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Introduction

Natural rubbers are usually reinforced by either polymer or metal wires to enhance the mechanical properties of tires. For truck tires, metallic reinforcements are selected because of their higher durability and lifespan to heavy loads. The reinforcements designs are either coiled, mesh, felt, or knitted depending on their positions in the tire [START_REF]Tyre and Vehicle Dynamics[END_REF]. Each reinforcement design can affect the corrosion rate and mechanism of the structure because of complex fluid flow (laminar or turbulent) as an example [START_REF] Levitan | Experimental observation of induced-charge electro-osmosis around a metal wire in a microchannel[END_REF]- [START_REF] Mokhtari | Corrosion resistance of porous ferritic stainless steel produced by liquid metal dealloying of Incoloy 800[END_REF]. For the sidewall, the mechanical reinforcement is ensured by cords composed of 19 wires. Each wire has a diameter of 180µm obtained by successive drawings. Before the drawing, a thick brass layer is deposited on a perlitic steel wire. This layer is used as a solid lubricant agent to facilitate the drawing process. The detail of the co electrodeposition of copper and zinc can be found here [START_REF] Ghorbani | Electrodeposition of graphite-brass composite coatings and characterization of the tribological properties[END_REF]. After drawing the 180µm wires present a lamellar microstructure with brass and steel on the top surface [START_REF] Vignal | Microstructure and corrosion behaviour of deformed pearlitic and brass-coated pearlitic steels in sodium chloride solution[END_REF]. The adhesion of the wire to the rubber is ensured by the formation of copper and zinc sulfur bridges growing during the vulcanization process [START_REF] Ooij | Fundamental Aspects of Rubber Adhesion to Brass-Plated Steel Tire Cords[END_REF], [START_REF] Fulton | Steel Tire Cord-Rubber Adhesion, Including the Contribution of Cobalt[END_REF]. It is worth noticing that the brass layer does not cover the entire surface of steel after the last drawing [START_REF] Rault | Corrosion behaviour of heavily deformed pearlitic and brass-coated pearlitic steels in sodium chloride solutions[END_REF]. Consequently, the surface heterogeneity may influence the corrosion resistance of the wires. For embedded metallic cords, degradation mostly occurs in a confined environment. Indeed, the exchange of soluble species is strongly limited by the rubber layer providing more or less a barrier to water and gas diffusion.

In the complex tire structure, the sources of material damages can be identified as (i) the rubber itself with its thermal, mechanical and chemical degradation, (ii) the rubber and metal cords interface with the loss of adhesion properties, (iii) between the wires in cords with corrosion and/or fatigue phenomenon, as examples. For Chanel et al. [START_REF] Chanel | An investigation on the corrosion of brass-coated steel cords for tyres by electrochemical techniques[END_REF], Rault et al. [START_REF] Rault | Corrosion behaviour of heavily deformed pearlitic and brass-coated pearlitic steels in sodium chloride solutions[END_REF] and Lecercle et al. [START_REF] Lecercle | Corrosion behaviour of rubber-metal composites in sodium chloride solution and role of inhibitors added in the rubber or in the solution[END_REF], the metallurgical defects (e.g., matter loss during drawing, plastic deformation in iron wire) are the preferential sites to initiate local dissolution of the wire and failure.

Brass corrosion usually initiates by the selective dissolution of zinc in solid solution into the copper matrix [START_REF] Badawy | The electrochemical behaviour of leaded brass in neutral CL-and SO4-media[END_REF]- [START_REF] Polunin | Electrochemical studies of the kinetics and mechanism of brass dezincification[END_REF]. In acid and neutral solutions, simultaneous copper and zinc dissolutions are observed despite the establishment of a galvanic coupling that protects copper and depends on the copper/zinc ratio in the brass [START_REF] Pchelnikov | A study of the kinetics and mechanism of brass dezincification by radiotracer and electrochemical methods[END_REF]- [START_REF] Berne | The Electrochemical Behavior of α,β′-Brass in Basic NaNO3 Solutions[END_REF] [START_REF] Zhou | An in situ kinetic study of brass dezincification and corrosion[END_REF]. As a result, the brass surface enriches in copper either by the highest dissolution rate of zinc compared to copper or by the redeposition of copper [START_REF] Burzyńska | Comparison of the spontaneous and anodic processes during dissolution of brass[END_REF]- [START_REF] Dubois | Raman mapping of corrosion products formed onto spring steels during salt spray experiments. A correlation between the scale composition and the corrosion resistance[END_REF].

