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Effect of 1-pyrrolidine dithiocarbamate on the galvanic coupling resistance of intermetallics -aluminum matrix during corrosion of AA 2024-T3 in a dilute NaCl

Keywords: Aluminum, copper-rich particles, surface film, oxygen reduction reaction, EIS, EQCM

1-pyrrolidine dithiocarbamate (PDTC) effect on galvanic coupling resistance of AA 2024-T3 alloy in 0.2 g L -1 NaCl was evaluated by different electrochemical/gravimetric methods and surface analysis. The results obtained from polarization curves and electrochemical quartz crystal microbalance measurements showed that PDTC forms an adsorbed film on the Cu-rich particles, likely through a Cu I -PDTC complex. At high concentrations, PDTC significantly decreases the alloy reactivity thereby providing a marked corrosion protection. SEM-EDX analysis showed that PDTC adsorbs preferentially on the Al-Cu-Mg particles.

Electrochemical impedance spectroscopy measurements corroborate these results and show furthermore that PDTC addition increases the galvanic coupling resistance.

Introduction

Despite the susceptibility of 2XXX series of aluminum alloys to galvanic corrosion in chloride media [START_REF] Schmutz | Corrosion Study of AA2024-T3 by Scanning Kelvin Probe Force Microscopy and In Situ Atomic Force Microscopy Scratching[END_REF][START_REF] Zhang | Transitions between pitting and intergranular corrosion in AA2024[END_REF], they continue to be the material of choice in different industries, particularly for several applications in the aerospace domain, due especially to their lightness and their advantageous mechanical properties. 2XXX series are obtained by addition of alloying elements, mainly copper, to confer high mechanical strength to the alloys thus formed. However, Cu addition produces a heterogeneous microstructure containing intermetallic inclusions, mainly Al-Cu-Mg (S-phase), Al-Cu-Mn-Fe, and other Cu-rich minor phases in the case of AA 2024-T3 alloy. In chloride media, all types of coarse intermetallic particles strongly affect the corrosion behavior of the AA 2024-T3 alloy but in different ways and extent. The common theory concerning the corrosion mechanism of this alloy [START_REF] Schmutz | Corrosion Study of AA2024-T3 by Scanning Kelvin Probe Force Microscopy and In Situ Atomic Force Microscopy Scratching[END_REF][START_REF] Chen | Microconstituent-induced pitting corrosion in aluminum alloy 2024-T3[END_REF][START_REF] Liao | In-situ monitoring of pitting corrosion in aluminum alloy[END_REF][START_REF] Birbilis | Electrochemical characteristics of intermetallic phases in aluminium alloys[END_REF][START_REF] Yoon | Dissolution behavior of Al 2 CuMg (S Phase) in chloride and chromate conversion coating solutions[END_REF][START_REF] Yasakau | Mechanism of Corrosion Inhibition of AA2024 by Rare-Earth Compounds[END_REF][START_REF] Boag | Corrosion of AA2024-T3 Part I: Localised corrosion of isolated IM particles[END_REF][START_REF] Buchheit | Evidence for Cu Ion Formation by Dissolution and Dealloying the Al 2 CuMg Intermetallic Compound in Rotating Ring-Disk Collection Experiments[END_REF] states that Al-Cu-Mg particles are initially active with respect to the matrix and are partially dissolved by dealloying resulting in a copper-rich remnant, which then behaves as a cathodic site and induces peripherical matrix corrosion near the particle due to pH increase [START_REF] Lacroix | Combination of AFM, SKPFM, and SIMS to Study the Corrosion Behavior of S-phase particles in AA2024-T351[END_REF].

Concerning the Al-Cu-Mn-Fe coarse intermetallics, they are always considered as cathodic sites and promote the matrix dissolution around them. This dissolution continues as long as the intermetallics retain electrical contact with the matrix, and is cathodically controlled due to the smaller area of these particles. In addition, the cathodic nature of the Al-Cu-Mn-Fe particles leads to rapid reduction of oxygen with consequent increase of the pH in their proximity which in turn causes alkaline attack of the matrix adjacent to these particles.

Besides, a secondary effect of their cathodic nature is the reduction at their location of copper ions dissolved in solution, which leads to nodular Cu deposits [START_REF] Chen | Microconstituent-induced pitting corrosion in aluminum alloy 2024-T3[END_REF].

In chloride solutions and in chloride-containing sulfate solutions, the poor resistance to corrosion of AA 2024-T3 alloy was attributed to the aggressiveness of chloride and sulfate ions to copper [START_REF] Blanc | The role of precipitates enriched with copper on the susceptibility to pitting corrosion of the 2024 aluminium alloy[END_REF][START_REF] Qafsaoui | The pitting corrosion of pure and low alloyed copper in chloride-containing borate buffered solutions[END_REF][START_REF] Duthil | The synergetic effect of chloride and sulphate on pitting corrosion of copper[END_REF][START_REF] Mankowski | The pit morphology on copper in chloride-and sulphate-containing solutions[END_REF]. This suggests that the protection of AA 2024-T3 alloy against localized corrosion in such environments could be mitigated by the protection of Cu-rich particles. Hence, the use of compounds that generally inhibit the corrosion of Cu appears to be a promising approach for corrosion inhibition of the alloy. Several compounds have been identified as potential inhibitors for the alloy by extensive studies on the corrosion inhibition of copper [START_REF] Kuznetzov | Organic Inhibitors of Corrosion of Metals[END_REF][START_REF] Ammelot | Application of photoelectrochemical methods for the characterization of Cu(I) oxide layers modified in the presence of corrosion inhibitors[END_REF][START_REF] Fleischmann | A comparative study of the efficiency of some organic inhibitors for the corrosion of copper in aqueous chloride media using electrochemical, surface enhanced Raman scattering techniques[END_REF][START_REF] Otmacic Curkovic | Electrochemical quartz crystal microbalance and electrochemical impedance spectroscopy study of copper corrosion inhibition by imidazoles[END_REF].

