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Zr-based conversion coating on Zn and Zn-Al-Mg alloy coating: Understanding the accelerating effect of Cu(II) and NO 3

The reactivity of a Zn-Al-Mg galvanized steel substrate was monitored during a twostep conversion coating sequence with an alkaline pretreatment followed by conversion coating with hexafluorozirconic acid (H 2 ZrF 6 ). The main effect of alkaline pretreatment was to remove initial oxides and to selectively dissolve Al, limiting the dissolution of Al in the zirconate bath. The commercial alkaline cleaner dissolved Mg from the MgZn 2 intermetallic phase. The effect of NO 3 -and Cu(II) on the reactivity of a commercial Zn-Al-Mg alloy coating was investigated in H 2 ZrF 6 , simulating a Zr-based conversion coating process. NO 3 served as an oxidant which enhanced the production of OH -leading to a more consequent ZrO 2 deposition. Cu(II) underwent a displacement reaction with Zn(0) to form Cu(0) which catalyzed the reduction of NO 3 -and H + . The interplay between activation and passivation was demonstrated by the occurrence of oscillations in the both NO 3 -and Cu(II) containing electrolyte under certain conditions.

Introduction

Conversion coatings (CC) are thin oxide films applied to metal to ensure paint adhesion and to lower the electrochemical activity of the metal/oxide/polymer interface [START_REF] Saarimaa | Effect of hot dip galvanized steel surface chemistry and morphology on titatnium hexafluoride pretreatment[END_REF][START_REF] Rincon Troconis | Effect of roughness and surface topography on adhesion of PVB to AA2024-T3 using the blister test[END_REF][START_REF] Sharifi Golru | Morphological analysis and corrosion performance of zirconium based conversion coating on the aluminum alloy 1050[END_REF].

Older CC formulations involving chromate-based conversion coatings were very efficient and could be applied to a wide variety of materials at low cost and with good performance. However, due to the carcinogenic properties of Cr(VI) [START_REF] Gharbi | Chromate replacement: what does the future hold?[END_REF][START_REF] Oliveira | Chromium as an environmental pollutant: Insights on induced plant toxicity[END_REF][START_REF] Ogle | Conversion coatings in encyclopedia of electrochemistry[END_REF], new treatments have been developed [START_REF] Gharbi | Chromate replacement: what does the future hold?[END_REF]. In general, the newer treatments are much more sensitive to the initial surface chemistry and are more difficult to apply especially for materials that contain multiple phases and several elemental components [START_REF] Tanguy | Impact of the microstructure of ZnAlMg coatings for steel on the formation mechanisms and performance of Cr VI -free conversion coatings[END_REF]. Therefore, in order to intelligently design new surface treatment solutions, it is essential to understand how the different elemental components and different phases of an alloy or material interact with the treatment process.

The focus of this work was to explore how the components of a Zn-Al-Mg (ZAM) galvanized steel alloy interact with an experimental two-step conversion coating process. The process used involving [START_REF] Saarimaa | Effect of hot dip galvanized steel surface chemistry and morphology on titatnium hexafluoride pretreatment[END_REF] an alkaline pretreatment to remove oil and to etch the surface ` 2 thereby enhancing its reactivity, and (2) a H 2 ZrF 6 based conversion coating treatment. The alkaline pretreatment is referred to as cleaning or degreasing in that it removes residual oil applied before the rolling process. However, it will also remove part of pre-existing oxides, in particular Al oxide [START_REF] Mokaddem | The anodic dissolution of zinc and zinc alloys in alkaline solution. I. Oxide formation on electrogalvanized steel[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], and etch the metal [START_REF] Azmat | Pre-treatment of Zn surfaces for droplet corrosion studies[END_REF]. The etching may be selective for particular elements and preferential for different phases [START_REF] Han | The electrochemistry and dealloying of Zn-Mg/Zn-Al pure phases and their significance for corrosion of Zn-Al-Mg alloys[END_REF]. In the ideal case, this pretreatment would be able to accept as input a variety of different materials with variable initial surface states (oxides, oil, etc.) and render them equivalent for the next step.

The Zr-based conversion coating (ZCC) systems have drawn attention in the last decades as a promising replacement for chromate conversion coatings [ 12 -17 ] and are commonly used in the coil coated galvanized steel industry. The coatings usually consist of a ZrO 2 film which is deposited from a solution of hexafluorozirconic acid, H 2 ZrF 6 . The mechanisms of zirconate conversion coating formation are complex and poorly understood.

They depend significantly on the various additives in solution. However, in the simplest case, the formation of a ZrO 2 film will occur via the hydrolysis of the hexafluorozirconate anion (Eq. 1) [START_REF] Li | In situ pH measurement during the formation of conversion coatings on an aluminum alloy (AA2024)[END_REF][START_REF] Li | Characterization and performance of a Zr/Ti pretreatment conversion coating on AA2024-T3[END_REF]. The precipitation of ZrO 2 is localized at the surface by the formation of hydroxide induced by the reduction of an oxidizing agent referred to as an accelerator. ZrF 6

2-+ 2OH -→ ZrO 2 (s) + 2H + + 6F - [START_REF] Saarimaa | Effect of hot dip galvanized steel surface chemistry and morphology on titatnium hexafluoride pretreatment[END_REF] A common accelerator, used in this work, is NO 3 -which produces hydroxide (Eq. 2). The reduction of NO 3 -is associated with the anodic dissolution of the substrate (Eq. 3):

NO 3 -+ H 2 O + 2e -→ NO 2 -+ 2OH - [2] 
M → M z+ + ze - [START_REF] Sharifi Golru | Morphological analysis and corrosion performance of zirconium based conversion coating on the aluminum alloy 1050[END_REF] where M represents the alloy components, in this case, Zn, Al, and Mg. For complex alloys like Zn-Al-Mg, the anodic and cathodic reactions may be distributed non-uniformly over the different phases of the material and selective dissolution of certain elements may lead to extensively modified surface layers.