Since metallic ions are available at the close vicinity of the metal surface, an oxide layer can grow according to the interfacial pH. For Feng et al. [START_REF] Feng | Corrosion Mechanisms and Products of Copper in Aqueous Solutions at Various pH Values[END_REF], copper and zinc oxides are mostly stables in solutions pH between 4 and 12. However, the corrosion resistance is given by the growth rate of a CuXO layer (x = 1-2) in weakly acidic conditions whereas the metal protection comes from a layer of ZnO and CuxO oxides in weak basic solution. Whatever their compositions, these protective layers hinder charge transfer/mass transport of cations in their thicknesses [START_REF] Ismail | Effects of Zn and Pb as alloying elements on the electrochemical behaviour of brass in borate solutions[END_REF], [START_REF] Mary | Electrochemical behaviour of copper-nickel alloys as immobilisation matrices for the storage of fission products in CO2-enriched synthetic groundwater[END_REF], [START_REF] King | Effect of interfacial pH on the reduction of oxygen on copper in neutral NaClO4 solution[END_REF]. ZnO oxide behaves as a p-type semiconductor, and it limits the diffusion/migration of cationic species, which might reduce the dissolution rate [START_REF] Ismail | Effects of Zn and Pb as alloying elements on the electrochemical behaviour of brass in borate solutions[END_REF], [START_REF] Haemers | The Role of the Brass Surface Composition With Regard To Steel Cord Rubber Adhesion[END_REF]. CuXO oxide presents both p-type and n-type semiconductor properties that depend on the solution pH and metal doping [START_REF] Xiong | p-Type and n-type Cu2O semiconductor thin films: Controllable preparation by simple solvothermal method and photoelectrochemical properties[END_REF], [START_REF] Baturay | n-Type conductivity of CuO thin films by metal doping[END_REF]. Also, the cupric ions concentration near the brass surface seems the second major factor in Zn dissolution [START_REF] Berne | The Electrochemical Behavior of α,β′-Brass in Basic NaNO3 Solutions[END_REF]. For brass-coated steels, the dissolution mechanism still starts with the dezincification of the brass due to the lower redox potential of the Zn/Zn 2+ couple compared to Cu/Cu 2+ or Fe/Fe 2+ [START_REF] Chanel | An investigation on the corrosion of brass-coated steel cords for tyres by electrochemical techniques[END_REF]. Then, steel and zinc corrode by galvanic corrosion with copper. As already mentioned, the zinc depletion in brass promotes copper surface enrichment, which enhances the iron dissolution by galvanic coupling [START_REF] Giridhar | Adhesion and corrosion properties of a new NiZn/ZnCocoated steel tire cord[END_REF], [START_REF] Kabasakaloğlu | Electrochemical behavior of brass in 0.1 M NaCl[END_REF], [START_REF] Berne | Corrosion Behavior of α,β'-Brass in NaNO3 Solutions[END_REF]. This general mechanism of degradation of brass-coated steel wire is also a function of environmental chemistry. Among others, the pH, the oxygen level, the ionic force of the solution are parameters that influence the dissolution kinetic. It is worth noticing that oxide/hydroxide precipitates and/or soluble anionic species such as dichlorocuprous anions in chlorine environments act on the mass transport control and the corrosion rate, consequently [START_REF] Kear | Electrochemical corrosion of unalloyed copper in chloride media--a critical review[END_REF].

To better understand the driving force that controls the brass-steel wire degradation, this work focuses on the corrosion behavior of three kinds of wires selected in regards to their metallurgies. Pure steel and brass wires are used as reference materials, and they are compared to two brass-coated steels on which the brass covering ratio differs. Corrosion tests are performed in stagnant or stirred neutral solutions to evaluate the role of the kinetics of reactions limited by mass transport. Such approaches have early been applied to understand the oxygen reduction on copper alloys in chloride environments [START_REF] Walsh | The electrode kinetics of oxygen reduction: A case study. The corrosion of copper and its alloys in aqueous chloride solution at a smooth rotating disc electrode[END_REF]. Since pH affects the oxide film properties and composition, corrosion tests are performed either at pH 2, 6, or 12 to evaluate the role of the oxide stability on the degradation mechanisms.

