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Introduction

Many industrial processes, such as nuclear fuel reprocessing plants, rely on the use of concentrated nitric acid and the appropriate choice of materials may be a critical factor in the lifetime of the plant facilities [START_REF] Fauvet | Corrosion issues in nuclear fuel reprocessing plants[END_REF]. Some frequently chosen alloys such as several austenitic stainless steels (SS) present a satisfying corrosion resistance in nitric acid, especially when concentrated, because of a dissolution rate that can be lower than a few tens of micrometers per year. Each composition of alloy can be dedicated to a specific environment in terms of temperature, HNO3 concentration and the possible presence of oxidizing species dissolved in the acid [START_REF] Fauvet | Corrosion issues in nuclear fuel reprocessing plants[END_REF], such as metallic ions coming from the spent nuclear fuel reprocessing itself (involving the fuel pellets dissolution in their cladding) that reduce at very high potentials. Their presence in the electrolyte (HNO3) raises the steady state potential of the SS. If the potential shifts into the transpassive domain, severe dissolution may ensue. High dissolution rates may also be associated with surface heterogeneity, for example, the corrosion can be more intense at grain boundaries than at grain faces. This leads to the phenomenon of intergranular corrosion (IGC), representing a non-faradaic contribution to the mass loss of the material due to grains being removed from the surface before they have actually dissolved into the electrolyte [2,3].

To limit the risks associated with IGC, the chemical composition of the SS may be optimized. In particular, by the end of the 60sit was shown that the addition of Si had a major impact on the corrosion behavior of 18Cr-15Ni type SS [START_REF] Fauvet | Corrosion issues in nuclear fuel reprocessing plants[END_REF][4][START_REF] Kuriki | Third International Conference on Nuclear Fuel Reprocessing and Waste Management[END_REF][START_REF] Kass | [END_REF][7][8][9]. In the specific case of nitric acid solution containing Cr(VI) [START_REF] Fauvet | Corrosion issues in nuclear fuel reprocessing plants[END_REF]4], low-Si alloyed SS (<0.6 wt. % Si) showed satisfactory corrosion resistance, between around 1 to 2 wt. % Si the corrosion resistance was severely degraded and with greater than 2 wt.% Si the SS became much better protected [START_REF] Desestret | Materiaux et Techniques[END_REF]. Therefore, the X1CrNiSi18-15-4 SS was developed to resist these specific conditions. In pure HNO3, the X1CrNiSi18-15-4 SS dissolves more rapidly than the X2CrNiN18-10 SS (more commonly referred to as 304L SS), but in presence of various oxidizing species, the X1CrNiSi18-15-4 dissolves slower than the X2CrNiN18-10 SS [START_REF] Desestret | Materiaux et Techniques[END_REF].

Paradoxically, it was found to dissolve even slower in the presence of Cr(VI) in the electrolyte than in pure HNO3 [START_REF] Plante | [END_REF]. Moreover, even under transpassive conditions, X1CrNiSi18-15-4 SS is less sensitive to intergranular corrosion [4,[START_REF] Kuriki | Third International Conference on Nuclear Fuel Reprocessing and Waste Management[END_REF]7] than X2CrNiN10-10 SS. An assumption proposed by Camus et al. [12] is that Si enrichment over 1 wt. % reduced the energy difference between the grain boundaries and face at the surface of the material. However, this hypothesis was questioned by Armijo et al. [13] because some low-Si alloys present more active grain boundaries than grain faces, and yet, are not always subject to intergranular corrosion.

The surface film of X2CrNiN18-10 SS passivated in nitric acid was analyzed by XPS and found to be mainly composed of Cr (77 at. % of allowing components) while the X1CrNiSi18-15-4 SS, contained mainly Cr (51 at. % of allowing components) and Si (36 at. % of allowing components) [14]. This means that the passive film formed on a high Si SS has a higher concentration of Si and Cr as compared to the bulk material [14,22,15]. Moreover, XPS analyses reveal that a core level energy lower than 104 eV was found for Si-2p spectra at the X1CrNiSi18-15-4 SS's surface. This indicates that Si atoms are not bonded to O atoms under the form of SiO2. Robin et al. [14] highlighted that this particular structure of the X1CrNiSi18-15-4 SS oxide was probably due to a mixed silicate oxide. A more accurate description of this specific silicon rich interface as compared to X2CrNiN10-10 SS's passive layer was proposed in previous work based on transmission electron microscopy [15]. For both SS, the oxide film is continuous over the surface and amorphous, a hypothesis mentioned elsewhere in literature [START_REF] Maurice | [END_REF]. Eventually, in [23], it was suggested that this thin amorphous layer was composed of two zones. The outermost part of the layer being very rich in Si (with a ratio Si/Cr of 3/2) and an inner Cr rich oxide with a ratio Si/Cr of 1/2). Concentrated HNO3 reduction reactions have been investigated on various ranges of materials from platinum to SS without Si (mainly X2CrNiN18-10 SS), but not on SS containing some percent of Si [24][START_REF] Balbaud | Mécanisme de corrosion de l'acier inoxydable Z3 CN 18.10 en présence de condensats nitriques[END_REF][START_REF] Sicsic | [END_REF][27][START_REF] Benoit | Modélisation de la cinétique de réduction de l'acide nitrique concentré sur acier inoxydable 304L (in french)[END_REF][START_REF] Razygraev | [END_REF]. In concentrated HNO3, various nitrogenous species were shown to be in equilibrium, as described exhaustively by various authors [24][START_REF] Balbaud | Mécanisme de corrosion de l'acier inoxydable Z3 CN 18.10 en présence de condensats nitriques[END_REF][START_REF] Sicsic | [END_REF][27][START_REF] Benoit | Modélisation de la cinétique de réduction de l'acide nitrique concentré sur acier inoxydable 304L (in french)[END_REF][START_REF] Razygraev | [END_REF]. Briefly, the nitrate ion, NO3 -, being in equilibrium with nitrous acid HNO2 according to Eq. 1, HNO2 has been shown to be, between -0.45 and -0.25 V vs. MSE, one of the main electroactive species reducing at a SS surface [START_REF] Razygraev | [END_REF].