Various additives such as Cu 2+ , MnO 4 2-and HPO 4 2-have been associated with improved properties of the final conversion layer [START_REF] Milosev | Review -Conversion coatings based on Zirconium and/or Titanium[END_REF][START_REF] Adhikari | Hexafluorozirconic acid based surface pretreatments: Characterization and performance assessment[END_REF][START_REF] Taheri | Effects of zinc surface acid-based properties on formation mechanisms and interfacial bonding properties of zirconium-based conversion layers[END_REF]. For Al substrates treated with H 2 ZrF 6 solutions, Cu 2+ was found to deposit as metallic Cu islands:

Cu 2+ + 2e -→ Cu (s) [START_REF] Gharbi | Chromate replacement: what does the future hold?[END_REF] which is thought to produce micro-cathodes, resulting in enhanced ZrO 2 deposition [START_REF] Milosev | Review -Conversion coatings based on Zirconium and/or Titanium[END_REF][START_REF] Cerezo | Initiation and growth of modified Zr-based conversion coatings on multi-metal surfaces[END_REF][START_REF] Cerezo | Influence of surface hydroxyls on the formation of Zr-based conversion coatings on AA6014 aluminum alloy[END_REF][START_REF] Cerezo | The effect of surface pre-conditioning treatments on the local composition of Zr-based conversion coatings formed on aluminium alloys[END_REF][START_REF] Sarfraz | Role of intermetallic and copper in the deposition of ZrO2 conversion coating on AA6014[END_REF][START_REF] Lostak | Formation and characterization of Fe 3+ -/Cu 2+ -modified zirconium oxide conversion layers on zinc alloy coated steel sheets[END_REF]. For the Zn-Al and Zn-Al-Mg alloy coatings, the mechanism of oxidizing agent is further complicated by the distribution of the elements into a complex, multiphase microstructure [START_REF] Schuerz | Corrosion behaviour of Zn-Al-Mg coated steel sheet in sodium chloride-containing environment[END_REF][START_REF] Schüz | Chemistry of corrosion products on Zn-Al-Mg alloy coated steel[END_REF][START_REF] Wint | The effect of microstructural refinement on the localized corrosion of model Zn-Al-Mg alloy coatings on steel[END_REF] 

Experimental

Materials

The Zn-Al-Mg coating (ZAM) used in this work was a commercial continuous hot-dip galvanized steel, typical of the coil-coating industry. The nominal coating thickness was approximately 10 μm with an approximate composition of Zn-2.5 wt.% Al-1.5 wt.% Mg.

Nominally pure metals, Zn (99.998%), Al (99.99%) and Mg(99.9%) obtained from Good fellow, were tested as reference metals. All specimens were degreased with ethanol in an ultrasonic bath for 10 min, rinsed with deionized (DI) water, and dried with flowing N 2 gas.

The sample surface was ground with P4000 Si-C paper under ethanol, then stored in a humidity chamber with 50% relative humidity in a desiccator saturated with Mg(NO 3 ) 2 ·H 2 O for 20-24 hrs which gives a reproducible oxide layer prior to the experiment [START_REF] Han | The electrochemistry and dealloying of Zn-Mg/Zn-Al pure phases and their significance for corrosion of Zn-Al-Mg alloys[END_REF][START_REF] Stoulil | Electrochemical properties of corrosion products formed on Zn-Mg, Zn-Al and Zn-Al-Mg coating in model atmospheric conditions[END_REF].

The alkaline cleaning/etching experiments were performed immediately after this preparation by transferring to the atomic emission spectroelectrochemistry (AESEC) cell and exposing the specimen to either: (NaOH), a solution of 0. The electrolytes were deaerated by bubbling Ar for 30 min prior to the experiments and a constant Ar gas flow was maintained over the electrolyte reservoir during the experiment. The solution and electrode temperature were controlled by a recirculating water bath and a hollow copper block. The electrolyte and the cleaning bath were controlled to T = 55°C consistent with industrial practice. In previous work, it was found that the actual specimen temperature was approximately 3°C below the water bath temperature which was maintained at 55°C [START_REF] Ogle | Investigations of the kinetics of surface treatments by advanced methods[END_REF].

A Gamry Reference 600 TM potentiostat was used to control and record the electrochemical current density and potential. For the AESEC linear sweep voltammetry (AESEC-LSV) experiment, the potential was swept with 0.5 mV s -1 scan rate. A normal hydrogen electrode (NHE, HydroFlex TM ) was used as a reference electrode (RE) and a Pt foil was used for the counter electrode (CE). A potentiostatic electrochemical impedance spectroscopy (EIS) was conducted at open circuit potential from 10 kHz to 4 mHz with 10 points per decade, applying a 10 mVrms sinewave perturbation.

