 5). Such films appear to be mostly composed of mixed oxy-hydroxides of Al 3+ and of Cr 3+ . The TEM/SADPs of Fig. 10 and Table 6 clearly

show that the outermost surface is composed of CrOOH (25 nm) followed by CrOOH and AlOOH (100 nm) and then by AlOOH and CrOOH (150 nm). The diffraction rings suggest that the films are either amorphous or nanocrystalline but the high resolution image showing the interplanar distances at about 2 nm (Fig. 10b) confirm the nanocrystallinity. In contrast, no Ni oxy-hydroxide could be identified in the diffraction patterns, which is in line with the low Ni content of these zones (Table 5). In addition, the composition of the films obtained by TEM/EDS was O, Cr, Al and Ni but no Mo was retrieved. The differences with the XPS results simply arise from the different location of the analyses, which are at about 3-5 nm in the XPS while the TEM/SADPs results are obtained deeper in the film (25, 100 and 150 nm).

The formation of double layers in passive films with external Cr oxy-hydroxides and internal Cr oxides has been demonstrated in many different substrates by XPS. For instance, Jabs et al. reported that the surface of Ni21Cr immersed in 1M H2SO4 contained Cr hydroxides and Cr oxides [START_REF] Jabs | X-Ray photoelectron spectroscopic examinations of electrochemically formed passive layers on Ni-Cr Alloys[END_REF]. By adding some Fe (Ni21Cr8Fe) and in 0.05 M H2SO4, Marcus and Grimal also demonstrated the same double layer configuration of the passive film but now the internal layer contained about 4% of Fe2O3 in addition to 96% Cr2O3 [START_REF] Ph | The anodic dissolution and passivation of Ni-Cr-Fe alloys studied by ESCA[END_REF]. However, only one layer containing a mixture of Ni(OH)2, Cr(OH)3, Cr2O3 and FeOOH formed in the active domain due to the selective dissolution of Cr compared to the other elements in Ni17Cr10Fe. Such selective dissolution also occurs with Al from NiAl in 0.5 M NaCl, which may lead to the incorporation of Ni to the surface film [START_REF] Bennour | X-ray photoelectron spectroscopy study of the interaction of ultra-thin alumina films on NiAl alloys with NaCl solutions[END_REF]. Here, it is assumed that upon the anodic polarization, the preferential dissolution of Al and of Cr with respect Ni occurs (Table 5), in particular Al whose redox potential is the lowest and is thus leached off the outermost layer. Therefore, CrOOH is the major species in the outermost layer according to the most external diffraction pattern of Fig. 10c.

The Mo from the electrolytic solution would moderate dissolution. Indeed, the incorporation of Mo to the surface films has been proven to decrease the dissolution rate of Fe-Cr-Mo alloys [START_REF] Ph | A round robin on combined electrochemical and AES/ESCA characterization of the passive films on Fe-Cr and Fe-Cr-Mo alloys[END_REF]. Ph. Marcus even described Mo as a "dissolution moderator" due to its high metal-metal bond energy compared to Cr as a "passivity promoter", which has a combined high metal--oxygen bond strength and low

Fig. 1 .

 1 Fig. 1.-SEM cross sections of the aluminide coatings on (a) pure Ni, (b) Ni20Cr and (c) René 125 superalloy. (d), (e) and (f) are respectively, the EDS composition profiles across such coatings. NB. The dotted lines correspond to the EDS scanning paths. No error bars are plotted for the sake of clarity in the graph.

Fig. 2 .Fig. 3 .Fig. 4 .

 234 Fig. 2.-Evolution of the current with time of the aluminized (a) pure Ni, (b) Ni20Cr and (c) René 125 superalloy when increasing the number of dissolution steps.

Fig. 5 .

 5 Fig. 5.-Macrographs of the surfaces of aluminized René 125 before and after 6 steps (alternated cathodic and anodic polarizations).

Fig. 6 .

 6 Fig. 6.-Comparative evolution of the current with time of the aluminide coatings on pure Ni, Ni20Cr and René 125 superalloy. (a) Alternated cathodic and anodic polarizations (the small jumps are related to the measurement of the Eocp). (b) Continuous anodic dissolution (the anodic time is equivalent to the alternating procedure). The behaviour of bulk NiAl is also plotted in (b) for comparative purposes.

Fig. 7 .Fig. 8 .

 78 Fig. 7.-SEM surface morphology of the aluminized René 125 superalloy after the (a) anodic and (b) cathodic polarizations. Note the differently contrasted surfaces.

Fig. 9 .

 9 Fig. 9.-Appearance of the aluminized Ni20Cr after 2 steps of alternated dissolution showing different contrasted modes of the surface. Note that the size of the X-ray spot is sufficiently small to differentiate the "stripped" against the "non stripped" areas.

Fig. 10 .