In a previous study [START_REF] Blanc | Inhibition of the pitting corrosion of 2024 aluminum alloy by 1,2,3-benzotriazole[END_REF], a statistical analysis of pit nucleation times of AA 2024-T3 alloy in chloride media has shown that 1,2,3 benzotriazole (BTAH), one of the most studied inhibitors for copper [START_REF] Dugdale | An electrochemical investigation on the preventing of staining of copper by benzotriazole[END_REF][START_REF] Cotton | Benzotriazole and related compounds as corrosion inhibitors for copper[END_REF][START_REF] Poling | Reflection infra-red studies of films formed by benzotriazole on Cu[END_REF], modifies the pit nucleation rate. In a wide range of applied potentials, the pit nucleation rate was decreased by a factor greater than five in the presence of BTAH. This compound prevents pitting corrosion of the alloy by interacting with Cu-rich particles. From electrochemical noise measurements [START_REF] Qafsaoui | Analysis of the inhibitive effect of BTAH on localized corrosion of Al 2024 from electrochemical noise measurements[END_REF], we showed that BTAH inhibits both localized and generalized corrosion of AA 2024-T3 in sulfate-containing chloride solutions. An insoluble polymeric complex of Cu I -BTA forms on the Cu-rich particles, and lowers the rate of oxygen reduction reaction (ORR), which in turn prevents the dissolution of the Al matrix. We showed also [START_REF] Qafsaoui | Corrosion protection of 2024-T3 aluminium alloy by electro-polymerized 3-amino 1,2,3-triazole in sulphate solution containing chloride[END_REF] that electro-polymerization of 3-amino-1,2,3-triazole (ATA) on AA 2024-T3 alloy surface leads to the formation of a polymeric film on Cu-rich particles. This film protects the alloy against localized corrosion by reducing the rate of the ORR. Several studies were undertaken to reduce the reactivity of AA 2024-T3 particles. For example, Ianuzzi and Frankel [START_REF] Iannuzzi | Mechanisms of corrosion inhibition of AA 2027-T3 by vanadates[END_REF] suggest that metavanadates inhibit corrosion of AA 2024-T3 by blocking the ORR at intermetallic sites. Zhu et al. showed that the silicates block a number of cathodic sites on the AA 2024-T3 surface by forming covalent bonds of Al-O-Si at the interface [START_REF] Zhu | Corrosion protection of AA 2024-T3 by bis-[3-(triethoxysilyl)propyl]tetrasulfide in sodium chloride solution. Part 2: mechanism for corrosion protection[END_REF]. Aldykewicz et al. reported that Ce inhibits the corrosion of AA 2024 through blocking the intermetallics to ORR with a Ce oxide film [START_REF] Aldykewicz | The investigation of cerium as a cathodic inhibitor for aluminium-copper Alloys[END_REF]. Ferreira et al showed that rare earth ions, such as Ce 3+ and La 3+ , lead to the formation of hydroxide deposits on Sphase particles buffering the local increase of pH and acting as a diffusion barrier depleting corrosion in active sites [START_REF] Yasakau | Mechanism of Corrosion Inhibition of AA2024 by Rare-Earth Compounds[END_REF]. Yan et al. suggest that incorporation of oxyanions as inhibiting dopants into the polypyrrole Al flake composite coatings leads to efficient corrosion protection of the AA 2024-T3 alloy. The composite coating functions as both a reservoir for corrosion inhibitors and an oxygen scavenger [START_REF] Yan | Corrosion inhibition performance of polypyrrole Al flake composite coatings for Al alloys[END_REF]. Gupta et al. reported that polyanilinelignosulfonate epoxy coating on AA 2024-T3 alloy improves the corrosion resistance of the alloy in 0.6 M NaCl due to the release of dopant at the defect site by formation of aluminumsulfonate complex [START_REF] Gupta | Polyaniline-lignosulfonate/epoxy coating for corrosion protection of AA2024-T3[END_REF]. These studies investigating inhibitors of localized corrosion of AA 2024, in a variety of environments, have multiplied in recent years with the goal of replacing chromates, since chromates provide excellent protection for aluminum alloys [START_REF]Chemical Conversion Materials for Coating Aluminum and Aluminum Alloys[END_REF] but are carcinogenic and quite toxic.

For several years, our interest has focused on dithiols modified molecules, particularly the 1pyrrolidine dithiocarbamate (PDTC) which is a non-toxic product found in different applications in the areas of agriculture and medicine [START_REF] Chen | Cu 2+ is required for pyrrolidine dithiocarbamate to inhibit histone acetylation and induce human leukemia cell apoptosis[END_REF]. Previously, this compound showed to inhibit the corrosion of steel in water pipes [START_REF] Al-Rawajfeh | Inhibition of corrosion in steel water pipes by ammonium pyrrolidine dithiocarbamate (APDTC)[END_REF]. Elsewhere, Liao et al. [START_REF] Liao | Self assembled monolayer of ammonium pyrrolidine dithiocarbamate on copper detected using electrochemical methods, surface enhanced Raman scattering and quantum chemistry calculations[END_REF] demonstrated that PDTC forms a self-assembling membrane on Cu through the interaction of its two S atoms with the Cu surface then inhibits corrosion when the resulting surface immersed in 0.5 mol L -1 HCl. Previous experiments on AA 2024-T3 in chloride media [START_REF] Kendig | Organic corrosion inhibitors for highstrength aluminum[END_REF] showed that PDTC considerably slows down the rate of both cathodic and anodic processes. This beneficial effect likely results from the interaction of PDTC with the Cu-rich particles since other studies [START_REF] Kendig | Inhibition of oxygen reduction on copper in neutral sodium chloride, corrosion inhibition -non ferrous metals[END_REF][START_REF] Kendig | A hydrotalcite-like pigment containing an organic anion corrosion inhibitor corrosion, passivation, and anodic films[END_REF][START_REF] Kendig | Critical concentrations for selected oxygen reduction reaction inhibitors corrosion, passivation, and anodic films[END_REF] have demonstrated that the dithiols inhibit the ORR on copper in neutral chloride solutions. A more complete study of the system Cu / PDTC in a chloride solution [START_REF] Qafsaoui | Coupling of electrochemical techniques to study copper corrosion inhibtion in 0.5 mol L-1 NaCl by 1-pyrrolidine dithiocarbamate[END_REF] was realized to help understanding the effect of PDTC on localized corrosion inhibition of AA 2024-T3 alloy. The results obtained on copper showed that PDTC is a good mixed inhibitor for Cu in 0.5 mol L -1 NaCl. It acts by stabilizing the surface products that form on copper surface i.e. CuCl and Cu 2 O, which consequently reduces the surface of Cu exposed to the aggressive medium thereby lowering the reactivity of the electrode.

In the light of the results obtained from Cu / PDTC system, this work describes the role of PDTC in the inhibition of localized corrosion of AA 2024-T3 in 0.2 g L -1 NaCl, the solution representing a weakly aggressive natural water.

Experimental methods

Electrodes

The disk electrodes were made of pure copper and pure aluminum cylinder rods (Goodfellow, 99.999% of quality) of 5 mm in diameter, and AA 2024-T3 aluminum alloy rod of 1.3 mm in diameter, the composition of which is given in table 1. Figure 1 shows a SEM micrograph of AA 2024-T3 alloy on which coarse intermetallic particles are clearly evidenced. First, the lateral part of the cylinders was covered with a cataphoretic paint (PGG W975 + G323) to avoid the electrolyte infiltration in the lateral part of the cylinder rod. The rods were then embedded into an allylic resin or a thermal shrinking sheath. For each material, the electrode surface was abraded, just before experiments by rotating emery paper up to 1200 grade under water flow, and then rinsed abundantly with deionized water.