AESEC technique

The rates of elemental dissolution were obtained in-situ by atomic emission spectroelectrochemistry (AESEC). This technique has been described in detail elsewhere [START_REF] Ogle | Anodic dissolution of 304 stainless steel using atomic emission spectroelectrochemistry[END_REF][START_REF] Ogle | Atomic emission spectroelectrochemistry: Real time rate measurements of dissolution, corrosion and passivation[END_REF]. The specimen of interest was placed vertically with the three-electrode electrochemical flow cell. The dissolved elements from the working electrode were transported to an Ultima 2C Horiba Jobin Yvon inductively couple plasma atomic emission spectrometer (ICP-AES).

The The emission intensity of an element at a characteristic wavelength (λ), I M, λ , has a proportional relationship with its concentration C M at the exit of the flow cell which enters to the plasma as C M = (I M, λ -I M, λ °) / κ λ [START_REF] Gharbi | Chromate replacement: what does the future hold?[END_REF] where I M, λ ° is the background intensity signal and κ λ is the sensitivity factor for a given wavelength [START_REF] Ogle | Anodic dissolution of 304 stainless steel using atomic emission spectroelectrochemistry[END_REF][START_REF] Ogle | Atomic emission spectroelectrochemistry: Real time rate measurements of dissolution, corrosion and passivation[END_REF]. The C M may be calculated to the elemental dissolution rates, v M , with a flow rate (f = 2.8 mL min -1 ) and the exposed surface area A as;

v M = f C M / A [5]
The dissolution rate may be presented as equivalent elemental current density:

j M = z F v M [6]
where z is the valence electron of the dissolving ions from M → M Z + + z e -.

Ex-situ surface characterization technique

The extent of film formation and its elemental composition were determined from depth profiling analysis with a Horiba Jobin Yvon (GD-Profiler 2 TM ) glow-discharge optical emission spectroscopy (GD-OES) using a 800 Pa, 30 W plasma.

Titration

Titration was performed using Titrando 808 TM automatic titrometer provided by Metrohm using Tiamo TM software to control the dosing rate. The reference electrolyte was 0.15 mmol H 2 ZrF 6 + Mg(NO 3 ) 2 , constantly stirred in a 50.0 cm 3 glass chamber controlled at T = 50°C and deaerated by N 2 gas. Titration was measured with 1.0 M NaOH (Merck) with different dosing rate depending on the pH response.

Results and discussion

Alkaline Pretreatment

A conversion coating formulation must function with a wide variety of materials often with different histories and surface chemistries. A goal of pretreatment is to render all of these surfaces equally susceptible to receive the conversion coating. The alkaline pretreatment alters the surface chemistry of the material thereby affecting the elemental reactivity during the conversion coating process and it is important to understand how different alloy components may be affected. Hydroxide is the major reactive species in the commercial alkaline cleaner (CAC), especially for the etching of Al. Therefore, in this work we used a NaOH solution as a pretreatment for the conversion coating which has the advantage of being reproducible in the laboratory. Nevertheless, commercial formulations contain other species that may affect dissolution rates of oxides and the etching of metal. It was therefore of interest to compare the reactivity of the NaOH solution with a CAC.

Zn-Al-Mg Alloy

The These results demonstrate that the CAC pretreatment modified the surface by removing prior corrosion products of Zn and by selectively dissolving Al [START_REF] Han | The electrochemistry and dealloying of Zn-Mg/Zn-Al pure phases and their significance for corrosion of Zn-Al-Mg alloys[END_REF][START_REF] Han | Temperature dependence of the passivation and dissolution of Al, Zn and α-phase Zn-68Al[END_REF] which would lead to a surface enrichment of Zn and Mg. It also inhibited the anodic dissolution of Zn but not the dissolution of Zn corrosion products. The alkaline pretreatment by NaOH solution, however, did not remove Mg corrosion products nor passivate Zn. Al dissolution occurred at a markedly higher rate than either Zn or Mg in both solutions.

Pure Zn, Al, and Mg

To delve further into the chemistry of how the two electrolytes interact with the elemental components of the Zn-Al-Mg alloy, experiments were performed with the nominally pure metals, Zn, Al, and Mg (Fig. 2). Note that a direct comparison of the elemental dissolution must be made with caution as the E oc of the pure metals are, in most cases, significantly different than that of the Zn-Al-Mg alloy coating (ZAM). A tentative galvanic series may be established by comparing E oc values. In NaOH, this gives Zn (-1.13 V vs. NHE) > ZAM (-1.18 V vs. NHE) > Al (-1.30 V vs. NHE) > Mg (-1.41 V vs. NHE); while in CAC, the same sequence was observed although the potential of pure Zn was strongly shifted anodically to -0.65 V vs. NHE, indicative of passivation.

No clearly defined deoxidation period was evident for any of the pure metals. A sharp dissolution peak of the Zn was evident for Zn/CAC (Fig. 2B) but no corresponding anodic plateau was observed for Zn or for the other metals. This is an expected result, as typically, a thin oxide film forms on the surface of galvanized steel during solidification which may be the origin of the deoxidation period observed for ZAM. Further, any previously formed oxide on the pure metal surface would have been removed by the grinding procedure.

