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Introduction

Phosphate conversion coatings (PCC) are among the most used conversion coating for galvanized steel and have been broadly studied on various substrates [START_REF] Ogle | Conversion Coatings[END_REF][START_REF] Ogle | Phosphate conversion coatings[END_REF][START_REF] Jiang | The degradation of phosphate conversion coatings by electrochemically generated hydroxide[END_REF][START_REF] Fernandes | Análise por espectroscopia no infravermelho das camadas de fosfato de zinco e de zinco modificado com níquel e manganês em aço eletrogalvanizado[END_REF][START_REF] Zhou | Structure and formation mechanism of phosphate conversion coating on die-cast AZ91D magnesium alloy[END_REF][START_REF] Losch | Electrochemical investigations of phosphate layers by metal deposition and cataphoretic painting[END_REF]. PCC are inorganic layers of micrometric thickness applied for prepainted materials in order to improve corrosion resistance as well as ensure paint adherence on metallic substrates.

The PCC composition consists of a phosphate source, Zn cations and accelerators (NO3 -, NO2 - etc.) [START_REF] Ogle | Conversion Coatings[END_REF], [START_REF] Donofrio | Zinc phosphating[END_REF]. Additional cations (Ni 2+ , Mn 2+ etc.) can be added in more complex formulations (bi and tri-cation PCC). While both, Mn 2+ and Ni 2+ , decrease the grain size of the precipitated phosphates, Ni 2+ is expected to accelerate the surface reaction during the phosphating process and seal the pores of the PCC, limiting the anodic undermining [8-[11].

The PCC formation mechanism is a complex series of processes. For HDG, the following reactions were proposed [START_REF] Ogle | Conversion Coatings[END_REF][START_REF] Ogle | Phosphate conversion coatings[END_REF][START_REF] Jiang | The degradation of phosphate conversion coatings by electrochemically generated hydroxide[END_REF][START_REF] Fernandes | Análise por espectroscopia no infravermelho das camadas de fosfato de zinco e de zinco modificado com níquel e manganês em aço eletrogalvanizado[END_REF], [START_REF] Akhtar | Effect of Mn 2+ additive on the zinc phosphating of 2024-Al alloy[END_REF], [START_REF] Wolpers | Activation of galvanized steel surfaces before zinc phosphating -XPS and GD-OES investigations[END_REF]- [START_REF] Pourbaix | Atlas d'équilibres électrochimiques à 25[END_REF]:

1. Anodic dissolution: → 2 (1) 
2. Cathodic reduction leading to pH increase:

2 2 → (2) 
or

8 6 → (3) 
3. PCC precipitation in pH range from 4.7 to 8.5 [START_REF] Jiang | Application of atomic emission spectroelectrochemistry to the formation and degradation of conversion coatings on galvanized steel (Zn and Zn-Al-Mg)[END_REF]):

2 3 → . (4) 
Additionally, the formation of ZnNi alloys at the Zn/PCC interface was communicated [START_REF] Zimmermann | Formation of Zn-Ni alloys in the phosphating of Zn layers[END_REF]:

2 → (5) 
Addition of nitrate anion is supposed to accelerate Zn dissolution and reduce hydrogen gas formation replacing cathodic hydrogen reduction by water and nitrite formation [START_REF] Jiang | Activation and inhibition of Zn-Al and Zn-Al-Mg coatings on steel by nitrate in phosphoric acid solution[END_REF]. The PCC process consists of several steps, including alkaline degreasing, rinsing, activation, phosphating and final rinsing. The objective of the alkaline degreasing is to clean the surface from the residues of oils and natural surface oxides, in particular Al oxides, which are soluble in alkaline solutions. The rinsing is necessary to remove soluble species and the activation results in formation of nanoparticles on the surface, which are necessary to accelerate the following PCC nucleation via heterogeneous nucleation mechanisms. The Ti-based activation has been studied in previous works and it was suggested that the PCC grow on the activator nuclei via ion exchange mechanism and the presence of the activator plays an important role for the morphology and distribution of PCC crystals on HDG surface [START_REF] Wolpers | Activation of galvanized steel surfaces before zinc phosphating -XPS and GD-OES investigations[END_REF], [START_REF] Tegehall | Colloidal titanium phosphate, the chemical activator in surface conditioning before zinc phosphating[END_REF], [START_REF] Tegehall | The mechanism of chemical activation with titanium phosphate colloids in the formation of zinc phosphate conversion coatings[END_REF].