( ) + ( ) + ( ) ⇌ ( ) + (1) 
The reduction process of HNO2 is given by Eqs. 2 to 7. It reduces into N(II) species such as nitrogen monoxide, NO, which after desorbing (Eq. 4) may be reoxidized by HNO3 close to the interface. In the case the N(III) species produced by this reoxidation would reduce again, the overall reduction process becomes autocatalytic (also called Schmid's mechanism), and this autocatalytic behavior depends on the nature of the interface [START_REF] Balbaud | Mécanisme de corrosion de l'acier inoxydable Z3 CN 18.10 en présence de condensats nitriques[END_REF][START_REF] Sicsic | [END_REF].

Benoit [START_REF] Benoit | Modélisation de la cinétique de réduction de l'acide nitrique concentré sur acier inoxydable 304L (in french)[END_REF] did not identified this autocatalytic behavior at the X2CrNiN18-10 SS surface although it was mentioned in [27] for 8 mol dm -3 HNO3 electrolytes.
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Between -0.60 and -0.45 V vs. MSE, ammonia formation is expected to happen according to Razygraev et al. [START_REF] Razygraev | [END_REF] (Eqs. 5 to 7)
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• being itself produced by a number of different equilibria of the HNO3 electrolyte. At lower potentials than -0.60 V vs. MSE, the proton reduction reaction is expected.

Oxidizing species are known to increase the corrosion rate of many SS in HNO3 [1-3, 5, 11, 16-19]. V(V) has been historically used as an oxidizing agent for simulating redox couple of pentavalent neptunium NpO2 2+ /NpO2 + in nuclear fuel reprocessing electrolytes [32].

Pentavalent vanadium is involved in the VO2 + /VO 2+ redox couple through the Eq. 8 [33],

whose standard equilibrium potential is predicted to be 1.04 V vs. SHE [START_REF] Pourbaix | Atlas of electrochemical equilibria in aqueous solutions[END_REF].

+ 2 + ⇌ + (8) 
The Cr(VI) is a more specific case of an oxidizing ion with an original interaction with the SS. The addition of Cr(VI) species in HNO3 has been massively studied [3-5, 7, 10, 13, 16, 36, 37] probably because it requires a very low concentration to shift X2CrNiN18-10 type SS in transpassive dissolution.

In conclusion, the addition of Si to the alloy leads to an increase of the Si content of the oxide layer, but does not change other characteristics such as the thickness, the continuous aspect, the amorphous nature and the relative chromium enrichment. The Si in the oxide layer may also probably modify its electrical properties, thereby degrading the corrosion resistance of the SS in pure nitric acid but enhancing the corrosion resistance in presence of oxidant ions.

While numerous corrosion rate measurements of different SS in HNO3 in various conditions of concentration and temperature, and with or without addition of oxidizing ions are available in the literature [START_REF] Desestret | Materiaux et Techniques[END_REF][13][14][15][16][17], only a few authors [13,14,[START_REF] Plante | Contributions à l'étude de la passivité d'aciers inoxydables en milieu nitrique bouillant[END_REF][START_REF] Hiroo | [END_REF] have attempted to express the precise relationships between corrosion (dissolution rate and surface morphology) and the electrochemical behavior of the alloys (corrosion potential, limits of passivity, reduction mechanisms and kinetics). The present work aims at measuring and explaining the electrochemical differences involved by silicon enrichment of the 18Cr-15Ni type SS by comparing the behavior of X1CrNiSi18-15-4 SS and the X2CrNiN18-10 SS in terms of passive layer properties (using techniques such as transmission electron microscopy and X-ray photoelectrons spectroscopy) and electrochemical properties (using techniques such as linear sweep voltammetry and electrochemical impedance spectroscopy) obtained in various HNO3 based electrolytes, with or without oxidizing species.

Experimental

Samples

The elemental analysis of the steel was performed on dedicated samples by glow discharge optical emission spectroscopy (GD-OES) using a GD-Profiler from Horiba Jobin-Yvon. A stable value was reached after a depth from 10 to 45 µm of sputtering. The composition of the steel was then averaged over two craters on different samples. This analysis is given in Table 1.

Table 1 Bullet shape samples (2 cm²) made out of X1CrNiSi18-15-4 SS and X2CrNiN18-10 SS were used in the present work for electrochemical measurements. Plane samples (20 mm x 20 mm x 1 mm) polished to diamond finish 0.03 µm were used for XPS measurements.

Electrodes were cleaned with ethanol and acetone in ultrasonic bath and then left at open circuit potential (OCP) in 4 mol dm -3 100°C HNO3 for 24 h prior to any measurement.

Electrolytes

The experiments were performed at 100°C. To ensure the stability of this temperature, a system of thermocryostat (LAUDA) heating oil and jacketed 200 mL reactor was used.