In all cases, the Zn and Al dissolution rates were more intense for the pure metals than for the ZAM: Zn by about a factor of 7 and Al by a factor of ≈ 70. The latter may be attributed to the increased surface of Al exposed for a 2-3 wt.% Al alloy and possibly the formation of a residual Zn and Mg corrosion products during the experiment. Al dissolution was nearly identical within experimental error for Al/NaOH and Al/CAC. However, the latter was clearly more stable, with v Al = 2.8 ± 0.6 μg s -1 cm -2 (NaOH) and v Al = 2.5 ± 0.3 μg s -1 cm -2 (CAC).

The lower standard deviation for CAC suggests that either less hydrogen was formed [START_REF] Han | Hydrogen evolution and elemental dissolution by combined gravimetric method and atomic emission spectroelectrochemistry[END_REF] despite the very similar rates, or that the hydrogen bubbles were smaller and less perturbing for the ICP nebulizer. Either scenario would probably facilitate the control of the industrial process as hydrogen release would tend to block the surface leading to a non-uniform treatment.

The lower Zn dissolution rate for ZAM/NaOH (Fig. 1A) than that of pure metal (Fig.

2A The E oc of Zn/CAC (Fig. 2B) showed a significant anodic jump (+ 450 mV), and a low, stable dissolution rate indicative of passivation, confirming the hypothesis of the previous section: Additives in the CAC facilitated the passivation of Zn thereby lowering its dissolution rate. This is consistent with previous studies [START_REF] Mokaddem | The anodic dissolution of zinc and zinc alloys in alkaline solution. I. Oxide formation on electrogalvanized steel[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] which showed a passive domain of Zn in alkaline solution in this high potential range. Apparently, the corrosion products of Zn are quite soluble as seen by the intense dissolution peak during the first 50 to 100 s.

No significant Mg dissolution was detected for either Mg/NaOH or Mg/CAC. Instead, the release of Mg-rich particles was detected, giving rise to a series of very sharp spikes of Mg emission intensity. The spikes were continuously observed during the measurement (Fig. 2), whereas only a few spikes were observed for the ZAM/NaOH (Fig. 1A) and none for ZAM/CAC (Fig. 1B). In previous work, single particles have been detected in the plasma, and characterized by a sharp spike of less than 100 ms duration [START_REF] Thébault | Investigation of self-healing mechanism on galvanized steels cut edges by coupling SVET and numerical modeling[END_REF][START_REF] Serdechnova | On the cathodic dissolution of Al and Al alloys[END_REF][START_REF] Gharbi | In-situ monitoring of alloy dissolution and residual film formation during the pretreatment of Al-Alloy AA2024-T3[END_REF] making this phenomenon readily distinguishable from either background noise or signal perturbations due to hydrogen formation. The particles could be either pure Mg released by anodic undermining of Mg grains, or due to corrosion products that break away from the surface. The latter hypothesis seems the most reasonable since Mg metal would be highly unstable in this alkaline solution.

Other Zn-Al and Zn-Mg pure phases

A series of nominally pure Zn-Al phases (Zn-0.7 wt.% Al, Zn-22 wt.% Al, and Zn-68 wt.% Al) and the MgZn 2 intermetallic phase were also tested in the same electrolytes as described above. Examples of the dissolution profiles obtained are shown in Fig. 3 anda summary of the data in Fig. 4. The elemental dissolution profiles in NaOH and CAC are nearly identical for the Zn-Al pure phases (Fig. 3). The Al dissolution rate varies proportionally to the %Al in the alloy, as shown in Fig. 4.

The enhanced dissolution rates of Zn and Mg during the early deoxidation phase, is well illustrated by the MgZn 2 profiles (Fig. 3). In NaOH, only a slight Zn dissolution rate was observed while both Zn and Mg dissolution rates were enhanced considerably in CAC.

It is interesting to note that Mg dissolution was observed for the MgZn 2 intermetallic phase (Fig. 3) and from ZAM (Fig. 1) but not from pure Mg (Fig. 2). These results demonstrate a microstructural effect on Mg dissolution in the presence of additives in the CAC, which merits further investigation.

Conversion Coating

Reactions of ZAM with Surface Treatment Formulation (STF) Electrolytes

Four surface treatment formulations (STF) electrolytes were prepared denoted as Z (0.76 g L -1 H 2 ZrF 6 ); ZN (0.76 g L -1 H 2 ZrF 6 + 3.0 g L -1 KNO 3 ); ZC (0.76 g L -1 H 2 ZrF 6 + 10 ppm CuCO 3 ); ZNC (0.76 g L -1 H 2 ZrF 6 + 3.0 g L -1 KNO 3 + CuCO 3 ). These compositions were chosen as typical of the concentration range of certain commercial products using these constituents. The precipitation of the ZCC during immersion (Eq. 1) was demonstrated by GD-OES depth profiling after 700 s of exposure to each electrolyte. The thickness of the ZrO 2 film formed on ZAM/ZNC was estimated by EIS using the characteristic capacitance to be 34 ~ 50 nm using the model proposed by Benoit et al. [START_REF] Benoit | Comparison of different methods for measuring the passive film thickness on metals[END_REF].

This is only an order of magnitude estimation as it assumes a uniform distribution of ZrO 2 layer formation on the surface and a consistent dielectric constant of ZrO 2 (ε = 22) [START_REF] Harrop | The dielectric constant of zirconia[END_REF].

