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Introduction

Zn-Ni alloy coatings have attracted great interest for the anodic protection of steels [START_REF] Tian | Study on corrosion resistance of electroplating zinc-nickel alloy coating[END_REF]. The main reasons are their lower dissolution rates and better applicability for high temperature conditions compared to Zn [START_REF] El-Lateef | Role of Ni content in improvement of corrosion resistance of Zn-Ni alloy in 3.5% NaCl solution. Part I: Polarization and impedance studies[END_REF]. These properties, combined with their relatively high hardness, make Zn-Ni coatings interesting to replace Cd coatings, which application is restricted by the environmental regulations [START_REF] Sriraman | Characterization of corrosion resistance of electrodeposited Zn-Ni Zn and Cd coatings[END_REF][START_REF]European Parliament and of the Council of 18 December 2006 concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH)[END_REF][5].

The barrier corrosion resistance of Zn-Ni coatings depends on both Ni content and phase composition of the alloy. For small Ni concentrations the corrosion resistance in neutral chloride solutions increases with the Ni content [START_REF] Baldwin | Corrosion rate measurements of electrodeposited zinc-nickel alloy coatings[END_REF]. It reaches an optimum for Ni concentrations ranging from 10 to 16% (wt.), corresponding to a single γ-phase [START_REF] Panek | The corrosion resistance of zincnickel composite coatings[END_REF][START_REF] Feng | Electrochemical behaviors and properties of Zn-Ni alloys obtained from alkaline non-cyanide bath using 5,5dimethylhydantoin as complexing agent[END_REF][START_REF] Park | The role of texture and morphology in optimizing the corrosion resistance of zinc-based electrogalvanized coatings[END_REF][START_REF] Baldwin | The corrosion resistance of electrodeposited zinc-nickel alloy coatings[END_REF].

The coatings with the Ni content higher than 16 % (wt.) becomes electrochemically nobler than the steel substrate and, as a consequence, less sacrificial [START_REF] Wilcox | Electrodeposited zinc alloy coatings[END_REF]. The present work studies hence the single phase Zn-Ni coating.

The corrosion mechanisms of Zn-Ni alloys could be explained by several factors.

First, the difference in the electrochemical potentials of zinc and nickel induces the process of selective dissolution of Zn from an alloy called dezincification [START_REF] Marshakov | Anodic dissolution of nickel from the individual and NiZn intermetallic phases in acidic sulfate solutions. II. NiZn intermetallic compound[END_REF][START_REF] Landolt | Corrosion and surface chemistry of metals[END_REF][START_REF] Marshakov | Anodic dissolution and selective corrosion of alloys[END_REF]. The dezincification can easily lead to a very fast degradation of both mechanical and corrosion protection properties of the coatings as a consequence of surface roughening, cracking and porosity increase [START_REF] Tozar | Structural and corrosion protection properties of electrochemically deposited nano-sized Zn-Ni alloy coatings[END_REF][START_REF] Solmaz | Hydrogen evolution and corrosion performance of NiZn coatings[END_REF][START_REF] Gavrila | Corrosion behaviour of zinc-nickel coatings, electrodeposited on steel[END_REF]. On the other hand, the corrosion products are expected to fill the large quantity of microcracks, limiting the oxygen diffusion to the steel substrate, and to provide thereby limiting the corrosion of Zn-Ni alloy [START_REF] Yoo | The effect of synthetic zinc corrosion products on corrosion of electrogalvanized steel: I. Cathodic reactivity under zinc corrosion products[END_REF][START_REF] Yoo | The effect of synthetic zinc corrosion products on corrosion of electrogalvanized steel. II. Zinc reactivity and galvanic coupling zinc/steel in presence of zinc corrosion products[END_REF][START_REF] Yoo | The effect of an artificially synthesized simonkolleite layer on the corrosion of electrogalvanized steel[END_REF][START_REF] Kwon | Characterization of the influence of Ni content on the corrosion resistance of electrodeposited Zn-Ni alloy coatings[END_REF][START_REF] Watson | Zinc-nickel alloy electroplated steel coil and other precoated coil for use by the automotive industry: a review of literature published 1983-1987[END_REF][START_REF] Feng | Corrosion mechanism of nanocrystalline Zn-Ni alloys obtained from a new DMH-based bath as a replacement for Zn and Cd coatings[END_REF][START_REF] Ozga | Determination of the corrosion rate of Zn and Zn-Ni layers by the EDS technique[END_REF][START_REF] Ivaskevic | Dealloying of electrodeposited zinc-nickel alloy coatings[END_REF][START_REF] Hammami | Influence of Zn-Ni alloy electrodeposition techniques on the coating corrosion behaviour in chloride solution[END_REF][START_REF] Mosavat | Study of corrosion performance of electrodeposited nanocrystalline Zn-Ni alloy coatings[END_REF]. It was previously reported, that this adherent layer of corrosion products is composed of a fairly soluble simonkolleite Zn 5 (OH) 8 Cl 2 •H 2 O [START_REF] Sriraman | Characterization of corrosion resistance of electrodeposited Zn-Ni Zn and Cd coatings[END_REF], ZnO and a small quantity of hydrozincite 2ZnCO 3 •3Zn(OH) 2 [START_REF] Tian | Study on corrosion resistance of electroplating zinc-nickel alloy coating[END_REF]. The increase in Ni content, caused by dezincification, can additionally improve the corrosion resistance, delaying the hydrolysis of the protective corrosion products [START_REF] Wilcox | Electrodeposited zinc alloy coatings[END_REF][START_REF] Kwon | Characterization of the influence of Ni content on the corrosion resistance of electrodeposited Zn-Ni alloy coatings[END_REF][START_REF] Watson | Zinc-nickel alloy electroplated steel coil and other precoated coil for use by the automotive industry: a review of literature published 1983-1987[END_REF]. It seems hence important to understand both phenomena, coating dealloying and corrosion products formation.

