Instituto De 
  
Pesquisas Energéticas 
  
E Nucleares 
  
Maurilio Pereira Gomes 
  
Dr Isolda Costa 
  
Dr Vincent Vivier 
  
São Paulo 
  
M P Gomes 
  
  
  
  
  
  
  
  
  
  
Investigation on the corrosion mechanisms of pure magnesium and the effect of friction stir welding (FSW) on the corrosion resistance of aluminum alloy 2524-T3

Keywords: AA2524-T3, Friction stir welding (FSW), Magnesium, Negative difference effect (NDE). vi

GOMES, M. P. Investigation on the corrosion mechanisms of pure magnesium and the effect of friction stir welding (FSW) on the corrosion resistance

Le soudage par friction et mélange (FSW) est un processus qui s'est révélé très efficace lorsqu'il s'agit d'assembler des alliages d'aluminum à haute résistance, par exemple AA2524-T3. Cela peut être justifié par le fait que le soudage des alliages d'aluminum par la technique FSW permet (i) de réduire le poids des avions en éliminant les rivets couramment utilisés et (ii) d'utiliser différents alliages d'aluminum qui ont une faible densité spécifique et une résistance mécanique élevée. Cependant, même si ce type de soudure permet d'assembler des pièces métalliques sans leur fusion effective, ce qui devrait théoriquement se traduire par un cordon de soudure sans défaut, la chaleur résultant du frictionnement de l'outil de soudage provoque d'importantes modifications microstructurelles. Il en résulte des variations des propriétés mécaniques et de la résistance à la corrosion dans la région soudée. Il a été évalué l'influence du processus de soudage FSW sur la résistance à la corrosion de l'alliage d'aluminum 2524-T3 joint. Différentes techniques ont été utilisés, telles que microscopies optique et électronique à balayage ; des mesures de potentiel en circuit ouvert et de spectroscopie d'impédance électrochimique ; et des tests de corrosion : agar-agar, corrosion intergranulaire et corrosion par exfoliation. Il a été montré par différentes techniques que l'interface de la zone affectée thermomécaniquement/thermiquement du côté du retrait était la plus sensible à la corrosion parmi toutes les zones étudiées.

Une étude parallèle a été développée concernant le mécanisme de corrosion du magnésium pur. Ce métal a fait l'objet d'un nombre considérable de travaux et, malgré son ubiquité et son histoire, il reste controversé. Ceci est principalement dû à la présence de l'effet de différence négative (NDE), qui augmente la formation d'hydrogène lorsque le magnésium est polarisé sur le domaine anodique. Une analyse détaillée des spectres d'impédance électrochimique obtenus pour l'électrode de Mg lors de son immersion dans une solution de sulfate de sodium a été réalisée. Un modèle a été proposé qui prend en compte la présence de : (i) d'un mince film d'oxyde (MgO) qui a progressivement recouvert la surface de l'électrode de Mg, (ii) de zones sans film où la dissolution du Mg se produit en deux étapes consécutives, (iii) d'une épaisse couche de produits de corrosion (Mg(OH)2), (iv) d'un intermédiaire adsorbé Mg ads + qui est responsable de la réaction chimique permettant d'expliquer le NDE. A partir des analyses des données d'impédance, différents paramètres ont été extraits tels que l'épaisseur du film d'oxyde mince, la résistivité à l'interface métal/film d'oxyde et à l'interface film d'oxyde/électrolyte, la surface active en fonction du temps d'exposition à l'électrolyte, l'épaisseur de la couche épaisse de Mg(OH)2 et les constantes cinétiques des réactions électrochimiques.

Mots-clés : AA2524-T3 ; Soudage par friction et mélange (FSW) ; Magnésium, Effet de différence négative (NDE).
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parameters: b 1 = 28.9 V -1 , b 2 = 11.8 V -1 , b -2 = 9.3 V -1 , k 1 = 2.

Interest of light metal and alloys

Lightweight metal and alloys have become of great importance in engineering for construction of transportation equipment. At present, the metals that serve as the base of the principal light alloys are aluminum and magnesium. One of the most important lightweight alloys are the aluminum alloys in use for several applications such as structural components, wrought aluminum alloys, parts and plates. However, some casting parts that have low cost of production play important role in aircraft industries. Magnesium and its alloys are among the lightest of all metals and the sixth most abundant metal on earth. Magnesium is ductile and the most machinable of all metals. Many of these lightweight alloys have appropriately high strength to warrant their use for structural purposes, and as a result of their use, the total weight of transportation equipment has been considerably decreased [START_REF] Monteiro | Light Metal Alloys Applications[END_REF].

Aluminum

Aluminum alloys are produced and used in many forms such as casting, sheet, plate, bar, rod, channels and forgings in various areas of industry and especially in the aerospace industry. The advantages of these alloys over traditional iron-based alloys are lightweight, corrosion resistance, and very good thermal and electrical conductivities. These factors plus the fact that some of these alloys can be formed in soft condition and heat treated to a temperature comparable to structural steel make them very attractive for fabricating various aircraft and missile parts. Aluminum alloys are effective materials for the reduction of vehicle weight and are expanding their applications [2], [START_REF] Grilli | Localized corrosion of a 2219 aluminium alloy exposed to a 3.5% NaCl solution[END_REF].

Pure aluminum has a high resistance to corrosion in many environments as a result of a protective film rapidly formed on its surface when exposed to air or in neutral aqueous solutions. This film is preserved even after long periods of immersion in acid and alkaline media.

However, in order to increase the mechanical properties of aluminum, alloying additions of Cu and Zn have been made. As the solubility in aluminum of both these elements is limited, second phase particles are formed, which are responsible for the enhancement of the mechanical performance that is characteristic of duraluminum. The formation of these precipitates has a deleterious effect on the corrosion resistance of the alloys, due to the galvanic coupling between the precipitates and the matrix [4].

Aluminum alloys from the 2xxx series are widely used in the aerospace industry due to their lightweight, high specific strength and durability from which the most important brand is the 2024-T3 [5], [6]. However, in the last years, efforts to improve mechanical and corrosion resistances of these alloys have led to the launch of the 2X24 (X = 1-5) series with stricter control of the main alloying elements and lower limits of Fe and Si impurities levels [7].

Aluminum alloy 2524 is a new kind of aerospace material with high damage-tolerance and excellent fatigue properties [7]. It has been considered as a potential substitute for the commercial Al 2024 alloy and is currently used on the Boeing 777 aircraft as fuselage and lower wing skin materials [8], [START_REF] Chen | Effects of inclusions, grain boundaries and grain orientations on the fatigue crack initiation and propagation behavior of 2524-T3 Al alloy[END_REF].

Friction stir welding (FSW), a recently developed solid-state joining technique, was devised by The Welding Institute (TWI) in 1991 [START_REF] Thomas | Friction stir butt welding[END_REF]. This technique is attractive for joining high strength aluminum alloys for aerospace, automotive and marine applications since there is far lower heat input during welding (80% max. of Al melting temperature) compared with conventional welding methods such as TIG or MIG. In addition, to perform FSW-welding no additional support material is needed, i.e., leading to drastically weight reduction of the joined aircraft parts when comparing to the use of rivets (60% less) [START_REF] Nandan | Recent advances in friction-stir welding -Process, weldment structure and properties[END_REF]- [START_REF] Threadgill | Friction stir welding of aluminium alloys[END_REF].

Magnesium

Magnesium is the lightest of all structural metal materials in practical use, with a density equivalent to two-thirds that of Al, one-third that of Zn and one quarter that of steel. Magnesium alloys are therefore recognized as alternatives to Al alloys and steel in reducing the weight of structural materials. Furthermore, magnesium alloys have high strength-to-weight ratios, excellent castability, machinability, weldability, thermal stability and good damping capacity [START_REF] Song | The electrochemical corrosion of pure magnesium in 1 N NaCl[END_REF]- [START_REF] Orlov | Magnesium technology[END_REF].

These properties make magnesium alloys an attractive target in a number of applications, especially in fields where weight reduction is critical for particular technical requirements. Magnesium alloys have several applications, including in automobiles, computer parts, mobile phones, sporting goods, hand-held tools, household equipment and aero-space components. Magnesium alloys could also contribute towards meeting future requirements of the automotive industry to make lighter cars and thus improve fuel efficiency and reduce emissions, as the use of magnesium alloys would significantly decrease the weight of automobiles without sacrificing structural strength [START_REF] Atrens | Review of recent developments in the field of magnesium corrosion[END_REF], [START_REF] Song | Anodization and corrosion of magnesium (Mg) alloys[END_REF].

Pure magnesium is rarely used in industrial engineering applications. However, for improving its mechanical and other properties, alloying elements are added, most commonly aluminum, manganese, zinc, zirconium, silicon, calcium and rare earth elements. In appropriate amounts, these additives enhance the anticorrosion and mechanical properties of magnesium alloys [START_REF] Song | The electrochemical corrosion of pure magnesium in 1 N NaCl[END_REF], [START_REF] Leleu | On the stability of the oxides film formed on a magnesium alloy containing rare-earth elements[END_REF].

Aluminum has the most favorable effect on magnesium: it improves strength and hardness, increases the freezing range and makes the alloy easier to cast. However, one of the major obstacles to widespread use of magnesium alloys is its poor corrosion resistance: magnesium alloys are highly susceptible to corrosion attack, particularly in wet environments.

Therefore, selecting appropriate alloying elements and finding the best alloy design constitute the first step to improve the anticorrosion property of magnesium alloys [START_REF] Atrens | Review of recent developments in the field of magnesium corrosion[END_REF], [START_REF] Salman | Anodization of magnesium (Mg) alloys to improve corrosion resistance[END_REF], [START_REF] Makar | Corrosion of magnesium[END_REF].

The corrosion mechanism of Mg has been the subject of considerable amount of work [START_REF] Atrens | Review of recent developments in the field of magnesium corrosion[END_REF], [START_REF] Song | Corrosion mechanisms of magnesium alloys[END_REF]- [START_REF] Esmaily | Fundamentals and advances in magnesium alloy corrosion[END_REF], and despite its ubiquity and history, the primary mechanism remains poorly understood. This is mainly due to an anomalous phenomenon called the negative difference effect (NDE) which increases the hydrogen evolution reaction rate when the magnesium is anodically polarized [START_REF] Makar | Corrosion of magnesium[END_REF], [START_REF] Frankel | Introductory lecture on corrosion chemistry: a focus on anodic hydrogen evolution on Al and Mg[END_REF]. Indeed, even if this phenomenon has been well documented in the literature [START_REF] Thomas | Corrosion mechanism and hydrogen evolution on Mg[END_REF], [START_REF] Frankel | Introductory lecture on corrosion chemistry: a focus on anodic hydrogen evolution on Al and Mg[END_REF]- [START_REF] Fajardo | A kinetic model explaining the enhanced rates of hydrogen evolution on anodically polarized magnesium in aqueous environments[END_REF] and has been observed from various techniques [START_REF] Song | Recent insights into the mechanism of magnesium corrosion and research suggestions[END_REF], [START_REF] Williams | The source of hydrogen evolved from a magnesium anode[END_REF]- [START_REF] Shkirskiy | Revisiting the electrochemical impedance spectroscopy of magnesium with online inductively coupled plasma atomic emission spectroscopy[END_REF], the mechanism itself is tricky and the subject has become controversial. At the corrosion potential, there is a good agreement with the global reaction (Eq. (1.1)):

Mg + H + + H 2 O → Mg 2+ + OH -+ H 2 (1.1)
Followed by the formation of corrosion products (Eq. (1.2)):

Mg 2+ + 2OH -→ Mg(OH) 2 (1.2)
Even if it is written in a global form, Eq. 1.1 also accounts for the formation of the dihydrogen, and is in agreement with one of the striking observations that can be done on Mg, namely the amount of dihydrogen formed seems to depend on the amount of Mg oxidized. The rate of the NDE has been intensely investigated as a function of impurities contained in the Mg [START_REF] Yuwono | Aqueous electrochemical activity of the Mg surface: the role of group 14 and 15 microalloying elements[END_REF]- [START_REF] Fajardo | Effect of impurities on the enhanced catalytic activity for hydrogen evolution in high purity magnesium[END_REF]. Metal impurities, even in small amounts, (e.g., Fe, Cu, Ni), result in large overpotential for the hydrogen evolution reaction at the Mg corrosion potential. However, from a thermodynamic point of view, even if these impurities act as local cathodes, any shift of the potential towards the anodic domain, it should result in a decrease of the hydrogen production reaction. Consequently, the metal impurities cannot be the only factors responsible for the NDE, but such behavior has been further investigated for alloying elements [START_REF] Samaniego | Hydrogen evolution during anodic polarization of Mg alloyed with Li, Ca, or Fe[END_REF], [START_REF] Fajardo | Anomalous hydrogen evolution on AZ31, AZ61 and AZ91 magnesium alloys in unbuffered sodium chloride solution[END_REF].

Other developments, including film-based model [START_REF] Thomas | Corrosion mechanism and hydrogen evolution on Mg[END_REF], [START_REF] Robinson | Electrochemical behavior of the magnesium anode[END_REF], formation of magnesium hydride [START_REF] Perrault | Potentiostatic study of the magnesium electrode in aqueous solution[END_REF], [START_REF] Gulbrandsen | The passive behaviour of Mg in alkaline fluoride solutions. Electrochemical and electron microscopical investigations[END_REF], or formation of a soluble univalent Mg species [START_REF] Shi | Galvanostatic anodic polarisation curves and galvanic corrosion of high purity Mg in 3.5% NaCl saturated with Mg(OH)2[END_REF]- [START_REF] Atrens | Possible dissolution pathways participating in the Mg corrosion reaction[END_REF] have been proposed

to make an attempt to explain the NDE. For the latter, the existence of soluble univalent species dissolved in solution remains questionable [START_REF] Thomas | Corrosion mechanism and hydrogen evolution on Mg[END_REF]. Thus, there is a need to understand how the NDE takes place at the electrode surface and its role on the corrosion mechanism of the Mg.

Additionally, the overall corrosion of Mg also leads to the formation of a thin oxide film (in the nanometer range) on the Mg surface in different corrosive environments. This thin film has been evidenced by means of X-ray photoelectron spectroscopy (XPS) [START_REF] Yao | XPS investigation of the oxidation/corrosion of meltspun Mg[END_REF], [START_REF] Santamaria | Initial surface film on magnesium metal: A characterization by X-ray photoelectron spectroscopy (XPS) and photocurrent spectroscopy (PCS)[END_REF] or time-offlight secondary ion mass spectroscopy (ToF SIMS) depth profiles [START_REF] Seyeux | ToF-SIMS depth profile of the surface film on pure magnesium formed by immersion in pure water and the identification of magnesium hydride[END_REF], [START_REF] Mercier | Role of segregated iron at grain boundaries on Mg corrosion[END_REF].

Interestingly, the use of electrochemical impedance spectroscopy (EIS) has delivered reliable and reproducible results for the study of Mg corrosion [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF]- [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF]. However, in many studies the analysis of the impedance spectra was mainly limited to the study of the charge transfer resistance and to the evaluation of the polarization resistance as the main parameter to describe the corrosion kinetics of the material [START_REF] King | Accurate electrochemical measurement of magnesium corrosion rates; A combined impedance, mass-loss and hydrogen collection study[END_REF].

Recently, a mathematical model for describing the inductive loop that appears in the EIS results has been devised to account for the production of the excess of hydrogen [START_REF] Curioni | A mathematical description accounting for the superfluous hydrogen evolution and the inductive behaviour observed during electrochemical measurements on magnesium[END_REF]. This model takes into account the evolution of the electrode surface over time, but it was uncorrelated from any kinetic aspect allowing the NDE to be linked to the corrosion mechanism of Mg. Moreover, plotting EIS data in different representations allows further analysis, in particular, the determination of the interfacial capacitance [START_REF] Orazem | Electrochemical impedance spectroscopy[END_REF]. For instance, the use of complex capacitance representation allows the characterization of thin oxide layers formed on passive metals [START_REF] Benoit | Comparison of different methods for measuring the passive film thickness on metals[END_REF]- [START_REF] Chakri | Imaging of a thin oxide film formation from the combination of surface reflectivity and electrochemical methods[END_REF], or on Mg alloys [START_REF] Leleu | On the stability of the oxides film formed on a magnesium alloy containing rare-earth elements[END_REF], resulting in a possible evaluation of the oxide layer thickness.

OBJECTIVE

General objective

The main objective of this work is developed through two axes of which the understanding of the corrosion of light alloys is the guideline.



This study aims at employing microstructural characterization, electrochemical and corrosion testing techniques to allow a better understanding the effects of friction stir welding process on the microstructure and the corrosion resistance of the 2524-T3 aluminum alloy welded by FSW.



Proposing a corrosion mechanism based on the experimental evidences from EIS for pure magnesium, since many different mechanisms have been proposed and they are controversial.

Specific objectives

 The objective of the first part of this work was to study the corrosion behavior of the aluminum alloy 2524-T3, being this alloy developed to replace the AA2024 alloy, presenting lower levels of impurities. For joining aluminum plates, the friction stir welding (FSW) technique has been an alternative, because it is not necessary to add any material to perform the welding process and this technique introduces lower temperatures during welding, which reduces the amount of defects in the weld joint.

Thus, it is necessary to evaluate the corrosion mechanism of the AA2524-T3 alloy after the FSW process.

 It was aimed to characterize the microstructural modifications introduced into the alloy during welding, which mainly results in the formation of four different microstructural zones, namely: base metal (BM), stir zone (SZ), heat affected zone (HAZ), and thermomechanically affected zone (TMAZ).

 Due to the quite complex microstructural modifications, it was intended to understand how these modifications affect the electrochemical behavior of the different welded zones of the aluminum alloy. Furthermore, it was aimed to evaluate the existence of galvanic couplings between the different zones and their corrosion resistance.

 The second part of this work aimed at better understanding the corrosion mechanism of pure magnesium, since this material has several engineering applications and is biocompatible with the human body, and the different models proposed so far are often controversial and ambiguous.