Nowadays, HDG steel is more and more replaced by multiphase ZnAl and ZnAlMg coatings which offer longer corrosion resistance and reduction of the coating weight [START_REF] Prosek | Coil-coated Zn-Mg and Zn-Al-Mg: Effect of climatic parameters on the corrosion at cut edges[END_REF]- [START_REF] Prosek | Corrosion performance of Zn-Al-Mg coatings in open and confined zones in conditions simulating automotive applications[END_REF]. New

ZnAlMg coatings have a complex multiphase microstructure composed of Zn dendrites, and binary and ternary eutectics formed by Zn and Al-rich phase and/or intermetallic Zn2Mg [START_REF] Bozec | Advanced Zinc-based hot dip coatings for automotive applications (AUTOCOAT)[END_REF], [START_REF] Azevedo | Corrosion mechanisms of Zn(Mg,Al) coated steel: 2. The effect of Mg and Al alloying on the formation and properties of corrosion products in different electrolytes[END_REF], [START_REF] Prosek | Corrosion performance of Zn-Al-Mg coatings in open and confined zones in conditions simulating automotive applications[END_REF]. The reactivity of these phases being different [START_REF] Han | Dealloying of MgZn2 Intermetallic in Slightly Alkaline Chloride Electrolyte and Its Significance in Corrosion Resistance[END_REF]- [START_REF] Vu | The anodic dissolution of zinc and zinc alloys in alkaline solution. II. Al and Zn partial dissolution from 5% Al-Zn coatings[END_REF], it can result in a micro galvanic coupling between phases and a heterogeneous spatial distribution of cathodes and anodes. The inhomogeneous surface reactivity can impact the PCC formation at different steps, including alkaline degreasing, activation or phosphating.

In the present work, we aim to verify if the interactions of PCC with multiphase ZnAlMg substrates are homogeneous and if the activator has an impact on the homogeneity of the layer via surface characterizations at different treatment steps of model ZnAlMg multiphase coatings and pure phases simulating ZnAlMg microstructures.

Experimental

Materials

Two types of materials were tested: model ZnAlMg multiphase coatings and individual pure phases.

Model ZnAlMg materials

The cold rolled low carbon steel typical for hot dip galvanizing with a thickness of 500 µm was supplied by ArcelorMittal. ZnAlMg coatings were produced by hot dip process with thickness ranging between 5 and 10 µm. Three industrially available ZnAlMg coatings containing not up to 5 wt. % of Al and 3 wt. % of Mg and showing different microstructures on the top surface were selected. All the three coatings contained Zn dendrites and binary eutectic Zn-Zn2Mg on the top surface, while the Al containing phase was present in the form of ternary eutectic on the surfaces of the coatings B and C and in the form of binary eutectic on the coating A. The typical phase dimentions, the lamellas phase in eutectic phases and the distribution of phases on the surface varied between the coatings, are illustrated in Fig. 1. The phases present on the top surface of each coating, as well as their relative fraction on the surface (%) and typical size are summed up in Table 1. One can note from the table and the figure, that in coatings B and C, the typical size of the phase was up to 10 µm, while in coating A, the microstructure was finer with phase size often below 1 µm. All coatings were skin-passed resulting in a roughness comprised between 0.6 and 1.3 µm. Samples with a size of 100 mm×200 mm were cut from the supplied substrate and cleaned with a petroleum ether solvent to ensure complete removal of any oils or surface contamination.

Pure phases

For mechanistic purposes, Zn, ZnAl and Zn2Mg model phases with compositions matching the different phases contained in ZnAlMg coatings were prepared. Alloys were weighed in masses according to their planned composition and heated at 500 °C in furnace. Liquid mixtures were then filtered through ceramic filters (61 wt. % Al2O3 + 39 wt. % SiO2) with 10 pores per square inch porosity. ZnAl phase was solution annealed after casting and then decomposed into binary eutectoid. The chemical composition of the samples determined by atomic absorption spectroscopy (AAS), their phase composition determined by X-ray diffraction (XRD) and their distribution and typical grain/phase size determined from electron microscopy are summarized in Table 2.

Prior to surface treatment, samples were polished with SiC polishing discs (up to 4000 grit), rinsed with ethanol and dried with compressed air.

Solutions

All dillutions and rinsing procedures were made using deionized Millipore water (resistivity 18.2 MΩcm at 25°C). Solutions (present species and desired pH) used to prepare PCC on pure phases and model ZnAlMg materials are listed in Table 3. Total and free acidity were controlled using a 0.1 M NaOH aqueous solution for 10 mL of PCC bath reaching values of 30-32 mL for total acidity and 2-3 mL for free acidity respectively. The total and free acidity were determined by titration as the volume of 0.1 M NaOH necessary to achieve the desired initial pH (free acidity) and to reach neutrality (total acidity).

All baths were used maximum 12 hours after mixing and renewed every 24h. Fresh activator baths were used maximum 4 hours after preparation while in order to verify the impact of the activator bath ageing on PCC distribution, the aged bathes were used 19 days after mixing.

Surface treatment procedure

The exposed area (A= 1 cm²) of the pure samples was defined using insulating tapes -Water rinsing at room temperature;

-Drying in hot air stream.

For ZnAlMg coatings, the alkaline degreasing was performed by spraying on both faces of the sample for 12 s.

For pure phases, the Open Circuit Potential (OCP) evolution in PCC bath was measured with Biologic VSP potentiostat, using a saturated calomel electrode (SCE) as the reference.