In order to further improve the corrosion resistance of Zn-Ni coatings, different strategies can be applied such as coating thickening [START_REF] Wilcox | Electrodeposited zinc alloy coatings[END_REF], microsctructuring [START_REF] Sriraman | Characterization of corrosion resistance of electrodeposited Zn-Ni Zn and Cd coatings[END_REF], Ni preplating [START_REF] Tozar | Structural and corrosion protection properties of electrochemically deposited nano-sized Zn-Ni alloy coatings[END_REF][START_REF] Liu | Effect of nickel pre-plating on the plating of Zn-Ni alloy coating on stainless steel substrate[END_REF], or modification of the Zn-Ni electrodeposition baths composition [START_REF] Chouchane | Electrochemical corrosion behavior in NaCl medium of zinc-nickel alloys electrodeposited under applied magnetic field[END_REF][START_REF] Pedroza | Influence of formic acid on the microstructure and corrosion resistance of Zn-Ni alloy coatings by electrodeposition[END_REF][START_REF] Chandrasekar | Properties of zinc alloy electrodeposits produced from acid and alkaline electrolytes[END_REF]. It seems that the best protection was achieved by post-plating passivation treatments (conversion coatings), often containing Cr, applied on a single γ-phase [START_REF] Gavrila | Corrosion behaviour of zinc-nickel coatings, electrodeposited on steel[END_REF][START_REF] Muller | Cr-Free passivation on ZnNi alloys[END_REF][START_REF] Sohi | Study of the corrosion properties of zinc-nickel alloy electrodeposits before and after chromating[END_REF][START_REF] Petrauskas | Potentiodynamic study of anodic dissolution of Zn-Ni alloy[END_REF]. Hexavalent chromium being also prohibited by REACh regulation, passivation treatment with trivalent chromium (Cr(III) becomes the most popular.

The major studies of the effect of Cr(III) passivation on Zn-Ni corrosion are generally limited to the comparison of anticorrosion performance between differently prepared samples. It was for instance reported that the chromate passivated Zn-Ni coatings showed a better corrosion resistance than chromated Zn in chloride solutions [START_REF] Fratesi | Corrosion resistance of Zn-Ni alloy coatings in industrial production[END_REF], whereas in alkaline media no differences were observed between these two coatings [START_REF] Short | Electrochemical studies on the corrosion of a range of zinc alloy coated steel in alkaline solutions[END_REF]. Moreover, in some cases, the passivation treatment led to enhanced cracking [START_REF] Chandrasekar | Properties of zinc alloy electrodeposits produced from acid and alkaline electrolytes[END_REF] and a surface enrichment in Ni [START_REF] Sheu | Investigation on the corrosion resistance of trivalent chromium conversion passivate on electroplated Zn-Ni alloy[END_REF]. If a correlation between the initial structure (of both, the alloy and Cr(III) passivation) with the anticorrosion performance is regarded, the detailed degradation mechanisms and factors affecting the severity of the degradation are not often considered. There is also no knowledge about the chemical evolution of the surface during de-alloying and the effect of passivation on it. Thus, deep understanding of the effect of passivation on the mechanisms of the de-alloying process, electrochemical conditions leading to de-alloying and the chemical evolution of the surface are of interest.

The objective of the present study is to check the effect of Cr(III)-passivation treatment on different steps of corrosion mechanism (dealloying, surface modification and corrosion products precipitation) of a mono-phasic γ-Zn-Ni alloy coating in unbuffered 0.01 M NaCl aqueous solutions. For this purpose, electrochemical characterization of the non-passivated and passivated alloy coating was completed by the morphological, structural and chemical surface characterization of the pristine, corroded and anodically oxidized alloys.

Material and methods

Sample preparation

The Zn-Ni alloy coating was electrodeposited onto commercial low carbon steel substrates (0.80-1.10% (wt.) Cr, 0.15-0.25% (wt.) Mo, 0.28-0.33% (wt.) C, 0.40-0.60% (wt.) Mn, <0.035% (wt.) P and <0.040% (wt.) S, 0.20-0.35% (wt.) Si) shot peened with alumina (Al 2 O 3 ) balls to control the roughness and reduce the loss of fatigue strength caused by electrodeposition. The deposition was made using a procedure reported in [START_REF] Fedi | Structure determination of electrodeposited zinc-nickel alloys: thermal stability and quantification using XRD and potentiodynamic dissolution[END_REF]. The substrate was sandblasted to Ra = 2.5 µm, then rinsed with distilled water and placed in an acetone ultrasonic bath for 3 min, and finally rinsed with distilled water just before plating. The coupons with an area of 3 cm 2 were cut and treated in simplified alkaline zinc-nickel bath contained 0.16 M ZnO, 3.75 M NaOH, 0.05 M NiSO 4 6H 2 O, 0.1 M diethylenetriamine. The samples that underwent this treatment are named "as-plated". The alloy composition was between 15.5 and 16.0% (wt.) of Ni and the rest was Zn according to EDX analysis.

The chromium(III)-based passivation treatment of Zn-Ni alloy coated samples was performed by stirring in a mixture of 0.1 M oxalic acid, 0.02 M sodium nitrate, 0.02 M chromium chloride, 0.01 M cobalt chloride, and 0.3 M boric acid solutions (pH = 3.5-4, 35 °C, t = 60 s) followed by a rinsing with de-ionized water (18.2  cm at 25 C, Millipore TM system), dried by compressed air and then submitted to a thermal treatment for 30 min in an oven at 90 °C. These last samples are referred to as "passivated" Zn-Ni. This procedure of Cr(III) passivation was adopted from a previous work [START_REF] Sheu | Investigation on the corrosion resistance of trivalent chromium conversion passivate on electroplated Zn-Ni alloy[END_REF].

Electrochemical measurements

The electrochemical experiments were carried out in a three-electrode cell with the "as-plated" or "passivated" Zn-Ni as working electrodes, a Pt wire as counter electrode and an Ag/AgCl/sat. KCl reference electrode, by using a Gamry Reference 3000 TM potentiostat, at ambient temperature (25 C). Further, all the potentials are given with reference to Ag/AgCl/sat. KCl. The working electrode ("as-plated" or "passivated" Zn-Ni) having a geometric area of 0.2 cm 2 was rinsed with ethanol and dried in a N 2 flow before each electrochemical measurement. In the result section, the current density (j) is given which was calculated per unit of apparent (geometric) area of the initial electrode surface.