 In order to better understand the corrosion mechanism of pure Mg, a detailed analysis of its mechanism was performed using different electrochemical techniques and sodium sulfate solution. Also, it was aimed at extending the scope of a previously developed model involving the relaxation of an adsorbed intermediate [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF]. Finally, it was intended to investigate the evolution of kinetic parameters by means of the fitting procedure of the EIS spectra.

LITERATURE REVIEW

Aluminum

Pure aluminum has two main characteristics that justify its use in the aeronautical industry. The first is associated with its low density (2.7 g cm -3 ), approximately one third of the density of most steels (7.8 g cm -3 ). In addition, it has excellent corrosion resistance in various media, including in air atmosphere, to which aircraft are constantly exposed. Such protection originates from the formation of a thin layer of aluminum oxide (Al2O3) which is a nanometric film when the alloy is exposed to atmospheric air, and which gives the aluminum excellent corrosion resistance [START_REF] Davis | Alloying: understanding the basics[END_REF]. However, aluminum in its genuine form does not meet the levels of mechanical resistance required for its use as structural material in the aviation industry. For this reason, the metallurgical industries have developed a large variety of aluminum alloys [START_REF] Callister | Materials science and engineering: an introduction[END_REF], [START_REF] Vargel | Corrosion of aluminium[END_REF].

The German Alfred Wilm in 1903, aiming at increasing the mechanical resistance of pure aluminum and taking advantage of its low density and high corrosion resistance, found that aluminum could be hardened by the phenomenon of precipitation hardening when inserting 4% of copper during the production of these alloys. In continuation to his experiments, six years later Wilm developed an aluminum alloy with high mechanical strength by adding small amounts of magnesium and manganese to his initial alloy. Such aluminum alloy is the 2xxx series precursor [START_REF] Dwight | Aluminium design and construction[END_REF], [START_REF] Abal | Fundamentos e aplicações do alumínio[END_REF].

Aluminum alloy

2xxx aluminum alloys are widely used for aerospace structural components due to their high strength and low density [START_REF] Zheng | The behavior of fatigue crack initiation and propagation in AA2524-T34 alloy[END_REF], [START_REF] Shen | Effects of heating rate during solid-solution treatment on microstructure and fatigue properties of AA2524 T3 Al-Cu-Mg sheet[END_REF]. The most employed alloy is the AA2024, which is used in parts where toughness, fatigue resistance and mechanical strength are major requirements, like in fuselages and shear webs [START_REF] Wang | Two types of S phase precipitates in Al-Cu-Mg alloys[END_REF]. However, aircraft designers have required materials with better performances and enhanced corrosion resistance properties than the conventional AA2024 alloy [START_REF] Zheng | The behavior of fatigue crack initiation and propagation in AA2524-T34 alloy[END_REF], [START_REF] Grieshop | Comparison of the Corrosion Behavior of High Strength Aluminum Alloys after Exposure to ASTM B117 Environment[END_REF], [START_REF] Yang | Constitutive modeling and springback simulation for 2524 aluminum alloy in creep age forming[END_REF]. In this way, in the 1990s the Aluminum Company of America (ALCOA) developed the AA2524, a purer version of AA2024 with lower and better controlled amounts of alloying elements [START_REF] Zheng | The behavior of fatigue crack initiation and propagation in AA2524-T34 alloy[END_REF], [START_REF] Debartolo | A model of initial flaw sizes in aluminum alloys[END_REF] as well as decreased impurities amount. Nowadays, AA2524 sheets are used as skin sheets in Boeing and Airbus aircrafts [START_REF] Shen | Effects of heating rate during solid-solution treatment on microstructure and fatigue properties of AA2524 T3 Al-Cu-Mg sheet[END_REF], [START_REF] Srivatsan | The cyclic fatigue and final fracture behavior of aluminum alloy 2524[END_REF].

Table 3.1 shows the comparison between the nominal chemical compositions of the AA2024 and AA2524 [START_REF] Association | International Alloy Designations and Chemical Composition Limits for Wrought Aluminum and Wrought Aluminum Alloys[END_REF]. In the latter alloy, there is a tighter control in the amounts of the two main alloying elements (Cu and Mg) and lower quantities of Fe and Si, which are impurities frequently found in the composition of the 2xxx series aluminum alloys. For both alloys, Cr, Mn and Cu are added to control grain structure, weldability and corrosion resistance [START_REF] Barbucci | Role of intermetallics in the activation of Al-Mg-Zn alloys[END_REF]. In addition, Cu is added to improve the mechanical resistance [START_REF] Queiroz | Investigation of the corrosion behaviour of AA 2024-T3 in low concentrated chloride media[END_REF]. According to Chen et al. (2013) [START_REF] Chen | Effects of inclusions, grain boundaries and grain orientations on the fatigue crack initiation and propagation behavior of 2524-T3 Al alloy[END_REF], by controlling the impurity contents and the process parameters, the AA2524-T3 can exhibit approximately 15% -20% increase in fracture toughness, twice the fatigue crack growth resistance, and 30% -40% longer lifetime before failure when compared to AA2024-T3, without loss of strength or corrosion resistance. Additionally, DeBartolo and Hillberry (2001) [START_REF] Debartolo | A model of initial flaw sizes in aluminum alloys[END_REF] report significant reduction in the amount of the S-type (Al2CuMg) intermetallic particles in the microstructure of AA2524 when compared to AA2024, as well as a decrease in the quantity of β-type intermetallics particles, those containing iron, even though in a lesser extent than for the S-type ones.

Age-hardenable alloys

Considering the aluminum-copper system shown in Figure 3.1, if an aluminum alloy containing 4% copper is heated to 940 °F (500 °C) and held for 1 h, the copper will form a solid solution with the aluminum. After solution heat treatment, if the alloy is quenched in cold water to room temperature, copper will be kept in solution in a stable condition. However, during the aging process, for instance at 340 °F for 10 h, very fine particles of aluminum-copper are precipitated and both the strength and the hardness greatly increase [START_REF] Campbell | Aluminum[END_REF]. Precipitation hardening strengthens the alloy due to the formation of submicroscopic precipitates that severely strain the matrix lattice. The strengthening effect is maximized when the precipitate is coherent with the matrix. Figure 3.2 compares atomic structures with different types of precipitates. A coherent precipitate is observed when the atomic arrangement of both the precipitate and the matrix is the same with no discontinuity in the lattice; however, the atomic spacings are different enough to distort the crystal lattice as shown in Figure 3.2a, which is to be compared to the incoherent case presented in Figure 3.2b. This leads to increased strength by obstructing and retarding dislocation movement. In the aluminum-copper system, these solute clusters of precipitate are called Guinier-Preston (GP) zones, which are solute rich domains fully coherent with the matrix. GP zones are extremely fine presenting sizes in the range of tens of angstroms.

The exact shape, size, and distribution of the GP zones depend on the specific alloy and on the thermal and mechanical history of the product. The progression of precipitation hardening in the aluminum-copper system is [START_REF] Campbell | Aluminum[END_REF]:

Super saturated solid solution → Clustering → GP Zones → θ" → θ'→ θ
The GP zones will normally develop on aging at room temperature. During heating, the GP zones develop an intermediate precipitate (θ"), which has a tetragonal structure that forms as plate. It maintains coherency with the matrix and further increases the strain in the matrix, providing peak strength levels. On further heating, 0" is replaced by a second intermediate precipitate, θ', which is not coherent with the matrix and the strength starts decreasing. The alloy is then termed overaged. However, in the highest strength condition, both, θ" and θ', are generally present. Further heating of the alloy causes the transformation of θ' into the equilibrium precipitate θ (Al2Cu). The progression of the aging process is shown schematically in Figure 3.3 [START_REF] Campbell | Aluminum[END_REF]. 

Heat treatment designation

The temper designations for aluminum alloys are shown in Table 3. To redistribute residual stresses after quenching, stress relief by deformation is often applied to wrought products. This makes the product less susceptible to warping during machining and improves both, fatigue strength and stress corrosion resistance.

Corrosion of aluminum-copper-magnesium (Al-Cu-Mg) alloys

Although having a low equilibrium potential, aluminum is resistant to corrosion in neutral media. This behavior is due to the formation of a thin aluminum oxide layer (Al2O3) on the metal surface, which is protective and inert [START_REF] Trompette | Influence of the anion specificity on the electrochemical corrosion of anodized aluminum substrates[END_REF]. The thickness of this oxide layer film formed in air at room temperature ranges between 2 and 3 nm [START_REF] Shimizu | On the nature of 'easy paths' for the diffusion of oxygen in thermal oxide films on aluminum[END_REF]. However, it is adherent and compact, establishing a protective barrier between the metal and the surrounding medium. According to

Pourbaix diagram [80] for pure Al, the thermodynamic stability of the aluminum oxide in aqueous systems lies in the pH range between 4 and 8. Above or below these pH values, the oxide can be dissolved exposing the base metal to aggressive media, leading to corrosion, which, in most practical cases, occurs locally, giving rise to pitting corrosion [START_REF] Trompette | Influence of the anion specificity on the electrochemical corrosion of anodized aluminum substrates[END_REF]. Nevertheless, the stability domain of the oxide layer is greatly affected by the presence of aggressive ions, especially chlorides, which locally destabilize the oxide layer. In the presence of such ions, aluminum is susceptible to localized corrosion even in neutral media.

Aluminum alloys can corrode by many forms: general, intergranular, exfoliation, filiform, stress-corrosion cracking, corrosion fatigue, but pitting is the main form, which, for passive metals, consists in the local breakdown of the passive layer [START_REF] Wolynec | Técnicas Eletroquímicas em Corrosão[END_REF]. Pitting corrosion of high strength aluminum alloys is an important issue because their structural integrity can be greatly reduced due to fatigue cracks easily nucleated at corrosion pits and can rapidly propagate under dynamic or cyclic loads [START_REF] Xu | Estimating the effects of corrosion pits on the fatigue life of steel plate based on the 3D profile[END_REF].

During pitting formation the zones of attack are determined by the microscopic and submicroscopic characteristics of the passive layer; however, pitting can also occur in metal/environments system apparently free from heterogeneities, but containing aggressive anions, such as chloride ions in the solution [START_REF] Ramanathan | Corrosão e Seu Controle[END_REF].

The general electrochemical reactions occurring during aluminum corrosion can be represented as follows [START_REF] Twite | Review of alternatives to chromate for corrosion protection of aluminum aerospace alloys[END_REF]:

Al → Al 3+ +3e - (3.1) 
O 2 + 2H 2 O + 4e -→ 4OH -(alkaline or neutral media) (3.2) 2H + +2e -→ H 2 (acid, deaerated media) (3.3)
The occurrence of the cathodic reactions (3.2) and (3.3) on the metal surface is extremely enhanced by galvanic coupling effects related to the presence of heterogeneities in the alloy's microstructure. These areas present different electrochemical potentials in relation to the matrix promoting corrosion activity. Moreover, in the vicinity of these zones, the passive film is generally less resistant, further increasing the probability of the onset of localized corrosion.

As widely documented in the literature, high strength aluminum alloys have heterogeneous microstructure due to the complex composition and thermomechanical treatments that they are submitted to optimize their mechanical properties. According to Bousquet (2011) [START_REF] Bousquet | Durabilité des assemblages soudés stir welding (FSW) : corrélation entre microstructure et sensibilité à la corrosion[END_REF], the following microstructural features are found in such alloys:

 IM particles (from 1 µm to 50 µm) -they are enriched in different alloying elements and are formed during the rapid cooling (quenching) process to which the alloys are submitted after the solution annealing.

 Dispersoid particles (from 0.02 µm to 0.5 µm) -they are formed by the precipitation of transition elements (Cr, Mn or Zr) which are insoluble in the Al matrix. Their role is to control the grain structure, delay the recrystallization process and increase the grain size. They do not contribute to hardening.

 Intergranular precipitates (between 0.1 µm and 0.4 µm) -they precipitate at the grain boundaries or at the sub-grains by diffusion of solute atoms near these regions. When this process is significant it can lead to regions depleted in alloying elements (precipitate free zones, PFZ) near the grain boundaries, which can reach few hundred nanometers.

 Strengthening precipitates (with dimensions between few nanometers and 0.1 µm)composed of clusters of solute atoms or metastable phases, coherent or semi-coherent with the matrix. They precipitate inside the grains and contribute to matrix hardening by blocking the movement of dislocations. They can enlarge due to over-aging, causing a reduction in the hardness of the material.

Several investigations have shown that the IMs are the main responsible for the initiation of localized corrosion in high strength aluminum alloys [START_REF] Queiroz | Investigation of the corrosion behaviour of AA 2024-T3 in low concentrated chloride media[END_REF], [START_REF] Zhou | Study of localized corrosion in AA2024 aluminium alloy using electron tomography[END_REF]- [START_REF] Birbilis | Electrochemical Characteristics of Intermetallic Phases in Aluminum Alloys: An Experimental Survey and Discussion[END_REF]. For the 2024-T3 alloy, the more studied brand of the 2XXX series, localized corrosion is initiated by dealloying of Sphase IMs (Al-Cu-Mg) and subsequent trenching of the Al matrix in their vicinity [START_REF] Buchheit | Local Dissolution Phenomena Associated with S Phase (Al2CuMg) Particles in Aluminum Alloy 2024-T3[END_REF]. With increasing immersion time, Al-Cu-Fe-Mn and Al-Cu-Fe-Mn-Si particles are sequentially activated [START_REF] Queiroz | Investigation of the corrosion behaviour of AA 2024-T3 in low concentrated chloride media[END_REF], [START_REF] Boag | Corrosion of AA2024-T3 Part I: Localised corrosion of isolated IM particles[END_REF]. Due to the similarities between the composition of the IMs in the microstructure of this alloy and those in the 2524, the initiation mechanism of local corrosion activity should be the same, even though it can be expected that the susceptibility to localized attack initiation will be lower in the 2524 compared to the 2024 due to the lower content of IMs in the last alloy [START_REF] Zheng | The behavior of fatigue crack initiation and propagation in AA2524-T34 alloy[END_REF], [START_REF] Debartolo | A model of initial flaw sizes in aluminum alloys[END_REF]. Therefore, as high corrosion resistance is required for structural metallic materials employed in aircrafts, the high strength aluminum alloys used in the aerospace industry are protected by a multilayer system.

Electrochemical techniques applied to aluminum corrosion investigation 

. FSW technique

Friction Stir Welding (FSW) is a welding method that was developed in the 1990s by The Welding Institute (TWI) in Cambridge, UK. Such technique was created to perform welding of alloys that are difficult to weld, for instance, the 2xxx series aluminum alloys. In this welding process, the temperatures reach around 80% of the melting temperature, which results in drastic reduction of defects from the solidification of the welded material, and it also provides good mechanical properties and low distortion [START_REF] Olea | Influence of energy input in fiction stir welding on structure evolution and mechanical behaviour of precipitation-hardening in aluminium alloys (2024-T351, 6013-T6 and Al-Mg-Sc)[END_REF].

The development of the FSW process is of great interest for the aeronautical industry, which uses rivets for joining parts made of aluminum alloys. Less than two decades ago, the Federal Aviation Administration (FAA) authorized the use of the FSW process in the manufacture of the eclipse-500 commercial jet. The use of this type of welding resulted in a reduction of approximately 60% in the amount of rivets used throughout the aircraft, thereby reducing its weight, and also reducing the time required to assemble parts using rivets by up to ten times [START_REF] Magazine | A flying success story for friction stir welding[END_REF].

The welding tool used in the FSW process is of the non-consumable type. It consists of the shoulder that holds the surfaces of the plates to be welded, and the tip of the tool that has a smaller diameter in relation to the shoulder and is responsible for penetrating between the plates and performing the mixing of the semi-solid zones, as illustrated in Figure 3.4. 3.1.1.5.2.

Microstructure of aluminum alloys joined by FSW

Although the temperatures related to the FSW process are considered to be low when compared to other welding processes, it is high enough to modify the microstructure of the zones adjacent to the welded parts. Consequently, it interferes with the mechanical properties as the 2xxx series aluminum alloys depend on hardening precipitates to preserve their mechanical properties [START_REF] Cole | Weld temperature effects during friction stir welding of dissimilar aluminum alloys 6061-T6 and 7075-T6[END_REF].

As illustrated in Figure 3.4, that shows the cross section of the welded plates, the FSW technique results in four different zones, i.e., (a/e) base metal (BM), (b/d) heat affected zone (HAZ), (f) thermomechanically affected zone (TMAZ), and (c) stir zone (SZ) or nugget [START_REF] Nandan | Recent advances in friction-stir welding -Process, weldment structure and properties[END_REF], [START_REF] Threadgill | Friction stir welding of aluminium alloys[END_REF],

[100], [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF].

 The BM corresponds to the unaffected zone during the welding process due to its distance from the center of the weld, therefore, its microstructure is not affected.

 The HAZ presents a change in hardness in comparison to the BM and has different response to chemical attack.

 The TMAZ suffers plastic deformation from the rotation of the tool, but the recrystallization phenomenon is not observed.

 The SZ presents a microstructure composed of finely distributed equiaxial grains due to the dynamic recrystallization process. It occurs because of the deformation and the high temperatures reached during the welding process [START_REF] Threadgill | Friction stir welding of aluminium alloys[END_REF], [START_REF] Humphreys | Recrystallization and Related Annealing Phenomena -1st Edition[END_REF], [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF].

Differences in electrochemical behavior along the cross section of the welded joint results from FSW, and are also identified between the advancing and retreating side of the weld zone. Such differences are caused by variations in the microstructure of the alloy during the FSW process. In addition, the welding parameters also affect it [START_REF] Fonda | Microstructure, mechanical properties, and corrosion of friction stir welded Al 5456[END_REF], [START_REF] Hu | Corrosion and environment-assisted cracking behavior of friction stir welded Al 2195 and Al 2219 alloys[END_REF]. alloy showed high density of dispersoids rich in Cu and Mn inside the grains, with dimensions between 200 and 500 nm and under the form of sticks. HAZ and TMAZ also presented such dispersoids inside their grains, besides fine intragranular precipitated S'(S) phase. In the nugget, those dispersoids were in smaller quantities and not evenly distributed. Moreover, coarse intragranular precipitates of S'(S) phase were observed.