2 Experimental procedure Three kinds of wires were studied: (i) one steel, (ii) one brass, and (iii) one brass-coated steel. The steel wires present a heavily deformed pearlitic microstructure [START_REF] Vignal | Microstructure and corrosion behaviour of deformed pearlitic and brass-coated pearlitic steels in sodium chloride solution[END_REF], [START_REF] Rault | Corrosion behaviour of heavily deformed pearlitic and brass-coated pearlitic steels in sodium chloride solutions[END_REF] with the following chemical composition: 1 wt.% C, 1 wt.% Mn, 0.3 wt.% Si, 0.02 wt.% S, 0.03 wt.% P, 0.5 wt.% Ni, 0.1 wt.% Cr, 0.10 wt.% Mo, 1 wt.% Cu, 0.03 wt.% and bal. Fe. Brass was obtained by co-electrodeposition and heat treatment (interfusion process) of copper and zinc in the ratio of 63-68 wt.% and 32-37 wt.%, respectively. If a single α brass phase was expected according to thermodynamic data, some β' phases heterogeneities precipitated to a minor extent. The brass coating thickness was estimated at 3 µm by cross-section observation of the brass-coated steel sample with a diameter of 1 mm. The covering ratio of the steel by brass was above 99% using SEM chemical map observation. Cross-section observations of this sample are found in Rault et al. [START_REF] Rault | Corrosion behaviour of heavily deformed pearlitic and brass-coated pearlitic steels in sodium chloride solutions[END_REF] (see Figure 3a). Steel wires, brass, and brass coated steel wires have an external diameter of 1 mm (sample named ∅1 mm). Additional drawings were applied to the brass coated steel wire until 180 µm diameter (sample named ∅180 µm). In Figure 1, the surfaces of ∅1 mm wires present a strong plastic deformation with grooves oriented along the drawing direction (carbon steel, Figure 1a, and brass coated steel, Figure 1b). For wires of ∅180 µm, numerous grooves parallel to the drawing direction are observed as material pullout and loss. EDS analyses attached to Figure 1d show a large amount of iron on the surface, zinc, and copper distributions with oxygen associated with copper. On the SEM chemical map of 180µm wire (Figure 1d and also larger scan not shown here), the iron signal covered 50% of the sample surface. The 50% remaining were attributed to the brass signal composed by copper and zinc. It is worth noticing that either our observations or those performed by Rault et al. [START_REF] Rault | Corrosion behaviour of heavily deformed pearlitic and brass-coated pearlitic steels in sodium chloride solutions[END_REF] were able to identify the existence of a nanometerthick brass layer in the location where the iron signal was dominant.

Before electrochemical experiments, wire surfaces were degreased in an alcohol/acetone mixture, rinsed with acetone, and dried at room temperature with pulsed dry air.

Electrochemical experiments were performed with a three-electrode cell connected to a GAMRY® Ref600 potentiostat. A schematic representation of the electrochemical cell is given in Figure 2. The working electrodes consist of wires with an active surface of about 1.9 cm² and 1.5 x10 -3 cm² for wires of 1 mm and 180 µm, respectively. The counter electrode is a graphite shield with a total surface of 50 cm². The distance between the CE and the sample is 2 cm. All potentials are referred to the Mercury Sulfate Electrode, having a potential shift from the standard hydrogen electrode of +0.65 V. The reference electrode is installed 1 cm above the wire in the cell. In this latter, the wires were immersed 2 cm below the solution level. Moreover, the distance between the three electrodes was fixed for all experiments. The electrolyte is a 0.1 M Na2SO4 solution at 21 °C with a natural pH of 6.6 and a dissolved dioxygen concentration at approximately 4 ppm (Hanna® instrument O2 sensor HI9146) at the level of the wire surface. The solution pH was adjusted by the addition of H2SO4 or NaOH until pH two or pH 12, respectively, whereas the dioxygen mass transport limitation was reduced by a magnetic stirring (with Teflon coated magnet) rotating at a velocity of 600 rpm. According to the cylindrical design of the corrosion cell, the graphite shield and the magnetic stirring of the solution, a turbulent flow is expected at the wire surface. The total volume of the cell was 500 mL.

For each sample, the open circuit potential (OCP) was recorded for 6 hours, and the surface reactivity was evaluated by electrochemical impedance spectroscopy conducted in a frequency range of 50 kHz -10 mHz with a signal amplitude of 13 mV (RMS) at 10 points per decade. Linear sweep voltammetry (LSV) was recorded from -0.4 VMSE vs. OCP to +0.2 VMSE vs. OCP at 1 mV/s, and polarization resistance (Rp) was determined from the Stern-Geary relationship in the potential range of ±10 mV versus OCP. Experiments have been performed at least twice to confirm the reproducibility of results (as shown in Figure 2a). In other figures, representative plots are drawn, and quantitative data are reported with the corresponding relative errors in Tables. Impedance diagrams were fitted with the electrical equivalent circuits reported in Table 1. Each element will be defined later in the result section.

After the electrochemical experiments, surface observations were performed either by optical microscopy (Hirox HK7700, Japan) or SEM Supra 55VP (Zeiss, Germany) coupled with an EDX Oxford probe with a surface capture of 80 mm².

3 Results and discussion 6

Galvanic coupling between steel and brass

OCP evolutions of ∅1 mm wire in stagnant neutral solution are reported in Figure 3a. Right after immersion, a potential drop toward cathodic values is detected for steels and brass-coated steel wires. This potential drop is consistent with an active behavior as expected for steel immersed in a sulfate solution. To the opposite, the potential of brass increases as a protected oxide film grows. In the potential steady-state domain, the highest cathodic value (at -1.00 VMSE) is recorded for the steel, whereas the highest anodic potential (-0.45 VMSE) is obtained for the brass. For the brass coated steel, OCP stabilizes at -0.90 VMSE due to the galvanic coupling between the iron core and the brass shell.

