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Corrosion behaviour of AA 1370 strands for wires: Identification of the critical metallurgical parameters
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The corrosion behaviour of AA 1370 in different metallurgical states was studied in chloride-containing sulphate solutions. The microstructures of a rod, a deformed strand and an annealed strand constitutive of wires were examined using scanning electron microscopy, transmission electron microscopy and electron backscattered diffraction. Results offered evidence for the ultra-fine grain size, high density of interfaces and high level of misorientation of the interfaces as relevant explanations for the low corrosion resistance of the deformed strand compared to the rod and the annealed strand.

Introduction

In the automotive industry, copper is largely used for wiring harnesses, in particular because it combines good electrical properties and corrosion behaviour which prevents corrosion of the wiring harnesses in severe corrosive environments, e.g., de-icing road salt, coolant, and windshield washer fluids. Considering the need to reduce the weight of cars in the context of the rarefaction of fossil fuels and the reduction of greenhouse gas emissions, automotive manufacturers proposed to substitute copper with aluminium alloys to reduce both the cost and weight of wiring harnesses. One promising material is 1370 aluminium alloy (AA1370) which has good corrosion resistance. However, wiring harnesses are constituted of thin strand arms, which are obtained by wire-drawing. This metalworking process consists of a reduction in the rod or wire diameter by passing it through a series of drawing dies interspersed, if necessary, with aging heat treatments to release the stresses induced by the process. The different microstructures obtained after each step of the manufacturing process strongly depend on the thermo-mechanical process characteristics, which also affect the corrosion behaviour of the material. Therefore, before using AA1370 for wiring harnesses, efforts are required to ascertain the corrosion behaviour of the aluminium alloy after wire-drawing.

AA 1370 contains Fe-rich coarse particles [START_REF] Allen | Intermetallic phase selection in 1xxx Al alloys[END_REF][START_REF] Sundman | An assessment of the entire Al-Fe system including D03 ordering[END_REF] and corrosion sus- ceptibility is often explained on the basis of the cathodic activity of these intermetallics which can promote pitting corrosion in the Almatrix [START_REF] Rambat | Effect of iron-containing intermetallic particles on the corrosion behaviour of aluminum[END_REF][START_REF] Park | Scanning Microsensors for measurement of local pH distributions at the microscale[END_REF][START_REF] Seri | The dissolution of FeAl 3 Intermetallic compound and deposition on aluminum in AlCl 3 solution[END_REF]. Osario et al. showed that Al 3 Fe and Al 6 Fe intermetallic fibres significantly influenced the electrochemical behaviour of a Fecontaining aluminium alloy [START_REF] Osório | Electrochemical corrosion parameters of as-cast Al-Fe alloys in a NaCl solution[END_REF]. However, samples are severely deformed during wire-drawing; this can lead to a fragmentation of the coarse particles [START_REF] Cabibbo | Influence of severe plastic deformations on secondary phase precipitation in a 6082 Al-Mg-Si alloy[END_REF][START_REF] Murayama | Microstructure of two-phase Al 1.7 at% Cu alloy deformed by equal channel angular pressing[END_REF] as shown by Adamczyk-Cieslak et al. for Al-Fe-Si coarse particles in a 6060 aluminium alloy [START_REF] Adamczyk-Cieslak | Microstructures in the 6060 aluminium alloy after various severe plastic deformation treatments[END_REF]. The severity of corrosion for severely deformed samples could be due to the simple multiplication of potential pit sites leading to more pitting or more complicated effects such as local deformation of the matrix during the flow and fracture of intermetallic particles that promote more severe pitting corrosion. Brunner et al. partially explained the modification of the intergranular susceptibility of an AA2024-T351 alloy taking into account the impact of equal-channel angular pressing (ECAP) on the size and distribution of intermetallics [START_REF] Brunner | Impact of ultrafine-grained microstructure on the corrosion of aluminium alloy AA2024[END_REF]. But, it is known that the cold drawing process leads to other metallurgical changes for aluminium alloys e.g. modification of the grain size, morphology and orientation, of the interface characteristics and of the dislocation density [START_REF] Mishin | Recovery and recrystallization in commercial purity aluminum cold rolled to an ultrahigh strain[END_REF][START_REF] Rosen | Microstructure and local crystallography of cold rolled aluminum[END_REF][START_REF] Chakkingal | The development of microstructure and the influence of processing route during equal channel angular drawing of pure aluminium[END_REF]. For example, Mishin et al. studied recovery and recrystallisation in commercial purity aluminium cold rolled to an ultrahigh strain and isothermally annealed and showed that microstructural changes were significant in terms of final grain size and texture [START_REF] Mishin | Recovery and recrystallization in commercial purity aluminum cold rolled to an ultrahigh strain[END_REF]. These metallurgical changes due to the wire-drawing process could also contribute to the corrosion response of the strand arms. The complexity of https://doi.org/10.1016/j.corsci.2018.02.016 corresponded to a 9.5 mm diameter disk in transverse section and to a 9.5 × 10 mm 2 rectangle in longitudinal section (10 mm-long rod polished to the core). For the strands, the electrodes were made by embedding 22 strands in transverse section (exposed surface equal to 22 disks with a 0.52 mm diameter). The strands were organized to obtain a regular arrangement of their cross-sections (the axis of each individual strand being parallel to the others) and embedded together in an epoxyresin. All the cavities between the strands were filled by the epoxy-resin to avoid crevice corrosion. For the longitudinal section, the surface exposed to the electrolyte was 0.52 × 15 mm 2 ; it corresponded to that of a 15 mm-long strand polished to the core i.e., at the maximum diameter. The electrical connection, made by using silver glue to avoid using welding, was protected by epoxy-resin to both strengthen its mechanical resistance and to avoid galvanic coupling with the aluminium alloy. Before all corrosion tests, the surface of the specimen was mechanically abraded with 2400 grit SiC paper and then polished from 6 to 1 μm grade with diamond paste and distilled water as lubricant.