The aerated 0.01 M NaCl solution (20 ml) with an initial pH of 6 was prepared using reagent grade chemicals (VWR Prolabo) and deionized water (Millipore TM system, 18.2  cm at 25 C). A low chloride concentration was chosen in order to slow down the coating degradation and to avoid the exposure of steel to the electrolyte. Aliquots of 20 ml of the electrolyte solution used for immersion tests were systematically collected and analysed by ICP-AES.

The coating electrochemical behaviour was evaluated by means of open circuit potential (OCP), linear sweep voltamperometry (LSV) and potentiostatic chronoamperometry measurements. LSV was performed at a scan rate of 10 mV s -1 . A series of anodic potentiostatic curves were recorded at different applied potentials, E appl .

The tests, repeated at least 3 times, showed a very good reproducibility: the open circuit difference between 3 parallel experiments was not more than 20 mV and the current under the same polarization did not differ more than 5% (not shown on graphs). All the anodic polarization data were obtained after 1 min of cathodic prepolarization at the potential E cp = -1.4 V in order to avoid a spontaneous selective dissolution of zinc from the coating before the experiment. It was assumed that the cathodic pre-polarization did not induce changes in the anodic behaviour of the coatings. The chronoamperometry permitted to detect transients at selected potential conditions in order to get an insight in the kinetics and the mechanisms of the processes relevant to the selected potential domain.

Morphological and chemical characterisation

The coating morphological characterisation was performed by scanning electron microscopy (SEM), Cambridge Instruments SEM 260 and JEOL JSM-6380LV at applied voltages 1 to 20 kV. The local chemical composition was determined by energy dispersive X-ray spectrometry (EDS), OXFORD Inca energy 250.

Phase identification in Zn-Ni coatings was conducted by X-ray diffraction (XRD) using an ARL X`TRA Diffractometer (Thermo Scientific) and a PANalytical X'Pert Diffractometer with a Cu target (λ CuKα = 1.54 Å). XRD characterization was performed after removal of the corrosion products using a glycine solution in an ultrasound bath.

Phase identification of thick corrosion products was made by Raman spectroscopy using a Renishaw InVia micro-Raman spectrometer operated by Wire 4.0 software with a green laser (532 nm) at applied power 100 mW, grating 1800 lines/mm and exposure time of 10 s.

In-depth elemental distribution (depth profiles) of the coatings were performed by glow-discharge optical emission spectroscopy (GD-OES, GD-Profiler 2, HORIBA Scientific) with Ar plasma at a pressure of 686 Pa at a power of 35 W and a 4 mmdiameter anode. The detector was a nitrogen purged polychromator with 50 cm focus distance. Cr, Ni, Al, Fe, Zn and O signals were monitored using the emission lines of 425.439 nm, 352.459 nm, 396.157 nm, 371.999 nm, 481.060 nm and 130.223 nm, respectively. Cleaning with silicon wafer was used before each profile in order to remove contaminants on the anode. The sputtered depth was monitored in real time by DiP (differential interferometric profiling) using a system integrated in the GD-Profiler 2.

The concentration of Zn and Ni after samples immersion in 0.01 M NaCl electrolyte was further measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES).

The surface chemistry was investigated by X-ray Photoelectron Spectroscopy (XPS), using a K-Alpha spectrometer from Thermo Fisher Scientific, under ultrahigh vacuum (base pressure in the low 10 -9 mbar), equipped with a monochromatic Al source (1486.7 eV) using a spot size of 400 μm, corresponding to an irradiated zone of approximately 1 mm 2 . The hemispherical analyzer was operated at 0° take off angle in the Constant Analyzer Energy mode, with a pass energy of 200 eV and a step of 1 eV for the acquisition of wide scans and a pass energy of 50 eV and a step of 0.1 eV for the acquisition of narrow scans. Charge compensation was applied using a "dual beam" flood gun. The C-C, C-H signal at 285.0 eV was used for charge calibration. The recorded spectra were processed by means of the Avantage software version 5.966 provided by the manufacturer. A peak fitting routine was realized with Shirley background subtraction and symmetrical 70%-30% mixed Gaussian-Lorentzian peak shapes; an asymmetric line shape was considered for metallic Ni. The peak areas were corrected using the Scofield sensitivity factors in order to evaluate the atomic ratios.

Results

Corrosion and anodic behaviour of as-plated and passivated Zn-Ni alloys

Figure 1a shows the open circuit potentials (E ocp ) measured in 0.01 M NaCl solutions for as-plated (1) and passivated (2) Zn-Ni alloy coatings. A sharp increase during the initial stage of immersion (reaching more noble potentials) can be observed for both types of coatings. Within the initial stage of immersion, more negative E ocp can be observed for the as-plated (1) than the passivated Zn-Ni coating (2). However, after approximately 2.5 h of immersion the E ocp of the as-plated Zn-Ni coating (1) stabilizes at -0.590.01 V. The potential of the passivated Zn-Ni sample (2) shows a steep increase during the first 15 min, and a stabilization after 0.5 h at -0.610.01 V. After approximately 5 hours of immersion time, the OCP value of as-plated samples is around 25 mV nobler than the passivated samples (-0,600 V for line 1 and -0,625 V for line 2).

Even if the difference of the OCP between the as-plated and passivated samples is small, it is still higher than the measurement error (about 20 mV). The OCP increase during immersion can be attributed to the de-alloying and surface enrichment by Ni. In such interpretation, the higher OCP of the as-plated samples after the immersion can be interpreted as the higher surface enrichment by Ni of these samples.