Polarization curves after OCP are reported in Figure 3b. Whatever the sample, a current plateau is observed in the cathodic region. It highlights the reduction reaction limited by the mass transport of dissolved oxygen in stagnant, aerated, and neutral solution [START_REF] Bozec | Influence of stainless steel surface treatment on the oxygen reduction reaction in seawater[END_REF], [32] [22]. For steel and brass coated steel, the current inflection at -1.1 VMSE is attributed to the presence of oxide-hydroxide Fe (II) and/or Fe (III) species, e.g., goethite, lepidocrocite grown at OCP [START_REF] Dubois | Raman mapping of corrosion products formed onto spring steels during salt spray experiments. A correlation between the scale composition and the corrosion resistance[END_REF]. On brass wires, no sign of dezincification was detected on the polarization curves as well as on OCP curves since this process is speedy. Note that the current decrease at the lowest potential of the polarization curve is due to the chemical and physical surface reorganization induced by a fast potential shift. In the anodic region, the continuous increase of current indicates a general dissolution of the material. On LSV curves, the corrosion currents determined from Tafel plots (under a cathodic control) are equal to 4.5 ± 2 µA/cm², 7.0 ± 2 µA/cm² and 1 ± 0.3 µA/cm² for the iron, brass coated iron and brass wires, respectively. If general dissolution is considered for the brass wires and steel (as suggested in Figure 3b), the brass remains less sensitive to corrosion. On brass-coated steel, the current of corrosion enhancement is attributed to the galvanic coupling that promotes the iron dissolution since the dezincification of the brass occurs at the earlier stage of the immersion [START_REF] Sugawara | Dezincification of brass[END_REF].

SEM observations were carried out on the wire surfaces (Figure 4). Corroded surfaces were generated after the linear polarization at +0.2 VMSE versus OCP. According to the current densities reached in Figure 3b, the surface degradation should be less significant for the brass coated steel than the steel and the brass sample. For the steel samples (Figure 4a and Figure 4b), corrosion scales mostly cover the whole surface and present typical structures of lepidocrocite γ-FeO(OH) and goethite α -FeO(OH) characterized by fine plates ("flowery" structures) and globular ("cotton ball" structures) shapes, respectively [START_REF] De La Fuente | Long-term atmospheric corrosion of mild steel[END_REF]. Note that drawing grooves are still notable below the oxide layer. On the brass coated steel, the corrosion scales are also homogeneously distributed (Figure 4c). Their morphologies suggest precipitation and/grow of iron-based and copper oxides (Figure 4d). Note that brass dezincification releases cupric ions that may affect the stability of iron corrosion products, the electrical conductivity of the rust layer, and, consequently, of the corrosion rate [START_REF] Suzuki | Native Oxide Layers Formed on the Surface of Ultra High-Purity Iron and Copper Investigated by Angle Resolved XPS[END_REF] [START_REF] Suzuki | Nature of Atmospheric Rust on Iron[END_REF]. Figure 4e suggests a selective dissolution of the brass wire due to the local copper enrichment or secondary phases precipitation in the zinc-copper solid solution that promotes local galvanic coupling [START_REF] Berne | Corrosion Behavior of α,β'-Brass in NaNO3 Solutions[END_REF].

Mass transport effect on the electrochemical behavior of wires

In neutral and aerated solutions, the cathodic reaction is controlled by the mass transport limitation of dissolved dioxygen. It is known for active materials like those studied here that the dissolved dioxygen reduction contributes to the corrosion rate at the corrosion potential. The chemistry of the oxide growing on the material surface is also another influencing parameter. On carbon steel, the rate of O2 reduction on the oxide layer is greater than that on the bare surface [START_REF] Jovancicevic | The Mechanism of Oxygen Reduction on Iron in Neutral Solutions[END_REF]. This reactivity also depends on the types of surface sites on which O2 is reduced, as shown on copper surfaces by King et al. [START_REF] King | Effect of interfacial pH on the reduction of oxygen on copper in neutral NaClO4 solution[END_REF], [START_REF] King | Oxygen reduction on copper in neutral NaCl solution[END_REF]. They believed that Cu(0) sites are less catalytic surfaces leading to a complete reduction to OHfollowing a 4e pathway. For Cu(I) or Cu(II) sites, a reduction following a 2e pathway (involving H2O2 formation) was reported by those authors. On the brass surface, Procaccini et al. [START_REF] Procaccini | Oxygen reduction on Cu-Zn alloys[END_REF] confirmed the coexistence of the 2e and 4e pathway for O2 reduction depending on the presence of copper and zinc oxide on the material surface. They also found that the oxygen reduction reaction order was one. One can notice that the O2 reduction to OH-(2e pathway reaction) can cause an increase in the interfacial pH and consequently modify the corrosion rate of the material.