Influence of FSW on the corrosion behavior of aluminum alloys

There are several published works in literature dedicated to the study of corrosion of aluminum alloys welded by FSW, mainly studies using high strength alloys of the aerospace industry. Several authors have reported decreased corrosion resistance of the welding zone when compared with the matrix unaffected by the welding process [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF], [START_REF] Fonda | Microstructure, mechanical properties, and corrosion of friction stir welded Al 5456[END_REF], [START_REF] Jariyaboon | The effect of cryogenic CO2 cooling on corrosion behaviour of friction stir welded AA2024-T351[END_REF]. Others showed that the weld region exhibits nobler behavior than the base metal [START_REF] Hu | Corrosion and environment-assisted cracking behavior of friction stir welded Al 2195 and Al 2219 alloys[END_REF], [START_REF] Xu | Corrosion Properties of Light-weight and High-strength 2195 Al-Li Alloy[END_REF], [START_REF] Proton | Influence of Post-Welding Heat Treatment on the Corrosion Behavior of a 2050-T3 Aluminum-Copper-Lithium Alloy Friction Stir Welding Joint[END_REF],

and there are also indications of no difference between the corrosion behavior of the base metal and the welded region [START_REF] Corral | Corrosion of friction-stir welded aluminum alloys 2024 and 2195[END_REF].

Differences in electrochemical behavior along the cross section of the welded sample have also been verified [START_REF] Su | Microstructural investigation of friction stir welded 7050-T651 aluminium[END_REF], [START_REF] Heinz | Characterization of a friction-stir-welded aluminum alloy 6013[END_REF], as well as due to the sense of tool rotation (advancing or retreating) in relation to the weld bead [START_REF] Heinz | Characterization of a friction-stir-welded aluminum alloy 6013[END_REF]. Such differences may originate from the different experimental conditions employed during FSW welding, as the parameters adopted affect the amount of applied deformation and heat generation in the welded area, and consequently the microstructure of the material [START_REF] Su | Microstructural investigation of friction stir welded 7050-T651 aluminium[END_REF]. It may also originate from pre-and post-treatments applied to the welded parts.

Microstructural differences also exist within the same weld zone, since the FSW process does not allow mixing of the constituents on atomic scale. However, thermal gradients occur in the weld region and can result in changes in microstructure. [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] identified variations in microhardness within the same welded area, which was related with differences in both the distribution and density of hardening precipitates in these regions.

Proton et al. (2011) [START_REF] Proton | Influence of Post-Welding Heat Treatment on the Corrosion Behavior of a 2050-T3 Aluminum-Copper-Lithium Alloy Friction Stir Welding Joint[END_REF] investigated the corrosion behavior of a FSW-welded 2050 aluminum alloy in 1 M NaCl, before and after the T8 heat treatment. The tests were performed on the cross section of the welded alloy, and electrochemical techniques and microstructural observations were employed in addition to galvanic coupling characterizations. The polarization curves showed active behavior for the base metal and all weld regions, regardless the application of heat treatment after welding. However, post-heat treatment procedure ennobled the potential of the weld zone relatively to the base metal, particularly with regard to the HAZ.

This observation was obtained by galvanic coupling tests after T8 treatment, that showed cathodic behavior related to the HAZ comparatively to the SZ and the BM, while without the heat treatment the HAZ was anodic relative to SZ and BM. Regarding the type of corrosion, it was observed that the BM was susceptible to pitting corrosion while the untreated weld region was prone to intergranular and intragranular corrosion after heat treatment.

In another work, Proton et al. ( 2013) [START_REF] Proton | Characterisation and understanding of the corrosion behaviour of the nugget in a 2050 aluminium alloy Friction Stir Welding joint[END_REF] characterized the corrosion behavior of the SZ of AA2050 welded by FSW and subjected to T8 heat treatment. Immersion, electrochemical, and gel visualization tests were used. The results of electrochemical and corrosion tests showed that the untreated SZ was susceptible to intergranular corrosion and the heat-treated to both, inter and intragranular corrosion. The gel visualization test, on the cross section of the SZ, on the other hand, showed heterogeneous behavior with the lower region of the weld being more anodic than the upper one, regardless of the heat treatment. Microstructural observations also revealed that the morphologies of corrosion related to the SZ, either with or without heat treatment, were different. This was correlated with differences in the microstructure of this region. to the stochastic characteristic of the pitting corrosion prevailing in these regions. In addition, intergranular corrosion due to a continuous line of precipitates at the grain boundaries was related to the interface between the HAZ and the TMAZ. Stable potentials were measured at the zones between the TMAZ and the SZ which was related to the uniform distribution of intermetallic particles fractured by the tool movement, resulting in a large number of small pits distributed over the surface. Regarding possible galvanic effects, the open circuit potentials related to the base metal were higher than those related to the weld affected regions.

In order to reduce the temperature rise during FSW, Jariyaboon et al. ( 2013) [START_REF] Jariyaboon | The effect of cryogenic CO2 cooling on corrosion behaviour of friction stir welded AA2024-T351[END_REF] investigated the effect of cryogenic carbon dioxide cooling, applied during welding, on the corrosion behavior of the 2024-T351aluminum alloy. It was found that the heat treatment did not modify the corrosion mechanism, but effectively reduced the zone susceptible to corrosion.

Thus, for both conditions, with or without heat treatment, the HAZ was anodic in relation to the BM and the SZ, although the MB also showed anodic activity. SEM observations of the welded cross section after immersion tests showed intergranular corrosion in the HAZ and SZ, which was attributed to the Cu-depleted zones at the grain boundaries, and pitting corrosion around the intermetallic particles in the BM. It was also found that the SZ presents heterogeneous electrochemical activity. The lower region (root of the weld) of the sample welded without cooling was anodic, and the regions near the end of the SZ, on the retreating side, for the sample welded with cooling. It was also observed that the density of cathodic sites was higher in the SZ region than in the BM. This was due to precipitation of S-phase particles in this region, which act as cathodes.

Squillace et al. ( 2004) [START_REF] Squillace | A comparison between FSW and TIG welding techniques: modifications of microstructure and pitting corrosion resistance in AA 2024-T3 butt joints[END_REF] evaluated the susceptibility to corrosion of the FSW-welded regions of the aluminum alloy AA2024-T3 by polarization curves and electrochemical impedance tests . They found that the base metal was more prone to corrosion than the SZ and HAZ, which were passive.

There are few papers in literature that report on the effects of welding parameters, more specifically welding and rotation rate, on the mechanical and corrosion properties of aluminum alloys welded by FSW. Jariyaboon et al. ( 2007) [START_REF] Jariyaboon | The effect of welding parameters on the corrosion behaviour of friction stir welded AA2024-T351[END_REF] found that the welded region (HAZ + TMAZ + SZ) behaves anodically with respect to the matrix. Also, the zones preferentially anodic shifts from the SZ to the HAZ when the tool rotation speed increases. This behavior was related to dissolution and reprecipitation of dispersoid particles and hardening due to the thermal cycles imposed by welding. Concerning the corrosion behavior of the individual areas, investigated by polarization tests using a microcell, it was found that the pitting potential increased with increasing tool displacement speed when keeping constant the tool rotation speed. Increasing rotation speed, keeping the displacement speed constant, whereby the effect of the rotation speed seems to play a more important role in this parameter. On the other hand, the results of the cathode curves did not allow any direct correlation between the variation of welding parameters and the reduction reaction rate.

Regarding the zones formed during the friction stir welding process with a nonconsumable pin and the complexity of their microstructures, both, for similar and dissimilar alloys, new studies on the corrosion behavior of these joints will bring important information about the mechanisms of corrosion of FSW-welded aluminum alloys.

Magnesium

Many studies have been carried out since the 1920s on Mg corrosion. For example, a 1926 report by Boyer ("National Advisory Committee for Aeronautics" -NACA) concerning the corrosion of Mg and its alloys [START_REF] Boyer | The corrosion of magnesium and of the magnesium aluminum alloys containing manganese[END_REF]. This report indicated that the electrochemical potential of Mg is highly negative and that hydrogen release is observed until a film of corrosion products appears, which has the effect of reducing the electrode potential of the metal. These first observations were subsequently complemented, and several models of Mg corrosion mechanisms were developed, some of which are still under debate.

Kinetic aspect: the negative difference effect (NDE) and current reaction mechanisms

A phenomenon known as negative difference effect, NDE, is observed during the corrosion of pure Mg. This phenomenon is characterized by an increase of hydrogen evolution, as well as an anomalous high dissolution rate, during anodic polarization of pure Mg [START_REF] Tunold | The corrosion of magnesium in aqueous solution containing chloride ions[END_REF]. Depending on the initial pH, in aqueous media, the pH of the solution increases and stabilizes at about 10, after 2 hours of immersion, following the proposed mechanism (Eq. (3.7)) [START_REF] Pebere | Investigation of magnesium corrosion in aerated sodium sulfate solution by electrochemical impedance spectroscopy[END_REF]. According to the model described above, the production of Mg + ions and the cathodic hydrogen release reaction take place preferentially at the interface, in areas not covered by the film, i.e., free of a partially protective corrosion product film (Eqs. (3.9) and (3.10)). The chemical production of hydrogen is accompanied by the production of Mg 2+ and hydroxide ions, which increase concomitantly with the applied overpotential [START_REF] Song | Recent insights into the mechanism of magnesium corrosion and research suggestions[END_REF], [START_REF] Robinson | Electrochemical behavior of the magnesium anode[END_REF], [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF], [START_REF] Song | The anodic dissolution of magnesium in chloride and sulphate solutions[END_REF]- [START_REF] King | The role of the anion in the anodic dissolution of magnesium[END_REF].

It is important to highlight that the existence of Mg + species in the reactions between Mg and water is still controversial and no experimental evidence of its presence has been provided so far [START_REF] Atrens | Review of recent developments in the field of magnesium corrosion[END_REF]. The presence of the monovalent ion (Mg + ) was firstly assumed by Petty The equivalent electric circuit presented in Figure 3.6 shows a schematic representation of the magnesium-electrolyte interface, following the proposed kinetic model [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF] where 𝑅 𝑒 is the electrolyte resistance, 𝑍 𝑓 is the faradaic impedance in parallel with the double layer capacitance, 𝐶 𝑑 . 𝑅 𝑓 and 𝐶 𝑓 , are the resistance and capacitance of the oxide film (MgO), respectively. 𝑅 𝑓 is assumed to be very large in comparison to 𝑍 𝑓 and 𝐶 𝑑 larger than 𝐶 𝑓 . At this point, it is also worth mentioning that some recent works modelling the magnesium-electrolyte interface using density functional theory (DFT) have been reported [START_REF] Williams | Modeling reaction pathways for hydrogen evolution and water dissociation on magnesium[END_REF], [START_REF] Yuwono | Electrochemical stability of magnesium surfaces in an aqueous environment[END_REF]. (3.12)). This reaction would be favoured in the presence of OH ads species.

Volmer: H + + e -⇌ H ads (3.11) Tafel: 2H ads ⇌ H 2 (3.12)

Heyrovsky:

H ads + H + + e -⇌ H 2 (3.13)
This theoretical approach may be of interest for the detection of Mg ads + species, which has never been reported experimentally.

Model based on the existence of a cathodic film Several authors have proposed to explain the NDE by the existence of a film of corrosion products having a cathodic role at uncovered areas, often called "dark corrosion film" [START_REF] Frankel | Introductory lecture on corrosion chemistry: a focus on anodic hydrogen evolution on Al and Mg[END_REF]. This film which is formed during immersion in an electrolyte would be the primary source of hydrogen release, associated with a high corrosion rate (NDE) [START_REF] Esmaily | Fundamentals and advances in magnesium alloy corrosion[END_REF]. This model is based on active corrosion products and impurities that would be the site of the cathodic reactions. Several authors have noted higher cathodic activity on pure Mg samples previously anodically polarized and covered with a corrosion product film than on samples that have not undergone this procedure.

Williams et al. (2015) [START_REF] Williams | Controlling factors in localised corrosion morphologies observed for magnesium immersed in chloride containing electrolyte[END_REF] showed that cathodic activity was mainly located at the interface between the corrosion product film, the region not covered by it, and the electrolyte.

The measured cathodic currents were ten times higher for a Mg sample containing 280 ppm of Fe impurities than for a sample with a level of Fe below 80 ppm. These authors showed that the concentrations of iron impurities and electrolyte (NaCl) have an important impact on the morphology of the corrosion product film. In solutions of high NaCl concentration, a disc shape corrosion product was observed, while in those of low NaCl contents, a corrosion-filiform propagation was seen (Figure 3.7). The release of hydrogen is correlated with the increase in anodic polarization but does not seem to be correlated with the quantity of corrosion products [START_REF] Esmaily | Fundamentals and advances in magnesium alloy corrosion[END_REF]. Enrichment of the film with metallic particles of impurities (often Fe) has been suggested as an explanation for its high 

Corrosion product film

Taheri; Danaie; Kish (2014) [START_REF] Taheri | TEM examination of the film formed on corroding Mg prior to breakdown[END_REF] studied ultra-pure Mg sample previously immersed for 24 h in 0.01 M NaCl solution by SEM-EDS and STEM. The authors highlighted that the film consisted of a thin layer of partially hydrated MgO on the metal substrate, formed by contact with air after polishing procedure. A thicker and more porous Mg(OH) 2 layer is formed above the first oxide layer, seemingly by the interaction of the oxide layer with water.

EDS analysis revealed the presence of chloride ions in the porosity of the outer film. 

Determination of the corrosion rate

The corrosion rate of pure Mg and its alloys can be determined either by mass loss, by analysis of the amount of Mg 2+ ions in solution, by measuring the quantity of H 2 released, or by electrochemical measurements (polarization curves and EIS) [START_REF] Atrens | Review of recent developments in the field of magnesium corrosion[END_REF]. The presence of several reactions, particularly in the anodic domain (oxidation possibly in two steps coupled with chemical reactions, presence of a protective film), makes difficult the estimate of Tafel coefficients and corrosion rate by Stern-Geary's law [START_REF] Song | Understanding magnesium corrosion. A framework for improved alloy performance[END_REF], [START_REF] Stern | Electrochemical polarization[END_REF]. Indeed, Keddam [START_REF] Keddam | Whitney Award Lecture: Application of Advanced Electrochemical Techniques and Concepts to Corrosion Phenomena[END_REF] showed that as soon as the electrochemical mechanism can be split into elementary steps, one of which involving adsorbed intermediates, the use of Stern and Geary relationship must be used with a great care.

In addition, the presence of the chemical reaction that causes the NDE (Eq. (3.7)) leads to underestimated corrosion rates by electrochemical measurements [START_REF] Song | Understanding magnesium corrosion. A framework for improved alloy performance[END_REF], [START_REF] Shi | Measurement of the corrosion rate of magnesium alloys using Tafel extrapolation[END_REF]- [START_REF] Qiao | Corrosion behaviour of a nominally high purity Mg ingot produced by permanent mould direct chill casting[END_REF]. Qiao et al. ( 2012) [START_REF] Qiao | Corrosion behaviour of a nominally high purity Mg ingot produced by permanent mould direct chill casting[END_REF] studied the corrosion resistance of high-purity Mg in NaCl 3.5% saturated with Mg(OH) 2 . These authors concluded that the corrosion behavior was consistent with the unipositive Mg + ion corrosion mechanism, particularly because the corrosion rate measured using electrochemical techniques was consistently lower than that measured independently, either by weight loss or hydrogen evolution, as predicted by the presence of univalent Mg + species for the Mg corrosion mechanism. 

Magnesium

The material used in this part of the study was a Mg rod (5 mm in diameter) with a purity of 99.9% purchased from Goodfellow. The impurity contents of the commercially pure Mg used in this study (composition by the provider) are shown in Table 4.2. 

Methods

The experiments performed along this work were divided into three main parts: microstructural characterization, corrosion tests, and electrochemical characterization. The organization scheme and description of all tests performed are presented in Figure 4 

Sample preparation

The aluminum alloy surfaces were prepared according to conventional metallographic techniques, consisting of mechanical polishing with silicon carbide paper (SiC) with different grain sizes (P320, P500, P800, P1200, P2400 and P4000), and polishing with 3 µm and 1 µm diamond suspension. Depending on the test performed, different surface finishes were used.

Optical Microscopy (OM)

The samples were prepared according to the metallographic techniques described previously. The microstructure was revealed after attack with a solution composed of 25% (vol.) follow the ratio of 30 mL of solution to 1 cm 2 of sample exposed area. After the test, the samples were cut in the cross section and analyzed by OM and SEM.

Intergranular corrosion test (ASTM G110)

The intergranular corrosion test followed ASTM G110-97 [START_REF] Astm | Standard Practice for Evaluating Intergranular Corrosion Resistance of Heat Treatable Aluminum Alloys by Immersion in Sodium Chloride + Hydrogen Peroxide Solution 1[END_REF]. The samples were cleaned in a solution of 945 mL of distilled H2O, 50 mL of HNO3 (70%) and 4 mL of HF (48%)

for 1 minute at 93 ºC. Then, the samples were exposed to a HNO3 solution (70%) at room temperature for 1 minute and, subsequently, washed and air-dried. Finally, the samples were exposed to the test solution for 6 hours at ambient temperature. After the test, the samples were air dried and cut in the cross section to be analyzed by OM and SEM.

Agar-agar test

The agar-agar test is a qualitative analysis that aims at observing the change of the pH on the surface of samples as a function of corrosion time when exposed to aggressive media.

In this work, the samples were exposed to a solution composed of 0.6 M NaCl, 0.3 g agar-agar and 1 mL of universal indicator in 10 mL of H2O, heated at 100°C. The NaCl concentration of this test was relatively high (0.6 M) in order to accelerate the corrosive processes and the appearance of the corrosion effects on pH in a short time. In this test, due to hydrolysis promoted by the aluminum ions in the anodic regions (Eq. (4.1)), the agar becomes orange in color. In the cathodic regions, in turn, the generation of hydroxyl ions occurs as a consequence of oxygen reduction (Eq. (4.2)), resulting in the green/blue coloration [START_REF] Isaacs | Whitney award lecture: Visualizing corrosion[END_REF]. 