Aliquots of the NaCl solutions after 24 h of immersion were subjected to elemental analysis by ICP-AES which revealed near constant Zn concentrations of 2.90. 15 10 -5 M for as-plated and 2.30.15 10 -5 M for passivated Zn-Ni. These values are close to the solubility of Zn at neutral or slightly alkaline pH, indicating that most of the Zn corrosion products are not soluble. Ni was not detected confirming no solubility of Ni species.

To determine the corrosion coatings stability the anodic polarization curves were performed (Fig. 1b). A very sharp current increase starting at the critical dealloying potential (E cr ) can be observed for both as-plated (1) and passivated (2) coatings. The E cr (-0.5460.003 and -0.5260.002 V for the as-plated and passivated coatings, respectively) were determined from the intersection point between the slopes corresponding to the current increase and the low-current density region (Fig. 1b) [START_REF] Pickering | Characteristic features of alloy polarization curves[END_REF].

The fact that the E cr of the as-plated samples was lower than E cr of the passivated samples indicates easier higher de-alloying of as-plated coating and hence a protective effect of passivation against the de-alloying.

The current-time curves obtained at different applied anodic potentials E appl are presented in Fig. 1c and1d. The E appl was lower than E cr (E appl < E cr ), close to E cr and higher than E cr (E appl > E cr ) in order to compare the morphological, chemical and phase changes of the coating at different conditions of anodic dissolution. Both as-plated (Fig. 1c) and passivated (Fig. 1d) Zn-Ni alloys show a linear Cottrell-like behaviour. The linear extrapolations of the currents obtained at different applied potentials show the same vertical intercepts. At a critical time t = t cr the current decay is slowed down, and then the current even begins to increase. The larger the applied potential E appl , the larger deviation from the Cottrell-like behaviour and the smaller t cr can be observed.

Morphological and structural evolution of the coatings

The surface morphologies of the as-plated (a, c) and passivated Zn-Ni (b, d) coatings before (a, b) and after potentiostatic de-alloying at E appl > E cr (c, d) are presented in Fig. 2. The process of potentiostatic de-alloying in 0.01 M NaCl was performed at the overcritical potential E appl = -0.5 V. The time of the de-alloying (1.5 h) was sufficient to observe the morphological changes of the coating such as the large round, non-uniform grains with a size of approximately (roughly) 10-20 µm. Regardless of presence of passivation layer, microcracks are present (Fig. 2 a andb). This cracking, attributed to the intensive dealloying, will be discussed in section 4.2.

At potentials lower than critical dealloying potential (E appl < E cr ), Zn-Ni coatings do not present cracks induced by potentiostatic dissolution or immersion at open circuit potentials (SEM not shown here). The latter confirms the hypothesis that origins of cracks observed after polarization at over-critical potentials are related to dealloying. A considerable surface roughening with formation of cracks and deep narrow pits after potentiostatic dissolution was observed at applied potentials E appl higher than E cr (Fig. 2c andd). The presence of precipitated platelets for which the EDS analysis indicates the presence of Cl, O and Zn at atomic ratios close to the stoichiometry of zinc hydroxychloride (simonkolleite, Zn 5 (OH) 8 Cl 2 •H 2 O) can be also observed. The presence of simonkolleite was also confirmed by Raman spectroscopy (Fig. 8). It must be mentioned that the amount of simonkolleite seems to be less significant in the case of the passivated sample (Fig. 2d) than for as-plated coating (Fig. 2c). For the later the homogenous distribution of simonkolleite deposits can be observed. Coating enrichment in Ni and O was evidenced in the areas not covered by the platelets (Table 1). Fig. 3 shows typical X-ray diffraction patterns before and after immersion and dealloying at E appl > E cr for as-plated and passivated Zn-Ni alloy. The as-plated sample (XRD pattern no 4 in the figure) exhibits the presence of a single γ-phase having the composition Ni 2 Zn 11 , which corresponds to the 15% (at.) of Ni in the electrodeposited alloy. The EDS results presented in Table 1 are in good agreement with the XRD data.

Regardless of the sample treatment, EDS shows a Ni:Zn ratio of approximately 2:11.

After immersion, XRD shows similar results with the presence of a single γ-phase Ni 2 Zn 11 for the as-plated, passivated and dealloyed Zn-Ni samples (Fig. 3). However, for the dealloyed sample some new peaks appear. In particular, the peak 2  44.5 characteristic of metallic nickel, can be observed. Very small peaks of metallic iron reveal that the coating is thinned and the steel substrate can be detected through it. The modification of the relative height of different peaks characteristic to the intermetallic after dealloying (increase of the peaks at 2 between 70 and 80° spectra 6 and 7) can be interpreted as the difference in the dissolution rate of the surfaces different orientation. In turn, for uncorroded passivated Zn-Ni alloy, EDS shows the presence of Cr (less than 1 at. %) and locally in some places the presence of Al (not more than 0.1 at. %). It also demonstrated the enhanced quantity of oxygen when compared to the asplated sample.

The GD OES profile of the passivation layer (Fig. 4) demonstrates that it is several tens of nm thick, and consists of O-, Zn-, Cr-containing species, which chemical state will be discussed hereafter. One should also note that O signal is shown only to demonstrate the presence of the metal oxide or hydroxide species (e.g. Cr 2 O 3 or Cr(OH) 3 ). O was not quantified in this profile because of the absence of correct standards for O in thin passivation layer. A small quantity of Al (in average less than 0.05 %) was also detected. The presence of Al can be attributed to the electrodeposition bath contamination by alumina residues. It could originate from the shot peening of the substrate with alumina balls before coating. Some residues, mechanically incrusted in the surface, could dissolve into both, acid and alkaline bath because aluminium oxide is amphoteric. The Fe signal coming from the erosion of the steel substrate becomes detectable after approximately 12 µm eroded depth, indicating a minimal Zn-Ni coating thickness of about 12 μm. The Fe signal increases however very slow, reflecting the roughness of the interface and making impossible the exact measurement of the layer thickness.

Surface modifications induced by immersion

The surface chemical modifications of the as-plated and passivated Zn-Ni samples as a function of immersion time in 0.01 M NaCl electrolyte were evaluated from the XPS data shown in Fig. 567.