Deionized water, prepared with a Millipore TM system (18.2 MΩ cm), and 52.5 wt. % HNO3 (VWR Chemicals) were used for all the electrolytes. The concentration of [H + ] was measured using a Mettler-Toledo DL55 titrator and NaOH (Sigma Aldrich) 1 mol dm -3 reagent. The solutions were not deaerated as it was found that deaeration had little impact on the electrochemical behavior of SS in nitric solutions. Solutions of 2 10 -4 to 0.039 M V(V) in 4 M HNO3 were prepared by preparing a solution of vanadyl sulfate pentahydrate VOSO4•5H2O (Sigma Aldrich, 97.0 %) and then oxidizing the V(IV) to V(V) by heating at 100°C for 24 hrs.

The total oxidation of V(IV) into V(V) was then controlled by UV-visible spectroscopy (Cary '50 scan' Varian spectroscope). Solutions of 9.6 10 -4 to 0.029 M Cr(VI) in 4 M HNO3 were prepared from anhydrous potassium dichromate K2Cr2O7 (Sigma Aldrich, 99.9 %).

Electrochemical measurements 2.3.1. Experiments

A three electrode cell was used with the stainless steel material as the working electrodes (X1CrNiSi18-15-4 SS or X2CrNiN18-10 SS), a platinum grid as a counter electrode, and a mercury-mercurous sulphate reference electrode (MSE) provided by Radiometer (E = +0.65 V vs. NHE in saturated K2SO4). A Biologic VSP potentiostat was used, functioning in the potentiodynamic linear polarization mode with the EC-Lab software V10.37. A first step of stabilization at OCP was first performed during 24 h to reach a stable value of Ecorr. Then a potentiostatic electrochemical impedance spectroscopy (PEIS) measurement was performed at OCP. The applied potential amplitude was chosen sufficiently small (10 mV) to assure that the J vs. E response was linear in this domain. This was checked by performing EIS experiments with different sine-wave amplitudes.

Then linear polarization was performed in two distinct measurements. First, the cathodic sweep began at 30 mV above OCP and continued down to -0.45 V vs. MSE. A 0.2 mV s -1 scan rate was chosen to be as close as possible to quasi-stationary conditions and still perform the experiments in a reasonable amount of time. Following this the system was allowed to remain at OCP for 24 hours during which period, the potential returned to its initial value (which depends on the chemical conditions). The anodic sweep measurement began at 30 mV below OCP and continued up to +0.55 V vs. MSE.

Determination of parameters

Several parameters were extracted from the electrochemical measurements presented. Firstly, the corrosion potentials Ecorr were determined, corresponding to the stable value obtained at OCP. In most of cases, as mentioned previously, the OCP of the sample reached almost perfectly its initial value in the 24 h OCP period. Therefore Ecorr measurements displayed a very small uncertainty (inferior to 5 mV) except for few experiments on the X2CrNiN18-10 SS that lead to an uncertainty for ± 40 mV.

Secondly, with a linear polarization measurement expressed on a semi-log scale, it is possible under specific conditions [START_REF] Landolt | Corrosion et chimie de surfaces des métaux[END_REF] to distinguish two linear parts at both sides of Ecorr (usually called Tafel lines) would bring (by extrapolation to the corrosion potential Ecorr) to the measurement of jcorr, corresponding to the instantaneous dissolution rate of the material. Nevertheless, the case of SS in nitric is not a case where the Tafel approach is easily applicable. Indeed, in the case of passive SS, the anodic Tafel line (corresponding to the passive or near-transpassive domain) is usually difficult to measure. Moreover, when the reduction reaction involves complex mechanisms, as it will be shown in the case of HNO3, cathodic Tafel line is also rigorously difficult to establish. Despite these difficulties, it was proposed to apply this method in the present work to define a jcorr* that provides at least qualitative information on the relative dissolution rates of the alloys. jcorr* was determined as the linear extrapolation of a linear part identified on at least one decade of current density to the value Ecorr.

Secondly, the passivity breakdown at high potentials, usually called transpassive domain transition, was associated to a potential Etp identified at the intersection between the passive domain line (when measurable) and the transpassive domain line. The uncertainty associated with Etp was found to be about ± 40 mV.

Thirdly, in order to compare the current density in the cathodic and in the anodic (passive and transpassive) domains, the same criteria were used for the different electrochemical tests. The cathodic current was determined at -0.25 V vs. MSE. The passive current was determined at 100 mV below Etp and the transpassive current density at 100 mV above Etp.

Finally, the charge transfer resistance was determined from PEIS measurements.

Represented in Nyquist diagrams the spectrum takes the form of a single capacitive loop.

This behavior is characteristic of a charge transfer between solution and material, as typically observed on passive materials [37][38][39][40]. One can note that the capacitive behavior is not strictly ideal. Indeed, the capacitive loop is not a perfect semi-circle, but is slightly crammed along the y-axis. It is suggested to represent such kind of behavior by a Constant Phase Element (CPE) [37][38][39][40]. Consequently, the following equivalent electrical circuit can be proposed to fit the experimental results (Fig. 4). It consists in a resistance (Re) in series with another resistance (Rt) in parallel with a Constant Phase Element (CPE). The resistances Re and Rt correspond to the resistance of the electrolyte and of charge transfer, respectively.