Open circuit potential (OCP) measurements were performed with a test duration of 3 h with one measurement per second. The OCP reached a nearly stable value after 1 h but the experiments were performed for 3 h to reach a stable OCP value. The OCP values given in the results section corresponded to the mean of the measurements performed during the last 30 min, i.e. between 2 h 30 min and 3 h. For each condition, at least three samples were tested; the total number of measurements performed was between 9 and 16 (as detailed in Fig. 1) to ensure the reproducibility of the results. Prior to the potentiokinetic polarisation experiments (E-I curves), the samples were maintained for 1 h at OCP; then the potential was scanned from OCP -50 mV to 800 mV/SCE for the anodic branch and OCP + 50 mV to -300 mV/SCE for the cathodic branch. The potential scan rate was 0.07 mV s -1 . At least three E-I curves were collected for each sample to ensure the reproducibility of the results. The electrolyte used for both electrochemical tests was a 0.1 M Na 2 SO 4 + 0.001 M NaCl solution at room temperature, open to air and stirred. This electrolyte was chosen because it is less severe than a pure chloride solution. Preliminary tests were performed in NaCl solutions but the corrosion damage was so extensive that it was difficult to distinguish between the different samples. Solutions were prepared by dissolving analytical grade chemical salts in distilled water.

Optical microscope (OM), scanning electron microscope (SEM) and transmission electron microscope (TEM) observations

The microstructure of the three samples was characterised using a combination of OM, SEM and TEM observations. OM observations using an Olympus PMG3 microscope allowed the Fe-rich intermetallic particles to be observed for a 1 μm-polished surface. The surface density of these particles was determined for the three samples by analysing SEM micrographs obtained with a LEO-435-VP SEM (15 kV) using image analysis software (ImageJ). The rod grain structure could be observed in OM after etching in Keller's reagent (1 mL of hydrofluoric acid (40 wt %), 1.5 mL of hydrochloric acid (35 wt%), 2.5 mL of nitric acid (68 wt %) and 95 mL of distilled water). The grain size was too small for the strands to use this method effectively. Further characterisation was performed using a JEOL-JEM-2010 TEM. The samples were prepared using mechanical polishing to obtain a 100 μm-thick slice. A dimple was machined in the central region using a South Bay Technology dimpler. Final electron transparency was achieved by ion milling on a precision ion polishing system (PIPS(tm), Gatan) using 5 kV Ar+ ions. All TEM observations were performed on longitudinal sections parallel to the cold drawing direction.