For the as-plated Zn-Ni coating after 1 h of immersion (Fig. 5a), an increase of Zn concentration from 23 to 34% (at.) can be observed. For higher immersion times varying from 2 to 5 hours, the quantity of Zn compounds does not vary significantly, as shown in For the passivated Zn-Ni coating the Zn evolution is less significant (Fig. 5 b and7 a).

An increase from 11 to 16% (at.) after 2 h of immersion can be observed (Fig. 5b). This small deviation of α' for passivated Zn-Ni is possible and it is in agreement with the literature [START_REF] Steinberger | XPS study of the effects of long-term Ar + ion and Ar cluster sputtering on the chemical degradation of hydrozincite and iron oxide[END_REF][START_REF]NIST X-ray Photoelectron Spectroscopy Database[END_REF][START_REF] Dake | Auger parameter measurements of zinc compounds relevant to zinc transport in the environment[END_REF].

Concerning the second principal component of the Zn-Ni alloy, the quantity of Ni compounds for the as-plated sample is small (around 0.1% (at.)), however its increase can be observed (in Fig. 5a) with the immersion time (up to 0.2% (at.)). The Ni 2p core level spectra show significant split spin-orbit components (Ni 2p 3/2 and 2p 1/2 ). For simplicity and due to low peak intensity, only the Ni 2p 3/2 component was decomposed.

The results are presented in Fig. 6c for the as-plated Zn-Ni alloy (0 h of immersion). The lowest binding energy peak at 852.7 eV can be attributed to the metallic Ni and the two higher binding energy peaks at 853.3 and 854.3 eV to the oxidized Ni. NiO usually presents a characteristic multiplet splitting [START_REF] Grosvenor | New interpretations of XPS spectra of nickel metal and oxides[END_REF]. The higher binding energy peaks at 856.5 and 861.6 eV correspond to satellites of metallic and oxidized nickel, respectively.

As the signal attributed to Ni(OH) 2 (at around 856 eV) can superposed those of the oxides and their satellites, we cannot rule out its presence. During the immersion time, an increase of NiO was observed (not shown).

The Ni 2p signal was not observed in the case of the passivated Zn-Ni sample. As for Cr, Fig. 5b shows a significant increase in the Cr concentration with the immersion time (from 0.3 to around 6% (at.)). Cr 2p core level presents a spin orbit doublet Cr 2p 3/2 and 2p 1/2 . For simplicity only Cr 2p 3/2 is presented and decomposed here (Fig. 7c). A decomposition of the Cr 2p region and peak attribution is rather complex due to very close binding energies of peaks corresponding to Cr oxides and hydroxides and have been previously widely discussed [START_REF] Ely | Effect of posttreatment on improved corrosion behavior of trivalent chromium protection (TCP) coating deposited on aluminium alloy 2024-T3[END_REF][START_REF] Viroulaud | Influence of surface pretreatments on the quality of trivalent chromium process coatings on aluminum alloy[END_REF]. Moreover, the Cr 2p 3/2 component is interfered by the Zn LM5 Auger line, which appears at lower binding energy of 576.3±0.3 eV. The peak corresponding to Zn LM5 was fixed by taking into account the ratio Zn LMM to Zn LM5 equal 0.295 measured for reference sample of zinc oxide/hydroxide. The higher binding energy Cr 2p 3/2 peak at 577.4±0.3 eV can be attributed to Cr(III) oxides and hydroxides [START_REF] Hughes | Chromate conversion coatings on 2024 Al alloy[END_REF][START_REF] Qi | Formation of a trivalent chromium conversion coating on AA2024-T351 alloy[END_REF][START_REF] Wagner | Handbook of X-ray photoelectron spectroscopy[END_REF][START_REF] Pratt | Comment on 'Curve fitting of Cr 2p photoelectron spectra of Cr 2 O 3 and CrF 3[END_REF][START_REF] Stypula | The characterization of passive films on chromium electrodes by XPS[END_REF][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] Yang | Resistance to pitting and chemical composition of passive films of a Fe-17%Cr alloy in chloride-containing acid solution[END_REF].

Discussion

Effect of Cr(III) passivation on chemical and electrochemical properties of Zn-Ni coating

More positive initial E ocp values, observed for the passivated samples compared to the as-plated Zn-Ni in the beginning of immersion (Fig. 1a), imply an initial barrier protection provided by a passivation layer. After 2.5 h of immersion E ocp values of the as-plated samples are slightly higher than the OCP values of the passivated sample, which could be attributed to the higher Ni content. Indeed, the gradual increase of E ocp for as-plated Zn-Ni coating during immersion can be attributed to the selective dissolution of Zn, as evidenced by the atomic ratio of Ni to Zn (Table 1) and the presence of metallic Ni on this sample, shown by XRD. The increase of the Ni content with the immersion time was also evidenced by XPS and SEM-EDS (Table 1, Fig. 5a).

The nickel was not detected by ICP-AES in the immersion solution (i.e. its concentration in the solution (  2 Ni n ), was lower than the detection limit of ICP-AES). This is in line with the selective Zn dissolution from the Zn-Ni coatings. At the same time, the zinc concentration (  2

Zn n ) was almost constant and close to the content of Zn 2+ in saturated neutral and slightly alkaline solutions. For the passivated sample, the zinc content in the solution was lower than for the as-plated coatings. The latter can be interpreted that the rate of zinc dissolution was inhibited by the passivation treatment. A very rapid saturation of the solution with zinc ions led to the precipitation of simonkolleite on the alloy surface, as confirmed by SEM-EDS and Raman spectroscopy analyses.