Al

Magnesium

Sample preparation

The lateral part of the pure Mg cylinder was insulated with a cataphoretic paint and, in sequence, with an epoxy resin leaving a surface area of disk electrode corresponding to 19.6 For the magnesium rod, potentiodynamic polarization curves, anodic and cathodic, were obtained separately (two independent measurements) after a preliminary hold time of 2 h at the corrosion potential (Ecorr). The potential sweep rate was fixed at 0.167 mV.s -1 . The polarization curves were corrected considering the ohmic drop, experimentally determined from the highfrequency limit of the impedance diagrams.

Electrochemical impedance spectroscopy (EIS)

The global impedance diagrams were obtained in potentiostatic mode, with 10 mVrms or 20 mVrms of amplitude perturbation, for Mg and Al, respectively and with 8 points per decade in both cases. The linearity was checked by varying the amplitude signal for each material. At least two experiments were performed. The consistency of the obtained impedance diagrams were always checked with the Kramers-Kronig relations [START_REF] Macdonald | Some new directions in impedance spectroscopy data analysis[END_REF], [START_REF] Gabrielli | Kramers-Kronig transformation in relation to the interface regulating device[END_REF]. The equipment used were the same as those defined in 4.2.3.1.1. As well as for the OCP and polarization curves, tests were performed on samples of pure magnesium and on 2524-T3 aluminum alloy, with and without welding, which allowed the comparison of the respective behaviors.

RESULTS AND DISCUSSION

Aluminum

Microstructural characterization

Microstructure of AA2524-T3 welded by FSW

The temperatures reached during the FSW process are comparatively low in relation to those of other welding processes, however, they were high enough to modify the microstructure of the zones adjacent to the welded plates. Consequently, it interferes with the mechanical properties of the material as the 2xxx series aluminum alloys rely on hardening precipitates to maintain their mechanical properties [START_REF] Cole | Weld temperature effects during friction stir welding of dissimilar aluminum alloys 6061-T6 and 7075-T6[END_REF].

Differences in electrochemical behavior can be detected along the cross section of the welded joint, as well as with respect to the advancing or retreating rotational movement of the welding tool. Such differences are caused by changes in the microstructure of the alloy during FSW. In addition, the welding parameters also have significant effect on such behavior [START_REF] Fonda | Microstructure, mechanical properties, and corrosion of friction stir welded Al 5456[END_REF], [START_REF] Hu | Corrosion and environment-assisted cracking behavior of friction stir welded Al 2195 and Al 2219 alloys[END_REF].

Furthermore, the FSW process is asymmetric and introduces different degrees of deformation and temperature peaks on both sides of the weld bead, retreating and advancing sides. The advancing side (AS) of the weld is subjected to higher temperatures compared to the retreating side (RS), thus the microstructural modifications are always different on both sides [START_REF] Mishra | Friction stir welding and processing[END_REF], [START_REF] He | A review of numerical analysis of friction stir welding[END_REF]. The BM corresponds to the unaffected zone during the welding process due to its distance from the weld center, so its microstructure was maintained without change. Observation of the optical micrographs in Figure 5.1 shows that the HAZ does not exhibit significant microstructural differences compared to the BM, although it shows difference in hardness values and a different response to chemical attack from the BM. It is also seen that the TMAZ suffers plastic deformation due to tool rotation, but the recrystallization phenomenon is not observed. Also, the SZ presents a microstructure composed of finely distributed equiaxial grains, due to dynamic recrystallization. It occurs because this region is subject to greater deformation and temperature during the welding process [START_REF] Threadgill | Friction stir welding of aluminium alloys[END_REF], [START_REF] Humphreys | Recrystallization and Related Annealing Phenomena -1st Edition[END_REF], [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF].

Microhardness test

Microhardness measurements were performed along the top surface of the sample.

Hardness is one of the properties most affected when there are microstructural differences, due Vickers microhardness test throughout all different zones resulting from FSW can assist in understanding the microstructural changes. Figure 5.2 shows that the microhardness of the SZ is lower compared to the BM, due to the high temperatures reached in that zone. Such temperature allows the dissolution of hardening precipitates, the formation of S' phase precipitates and their coalescence, as well as, the dissolution of part of them, which tends to reduce the microhardness values. Even after cooling, the GPB hardening zones, which are formed from the S' phase dissolved by the effect of high temperature, are not sufficient to allow significant increase in microhardness [START_REF] Li | Effect of Rotation Speed to Welding Speed Ratio on Microstructure and Mechanical Behavior of Friction Stir Welded Aluminum-Lithium Alloy Joints[END_REF]- [START_REF] Fonda | Precipitation and grain refinement in a 2195 Al friction stir weld[END_REF].

Concerning the TMAZ/HAZ-RS and TMAZ/HAZ-AS zones, their microhardness values were very similar (≈118 Hv0.3). In addition, it was possible to observe that the area corresponding to the first region is larger than that of the second one. This was expected as the FSW welding process tends to result in a larger TMAZ/HAZ zone on the retreating side due to the rotational and translation movement of the welding tool. This also leads to higher accumulation of particles in the RS comparatively to the AS [START_REF] Li | Effect of Rotation Speed to Welding Speed Ratio on Microstructure and Mechanical Behavior of Friction Stir Welded Aluminum-Lithium Alloy Joints[END_REF].

The microhardness test reflects a mean value of the indented area [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF]. A possible explanation for the microhardness differences between the SZ and both TMAZ/HAZ (RS and AS) is that the SZ in mainly constituted of very small grains well-dispersed (Figure 5.1 -( 2))

increasing the materials hardness. Both TMAZ/HAZ zones, especially at the retreating side, is composed of larger grains (Figure 5.1 -( 1)), and have coarsened particles and less S' phase hardening precipitates in comparison to the SZ.

Corrosion tests

Agar-agar test aluminum alloy welded by the FSW process. Throughout the experiment, the TMAZ-AS and the HAZ-AS zones also exhibited anodic activities after 30 min, but not very pronounced, and the effects of the anodic reactions on the pH of the medium were not clearly identified for periods longer than 1 h.

Queiroz et al. [START_REF] Queiroz | Effect of unequal levels of deformation and fragmentation on the electrochemical response of friction stir welded AA2024-T3 alloy[END_REF] performed a similar test for the FSW-welded AA2024-T3 alloy and found that the TMAZ-RS was the area of highest anodic activity throughout the entire area under analysis (similar to what is observed in Figure 5.3). It was shown that the corrosion type observed was severe localized corrosion (SLC), which was initiated in regions with copper-rich coarse intermetallic clusters, and these, in turn, were found in greater quantities in the TMAZ-RS than in any other zone of the welded alloy. The observations were related to the higher amount of fragmented particles at the TMAZ-RS due to the rotational and translational movements of the tool dragging and throwing these particles there when compared to the SZ and TMAZ-AS. Such fragmentation, together with the tool movement causes the accumulation of coarse particles in the TMAZ on the retreating side, which explains the higher electrochemical activity in the zone [START_REF] Queiroz | Effect of unequal levels of deformation and fragmentation on the electrochemical response of friction stir welded AA2024-T3 alloy[END_REF].

In addition, since the FSW welding process is thermomechanical, it changes the quenching condition of the base metal and causes distinct variations along the affected zones of the material. Consequently, activities due to macro and micro galvanic couplings are enhanced in the alloy. It is also worth noting that modifications in welding parameters can alter the corrosion susceptibility of the alloy [START_REF] Jariyaboon | The effect of welding parameters on the corrosion behaviour of friction stir welded AA2024-T351[END_REF] because such modifications introduce different degrees of deformation.

Image analysis

It has been reported in literature that the electrochemical most active area in certain materials is related to its high concentration of micro cells. Different morphology and sizes of intermetallic particles affect the corrosion behavior of Al alloys. According to Blanc and Mankowski (1997) [START_REF] Blanc | Susceptibility to pitting corrosion of 6056 aluminium alloy[END_REF] and Blanc et al. (1997) [START_REF] Blanc | The role of precipitates enriched with copper on the susceptibility to pitting corrosion of the 2024 aluminium alloy[END_REF] the size and amount of particles in the aluminum alloy, besides their composition, are among the most significant features influencing pitting properties. In Figure 5.4c, it was added a yellow line over the TMAZ/HAZ-AS interface (hundreds of micrometer thickness) to highlight the difference in size and particle distribution between the SZ and TMAZ-AS. Such SEM analysis is complementary to the optical micrographs shown in Figure 5.1 since it is possible to better observe the particle distribution and their mean size.

Image analysis was performed with the support of the ImageJ ® software. It was necessary as the intermetallic particles were well dispersed along the whole microstructure.

Even though Figure 5.4 does not show significant differences between the distribution of particles in the TMAZ/HAZ-AS and TMAZ/HAZ-RS, the image analyses performed showed that there are minor variations related to particle distribution and it can be correlated to the phenomenon observed in Figure 5.3.

Table 5.1 shows image analysis results for the entire microstructure. The analysis consisted of calculating the area corresponding to the intermetallic particles with size greater than 10 µm 2 . This condition was applied as the interest was to study the distribution of coarse particles. varied along the AA2524-T3 FSW-welded sample. Even though it seems to be minor differences, when it comes to micro cells it can have a huge effect on the initiation and propagation of the corrosion process, as it can be observed in Figure 5.3 and the data of Table 5.1. Indeed, these micro and nanoparticles can be seen as an array of microelectrodes on which the cathodic reaction is enhanced.

The results of this work corroborate those of [START_REF] Queiroz | Effect of unequal levels of deformation and fragmentation on the electrochemical response of friction stir welded AA2024-T3 alloy[END_REF] where the corrosion process was preferentially located in the TMAZ/HAZ-RS region, compared to the TMAZ/HAZ-AS. This was related to the level of particle breakdown due to rotational and translational movement of the welding tool. The tool movement was responsible for accumulation of coarse particles in the TMAZ/HAZ area on the retreating side, which explains the higher electrochemical activity in that zone.

The stir zone (SZ) presents the lowest levels of large intermetallic particles because this zone experiences the most intense movement of the tool leading to a severe breakdown of the particles present.

Exfoliation corrosion test (ASTM G34)

Exfoliation corrosion is known to be a more aggressive form of intergranular corrosion, being the result of the continuous expansion of corrosion products generated between grain boundaries by intergranular corrosion. Corrosion activity was significantly reduced in the recrystallized stir zone (SZ) of the material (indicated in this case by the smaller volume of bubbles) comparatively to the other zones exposed to the solution. It occurs because recrystallization process consumes part of the energy stored between grains generated during the rolling process leading to grain elongation and deformation, as is the case of aluminum alloys [START_REF] Astm | Standard Test Method for Exfoliation Corrosion Susceptibility in 2xxx and 7xxx Aluminium Alloys[END_REF]. This is one of the possible explanations for the phenomenon observed in Figure 5.5a, because the grains in the BM are still deformed by the rolling process, while in the SZ, recrystallization with grain refinement occurred. This was due to heat generation in that region, arising from the rotation movement and displacement of the welding tool (see Figure 3.4), consequently, decreasing the energy stored in such grains.

It is seen in Figure 5.5a the presence of larger volume of bubbles at the TMAZ and HAZ of AS and RS, especially at the retreating side comparatively to the other zones. Figure 5.5 [START_REF] Monteiro | Light Metal Alloys Applications[END_REF] confirms that exfoliation was more intense in the TMAZ/HAZ-RS in comparison to the TMAZ/HAZ-AS (Figure 5.5 ( 2)). This result shows that FSW besides resulting in higher quantities of intermetallic particles in the retreating side, than in the advancing one, it also leads to changes in the precipitation of hardening precipitates, as shown in Figure 5.2. Consequently, susceptibility to exfoliation corrosion was dependent on the side of the FSW affected zone.

Regarding the base metal, the cross section analysis of the FSW-welded sample ( In Figure 5.6a it is evident the evolution of bubbles in the central zone of the sample (weld region), while on the rest of the sample (BM) few and small bubbles were seen. A dark surface film was observed, possibly due to copper redeposition, or copper enrichment by selective leaching of aluminum and magnesium from the alloy, and of other compounds [START_REF] Buchheit | Local Dissolution Phenomena Associated with S Phase (Al2CuMg) Particles in Aluminum Alloy 2024-T3[END_REF], [START_REF] Bard | Electrochemical methods, fundamentals and applications[END_REF]. Further analysis is required by the use of other characterization techniques to confirm this hypothesis.

It is known that the FSW process gives rise to different welding zones, each with its own intrinsic characteristic (item 5.1.1.1). As each region has unique electrochemical potential, it is possible that the phenomenon of galvanic coupling occurs, which is corroborated by the cathodic protection observed in the BM coupled to the welded zone, with the BM being nobler than the weld joint.

Relatively to the weld zone, it is important to highlight that due to rotation and translation movements of the weld tool, this region experiences different temperature gradients, phase dissolution, precipitate enrichment, reprecipitation and mainly microstructural modifications, as can be observed in Figure 5.6 -( 1) and ( 2).

Another phenomenon is the fact that the BM of the welded specimen (Figure 5.6a) presented few and small bubbles from the corrosive process while the same BM, but isolated from the rest of the specimen and exposed to the corrosive environment (Figure 5.6b), presented a considerable amount of bubbles, indicating a higher susceptibility to intergranular corrosion.

The higher susceptibility to corrosion can be better observed by means of Figure 5.6 -( 1) and ( 3). It is possible to notice that intergranular corrosion shown in Figure 5.6 -( 3) is more intense than the one related to the welded sample with all zones exposed. In addition to intergranular corrosion, as seen in Figure 5.6 -(1), there is also the occurrence of intragranular corrosion, indicating a more intense corrosion process with removal of material and formation of corrosion products.

Electrochemical characterization of the FSW-welded AA2524-T3

Electrochemical evaluation of the 2524-T3 aluminum alloy welded by FSW was performed using a microcell (0.049 cm 2 exposed area) and isolating each analyzed zone with wax, in a 100 mM Na2SO4 + 1 mM NaCl solution. This solution presents lower aggressiveness compared to the ones with results presented in the previous sections. Sulfate ions adsorb on aluminum alloys surface, contributing to their passivation and delaying nucleation of pits and, therefore, the breakdown of the passive film [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] Boag | Stable pit formation on AA2024-T3 in a NaCl environment[END_REF], [START_REF] Aballe | Localized alkaline corrosion of alloy AA5083 in neutral 3.5% NaCl solution[END_REF]. shows that all zones presented increase in potential soon after exposure to the test solution, possibly related to preferential dissolution of Mg, that is the most active element in the alloy , as well as the growth of the oxide on the Al alloy matrix by immersion in aerated medium [START_REF] Hagyard | Potential of aluminium in aqueous chloride solutions. Part 1[END_REF]. Then, it was followed by potential drop that can be explained by localized attack to the weak areas of the oxide film with time of immersion in corrosive medium. The presence of Cl -ions in the solutions favors corrosion attack at the weakest areas of the oxide film, that in the alloy studied, corresponds to the regions of the micrometric particles.

It can be seen that both TMAZ/HAZ zones (RS and AS) shows a similar behavior. Once the potential starts decreasing, due to oxide film breakdown, after near one hour of the experiment, it continuously decreased until the end of the experiment. In addition, these two zones presented the lowest potential among all the studied zones, with the retreating side showing the most negative value (approximately -575 mV).

Another interesting information that can be drawn from Figure 5.7 is the possibility of galvanic coupling (potential difference higher than 50 mV between two adjacent zones) between the SZ and each of the zones. It must be mentioned that the stir zone is in direct contact with the TMAZ of both sides (Figure 5.1). The potential difference between the SZ and the advancing side is around 85 mV, and the difference on the retreating side is nearly 115 mV, which is consistent with the results shown in the agar-agar test (Figure 5.3), and image analysis (Figure 5.4) where the tendency to corrosion of these zones was observed.

The potentials related to the BM and SZ in the curves of Figure 5.7 suggest that oxide growth and localized attack occurred continuously during exposure to the test solution.

However, potential oscillations decreased in amplitude after 14 h for the SZ, whereas it continued for the BM along the duration of test. These results suggest that the base metal is highly susceptible to pitting nucleation although corrosion propagation was favored on both TMAZ/HAZ sides of the welded alloy.

Modifications introduced by friction stir welding of the 2524-T3 aluminum alloy were observed. Such microstructural modifications rise from rotation and translation movements of the weld tool and can lead to galvanic coupling, pit nucleation at some zones, and solubilization, dissolution of hardening precipitates, and intermetallic particles breakdown. EIS results presented in Figure 5.8 was used here qualitatively for comparison of the corrosion resistance of different zones resulting from FSW. Regarding the results reproducibility, which is not trivial, no changes were observed in the trend between triplicate measurements. Firstly, it is important to note that the highest impedances were related to the SZ, whereas the lowest ones, to the TMAZ/HAZ-RS. It is worth mentioning, that for the BM, the impedance continuously increased with time of exposure to the test solution, corroborating the hypothesis of oxide growth on the matrix of the BM along the test, as suggested by Figure 5.7.

It is also interesting to notice that for the TMAZ/HAZ-RS and TMAZ/HAZ-AS, the impedance continuously decreased with time, also corroborating the results shown in Figure 5.7. In addition, for the SZ, impedance and potential increased between 4 h and 8 h, and then decreased slightly until the test was terminated. However, during the whole test period the impedances for the SZ were always superior to those of the BM.

For the welded zone (Figure 5.8 (b), (c) and (d)), a depressed capacitive arc can be seen in the high-medium frequency range. Though the visual evaluation of the impedance data above the real axis in the high-medium frequency yield only one time constant, a more detailed analysis of the data can lead to the derivation of at least two time constants (not performed in this work) [START_REF] Peng | EIS study on pitting corrosion of 7150 aluminum alloy in sodium chloride and hydrochloric acid solution[END_REF], [START_REF] Cao | Exfoliation corrosion of aluminum alloy AA7075 examined by electrochemical impedance spectroscopy[END_REF]. The number of time constants is determined by calculating the difference between the fitted and the experimental data as function of frequency. When this difference shows a periodicity, it means that not all time constants have been taken into account.