Nevertheless, thickness range agrees with previous observations by GD-OES depth profile of Zn-5 wt.% Al commercial alloy in Zr containing solution [START_REF] Puomi | Comparison of different commercial pretreatment methods for hot-dip galvanized and Galfan coated steel[END_REF].

Elemental dissolution of ZAM with Surface Treatment Formulations

The elemental dissolution profiles of Zn-Al-Mg alloy coating (ZAM) with the four STF electrolytes are shown in Fig. 6 directly following alkaline pretreatment. Mg dissolution (Fig. 6B) showed an early peak in all four electrolytes with no consistent variation between them. The suggestion is that the acid solution at pH=4.0 was sufficiently oxidizing to selectively dissolve Mg. In all four electrolytes, Al dissolution (Fig. 6C) was very low and near the Al dissolution rate detection limit.

The Zn dissolution rate (Fig. 6A) shows an early maximum in all cases, at approximately 20 to 30 s. For Z and ZN, a dissolution profile consistent with passivation phenomenon is observed; rapid Zn dissolution followed by a steady decline in the dissolution rate. For ZC and ZNC, the early peak appears shortened and the dissolution rate continues to increase throughout the experiment. These results demonstrate the accelerating effect of Cu(II)

on Zn dissolution. The E oc vs. time profiles for ZN, ZC, and ZNC are also consistent with an autopassivation phenomenon, with the early anodic dip corresponding to the initial oxidative attack of the alloy, followed by a slow rise in E oc . The ultimate value of the E oc is in the order ZNC > ZC ≥ ZN > Z corresponding to the order of decreasing Zr content as determined by GD-OES (Fig. 5).

The results of Fig. 6 also indicate that the acidity of the pH=4.0, H 2 ZrF 6 solution is insufficiently oxidizing to maintain the attack of the metallic alloy necessary for the deposition of a significant conversion layer. The E oc transients for Z, simple H 2 ZrF 6 , showed a sharp potential drop to a stable value of E oc ≈ -0.63 V vs. NHE and rose only slightly thereafter. The E oc transient then showed a modest increase but much less than the other electrolytes. At steady state, Zn, Al and Mg dissolution were only slightly detectable and occurred at very similar rates, at 1.9 ± 0.2 ng Zn s -1 cm -2 , 1.6 ± 0.4 ng Al s -1 cm -2 , and 0.97 ± 0.04 ng Mg s -1 cm -2 .

An overview of the dissolution rate data is given in Fig. 7A with the total dissolution rate (v Zn + v Al + v Mg ) plotted as a function of E oc . It is obvious that the dissolution rate, dominated by Zn, varied directly with the potential. Fig. 7B demonstrates that the dissolution rate continues to increase with potential until the dissolution becomes nearly congruent.

The same experiments were performed for the pure elemental components, Zn, Al, and Mg. A summary of steady state dissolution rates vs. E oc is given in Fig. 8. The Mg and Al dissolution rates showed no systematic variation with potential in agreement with the results

for ZAM (Fig. 7). Zn dissolution rate, however, increased directly with E oc . The impression is that Mg dissolution was at a very negative potential and therefore its dissolution did not depend on the oxidative nature of the electrolyte. By contrast, Al was seemingly inert in these electrolytes and E oc followed the redox potential of the electrolyte. The activity of the material towards dissolution was therefore determined by Zn.

Linear sweep voltammetry

An overview of the electrochemical reactions of the materials in the different baths may be obtained by consideration of the conventional linear sweep voltammetry curves (j e * vs. E) in Fig. 9. Note that j e * is the convoluted value of j e taking into account the residence time distribution of the AESEC flow cell [START_REF] Ogle | Atomic emission spectroelectrochemistry: Real time rate measurements of dissolution, corrosion and passivation[END_REF]. It was observed that the zero current potential (where j = 0, E j=0 ) for pure Zn and for the ZAM varied in a manner consistent with the variation of E oc in Figs. 6 and8. E j=0 was also consistent with E oc for pure Mg and Al. E j=0 for pure Mg was around -1.05 V vs. NHE with an enhanced cathodic rate in ZN and ZNC, and for pure Al, E j=0 increased in the order ZNC > ZC > ZN > Z.

The same experiments are shown with elemental resolution for pure Zn and for the ZAM given from Figs. 10 and11, respectively. The elemental dissolution rates (Eq. 5) are expressed as equivalent elemental current density, j M (Eq. 6, M = Zn, Al or Mg) to facilitate comparison with electrical current, j e * . Figs. 10 and 11 also give j ∆ , the difference between the electrochemical current and the total dissolution: j ∆ = j e * -∑ j M . With the assumption that the anodic reaction leads only to dissolved metal ions, the cathodic reaction rate j c = j ∆ , which will be true over a large potential range for most of the curves. Therefore, the results of Figs. 10 and 11 maybe considered as Evans diagrams to represent the dynamics of the system.

For the Zn/Z electrolyte (Fig. 10), the only cathodic reactions possible are H + and O 2 reduction. In the j ∆ vs. E profile, the cathodic reaction decreases exponentially with potential until E j=0 ≈ -0.59 V vs. NHE at which point it becomes nearly constant with E oc . The onset potential of Zn dissolution (E Zn ) is observed at E Zn ≈ -0.78 V vs. NHE, shifted -200 mV into the cathodic domain with respect to E j=0 . The cathodic reactions in this electrolyte were most likely due to H + reduction (exponential relationship) and O 2 reduction (constant value).