Selective dissolution of Zn is in a good agreement with the measurements of the dissolution selectivity factor (SF) [START_REF] Ivaskevic | Dealloying of electrodeposited zinc-nickel alloy coatings[END_REF][START_REF] Protasova | A mechanism for the corrosion and anodic dissolution of NiZn 3 intermetallide in acidic chloride solutions[END_REF], which can be determined from the following equation [START_REF] Zartsyn | Mutual influence of partial electrode reactions and dissolution mechanism of nickel-zinc alloys[END_REF]:

       2 2 Zn Zn Ni Ni nn SF nn Equation ( 1 
)
where Zn n and Ni n are the atomic fractions of Zn and Ni in the alloy, respectively. The selective dissolution of Zn can be established in neutral chloride solutions if the SF is much higher than unity [START_REF] Protasova | A mechanism for the corrosion and anodic dissolution of NiZn 3 intermetallide in acidic chloride solutions[END_REF].

According to the XPS, the relative intensity of metallic nickel to oxidized nickel is slightly decreasing with immersion time confirming the uptake of nickel oxides and/or hydroxides. However, it should be noted that the Ni 2p peak intensity is weak and the XPS analysis can be influenced by the increased surface roughness and formation of oxides/hydroxides upon sample exposition to ambient air. What should be emphasized, is the absence of Ni compounds at the extreme surface of the passivated Zn-Ni (Fig. 5b), which confirms that the Cr-containing layer plays a role of the protective barrier. It is also in agreement with the lower electrochemical coating reactivity and slower Ni enrichment as shown by SEM-EDS.

Effect of applied potential

At overcritical potentials, the anodic dissolution (de-alloying) of the Zn-Ni samples leads to their structural instability, which can be detrimental for their corrosion protection performance. According to the SEM results (Fig. 2), significant morphological changes and an important increase of surface roughness typical for the de-alloying process appear after anodic polarization (Fig. 1b). Similar anodic behaviour of Zn-Ni alloys (10.3% (at.) Ni) in deaerated 0.1 M sodium sulphate with the pH adjusted to 3.6 was observed previously by Stein et al. [START_REF] Stein | Dealloying studies with electrodeposited zinc-nickel alloy films[END_REF]. After polarization at potentials below the critical potential E cr  -0.6 V, the surface roughening was not observed whereas, above E cr new intergranular cracks were formed over the whole coating [START_REF] Stein | Dealloying studies with electrodeposited zinc-nickel alloy films[END_REF]. The potential E cr corresponding to the initiation of such morphological changes accompanied by surface cracking and explained by the zinc dissolution was called "critical de-alloying potential" [START_REF] Pickering | On preferential anodic dissolution of alloys in the low-current region and the nature of the critical potential[END_REF]. The E cr values were close for the as-plated and passivated coatings, but E cr was slightly nobler for the passivated samples.

Precipitation of simonkolleite at the surface of Zn-Ni coatings (Fig. 8) after long-term potentiostatic polarization at overcritical potentials is in agreement with the previous works [START_REF] Panek | The corrosion resistance of zincnickel composite coatings[END_REF][START_REF] Kubisztal | Corrosion resistance of Zn-Ni coatings exposured to neutral salt spray[END_REF] showing ZnCl 2 •4Zn(OH) 2 as the main corrosion product of Zn-based coatings in chloride solution. Much smaller quantity of simonkolleite observed in the case of the passivated samples (Fig. 2d) than in the case of the as-plated coating (Fig. 2c) evidenced by SEM, is in agreement with lower reactivity due to the good barrier properties provided by passivation layer.

Linearization of anodic chronoamperograms in Cottrell coordinates (Fig. 1c andd) allowed us to conclude that zinc dissolution is controlled by a bulk mass transfer diffusion in the anodic region [START_REF] Marshakov | Anodic dissolution and selective corrosion of alloys[END_REF]. A negative segment cut off on the ordinate axis can be explained by a possible contribution of cathodic reaction, most likely an oxygen reduction occurring in naturally aerated NaCl solution. The absence of dependence of the cathodic current on the potential allows us to assume that the cathodic process is also diffusion-controlled. The fact that this segment cut off is twice smaller for the passivated than for the as-plated samples confirms the barrier properties of the passivation layer for reactivity in the cathodic range.

An increase of the anodic current starting at the critical time (t cr ) (Fig. 1c andd) is characteristic of many other single-phase alloys, e.g. Ag-Au [START_REF] Kozaderov | Kinetics of phase transformations in a binary alloy surface layer at the selective dissolution. II. Ag-Au|Ag + system[END_REF], Cu-Au [START_REF] Kozaderov | Kinetics of phase transformations in the surface layer of a binary alloy at the selective dissolution: III. Cu-Au|Cu 2+ system[END_REF], Ag-Pd [START_REF] Kozaderov | Kinetics of phase transformations in the surface layer of a binary alloy upon selective dissolution. IV. Ag-Pd|Ag + system[END_REF], as well as of Zn-Ni alloys [START_REF] Stein | Dealloying studies with electrodeposited zinc-nickel alloy films[END_REF]. At potentials E appl < E cr the current transients have a negative slope. On the contrary, at E appl > E cr the slopes of current transients become positive. According to Zartsyn et al. [START_REF] Zartsyn | Conversions of the noble component during selective dissolution of a homogeneous alloy in an active state[END_REF] such behaviour can be explained by an oversaturation of the alloy surface by defects (e.g. vacancies) originating from a selective dissolution during the critical time t cr corresponding to the transfer of critical charge q cr through the electrode. As a result, a concentration of the isolated defects becomes higher than the critical concentration, necessary for their coalescence. The coalescence of the defects leads to the formation of cracks and the morphological modifications. The critical charge (q cr ) is a thermodynamic parameter that depends on the chemical composition of an alloy, but not on the electrode potential [START_REF] Zartsyn | Conversions of the noble component during selective dissolution of a homogeneous alloy in an active state[END_REF]. It was estimated that q cr was 4.2±0.2 and 3.7±0.8 mC cm -2 for as-plated and passivated coatings, respectively, by calculating the integrals from the experimental j-t curves at different applied potentials:

    cr cr 0 d t q j t t Equation (2) 
As previously evidenced [START_REF] Zartsyn | Conversions of the noble component during selective dissolution of a homogeneous alloy in an active state[END_REF] in the case of significant morphological changes by selective dissolution, the electric charge should be higher than the critical value. These required conditions were easily reached under anodic polarization because the experimental charge passed through the coating was not less than 1 C cm -2 (>> q cr ). On the contrary, the conditions of immersion tests (zero total current and no charge) were too soft to lead to critical state with severe morphological modifications and formation of cracks.