Therefore, the natural convection was modified by solution agitation (stirred solution at 600 rpm) to evaluate the modification of the electrochemical behavior of the steel, brass-coated steel, and brass sample. OCP and LSV curves for wires of ∅1 mm are plotted in Figure 5. On the one hand, OCP is not modified for the steel (Figure 5a) and brass wires (Figure 5e). On the other hand, the brass coated steel OCP shifts to +70 mV (Figure 5c). These findings show more electrochemical sensitivity for the brass coated steel to flow conditions. One can also notice that the potential ranking was not changed due to the solution stirring On LSV curves (Figure 5), the cathodic current increase is related to the higher reduction rate of O2 promoted by the solution agitation. However, the solution agitation does not change the dissolution rate of the steel surface, brass, or brass-coated steel as the reaction is charge transfer limited.

Consequently, the current density at the corrosion potential increases whatever the material. Table 2 reports the polarization resistances Rp calculated from the Stern-Geary relationship on samples immersed for 6 hours. One the one hand, the results confirm the higher corrosion resistance (4764 Ω) of the brass wire follow by the brass-coated steel (1297 Ω) and the steel (870 Ω). On the other hand, the decrease of Rp with the agitation corroborates the fact that the solution agitation harms the corrosion resistance of the materials.

Electrochemical impedance spectroscopy measurements (EIS) were performed after 6 hours at the OCP either in stagnant or stirred neutral solutions. Results are reported in Nyquist and Bode diagrams for the steel (Figure 6), the brass-coated steel (Figure 7), and brass (Figure 8) wires (∅1 mm of diameter). Irrespective of the sample, modifications of the impedance loops are observed with the solution agitation. The impedance diagrams were fitted with three different Electrical Equivalent Circuits to quantify the electrochemical reactivity of wires (Table 1).

In Figure 6, the impedance spectrum for steel presents a single loop that can be modelized by a Randle circuit (EEC.1 in Table 1) [START_REF] You | An investigation of the corrosion of pure iron by electrochemical techniques and in situ observations[END_REF], [START_REF] Bommersbach | Hydrodynamic effect on the behaviour of a corrosion inhibitor film: Characterization by electrochemical impedance spectroscopy[END_REF]. The resistances Re and Rt correspond to the electrolyte resistance and the charge-transfer resistance, respectively. Note Rt is equal to the polarization resistance Rp for EEC.1. The pseudocapacitance Qdl represents the combination of the space-charge and the doublelayer capacitance of the iron (Equation 1) [START_REF] Boissy | Correlation between predictive and descriptive models to characterize the passive film -Study of pure chromium by electrochemical impedance spectroscopy[END_REF]. The deviation from the ideal capacitive behavior (parameter nα, Equation 1) is linked to the surface heterogeneities (e.g., roughness, porosity) and the non-uniform current distribution because of the cylindrical geometry of the sample [START_REF] Mulder | Tafel current at fractal electrodes: Connection with admittance spectra[END_REF], [START_REF] Jorcin | CPE analysis by local electrochemical impedance spectroscopy[END_REF], [START_REF] Popova | AC and DC study of the temperature effect on mild steel corrosion in acid media in the presence of benzimidazole derivatives[END_REF], [START_REF] Amin | The inhibition of low carbon steel corrosion in hydrochloric acid solutions by succinic acid: Part I. Weight loss, polarization, EIS, PZC, EDX and SEM studies[END_REF]. Equation 2gives the correspondence between the pseudocapacitance (Q) and the capacitance (C) according to Brugg's formula. In Equation 1 and Equation 2, Q is either double layer (Qdl) or film capacitance (Qf), and R is either the charge transfer (Rt) or the film resistance (Rf).
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In Figure 6, a good agreement is observed between the experimental data and the fit for the steel wire.

Note that the high value of Cdl about a few mF/cm² becomes of the wire geometry and a heterogeneous reactivity in solution (Table 2). The increase of the double-layer capacitance simultaneously with the decrease of Rt is induced by a higher dissolved oxygen supply in a stirred solution. Note that the lower adhesion of corrosion scales on the wire with the turbulent flow could also be a second factor for the corrosion enhancement.

For brass coated steel, the impedance diagrams exhibit two pseudo capacitive loops not well separated (Figure 7). Experiments were fitted with EEC.2 (Table 2), where Qf and Rf correspond to the brass coating capacitance and resistance, respectively, and Qdl and Rt are the double-layer capacitance and the charge transfer resistance of the iron substrate, respectively. On the one hand, Qf and n2 (brass layer capacitance) are slightly modified by the solution stirring. The brass capacitance is then equal to approximately 100 µF/cm². On the other hand, Qdl increases strongly, whereas n3 decreases because of a higher steel surface reactivity. Note that n3 tends to 0.5 suggesting a limited diffusion process [START_REF] Mary | Electrochemical behaviour of copper-nickel alloys as immobilisation matrices for the storage of fission products in CO2-enriched synthetic groundwater[END_REF].

The simultaneous decrease of Rf and Rt and the increase of Cdl with the solution agitation is attributed to a porous oxide layer formation and weak protective corrosion scales [START_REF] Chanel | An investigation on the corrosion of brass-coated steel cords for tyres by electrochemical techniques[END_REF].