OM and SEM observations were used also to characterise the corrosion morphology. In this case, the samples were removed from the electrolyte after the electrochemical tests, rinsed with distilled water and then air-dried before being observed. establishing a clear relationship between the grain size and the corrosion resistance of an alloy has been addressed in other studies [START_REF] Brunner | Impact of ultrafine-grained microstructure on the corrosion of aluminium alloy AA2024[END_REF][START_REF] Ralston | Effect of grain size on corrosion of high purity aluminium[END_REF][START_REF] Ralston | Revealing the relationship between grain size and corrosion rate of metals[END_REF][START_REF] Mahmoud | Effect of friction stir processing on electrical conductivity and corrosion resistance of AA6063-T6 Al alloy[END_REF][START_REF] Osorio | The role of macrostructural morphology and grain size on the corrosion resistance of Zn and Al castings[END_REF][START_REF] Kutniy | Influence of grain size on mechanical and corrosion properties of magnesium alloy for medical implants[END_REF]. Kim et al. suggested that the grain boundary character distribution (GBCD) had a great effect on intergranular corrosion susceptibility of aluminium in HCl [START_REF] Kim | Grain Boundary Character distribution and intergranular corrosion behavior in high purity aluminium[END_REF]. Luo et al. showed that there was a relationship between the dislocation density in a grain and the ability of the grain boundary to be corroded [START_REF] Luo | Observations of intergranular corrosion in AA2024-T351: the influence of grain stored energy[END_REF]. The conclusion from both these studies is that the corrosion activity should increase as the grain size decreases. On the other hand some studies found a tendency for the intergranular corrosion rate to decrease and a movement of the corrosion potential to more noble values as the grain size decreases [START_REF] Brunner | Impact of ultrafine-grained microstructure on the corrosion of aluminium alloy AA2024[END_REF][START_REF] Ralston | Effect of grain size on corrosion of high purity aluminium[END_REF][START_REF] Ralston | Revealing the relationship between grain size and corrosion rate of metals[END_REF]. It can be concluded from this short review of the literature that corrosion susceptibility is due to a number of factors including grain size, level of residual deformation, constituent particles distribution, and the density of precipitates (for alloys where they are important). Any combination of these effects may contribute to the corrosion susceptibility of an alloy. It should also be pointed out that these features of the microstructure are related to corrosion propagation that occurs in the body of a strand. Corrosion initiation through the surface developed on a strand, is also important, but not the focus of this study.

The aim of this work is to determine the critical microstructural parameters explaining the corrosion propagation occurring in the body of a strand. In this context, the corrosion behaviour of AA1370 was studied depending on its metallurgical state in relation to the wiredrawing process. The size and distribution of Fe-rich particles were considered. In addition considerable attention was also paid to microstructural parameters mentioned above at the polycrystal scale: this means that the crystallographic orientation and size of the grains, as well as the nature of the interfaces (either grain boundaries or subgrain boundaries corresponding to the level of misorientation at the interfaces) were considered as potential critical metallurgical parameters influencing the corrosion susceptibility of the AA 1370 alloy. To study the impact of these microstructural parameters on the corrosion behaviour of the alloy, electron backscattered diffraction (EBSD) analyses were performed for AA1370 alloy at each step of the wire-drawing process and related to the potentiokinetic polarisation behaviour. These studies were also supported by optical microscopy, scanning electron microscopy as well as transmission electron microscopy.