Surface characterization

The morphology and distribution of the Zn-Ni phosphate conversion coating deposited on model phases were investigated using a Field Emission Gun Scanning Electron Microscopy (FEG-SEM) on a JEOL 7800F device at an accelerating voltage of 15kV. Samples were observed not later than 4 hours after the phosphating procedure. For SEM observations, the samples issued from at least three different experiments were selected for each bath condition and immersion time. At least five samples were observed for each coating and 2 samples for pure phases for each condition and immersion time.

The titanium-based compound contained in the activator after immersion of the model ZnAlMg coatings and pure phases in the activator bath were studied by X-ray Photoelectron Spectroscopy (XPS). The XPS spectrometer (K Alpha, Thermo Fisher Scientific, base pressure in the low 10 -12 bar range) was equipped with a monochromatic aluminium source (Al Kα, 1486.68 eV). A spot size of 400 µm corresponding to an irradiated zone of approximately 1 mm 2 was used. The hemispherical analyzer was operated at 0° take off angle in the Constant Analyzer Energy (CAE) mode, with a pass energy of 100 eV and an energy step of 1 eV for the acquisition of wide scans, while narrow scan spectra centered on the Ti 2p

region were recorded at a pass energy of 100 eV and 50 eV and an energy step of 0.1 eV.

Charge compensation was achieved by means of a "dual beam" flood gun, using low energy electrons (5 eV) and argon ions. Samples were fixed on the support using adhesive conducting tape. The XPS characterization was repeated for the samples issued from two independent immersions made with an interval of 1 month and for each material and condition the spectra where collected and analyzed for 7 points.

The recorded spectra were processed by means of the Avantage software, using a peak-fitting routine with Shirley background and symmetrical 70 %-30 % mixed Gaussian-Lorentzian peak shapes. The atomic ratios were valuated following normalizations of the peak areas with the Scofield sensitivity factors.

The reference for TiO2 was obtained by acquisition of the XPS spectra of a synthetic mixture of rutile and anatase. The binding energy scale was calibrated on the neutral carbon set at 284.8 eV.

Results

Surface composition of pure phases after activation step

In this section, typical results of XPS analysis of the activated surfaces are presented for the different studied materials. For each surface 5 to 7 points were acquired and the data were compared in order to verify that the spectra are representative. One should remember that all pure phases were polished prior to alkaline degreasing and activation step in order to minimize the surface roughness.

The activator being traced by Ti, total Ti concentration on different model phases and its chemical forms were evaluated by XPS after alkaline degreasing and immersion in the activator bath. The spatial distribution on the coating was not possible to verify neither by XPS, nor by SEM-EDS because the size of the nuclei is less than several nm and the total quantity of Ti is significantly less than the detection limit of EDS. To verify if the formation of the nuclei includes chemical reactions and hence a modification of the chemical environment of Ti in the activator, a reference non-reacted activator was characterized in the as received state and after evaporation at 35 °C for 50 hours. The survey spectra (not shown) demonstrated the presence of Na, P, Zn, Ti, O, C but also Al for ZnAl and Mg for Zn2Mg substrates, indicating that the alloing elements are present in the top layer. spectrum is shown for each case (a-d), these spectra were typical on the surface which is supported by Table 4, presenting average fractions and standard deviation obtained during deconvolution of the whole set of data.

Curve-fitting in Figure 3 demonstrates the presence of some quantities of TiO2 in as received activator and the residual major component described as Na4TiO(PO4)2 becomes the only present after dissolution and drying. The identification of this compound as Na4TiO(PO4)2 is initially based on the literature as the main active component initially formed in the activator when dissolved in water [START_REF] Wolpers | Activation of galvanized steel surfaces before zinc phosphating -XPS and GD-OES investigations[END_REF][START_REF] Pourbaix | Atlas d'équilibres électrochimiques à 25[END_REF]. The XPS spectra of these compound was not previously communicated, however recent works demonstrated that phosphate grafting on titania, which is significantly favored in water solution [START_REF] Tielens | Characterization of Phosphate Species on Hydrated Anatase TiO2 Surfaces[END_REF], results in about 0.5-1 eV increase of binding energy [34] which correlates well with our fitting. Additional peaks at 457.7 eV (Ti2p3/2) and 563.3 eV (Ti2p1/2) are present on Zn substrate (Fig. 3d). These positions are shifted comparing to both, Na4TiO(PO4)2 and TiO2. The peak at 457.7 eV was attributed to the formation of titanate-like compound (or TiO2 chemically bonded to the surface oxide) indicated as XTiO3, because the shift direction compared to TiO2 and binding energies are consistent with observed for titanates [START_REF] Dutta | Ag doped and Ag dispersed nano ZnTiO3: Improved photocatalytic organic pollutant degradation under solar irradiation and antibacterial activity[END_REF]- [START_REF] Pham | Hydroxyapatite nucleation on Na ion implanted Ti surfaces[END_REF], in particular for ZnTiO3 (457.7 eV).

Curve fitting for Zn2Mg (Fig. 3c) and Zn (Fig. 3d) after immersion in the activator bath reveals the transformation of Na4TiO(PO4)2 into compounds of TiO2 and XTiO3-type.