The charge transfer resistance Rt characterizes the corrosion kinetics. Indeed, assuming that the charge transfer is the limiting step of the process [START_REF] Bard | Electrochemical methods : fondamentals and applications[END_REF], it can be shown that the charge transfer resistance is inversely proportional to the corrosion rate. CPE corresponds to the capacitive behavior of the system induced by the presence of the oxide on the surface and / or the presence the double layer. The fact that system behaves as a CPE and not as a pure capacitance means that system is not ideal, as for example the resistivity is not uniform across the oxide layer. The value of the different elements of the equivalent electrical circuit is adjusted to fit the experimental measurement, using the module "Z Fit" of EC-Lab V10.37.

Even if the system behaves not strictly as an ideal capacitance, the effective capacitance was evaluated from the characteristic frequency of the system which is equal to = .

This characteristic frequency was determined graphically, corresponding to the frequency at the top of the semi-circle of the Nyquist diagram.

X-ray photoelectron spectroscopy measurements

XPS analyses were carried out with a Thermofisher Escalab 250 XI spectrometer using a monochromatic X-ray Al Kα source. The instrument was calibrated in energy with the Ag Fermi level (0 eV) and the 3d5/2 core level of metallic silver (368.3 eV). The C-1s signal was used to correct a possible charge effect: the CC/ CH contribution of C-1s spectra was fixed at 285.0 eV. The analysis zone consisted of a 900 µm diameter spot. The data processing was performed using the commercially available AvantageTM software. For the fitting procedure, a Shirley background has been used and Lorentzian-Gaussian (L/G) ratio was fixed at 30 %.

Main parameters used to decompose XPS spectra are presented in Table 2.

Table 2 2.5.

Transmission electron microscopy and energy dispersive X-ray spectroscopy

Cross-sections of materials passivated in 4 mol dm -3 HNO3 at 100 °C were analyzed using transmission electron microscopy (TEM) in high resolution imaging mode. In order to identify zones of interest on each sample, electron backscattered diffraction (EBSD) was performed at the surface of the materials prior to sample cross-section elaboration, using a scanning electron microscope field emission gun ZEISS Gemini 500 scanning electron microscope (SEM), a Hikari Super charge coupled device (CCD) camera, and OIMTM Data collection and OIMTM Analysis software for the acquisition and exploitation of the data. Cross-section TEM lamellas were thinned using focused ion beam (FIB) FEI Strata DB400 and analyzed with a FEI Tecnai Osiris TEM using a an accelerating voltage of 200 kV and equipped with ChemiSTEMTM and GIF Quantum® detectors X-ray energy dispersive spectroscopy (X-EDS).

Results and Discussion

The passive layer

In pure HNO3

TEM observations of the cross section of X1CrNiSi18-15-4 and the X2CrNiN18-10 SS after exposure to 4 mol dm -3 HNO3 electrolyte at 100°C for 24 h at open circuit are compared in Fig. 1. It appears that an oxide film with a similar morphology covers both SS: the oxide film is continuous over the surface and is some nanometers thick. Fig. 1 shows no specific arrangement of atoms in the passive layer. This could demonstrate the amorphous character of the passive layer of SS as mentioned by other authors [START_REF] Landolt | Corrosion et chimie de surfaces des métaux[END_REF].

Fig. 1 The chemical composition of the passive layers formed in pure HNO3 were obtained using XPS on the same samples (Fig. 2): the X2CrNiN18-10 SS surface was mainly composed of Cr (59 at.%) while the X1CrNiSi18-15-4 SS, contained mainly Cr (46 at.%) and Si (28 at.%). As already found in literature [14,[START_REF] Maurice | [END_REF], the passive layer formed at a Si enriched alloy's surface is also enriched in Cr but also in Si in higher concentration than the bulk material. It can be noted that the presence of Si in the X1CrNiSi18-15-4 SS does not really affect the Cr/Fe ratio in the passive layer (equal to 1.4 for the X2CrNiN18-10 SS and 1.8 for the X1CrNiSi18-15-4 SS). Moreover, a core level energy lower than 104 eV was found for the Si-2p peak at the X1CrNiSi18-15-4 SS's surface. This indicates that Si atoms are not bonded to O under the form of SiO2. Robin et al. [14] highlighted that this particular structure of the X1CrNiSi18-15-4 SS oxide was probably due to a mixed silicate oxide.

Fig. 2 In HNO3 with oxidizing species XPS measurements were also performed on the X1CrNiSi18-15-4 SS after immersion in pure HNO3 in the presence of oxidizing species such as V(V) or Cr(VI). Fig. 3 compares the chemical composition of the passive layer for the different cases. It appears that the chemical composition is globally similar whatever the medium is: in all cases, the passive layer is relatively enriched in Cr and Si, in comparison with the chemical composition in the bulk material. Nevertheless, this enrichment appears to be increased in the presence of oxidizing species. The ratio Cr/Fe in the passive layer is 1.8, 2.8 and 3.5 in pure HNO3, HNO3 + V(V) and HNO3 + Cr(VI), respectively. Similarly, the ratio Si/Fe is 1.1, 2.8 and 2.4 in the same media. This enrichment in Cr and Si in the passive layer could be linked with the increase of the corrosion potential in the presence of oxidizing ions (Table 3).

Fig. 3 In conclusion, the presence of Si in the SS influences the chemical composition of the oxide layer but not the morphological properties (thickness, continuous aspect) which are mainly similar. Indeed a large enrichment in Si is observed in the oxide film of the X1CrNiSi18-15-4 SS. This enrichment varies slightly if nitric acid contains additional oxidizing species (such as V(V) or Cr(VI)) or not. This enrichment in Si may affect the corrosion behavior in these media.

In the following part, we investigated this point using electrochemical techniques.