The addition of Cu(II) had the effect of raising the Zn dissolution rate to a much higher value throughout the polarization curve which showed only a minimal variation with E.

This may be attributed to the reduction of Cu(II) (Eq. 7) such that the overall reaction is:

Zn + Cu 2+ → Zn 2+ + Cu(s) [START_REF] Tanguy | Impact of the microstructure of ZnAlMg coatings for steel on the formation mechanisms and performance of Cr VI -free conversion coatings[END_REF] In this situation j ∆ will correspond entirely to the cathodic reaction which occurs at a nearly constant rate and is essentially independent of potential (ZC in Fig. 10). The potential independence would indicate that Eq. 7 occurred by a diffusion limited process.

The addition of NO 3 -(ZN) lead to a dramatic increase in the cathodic current while the Zn onset potential shifted in the anodic direction (E Zn ≈ -0.68 V vs. NHE). This is consistent with the E oc variations described previously. The j ∆ vs. E curve confirms the markedly enhanced cathodic reaction, but also becomes positive (j e * > j Zn ) at higher potential suggesting the growth of an oxide film, most likely ZrO 2 .

The mixture of NO 3 -and Cu(II) (ZNC) illustrates the synergy between the two additives. The "background" Zn dissolution rate is raised by an order of magnitude as compared with Z, but is still almost an order of magnitude less than in ZC. The typical j Zn vs.

E curve for Z was also obtained in this case. There is no evidence for oxidative film formation as consistently j e * < j Zn . The j ∆ vs. E curve shows an even more significant enhancement of the cathodic reaction being more intense than in either of the other electrolytes. The exponential decrease with increasing potential however indicates that the cathodic reaction is not controlled by diffusion and therefore must be attributed to the reduction of NO 3 -. The significant enhancement of NO 3 -reduction may be attributed to the formation of microcathodes by Cu(s) [START_REF] Milosev | Review -Conversion coatings based on Zirconium and/or Titanium[END_REF] which formed by Eq. 7.

The dissolution of Zn from the ZAM (Fig. 11) was qualitatively very similar to pure Zn in all electrolytes. A few small but notable differences: the ZAM/Z showed a significantly reduced Zn dissolution rate in the cathodic domain and a ≈ 100 mV anodic shift in the E Zn .

This rather sluggish behavior of Zn dissolution was compensated by a significantly enhanced Mg dissolution rate (j Mg ). In fact, the cathodic Mg dissolution rate for ZAM was approximately equal to the cathodic Zn dissolution rate of pure Zn. The addition of Cu(II) (ZC) led to an increase in both j Mg and j Zn while the addition of NO 3 -(ZN, ZNC) provoked a sharp decrease in the j Mg . The j e * and j Zn curves are nearly superimposable although they are shifted anodically for pure Zn by approximately +150 mV with respect to ZAM. This demonstrates the galvanic effect of the Mg (or the Mg-rich phases) to cathodically polarize the potential of the system.

Al dissolution, not shown, remained very low rising only slightly in the anodic domain for Z and ZC. Similarly, polarization curves for pure Al showed a nearly steady state Al dissolution rate. The absence of Al dissolution, however, does not prove that Al is unreactive in these electrolytes. In principle, Al oxide formation may make a significant contribution to j ∆ .

The kinetics of the cathodic reactions remained essentially unchanged regardless of the substrate. This is demonstrated in Fig. 12 which overlays the j ∆ vs. E curves for all electrolytes in both pure Zn and ZAM substrates. The differences in reactivity may be attributed entirely to the distribution of the total cathodic current available among the different elements of the alloy.

The results presented here demonstrate that the pH=4.0, H 2 ZrF 6 solution is insufficiently oxidizing to maintain the attack of the metallic alloy necessary for the deposition of a significant conversion layer. Therefore, the addition of an additional oxidative species is necessary. The addition of NO 3 -as an oxidizing agent accelerated Zn dissolution and led to an enhanced formation of a Zr conversion coating, presumably ZrO 2 . The addition of Cu(II) also led to an increase in Zn dissolution rate by Eq. 7, however, led to no direct increase in pH. Nevertheless, the deposited Cu(s) enhanced the cathodic reaction (Fig. 12) thereby enhancing the pH increase.

Dynamics of the zirconate conversion coating bath

The principle of the ZrO 2 conversion coating process may be understood by considering the titration curve of H 2 ZrF 6 shown in Fig. 13. Shown is the solution pH as a function of the volume of NaOH added. Here the x-axis is presented as the mole ratio of hydroxide added to initial H 2 ZrF 6 , n(OH -)/n(H 2 ZrF 6 ). The curve is divided into three periods, the first corresponding to the titration of the protons of H 2 ZrF 6 and the second to the formation of ZrO 2 (s). The initial pH of the H 2 ZrF 6 solution used in this work was adjusted to 4.0, just below the onset of visible ZrO 2 precipitation. The quantity of ZrO 2 actually formed will depend on the quantity of OH -ions introduced into the electrolyte by the cathodic reaction.

The dynamics of the ZCC system may therefore be understood as an interplay between the cathodically active surface and the passive surface formed by the ZrO 2 film. The dissolution profiles of Zn in Fig. 6 indicate that both Z and ZN electrolytes show passivation revealed by the progressively decreasing Zn dissolution rate. ZrO 2 formation is enhanced by the addition to NO 3 -(Fig. 5) as NO 3 -reduction (Eq. 2) will lead to the production of OH -at a much faster rate than will H + reduction at pH=4.0.