Because of the low intensity of Ti 2p1/2 peak and the Zn auger peak interference, the baseline fitting of (c) and (d) spectra led to an offset between the original signal and the curve-fitting in that region of the spectrum. In the case of Zn2Mg phase, the noisy signal can be related to the high surface roughness of the sample after alkaline degreasing step.

The ratio of the atomic fractions of Ti and Zn detected by XPS on different phases (Ti/Zn) is presented in Table 4 by the average values obtained on 7 points for each material. The 4 should not be considered as quantitative, they can be useful for a qualitative interpretation in order to approach the following questions: "What is the relative order of the surface enrichment by Ti for different phases? What is the major chemical form of Ti on the surface? Are the major Ti-compounds similar for all phases?".

As visible from Table 4, a higher surface enrichment by Ti is measured on Zn compared to Zn2Mg and ZnAl. It also shows better conversion (no unreacted activator Na4TiO(PO4)2) and significant fraction of a chemically bonded to the surface TiO2 (X-TiO3 2-) coherent with a better adhesion. The presence of TiO2 in the dissolved and solvent evaporated activator indicates that the contact of the activator with the metallic substrate might not be necessary to ensure the formation of TiO2.

The approximative ratios of atomic fractions of P and Ti, At. % (P) /At. % (Ti), did not vary significantly between surfaces and the activator itself (20 to 25 for all cases).

Open circuit potential evolution of pure phases in PCC bath

The evolution of the OCP of ZnAl, Zn and Zn2Mg model phases with the immersion time in the PCC bath after alkaline degreasing and rinsing is shown in with the diffusion limitation of phosphating without stirring [START_REF] Zimmermann | Microscopic local elements in the phosphating process[END_REF]. For Zn2Mg phase, the potential evolution is slower which is in favor of the slower PCC growth on this model phase.

The absence of the potential peak for Zn2Mg curve can be interpreted as less importance of diffusion limitation for the PCC and is hence coherent with slower PCC formation on Mg containing phases than on Zn and ZnAl.

To understand the reduced rate of PCC formation on Zn2Mg, one should remember about the preferential Mg dissolution from Zn2Mg [START_REF] Jiang | Activation and inhibition of Zn-Al and Zn-Al-Mg coatings on steel by nitrate in phosphoric acid solution[END_REF], which results in slower dissolution of Zn and hence lower available Zn 2+ concentrations from Mg-alloyed phase. Mg phosphates solubility being more than 10 times higher than the solubility of hopeite [START_REF] Taylor | Solubility products of di-and trimagnesium phosphates and the dissociation of magnesium phosphate solutions[END_REF][START_REF] Felker | Zinc phosphate (Zn3(PO4)2) by XPS[END_REF], the formation of Mg phosphates is expected to appear even later than the formation of hopeite.

For ZnAlMg model materials, the OCP evolution was similar to the evolution of pure Zn2Mg. This is coherent with the communicated in [START_REF] Jiang | Activation and inhibition of Zn-Al and Zn-Al-Mg coatings on steel by nitrate in phosphoric acid solution[END_REF] selective dissolution of Zn2Mg phase from ZnAlMg coating in phosphoric acid. To achieve the evolution of the PCC at early stages of its formation, some experiments were made at 40 °C instead of 60 °C. At 40 °C, a complete coverage of the surface of compositions B and C is achieved after 32 s (Fig. 5). Here and below we consider the surface coverage as complete if the substrate is no more visible on the SEM image. Naturally, such an evaluation gives no information about the porosity of the formed layer. At 60 °C, the complete coverage of the composition C and more than 80 % of the surface covered by PCC on composition B is achieved at 12 s. The composition A exhibits a partial coverage after 32 s at 40 °C, but it is completely covered at 60 °C after 12 s. The slower deposition kinetics of the material A will be considered in the discussion section. PCC grains look homogeneously distributed on all ZnAlMg phases at different treatment times whether the immersion in the PCC bath was carried out at 40 or 60 °C.

PCC distribution by SEM

PCC crystals morphology

Concerning the importance of the activator, it is visible in Figure 5, that without activator, the precipitation of scattered and large PCC grains is observed on all ZnAlMg compositions. For composition A, it is not possible to determine if there is a preferential precipitation on a specific phase as the grain size is in average 10 times larger than each phase of the microstructure. A comparable observation can be made for composition B as the surface locally contains Zn dendrites with a smaller size than PCC grains. No preferential precipitation of phosphate grains on a specific phase was observed on composition C.

Generally, the grain size is unchanged from one ZnAlMg composition to the other. With activator, as without it, incomplete coverage at short immersion times does not reveal any preferential PCC deposition, but in contrast with the phosphating w/o the activator, grains are smaller. Grains are more or less spherical at the initial steps of the PCC formation while they exhibit a more angular shape once the surface full coverage is completed.

Like on ZnAlMg materials, phosphates on model pure phases exhibited large and scattered grains of variable diameter (Fig. 6). In contrast, a significant PCC grain size variation on Zn, ZnAl and Zn2Mg pure phases is visible, highlighting the different interaction between the PCC bath and the model phase depending on whether the phase is highly alloyed (ZnAl and Zn2Mg) or almost mono-component (Zn).