 10 Fig. 10.-TEM bright field images of the passive film of the aluminized Ni20Cr (a). (b) is a greater magnification showing the distance between the crystalline planes. (c), (d) and (e) are the selected area diffraction patterns of the three diffracted areas defined on (a). The distances marked in red correspond to "d", i.e. the interplanar distance.

  Ni20Cr and René 125 superalloy (Figs.3 and 6). The latter incorporates Co >> Ti > Mo  W  Ta in addition to Cr in the nickel aluminide coating. In uncoated Inconel 718, Incoloy 925, and MP35N superalloys passivated in acetate buffer, Pound et al. found by XPS that the passive films are mostly composed of Cr oxide into which other elements like Mo, Nb and Cu contribute to foster passivation[START_REF] Pound | Composition of surface films on nickel base superalloys[END_REF]. In addition, Liu et al. also reported in their XPS studies that the passive layer formed on a nanocrystalline Ni-based superalloy coating immersed in mixtures of 0.05M H2SO4 with NaCl was also composed of Cr2O3 to which some (unquantified) Ti had incorporated[START_REF] Liu | Influence of grain size on the corrosion behavior of a Ni-based superalloy nanocrystalline coating in NaCl acidic solution[END_REF]. They also concluded that the lowest nanocrystallinity of the coatings fostered the formation of the passive film, hence impeding the penetration of the chloride ions, which is much in line with our TEM observations. However, Makino et al. discovered that the increasing additions of Co (0 to 40% Co) to Ni12Cr and to Ni20Cr facilitated dissolution in mixtures 3M NaNO3 and in 3M NaCl in the active domain[START_REF] Makino | Effects of cobalt on high rate dissolution behaviour of nickel-base superalloys in NaNO3 and NaCI solutions[END_REF]. Co 2+ did not seem to incorporate to the passive film in the more Cr concentrated Ni20Cr, i.e. the passivating effect of Cr was predominant. Although we could not carry out XPS measurements of the aluminized René 125 superalloy, the electrochemical features of Figs.2 and 6would confirm the activity provided by (at least) Co since the Cr content in the 10 first µm of the coatings is greater in the aluminized René 125

  

  

  

Table 1 .-Electrochemical data retrieved from cyclic polarization curves (sweep rate: 10 and 20 mV/s for, respectively, the superalloy and the model materials). (Jdiss is obtained at 0.5V/SCE). NB: Jdiss is the dissolution current, Ecorr, the corrosion potential, Erev is the reversible potential. Uncoated Aluminized Ni Ni20Cr R125 Ni Ni20Cr R125 Ecorr (mV)
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		-158 ± 5	-115 ± 5	-114 ± 8	-207 ± 2	-232 ± 11	-231 ± 3
	Erev (mV)	-158 ± 5	902 ± 11	944 ± 15	-207 ± 2	-232 ± 11	-259 ± 2
	Jdiss (mA/cm 2 )	300 ± 0	0.62 ± 0.02 0.70 ± 0.05	363 ± 0	395 ± 14	285 ± 20
	(Ecorr-Erev) (mV)	0	1017	1058	0	0	28
	It can be observed that the uncoated materials increase their Ecorr in the presence of Cr. The increase
	in Erev is even much higher and is indicative of the hysteresis of the Cr-containing materials. As a result,
	the dissolution current is almost negligible at 0.5 V/SCE. The opposite occurs in pure Ni whose
	dissolution current density is quite high. The aluminized samples possess lower Ecorr and Erev than the
	uncoated ones. The values of the Ecorr and the Erev indicate that the surface of pure nickel and of the

aluminized Ni, Ni20Cr and René 125 remains active (i.e. dissolution occurs) while the uncoated Ni20Cr

Table 2 .-Raman shift (cm -1 ) after the cathodic and the anodic polarizations and comparison with data from the literature [17-19].
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	CATHODIC	Proposed compound	ANODIC	Proposed compound
	194	CrOOH	202	CrOOH, Al(OH)3 nordstrandite
	322-337	CrOOH, Cr2O3		
	471	CrOOH, AlOOH (diaspore)	479	CrOOH, AlOOH (diaspore)
			542	Cr2O3, AlOOH (boehmite)
			639	Al(OH)3 nordstrandite
	726	CrOOH, α-Al2O3	721	AlOOH (boehmite), α-Al2O3
	792			
	875	CrOOH	890	CrOOH, Al(OH)3 nordstrandite
	924			
	960	α-Al2O3	960	α-Al2O3

3.5.-Surface analyses after 2 dissolution steps.