Therefore, it is believed that the visual depressed capacitive loop above the real axis is due to the interaction of two capacitive loops, as suggested in the literature [START_REF] Cao | Exfoliation corrosion of aluminum alloy AA7075 examined by electrochemical impedance spectroscopy[END_REF], [START_REF] Conde | Electrochemical modelling of exfoliationcorrosion behaviour of 8090 alloy[END_REF].

In Figure 5.8 (b) and (d) it can be observed a depressed capacitive arc in the high to intermediate frequencies whose radius decreased with time. This could be due to the interaction of different time constants also indicating a process under activation control. The literature relates the decreasing in the radius with the decrease in the charge-transfer resistance and the increasing of the double layer capacitance with the development of pitting at the surface [START_REF] Conde | Electrochemical modelling of exfoliationcorrosion behaviour of 8090 alloy[END_REF].

In addition, the inductive loops at the low frequency domain, according to the literature, can be attributed to the relaxation of adsorbed anions on the electrode surface, in which oxygen ions predominate because it is responsible for the oxide layer growth [START_REF] Valand | Reactions at the oxide-electrolyte interface of anodic oxide films on aluminum[END_REF], [START_REF] Aoki | Ac-impedance and Raman spectroscopy study of the electrochemical behaviour of pure aluminium in citric acid media[END_REF]. On the other hand, the literature also attributes the inductive loop with the weakening of the protective effectiveness of the aluminum oxide layer with increasing immersion time, because the surface oxide layer becomes progressively less protective, due to the action of the Cl -anions [START_REF] Conde | Electrochemical modelling of exfoliationcorrosion behaviour of 8090 alloy[END_REF].

Following the discussion about the evaluation of the corrosion rate from the EIS diagram (in the previous part), we consider in this work that it is given by charge transfer resistance, that is, in the case of the diagram presented in Figure 5.8 by the amplitude of the high frequency loop. It is also worth noting that in this case, the error made by using the polarization resistance is directly linked to the amplitude of the low frequency inductive time-constant.

The obtained EIS diagrams that showed the lowest impedances related to TMAZ/HAZ interfaces are in good agreement with the results previously discussed: agar-agar test (Figure 5.3), microstructural characterization (Figure 5.1), image analysis (Figure 5.4), and OCP measurements (Figure 5.7). In those experiments, it was possible to observe that the TMAZ/HAZ-RS was the zone most susceptible to corrosion initiation and propagation. This was related to the highest concentration of (Al2CuMg) phase S intermetallic particles that were broken and dragged to the zone due to the rotation of the tool during FSW. The results are also in accordance to the pertinent literature [START_REF] Hughes | Corrosion of AA2024-T3 Part II: Co-operative corrosion[END_REF], [START_REF] Birbilis | Electrochemical Characteristics of Intermetallic Phases in Aluminum Alloys: An Experimental Survey and Discussion[END_REF], [START_REF] Moreto | On the global and localised corrosion behaviour of the AA2524-T3 aluminium alloy used as aircraft fuselage skin[END_REF], [START_REF] Peng | EIS study on pitting corrosion of 7150 aluminum alloy in sodium chloride and hydrochloric acid solution[END_REF]. The last point to mention is the fact that all the EIS diagrams are similar in shape and the time-constants of each spectrum remains also unchanged. This indicated that even if the kinetics of the corrosion mechanism changes as a function of the investigated zone, the electrochemical mechanism involved remains the same.

Magnesium

Steady-state measurements

Leleu et al. (2018) [START_REF] Leleu | On the stability of the oxides film formed on a magnesium alloy containing rare-earth elements[END_REF] showed that the corrosion rate of a commercially pure Mg was about four times higher in NaCl solution than in Na2SO4 solution. Thus, in the present study, a less aggressive electrolyte than NaCl was chosen to reduce the dissolution rate of Mg in order to perform EIS measurements over extended periods.

The variations of the corrosion potential and pH measured in a 0.1 mol.L -1 Na2SO4 solution, either with or without Mg immersed in the solution is shown in Figure 5.9. The pH and Ecorr measurements in both conditions were carried out simultaneously to take into account any environmental influence during the experiment, e.g., temperature and air composition variations.

A significant variation of Ecorr (blue line) is observed during the first 20 hours of immersion. Ecorr increased quite rapidly and then stabilized after 32 hours. This Ecorr evolution is accompanied by the alkalinization of the electrolyte: the initial pH was 5.7 (red line) and rapidly increased to reach a pH value of 8.3 after 60 hours of immersion. A tendency to continuous increase was seen, as previously reported by Bo et al. ( 2014) [START_REF] Bo | Surface modification of anodized Mg in ammonium hydrogen fluoride by various voltages[END_REF]. The corrosion potential increase can be correlated to the growth of the magnesium oxide film (MgO) and its protective effect with immersion time. The blank experiment, i.e., the pH variation measured without any Mg in solution shows a small decrease of 0.2 unit in pH value during the 60 hours of the experiments. As expected, the pH increase is to be ascribed to the reactivity of Mg that produce hydroxyl ions when it corrodes. As previously reported, whatever the immersion time, the anodic polarization curves can be split up in three different domains [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF]. The first domain for low anodic overvoltage is almost linear (150 mV from the corrosion potential), it is composed of a mixed controlled domain, composed of diffusion and kinetics contribution. This behavior might be explained by the formation of a monovalent adsorbed intermediate followed by the formation of the divalent Mg 2+ ion. It can also be seen that the current density decreases when increasing the immersion time.

The second domain starts at about -1.9 V/MSE for which a significant change in the slope of the curve and an increase of the current density can be observed. Such behavior could be ascribed to a change of the limiting process in the dissolution mechanism, e.g., ohmic drop control due the increase of the MgO film thickness as a function of time. The last domain, for potentials higher than -1.8 V/MSE, is characterized by a plateau of current density at about 20 mA.cm -2 , independent of the immersion time. ). The anodic and cathodic branches were obtained separately from Ecorr (independent measurements), and the curves were corrected for the ohmic drop.

Electrochemical impedance measurements

Electrochemical impedance diagrams at Ecorr

The influence of different rotation rates on the impedance diagram for a pure Mg electrode is shown in Figure 5.11a. Such EIS diagrams were obtained in a potentiostatic mode at Ecorr after 12 h of immersion in 0.1 mol.L -1 Na2SO4 solution. These impedance diagrams were measured on the same electrode one after the other. Thus, the slight difference in amplitude for these EIS diagrams may be explained by an evolution of the reactivity or the variation in the active surface area of the Mg. All these diagrams show three distinct time constants. In the high-frequency range, the first capacitive loop corresponds to the charge transfer resistance in parallel with the interfacial capacitance. This capacitance will be thoroughly discussed in the following sections. The medium-frequency time constant is attributed to the diffusion of Mg 2+ species inside the porous layer (Mg(OH)2) formed by the corrosion products. It has been previously shown that this time constant was independent of the electrode rotation rate [START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF].

The low-frequency inductive loop is ascribed to the relaxation of adsorbed intermediates. Such mechanism, involving a monovalent species adsorbed on the electrode surface has already been observed for the corrosion of different metals, including Fe [START_REF] Epelboin | A model of the anodic behaviour of iron in sulphuric acid medium[END_REF], [START_REF] Epelboin | The dissolution and passivation of Fe and Fe-Cr alloys in acidified sulphate medium: influences of pH and Cr content[END_REF], Cr [START_REF] De Dobbelaar | Impedance measurements and analysis of the corrosion of chromium[END_REF] and Zn [START_REF] Cachet | EIS investigation of zinc dissolution in aerated sulfate medium. Part I: bulk zinc[END_REF], [START_REF] Cachet | EIS investigation of zinc dissolution in aerated sulphate medium. Part II: zinc coatings[END_REF] that is for multi-step reaction mechanism involving adsorbed species [START_REF] Epelboin | A model of the anodic behaviour of iron in sulphuric acid medium[END_REF], [START_REF] Klotz | Negative capacitance or inductive loop? A general assessment of a common low frequency impedance feature[END_REF], [START_REF] Epelboin | Faradaic impedances and intermediates in electrochemical reactions[END_REF]. Even though the diagrams shown in Figure 5.11a look like presenting different proportions, it is possible to observe in Figure 5.11b, in a dimensionless representation, that they all have the same aspect ratio over the whole frequency range, leading to conclude that the difference observed in Figure 5.11a is due to the evolution of the system itself. Moreover, the characteristic frequency of the first capacitive loop slightly varies with time.

Conversely, the second characteristic frequency, corresponding to the diffusion process is constant, in agreement with the rotating disk electrode (RDE) theory for the diffusion in a finitethickness layer. As a result, whatever the frequency domain considered, the variation of the amplitude of the impedance response of each process follows the same proportionality law.

This behavior can be attributed to a variation of the active surface area with the immersion time.

In other words, the increase of the impedance translates into a decrease in current, i. From the above results, a detailed description of the impedance response can be provided accounting for both, the corrosion mechanism of the Mg in sulfate solution and the interfacial capacitance of the electrode. Unlike most of the literature, we provide a mechanistic description of the corrosion mechanism in terms of elementary reactions together with the analysis of the CPE behavior accounting for the thin oxide film at the Mg surface. Such an approach allows to avoid the use of equivalent electrical circuits and allows to demonstrate the significant role played by the adsorbates on the corrosion mechanism.

At Ecorr, the description of the corrosion mechanism of a metal accounts for both the anodic and the cathodic processes, resulting in a null net current. In the case of Mg, the impedance results (Figure 5.12 and Figure 5.14) showed that, at Ecorr and for low anodic potential values, the impedance diagrams show the same time constants, the impedances only increased by a multiplying factor depending on the immersion time. Thus, it can be concluded that the Mg dissolution dominates the impedance response and in the following, only the anodic reaction was taken into account to describe the dissolution mechanism of Mg, that is valid at Ecorr and for low anodic overpotentials.

Moreover, the steady-state anodic curve and the inductive loop observed on all the EIS diagrams suggest that the mechanism involved an adsorbed intermediate. Hence, it is proposed a corrosion mechanism involving the Mg ads + species that remains as active sites on the electrode surface. Interestingly, such an intermediate has been previously proposed by [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF] [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF] and is also in agreement with the recent works of Taylor (2016) [START_REF] Taylor | A first-principles surface reaction kinetic model for hydrogen evolution under cathodic and anodic conditions on magnesium[END_REF] and [START_REF] Yuwono | Aqueous electrochemical activity of the Mg surface: the role of group 14 and 15 microalloying elements[END_REF] [START_REF] Yuwono | Aqueous electrochemical activity of the Mg surface: the role of group 14 and 15 microalloying elements[END_REF] involving the formation of adsorbed intermediates at the electrode surface leading to the formation of hydrogen bubbles.

Thus, in the film-free areas, two successive anodic reactions occur (Eqs. (5.1) and (5.2)):

Mg

k 1 → Mg ads + + e - (5.1) 
and

Mg ads + k 2 → k -2 ← Mg 2+ + e - (5.2) 
where k 𝑖 and k -𝑖 are the forward and the backward rate constants of the reaction 𝑖, respectively and expressed in cm -2 s -1 .

Assuming that the kinetic constants of the electrochemical reactions follow the Tafel's law, each reaction has a normalized time constant K i corresponding to its rate constant k i (Eq.

(5.3)):

K i = k i exp[±𝑏 𝑖 (𝐸 -𝐸 0 )] (5.3) 
where 𝑏 𝑖 is the activation coefficient (in V -1 ) and 𝐸 -𝐸 0 the applied overpotential concerning the origin of potentials, 𝐸 0 . The sign in the exponential term is positive for an oxidation reaction and negative for a reduction reaction. In the following, the origin of potentials is chosen as the corrosion potential obtained after reaching the steady-state, and thus, 𝑉 = 𝐸 -𝐸 𝑐𝑜𝑟𝑟 .

For the NDE, which is a chemical reaction of the 𝑀𝑔 𝑎𝑑𝑠 + , formed on the Mg surface, with water to produce dihydrogen (Eq. (5.4)) the increase of the magnitude of the inductive loop, observed on the EIS diagrams as a function of the applied potential (Figure 5.14), indicated that the surface coverage by the adsorbed species also increased with the potential. Such behavior is in agreement with the relaxation of adsorbed species [START_REF] Orazem | Electrochemical impedance spectroscopy[END_REF], [START_REF] Antaño-López | The impedance response of a passive film revisited by a double modulation technique[END_REF] 

𝑖 𝐹 = 𝐹𝐴 [𝐾 1 (1 -𝜃) + 𝐾 2 𝛽𝜃 -𝐾 -2 𝐶 Mg 2+ ] (5.7) 
where 𝐹 is the Faraday constant, and 𝐴 is the electrode surface area. The capacitance of the oxide film can be extracted from the impedance data by using the complex capacitance representation [START_REF] Jonscher | Dielectric relaxation in solids[END_REF], [START_REF] Jonscher | Dielectric characterisation of semiconductors[END_REF] and then, the oxide film thickness can be calculated. It was shown that this methodology allows an easy determination of the oxide film thickness that agrees well with the results obtained with other techniques, such as XPS [START_REF] Benoit | Comparison of different methods for measuring the passive film thickness on metals[END_REF] or reflectometry [START_REF] Chakri | Imaging of a thin oxide film formation from the combination of surface reflectivity and electrochemical methods[END_REF]. A similar methodology has been recently used to investigate the stability of the oxides film formed on a Mg alloy containing rare-earth elements [START_REF] Leleu | On the stability of the oxides film formed on a magnesium alloy containing rare-earth elements[END_REF]. Thus, in a first step, the film capacitance was graphically determined from the EIS response through the relationship (Eq. (5.26)):

𝐶(𝜔) = 1 𝑗𝜔[𝑍 𝐹 (𝜔) -𝑅 𝑒 ] (5.26)
where ZF is the impedance of the Mg electrode and Re is the electrolyte resistance, which can be determined from the high-frequency limit of the impedance diagram.

The results presented in (3). The axis is not orthonormal to make the extrapolation to the C∞ axis better visible.

From the HF frequency limit of the impedance, 𝐶 ∞ , the dielectric capacitance of the thin MgO oxide film formed at the electrode surface can be determined. The thin oxide film thickness, ox, was afterward calculated from the usual relationship assuming a parallel plate capacitor (Eq. (5.27)):

𝐶 ∞ = 𝜀𝜀 0 𝛿 𝑜𝑥 (5.27)
where 𝜀 and 𝜀 0 are the relative permittivity of the thin oxide film and the vacuum permittivity (𝜀 0 = 8:85 x 10 -14 F.cm -1 ), respectively. Assuming a permittivity value of 9 for MgO [START_REF] Damak | Space charge characterization of MgO by coupling cavity resonator and mirror method[END_REF], this leads to an oxide film thickness of 6.6 nm for the results presented in Figure 5.16. The oxide film thickness was calculated from all the impedance spectra obtained at Ecorr as a function of the immersion time.

The ox values are reported in Figure 5.17 Then, the power-law model, previously introduced to account for a normal distribution of the time constants at an interface [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. I: theory[END_REF], [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. II: applications[END_REF], was used for describing the impedance contribution of the oxide film and is given by the general formula (Eq. (5.28)):

𝑍 𝑜𝑥𝑖𝑑𝑒 (𝜔) = ∫ 𝜌(𝑥) 1 + 𝑗𝜔𝜀𝜀 0 𝜌(𝑥) 𝑑𝑥 𝛿 𝑜𝑥 0 (5.28)
in which  is the pulsation, j the imaginary number solution of j 2 = -1, and 𝜌(𝑥) the resistivity distribution inside the film, which is expressed as a function of the normal coordinate, x, to the film as (Eq. (5.29)):

𝜌(𝑥) = 𝜌 𝛿 [ 𝜌 𝛿 𝜌 0 + (1 - 𝜌 𝛿 𝜌 0 ) ( 𝑥 𝛿 𝑜𝑥 ) 𝛾 ] - 1 
(5.29)

where 𝜌 0 and 𝜌 𝛿 are the boundary values of the resistivity at the metal/oxide interface and the oxide/solution interface, respectively. It should be mentioned that the previous step using capacitive plot allowed to evaluate ox, thus limiting the number of unknowns in the following analysis.

It has been previously shown that this impedance has an analytical solution in a restricted frequency domain depending on the value of 𝜌 0 and 𝜌 𝛿 [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. I: theory[END_REF], [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. II: applications[END_REF]. In the present work, the non-linear regression analysis was performed with the integral formula, which is valid over the whole frequency domain.

The parameters, 𝜌 0 and 𝜌 𝛿 , corresponding to the interfacial capacitances were determined and are reported as a function of the immersion time in Figure 5.18. Both resistivity values at the metal/oxide interface and at the oxide/solution interface remain relatively constant. These values show that the MgO conductivity changes by about 6 orders of magnitude over a nanometric distance. This should be explained by the hydration of the layer that should decrease along with the thin film thickness. These constant values are also in agreement with the fact that the oxide film (MgO) mainly grows laterally over the electrode surface decreasing the active surface area as it can be observed in the variation of the impedance diagrams with the immersion time.

Finally, it has been assumed that the thin MgO film dominates the capacitive response of the interface, that is, the surface area covered by the MgO is higher in comparison with the film-free area, and thus, the double layer capacitance is negligible. The mathematical description of this assumption is demonstrated as follows:

1 𝐶 𝑒𝑞 = 1 𝐶 𝑑𝑙 + 1 𝐶 𝑜𝑥 (5.30) if 𝐶 𝑑𝑙 ≫ 𝐶 𝑜𝑥 ⇒ 1 𝐶 𝑑𝑙 ≪ 1 𝐶 𝑜𝑥 (5.31)
In our case, Cox is in the range of 1 µF.cm -2 , whereas Cdl is usually in the range of 10 -50 µF.cm -2 . Thus, this approximation is valid and

1 𝐶 𝑑𝑙 + 1 𝐶 𝑜𝑥 ≅ 1 𝐶 𝑜𝑥
(5.32) A detailed analysis of the EIS diagrams presented in Figure 5.12 and Figure 5.14 was performed with the model, and in the following, the results of this analysis and the variations of the most significant parameters are presented and discussed. The electrolyte resistance remains constant as a function of immersion time. Such behavior is expected since 𝑅 𝑒 is measured in the high-frequency domain. It also only depends on the geometry of the electrochemical cell, and in particular of the electrode size. Thus, for the fitting procedure, the 𝑅 𝑒 value was graphically determined and then used as a constant. Similarly, the thin oxide film thicknesses (𝛿 𝑜𝑥 ) determined from the complex-capacitance diagrams (Figure 5.17) were also fixed in the fitting procedure.