For EQCM (Electrochemical Quartz Crystal Microbalance) experiments, two 0.2 cm 2 gold electrodes were vapor deposited on both faces of the quartz crystal blade to impose an electrical field for oscillation. One of the faces was used as a working electrode, and for this purpose thin layers of test materials were vapor deposited onto the gold electrode by radio frequency plasma assisted sputtering from targets of either pure aluminum or AA 2024-T3 aluminum alloy purchased from Goodfellow. Sputtering, carried out at 2 Pa of argon gas, lasted 20 minutes producing sputter-deposited aluminum or aluminum alloy of about 1 µm thick. Figure 2 shows the surface morphology of the alloy deposit. Its chemical composition is shown in table 2. Note that the Cu-containing alloy appeared homogeneous without secondary phases observed for the AA 2024-T3 alloy. Nevertheless, this material provides a surface of a homogeneous Al alloy containing Cu. Clearly, composition and microstructure of the layer vapor deposited are different from those of the solid alloy: alloying elements do not form coarse intermetallic particles but are homogenously dispersed throughout the layer. It is, indeed, quite difficult to approach the complex microstructure of the alloy [START_REF] Liu | Anodic behaviour of a model second phase:Al-20at.%Mg-20at[END_REF][START_REF] Blanc | Modelling the corrosion behaviour of Al 2 CuMg coarse particles in copper-rich aluminium alloys[END_REF][START_REF] Blanc | Galvanic coupling between copper and aluminium in a thin-layer cell[END_REF][START_REF] Derose | Localised corrosion initiation and microstructural characterisation of an Al 2024 alloy with a higher Cu to Mg ratio[END_REF][START_REF] Lacroix | Simulating the galvanic coupling between S-Al 2 CuMg phase particles and the matrix of 2024 aerospace aluminium alloy[END_REF]. Thus, EQCM results of the vapor deposited layer may be quite different from those that may be obtained with the target. However it is interesting to study if PDTC interacts with Cu uniformly dispersed in such layer.

The nominal resonant oscillation frequency of the quartz blade was 6 MHz. Measurements were carried out with a lab-made device and monitoring program.

The working electrode was set close to the centre of the electrolyzing cell, and under stationary conditions, i.e. without any electrolyte stirring.

The reference electrode was a calomel electrode in saturated KCl (SCE). All potentials are referred as measured without any correction of neither liquid junction potential nor ohmic drop. The counter electrode was a platinum grid of large surface area set close to the cell wall.

Electrolytes

The blank corrosion test solution was 0.2 g L -1 NaCl to which 10 -4 , 10 -3 , or 10 -2 mol L -1 of PDTC (C 5 H 9 NS 2 , M = 147.26 g mol -1 , supplied by Sigma ® ) was added as inhibitor. 100 mL of electrolyte was used for each experiment. The corrosion test was carried out without purging of dissolved oxygen and maintained at 20 °C.

Surface analysis

The surface morphology of the electrodes was investigated with a LEICA STEREOSCAN 440 scanning electron microscope (SEM) and element analyses were performed with an energy dispersive X-ray analyzer (EDX; Princeton Gamma-Tech ® ).

Electrochemical measurements

Polarization measurements were carried out in a conventional three-electrode cell. The working disk electrode was stationary and faced towards the cell bottom. Electrochemical measurements were performed after 1 hour immersion in the test solution with or without the inhibitor.

The voltammetric and impedance measurements were carried out using a Gamry potentiostat / galvanostat Model FAS-1 or 300C. Polarization curves were plotted from two independent measurements in a new test solution for each run: one from the open circuit potential towards more cathodic potentials, and another from the open circuit potential to nobler potential values at the potential scan rate of 1 mV s -1 . Three replica experiments were carried out for each experimental condition.

The impedance measurements were performed with 10 mV rms from 100 kHz to 10 mHz by 10 points per decade during 48 hours. For parameter regression calculation procedure, sometimes high frequency data (for instance above 40 kHz) were deleted since some instrumental and systematic error was observed, especially when the impedance spectrum exhibited a high capacitance (typically greater than 10 µF) at high frequency domain. The data were fitted by Simad software, a lab-made software using simplex regression calculation. For this reason, an error margin of each parameter could not be evaluated.

Results and discussion

Characterization of AA 2024-T3 / PDTC system was first realized by plotting polarization curves to assess the potential role of PDTC on the anodic and cathodic reactions occurring on the Al matrix with and without the Cu-rich particles. SEM observations and analysis were then performed to view and evaluate the possible interactions between PDTC, the particles and / or the Al matrix. In the second part of the study, electrochemical quartz crystal microbalance measurements (EQCM) were carried out over large periods of time to estimate the PDTC effect on the surface products. Finally, the electrochemical impedance spectroscopy (EIS) was used to provide an equivalent electrical circuit model allowing understanding and characterizing the AA 2024-T3 interface.

Voltammetry and SEM observations

The presence of a significant quantity of Cu (∼ 4 %), as alloying element in AA 2024-T3 alloy, plays a considerable role in the localized corrosion process of this alloy in chloride media [START_REF] Blanc | The role of precipitates enriched with copper on the susceptibility to pitting corrosion of the 2024 aluminium alloy[END_REF][START_REF] Qafsaoui | The pitting corrosion of pure and low alloyed copper in chloride-containing borate buffered solutions[END_REF][START_REF] Duthil | The synergetic effect of chloride and sulphate on pitting corrosion of copper[END_REF][START_REF] Mankowski | The pit morphology on copper in chloride-and sulphate-containing solutions[END_REF][START_REF] Kuznetzov | Organic Inhibitors of Corrosion of Metals[END_REF][START_REF] Ammelot | Application of photoelectrochemical methods for the characterization of Cu(I) oxide layers modified in the presence of corrosion inhibitors[END_REF][START_REF] Fleischmann | A comparative study of the efficiency of some organic inhibitors for the corrosion of copper in aqueous chloride media using electrochemical, surface enhanced Raman scattering techniques[END_REF]. Therefore, it is important to assess and compare the electrochemical behavior of AA 2024-T3 alloy to those of pure Cu and pure Al in 0.2 g L -1 NaCl.

Electrochemical behaviors of pure Al, pure Cu and AA 2024-T3 alloy in 0.2 g L -1 NaCl

Figure 3 shows the polarization curves of the three materials in 0.2 g L -1 NaCl. It is clear that the alloy presents an intermediate behavior between that of Cu and that of Al. The anodic branch is similar to that of Cu in the sense that no apparent passivity occurs. The cathodic behavior is similar to that of Al with a region corresponding to a diffusion-limited ORR, and for higher potentials a domain of current increase due to hydrogen evolution.

Upon anodic polarization, the anodic dissolution predominates, as electrochemical reaction, for both the Cu and the AA 2024-T3 alloy. In the case of the alloy, the ORR sets the potential of the material to above its pitting potential so that no region of passivity appears in the data.