In Figure 8, the brass Nyquist plots exhibit differences in the medium-low frequency range with the solution agitation. To take into account this, EEC.2 was modified to EEC.3 only for the experiments in a stagnant solution. For the two circuits, Re, Qf, Rf, Qdl, and Rt have the same meaning that previously.

In EEC.3, a Warburg element (W) was introduced to account for the linear dependence of the impedance at low frequency due to limited diffusion processes. For this sample, the solution agitation increases the oxide film resistance and the charge transfer resistance. This trend can be related to the mechanism of corrosion of brass. When immersed in the solution, zinc dissolves immediately. The enrichment of the surface with copper is due to either the lower dissolution rate of copper or the preferential precipitation of copper ions [START_REF] Polunin | Electrochemical studies of the kinetics and mechanism of brass dezincification[END_REF], [START_REF] Langenegger | Effect of the Polarization Technique on Dezincification Rates and the Physical Structure of Dezincified Zones[END_REF]. Therefore, the higher Rp values in stirred solution are related to the mass transport of either (i) zinc that dissolves more quickly and favor copper on the surface or (ii) dissolve dioxygen. This latter is associated to the cathodic reduction of O2 and local pH variation where hydroxide-oxide species could precipitate preferentially.

EIS results are consistent with the other electrochemical characterizations and confirm the higher corrosion resistance of brass compared to steel. For brass coating steel, the intermediate behavior is attributed to the defects on the brass layer that initiate a galvanic coupling with the steel. In the absence of solution convection, the iron mass transport through the coating porosities limits its natural diffusion and promotes the growth of scales layers by local pH increase [START_REF] Vignal | Microstructure and corrosion behaviour of deformed pearlitic and brass-coated pearlitic steels in sodium chloride solution[END_REF]. To the opposite, the turbulent flow removes corrosion scales on the surface, and dissolution increases.

Further work should be dedicated to the finer analysis of the role of O2 reduction on the oxide film formation and surface reactivity for the three kinds of wires. For that purpose, the hydrodynamic flow conditions should be better controlled at the wire surface to evaluate the effect of laminar, turbulent, and transitional flow [START_REF] Walsh | The electrode kinetics of oxygen reduction: A case study. The corrosion of copper and its alloys in aqueous chloride solution at a smooth rotating disc electrode[END_REF].

Role of the pH on the corrosion behavior of ∅180µm brass coated steels.

In tires applications, cords are composed of 19 wires of 180 µm diameters each. These wires are obtained through successive drawing. At the end of the process, a lamellar structure highly deformed with a heterogenous brass distribution is obtained (Figure 1). This dual-phase microstructure is then suitable for galvanic coupling where steel and brass locate the anodic and cathodic reaction, respectively [START_REF] Rault | Corrosion behaviour of heavily deformed pearlitic and brass-coated pearlitic steels in sodium chloride solutions[END_REF].

OCP after 6 hours of immersion of brass coated steels with diameters of 1 mm and 180 µm stabilize at -0.85 VMSE and -0.925 VMSE, respectively (Figure 5 and Figure 9). The cathodic behavior of the 180 µm wire can be attributed to a higher iron-brass surface ratio (Figure 1d). This higher reactivity is also detected by electrochemical impedance spectroscopy (Figure 10, the curve at pH 6.6). Whatever the wire diameter, EIS plots were fitted with the EEC.2 and results reported in Table 2 (pH 6.6). A reduction of diameter leads to a decrease in the film capacitance and resistance as the surface covered by the brass is smaller. Note that the charge transfer decreases and the double layer capacitance increases highlight a higher surface reactivity.

In aerated solution, the reduction of the dissolved dioxygen is the primary reaction and leads to local pH variations [START_REF] Berne | Corrosion Behavior of α,β'-Brass in NaNO3 Solutions[END_REF]. To evaluate the effect of pH on the corrosion resistance of ∅180 µm brass coated steel wires, three different pH solutions were selected, and OCP was recorded for 6 hours. In Figure 9, OCP stabilizes at -0.95 VMSE after 6 hours of immersion in pH six and pH 10. It can be noticed that the OCP is 50mV more cathodic than for the ∅1 mm wire in pH 6 (Figure 3a). This small cathodic shift (i.e., surface reactivity) can be linked to the modification of the anodic surface (i.e., steel) and cathodic (i.e., brass) ratio and also to the easier access of iron to the solution. In pH 2, the OCP drops to -1.05 VMSE. From a thermodynamic viewpoint, this might correspond to the mixed potential between the cathodic reduction of H + and the dissolution of iron into Fe 2+ (standard values of half redox equations).

SEM micrographs observations carried out after 6 hours and 12 hours of immersion at OCP are reported in Figure 10. In acid solution, the dissolution takes place preferentially at the brass steel interface. The locale dissolution has for consequences of forming iron flakes (Figure 10a). After 12h, the phase cohesion is lost between the brass and the iron. Brass plates detach and the corrosion propagates along with the lamellar microstructure of the iron. At higher pH, the surfaces appear less damaged (Figure 10c). Macroscopic corrosion scales are only observed at pH 12 (Figure 10e). EDX analysis (not shown) suggests an enrichment of zinc in the corrosion layer that is consistent with the precipitation of zinc oxide and hydroxide at basic pH.