The grains look thinner and noticeably smaller on pure phases (Fig. 6) than on coatings (Fig. 5). Still, a similar PCC grain density and morphology is observed on all pure phases and grains diameter is ranging between 1 and 2 µm. As for HDG coatings, for ZnAlMg coatings the activator seems to be a key factor to favor nucleation vs grain growth to ensure homogeneous distribution of the coating on different ZnAlMg materials and pure phases.

Surface coverage evolution with time and temperature of PCC treatment

To evaluate the surface coverage by phosphate crystals, on the secondary electron images the crystals (for low covering) or uncovered zones (in case of high covering) were colored manually and the fractions of pixels in colored and uncolored surfaces for each image were estimated using a color-thresholding method in ImageJ software. For each exposure condition present in Fig. 5, the surfaces of several samples were first screened with medium resolution by SEM in order to define typical and representative zones of several mm 2 . Then, for these zones, higher resolution images like presented in Fig. 5 2) Although different ZnAlMg materials and pure phases demonstrated differences in PCC grain morphology and PCC layer growth kinetics (see section 3.3.1), a complete coverage by the PCC can be achieved on all multiphase coatings after 12 s of immersion at 60 °C.

3) Without activator, the PCC growth is very slow, the coverage was less than 5 % after 32 seconds at 60 °C and the data are not reported in the figure.

The analysis of the photos has also demonstrated that for both temperatures, the average PCC grain diameter seems to evolve with coverage in the same way for all ZnAlMg coatingsabout 100 nm at covering about 5-10 %, 200-300 nm for 20-25 %, 500 nm covering about 50 % and 1-2 µm for 80-100 %.

Discussion

4.1. Impact of the activator on the PCC growth mechanism and grain shape

The role of the activation step in the phosphating process has already been studied for various types of PCC on HDG, steel [START_REF] Wolpers | Activation of galvanized steel surfaces before zinc phosphating -XPS and GD-OES investigations[END_REF], [START_REF] Tegehall | Colloidal titanium phosphate, the chemical activator in surface conditioning before zinc phosphating[END_REF], [START_REF] Tegehall | The mechanism of chemical activation with titanium phosphate colloids in the formation of zinc phosphate conversion coatings[END_REF] and Al [START_REF] Van Roy | Study of the phosphating treatment of aluminium surfaces: role of the activating process[END_REF]. The literature describes the mechanism of activation in several steps -Adsorption of nano-particles of Na4TiO(PO4)2 activator to the surface [START_REF] Tegehall | Colloidal titanium phosphate, the chemical activator in surface conditioning before zinc phosphating[END_REF].

-Transformation of Na4TiO(PO4)2 into Zn2Ti(PO4)2 via ion exchange mechanism when the activated surface gets in contact with Zn 2+ ions contained in the PCC bath [START_REF] Wolpers | Activation of galvanized steel surfaces before zinc phosphating -XPS and GD-OES investigations[END_REF], [START_REF] Tegehall | Colloidal titanium phosphate, the chemical activator in surface conditioning before zinc phosphating[END_REF], [START_REF] Tegehall | The mechanism of chemical activation with titanium phosphate colloids in the formation of zinc phosphate conversion coatings[END_REF].

-Epitaxial growth of Zn3(PO4)2.4H2O on the formed Zn2Ti(PO4)2 nuclei [START_REF] Wolpers | Activation of galvanized steel surfaces before zinc phosphating -XPS and GD-OES investigations[END_REF], [START_REF] Tegehall | Colloidal titanium phosphate, the chemical activator in surface conditioning before zinc phosphating[END_REF], [START_REF] Van Roy | Study of the phosphating treatment of aluminium surfaces: role of the activating process[END_REF].

This exchange mechanism and the idea of the importance of ion exchange and epitaxial growth are commonly accepted but we were not able to find a published result strongly confirming the hypothese in particular by a surface analysis. Nucleation by ion exchange with formation of Zn2Ti(PO4)2 was mainly shown using the bulk reaction in solution between Na4TiO(PO4)2 and 0.1 M Zn 2+ which results in modification of infra red and X-ray diffraction spectra [START_REF] Tegehall | The mechanism of chemical activation with titanium phosphate colloids in the formation of zinc phosphate conversion coatings[END_REF]. The presence of such product cannot however rule out the possibility that the nuclei can have different nature, for instance be just a TiO2, coagulated by pH increase. As for the epitaxial growth with the activator nuclei, it is based on the reference [START_REF] Van Roy | Study of the phosphating treatment of aluminium surfaces: role of the activating process[END_REF], demonstrating that on Al substrates and with disc-like Ti-based activator the PCC grains grow directionally keeping a disc like form. The results presented in this paper for alloyed substrates in conditions when PCC is not yet covering demonstrate that the disc-like and platelet-like shape of crystals can be obtained on the Zn-based materials without activator (Figs. 5 and6).