For pure Cu, there also appears no region of passivity in the NaCl solution as often reported in the literature [START_REF] Qafsaoui | The pitting corrosion of pure and low alloyed copper in chloride-containing borate buffered solutions[END_REF][START_REF] Kear | Electrochemical corrosion of unalloyed copper in chloride media-a critical review[END_REF][START_REF] Lucey | Developments leading to the present understanding of the mechanism of pitting corrosion of copper[END_REF][START_REF] Mattsson | Localised corrosion[END_REF]. This differs from the pure Al, which shows a small pseudo anodic plateau corresponding to a region of slight passivity. It can be clearly seen in this potential region that the pure Al exhibits a lower rate of anodic dissolution than the AA 2024-T3 alloy.

The anodic dissolution of pure Al starts well below the potentials where Cu anodically dissolves.

As mentioned previously, the potential scan in the cathodic direction for both AA 2024-T3 and pure Al exhibits two changes in slope in the polarization curve. The lower slope (nearly a plateau) may correspond to the diffusion limited ORR reaction [START_REF] Chen | Microconstituent-induced pitting corrosion in aluminum alloy 2024-T3[END_REF][START_REF] Liao | In-situ monitoring of pitting corrosion in aluminum alloy[END_REF][START_REF] Birbilis | Electrochemical characteristics of intermetallic phases in aluminium alloys[END_REF][START_REF] Yoon | Dissolution behavior of Al 2 CuMg (S Phase) in chloride and chromate conversion coating solutions[END_REF]. However, in this region, the slope is not zero as would be expected in an entirely diffusion limited reaction. Note that under cathodic polarization, the oxygen at the electrode vicinity will be depleted, the pH increases and the oxides dissolve in the alkaline environment leading to increasing ORR kinetics with higher cathodic polarization. For the case of the AA 2024-T3, the curve in this region is flatter and more like a true plateau because the pH change would be limited.

However, the plateau current density is significantly smaller than that expected for the diffusion of O 2 in aqueous medium for stationary electrode, as this is the case for the Cuelectrode. As stated further, for AA 2024, the ORR takes place on Cu-rich particles, i.e. at small surface area, at the open circuit potential (OCP), but at a higher cathodic polarization, ORR may take place also above the Al oxide. Therefore, the diffusion process may take place through the oxide layer, and not in the solution. This aspect may likely be examined more accurately by using a rotating electrode with the modulation of rotation speed (ElectroHydroDynamic impedance (EHD)).

Extrapolating the current densities for this region back to OCP for both the pure Al and the AA 2024-T3 shows that the cathodic current at OCP is significantly higher for the AA 2024-T3 as compared to the pure Al. This result is to be associated with the presence of cathodic Cu-rich intermetallic phases in the AA 2024-T3 alloy.

In the case of the pure Cu, the cathodic process entails reduction of Cu 2 O and CuCl formed on the surface of the Cu at OCP, as well as the oxygen reduction. The Cu I products do not form on the Cu-rich particles of the AA 2024-T3 alloy during the immersion since the Cu is galvanically protected by the AA 2024-T3 at its OCP. Nonetheless, after long immersion periods, localized corrosion of the alloy occurs as shown in Figure 4a representing the surface morphology after exposure of the alloy for 24 hours to 0.2 g L -1 NaCl. This medium is quite aggressive to the alloy exhibiting highly localized corrosion as evidenced by the sparse and highly localized deposition of corrosion products. This has been confirmed by removing the corrosion products with an adhesive paper to show that the matrix remains intact while particles are attacked (Figure 4b). Corrosion is thus localized around the particles. This observation is well known and has been widely discussed [START_REF] Blanc | The role of precipitates enriched with copper on the susceptibility to pitting corrosion of the 2024 aluminium alloy[END_REF][START_REF] Buchheit | Local dissolution phenomena associated with S phase (Al 2 CuMg) particles in aluminium alloy 2024-T3[END_REF][START_REF]Szklarska-Smialowska, Pitting corrosion of aluminium[END_REF].

Effect of PDTC on AA 2024-T3 alloy behavior in 0.2 g L -1 NaCl

The polarization results after the addition of PDTC to the chloride solution are presented in Figure 5. To ensure reproducibility, tests were performed at least three times. Figure 5a shows three replica of curves plotted on the alloy in 0.2 g L -1 NaCl + 10 mM PDTC.

Results obtained at different concentration of PDTC are given in figure 5b. The addition of 0.1 mM PDTC has little influence on the anodic reaction rate of the AA 2024-T3, but lowers the cathodic current density in the region of diffusion limited ORR. Increasing the concentration of PDTC to 1 and 10 mM significantly decreases the ORR near the OCP so as to displace the OCP significantly to more cathodic potentials (respectively -0.56 and -0.77 V/SCE for 1 mM and 10 mM instead of -0.48 V/SCE for the blank) as well as dramatically lowering the corrosion current density from around 3 µA cm -2 for the blank to well below 0.1 µA cm -2 . A pseudo-current plateau in the anodic branch appears around -0.48 V/SCE in the presence of 10 mM PDTC. One can readily remark that this behavior is similar to that obtained for pure Al (figure 3). These results suggest that PDTC, at high concentration, protects Cu-rich particles making thus the behavior of AA 2024 alloy closer to that of pure Al.

Evaluation of PDTC effect on Al matrix and Cu-rich particles

To understand the action of PDTC on the matrix and the particles, polarization curves were collected for both pure Al and pure Cu in 0.2 g/L NaCl with and without 10 mM PDTC (Figure 6).

For pure Al, the addition of 10 mM of PDTC has practically no effect on the kinetics of the anodic and cathodic reactions. In fact, the curves obtained with and without PDTC are virtually superimposable (Figure 6a). SEM-EDX analysis performed for the specimen exposed to NaCl solution with or without PDTC showed the surfaces to be practically identical. EDX analyses showed the presence of Al and a small level of oxygen due to a slight oxidation of the surface. This contrasts entirely with the results previously discussed for the interaction of PDTC with the AA 2024-T3 (Figure 5b). Moreover, in previous works [START_REF] Blanc | Inhibition of the pitting corrosion of 2024 aluminum alloy by 1,2,3-benzotriazole[END_REF][START_REF] Qafsaoui | Analysis of the inhibitive effect of BTAH on localized corrosion of Al 2024 from electrochemical noise measurements[END_REF][START_REF] Qafsaoui | Corrosion protection of 2024-T3 aluminium alloy by electro-polymerized 3-amino 1,2,3-triazole in sulphate solution containing chloride[END_REF], a similar behavior was observed with BTAH and ATA in three distinct studies. First, during the formation of anodic films in the presence of BTAH in chloride containing sulfate solutions [START_REF] Blanc | Inhibition of the pitting corrosion of 2024 aluminum alloy by 1,2,3-benzotriazole[END_REF], this compound was found to hinder the passive film formation on Al matrix, making it less protective against pitting corrosion. By electrochemical noise measurements at OCP [START_REF] Qafsaoui | Analysis of the inhibitive effect of BTAH on localized corrosion of Al 2024 from electrochemical noise measurements[END_REF], BTAH showed a temporary protection because no stable bond can be formed between BTAH and Al. BTAH only blocks the active sites by steric hindrance. Cyclic voltammograms measured during the electropolymerization of ATA on a pure Al surface [START_REF] Qafsaoui | Corrosion protection of 2024-T3 aluminium alloy by electro-polymerized 3-amino 1,2,3-triazole in sulphate solution containing chloride[END_REF] in methanol or sulfate solutions, showed continuous increase of the current densities at each cycle. Electrode surfaces were severely attacked at the end of the tests. The electrode reaction was limited to Al dissolution and formation of ATA oligomers since the current density in presence of ATA was much higher than in its absence. Clearly, organic molecules, or at least those that we have studied i.e. BTAH, ATA, and PDTC have no inhibitive effect on Al matrix but may impede the native oxide film formation on the electrode.