Impedance spectroscopy diagrams were also recorded after 6 hours of immersion (Figure 11), and they were fitted with EEC.1 and EEC.2 (Table 2). In acid solution, only one constant phase element is required to fit the Nyquist diagram (EEC.1), where Re is the electrolyte resistance, Qdl is the doublelayer capacitance, and Rt is the charge-transfer resistance. When pH increases, the reduction of dissolved dioxygen takes place at the brass surface. Therefore, a second time constant is added to fit EIS data (EEC.2). Results in Table 2 show that Rp is four times lower in pH two than in neutral and basic solutions (Table 2). In an acid environment, the reactivity is controlled by the iron since the brass (i.e., copper) is in the immunity domain according to E-pH diagrams [START_REF] Beverskog | Revised pourbaix diagrams for iron at 25-300 °C[END_REF], [START_REF] Beverskog | Revised pourbaix diagrams for zinc at 25-300 °C[END_REF]. The increase of Rp confirms the improvement of the corrosion resistance at pH 6. At this pH, iron oxide-hydroxides are not expected according to the E-pH diagrams. However, Havlik et al. report the existence of iron -zinc oxide, ZnFe2O4, that could partially protect the surface (Table 2) [START_REF] Havlik | Hydrometallurgical processing of carbon steel EAF dust[END_REF]. In basic solution, Cdl, Cf are higher than in pH six, while Rp decreases. In Table 2, the brass coated steel wire appears more reactive at the highest pH. In pH 12, iron and zinc hydroxides and oxides may coprecipitate.

Therefore, the dual-phase oxide covering the surface could be less protective. Note that further investigations are required to discuss these assumptions intensely.

Effect of oxidizing species on brass corrosion

Previous results point out the following inputs on:

(i)
The metallurgical state of the wires. According to the covering percentage of brass on iron, the reactivity of the iron can be modified due to the galvanic coupling with brass after its dezincification. Therefore, from the viewpoint of brass, copper controls the longterm reactivity.

(ii)

The limiting reaction in aerated and stagnant solution. As expected, in a neutral solution, the dissolved oxygen reduction is the main component of the cathodic reaction.

Consequently, the hydroxyl group generation may change the interfacial pH and stabilize oxide-hydroxide species. For Le Bozec et al. [START_REF] Bozec | Influence of stainless steel surface treatment on the oxygen reduction reaction in seawater[END_REF], O2 reduction can proceed via both two and four-electron reactions according to the material surface, whereas the rate of O2 reduction is partially connected with the iron concentration.

(iii) The solution pH. This latter can, among other things, sharply limits the oxide-hydroxide formation and stability either of copper or zinc.

If pH affects the stability of hydroxide-oxides, the role oxidizer in solution also has to be considered for copper (Table 3) [START_REF] Berne | The Electrochemical Behavior of α,β′-Brass in Basic NaNO3 Solutions[END_REF]. Therefore, a small quantity of H2SO4 or HNO3 was added to the neutral Na2SO4 solution to modify the oxidant power of the solution. Note that the solution pH was equal to 4.

After one week of immersion in H2SO4 solution, large precipitates cover the ∅180µm wires (Figure 12a). SEM-EDS analysis on precipitates (i.e., H2SO4 solution) gives a copper/oxygen ratio at 1.6. To the opposite, localized dissolution occurs in the nitric acid solution (Figure 12b) with a corrosion initiation on drawing defects or β' phases heterogeneities [START_REF] Berne | Corrosion Behavior of α,β'-Brass in NaNO3 Solutions[END_REF]. Note that no oxygen enrichment was detected locally on the brass surface. These confirm that the solution aggressiveness plays a role in brass corrosion, as summarized in Figure 13. The mechanism of copper deposition was earlier reported by Badawy et al. [START_REF] Badawy | Corrosion Behavior of Brass Alloys in Aqueous Solutions of Different pH[END_REF]. In acidic solutions, the zinc dissolution reduces the bonding energy between copper and generates Cu(I) and Cu(II) ions. In aerated solution, Cu(I) either reacts with the dissolved dioxygen, which leads to the formation of Cu2O (Equation 3) or reprecipitate. Note that the formation of Cu2O also takes place on copper (Equation 4) [START_REF] Hernandez | Surface Chemistry Studies of Copper Chemical Mechanical Planarization[END_REF]. In the nitric acid solution, the reduction of cupric ions is thermodynamically disfavored compared to the reduction of nitric species, and brass continuously dissolves (Figure 12b, Equation 6) [START_REF] Bouzek | Electrochemical reduction of nitrate in weakly alkaline solutions[END_REF].