Electrochemical behavior

In pure HNO3

Typical linear polarization curves obtained in 100 °C pure HNO3 for X1CrNiSi18-15-4 SS and X2CrNiN18-10 SS are displayed in Fig. 4 for concentrations of 1 mol dm -3 (A), 4 mol dm -3 (B) and 6 mol dm -3 HNO3 (C). Red curves represent X1CrNiSi18-15-4 SS and blue curves are associated to X2CrNiN18-10 SS.

Fig. 4 The shape of the cathodic branch does not differ significantly between the two steel samples, suggesting that the nature of the cathodic reaction is not significantly affected by the presence of Si (Fig. 4). The cathodic branch for both steel specimens at every HNO3 Since the general aspect of the cathodic curve is nearly identical for both SS materials, the Si alloying does not seem to imply significant modification of the reduction mechanism. However, the reduction current density of the X2CrNiN18-10 SS is globally higher than for the X1CrNiSi18-15-4 SS in Fig. 4 and Table 3. Si contained in the passive layer could inhibit HNO2 reduction, as described by Armijo et al. [13]. The results in Fig. 4 fully support this hypothesis, showing an apparently similar reduction mechanism with a decreased rate.

Table 3 The passive current density is also affected by the presence of Si, the mean passive current density of the X1CrNiSi18-15-4 SS being markedly higher than for the X2CrNiN18-10 SS. For example, Table 3 shows that in 4 mol dm -3 HNO3 the passive current density value 100 mV below Etp is 5 times higher for the X1CrNiSi18-15-4 SS than for the SS without Si.

The combined inhibition of the cathodic reaction and activation of the anodic reaction by Si alloying, causes the corrosion potential Ecorr of the X1CrNiSi18-15-4 SS to be lower than for X2CrNiN18-10 SS in the whole range of conditions tested as shown on Fig. 5. It can be noticed that the measurements of jcorr* (Fig. 2) are consistent with dissolution rates ascertained in literature [START_REF] Desestret | Materiaux et Techniques[END_REF]13]. For example, Desestret et al. [START_REF] Desestret | Materiaux et Techniques[END_REF] found a mass loss of 20 mg cm -2 per day in boiling 5 mol dm -3 HNO3. Based on the Fe molar mass of 53.46 g mol -1 , on the density of the X1CrNiSi18-15-4 SS of 7.81 g cm -3 , and on an averaged value of number of electrons exchanged ne of 2.7, the value jcorr* = 1.5 10 -6 A cm -2 found in 100°C 4 mol dm -3 HNO3 leads to a mass loss of 26 mg cm -2 per day, which is in good agreement with the value measured by Desestret.

Etp was not influenced by the presence of Si as indicated in Fig. 5 and Table 3. Etp is classically associated with the transition of Cr(III) to Cr(VI) in the passive layer. Thus, it makes sense that the value of Etp depends mainly on the presence of Cr in the alloy [31] and to a lesser extent on the presence of other minor elements such as Si. Moreover the values for Etp were found identical within a small variance of 20 mV (0.45 ± 0.2 V vs. MSE) in all concentrations (for both steels) although a slight difference in the transpassive currents were observed. For example, in 4 mol dm -3 HNO3 at 0.55 V vs. MSE, current density recorded for the X1CrNiSi18-15-4 SS 100 mV above Etp is 1.15 mA cm -2 while the X2CrNiN18-10 SS displays a current density of 0.70 mA cm -2 . The difference was expected to increase slightly with nitric acid concentration (increasing pH) as demonstrated by Schmuki et al. [30], but was found to be almost constant between 0.5 and 2 mA in the whole range of conditions tested (Table 3).

In addition, PEIS measurements were performed at open potential (Ecorr) for both SS at different nitric acid concentrations. Nyquist diagrams are displayed in Fig. 6. These experimental impedance spectra were fitted using the procedure described in the experimental section. Values of fitting parameters are given in Table 4. The electrolyte resistance Re decreases logically when nitric concentration increases. The α values of the CPE are close to 1, which means that the interface behaves almost like an ideal capacitance. The value of the effective capacitance of the system is equal to some tens of µF.cm -2 . This corresponds to values typically considered for a double layer capacitance in concentrated nitric acid [START_REF] Sicsic | [END_REF].

As previously discussed in the experimental section, it is considered that the charge transfer resistance Rt is inversely proportional to the corrosion rate [START_REF] Bard | Electrochemical methods : fondamentals and applications[END_REF]. Therefore, the inverse of the charge transfer resistance is reported as the function of nitric acid concentration in Fig. 5. For both SS, the corrosion rate increases with nitric acid concentration. At each nitric acid concentration, the X2CrNiN18-10 SS shows a better corrosion resistance than the X1CrNiSi18-15-4 SS.

In conclusion, both SS are in their passive state in pure nitric acid (Fig. 4). Nevertheless, the X1CrNiSi18-15-4 SS has a lower corrosion resistance than the X2CrNiN18-10 SS. This is ascribed to a less efficient passivity of the X1CrNiSi18-15-4 SS due to the presence of Si in the passive layer.

In HNO3 with V(V)

In the conditions of the present work, T = 100 °C and 4 mol dm -3 HNO3, V(V) is expected to be stable [START_REF] Irisawa | Global 2015[END_REF]. The oxidation of V(IV) was described by Irisawa et al. [START_REF] Irisawa | Global 2015[END_REF] as:

2 + + ⇌ 2 + + 2 (9) 
This reaction produces HNO2 which can directly enhance the reactions described by Eqs.