For pure Cu, the addition of PDTC significantly influences both the anodic and cathodic processes (Figure 6b). The value of OCP becomes cathodic by more than 0.4 volt with this inhibitor. The anodic current density in the region between 0 and 1 volt are 3 to 4 orders of magnitude lower in the presence of the PDTC indicating a very strong anodic inhibition. An anodic current maximum between -0.5 and 0 volt suggests an electrosorption process that generates a Cu I -PDTC surface compound.

In the cathodic region near OCP, the current density decreases by more than two orders of magnitude. This result shows that during immersion at open circuit, in the solution containing PDTC, stable and adherent products form at the Cu surface in good agreement with the results obtained in 0.5 mol L -1 NaCl [START_REF] Qafsaoui | Coupling of electrochemical techniques to study copper corrosion inhibtion in 0.5 mol L-1 NaCl by 1-pyrrolidine dithiocarbamate[END_REF]. NaCl + 10 mM PDTC solution. Furthermore, EDX analysis (table 3) confirms the interaction between PDTC and Cu by the presence of S atoms in the surface film. This element in the surface layer is evaluated to be about 18% in an atomic percentage. By analogy with the results obtained with the system Cu / PDTC in 0.5 M NaCl [START_REF] Qafsaoui | Coupling of electrochemical techniques to study copper corrosion inhibtion in 0.5 mol L-1 NaCl by 1-pyrrolidine dithiocarbamate[END_REF], one may suggest that even at low content of NaCl, PDTC strongly interacts with the Cu surface to stabilize the Cu I products, mainly Cu 2 O and CuCl. In the 0.5 M NaCl environment, it was found that the surface layer of Cu I products is stabilized sufficiently to strongly hinder the ORR.

Clearly, the PDTC has a strong interaction with metallic Cu. This result provides important evidence that PDTC inhibits corrosion of AA 2024-T3 through its interaction with the Cu-rich intermetallic particles, and not on the aluminum matrix. 1-The whole surface is protected since no localized corrosion is revealed around the particles.

EDX cartography of AA 2024-T3 alloy after immersion in 0.2 g L -1 NaCl + PDTC

Note that without PDTC and in the same conditions the particles were readily removed by pulling with adhesive tape (figure 4).

2-S atoms of the PDTC molecule are only found at the Al-Cu-Mg particles (figure 8) and this is confirmed by the EDX analysis of one particle of Al-Cu-Mg (Table 4). This particle analysis revealed some 10.4 % of S atoms. Note that the same observation and analysis were obtained after 24 hours immersion.

This result shows that PDTC protects the AA 2024-T3 alloy even though it selectively reacts with a fraction of the particles. Al-Cu-Mg particles correspond to the S phase (Al 2 CuMg) often described in the literature [START_REF] Blanc | The role of precipitates enriched with copper on the susceptibility to pitting corrosion of the 2024 aluminium alloy[END_REF][START_REF] Buchheit | Local dissolution phenomena associated with S phase (Al 2 CuMg) particles in aluminium alloy 2024-T3[END_REF][START_REF] Jakab | Experimental and modelling studies of the oxygen reduction reaction on AA2024-T3[END_REF]. This phase is round shaped, varies between 5 and 30 µm and represents about 60% of all of the intermetallic particles present in the AA 2024 alloy [START_REF] Kendig | A hydrotalcite-like pigment containing an organic anion corrosion inhibitor corrosion, passivation, and anodic films[END_REF][START_REF] Jakab | Experimental and modelling studies of the oxygen reduction reaction on AA2024-T3[END_REF][START_REF] Boag | Stable pit formation on AA2024-T3 in a NaCl environment[END_REF]. It occupies 1.2% of the total surface of the material. This phase dispersed over the alloy surface is initially anodic with respect to the matrix, but ennobles as a result of the selective and rapid dissolution of Mg from the precipitate and becomes cathodic with respect to the zone adjacent to the precipitate. In contrast, Al-Cu-Mn-Fe particles have an irregular form and a size varying between 5 µm and 40 µm [START_REF] Jakab | Experimental and modelling studies of the oxygen reduction reaction on AA2024-T3[END_REF]. Moreover, the reactivity of these particles do not change during immersion, as it is the case for Al-Cu-Mg, but stay cathodic with respect to the matrix in the whole immersion period. It can then be assumed that PDTC interacts with Al-Cu-Mg particles during their initial anodic phase to form stable Cu I -PDTC complexes. On the other hand, as seen in figure 8, all types of particles are protected since no dissolution of the matrix appears around the particles. It could be then assumed that PDTC may inhibit the ORR taking place on Al-Cu-Mn-Fe particles without forming a deposit of a sufficient extent to be verified by EDX.

Gravimetric measurements

Gravimetric measurements were carried out, in 0.2 g L -1 NaCl at OCP with pure Al or AA 2024-T3 alloy sputtered on gold-coated quartz crystals. For the alloy sputter deposited from the AA 2024-T3 alloy target, the deposit contains Cu, Fe, Mg, and Mn but of somewhat differing ratios to that of the target alloy (table 2). It is also obvious that the microstructure, specifically the presence of the intermetallics of the bulk alloy, cannot be achieved by the sputtering technique. Figure 2 presenting a cross section of the deposit shows, as expected, a homogenous microstructure. On the other hand, the deposit is sufficiently thick (~1 µm) to simulate the electrochemical behavior of a solid electrode. Nonetheless, we are aware that the response of such a deposit can be relevant as to the behavior of the individual alloying elements in the AA 2024-T3 alloy rather than the response of intermetallic phases.

Pure Al and alloy deposited from the AA 2024-T3 target in the blank solution

Figure 9 shows for both pure Al (fig. 9a) and the Cu containing alloy (fig. 9b), a mass change during the first hours of immersion in 0.2 g L -1 NaCl, due to the oxide formation and dissolution of the materials. In fact, a competition exists between these two processes particularly at the early immersion period. After this stage, that lasts about 4h for pure Al and 6h for the alloy, surface products deposition prevails over the metal dissolution leading to a continuous mass gain.

For pure Al, the gravimetric behavior is mainly composed of three parts. The first part lasts until about 4 hours of immersion when the dissolution produces a metal loss of about 6 µg cm -2 with a Δ m /Δ t slope of around -0.5 ng cm -2 s -1 . Between 4 and 6.5 hours of immersion, most of the surface products are adherent oxides explaining the rise in recorded mass at a rate of 1.8 ng cm -2 s -1 . Beyond 6 hours of immersion, the kinetics of the surface products growth becomes faster.