Proposed dealloying mechanism

According to the above electrochemical, microscopic, structural and chemical characterisation, the following mechanism of the Zn-Ni gamma-phase de-alloying process in neutral Cl --containing unbuffered media can be proposed (Fig. 9). The process of Zn-Ni alloy coating de-alloying is dominated by a selective dissolution of zinc, which leads to formation of Zn 2+ ions and defects, e.g. vacancies  [START_REF] Zartsyn | Conversions of the noble component during selective dissolution of a homogeneous alloy in an active state[END_REF]. The process is complex due to the formation of a non-passivating and porous oxide/hydroxide film. Apparently, the long-time process is followed by precipitation of insoluble Zn-containing corrosion products, which can be further enhanced by the local pH increase when corrosion advances. The dissolution of nickel was not evidenced.

The metallic Ni and NiO were detected on the surface of as-plated Zn-Ni coatings by XPS (Fig. 6). The formation of NiO can be explained by a density increase of surface defects caused by zinc dissolution and thus an increase of the thermodynamic activity of the electropositive component (i.e. Ni) as demonstrated by theoretical studies [START_REF] Zartsyn | Conversions of the noble component during selective dissolution of a homogeneous alloy in an active state[END_REF]. In the de-zincified surface layer, the metal passes into an energy-saturated state Ni*:

   W activation Ni Ni * Equation (4)
In principle, the further behavior of the activated nickel Ni* may be different, but apparently in nearly-neutral chloride solutions it can be oxidized more easily, i.e. at more negative potentials, than bulk nickel or nickel from an intermetallic compound:

oxidation Ni * NiO   Equation (4)
The absence of a Raman nickel oxide signal after anodic polarization (Fig. Thus, it stays difficult to establish exactly, which nickel phase is formed as a result of de-alloying, both metallic Ni and oxidated Ni were detected. In the case of passivated samples, neither Ni nor NiO were observed (Fig. 5b) at the surface, which could be attributed to barrier properties of the chromium oxide layer inhibiting the metallic nickel phase formation.

To sum up, as a consequence of the selective dissolution of Zn, a de-zincified surface layer saturated with defects e.g. vacancies is formed. In principle the in-depth gradient of these defects can be a driving force for zinc and nickel solid-phase interdiffusion in the de-zincified layer from the bulk toward the surface. Such an interdiffusion-controlled step is confirmed by the Cottrell-like behaviour. However, it is important to note that such kind of transient behaviour is not a feature of solid-phase diffusion only, but can be a result of Zn 2+ ions diffusion in the electrolyte solution, too.

According to previous studies using the impedance measurements on Zn-Ni alloys with mass fraction of nickel from 0.5 to 10% in synthetic sea water (3.5% NaCl) [START_REF] El-Lateef | Role of Ni content in improvement of corrosion resistance of Zn-Ni alloy in 3.5% NaCl solution. Part I: Polarization and impedance studies[END_REF], the possibility of liquid-phase diffusion-controlled mechanism with a diffusion of soluble metal species from the electrode surface to the bulk solution cannot be excluded.

It should be noted, that the anodic potential and Cr(III)-based passivation treatment does not influence the kinetics of Zn-Ni de-alloying. Indeed, the shape of the curves does not change though for both systems under study the current increase with increasing potential (Fig. 1c andd). On the contrary, passivation of the alloy significantly lowers the rate of the diffusion-controlled dissolution. The lower dissolution rate can be explained by possible protective properties of nanometer Cr-containing film interfering with the ionization of zinc, thereby preventing the reaching a critical charge. Thus, the Zn-Ni passivation is essential in improved corrosion properties of the alloy and prevents it from the de-alloying process. 
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  Fig. 5a and 6a. To further investigate the chemical state of zinc, the Zn Auger component was measured (Zn LMM, Fig. 6 a) and the modified Auger parameter (α') was calculated according to equation α' = KE(Zn LMM) + BE(Zn 2p 3/2 ), where KE represents the kinetic energy corresponding to Zn LMM and BE the binding energy of Zn 2p 3/2 component of the Zn 2p doublet. The value obtained for the modified Auger parameter was approximately 2010.2 ± 0.2 eV and can be attributed to ZnO [40-43].The presence of small quantities of other zinc compounds, such as hydrozincite Zn 5 (CO 3 ) 2 (OH) 6 cannot be completely ruled out. The presence of hydrozincite can be evidenced by a new carbon component located at 289.4 eV (not shown here) attributed to -CO 3 in hydrozincite. However, it should be noted that the presence of -CO 3 can also originate from the sample exposition to the ambient air and/or accumulation of CO 2 in the electrolyte during the immersion and formation of carbonates on the sample surface.

Following

  the same procedure as for the as-plated Zn-Ni case, the modified Auger parameter (α') was calculated for the passivated Zn-Ni coating based on the Auger signal of Zn (presented in Fig. 7 b). For the passivated Zn-Ni coating the α' was 2011.3±0.1 eV but a slightly lower value of 2009.75±0.2 eV was obtained for the sample after immersion. The modification of Zn LMM Auger signal as a function of immersion is presented in Fig. 7 b. The presence of ZnCl 2 or simonkolleite can be confirmed by Cl 2p peak observed on the pristine passivated Zn-Ni sample. The lower Auger parameter (2009.75±0.20) obtained for immersed sample is consistent with presence of ZnO [42].

  ) can be explained by the formation of a very thin, nanometer-thick layer on Ni particles. A sufficiently passivated nickel in the de-zincified layer hinders another possible way of Ni* transformation such as a new Ni 0 phase formation as a result of ad-atoms nucleation[START_REF] Zartsyn | Conversions of the noble component during selective dissolution of a homogeneous alloy in an active state[END_REF] which could be described as follows:

1 . 2 .