Modeling of the electrochemical response

Hence, the number of parameters to be adjusted was smaller, allowing a higher accuracy for the remaining parameters. It should also be underlined that this model enables to explain both, the dissolution kinetics of Mg with a two-elementary step reaction mechanism and the NDE phenomenon is in agreement with the experimental results of the literature [START_REF] Atrens | Review of recent developments in the field of magnesium corrosion[END_REF], [START_REF] Makar | Corrosion of magnesium[END_REF], [START_REF] Song | Understanding magnesium corrosion. A framework for improved alloy performance[END_REF]- [START_REF] Esmaily | Fundamentals and advances in magnesium alloy corrosion[END_REF]. The calculation of the surface coverage by the adsorbate Mg ads + with Eq. (5.10) and the regressed parameters showed a variation of 𝜃 stat that increased during the 10 first hours from 2 x 10 -3 to 4 x 10 -3 . Then, it decreased down to 3 x 10 -3 , in agreement with the progressive formation of the corrosion products layer that partially hindered the surface reactivity. Moreover, from Eq. (5.9), the interfacial concentration of Mg 2+ was calculated. Values in the range of a few 10 -7 mol.L -1 were obtained, that is, 2 -3 orders of magnitude lower than the solubility limit of Mg(OH)2 for a pH of about 10 [50], [START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF]. Such a value is in agreement with a local pH increase at the Mg surface and the presence of a concentration gradient in the close vicinity of the electrode.

In contrast, the variation of the different kinetic constants, which were obtained from the fitting of the different time constants, cannot be directly interpreted. Indeed, the evolution of the EIS diagrams as a function of the immersion time strongly depends on the variation of the active surface area, and thus the fitted parameters, obtained from the raw data, must be corrected from the surface area variation. The evolution of the active surface area was calculated from the charge transfer resistance, determined from the diameter of the first capacitive loop of the impedance diagram for each immersion time and by using the first measurement (after 2 h of immersion) as the reference value. The results are presented in Figure 5.21. It should be noted that the same result is obtained if the active surface area is calculated from the maximum value of the real part of the impedance diagrams as it was done for performing the normalization of the EIS spectra presented in Figure 5.12. A significant decrease of the active surface with time can be observed (in other words, an increase of the electrode surface area covered by the oxide layer), which is about half of the initially active surface, after 60 h of immersion.

Even if the active surface area cannot be accurately determined and should represent a small fraction of the whole electrode surface, the obtained variation underlines that the oxide film does not entirely cover the electrode surface, i.e., a free-film area remains present on the Mg surface. This is in agreement with the Pilling -Bedworth (PB) ratio. For pure MgO, the PB ratio is smaller than 1 (0.8) indicating that the MgO oxide film cannot fully cover the Mg surface [START_REF] Esmaily | Fundamentals and advances in magnesium alloy corrosion[END_REF], [START_REF] Cao | Corrosion and passivation of magnesium alloys[END_REF].

The fitting procedure allows all the parameters of the model to be determined. The variations of the kinetic constants, 𝑘 1 and 𝑘 2 , and the related Tafel parameters, 𝑏 1 and 𝑏 2 , are presented in Figure 5.22 as a function of time. Conversely, the second kinetic constant 𝑘 2 (Figure 5.22b) varies whatever the representation, whereas 𝑏 2 remains constant. Thus, the second step (dissolution rate of Mg, from adsorbed species, 𝑀𝑔 𝑎𝑑𝑠 + , to Mg 2+ ) is governed by the immersion time. These kinetic parameters allowed the steady-state current to be calculated, using Eq. (5.7), which corresponds, in this case, to the corrosion current density. After 2 h of immersion, the value is about 115 A.cm -2 , which is in agreement with the current densities measured on the current/potential curve (Figure 5.10). This value is close to that obtained in similar conditions (commercially pure Mg in Na2SO4 solution with a RDE) [START_REF] Leleu | Corrosion rate determination of rare-earth Mg alloys in a Na2SO4 solution by electrochemical measurements and inductive coupled plasma-optical emission spectroscopy[END_REF].

It can be concluded that the impedance measurements which allowed the evaluation of the corrosion rate from the charge transfer resistance, showed that the variation of the active surface area of the Mg electrode is mainly responsible for the apparent decrease of the corrosion rate as a function of time.

CONCLUSIONS

General conclusions

The overall objective of this work was to evaluate the effect of friction stir welding on the similar joining of aluminum alloy 2524-T3 and the influence of this welding process on the corrosion mechanisms of the alloy. In a second part, a detailed investigation of the corrosion mechanisms of pure magnesium was also performed.

Characterization techniques such as microstructural, electrochemical and corrosion tests allowed a better understanding of the effect of FSW in AA2524 alloy welding. It was possible to observe that due to microstructural modification introduced by FSW, each of the resulting zones, namely: base metal (BM), stir zone (SZ), heat affected zone (HAZ) and thermomechanically affected zone (TMAZ) on both sides (retreating and advancing); presented different behavior towards the corrosive process, including the formation of galvanic coupling between some of these zones. It was shown by all characterization techniques used that the contact region between the HAZ and TMAZ of the retreating side is the most susceptible to the corrosion process, i.e., more active anodically.

In relation to the study of the corrosion mechanism of pure magnesium, which relied on the use of electrochemical techniques, mathematical models, and computer simulation, it was possible to advance in the understanding of both its corrosive process and physical behavior.

Moreover, it was also possible to extract several information about the evolution of the corrosion process. For instance, it was possible to determine the evolution with time of several parameters, such as total thickness of the corrosion products formed on the surface of pure Mg, the evolution of the active surface area and the variation of the time constants described in the corrosion mechanism.

Specific conclusions

 The influence of FSW on the microstructure, corrosion and electrochemical behavior of the 2524-T3 aluminum alloy was observed.  First, the increase of the impedance magnitude with time was ascribed to the decrease of the active surface area. In the high-frequency range, the charge transfer resistance in parallel with the interfacial capacitance, allowed a good description of the thin oxide MgO film formed on the Mg surface. Its thickness was obtained from the analysis of the complex capacitance plot, whereas the CPE behavior was explained and analysed by using the power-law model that describes the resistivity variations inside the film [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. I: theory[END_REF], [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. II: applications[END_REF].

 Second, the second time constant was attributed to the diffusion of electroactive species inside the thick-layer of corrosion products (Mg(OH)2), as previously described in the literature [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF].

 Finally, the inductive loop in the low-frequency domain was ascribed to the relaxation of the adsorbate on the Mg surface. It was shown that its magnitude increased with the anodic overpotentials, showing that the adsorbed intermediates can be specific sites on which the NDE occurs.

FUTURE WORKS

In the case of aluminum AA2524-T3, it would be of great interest to perform local analysis in the different zones resulting from the FSW-welding process by means of local electrochemical impedance spectroscopy (LEIS), scanning electrochemical microscopy (SECM), and scanning vibrating electrode (SVET). These technique should improve the characterization of the corrosion / degradation processes at different scales, down to the micrometer resolution.

In addition, to analyze the distribution of the nanometer hardening S' phase (Al2CuMg)

in the different welding zones can contribute to a better understanding of its concentration effect on microhardness and corrosion process.

Moreover, to perform differential scanning calorimetry (DSC) analysis can improve the understanding of dissolution, solubilization, and precipitation of the different phases existent along the weld zones.

For pure magnesium, it would be interesting to perform local analysis as LEIS and SECM, which can contribute to a better understanding of the active area evolution as a function of time. Also, provide specific information that can only be accessed by local techniques as the current/potential distribution over the sample surface.
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 31 Figure 3.1 -Precipitation hardening of aluminum-copper alloy [76].
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 32 Figure 3.2 -Schematic representation of the effect of coherent (a) and incoherent (b) precipitates [76].
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 33 Figure 3.3 -Typical aging curve for aluminum alloys [76].

2 .

 2 Alloys in the asfabricated condition are designated by an F; those in the annealed condition are designated with an O; those in the solution treated condition that have not reached a stable condition are designated with a W; and those that have been hardened by cold work are designated with an H. If the alloy has been solution treated and then aged, by either natural or artificial aging, it is designated by a T with the specific aging treatment designated by a number between 1 and 10.

3. 1

 1 .1.4.1. Conventional electrochemical techniques Corrosion is a thermodynamically spontaneous process in which the metal tends to return to its lower energy state when interacting with oxidizing agents in the medium. The mechanisms of corrosion in the presence of aqueous media are of electrochemical nature and therefore can be studied by electrochemical techniques. Conventional electrochemical techniques, such as electrochemical impedance spectroscopy (EIS), anodic or cathodic polarization techniques, and open circuit potential (OCP) measurements as a function of the time of contact with the corrosive medium have been widely used in corrosion studies [91]-[94]. These techniques are very useful in studies of uniform corrosion. In cases of localized corrosion, conventional techniques have certain limitations. However, conventional electrochemical techniques have been cited in the literature in the study of these alloys. These techniques are used for characterization of oxide layer properties as well as its degradation in aggressive media, for investigation of galvanic coupling, and of the effects of mechanical and thermal processing on the corrosion behavior of these materials [95]-[99]. Friction Stir Welding (FSW) 3.1.1.5.1

Figure 3 . 4 -

 34 Figure 3.4 -Schematic representation of the FSW process. The letters used to designate the different zones formed along the cross section refer to the (a) advancing side base metal zone (BM-AS), (b) advancing side heat affected zone (HAZ-AS), (c) stir zone (SZ), (d) retreating side heat affected zone (HAZ-RS), (e) retreating side base metal zone (BM-RS) and (f) thermomechanically affected zone (TMAZ). Adapted from [11], [100].

  [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] have identified thermal gradients within the same zone, leading to variation in microhardness within the same region of the weld, and related the differences to the distribution of precipitate hardeners.[START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] used transmission electron microscopy (TEM) to reveal the differences between the precipitates formed or dissolved by thermomechanical treatments during FSW welding in 2024-T3 and 7050-T651 aluminum alloys. By TEM, the authors demonstrated that the BM of the 2024-T3

  [START_REF] Fahimpour | Corrosion behavior of aluminum 6061 alloy joined by friction stir welding and gas tungsten arc welding methods[END_REF] [START_REF] Fahimpour | Corrosion behavior of aluminum 6061 alloy joined by friction stir welding and gas tungsten arc welding methods[END_REF] compared the electrochemical behavior of the AA6061 welded by FSW (800 rpm and 200 mm/min) or by TIG. The authors observed the following rank of corrosion resistance for the welded alloy: base metal > FSW > TIG. The lower corrosion resistance of the FSW weld region in relation to the base metal was explained by the larger amount of grain boundaries (smaller grains) in this region increasing its susceptibility to corrosion. For the TIG process, according to the authors, the dendritic structures with heterogeneous distribution is responsible for the low corrosion resistance. For both types of welding process, the subsequent use of T6 heat treatment resulted in corrosion resistance of the weld zone similar to that of the base metal.Xu et al. (2011)[START_REF] Xu | Corrosion Properties of Light-weight and High-strength 2195 Al-Li Alloy[END_REF] obtained opposite results to[START_REF] Fahimpour | Corrosion behavior of aluminum 6061 alloy joined by friction stir welding and gas tungsten arc welding methods[END_REF] [START_REF] Fahimpour | Corrosion behavior of aluminum 6061 alloy joined by friction stir welding and gas tungsten arc welding methods[END_REF], with the base metal showing higher susceptibility to pitting corrosion compared to the SZ. However, the solution used by these authors consisted of a NaOH buffer and the pH was stabilized at 12, which may have be the reason for the different results. The authors observed larger quantities of Al2Cu phase at the base metal, impairing the formation of a protective oxide layer. The electrochemical activity related to chloride ions was greater in this region, increasing its tendency to pitting corrosion.[START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] [START_REF] Bousquet | Relationship between microstructure, microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint[END_REF] evaluated the corrosion susceptibility of FSW-welded AA2024-T3 by the standardized intergranular corrosion test (ASTM-G110[START_REF] Astm | Standard Practice for Evaluating Intergranular Corrosion Resistance of Heat Treatable Aluminum Alloys by Immersion in Sodium Chloride + Hydrogen Peroxide Solution 1[END_REF]) and the use of an electrochemical microcell for open circuit potential measurements. The results from intergranular corrosion test showed that both, the BM and the different welding regions, are susceptible to intergranular corrosion, and the HAZ in the vicinity of the TMAZ was the area of highest susceptibility. Micrographic observations showed that pitting corrosion was the main corrosion type in the BM and in the SZ. Open circuit potential measurements showed large potential fluctuations in the BM and in the HAZ in close proximity to BM, which was attributed

  These experimental results have led to the development of several mechanisms to explain the corrosion behavior of pure Mg. Model based on the existence of a monovalent ion Song et al. (1997) [118] proposed a model based on the existence of a monovalent Mg + type reaction intermediate. Then, BARIL et al. (2007) [53] proposed a mechanism in which the monovalent ion Mg + , resulting from the oxidation of Mg, is adsorbed on the surface of the

  et al. (1954)[START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF].[START_REF] Samaniego | On the evidence for univalent Mg[END_REF] [START_REF] Samaniego | On the evidence for univalent Mg[END_REF] reproduced the experience of[START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF] [START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF] using in situ Raman spectroscopy techniques, but did not come to the same conclusions. The authors demonstrated the presence of other reducing agents in solution, which may invalidate the conclusions of the original article by[START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF] [START_REF] Petty | The Anodic Oxidation of Magnesium Metal: Evidence for the Existence of Unipositive Magnesium[END_REF].[START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF] [START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF] obtained good correlation between their experimental impedance diagrams (Figure3.5a and Figure3.5b) and that resulting from calculation and simulation (Figure3.5c) by taking into account that Mg ads + follows the Langmuir isotherm and that the kinetic constants of electrochemical reactions follow the Tafel laws. It should be mentioned that this approach involving adsorbed intermediates accounting for capacitive or inductive time-constants has already been validated in the case of the iron dissolution, but also invoked for the dissolution of other metals such as zinc.

Figure 3 .

 3 Figure 3.5 -a) Electrochemical impedance diagrams plotted after different hold times of pure Mg in 0.1 M Na2SO4 solution at Ecorr with an electrode rotation rate of 240 rpm: (∘) 1 h 30 min, (•) 21 h and (□) 32 h; b) normalized impedance diagrams, and c) simulated impedance diagram using a proposed kinetic model [53].
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 36 Figure 3.6 -Schematic representation of the interface and the equivalent circuit [53].

  It has been shown that the water reduction reaction follows a Volmer-Heyrovsky mechanism (Eqs. (3.11) and (3.13)), rather than a Volmer-Tafel mechanism (Eqs. (3.11) and
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 37 Figure 3.7 -Optical micrographs taken in situ of a corroding pure Mg (99.9 wt.%, 280 ppm of Fe) after 40 min in a NaCl solution at pH 6.5 with concentrations of a) 1 M, b) 0.1 M and c) 10 -2 M [125].

  Figure 3.8 -A schematic representation of the anodic hydrogen evolution process that distinguishes the contribution of corrosion film, accumulated impurities, and anodic area [27].However, it has been shown that the enrichment of the film by impurities itself cannot explain the NDE[START_REF] Cain | The role of surface films and dissolution products on the negative difference effect for magnesium: comparison of Clversus Clfree solutions[END_REF],[START_REF] Lysne | On the Fe enrichment during anodic polarization of Mg and its impact on hydrogen evolution[END_REF].Fajardo et al. (2015; 2016) [START_REF] Fajardo | Gravimetric method for hydrogen evolution measurements on dissolving magnesium[END_REF],[START_REF] Fajardo | The source of anodic hydrogen evolution on ultra high purity magnesium[END_REF] showed on an ultra-pure sample (99.9999% Mg) that the film and the impurities trapped in it were only a small part of the NDE, as shown in Figure3.9. The authors calculated the current from the corroded areas based on the total hydrogen released and the plot of previously acquired current-voltage curves on polarized samples. It can be seen in Figure3.9 that the NDE is mainly associated with localized anodic reaction in uncovered areas. Indeed, only a small fraction of the total current is attributed to the reactivity related to impurities or film. Besides,Fajardo et al. (2015; 2016) [31],[START_REF] Fajardo | The source of anodic hydrogen evolution on ultra high purity magnesium[END_REF] highlighted the phenomenon on a sample almost free of impurities (≅ 1 ppm).
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 39 Figure3.9 -Hydrogen evolution current density plotted as a function of the applied anodic current density. The experiment was performed in a galvanostatic polarization mode (i TOT ), and the contribution of hydrogen released from uncovered areas (i ANOD ) or covered by a film of corrosion products (i Film+Imp ) was calculated[START_REF] Fajardo | The source of anodic hydrogen evolution on ultra high purity magnesium[END_REF].

Figure 3 .

 3 Figure 3.10a shows the morphology of the film. Its total thickness is between 350 nm and 700 nm, according to Taheri; Danaie; Kish (2014)[START_REF] Taheri | TEM examination of the film formed on corroding Mg prior to breakdown[END_REF]; the thickness of the internal layer of MgO is 3-5 nm, thinner than earlier reported (20-40 nm) by[START_REF] Nordlien | A tem investigation of naturally formed oxide films on pure magnesium[END_REF] [START_REF] Nordlien | A tem investigation of naturally formed oxide films on pure magnesium[END_REF]. The evolution of the O/Mg ratio shown in Figure3.10b allows identifying an area of a few tens of nanometers with a ratio close to 1 (MgO) near to the metal. Then, a layer with a ratio close to 2 (Mg(OH) 2 ) on top of the previous layer.