For the alloy sputter deposited from the AA 2024-T3, a significant increase in mass up to 2.6 µg cm -2 can be observed during the first period of immersion (~17 min.). This could be due to a rapid oxidation of the surface. Note that this surface is composed of Al and alloying elements uniformly dispersed. Between 17 min and 1.5 h of immersion, a region of dissolution and redeposition can be observed and could be related to the initiation of localized corrosion, notably unstable pitting. Beyond this nucleation step, the propagation of localized corrosion becomes the limiting rate exhibiting a significant mass decrease, i.e. approximately 4.2 µg cm -2 after 7 hours of immersion. Afterwards, corrosion products are deposited on the surface and the quartz resonant frequency indicates a significant mass increase. It should be noted that the experiments in the blank solution were stopped after several hours of immersion test for both electrodes, because of a significant mass increase.

Pure Al in 0.2 g L -1 NaCl + 10 mM PDTC

When PDTC is added to the corrosion test solution, Figure 9a seems to show no mass increase for pure Al. Thus, this test was prolonged for up to 60 h. The insert shows the variation of mass on an enlarged scale during this long-term test, and then, mass fluctuations around zero, between -0.8 and 0.8 µg cm 2 , were observed. This shows that corrosion products, likely aluminum oxides, form during the mass increase stage but these oxides appear to be precarious since a mass decrease follows. PDTC seems to disable the oxide film growth on pure Al. This result is consistent with that obtained with the polarization curves namely the fact that PDTC has no significant influence on the electrochemical behavior of pure Al. On the other hand, the fluctuations in mass confirm previous studies [START_REF] Blanc | Inhibition of the pitting corrosion of 2024 aluminum alloy by 1,2,3-benzotriazole[END_REF][START_REF] Qafsaoui | Analysis of the inhibitive effect of BTAH on localized corrosion of Al 2024 from electrochemical noise measurements[END_REF][START_REF] Qafsaoui | Corrosion protection of 2024-T3 aluminium alloy by electro-polymerized 3-amino 1,2,3-triazole in sulphate solution containing chloride[END_REF] showing that PDTC, or other organic inhibitors, disrupts the formation of oxides on the Al surface in chloride media.

Alloy sputter deposited from AA 2024-T3 target in 0.2 g L -1 NaCl + 10 mM PDTC

For the alloy sputter deposited from AA 2024-T3 target, addition of 10 mM PDTC induces a small increase in mass, followed by almost no change as shown in figure 9b. Actually, a magnified scale of the mass axis during 60 h (insert of fig. 9b) shows a weak but quite rapid gain in mass during the first hours of immersion, followed by a slower and continuous increase. Beyond 45 h of immersion, the slope Δ m/Δ t approaches zero. A similar behavior was observed for Cu [START_REF] Qafsaoui | Coupling of electrochemical techniques to study copper corrosion inhibtion in 0.5 mol L-1 NaCl by 1-pyrrolidine dithiocarbamate[END_REF] and the rise in mass was attributed to the formation of CuCl layer stabilized by PDTC leading to an interface more resistant to corrosion damages.

From the EQCM measurements, it can be concluded that PDTC considerably reduces the reactivity of the alloying elements added to harden the alloy, especially Cu, to chloride ions.

PDTC contributes hence to significantly decrease the reactivity of the electrode. This result may be extended to the solid alloy.

Electrochemical impedance spectroscopy

EIS measurements were carried out for pure Al and AA 2024-T3 alloy, in 0.2 g L -1 NaCl at OCP with or without PDTC, during at least a 48 h period. The impedance data were collected every two hours.

Effect of PDTC on pure Al EIS diagrams

Nyquist plots for pure Al sample, immersed in 0.2 g L -1 with or without 10 mM PDTC at different immersion times, are presented in Figure 10. With or without PDTC, the diameter of the capacitive loop increases with immersion time. Regarding PDTC effect, this compound seems to have a beneficial effect on the resistance of pure Al during the first hours of immersion. However, after 15h this trend is reversed especially in the low frequency domain.

This result confirms once again that PDTC disturbs the pure Al interface, and reduces its corrosion resistance. The protection by PDTC occurs only in an early immersion period because no stable bond forms between PDTC and the surface oxides of Al. The augmentation of the impedance spectra by PDTC shows however no comparison to that observed, as described in section 3.3.2, to the case of AA 2024-T3. As shown in a previous study with BTAH [START_REF] Qafsaoui | Analysis of the inhibitive effect of BTAH on localized corrosion of Al 2024 from electrochemical noise measurements[END_REF], PDTC might impede the arrival of chloride ions at the pure Al interface by steric hindrance, temporary blocking the active sites.

Though not clearly seen, two time constants are necessary to suitably simulate the impedance data. Note that the simulations proposed in this report do not represent unique models for the impedance response, but rather provide models for the impedance consistent with known properties of the materials. Therefore, an equivalent circuit composed of two ladder parallel R-C circuits was used (Fig. 11). The high frequency circuit R f -C f corresponds to the capacitance and resistance of the surface film, and the low frequency loop represented by R t -C d represents double layer capacitance and charge transfer resistance. The coefficients n f and n d allowed a depressed feature of the impedance spectra as revealed in Nyquist diagram to be reproduced.

Impedance parameters obtained by simplex regression calculation, using a lab-made software (Simad), are shown in figure 12. In the blank solution, the film resistance (R f ) decreases initially from 112.5 to 42.5 Ω cm 2 at the 7 th h. This resistance reaches approximately 60 Ω cm 2 after 63 h of immersion. A similar feature is also noticed for the film capacitance (C f ) change.

It attains 5 µF cm -2 at the end of the test. Such behavior could be explained by assuming that the native oxide film is destroyed during the first hours of immersion due to the aggressive action of chloride ions but replaced by a new thinner and resistive oxide layer. This corroborates the results obtained by EQCM. When PDTC is present in the aggressive medium, R f and C f values are lower indicating a slightly thicker and less resistive film, which is in agreement with the voltammetry and the EQCM results.

The charge transfer resistance (R t ) increases progressively with immersion time in the blank solution to reach 6.3 MΩ cm 2 at the end of the test (63 h). This high value of R t reflects the presence of a passive film on the pure Al surface. As for the double layer capacitance (C d ), its value decreases during the first hours (7 h) then increases continuously up to approximately 100 µF cm -2 after 63 h. With PDTC, EIS parameters are almost constants during the whole immersion test. R t is lower (∼ 450 kΩ cm 2 ) since no passive film forms on pure Al surface and C d is about 26 µF cm -2 . These results show that PDTC has a harmful effect on corrosion resistance of pure Al. These effects may be extended to the Al matrix of the AA 2024-T3 alloy. Analysis of impedance spectra of the AA 2024-T3 alloy are generally tricky because of the complex nature of its microstructure and the processes taking place such as oxide formation, matrix dissolution, ORR on the intermetallics and galvanic coupling between the matrix and the particles. Hence, it is not easy to have accurate details directly from the spectra. However, it can be noticed that for the inhibitor concentrations lower than 0.1 mM, a diffusion impedance can be observed. For the blank solution, this impedance corresponds to the bounded diffusion whereas at 0.1 mM, the diffusion is the Warburg type in the frequency domain used. The presence of PDTC therefore markedly hinders the diffusion process. For higher PDTC concentrations, the diffusion impedance is no longer observed, instead a depressed capacitive loop replace it. This is clearly evidenced in Bode plots (figure 13b) with phase markedly greater than 45°. The reaction rate is sufficiently reduced such that the diffusion process no longer intervenes in the electrode kinetics.