Experimental procedure

Material

The material used for this study was a 1370 aluminium alloy (AA1370; expressed as wt%: 99.7% Al, 0.072% Fe, 0.0045% Mg, 0.045% Si) in three metallurgical states corresponding to the different steps of the cold drawing process leading from a rod to a strand. All the samples were provided by LEONI WIRING SYSTEMS FRANCE. The rod has a 9.5 ± 0.05 mm diameter and was made by continuous casting and rolling. The strands were obtained by a multistep cold drawing process from the wire rod leading to a 0.52 ± 0.01 mm diameter strand. The strands were annealed at 270 ± 2 °C for 4 h as used for wire harnesses. In the following, the designations for the rod, deformed strand and annealed strand were R, DS and AS respectively.

Electrochemical measurements

For electrochemical measurements, the experimental set-up consisted of a three-electrode electrochemical cell with a large surface area platinum electrode used as a counter electrode and a saturated calomel electrode (SCE) with a Lugin capillary as a reference electrode. All potentials are relative to the SCE reference. The working electrode corresponded to specimens of AA1370 alloy such as R, DS and AS. Rod samples were embedded in an epoxy resin with the transverse or longitudinal section exposed to the electrolyte: the surface area Since the strands were small area, some further experiments were performed in order to demonstrate that the electrodes were both reproducible and representative. First, because corrosion events might be related to the Fe-rich intermetallics, which were heterogeneously distributed, experiments were performed with electrodes built with different numbers of strands; results showed that the electrode surface area chosen was representative of the microstructure. Then, in order to check whether the electrode diameter had an influence on the electrochemical response between the three samples, another rod electrode (in transverse section) with a 0.7 mm diameter was prepared by using a milling tool: similar results were obtained for both the 0.7 mm and 9.5 mm rods indicating that electrode diameter was not a variable. Further, the result showed that the altered surface layer (ASL) that could be present on the surface of the cylindrical samples due to the manufacturing process (elaboration of the rod and then use of the milling tool) did not significantly influence the electrochemical response of the rod even though it has been shown that, in other cases, it could be of significant importance [START_REF] Afseth | Effect of heat-treatment on filiform corrosion of aluminum alloy AA3005[END_REF][START_REF] Afseth | Effect of heat-treament on electrochemical behaviour of aluminum alloy AA3005[END_REF][START_REF] Leth-Olsen | Filiform corrosion of aluminum sheet III. Microstructure of reactive surfaces[END_REF][START_REF] Seong | Influence of the altered surface layer on the corrosion of AA5083[END_REF][START_REF] Koroleva | Surface morphological changes of aluminum alloys in alkaline solution: effect of second phase material[END_REF]. More globally, corrosion propagation that occurs in the body of the strand was the focus of this study. Therefore, the ASL that could be present on the surface of the cylindrical samples (both rods and strands) due to the manufacturing process was not considered here. In the same way, as shown by Seong et al. [START_REF] Seong | Influence of the altered surface layer on the corrosion of AA5083[END_REF], polishing could also induce the growth of an ASL on the sample surface which could alter the electrochemical response. TEM observations showed a 500 nm-thick ASL on the different polished samples. Removal of the ASL by vibratory polishing followed by electrochemical measurements showed that there was no significant difference between samples with and without the polishing-induced ASL.

OCP measurements and E-I curves

Fig. 1 sums up the OCP values for the three samples for both transverse and longitudinal sections. In all cases, the OCP values measured for the rod were less negative than those for the deformed strand with a mean OCP value equal to -470 mV/SCE (-510 mV/SCE) for the rod compared to -700 mV/SCE (-810 mV/SCE) for the deformed strand in transverse section (longitudinal section). Independent of the sections, the mean OCP value for the annealed strand (-570 mV/SCE for transverse section and -700 mV/SCE in longitudinal section) was between the OCP values for the rod and deformed samples. The results were in agreement with those obtained from the E-I curves (Fig. 2) which showed differences in the corrosion potential values for the three samples with E corr (R) > E corr (AS) > E corr (DS) for transverse and longitudinal sections. Furthermore, the results suggested that, independent of the metallurgical state, the OCP values were slightly less negative for the transverse sections compared to longitudinal sections (Fig. 1) which was also reflected in the E corr values measured from the E-I curves (Fig. 2) for transverse and longitudinal sections.