2 and 3 in which case V(V) would be considered a catalysis for the reduction of HNO3.

In the presence of V(V) in 4 mol dm -3 HNO3 at 100 °C , the X1CrNiSi18-15-4 SS that was originally designed for such specific electrolyte (HNO3 containing oxidizing species), displays typical polarization curves as shown on Fig. 7A for concentrations in V(V) of 0(1), 1.9 10 -4 (2), 1.9 10 -3 (3), 9.8 10 -3 (4) and 3.9 10 -2 (5) mol dm -3 . A comparison with the X2CrNiN18-10 SS is given in Fig. 7B in 4 mol dm -3 HNO3 at 100 °C for a concentration in V(V) of 1.9 10 -3 mol dm -3 .

The corresponding PEIS spectra performed for both SS at corrosion potential are given in Fig. 8. The main characteristics of these polarization curves and PEIS spectra (Ecorr, Etp, Rt, …) are summarized in Table 3 and Table 4. The cathodic current in Fig. 7 should contain contributions of the reduction of V(V) as well as HNO2 reduction. However, in the case of the X1CrNiSi18-15-4 SS, the shape of the cathodic curve in presence of V(V) is very similar to pure HNO3 (Fig 3A ) and the cathodic Tafel slopes were found to be of 18.6 ± 2.5 mV dec -1 (Table 3) in the whole range of conditions tested.

The shape of the reduction curves and the cathodic Tafel slopes are similar for both SS (Fig. 7B, Table 3) suggesting that that the overall reduction mechanism of the electrolyte containing V(V) is comparable between the two alloys and therefore not influenced by the Si alloying. Similar to what was observed in the case of pure HNO3, for the same concentrations in V(V), cathodic current density is also globally higher for the X2CrNiN18-10 SS than for the X1CrNiSi18-15-4 SS. This would once again support an inhibiting effect of the Si on the cathodic reactions. The passive current density of the X1CrNiSi18-15-4 SS is once again higher than for the X2CrNiN18-10 SS (Table 3). The presence of Si leads to the inhibition of the cathodic reactions and an increase of the passive current density, inducing a decrease of Ecorr (Fig. 7A) of the X1CrNiSi18-15-4 SS as compared to the X2CrNiN18-10 SS. A similar effect was observed for HNO3 alone in Fig. 4.

For both SS, the anodic behavior does not seem to be significantly affected by the variation of the concentration of V(V). Indeed, the values of the transpassive potential Etp, the passive and transpassive currents appear to be nearly independent of the concentration of V(V). On the contrary, the reduction current increases when the concentration of V(V) is higher, as discussed above, probably due to a mix between the direct reduction of V(V) and its impact on the autocatalytic reduction of nitric acid. As a consequence of this, both the corrosion potential Ecorr and the inverse of the charge transfer resistance Rt -1 (and consequently the current density of corrosion jcorr) increase with the concentration of V(V) (Figure 9). But the sensitivity to V(V) is different for both SS. The inverse of the charge transfer resistance Rt -1 of both X2CrNiN18-10 and X1CrNiSi18-15-4 SS increases with increasing V(V) concentration, although X2CrNiN18-10 is more sensitive. It is clear from Figs.

7 and 9 that when HNO3 or V(V) concentrations are sufficiently high, the inverse of the charge transfer resistance Rt -1 is lower for X1CrNiSi18-15-4 SS than for X2CrNiN18-10 SS and that this inversion matches the threshold of transpassive domain. Therefore, as a direct consequence of the presence of Si, the X1CrNiSi18-15-4 SS remains passive even while the X2CrNiN18-10 SS is shifted into its transpassive domain and starts to dissolve at a much higher rate. This seems in accordance with the fact that the capacitance of X1CrNiSi18-15-4 SS remains constant independently to the concentration of V(V). The value of the capacitance corresponds to the typical value of a double layer capacitance in nitric acid [START_REF] Sicsic | [END_REF].

On the contrary, the capacitance of the X2CrNiN18-10 SS increases sharply when the SS is polarised in the transpassive domain. This can be linked to an increase of the specific surface resulting from the high dissolution rate in the transpassive domain.

Fig. 9 One can notice that the values of (Ecorr, Rt -1 ) obtained in the different concentrations in V(V) can be superimposed with the polarization curve obtained in 4 mol dm -3 HNO3 at 100 °C (Fig. 5) and this is also valid for the X2CrNiN18-10 SS.

Fig. 10

This result first shown by Plante et al. [START_REF] Plante | Contributions à l'étude de la passivité d'aciers inoxydables en milieu nitrique bouillant[END_REF] would imply that the oxidation branch of these alloys is not significantly affected by the presence of oxidizing species, and that knowing their Ecorr in given conditions would enable the determination of jcorr (or Rt -1 ). Other oxidizing species investigated throughout literature ascertained in Plante et al.'s work [START_REF] Plante | Contributions à l'étude de la passivité d'aciers inoxydables en milieu nitrique bouillant[END_REF] lead to the same conclusion. Regardless of their nature, the anodic current measured at a given potential was found to be unique [START_REF] Plante | Contributions à l'étude de la passivité d'aciers inoxydables en milieu nitrique bouillant[END_REF]. The present work confirms that V(V) shifts the Ecorr value without modifying the anodic reaction of the material such that the anodic reaction rate vs. potential curve is independent of the presence of oxidizing ions.