Cu(II) reduction (Eq. 4) does not directly lead to the formation of hydroxide, however, metallic Cu is known to a good cathodic material and will catalyze the reduction of water or NO 3 -. This catalytic effect is obvious from Fig. 12 where an order of magnitude enhancement of NO 3 -reduction is indicated.

The competition between activation and passivation may lead to an unstable dynamic system under certain conditions which may give rise to oscillatory dissolution kinetics [START_REF] Itagaki | Channel flow double electrode study on electrochemical oscillation during copper dissolution in acidic chloride solution[END_REF].

This is illustrated by the dissolution profiles obtained for the ZAM system without a preceding alkaline treatment (Fig. 14). For this system, the ZNC electrolyte presented oscillations in the Zn and Mg dissolution rates. These oscillations were electrochemical in origin as they correlated with oscillations in E oc . The form of the dissolution peaks is consistent with the residence time distribution of dissolved species in the AESEC flow cell suggesting that periodic activation occurred but was rapidly followed by passivation [START_REF] Ogle | Atomic emission spectroelectrochemistry: Real time rate measurements of dissolution, corrosion and passivation[END_REF]. The period of the activation peaks increased with increasing time, ranging from 17 s at the beginning of the experiment (t = 50 s) to 80 s towards the end (t = 600 s).

Another observation from Fig. 14 is that Al dissolution rate was markedly increased in the absence of a preceding alkaline treatment (as compared with Fig. 6). This demonstrates that the selective dissolution of Al during the alkaline pretreatment plays an important role on the kinetics of the surface treatment process. Avoiding the pollution of the zirconate bath with dissolved Al might be one justification for the alkaline pretreatment.

Conclusions

The reactivity of a Zn-Al-Mg alloy coating for galvanized steel has been analyzed insitu during a conversion coating sequence involving alkaline cleaning and zirconate conversion coating.

The ability of the alkaline cleaning step to dissolve residual oxides and to etch the The dynamics of the conversion coating reaction where investigated by following the elemental dissolution rates. At steady state, the E oc of the reacting system was determined by the electrochemistry of Zn dissolution. Mg dissolution was dominant and selective during the early period of the reaction but quickly subsided as the reaction obtained a steady state of Zn dissolution.

The effect of NO 3 -and Cu(II) addition on the cathodic reactions was elucidated by a determination of the total cathodic rate from a mass-charge balance (j ∆ ). Cu(0) deposits on the surface by a displacement reaction between Cu(II) and Zn(0). The Cu(0) has a catalytic effect on the NO 3 -reduction reaction, increasing it by an order of magnitude. The dynamic interplay between activation and passivation was demonstrated by the appearance of oscillations in the Zn and Mg dissolution rates. 

2 -.

 2 . It is difficult to predict the corrosion of this alloy because the chemical and electrochemical behavior of the three elements are markedly different, as a function of pH and of electrochemical potential. The objective of this work was to determine how the components of a multiphase Zn-Al-Mg alloy coating react with modern surface treatment electrolytes including alkaline degreasing and a conversion coating formulation based on ZrF 6 The specific goal was to quantify the elemental dissolution rates of Zn, Al and Mg in the alkaline solution or when the alloy is exposed to a model H 2 ZrF 6 -based surface treatment solution. In the first case, a wide variety of Zn-Al alloys are investigated so that the applicability of the surface treatment may be defined. In this work, a simple NaOH electrolyte is compared with a commercial alkaline cleaner (CAC) of identical pH to observe the effect of the various additives in the latter. The second part of this article concerns the H 2 ZrF 6 conversion coating. In a previous work, the effect of NO 3 -was investigated on the reactivity of Zn-Al and Zn-Al-Mg alloy coatings in a phosphoric acid solution [26]. It was found that the NO 3 -affected the anodic dissolution of the each element in different ways: NO 3 -was an accelerator for Zn 2+ and Mg 2+ dissolution but an inhibitor for Al 3+ dissolution, probably due to the passivation of Al by NO 3 -. The present work represents an extension of the previous work by investigating the effect of common ZCC additives, NO 3 -and Cu(II) on the elemental dissolution reactions. It was anticipated that the presence of the oxidizing agents would affect the Al-rich phases (i.e. αphase Al-Zn) quite differently than the Mg-rich phases (i.e. MgZn 2 ). Further, we investigate the synergy of combining NO 3 -and Cu(II) in the formulation, which in principle should enhance the cathodic reaction as previously described, possibly leading to a more uniform film deposition. The extent of film formation was monitored ex-situ by glow-discharge optical emission spectroscopy (GD-OES).