Additionally, in case of aged activator (ageing decreases the concentration of potential nuclei), the PCC formed discs with diameter of about 1 µm on the model Zn2Mg phase while significantly better formed hexagonal platelets with diameter about 2 µm were formed on Zn and ZnAl substrates.

By consequence, the effect of the nucleation agent on the grain shape is not necessarily related to the ion exchange between Na + and Zn 2+ and the epitaxy between the activator nuclei and the hopeite, growing from these nuclei. The role of the activator for the shape of the PCC crystals can be limited to an increased number of PCC crystals, which nucleate in the first seconds of the phosphating process regardless of the exact chemical composition of the nucleus. By consequence, ZnTiO3 and TiO2 present on the surface after activation step can serve as nuclei even if they do not exhibit a similar crystallography or stoichiometry as ZnxNiy(PO4)2 and in this case the first nuclei of hopeite can be spherical. Titanium phosphates can be also formed by the reaction of TiO2 or Ti salts with phosphoric acid in phosphating bath [START_REF] Connor | Phosphate Adsorption onto TiO 2 from Aqueous Solutions: An in Situ Internal Reflection Infrared Spectroscopic Study[END_REF][START_REF] Onoda | Influence of pH-control in phosphoric acid treatment of titanium oxide and their powder properties[END_REF][START_REF] Zhao | Surface Modification of TiO2 by Phosphate: Effect on Photocatalytic Activity and Mechanism Implication[END_REF][START_REF] Onoda | Preparation of titanium phosphate white pigments with titanium sulfate and their powder properties[END_REF] favoring the epitaxial growth and formation of a disc-like crystals from the first moments of grain growth.

In case of ZnAlMg substrates, at initial stages of PCC formation even with previous activation step, the visible PCC crystals on these materials were spherical. Such a morphology has never been reported for PCC on Zn. The apparent incoherence however can be a consequence of the fact that the surface observations reported in the literature were usually made in conditions of high surface coverage (typical observation times were from 10 seconds to several minutes). In such conditions the nucleation processes are already less important and the grain growth is well advanced. From our results it seems, that the induction period before the nucleation and the exponential crystal growth [START_REF] Sankara Narayanan | Surface pretreatment by phosphate conversion coatings: a review[END_REF] on Zn2Mg phase and ZnAlMg materials is slower than on pure Zn and that a minimum size of a stable spherical nucleus on Mg-rich substrates is higher than on Zn. Indeed, spherical PCC crystals were observed on the alpha Mg phase in AZ31

Mg-Al alloy treated without preliminary activation [START_REF] Zhou | Structure and formation mechanism of phosphate conversion coating on die-cast AZ91D magnesium alloy[END_REF]. The reason of a longer induction period can be in a selective Mg dissolution from Mg-containing Zn materials [START_REF] Jiang | Activation and inhibition of Zn-Al and Zn-Al-Mg coatings on steel by nitrate in phosphoric acid solution[END_REF], [START_REF] Han | Dealloying of MgZn2 Intermetallic in Slightly Alkaline Chloride Electrolyte and Its Significance in Corrosion Resistance[END_REF],

which delays the increase of Zn 2+ concentration near the surface and hence the precipitation of the hopeite. Quick precipitation of Mg phosphates in place of hopeite is not expected, because of their more than 10 times higher solubility in water [START_REF] Taylor | Solubility products of di-and trimagnesium phosphates and the dissociation of magnesium phosphate solutions[END_REF], [START_REF] Felker | Zinc phosphate (Zn3(PO4)2) by XPS[END_REF].

To sum up, the most important characteristic of the activator for multiphase substrate should be hence its homogeneous distribution on different phases. From this point of view, the differences in the Ti chemistry and its quantity on the activated surfaces of different pure phases is important: the total quantity of Ti deposited on different phases decreases in order Zn>Zn2Mg>>ZnAl and the fraction of the chemically bound Ti decreases in the same order.

As a result, the phase sensitivity to the activator ageing (by agglomeration of colloids [START_REF] Tegehall | Colloidal titanium phosphate, the chemical activator in surface conditioning before zinc phosphating[END_REF] or by pH increase [START_REF] Khan | Sol-gel synthesis of TiO2 from TiOSO4: characterization and UV photocatalytic activity for the degradation of 4-chlorophenol[END_REF]) increases in order: Zn<Zn2Mg<ZnAl. The weakest activation of ZnAl phase can also explain the observed in Figure 7 slower PCC growth kinetics on the multiphase coating A (with high surface fraction of ZnAl phase present as a binary eutectic) compared with B and C (excempt of ZnAl binary eutectic) at 40 °C.

Impact of the activator on the PCC distribution

As presented in section 4.1, the interaction of the activator with different phases composing ZnAlMg alloyed coatings looks different; however, it does not disturb the formation of a homogeneous layer of PCC on the coatings with different microstructures. In this section, we will try to formulate some hypotheses explaining the apparent incoherence between the incongruent interaction of the activator with different ZnAlMg constituents and a formation of the homogeneous PCC layer with similar morphology on the coatings.