Effect of PDTC on AA 2024-T3 alloy EIS diagrams

To better understand these results, the electrochemical behavior of the AA 2024-T3 alloy / PDTC interface have to be considered. The model must take into account the fact that the alloy microstructure is heterogeneous and that PTDC acts selectively to intermetallic particles. Several configurations of equivalent circuit models were used in the literature to fit the experimental data obtained for inhibited AA 2024-T3 alloy [START_REF] Boisier | Corrosion inhibition of 2024 aluminium alloy by sodium decanoate[END_REF][START_REF] Zheludkevich | Triazole and thiazole derivatives as corrosion inhibitors for AA2024 aluminium alloy[END_REF]. However, these models gave no details on the active sites since they take into account only the parameters of the inhibitor layer, the oxide film and the charge transfer. Other authors [START_REF] Zhu | Corrosion protection of AA 2024-T3 by bis-[3-(triethoxysilyl)propyl]tetrasulfide in sodium chloride solution. Part 2: mechanism for corrosion protection[END_REF] have included the water penetration in the organic film and the pit formation. In this study, we considered the works of Mansfeld et al. [START_REF] Mansfeld | Detection of pitting with electrochemical impedance spectroscopy[END_REF][START_REF] Mansfeld | Pitting and surface modification of SIC/Al[END_REF][START_REF] Mansfeld | Evaluation of anodized aluminum surfaces with electrochemical impedance spectroscopy[END_REF] Oxygen diffusion and ORR take place at the cathodic sites. The size of these sites are small compared with the diffusion thickness of uniformly accessible surface, thus the concentration gradient depicts a spherical shape. This is the reason that we used equation (1) representing the hemispherical diffusion of oxygen:

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ ⋅ = d 0 2 2 d j 1 1 F R τ ω D C z r T Z (1)
where R, T and F denote the gas constant (8.314 J mol -1 K -1 ), the absolute temperature (K)

and the Faraday (96485 C mol -1 ), respectively. z, r, C 0 and D stand for the number of electron exchanged in the reaction, the radius of the active cathodic area, the concentration of the dissolved oxygen in the solution bulk and the diffusion coefficient of O 2 respectively. ω stands for the angular frequency (rad s -1 ) determined by the frequency of the AC signal f (Hz):

ω = 2•π•f (f in Hz) (2) 
And the diffusion time constant is determined by:

D r 2 d = τ (3) 
Now, let us consider that the cathodic process takes place at sites having a total fractional surface area, A. The effects of PDTC concentration and immersion time, on the cathodic branch parameters (A, r, R c , Q c , n c ), were then evaluated by a simplex regression calculation with the experimental data.

e-Anodic area (1-A):

This part of the circuit represents the aluminum matrix. It takes into account the dielectric character of the oxide film with the ionic leakage through the surface film (R f , Q f ) and the anodic process occurring on the Al matrix (R a , Q a ). The impedance of the anodic process concerns only the area (1-A) and the parameters evaluated by the simplex calculation in this branch of the circuit are, as can be seen readily on Figure 14, Q a , R a , n a , Q f , R f , and n f .

The coupling resistance R ac that connect the cathodic and anodic branches, and the solution resistance R s are also evaluated by the simplex regression calculations.

There are 13 parameters to be fitted, because Z d for one cathodic area contains only one unknown parameter r. The latter is fixed by Equation ( 3) by fitting calculation. A is then determined by experimental Z d determined by parallel connection of cathodic area. R s is the high frequency limit of the experimental impedance. Finally, parameters composing anodic and cathodic areas and the coupling resistance may interfere one with another making the fitting procedure less reliable.

Experimental diagrams were suitably fitted with this equivalent circuit. As this work is focused on the galvanic corrosion, and consequently the ORR on the particles, only R ac and the physical parameters of the cathodic sites will be discussed here because of the uncertainty described above.

Figure 15 presents the variation of the coupling resistance R ac as a function of time for different PDTC concentrations. Note that without or with low content of PDTC, R ac lies in the range around 200 ohm cm 2 just after the immersion. Then, it decreases during several hours.

After that R ac increases continuously to reach the steady value of 400 Ω cm 2 after about 24 h of immersion in the solution containing 0.1 mM PDTC. This figure shows that at low concentrations, PDTC can only increase the coupling resistance after one day of immersion.

On the other hand, for higher concentrations, the coupling resistances are initially 300 Ω cm 2 and 1 kΩ cm 2 for the 1 mM and 10 mM PDTC, respectively, but evolve towards the steady state value (400 Ω cm 2 ) after 30 hours of immersion. Note that after this immersion time, and whatever the inhibitor concentration, the galvanic coupling resistance R ac becomes only twice as high as that observed for the blank solution. This result shows that addition of PDTC to the aggressive medium slightly increases the resistance for the galvanic corrosion coupling between the matrix and the Cu-rich cathodic sites associated with the intermetallic particles.

The increase of R ac indicates that the coupling between anodic and cathodic sites becomes more and more difficult, thus may be related to the corrosion rate. However, Figure 6 shows the OCP of pure aluminum and that of pure copper approach each other, on AA 2024-T3 the difference between these two OCP decreases, consequently, it is difficult to evaluate the corrosion rate only by R ac .

Regarding the cathodic area A, figure 16 shows that without PDTC, this area varies between 2 10 -2 and 6 10 -3 cm 2 for the overall unit surface area, but reaches steady state around 2 10 -2 cm 2 after 33 hours. This area, though slightly smaller, agrees well to the surface area of the intermetallic phase of AA 2024-T3. In the presence of 0.1 mM PDTC, the cathodic area is about 10 times smaller and stabilizes around 2 10 -3 cm 2 after 33 hours. For the high concentrations, the cathodic area falls dramatically to about 5 10 -4 cm 2 and 8 10 -4 cm 2 , respectively in the presence of 1 mM and 10 mM PDTC. This result confirms the EDX observations and analysis whereby PDTC blocks an important fraction of the cathodic sites.