  elemental reactivity of the Zn-Al-Mg alloy coating (ZAM) in 0.1 M NaOH and the CAC at T = 55°C are compared in Fig. 1. It shows the Zn, Al, and Mg dissolution rates (v M ) and the open circuit potential, E oc , as a function of time following contact with the flowing electrolyte. The vertical dashed line on the left marks the time of initial contact (t = 0), coinciding with an abrupt drop in E oc and the sharp onset of elemental dissolution. The dissolution profiles of Fig. 1 may be divided into two distinct time periods indicated by dashed vertical lines: (a) oxide dissolution, referred to as the deoxidation step, was characterized by sharp elemental dissolution peaks and a potential plateau of approximately E oc = -1.15 V vs. NHE; and (b) an etching period, corresponding to the anodic dissolution of the metal, with a steadier elemental dissolution and characterized by a potential of about -1.20 V vs. NHE.The oxide dissolution step (a) was noticeably shorter and more efficient for the CAC (≈ 50 s) as compared to NaOH (≈ 100 s). The enhanced solubility of all corrosion products in the CAC was apparent as indicated by the sharper Zn and Al dissolution peaks. Interestingly, we see that, in contrast to NaOH, Mg(II) corrosion products were soluble in CAC. A significant Mg dissolution peak was observed and Mg dissolution continued throughout the etching period. This probably reflects an additive in the cleaning agent that forms a complex with Mg(II) favoring dissolution. By contrast, Zn showed the opposite behavior: the rate of Zn dissolution was completely blocked in CAC until ≈ 500 s, but readily detectable in NaOH.During the etching period (b), preferential dissolution of Al was clearly indicated for both solutions. This would indicate that the other elements were enriched on the surface either in metallic form (Zn) or as oxides (Mg).

  ) is most likely due to the potential of ZAM being shifted to lower values by the less noble Al and Mg species. Similar mechanisms have been discussed for Al-Zn alloys and Mg-Zn intermetallic compounds [33, 34]. If Zn dissolution follows a Tafel equation around the open circuit potential, with an approximately 30 mV decade -1 Tafel slope determined from Zn dissolution rate for the pure Zn in 0.1 M NaOH [8] and Zn-5 wt.% Al in the same electrolyte [9] at T = 25°C, only a slight potential change would be necessary to significantly alter the dissolution rate.

Fig. 5

 5 gives the depth profiles of Zr, O, and Cu for the four solutions for 0.1 M NaOH pretreated case. A surface enrichment of Zr, presumably ZrO 2 , was clearly observed for all electrolytes. The relative Zr quantity of the deposit may be estimated by the total area of the Zr transient and the position of the elemental Zr intensity maximum. The order of the estimated Zr quantity was: ZNC ≥ ZC > ZN >> Z. These results demonstrate the necessity of the oxidizing agents in the conversion electrolyte: simply immersing the alloy in the H 2 ZrF 6 solution was insufficient to drive the conversion coating formation reaction.

  different metallic components was directly observed. A simple alkaline cleaner (0.1 M NaOH) was found to be nearly identical to the commercial alkaline cleaner (CAC) for Zn-Al alloys ranging from 0.7% Al to 68% Al, with selective dissolution of Al in every case. Mg dissolution however differed significantly between NaOH and the CAC. For ZAM, Mg was soluble in the CAC but not in NaOH. An identical result was obtained for the pure MgZn 2 intermetallic, however a pure Mg specimen showed no dissolution in either solution. This demonstrates that (1) Mg dissolution in alkaline solution is a function of the microstructure of the ZAM coating; and (2) the CAC must contain additives which facilitate the dissolution of Mg from the MgZn 2 phase.

Figures and TablesFig. 1 . 1 MFig. 2 .

 112 Figures and Tables Fig. 1. Open circuit elemental dissolution profiles of Zn-Al-Mg alloy coating (ZAM) in A: 0.1 M NaOH; B: Commercial alkaline cleaner (CSC) at T = 55°C.

Fig. 3 .Fig. 4 .

 34 Fig. 3. Open circuit elemental dissolution profiles of pure phases (MgZn 2 , Zn-0.7 wt.% Al, Zn-22 wt.% Al, and Zn-68 wt.% Al) as indicated in 0.1 M NaOH and CAC at T = 55°C.

Fig. 5 .

 5 Fig. 5. GD-OES analysis after 700 s exposure to the STF electrolytes as indicated.

Fig. 6 .Fig. 7A :

 67A Fig. 6. Open circuit elemental dissolution profiles in the four STF solutions at T = 55°C for the ZAM in the four STF directly following the alkaline pretreatment (immersed in 0.1 M NaOH at T = 55°C for 30 s). A: Zn dissolution rate (v Zn ), B: v Mg and C: v Al .

Fig. 8 .

 8 Fig. 8. Summary of elemental dissolution rates for pure Zn, Al and Mg. All the surface was pretreated with 0.1 M NaOH at T = 55°C for 30 s.

Fig. 9 .

 9 Fig. 9. Polarization curves for Zn, Al, Mg and ZAM in Z, ZN, ZC, and ZNC, at T = 55 °C.

Fig. 10 .Fig. 11 .

 1011 Fig. 10. Evans diagram (j M vs. E, where M = e, Zn and ∆) at T = 55°C for Zn in Z, ZN, ZC, and ZNC as indicated.

Fig. 12 .Fig. 13 .

 1213 Fig. 12. Cathodic reaction kinetics for Z, ZN, ZC, and ZNC on pure Zn and Zn-Al-Mg alloy at T = 55°C, estimated for j ∆ as described in Figs. 10 and 11. Note that the curves have been redrawn to remove noise. The shaded areas are to add visualization.

Fig. 14 .

 14 Fig. 14. Open circuit elemental dissolution profiles in the four STF solutions at T = 55°C for the non-pretreated ZAM in the four STF. Periodic oscillations in the Zn and Mg dissolution rates are observed for ZNC.
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