In HNO3 with Cr(V) Fig. 11A displays polarization curves obtained for the X1CrNiSi18-15-4 SS (A) in 4 mol dm - 3 HNO3 at 100 °C for concentrations of Cr(VI) of 0(1), 9.6 10 -5 (2), 4.8 10 -4 (3) and 9.6 10 -4 (4) mol dm -3 . Fig. 11B displays the example of polarization curves that were obtained for both SS in 4 mol dm -3 HNO3 at 100 °C for a concentration in Cr(VI) of 4.8 10 -4 mol dm -3 . Fig. 12 displays the PEIS spectra performed for both SS at Ecorr in the same chemical conditions. As the other PEIS measurements, those were performed until the low frequency 0.01 Hz.

Nevertheless, we observed that the Kramers-Krönig relations were not respected in the low frequency range (using the Kramers-Krönig module form Ec-Lab). We attributed this to the fact that the measurements were probably performed in non-stationary conditions at low frequency. Indeed the concentration of Cr(VI) is non strictly constant during the PEIS measurement. Indeed other authors showed that a slow reduction of Cr(VI) into Cr(III) can happen in similar conditions [START_REF] Yamamoto | [END_REF]. Consequently, only part of the PEIS measurement respecting the Kramers-Krönig relations were presented in Fig. 12. Fig. 13 ascertains values of Ecorr and Rt -1 measured in these conditions.

Hexavalent chromium is involved in the H2CrO4 /Cr 3+ redox couple that displays a very high standard potential of 1.40 V vs. SHE [START_REF] Pourbaix | Atlas of electrochemical equilibria in aqueous solutions[END_REF]38]. The reduction reaction is described by the Eq. 10.

+ 6 + 3 ⇌ + 4 (10) 
Figs. [START_REF] Plante | [END_REF]12,13 In the presence of Cr(VI), the cathodic current was about 3 times lower (Table 3) than for pure HNO3 or HNO3 + V(V) for the X1CrNiSi18-15-4 SS. The currents recorded in the cathodic region almost superimpose between concentrations and between the two SS. As for the V(V), it is unclear if the reaction that is observed between 0.15 and -0.45 V vs. MSE is associated with the reduction of the Cr(VI) or with the HNO2 reduction reaction, but the cathodic Tafel slopes do not seem to be drastically affected by concentration of Cr(VI) (the variance of the cathodic Tafel slopes is of 2.6 mV dec -1 in the whole range of conditions tested). The tenuous increase of cathodic current density with Cr(VI) concentration indicates that a limitation, either by diffusion or charge transfer, exists at very low concentrations.

This could be the result of an enhancement of the passivity of the alloy by the reduction of Cr(VI) into an oxide of Cr(III) on the surface. As a consequence of this enhancement of the passivity, the HNO2 reduction reaction (Eqs. 2 to 4) kinetics could be drastically lowered.

Indeed, it was shown that the semi conductive properties of the passive layer determines the availability of electrons at the oxide / electrolyte interface [START_REF] Benoit | Modélisation de la cinétique de réduction de l'acide nitrique concentré sur acier inoxydable 304L (in french)[END_REF]. The availability of electrons is in turn the rate limiting step of the reduction processes. Desestret et al. [START_REF] Desestret | [END_REF] attempted to demonstrate the enhancement of passivity by reduction of Cr(VI) from the solution into Cr(III) oxides on the surface of SS, by using Cr(VI) solutions with radioisotope film under the conditions of their experiments. It should be pointed out however that the concentration of Cr(VI) used by Desestret et al., 0.02 mol dm -3 , likely polarized the SS into the transpassive domain (Fig. 11). In this potential range, the reduction of Cr(VI) from the solution to Cr(III) oxides at the surface of SS should not occur.

The main conclusion for the case of Cr(VI) is that this oxidizing species, unlike V(V), did not enhance HNO3 reduction for either alloy. Rather an accelerating effect was observed.

More striking electrochemical differences between the two SS was observed in the anodic region of the measurement. Figs. 11A and 13 demonstrate a clear decrease of Rt -1 (or jcorr) for the X1CrNiSi18-15-4 SS with the presence of Cr(VI) in a range of low concentrations, consistent with the literature [START_REF] Plante | Contributions à l'étude de la passivité d'aciers inoxydables en milieu nitrique bouillant[END_REF]. This effect is not present for X2CrNiN18-10 SS, where Rt -1 (or jcorr) keeps increasing with the increasing concentration in Cr(VI). Nagano et al. [START_REF] Hiroo | [END_REF] presented consistent results by varying the Si content of a 15Cr-13Ni SS in a similar electrolyte for a Si enrichment up to 4.15 wt. %. These observations could be linked to the fact that the value of the effective capacitance remains equal to some tens of µF.cm -2 for the X1CrNiSi18-15-4 SS and is increased to about hundred µF.cm -2 for the X2CrNiN18-10 SS.

Fig. 11 and Table 3 also show that Etp of the X1CrNiSi18-15-4 SS is anodically shifted by 70 mV with increasing Cr(VI) concentration (between 9.6 10 -4 and 2.9 10 -2 mol dm -3 in Cr(VI) species). The effect is more tenuous for the X2CrNiN18-10 SS but the quantification is delicate since the alloy is already transpassive as shown in Fig. 11. When all the measurements of the present work (Rt -1 vs. Ecorr) are superimposed to polarization curves (Fig. 10), it becomes clear that the presence of Cr(VI) induces a significant modification of the anodic behavior of the alloys (indeed the points Rt -1 vs. Ecorr measured in presence of Cr(VI) do not correspond to the anodic curve measured in pure HNO3), and that the effect is even more important for the X1CrNiSi18-15-4 SS. As Cr(III) is the oxidation state of Cr predicted by the Pourbaix diagrams [33] to be stable in a large range of potentials at pH = 0, it was expected by a few authors that the reduction of Cr(VI) could directly enhance the passivity of the SS by producing an extra Cr2O3 layer at the surface. However, as mentioned before, previous investigations [12] did not yield evidence for this enhancement of passivity at low Cr(VI) concentrations.