Fig. 2 also showed that for all samples, the E-I curves had a weakly 

Hardness measurements and tensile tests

Hardness measurements were performed to complete the microstructural characterisation of the samples by using a nanoindentor XP from MTS with a Dynamic Contact Module. For each sample, at least 10 measurements in the Continuous Stiffness mode were carried out with a Berkovich indenter by fixing a maximum in-depth displacement of 2000 nm. The distance between the indents was either 50 or 100 μm for the strands and the rod respectively. Before measurements, the samples were abraded and then polished to 1 μm using diamond paste. To avoid the influence of hardening due to sample polishing, the depth interval for calculating the hardness varied between 500 and 1750 nm as compared to the maximum in-depth displacement. Hardness measurements were completed by tensile tests performed using a dual column MTS testing machine with a frame capacity of 30 kN for the rod. For the strands, a BOSE ElectroForce 3330 testing machine with a frame capacity of 5 kN was used. All tests were performed at a strain rate of 10 -3 s -1 .

Study of the critical microstructural parameters at the polycrystal scale

EBSD analyses were performed on transverse and longitudinal sections for the three samples. For the rod, surface preparation consisted in mechanical abrading to 2400 grit SiC paper with water as lubricant then polishing down to 1 μm with diamond paste and water + ethanol as lubricant. Finally, they were etched in Keller's reagent followed by ethanol rinsing allowing the altered surface layer due to polishing to be removed as confirmed by EBSD analyses. For the strands, the previous surface preparation was not adequate; therefore, a cross section polisher JEOL IB-19500 CP was used for 6 h at 6 keV. The samples were analysed using an OXFORD INSTRUMENTS HKL EBSD system (Nordlys Nano EBSD detector) and version 3.1 of the Aztec software. The EBSD detection unit is mounted on a JEOL JSM 7100F SEM with a field emission gun. Samples were analysed at 20 kV at spot size 16. This spot size typically corresponds to an incident beam current of approximately 12.5 nA. The EBSD data were then post-processed using the commercial software package Oxford Channel 5. First large field (around 1 or 1/ 10 mm 2 ) areas were studied, using a step size of 0.3 μm and an acquisition speed of 43.9 patterns per millisecond. Such low magnification analyses were selected for drawing representative image orientation mapping and texture analysis. More detailed analyses of the microstructure were performed in regions of about 80 × 80 μm 2 , using a step size equal to 0.05 μm. Those were used to study the grain structure and local misorientation. Grain boundaries were defined as a local interface corresponding to a misorientation larger than 15° (high angle grain boundaries). This misorientation value was derived from data available for pure aluminium [START_REF] Winning | Transition between low and high angle grain boundaries[END_REF]. Subgrain boundaries were defined as local interfaces with a misorientation ranging from 2° to 15°. The individual grains were identified as closed surfaces surrounded by high angle grain boundaries. All grains constituted by less than 3 pixels were automatically removed from the maps prior to data analysis. The grain size was determined from the grain area. In order to quantify the amount of interfaces on the different specimens, the interface maps (successively grain and