Figure 3 .

 3 Figure 3.10 -a) STEM micrograph and b) depth profile showing the O/Mg atomic ratio across the Mg/oxide film interface formed during conditioning at Ecorr in 0.01 M NaCl for 24 h [130]. Brady et al. (2015) [132] studied the formation of a corrosion product film on Mg alloys by small-angle neutron diffraction. They showed that immersion in 5 wt.% NaCl solution leads to the formation of a porous film of Mg(OH) 2 which has a large specific surface area, estimated at 4-40 m 2 .g -1 by BET method.

Figure 3 .

 3 Figure 3.11 shows instantaneous corrosion rates determined by hydrogen release (𝑃 𝐻 ), polarization curves (𝑃 𝑖 ) or by EIS measurements (𝑃 𝑖,𝐸𝐼𝑆 ). The authors showed that the corrosion rates estimated by electrochemical techniques are always lower than those determined by measurements of H 2 released.
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 311 Figure 3.11 -Instantaneous corrosion rate determined from hydrogen evolution, P H , from the corrosion current density from the polarization curve, P i , and from EIS, P i/EIS , for the high purity Mg plotted versus immersion time in 3.5% NaCl saturated with Mg(OH)2 at 25 °C [137].
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 41 Figure 4.1 -Organization scheme and description of all tests performed. 4.2.1. Aluminum Friction Stir Welding (FSW) FSW of the AA2524 was performed at the National Center for Research in Energy and Materials (CNPEM) -National Laboratory of Nano Technology (LNNano). A welding tool made of AISI H13 steel was used. The diameters of the shoulder and pin were 10.97 mm and 3.80 mm, respectively, and pin height 1.25 mm. The welding parameters were as follows: penetration depth: 1.18 mm, angle of tool inclination: 0º, rotation: 1,200 rpm in counterclockwise direction, advancement speed: 150 mm/min and axial force of 4 kN.



  (vol.) HF in distilled water. A LEICA EC3 camera coupled with the LEICA DMLM optical microscope was used to observe the surface. 4.2.1.2.3. Scanning Electron Microscopy (SEM) Scanning electron microscopy (SEM) and chemical analysis by energy dispersive X-ray spectroscopy (EDXS) were employed for different samples. Information on grain and surface morphology, and analysis of the chemical composition of the micrometric particles were obtained. Different electronic microscopes were used, depending on the availability and resolution of each one, namely:  Bench Scanning Electron Microscope Hitachi -TM3000;  Scanning electron microscope coupled with field emission gun (SEM-FEG) JEOL -JSM-6701F; Scanning electron microscope JEOL -JSM-6010L. Corrosion tests 4.2.1.3.1. Exfoliation corrosion test (ASTM G34) The exfoliation corrosion test followed the standard ASTM G34 [140]. The samples were immersed in a solution of 4 M NaCl, 0.5 M KNO3 and 0.1 M HNO3 diluted in H2O up to 1 L of solution, for 48 hours. According to the standard test, the volume of the test solution should

  microhardness tester. Microhardness measurements were performed along the sample top surface from the BM-RS in the direction to the BM-AS of the FSW-welded 2524-T3 aluminum alloy. A graph of the microhardness profile of the different zones formed after FSW was obtained with the indentations results.

  mm 2 for exposure to the test solution. Before the electrochemical tests, the electrode was ground with successive SiC abrasive papers, down to grit P4000. Experimental setup All the experiments were performed using a rotating disk electrode (RDE). The electrode rotation rate was fixed at 1000 rpm, but different rotations were also used. During the experiments the temperature was maintained at (25.0 ± 0.1) °C by means of a double-walled cell connected to a cryostat to regulate the temperature. The electrolyte was in contact with air and the experiments were performed in 0.1 mol.L -1 Na2SO4 electrolytic solution (pro analysis grade) with an initial pH of 5.6. The reference and the counter electrodes were a mercury sulfate electrode (MSE) in a saturated potassium sulfate solution (EMSE = 0.64 V/SHE) and a platinum gauze of large surface area, respectively.

  Open circuit potential (OCP) measurements In order to verify the potential stabilization time of the studied materials, open circuit potential measurements were performed. The tests were carried out using the potentiostat Gamry Ref 600+ or Autolab, both connected to a microcomputer and controlled through the software of the respective manufacturers. 4.2.3.1.2.Potentiodynamic polarization (Polarization)

Figure 5 .

 5 Figure 5.1 shows optical micrographs of the different zones formed along the cross section of FSW-welded 2524-T3 aluminum alloy after metallographic preparation (4.2.1.2.1), followed by chemical etch for 7 seconds in a solution of 25% (vol.) HNO3 and 2% (vol.) HF, diluted in distilled water. It is possible to observe the different zones of the alloy after FSW: (1) base metal (BM), heat affected zone (HAZ), and thermomechanically affected zone (TMAZ) ,on the retreating side (RS); (2) stir zone (SZ); and (3) base metal (BM), heat affected zone (TZA) and thermomechanically affected zone (TMAZ) on the advancing side (AS).
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 51 Figure 5.1 -Optical micrographs of FSW-welded 2524-T3 alloy after chemical etch in 25% (vol.) HNO3 and 2% (vol.) HF solution in distilled water for 7 seconds. It shows the different zones after the welding process: (1) base metal (BM), heat affected zone (HAZ) and thermomechanically affected zone (TMAZ) on the retreating side (RS); (2) stir zone (SZ); and (3) base metal (BM), heat affected zone (HAZ) and thermomechanically (TMAZ) affected zone on the advancing side (AS).

  to the different zones formed during FSW, such as changes in grain size and precipitation or dissolution of hardening precipitates. The microhardness profile of the AA2524-T3 FSW-welded sample is shown in Figure5.2.
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 52 Figure 5.2 -Microhardness profile along the cross section of the AA2524-T3 FSW-welded sample.

Figure 5 .

 5 Figure 5.3 shows the results obtained from the agar-agar visualization experiment. In this test, the low pH regions due to hydrolysis stimulated by Al 3+ are associated with the anodic activities[START_REF] Isaacs | Whitney award lecture: Visualizing corrosion[END_REF]. On the other hand, zones of high pH are associated with the reduction of dissolved oxygen that produces hydroxyl ions in the cathodic zones. However, it should be noted that in the gel, due to the slow diffusion of released ions and oxygen, the corrosion kinetics may be different from those observed in aqueous media. Nevertheless, the agar-agar gel visualization technique proposed by Isaacs et al.[START_REF] Isaacs | Whitney award lecture: Visualizing corrosion[END_REF] allows a general visual observation of the region most susceptible to corrosion of the sample under analysis as a function of time.

Figure 5 . 3 -

 53 Figure 5.3 -Macrographs showing the color variation directly linked to the pH change along the surface (top view) of a FSW-welded AA2524-T3 sample during the agar-agar visualization test.It can be observed from the macrographs in Figure5.3 that the transition area between TMAZ-RS and HAZ-RS, possibly TMAZ-RS, as reported by Queiroz et al.[START_REF] Queiroz | Effect of unequal levels of deformation and fragmentation on the electrochemical response of friction stir welded AA2024-T3 alloy[END_REF], is predominantly anodic in relation to the other exposed zones along the surface of the 2524-T3

Figure 5 .

 5 Figure 5.4 shows the TMAZ/HAZ-RS (a) and the TMAZ/HAZ-AS zones (c) and their particle distribution from the image analysis, (b) and (d), respectively. Although the entire cross section of the AA2524-T3 FSW-welded sample has been analyzed, a special attention was given to these zones because they were the most actives areas, as shown in Figure 5.3.

Figure 5 . 4 -

 54 Figure 5.4 -Electron micrographs of the TMAZ/HAZ-RS (a) and the TMAZ/HAZ-AS zones (c) and its image particle distribution analysis, respectively (b) and (d).

Figure 5 .

 5 5 shows macrographs of a FSW-welded AA2524-T3 alloy specimen (a) and the base metal separately (b) after 15 minutes of immersion in EXCO solution (4.2.1.3.1) during the exfoliation corrosion test. As the etching solution is very aggressive, hydrogen bubbles appear on the entire surface of the specimen already within the first few minutes of testing.

Figure 5 . 5 -

 55 Figure 5.5 -Macrographs of the welded AA2524-T3 sample (a) and its base metal separately (b) after 15 minutes of immersion in EXCO solution. Additionally, it is shown cross section micrographs obtained by SEM of the welded sample: (1) TMAZ/HAZ-RS, (2) TMAZ/HAZ-AS, (3) BM, and separately, (4) BM after the exfoliation corrosion test.

Figure 5 . 5 ( 3 )Figure 5 .

 5535 Figure 5.6 shows different macrographs of the AA2524-T3 FSW-welded sample (a) and its base metal separately (b) after 30 minutes of immersion in the intergranular corrosion test solution. Then, in the same figure, electron micrographs of the welded sample are shown: (1) BM-RS, (2) SZ and, separately, (3) BM after intergranular corrosion test (6 hours).

Figure 5 . 6 -

 56 Figure 5.6 -Macrographs of the welded AA2524-T3 sample (a) and its base metal separately (b) after 30 minutes of immersion in the intergranular corrosion test solution. Cross section micrographs obtained by SEM of the welded sample: (1) BM-RS, (2) SZ, and, (3) BM tested separately, after intergranular corrosion test.

Figure 5 .

 5 Figure 5.7 shows the variation of open circuit potential with time of immersion in the test solution for the AA2524-T3 welded by FSW.

Figure 5 . 7 -

 57 Figure 5.7-Open circuit potential variation with time of immersion in 100 mM Na2SO4 + 1 mM NaCl solution of different zones of the AA2524-T3 welded by FSW.

Figure 5 . 7

 57 Figure 5.7 shows that all zones presented increase in potential soon after exposure to

Figure 5 .

 5 Figure 5.8 shows electrochemical impedance (EIS) diagrams (Nyquist) obtained after 4 h, 8 h, 16 h and 24 h, for the following zones: BM (a), TMAZ/HAZ-RS (b), SZ (c), and TMAZ/HAZ-AS (d).

Figure 5 . 8 -

 58 Figure 5.8 -Electrochemical impedance diagrams after 4 h, 8 h, 16 h and 24 h, of immersion in 100 mM Na2SO4 + 1 mM NaCl solution for the following zones: BM (a), TMAZ/HAZ-RS (b), SZ (c), and TMAZ/HAZ-AS (d).

Figure 5 . 9 -

 59 Figure 5.9 -Corrosion potential (-) and pH variation in 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm), with (-) and without (-) Mg in solution, as a function of immersion time. Current-potential curves obtained for pure Mg after 2 h and 24 h immersion times in 0.1 mol.L -1 Na2SO4 solution at Ecorr are shown in Figure 5.10. It shows the evolution of the current as the potential changes progressively on the pure Mg electrode. A low scan rate corresponding to 0.167 mV.s -1 was used in an attempt to be as close as possible to the steady-state polarization curve.

  The cathodic polarization curves correspond to the hydrogen evolution reaction and show two different slopes that are difficult to interpret due to the formation of hydrogen bubbles at the electrode surface. Nevertheless, it is shown that the cathodic curves are not strongly influenced by immersion time, and the slopes are very close to each other at potentials below -2.16 V/MSE. On noble metals, these two slopes are usually explained using the two possible mechanisms for the hydrogen evolution reaction, namely the Volmer-Tafel and the Volmer Heyrovsky mechanisms.

Figure 5 .

 5 Figure 5.10 -Current-potential curves obtained after 2 h (-) and 24 h (-) of pure Mg immersion in 0.1 mol.L -1 Na2SO4 solution at Ecorr (Ω = 1000 rpm and v = 0.167 mV.s -1). The anodic and cathodic branches were obtained separately from Ecorr (independent measurements), and the curves were corrected for the ohmic drop.

Figure 5 .

 5 Figure 5.11b shows the diagrams presented in Figure 5.11a after normalization. The normalization procedure was performed by dividing each EIS diagram present in Figure 5.11aby the largest value of its real part intercepting the x-axis. The normalization of such curves allows one to observe that the EIS diagrams evolution with time is related to a change of the sample active surface area, as it is possible to observe a homothetic variation.

Figure 5 . 11 -

 511 Figure 5.11 -Electrochemical impedance diagrams of pure Mg after 12 hours of immersion in 0.1 mol.L -1 Na2SO4 solution at Ecorr for different rotation rates: a) raw impedance diagrams (Nyquist representation) and b) normalized impedance diagrams (each diagram was normalized by the maximum value of the real part of the impedance).

According to Figure 5 .

 5 11b, all the EIS diagrams are quasi-identical, especially the medium frequency time constant which is ascribed to diffusion. Since the diffusion contribution on the EIS in liquid phase is governed by the rotation rate of the electrode, this means that the diffusion process occurs in the solid phase, i.e., inside the thick porous layer (Mg(OH)2) and does not depend on the hydrodynamic layer, as already demonstrated by Baril; Pébère (2001)[START_REF] Baril | Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions[END_REF].Impedance diagrams (Nyquist coordinates) obtained at Ecorr for the pure Mg electrode as a function of immersion time are shown in Figure5.12a. They were obtained after different immersion times in 0.1 mol.L -1 Na2SO4 solution and  1000 rpm.

Figure 5 . 12 -

 512 Figure 5.12 -Electrochemical impedance diagrams obtained for pure Mg after different immersion times in 0.1 mol.L -1 Na2SO4 solution at Ecorr (Ω = 1000 rpm): a) raw impedance diagrams (Nyquist representation) and b) normalized impedance diagrams (each diagram was normalized by the maximum value of the real part of the impedance).

  e., a decrease of the active surface area of the electrode on which the Mg dissolution occurs. It should be noticed that this active surface area is small by comparison with the surface area covered by MgO (see section 5.3.2). This conclusion is in agreement with scanning electrochemical microscopy experiments performed above a corroding Mg substrate that showed a decrease of the surface area of the reactive domain as a function of the immersion time[START_REF] Baril | An impedance investigation of the mechanism of pure magnesium corrosion in sodium sulfate solutions[END_REF].Kinetics model of the corrosion mechanismA general sketch of the pure Mg interface is presented in Figure5.13. Such model was based on some experimental data. First, from the impedance diagrams and its homothetic behavior previously shown, it can be inferred that the Mg active surface area may change over time. It was related to the formation of holes on the thin oxide layer (MgO) and also to the growth of the thick corrosion layer (Mg(OH)2). Second, there is a diffusion process occurring on the Mg surface and the change of the electrode rotation rate do not change the amplitude of this time constant, and it is directly linked to the formation of the corrosion layer.

Figure 5 . 13 -

 513 Figure 5.13 -Sketch of the interface describing the different layers formed during the Mg corrosion. According to the impedance data analysis, the MgO layer thickness is about 5-7 nm (Figure 5.17) and the Mg(OH)2 layer thickness is about 20-30 μm (Figure 5.20).

  Figure 5.13 -Sketch of the interface describing the different layers formed during the Mg corrosion. According to the impedance data analysis, the MgO layer thickness is about 5-7 nm (Figure 5.17) and the Mg(OH)2 layer thickness is about 20-30 μm (Figure 5.20).

(5. 23 )

 23 Figure 5.14a shows impedance diagrams of the Mg electrode after 12 h of immersion in 0.1 mol L -1 Na2SO4 solution ( 1000 rpm) at Ecorr for two low anodic overpotentials (blue squares and red triangles for Ecorr + 10 mV and Ecorr + 20 mV, respectively). These polarization potentials correspond to steady-state anodic current densities of 100 µA.cm -2 and 220 µA.cm -2 , respectively (Figure 5.10). It can be seen that the global shape of the two impedance diagrams is independent of the applied potential and shows the same time constants as those previously described, indicating that the same mechanism occurs at Ecorr and for low anodic overpotentials.

Figure 5 .

 5 Figure 5.14b shows the dimensionless representation of the EIS diagrams obtained from the normalization by the maximum value of the real part of each spectrum presented in Figure5.14a. It can be seen that each time constant slightly depends on the potential. In particular, the amplitude of the low-frequency inductive loop increases with the potential, regardless of the variation of the active surface area. Such observation has been already reported for this inductive feature, but only to evaluate the Mg dissolution rate[START_REF] King | Accurate electrochemical measurement of magnesium corrosion rates; A combined impedance, mass-loss and hydrogen collection study[END_REF]. Indeed, this inductive contribution can be ascribed to an adsorbed intermediate relaxation and fulfill the hypothesis of the surface coverage relaxation with the potential.In the present case, within the small anodic potential domain investigated, the Mg ads +

Figure 5 . 14 -

 514 Figure 5.14 -Electrochemical impedance diagrams of pure Mg after 12 hours of immersion in 0.1 mol.L -1 Na2SO4 solution at Ecorr (Ω = 1000 rpm) for two anodic overpotentials: a) raw impedance diagrams (Nyquist representation) and b) normalized impedance diagrams (each diagram was normalized by the maximum value of the real part of the impedance).

Figure 5 . 15 -

 515 Figure 5.15 -Electrochemical impedance response of pure Mg after 35 hours of immersion in 0.1 mol.L -1 Na2SO4 solution at Ecorr (Ω = 1000 rpm). a) Variations of the phase angle (circle) and corrected phase angle from the ohmic resistance (triangle) as a function of the frequency; b) variations of the absolute value of the imaginary part of the impedance as a function of the frequency.

Figure 5 .

 5 [START_REF] Song | Recent insights into the mechanism of magnesium corrosion and research suggestions[END_REF] show an example of the complex-capacitance plot obtained from the impedance response of the Mg electrode after 35 h of immersion in 0.1 mol.L -1 Na2SO4 solution at Ecorr.

Figure 5 .

 5 Figure 5.16 -Complex-capacitance plot obtained from the electrochemical impedance response of Mg after 35 h of immersion in a 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm) from the data presented in Figure 5.12 using Eq.(3). The axis is not orthonormal to make the extrapolation to the C∞ axis better visible.

  as a function of the immersion time in the Na2SO4 solution. The film thickness slightly increases with time from an initial value of 5.4 nm up to 7 nm after 60 h of immersion.