 12 The anodic dissolution of the single γ-phase (Ni 2 Zn 11 ) alloy coatings in 0.01 M NaCl showed a selective dissolution of Zn. The de-alloying process was accompanied by zinc corrosion products precipitation. The de-alloying phase transition and cracking however are expected only if the anodic potential exceeded the critical value, determined as -0.546±0.003 V for as-plated and -0.526±0.002 V for passivated Zn-Ni. The process of Zn-Ni alloys anodic selective dissolution was described as nonstationary including transient steps of Cottrel-like solid-or liquid-phase diffusion of zinc, its ionization followed by precipitation of zinc oxide and simonkolleite, and passivation of nickel in the defect-rich surface layer. 3. The Zn-Ni de-alloying rate increased with the anodic potential, whereas the modification of the surface layer composition of the Cr(III) passivated Zn-Ni alloy was less significant. The decrease of zinc oxidation for the Cr(III) passivated Zn-Ni alloy was explained by difficulty in achieving a critical state due to the presence of the passive layer. The improved corrosion properties of the passivated Zn-Ni alloy limited its morphological degradation.

Fig. 1 .

 1 Fig. 1. (a) Open circuit potentials (E ocp ) and (b) anodic polarization curves for as-plated (1) and passivated Zn-Ni alloy (2). Chronoamperograms presented in Cottrell coordinates at different potentials for (c) as-plated and (d) passivated Zn-Ni coatings performed in 0.01 M NaCl.

Fig. 2 .Fig. 3 .

 23 Fig. 2. SEM images of as-plated (a, c) and passivated (b, d) Zn-Ni alloy coatings before (a, b) and after (c, d) potentiostatic de-alloying in 0.01 M NaCl at E appl = -0.5 V for 1.5 h. Inserts: the corresponding higher-magnification SEM images.Fig. 3. The wide angle reference XRD patterns of (1) Ni, (2) Fe, (3) Ni 2 Zn 11 , and experimental XRD patterns of Zn-Ni coatings at different states:(4) as-plated, (5) passivated, (6) immersed in 0.01 M NaCl for 24 h, (7) dealloyed in 0.01 M NaCl at E appl = -0.5 V for 1.5 h.Insert: zoom-in XRD patterns in a 2 range of 44÷45 for the dealloyed sample.

Fig. 4

 4 Fig. 4 Quantitative GD-OES elemental depth profiles of the detected metallic elements for: (a) passivated Zn-Ni coating and (b) extreme surface of passivated Zn-Ni coating revealing the composition of the passivation layer. O signal was detected but was not quantified because of the absence of the correct standards for O in very thin passivation layers. This signal is shown only to demonstrate that the passivated layer contains O.
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 5 Fig. 5 Evolution of surface composition (atomic percentage of O 1s, Zn 2p 3/2 , Ni 2p 3/2 , Cr 2p 3/2 , N 1s and Cl 2p) as a function of immersion time for a) as-plated and b) passivated Zn-Ni coatings. Due to low intensity of Ni and Cr the atomic % for Ni 2p 3/2 or Cr 2p 3/2 (green) are presented on the right axes.

Fig. 6 .

 6 Fig. 6. XPS data for as-plated Zn-Ni coating: a) evolution of Zn 2p core level spectra during the immersion time from 0 h to 5 h b) Zn LMM Auger line before immersion (0 h) and 5 h of immersion and c) Ni 2p core level for as-plated Zn-Ni alloy.

Fig. 7 .

 7 Fig. 7. XPS data for passivated Zn-Ni coating: a) evolution of Zn 2p core level spectra during the immersion time from 0 h to 5 h b) Zn LMM Auger line before immersion (0 h) and after 5 h of immersion and c) Cr 2p core level for passivated Zn-Ni alloy.
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 891 Fig. 8. Reference Raman spectra of (1) ZnO, (2) Zn 5 (OH) 8 Cl 2 •H 2 O (simonkolleite), (3) NiO and experimental Raman spectra of Zn-Ni coating at different states: (4) as-plated, (5) passivated, (6) dealloyed in 0.01 M NaCl at E appl = -0.5 V. Fig. 9. Proposed mechanisms of nickel-zinc coatings de-alloying in a neutral chloride solution (the symbol  here means a vacancy formed during the dezincification process).
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 2345 Fig. 2. SEM images of as-plated (a, c) and passivated (b, d) Zn-Ni alloy coatings before (a, b) and after (c, d) potentiostatic de-alloying in 0.01 M NaCl at E appl = -0.5 V for 1.5 h. Inserts: the corresponding higher-magnification SEM images showing precipitated corrosion products and cracks.

Fig. 6 .

 6 Fig. 6. XPS data for as-plated Zn-Ni coating: a) evolution of Zn 2p core level spectra and b) Zn LMM Auger signal for pristine and for immersed samples from 1 h to 5 h and c) Ni 2p 3/2 core level for as-plated Zn-Ni alloy.

Fig. 7 .

 7 Fig. 7. XPS data for passivated Zn-Ni coating: a) evolution of Zn 2p core level spectra and b) Zn LMM Auger signal for pristine and for immersed samples from 1 h to 5 h and c) Cr 2p 3/2 core level for as-plated Zn-Ni alloy.

Fig. 8 .Fig. 9 .

 89 Fig. 8. Reference Raman spectra of (1) ZnO, (2) Zn 5 (OH) 8 Cl 2 •H 2 O (simonkolleite), (3) NiO and experimental Raman spectra of Zn-Ni coating at different states: (4) as-plated,(5) passivated, (6) dealloyed in 0.01 M NaCl at E appl = -0.5 V.

  

  

  

Table 1 .

 1 Atomic ratios (Ni:Zn:O) obtained from EDS data recorded for the as-plated and passivated Zn-Ni coatings before and after electrochemical tests.

	Surface state	As-plated	Passivated
	Initial	15:81:4	12:64:22
	Immersed for 24 h	15:77:8	12:62:25
	De-alloyed at E appl = -0.50 V for 1.5 h	21:64:15	16:70:14
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