The good coverage of Zn dendrites could be explained by a high concentration of Ti-activator chemically bound to the surface. However, on the eutectic phases in coatings, in particular on the phases which contain ZnAl, despite a lower activator concentration expected on ZnAl, a full coverage is achieved. This effect can be attributed to the size of the PCC grains after completion of the PCC procedure compared to the ZnAl phase dimensions in the material. As schematically represented in Fig. 8, at advanced stages of the conversion reaction, the PCC crystals are significantly bigger that the size of the phase which is not activated. This phase can be protected by the crystals deposited on the neighboring phases. In case of eutectic phases with micrometric lamellas width and in case of ZnAl phase with the size less than the size of the PCC grains (about 1.5 µm diameter after 12 s of immersion at 60 °C) these phases can be hence covered by PCC even if their interaction with the activator is not efficient. Such an observation can be through for both, ZnAl and Zn-Zn2Mg binary eutectics.

The proposed scheme can explain how, despite the ZnAlMg substrate and the activator deposition heterogeneities, a complete coverage of the multiphase ZnAlMg substrate can be ensured by the combination of the coarse size of PCC grains and relatively fine microstructure of the coating. It also reveals that potentially the formation of nanometric conversion layers on multiphase substrates can be practically more complex than formation of PCC.

Conclusion

In this work, the impact of multiphase microstructure of ZnAlMg coatings on the homogeneity of the surface activation and the surface covering by phosphate conversion coating (PCC) was studied via XPS and SEM surface characterization of model coatings and pure phases at different steps of the treatment. The main experimental observations of the work can be summed up as follows:

I. The efficiency of activation is lower on highly alloyed phases ZnAl22 and Zn2Mg than on monophase Zn. The sensibility of highly alloyed phases to the activator freshness is also higher. The main activation product seems to be TiO2 on all phases but TiO2 is chemically bonded to the surface mainly in case of monophase ZnAl1.

II. The kinetics of PCC process varies with the coating microstructure, being the slowest for the coatings with high fraction of binary Zn-Al. Both, PCC nucleation and PCC grain growth, are distinguishable from the PCC crystals morphology evolution from spheres to platelets and from the surface coverage evolution.

III. The full covering by PCC is achieved on all materials after immersion at 60 °C for 12 s.

The following mechanistic speculations concerning the effect of phase composition of the surface on the formation of PCC are proposed:

1. The role of the activator is limited to an increased number of nuclei formed in the first seconds of the PCC process regardless of the exact chemical composition and orientation of the nucleus.

2. Selective Mg dissolution from Zn2Mg or partial passivation of ZnAl22 at neutral pH, both, can reduce Zn 2+ concentration in solution during PCC, making more difficult nucleation in PCC and hence more critical requirements for the activator quality.

3. The complete coverage of all ZnAlMg is achieved due to a "scale" effect in which the initial variance in the reactivity of different phases forming the coating is leveled by the PCC crystal size, exceeding the scale of the substrate inhomogeneity.

To sum up, the slower interaction of alloyed phases with the activator does not seem to be critical during the PCC formation step, probably due to the relatively small size of binary eutectics in studied ZnAlMg materials. 

Figure 2 2 ,

 22 Figure2shows a typical superposition of Ti windows of XPS spectra recorded on as-received activator, dissolved and solvent evaporated at 35 °C for 50 h activator and ZnAl, Zn and Zn2Mg phases after alkaline degreasing, immersion for 5 seconds at room temperature in the fresh activator bath and drying. Even without peaks deconvolution it can be seen from Figure2, that Ti 2p 3/2 and Ti 2p 1/2 peaks are larger on model phases compared to as-received activator and dissolved + solvent evaporated activator, indicating that titanium is involved in several types of chemical bonding on model phases. Binding energies of Ti 2p 3/2 and Ti 2p 1/2 peaks for activator coated Zn2Mg exhibit the initial Ti bonding among others while Zn and ZnAl show newly created bonds for the titanium. The activator dissolved in water and solvent evaporated at 35 °C presents a peak asymmetry, indicating a possible new type of bonding after the contact with water. The Auger peak of Na, overlapping with the window, is significantly higher on the surface than for the unreacted with the surface activator, indicating a possible surface contamination by Na during alkaline cleaning.

Figure 3

 3 Figure 3 shows examples of the typical spectra deconvolution in the area of Ti species for asreceived activator (a), dissolved and solvent evaporated activator (b), Zn2Mg after activation (c) and Zn phase after activation (d). The parameters used for the fitting and obtained fractions of considered species are given in Appendix. No fitting was possible on ZnAl after immersion in activator due to a low signal to background ratio of Ti 2p. Even if only one

3 .

 3 contribution of different forms of Ti in atomic concentration of total Ti detected on the model pure phases is also shown. It was evaluated as a fraction of the selected component divided by a sum of the atomic concentrations of all the three Ti components, namely Na4TiO(PO4)2, TiO2 and XTiO3 for the spectra presented in Fig. Even if the numerical deconvolution results shown in the table represent only one XPS spectra for each sample, similar measurement made for several points demonstrated that the fraction of the major species varied less than 15 % between different locations of the same sample or between two different samples of the same material. Hence, though the data in Table

Figure 4 .