Further study on the cathodic site was to evaluate the variation of its radius as a function of immersion time and PDTC concentration. The characteristic diffusion radius r of the active cathode was fitted, as mentioned above, from the equation of the hemispherical diffusion impedance. This parameter essentially depends on the diffusion time constant τ d as defined in equation ( 3). As can be seen in Figure 17, for the blank solution, the radius value is on the order of 0.01 cm during the whole immersion time. When PDTC is added to the solution, and whatever its concentration, r lies around 2 10 -3 cm up to 12 hours. Afterwards, r rises to 4 10 -3 cm when the sample is immersed in the solution containing 0.1 mM PDTC. In contrast, for high concentrations, the characteristic dimension decreases to 3.5 10 -5 cm and 5.4 10 -5 cm respectively for 1 mM and 10 mM PDTC. At high concentrations, PDTC acts efficiently on reducing the characteristic radius of the active cathodic.

Figures 16 shows that the total cathodic surface area becomes essentially constant above 12 hours of immersion, whereas for 1 and 10 mM PDTC, r decreases. That means that the particles becomes smaller but more numerous. As a whole, R ac remains almost independent of immersion time beyond one day immersion in the presence of PDTC.

Conclusions

Taken together, the experiments from this study show that organic di-thiol molecules, such as PDTC, effectively inhibit the galvanic corrosion due to the coupling of the aluminum matrix with copper-rich sites associated with the intermetallic particles of the AA 2024-T3 aluminum alloy in a chloride medium. PDTC has only a small influence on the corrosion of pure aluminum which has no copper-rich particles, but strongly inhibits the anodic and cathodic reactions on pure Cu as evidenced by the polarization results.

Analysis of the electrochemical impedance for AA 2024-T3 / 0.2 g/L NaCl + PDTC interface shows a large increase in the galvanic coupling resistance. The effect of the inhibitor can be explained by its strong interaction with the Cu-rich cathodic sites associated with the intermetallics through its sulfur atoms. A stable and adherent complex forms by interaction between PDTC and these particles, during their initial anodically active phase, resulting in a reduction of active cathodic surface sites. Electrochemical polarization experiments suggest strongly the formation of a stable complex, and EDX mapping of the exposed surface corroborates it by the presence of sulfur at sites corresponding to the Cu-rich intermetallics. A marked inhibition for the ORR at the intermetallic sites can be seen in both the polarization results for the pure Cu and the AA 2024-T3 alloy. 
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 7 Figure 7 clearly shows the presence of a surface film resulting from immersion in 0.2 g L -1
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 8 Figure 8 presents the surface cartography of AA 2024-T3 alloy after 1 hour immersion in 0.2 g L -1 NaCl containing 10 mM PDTC. In order to study the interaction between PDTC and the

Figure

  Figure 13a presents the impedance spectrum in a Nyquist diagram, for the AA 2024-T3 alloy sample at the corrosion potential after 15 h immersion in 0.2 g L -1 NaCl, without and with

  concerning the modeling for the impedance behavior of aluminum alloys under localized corrosion. According to Mansfeld et al. the impedance data for Al alloys in NaCl solutions show characteristic changes, in the low frequency region when pits have exceeded a certain minimum depth. They developed a model taking into account the passive surface and the fraction of actively pitting area. In this work, Mansfeld's model was improved by introducing a coupling resistance, R ac , between anodic process mainly on the matrix and cathodic sites associated with the intermetallic phases. The electrical equivalent circuit illustrated in Figure 14 was used. This circuit has two parallel branches representing the anodic and cathodic processes at the interface, coupled by an anodic-cathodic coupling resistance, R ac . The physical nature of the circuit elements is attributed as follows. a-R s : solution resistance. b-R ac : resistance representing the coupling between anodic and cathodic sites. c-n f , n a , n c : Cole-Cole coefficients representing the depressed feature of the capacitive loops in the Nyquist plan [56, 57]. d-Cathodic area A: It is the overall area of the cathodic sites. ″A″ represents the three different areas; intermetallic particles, Cu enriched area due to the dealloying of the particles, and redeposited Cu in the vicinity of the particles [3-10]. In this model, although the particles are different and have different sizes, a mean particles radius ″r″ is used. The contribution of cathodic ORR is represented by (R c , Q c ),

FiguresFigure 1 :

 1 Figures

Figure 2 :Figure 3 :Figure 4 :

 234 Figure 2: SEM micrograph of layer morphology deposited onto quartz electrode from AA 2024-T3 alloy target.
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 5 Figure 5: Reproducibility of polarization curves of AA 2024-T3 electrode in 0.2 g L -1 NaCl + 10 mM PDTC (a) Effect of PDTC at different concentrations on the electrode kinetics of AA 2024-T3 electrode in 0.2 g L -1 NaCl (b) ; stationary electrode at 20°C.
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 6 Figure 6: Effect of 10 mM PDTC on the electrode kinetics of pure aluminum (a) and pure copper (b) in 0.2 g L -1 NaCl; stationary electrodes at 20°C.
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 78 Figure 7: SEM image of copper surface after 1 hour immersion in 0.2 g L -1 NaCl +
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 910 Figure 9: Gravimetric measurements on vapour deposited pure Al (a) and AA 2024-T3 alloy (b) in 0.2 g L -1NaCl with and without 10 mM PDTC at OCP and at 20°C.The inserts indicate mass changes, in enlarged mass scale, in the presence of PDTC over a longer immersion time.
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 11 Figure 11: Electrical equivalent circuit to reproduce experimental impedance spectra for pure Al in 0.2 g L -1NaCl with or without 10 mM PDTC at 20°C.
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 12 Figure 12: R f and C f (a) (high frequency loop) and R t and C d (b) (low frequency loop) changes as a function of immersion period for pure Al in 0.2 g L -1 NaCl with or without 10 mM PDTC; stationary electrode at 20°C.
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 13 Figure 13: Nyquist (a) and Bode (b) plots for AlA 2024-T3 alloy after 15 hours immersion in 0.2 g L -1 NaCl + PDTC at different concentrations; stationary electrode at 20°C. The crosses on each diagram correspond to the simulated spectrum.
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 14151617 Figure 14: Equivalent electrical circuit describing the galvanic coupling between the impedance of cathodic sites (A, Cu-rich particles) and that of anodic area (1-A, aluminium matrix) and used to model the impedance diagrams on AA 2024-T3 alloy in the presence of PDTC.

  

  

  

Table 1 :

 1 Composition of AA 2024-T3 alloy.

	Tables

Table 2 :

 2 Composition of the layer vapor deposited on quartz electrodes from AA 2024-T3 alloy target.

	Al	Cu	Mg	Mn	Fe
	Base (wt %)	2.79	0.29	0.52	0.35

Table 3 :

 3 EDX analysis of copper surface after 1 hour immersion in 0.2 g L -1 NaCl 10 mM PDTC at 20°C.

	Element	Cu	S	O
	At%	75.53	17.55	6.93

Table 4 :

 4 EDX analysis of a Al-Cu-Mg particle after 1 hour immersion in 0.2 g L -1 NaCl + 10 mM PDTC solution at 20°C.

	Element	Al	Cu	Mg	S	O
	At%	56.06	17.13	12.42	10.48	3.91
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