subgrain boundary maps) were analysed using ImageJ software. The binary image was skeletonised in order to reduce the thickness of the interface to one pixel, then the surface fraction of the interface was calculated and this corresponds to the surface density as reported later in the manuscript. b,DS the current density for the deformed strand increased by around 2 orders of magnitude above the other samples which were still below their first breakdown potentials (Fig. 2a). This means that the deformed microstructure is much more active in this potential range (-200 to ≈ 350 mV/SCE) than the other samples. For the first breakdown potentials, E 1 b,R ≈ E 1 b,AS > E 1 b,DS (Fig. 2a). No significant difference was observed between the E 1 b values when transverse and longitudinal sections were studied but the passive current density was found to be slightly higher for longitudinal section compared to transverse section (Fig. 2b). A second breakdown potential (E 2 b,X ) was observed on the polarisation curves for the rod and the deformed strand (X = R or DS), with E 2 b,DS < E 2 b,R . Independent of the samples and the sections, similar corrosion features were observed on the surface in relation with previous electrochemical results, as exemplified in Fig. 3 for the rod. Comparison of SEM (Fig. 3a) observations performed before exposure to the electrolyte and both OM (Fig. 3b) and SEM (Fig. 3c) observations after the OCP measurements showed that a weak dissolution of the matrix around the Fe-rich particles (typical spectrum shown in Fig. 3d) occurred at the corrosion potential as observed in other studies [START_REF] Rambat | Effect of iron-containing intermetallic particles on the corrosion behaviour of aluminum[END_REF][START_REF] Park | Scanning Microsensors for measurement of local pH distributions at the microscale[END_REF][START_REF] Seri | The dissolution of FeAl 3 Intermetallic compound and deposition on aluminum in AlCl 3 solution[END_REF]. SEM observations were performed also for samples after interrupted polarisation tests in the anodic domain at chosen potentials. Fig. 3e shows a representative SEM micrograph of corrosion features observed at 20 mV above the first breakdown potential (E 1 b,X , with X = R, DS or AS) which correlated with the sharp increase in anodic current density. It can be seen that there is localised attack around the Fe-rich intermetallics as observed in other studies [START_REF] Rambat | Effect of iron-containing intermetallic particles on the corrosion behaviour of aluminum[END_REF][START_REF] Park | Scanning Microsensors for measurement of local pH distributions at the microscale[END_REF][START_REF] Seri | The dissolution of FeAl 3 Intermetallic compound and deposition on aluminum in AlCl 3 solution[END_REF]. SEM observations performed at the end of the polarisation tests (Fig. 3f-h), i.e. after the second breakdown potential (E 2 b,X ), showed more extensive pitting around the Fe-rich intermetallics as proved by the presence of the intermetallics inside the growing pits (Fig. 3h). Fig. 3f and g also showed that filaments were growing from the pits suggesting grain boundary attack penetrating into the surrounding matrix. These observations suggested that the increase in current density at E 2 b,X was associated with grain boundary dissolution promoting pit propagation into the matrix [START_REF] Yamasaki | Stress corrosion cracking susceptibility of ultra-fine grain copper produced by equal-channel angular pressing[END_REF].