 4 During the first 12 s of immersion in the PCC bath, the OCP of alloyed phases is close to the potential of zinc in these conditions (E° = -1.0 V/SCE for [Zn 2+ ] = 1 M). The following increase of the OCP during immersion is coherent with the formation of a protective layer. A sharp peak is observed in the beginning of the potential increase for Zn and ZnAl. Similar potential evolution with time of immersion of galvanized steel in PCC bath was previously associated

Figures 5 and 6

 6 Figures 5 and 6 illustrate typical morphologies of PCC crystals formed on the coatings and pure phases at different PCC treatment conditions -with and without activation step, varied temperature and treatment time.

  figure can be considered as a qualitative representation of the kinetics of PCC growth on the surface. Despite relatively large dispersion of the data (up to 20 % of the error), several tendencies can be clearly seen from the figure.

Figures captions :Fig. 1 .

 1 Figures captions : Fig. 1. Fig. 1. Typical microstructures observed by SEM on top surfaces of studied coatings: (a) eutectic phases and ( b) Zn dendrites.

Fig. 2 .

 2 Fig. 2. Typical Ti 2 p XPS spectra obtained on the surfaces of model pure phases (as indicated) after immersion in activation bath at room temperature for 5 sec. The spectra of as recieved activator powder and the activator after dissolution and solvent evaporation are shown for comparison.

Fig. 3 .

 3 Fig. 3. Typical Ti 2p XPS spectra and respective curve-fittings of: (a) as-received activator, (b) dissolved and solvent evaporated activator, (c) surface of Zn2Mg and surface of (d) Zn after immersion in activation bath at room temperature for 5 s.

Fig. 4 .

 4 Fig. 4. Evolution of open circuit potential of pure phases relevant for ZnAlMg coatings as a function of immersion time in PCC bath at 60 °C.

Fig. 5 .

 5 Fig. 5. Examples of typical PCC morphology and distribution on ZnAlMg surfaces as a function of PCC bath temperature and immersion time (as indicated) with and without preliminary activation step.

Fig. 6 .

 6 Fig. 6. Examples of typical PCC morphology and on pure phases Zn2Mg, ZnAl and Zn after immersion in the PCC bath for 12 sec at 60 °C using: (1) no activation, (2) aged activation and (3) fresh activation (as indicated).

Fig. 7 .

 7 Fig. 7. Fraction of the surface covered by phosphate crystals (surface coverage / %) for activated ZnAlMg coatings A (green circle), B (red triangle) and C (blue square) as a function of immersion time in PCC bath at 40 °C (open symbols) and 60°C (filled symbols). Average value obtained from the analysis of representative SEM photos of the surface and standard deviation of the value obtained for the surfaces of several mm 2 on different samples are shown.

Fig. 8 .Fig. 1 .

 81 Fig. 8. Schematic representation of the distribution of Ti-activator and PCC at different moments of the PCC procedure, explaining the possibility of homogeneous PCC coating on ZnAlMg substrate despite inhomogeneous interaction with Ti-activator.
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 2345678 Fig.2. Typical Ti 2 p XPS spectra obtained on the surfaces of model pure phases (as indicated) after immersion in activation bath at room temperature for 5 s. The spectra of as recieved activator powder and the activator after dissolution and solvent evaporation are shown for comparison.

  

Table 1 :

 1 Fraction of the surface (%) covered by Zn dendrites, binary phases Zn-Zn 2 Mg and Zn-Al, and ternary eutectic Zn-Al-Zn 2 Mg determined from the SEM images of top surface of coatings A, B and C and the typical linear size (µm) of phases.

			Fraction of the surface	Linear size of isolated phases
	Coating	monophase	binary	(%) binary	ternary	(µm)
		Zn	Zn-Zn 2 Mg	Zn-Al	Zn-Al-Zn 2 Mg
	A	40  10	3010		3010	-	1 -5
	B	15  10	<10 %		-	85 10	10 and more for Zn
							Continuous ternary phase
	C	40  10	30 10		-	3010	5 -20

Table 3 :

 3 Solutions used for the bication (Zn-Ni) phosphating procedure

Table 4 :

 4 Relative fraction of different forms of Ti on the surface of different polished pure phases (as indicated) and in activator powders before and after activator interaction with water obtained from the Ti window fit . The ratio Ti/Zn (at. % Ti (total) / at. % Zn) in the survey spectra are also given (averaged for 7 measurements).

	Sample	Fraction of Na 4 TiO(PO 4 ) 2, at. %	Fraction of TiO 2 , at. %	Fraction of X---O-TiO 2 , at. %	Ratio Ti / Zn
	as-received activator	91	2	7	-
	dissolved and solvent evaporated activator	56	30	14	-
	Zn 2 Mg	3	67	30	1/(49 ± 12)
	Zn	0	19	81	1/(32 ± 15)
	ZnAl	-	-	-	0 to 1/84

ZnAl Zn Zn-Zn 2 Mg ZnAl Zn Zn-Zn 2 Mg