Conclusion

The present work aimed at identifying the origin of the differences on the corrosion behavior of SS in HNO3 induced by the presence of Si in the alloy. Linear sweep voltammetry at low scan rate and electrochemical impedance spectroscopy were used to distinguish the effect of Si on the anodic and cathodic reactions by comparing X1CrNiSi18-15-4 SS to X2CrNiN18-10 SS.

It was shown in pure HNO3 or in the case of oxidizing species as V(V) that Si lowers the cathodic reaction kinetics. As a direct consequence of this phenomenon, Ecorr is lowered by Si alloying. Therefore, in conditions where the X2CrNiN18-10 SS is shifted into its transpassive domain, the X1CrNiSi18-15-4 SS remains passive, even if the comparison of the corrosion rate (express in terms of Rt -1 ) confirmed that the Si-rich oxide may not be as protective as the passive layer of the X2CrNiN18-10 SS. X1CrNiSi18-15-4 (A) with V(V) at 0 (1), 1.9 10 -4 (2), 1.9 10 -3 (3), 9.8 10 -3 (4), 3.9 10 -2 (5) mol dm -3 and for X1CrNiSi18-15-4 and X2CrNiN18-10 (B) SS with V(V) at 1.9 10 -3 mol dm -3 

  concentration displays two linear domains. The first cathodic domain is detected between Ecorr and -0.45 V vs. MSE (almost -0.30 V vs. MSE for the highest concentration) and the second domain starts below -0.45 V vs. MSE. Fig. 4 is very likely to illustrate the previously mentioned mechanisms because the results are consistent with literature in terms of potentials (Eqs 1-3 and 4-7), although further investigations should confirm the nature of reduced species.

Fig. 5 According

 5 Fig.5

Fig. 7 Fig. 8

 78 Fig. 7

FIGURES CAPTIONSFigure 1 .Figure 2 .Figure 3 .Figure 4 . 3 Figure 5 .Figure 6 .Figure 7 .

 12343567 FIGURES CAPTIONS

Figure 8 .Figure 9 .Figure 10 .Figure 11 . 3 Figure 12 .Figure 13 .

 89101131213 Figure 8. PEIS spectra and associated fits measured for (A) X1CrNiSi18-15-4 and (B) X2CrNiN18-10 SS

  Fig.2

Fig. 3

 3 Fig. 3

Fig. 4 A

 4 Fig. 4

  Fig.8

  Fig. 9

  Fig. 11

  Fig.13

  

  

  

  

  

  SS, lowering its dissolution rate. Even if the hypothesis of Cr(VI) reducing into a stable Cr(III) product was never shown, this specific interaction between X1CrNiSi18-15-4 SS interface and Cr(VI) highlights the importance of understanding various types of reduction reactions at this X1CrNiSi18-15-4 SS interface.

	The break of passivity at high potentials Etp does not depend on the silicon enrichment,
	except in presence of Cr(VI) which is revealed to have a very singular affinity to the
	X1CrNiSi18-15-4 SS interface.
	Consistent with literature, Cr(VI) revealed a modification of the anodic response of the
	X1CrNiSi18-15-4

Table 1 .

 1 Mass composition of X1CrNiSi18-15-4 SS and X2CrNiN18-10 SS determined by GD-OES profiles performed on samples expressed in wt.%

	Fe	Cr	Ni	Si	Mn	Add.
	X1CrNiSi18-15-4					
	59.8	18.8	15.1	3.5	2.0	0.8
	SS					
	X2CrNiN18-10					
	70.3	17.8	9.5	0.3	1.5	0.6
	SS					

Table 2 .

 2 Parameters used for the deconvolution of XPS spectra (AvantageTM software): Binding energies and full width at half maximum (FWHM)

		[ Fe Ox ] / at.%		[ Cr Ox ] / at.%		[ Si Ox ] / at.%
		Fe -2p3/2	Fe -2p3/2	Cr -2p3/2	Cr -2p3/2	Cr -2p3/2	Si -2p	Si -2p
	Binding energy / eV	709.69	712.07	576.26	577.32	578.99	102.05	102.65
	FWHM / eV	2.36	2.93	1.08	1.92	1.71	1.36	1.32
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Table 3. Values of corrosion potential Ecorr, cathodic current at 0.25 V / MSE, cathodic Tafel slope, transpassive potential Etp, passive current at 100 mV below Etp and transpassive current at 100 mV above Etp for both SS in the exhaustive range of conditions tested for the present work at 100 °C HNO3 in mol dm -3 V(V) in mol dm -3 Cr(VI) in mol dm -3 Ecorr in V / MSE Cathodic current at -0.25 V / MSE in µA cm -2 Cathodic Tafel slope in mV dec -1 Etp in V / MSE Passive current at 100 mV below Etp in µA cm -2 Transpassive current at 100 mV above Etp in mA cm -2 X1CrNiSi18-15-4 V(V) in mol dm -3 Cr(VI) in mol dm -3 Re in Ohm.cm 2 Rt in Ohm.cm 2 Q in F.s (α-1) .cm -2 α C in F.cm