The nobler corrosion potential, a lower passive current density and more positive breakdown potentials of the rod compared to the deformed strand indicates that the cold drawing had a detrimental effect on the corrosion resistance for the AA 1370. The annealing treatment resulted in a movement of the corrosion potential to more noble values compared to the deformed strand and an increase of the pitting resistance with similar E 1 b and i passive values for the rod and the annealed strand and even if the E corr value for the annealed strand remained more negative than that for the rod. Therefore, for the rod, the combination of intermetallic related corrosion and matrix breakdown at E 1 b,R is consistent with a microstructure where the matrix is relatively homogeneous, i.e., no significant grain boundary effects and no deformation related corrosion. A similar conclusion could be drawn for the annealed strand. On the other hand, the deformed strand clearly has corrosion susceptible microstructure which has been introduced during forming and manifests itself at E 1 b , DS ; an enhanced reactivity of the grain boundaries, relevant with the significant increase of the anodic current above E 2 b,DS , could be probable explanation for the lower corrosion resistance of this sample.

Role of Fe-rich intermetallics

The results described in the previous paragraph showed that the corrosion behaviour of AA 1370 was related to Fe-rich particles, as reported in the literature. Studies have shown that the fragmentation of these intermetallics during deformation should explain the evolution of the corrosion behaviour of the aluminium alloys after processing [START_REF] Cabibbo | Influence of severe plastic deformations on secondary phase precipitation in a 6082 Al-Mg-Si alloy[END_REF][START_REF] Murayama | Microstructure of two-phase Al 1.7 at% Cu alloy deformed by equal channel angular pressing[END_REF][START_REF] Adamczyk-Cieslak | Microstructures in the 6060 aluminium alloy after various severe plastic deformation treatments[END_REF]. Therefore the first part of this study was to identify whether different distributions of the Fe-rich intermetallics were responsible for the corrosion behaviour. Electron diffraction analysis (Fig. 4a) performed in [312] zone axis showed for all metallurgical states that the intermetallic particles were the cubic phase Al 17 Fe 4 Si 2 (lattice parameter equal to 12.56 Å). OM, SEM and TEM were performed to determine the distribution of intermetallics for the three types of samples. Regardless of metallurgical state, Fig. 4b shows that the fraction of surface area of intermetallics was low and varied between 0.5-0.8%, in the transverse section; the differences were not significant taking into account the heterogeneity of the particle distribution as shown by the error bars. The size distributions were similar for all metallurgical states and indicate that the majority of the Fe-rich intermetallics were between 0.5-1.5 μm 2 (Fig. 4c). Size distributions and the fractions of surface area of Fe-rich intermetallics were similar for transverse and longitudinal sections. Therefore, even though some studies have concluded that cold drawing leads to fragmentation of intermetallics, this was not observed here. In the present study, it is evident from the results that the differences in corrosion behaviour between the AA1370 rod, deformed strand and annealed strand could not be explained by the level of fragmentation of intermetallic particles. Hence attention was paid to other microstructural parameters suspected to be changed due to the cold drawing.

3.3. Influence on the AA 1370 corrosion behaviour of microstructural parameters at the polycrystal scale 3.3.1. Influence of the crystallographic orientation of the grain and texture on the corrosion behaviour Fig. 5 shows the orientation maps for the transverse and longitudinal sections of the rod, the deformed strand and the annealed strand. In these maps, the color indicates the crystallographic orientation along a direction normal to the image according to the standard triangle (Inversed Pole Figure ;z0). First, analysis of different zones for the three samples showed, mainly for the rod and the annealed strand, a strong heterogeneity in the grain size. The areas selected for examination (maps shown in Fig. 5) are assumed to be representative as judged from general observations on the grain scale for each sample. Comparison of the orientation maps for the rod (Fig. 5a andb) and the deformed strand (Fig. 5c andd) showed unambiguously that the cold drawing had induced a strong decrease of the grain size [START_REF] Chakkingal | The development of microstructure and the influence of processing route during equal channel angular drawing of pure aluminium[END_REF]. The annealing treatment seemed to lead to a grain size similar to that measured for the rod suggesting that a static recrystallisation phenomenon had occurred [START_REF] Mishin | Recovery and recrystallization in commercial purity aluminum cold rolled to an ultrahigh strain[END_REF]. Comparison of all maps for transverse and longitudinal sections, showed that the thermomechanical treatments (rolling for the rod and cold drawing for the strands) led to an elongated grain structure observed with either OM (rod) after etching in Keller's reagent (insets in Fig. 5a andb), or EBSD.

Fig. 6a andb showed that the rod exhibited two components of fibre texture along the rolling axes, i.e. the most pronounced parallel to 〈111〉 direction and the second one parallel to 〈200〉 direction. By contrast, the strands (Fig. 6c-f) showed only one strong fibre texture component along the drawing direction parallel to 〈111〉 direction. The texture intensities (color legend in Fig. 6) were similar for the deformed and annealed strands both of which were stronger than in the rod. The results were consistent with literature data concerning the microstructural evolution of rolled F.C.C. metals and cold-drawn aluminium wire [START_REF] Dillamore | Rolling textures in F.C.C. and B.C.C metals[END_REF][START_REF] Lee | Preferred orientation in extruded aluminum alloy rod[END_REF][START_REF] El-Danaf | Effect of deformation path change on plastic response and texture evolution for 1050 Al pre-deformed by ECAP and subsequently plane strain compressed[END_REF][START_REF] Hou | Microstructure evolution and strengthening mechanisms of cold-drawn commercially pure aluminum wire[END_REF][START_REF] El-Danaf | Mechanical properties, microstructure and texture of single pass equal channel angular pressed 1050, 5083, 6082 and 7010 aluminum alloys with different dies[END_REF]. Differences in E corr between the transverse and longitudinal sections can be clearly related to differences in mean crystallographic orientation. However, the differences in the texture intensity were larger between the annealed strand and the rod than between the two strands even though the rod and the annealed strand displayed similar electrochemical behaviour. These contradictory results clearly showed that factors other than texture were at play in explaining the differences in the corrosion behaviour.