In the galvanic coupling condition and neutral solution, no copper or zinc recrystallizations were observed on 180µm brass coated steel (i.e., Figure 10c and Figure 10d look similar to Figure 12b related to brass dissolution in nitric acid solution). This observation arises from the iron activity as reported in Equation 6to 10 (gas pressure is equal to 1 atm, concentration species are equal to 10 -6 M and pH 6.6). The Fe 2+ half-reaction presents a higher anodic potential than copper. Therefore, the Fe 3+ reduction could hide the reduction of copper ions and leads to a wire dissolution surface instead of the germination of corrosion products. This mechanism needs to be confirmed in the future by local chemical analysis of the surface as well as by solution analysis to fully understand the reduction competition between iron and copper on cathodic sites. Fe 3+ + 3e → Fe E° = -0.77 V/MSE Equation 10.

Conclusions

Corrosion tests were performed in various chemical environments on steel, brass, and brasscoated steel wires to understand the galvanic coupling between iron and brass in coated wire and also the degradation mechanism on brass. From experimental results, the following conclusions can be drawn:

-The galvanic coupling established between the iron core and the brass shell after the dezincification period for brass coated steel samples. In the absence of oxidant species in solution, the limiting cathodic reaction is due to the mass transport of dissolved oxygen. A higher cathodic surface (i.e., brass) with a turbulent flow increases the corrosion rate of the brass coated steel wires. The interfacial pH can be modified by an increase in the mass transport of dissolved oxygen, which can modify the corrosion products' nature.

-The variations of pH in solution indicated that the wire corrosion could significantly reduce when both copper and zinc oxides are stables. Once the pH decreases significantly, both iron and brass corroded with a delamination-like mechanism with loss of brass and iron flakes.

-The corrosion of brass depends mainly on the chemical composition of the environment (pH, agitation, oxidizing power). Copper ions precipitation can be inhibited with the presence of an oxidizing agent in solution. The iron can play this role in the case of the brass-coated steels. This presence of species with high oxidizing power is detrimental for the brass corrosion. 
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 1 Figure 1. SEM observations of a) steel, b) brass, c) brass-coated steel wires with ∅1mm. d) brasscoated steel wires with ∅180µm and detail of element repartitions on surface before electrochemical tests.

Figure 2 .Figure 3

 23 Figure 2. Shematique representation of the corrosion cell with the localisation of the wire or cords, counter and reference electrode. Presence of a magnetic stirrer to modify the O2 diffusion/convection.
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 45 Figure 4. SEM observations after polarization curves in aerated solution 0.1M Na2SO4, pH 6.6 a) b) steel wire, c) d) brass coated steel wire and e) f) brass wires (all ∅1mm). Low magnification observations on the left and details of corrosion scales on the right.

Figure 6 .

 6 Figure 6. a) Nyquist and b) Bode representations of the impedance diagrams on Steel wires (∅1mm) in stagnant (0 rpm) and stirred (600 rpm) solutions (pH6.6).

Figure 7 .

 7 Figure 7. a) Nyquist and b) Bode representations of the impedance diagrams on brass coated steel wires (∅1mm) in stagnant (0 rpm) and stirred (600 rpm) solutions (pH6.6).
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 8 Figure 8. a) Nyquist and b) Bode representations of the impedance diagrams on brass wires (∅ 1 mm) in stagnant (0 rpm) and stirred (600 rpm) solutions (pH6.6).
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 9 Figure 9. OCP measurements on 180 µm brass coated steel wires immersed in aerated and stagnant 0.1M Na2SO4 solution with a pH of 2 (H2SO4 addition), 6 and 10 (NaOH addition).
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 1011 Figure 10. SEM observation of brass coated wires (180µm) after 6 hours (left column) or 12 hours (right column) at the OCP in a), b) pH 2, c), d) pH 6 and e), f) pH 12.

Figure 12 .

 12 Figure 12. SEM observations of 1 mm brass wires immerged 1 week in a) sulfuric acid and b) nitric acid solution at pH 4.

Figure 13 .

 13 Figure 13. Schematic representations of the corrosion mechanism of brass wires immerged in a) sulfuric acid solution (preferential reduction of copper at brass surface) and b) nitric acid solution (reduction of NO3 -on cathodic sites of the brass). c) case of brass coated steel at 1 mm or 180 µm. Preferential reduction of Fe 3 + limiting the redeposition of Cu on cathodic sites.

Table 1 .

 1 List of the electrical equivalent circuit used to fit EIS diagrams.

	EEC.1	EEC.2	EEC.3

Re + Qdl / Rt

Re + Qf / (Rf + Qdl / Rt) Re + Qf / (Rf + Qdl / (Rt + W))

Table 2 .

 2 Quantification of the wire reactivity either by polarization resistance measurements or by electrochemical impedances. Polarization resistance (Ω) calculated after 6 hours of immersion on potentiodynamics curves plotted at ±10 mV to the corrosion potential. EIS fits performed with the Electrical Equivalent Circuits given in Table1and goodness of fit χ²/|Z| are lower than 0.3.
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