Table 3 .-Main XPS binding energies identified on the surface of the "stripped" and "non-stripped" areas of as-received samples (before sputtering). The experimental values are compared with data from the literature.
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	Element	Experimental binding energies (eV) Stripped Non-stripped	Literature values (eV)
	C 1s (C-C, C-H)	285.0	285.0	284.6 : Cgraphite, or hydrocarbon [20]
	C1s (C-O-C, C-OH)	------	286.6	284.8 : (C-C, C-H) [21]
	C1s ( C=O)	287.5	------	285.0: (-CH2-CH2 -) [12]
	C 1s (O-C=O)	-------	288.9	286.3 : (C-O-C, C-OH) [21]
	C 1s (Carbide)	283.4	--------	287.6 -287.8 : C=O [21]
				288.4 -289.1 : (O-C=O) [21]
	O 1s	530.71 (O-Cr 3+ )	532.0 (O-Cr 3+ , O-Al 3+ )	529.8-530.8 : pure Cr2O3 [22]
		531.81 (O-Al 3+ )	532.7 (C-O-C)	529.7-533.0 : native Cr oxide [23]
		532.67 (C=O)	533.5 (OH -)	531.6 : OH-ions [24]
		533.43 (OH -)	534.5 (O-C=O)	532.8 : Al2O3
				530.3 : AlOOH (boehmite) [12]
	Al 2p	72.7 (Al 0 )	74.3 (Al 0 )	72.9 : Al 0 [22]
		74.5 (Al 3+ )	76.6 (Al 3+ )	doublet 73.1 and 73.5 : Al 0 [12]
				75.8 : Al 3+ [12]
				75.5 : Al 3+ [25]
	Cr 2p3/2	574.6 Cr 0	576.6 Cr 0	574.2 : Cr 0 [21]
		577.2 (Cr 3+ )	579.4 (Cr 3+ )	576.8 : Cr 3+ in Cr2O3
				576.4 : Cr 3+ in Cr2O3 [26]
				577.9 : Cr 3+ in Cr (OH)3 [27]
				576.5 : Cr 3+ in passive film [28]
				574.4-577.7 : native Cr oxide at [23]
				578.2 : Cr 3+ in Cr(OH)3 [29]
				575.9-577.1 : Cr in pure Cr2O3 [22]
	Ni 2p3/2	853.1 (Ni 0 )	854.7 (Ni 0 )	852.8 : Ni 0 [24]
				854.0 : Ni 0 [12]
				856.4 : Ni(OH)2 [24]
				856.8 : Ni 2+ [12]
	Mo 3d5/2	228.5 Mo 0	230.2 Mo 0	227.8 : Mo 0
		230.2 Mo 4+	231.5 Mo 4+	229.5 : Mo 4+
			234.4 Mo 6+	231.3 : Mo n+
				232.6 : Mo 6+ [14]

Table 4 .-Chemical state and content of the main different species in the stripped and in the non- stripped areas of the aluminized Ni20Cr after deconvolution of their respective XPS high resolution spectra before sputtering.
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	Atomic %

Table 5 .-Content of the main different elements in the stripped and in the non-stripped areas of the aluminized Ni20Cr after very light sputtering.
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	Atomic %

Table 6 .-Interplanar distances calculated from the selected area diffraction patterns of Fig. 10 and correspondence to the crystalline planes of the identified compounds from ICDD files 01-074-4780 (CrOOH), 01-078-4587 and 01-078-4590 (AlOOH) and 03-065-0420 (NiAl).
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	experimental dhkl (Å)	standard dhkl (Å) and (hkl)
	Diff 1	Diff 2	Diff 3	CrOOH	AlOOH	NiAl
	2.59	2.55	--	2.54; {101}	--	--
	2.07	2.07	2.06	2.05; {104}	2.07; {210}	2.04; {110}
					2.04; {111}	
	1.50	1.45	--	1.49; {110}	1.51; {220};	--
				1.48; {009}	1.48; {310}	
				1.42; {113}		
	1.17	1.16	1.16	1.16; {205}	1.16; {230}	1.17; {211}
	4.-DISCUSSION					

metal-metal bond energy [START_REF] Ph | On some fundamental factors in the effect of alloying elements on passivation of alloys[END_REF]. However, according to Breslin et al., molybdates can react with Al in acidic media according to equations (4) to (6) [START_REF] Breslin | Studies on the passivation of aluminium in chromate and molybdate solutions[END_REF]:

Therefore, the alumina would be rather in a hydrated state, which in our case is clearly an oxyhydroxide close to -AlOOH and Mo would appear as both the metal (reaction (4)) and the oxidized state (reactions ( 5) and ( 6)). Here, the anodic polarization seems thus to oxidize further Mo +3 and Mo +4 (MoO2) of reactions ( 5) and ( 6) into Mo +6 oxidation state. Indeed, the Pourbaix diagram of Mo shows that the molybdates decompose in acidic media to result in molybdic acids upon the anodic polarization (0.5 V/SCE) at pH 0 and in metal Mo upon the cathodic polarization (-0.8V/SCE) [START_REF] Pourbaix | Atlas of Equilibria in aqueous solutions[END_REF].

Subsequently, the rapid change from anodic to cathodic polarization allows the trapping of Al, Cr and Mo in the oxidized modes as oxyhydroxides while some reduction also occurs, in particular of Cr.

5.-Conclusions

The