Figure 5 . 17 -

 517 Figure 5.17 -Oxide film thickness formed on the Mg surface as a function of immersion time in 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm). Each point of this curve corresponds to the analysis of the complex-capacitance plot, as shown in Figure 5.16.

Figure 5 .

 5 Figure 5.18 -(a) Resistivity at the metal/oxide interface and (b) at the oxide/solution interface of the MgO thin film as a function of immersion time for the corrosion of Mg in 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm). These data were obtained from the fitting procedure assuming a power-law model for the description of the interfacial capacitance (see text).

Figure 5 .

 5 Figure 5.19 shows the EIS diagram in Nyquist representation for the Mg electrode after 35 h immersion (blue circles). On the same graph, the result of the non-linear regression with the proposed model (Eqs. (5.23) and (5.24)) is reported (red crosses). This non-linear regression was performed with an in-house made software based on a simplex algorithm allowing analytical expression of the impedance and the conductivity to be used.

Figure 5 . 19 -

 519 Figure 5.19 -Impedance response of Mg after 35 h of immersion in 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm) in a Nyquist representation (blue circles) and fitting of the EIS response with the model (Eqs. (22) and (25)) (red crosses). The fitted diagram corresponds to the following parameters: b 1 = 28.9 V -1 , b 2 = 11.8 V -1 , b -2 = 9.3 V -1 , k 1 = 2.32 x 10 -10 cm 2 .s -1 , k 2 = 9.35 x 10 -2 cm 2 .s -1 , k -2 = 7.58 x 10 -4 cm 2 .s -1 , k 3 = 8.16 x 10 -3 cm 2 .s -1 , δ corr = 22.2 µm, δ ox = 6.7 nm, D = 3 x 10 -6 cm 2 .s -1 , β = 10 -6 mol.cm -2 .

From

  the fitting procedure, the thickness of the Mg(OH)2 layer formed on the electrode surface during the corrosion process can be readily obtained. Its variation as a function of the immersion time in the Na2SO4 solution is presented in Figure5.20.

Figure 5 . 20 -

 520 Figure 5.20 -Total thickness of the corrosion layer formed on Mg surface as a function of immersion time in 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm) obtained from the fitting of the impedance diagram, as exemplified in Figure 5.19.

Figure 5 . 21 -

 521 Figure 5.21 -Active surface area evolution as a function of the immersion time for Mg in 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm). The relative surface area was calculated from the charge transfer resistance, determined from the diameter of the first capacitive loop of the impedance diagram for each immersion time (Figure5.12) and by using the first measurement performed, after 2 h of immersion, as the reference value.

Figure 5 . 22 -

 522 Figure 5.22 -Kinetic parameters evolution corresponding to a) k1 related to reaction 5.6 and b) k2 related to reaction 5.7 as a function of immersion time for the corrosion of Mg in 0.1 mol.L -1 Na2SO4 solution (Ω = 1000 rpm). The blue open circles correspond to the raw kinetic constant determined from the fitting procedure; the plain blue circles are the same data corrected from the surface variations (see text); the red squares correspond to the variation of the Tafel coefficient.



  Results from the agar-agar gel visualization test, open circuit potential measurements and impedance tests showed that the retreating side of the welding joint, in particular the TMAZ/HAZ, was the region most active electrochemically in relation to all other zones.  Results from the intergranular corrosion test showed galvanic coupling between the base metal (BM) and the welded affected zones with the BM acting as cathode, being cathodically protected by the welded affected zone.  A model was proposed to fully describe the three-time constants observed in the pure magnesium impedance diagrams as a function of immersion time in a sodium sulfate solution. The Mg dissolution was described by an elementary mechanism involving the exchange of two electrons in two steps and including an adsorbed intermediate (Mg ads + ). The Mg ads + is involved in a chemical reaction to describe the NDE. All the impedance diagrams were correctly adjusted with the model.
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Table 3

 3 

	.1 -Nominal chemical compositions (wt. %) of the AA2024 and AA2524 alloys [73].		
	Alloy	Cu	Mg	Mn	Zn	Fe	Ti	Si	Cr	Al
	AA2024	3.80 -4.90	1.20 -1.80	0.90	0.30	0.50	-	0.50	0.10	Balance
	AA2524	4.00 -4.50	1.20 -1.60	0.45 -0.90	0.15	0.12	0.10	0.06	0.05	Balance

Table 3 .

 3 2 -Temper designation for aluminum alloys[START_REF] Campbell | Aluminum[END_REF],[START_REF] Kissell | Aluminum and Aluminum Alloys[END_REF].

	Series	Treatment
	T1	Natural aging
	T2	Cold worked and natural aging
	T3	Solution treated, cold worked and natural aging
	T4	Solution treated and natural aging
	T5	Artificial aging
	T6	Solution treatment and artificially aging
	T7	Solution treatment and overaging
	T8	Solution treatment, cold working and artificial aging
	T9	Solution treatment, artificial aging and cold working
	T10	Cold working and artificial aging

  electrode (Eq.(3.5)). The adsorbed Mg (Mg ads + ), similar to adsorbed intermediate observed in the iron corrosion process, can then be oxidized to Mg 2+ (Eq. (3.6)), or allow the release of dihydrogen by a chemical reaction with water (Eq. (3.7)). For cathodic overpotential with respect to the corrosion potential, hydrogen release can also occur depending on the water reduction

	reaction (Eq. (3.8)). Thus, the overall reaction Eq. (3.4), which express as:
	Mg + 2H 2 O → Mg 2+ + 2OH	-+ H 2 (Overall reaction)	(3.4)
	can be split into the following elementary reactions:
	Mg	→	𝑘 1	Mg ads + + e -(Partial anodic reaction)	(3.5)
	Mg ads +	𝑘 2 𝑘 -2 ← →	Mg 2+ + e -(Partial anodic reaction)	(3.6)
	2Mg ads + + 2H 2 O		→	k 3	2Mg 2+ + 2OH	-+ H 2 (Chemical reaction, NDE)	(3.7)
	2H 2 O + 2e -→ 2OH	-+ H 2 (Cathodic reaction)	(3.8)
	Mg 2+ + 2OH	-→ Mg(OH) 2 (Corrosion product formation)	(3.9)
	MgO + H 2 O ⇌ Mg(OH) 2 (Equilibrium MgO-Mg(OH) 2 )	(3.10)

Table 4 .

 4 1 -Chemical composition (wt.% or ppm) obtained by inductively coupled plasma -optical emission spectrometry (ICP-OES) of the aluminum alloy 2524 used in this study.

Table 4 .

 4 2-Impurity quantities (ppm) of the commercially pure magnesium used in this work (Goodfelow).

	Element	Al	Cu	Fe	Mn	Ni	Si	Zn
	(ppm)	70	20	280	170	10	50	<20

  .1.

	Sample	Al (%)	Cu (%)	Mg (%)	Mn (%)	Fe (ppm)	Zn (ppm)	Ti (ppm)	Si (ppm)
	AA2524	94.06	4.17	1.35	0.56	757	291	274	137

Table 5 .

 5 1 -Area covered by particles with sizes greater than 10 µm 2 over the AA2524-T3 welded sample.

		Particles ≥ 10 µm 2	
	BM	TMAZ/HAZ-RS	SZ	TMAZ/HAZ-AS
	Area coverage (%) 0.504	0.740	0.464	0.515

  and also with the increase of the H 2 formation when the potential of the Mg electrode is shifted towards anodic values. It is thus proposed that the NDE occurs only with the 𝑀𝑔 𝑎𝑑𝑠 + , and expresses as: Mg 2+ is the interfacial concentration of Mg 2+ in solution. 𝛿 𝑐𝑜𝑟𝑟 is the total thickness of the corrosion product layer. It should be recalled that 𝛿 𝑐𝑜𝑟𝑟 accounts for the thickness of the Mg(OH)2 and is different from the MgO film thickness (𝛿 𝑜𝑥 ), that can be determined from the capacitance plots (Figure 5.16). The faradaic current is the sum of each elemental step and expresses as:

	Assuming that the adsorbate 𝑀𝑔 𝑎𝑑𝑠 +	obeys a Langmuir's isotherm with a maximum
	number of sites per surface unit , and a fraction of surface coverage , the charge, and mass
	balance express as:						
	𝛽	𝑑𝜃 𝑑𝑡	= 𝐾 1 (1 -𝜃) -𝐾 2 𝛽𝜃 + 𝐾 -2 𝐶 Mg 2+ -𝑘 3 𝛽𝜃	(5.5)
	and						
			𝐷	𝐶 Mg 2+ 𝛿 𝑐𝑜𝑟𝑟	= 𝐾 2 𝛽𝜃 -𝐾 -2 𝐶 Mg 2+ + 𝑘 3 𝛽𝜃	(5.6)
	where C						
		Mg ads + + H 2 O	→	k 3	Mg 2+ + OH -+	1 2	H 2	(5.4)

  𝐾 1 𝑏 1 -𝐾 1 𝑏 1 𝜃 1 + 𝐾 2 𝑏 2 𝛽𝜃 + 𝐾 -2 𝑏 -2 𝐶 Mg 2+ )

	1 -𝐹𝐴(𝐾 2 𝛽 -𝐾 1 ) The faradaic impedance express as: ∆𝜃 ∆𝑖 𝐹 ∆𝐶 Mg 2+ + 𝐹𝐴𝐾 -2 ∆𝑖 𝐹 = 𝐹𝐴 (∆𝑉 ∆𝑖 𝐹 𝑍 𝐹 (𝜔) = ∆𝑉 ∆𝑖 𝐹 1 + 𝐾 -2 𝑁(𝜔) {1 -(𝐾 2 𝛽 -𝐾 1 ) } [𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 )] = 𝐹𝐴 {(𝑟 1 + 𝑟 2 ) + (𝐾 2 𝛽 -𝐾 1 )(𝑟 1 -𝑟 2 ) [𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 )] }	(5.17)
	𝛥𝜃 =	(𝐾 1 𝑏 1 (1 -𝜃) -𝐾 2 𝑏 2 𝛽𝜃 -𝐾 -2 𝑏 -2 𝐶 Mg 2+ ) (𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 ))	𝛥𝑉 +	𝐾 -2 (𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 ))	𝛥𝐶 Mg 2+	(5.18)
	𝐹𝐴 (𝐾 1 𝑏 1 -𝐾 1 𝑏 1 𝜃 1 + 𝐾 2 𝑏 2 𝛽𝜃 + 𝐾 -2 𝑏 -2 𝐶 Mg 2+ )	∆𝑉 ∆𝑖 𝐹
		= 1 -𝐹𝐴(𝐾 2 𝛽 -𝐾 1 )	(𝐾 1 𝑏 1 (1 -𝜃) -𝐾 2 𝑏 2 𝛽𝜃 -𝐾 -2 𝑏 -2 𝐶 Mg 2+ ) (𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 ))	𝛥𝑉 ∆𝑖 𝐹	(5.19)
		+ 𝐹𝐴(𝐾 2 𝛽 -𝐾 1 )	𝐾 -2 (𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 ))	𝛥𝐶 Mg 2+ ∆𝑖 𝐹	-𝐹𝐴𝐾 -2	∆𝐶 Mg 2+ ∆𝑖 𝐹
	𝐹𝐴 {(𝐾 1 𝑏 1 (1 -𝜃) + 𝐾 2 𝑏 2 𝛽𝜃 + 𝐾 -2 𝑏 -2 𝐶 Mg 2+ )
	At steady-state, + (𝐾 2 𝛽 -𝐾 1 ) 𝑑𝜃 𝑑𝑡 = 0, which leads to the determination of steady-state Mg 2+ (𝐾 1 𝑏 1 (1 -𝜃) -(𝐾 2 𝑏 2 𝛽𝜃 + 𝐾 -2 𝑏 -2 𝐶 Mg 2+ )) (𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 )) ∆𝑖 𝐹 } ∆𝑉 (5.20)
	concentration and surface coverage as: 𝜃 𝑠𝑡𝑎𝑡 = = 1 + 𝐾 -2 𝑁(𝜔) {1 -𝐾 1 + 𝐾 -2 𝐶 Mg 2+ (𝐾 2 𝛽 -𝐾 1 ) (𝑗𝜔𝛽 + 𝐾 1 + 𝛽(𝐾 2 + 𝑘 3 )) 𝐾 1 + 𝐾 2 𝛽 + 𝑘 3 𝛽 Assuming	}	(5.8)
	and				𝑟 1 = 𝐾 1 𝑏 1 (1 -𝜃)	(5.21)
	and		𝐶 Mg 2+ =	(𝐾 2 + 𝑘 3 )𝛽𝜃 𝑠𝑡𝑎𝑡 𝐷 𝛿 𝑐𝑜𝑟𝑟 + 𝐾 -2	(5.9)
	Thus		𝑟 2 = 𝐾 2 𝑏 2 𝛽𝜃 + 𝐾 -2 𝑏 -2 𝐶 Mg 2+	(5.22)
		𝜃 𝑠𝑡𝑎𝑡 =	𝐾 1 (	𝐷 𝛿 𝑐𝑜𝑟𝑟	𝐾 1 ( + 𝐾 -2 ) + (𝐾 2 + 𝑘 3 )𝛽 𝐷 + 𝐾 -2 ) 𝛿 𝑐𝑜𝑟𝑟	𝛿 𝑐𝑜𝑟𝑟 𝐷	(5.10)

(FSW) soldagem causa mudanças microestruturais significativas. corrosão da liga de alumínio 2524-T3 soldada. as zonas investigadas. polarizado no domínio anódico. em duas etapas consecutivas, (iii) uma camada espessa de produto de corrosão (Mg(OH)2), (iv) um intermediário adsorvido Mg ads + que é responsável pela reação química que permite a explicação do NDE. Das análises dos dados de impedância, vários parâmetros foram extraídos, como a espessura do filme de óxido fino, resistividade na interface metal/óxido e na interface óxido/eletrólito, área de superfície ativa em função do tempo de exposição à solução, espessura da camada espessa de Mg(OH)2 e constantes cinéticas das reações eletroquímicas.

Palavras-chave: AA2524-T3; Soldagem por fricção e mistura (FSW); Magnésio, Efeito da diferença negativa (NDE).

Several authors [START_REF] Shkirskiy | Revisiting the electrochemical impedance spectroscopy of magnesium with online inductively coupled plasma atomic emission spectroscopy[END_REF], [START_REF] King | Accurate electrochemical measurement of magnesium corrosion rates; A combined impedance, mass-loss and hydrogen collection study[END_REF], [START_REF] Bland | Assessing the corrosion of commercially pure magnesium and commercial AZ31B by electrochemical impedance, mass-loss, hydrogen collection, and inductively coupled plasma optical emission spectrometry solution analysis[END_REF] indicated that the use of polarization resistance, 𝑅 𝑃 , is preferred to the use of charge transfer resistance 𝑅 𝑇 in the Stern-Geary equation. It leads to a good correlation between the corrosion rates determined by all methods above. However, these authors used a model to estimate 𝑅 𝑃 values, which could result in underestimated values (significant dispersion at low frequency) and lead to inaccurate estimation of the corrosion rate.

Besides, [START_REF] Silverman | Corrosion rate estimation from pseudo-inductive electrochemical impedance response[END_REF] [START_REF] Silverman | Corrosion rate estimation from pseudo-inductive electrochemical impedance response[END_REF] clarified that in the case of systems that have an inductive loop due to the presence of adsorbed species, the use of 𝑅 𝑇 in the Stern-Geary equation was recommended. Here again, in the case of complex mechanism, Keddam [START_REF] Keddam | Whitney Award Lecture: Application of Advanced Electrochemical Techniques and Concepts to Corrosion Phenomena[END_REF] has shown that the corrosion behavior is better evaluated by the charge transfer resistance than the polarization resistance.

The linearization of the governing equations allows the calculation of the faradaic impedance as the solution of the linear system of equations Eqs. (5.11)-(5.13):

(5.11)

(5.12)

The concentration variation ∆𝐶 Mg 2+ inside a finite diffusion layer of thickness 𝛿 𝑐𝑜𝑟𝑟 is given by the solution of the second Fick's law using the Nernst hypothesis [START_REF] Orazem | Electrochemical impedance spectroscopy[END_REF] through Eqs.

(5.14) and (5.15):

with

Then, the faradaic contribution to the impedance can be calculated as:

Interfacial capacitance

The impedance results presented in Figure 5.12 and Figure 5.14, show that the highfrequency response, corresponding to the charge transfer resistance in parallel with the interfacial capacitance, is characterized by a flattened capacitive loop, i.e., a non-ideal capacitive behavior.

Graphical analysis of the results allows a constant phase element (CPE) to be clearly evidenced in the high-frequency domain (Figure 5.15a) and the α parameter of the CPE can be determined from the variation of the imaginary part of the impedance (in absolute value) as a function of the frequency (Figure 5.15b) [START_REF] Orazem | Electrochemical impedance spectroscopy[END_REF], [START_REF] Orazem | Enhanced graphical representation of electrochemical impedance data[END_REF]. The impedance of the CPE is given by Eq.

(5.25).

𝑍 𝐶𝑃𝐸 = 1 𝑄(𝑗𝜔) 𝛼 (5.25)

In Figure 5.15a, it can be seen that the phase angle value on the plateau, for the corrected curve, is -79°. Thus, the CPE parameter is equal to 79/90 = 0.88, in agreement with the value determined in Figure 5.15b from the variations of the imaginary part of the impedance as a function of the frequency. The plateau observed at high-frequency is characteristic of a pure CPE behavior which may be the consequence of a resistivity distribution along the thin oxide film thickness. This CPE behavior can be analysed by the power-law model [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. I: theory[END_REF], [START_REF] Hirschorn | Constant-Phase-Element behavior caused by resistivity distributions in films. II: applications[END_REF].

However, the use of the power-law model introduces a large number of parameters that can be difficult to obtain from the fit of experimental data. Thus, it was chosen another approach for evaluating the capacitance.