Influence of the grain size and density of interfaces on the corrosion behaviour

Fig. 7 shows that thermomechanical treatment led to complex microstructures. During cold-drawing, the microstructural evolution progresses by subdivision of grains into cell-blocks on a smaller and smaller scale with interfaces made of geometrically necessary boundaries and Fig. 4. (a) TEM micrograph and electron diffraction pattern of an intermetallic particle. (b) fraction of surface area covered by the particles and (c) distribution of the particle surface area for a rod, a deformed strand and an annealed strand. For Fig. 4b andc, data were calculated from the analysis of more than 25 SEM images (size: 108 × 76 μm 2 corresponding to a 1000 times magnification). For Fig. 4c, the results are only given for transverse sections but they are similar for longitudinal sections. incidental dislocation boundaries [START_REF] Hansen | Deformation microstructures[END_REF]. The two types of boundaries are both composed of dislocations and are difficult to distinguish in TEM micrographs. In the present study, distinction was initially made only between grain (misorientation > 15°) and subgrain (misorientation < 15°) boundaries. These boundaries are superimposed in band contrast images in Fig. 7. For the rod, Fig. 7a andb show that grains, separated from each other by grain boundaries, could be subdivided into small subgrains (separated by subgrain boundaries) visible in TEM observations (inset in Fig. 7b). Plate-like zones of materials, identified as microband structure (i.e. deformation bands), were clearly visible in Fig. 7b. For the deformed strand which experienced increased strain, the width of the microbands decreased from tens of micrometers for the rod to less than 1 μm (Fig. 7c andd).

The resulting microstructure can be described as a common deformation structure, relatively homogeneous, and known as a 'bamboo' microstructure [START_REF] Prangnell | Continuous recrystallisation of lamellar deformation structures produced by severe deformation[END_REF] easily visible in TEM (inset in Fig. 7d). The cold drawing had induced high angle grain boundaries extended in the cold drawing direction and the high angle grain boundary spacing was compressed in the normal direction with strain. A significant density of retained low angle boundaries was observed, which were predominantly oriented in the transverse direction cross-linking the high angle boundaries parallel to the cold drawing axis. For the annealed strand, two types of zones were distinguished (Fig. 7e-h). Zones with a 'bamboo' microstructure (Fig. 7e andf, zone 1), characterised by a high angle grain boundary spacing higher than for the deformed strand, coexisted with zones for which the microbands seemed to have disappeared (Fig. 7g andh, zone 2). Some coarse grains were observed among the fine grains in zone 1 in transverse sections. The grain structure for zone 1 was characteristic of only partial recrystallisation while, for zone 2, a complete discontinuous recrystallisation was observed and the deformation structures had evolved into a uniform equiaxed grain structure.

The difference in microstructures for the three metallurgical states is evident in Fig. 8. All samples showed wide distributions for the grain area. Moreover, the results highlight the formation of ultra-fine grain structure for the deformed strand as confirmed by the large number of grains determined in Fig. 7c being 10301 (average grain area = 0.62 μm 2 ) compared to 326 (average grain area ≈ 20 μm 2 ) for the rod (analysis area of 80 × 80 μm 2 ). Comparison of the grain size between the rod and the annealed strand was more difficult due to the heterogeneity of the grain structure for both samples particularly for the annealed strand. In transverse section, the number of grains determined in the band contrast micrographs (Fig. 7) was 303 for the annealed strand in zone 1, similar to the rod (326 grains) but higher than in zone 2 of the annealed strand (116 grains). Fig. 8 seemed to reveal a slight coarsening of the grains for the annealed strand but, because of the heterogeneity of the grain structure, the grain size for the rod and the annealed strand was considered similar. These results are also reflected in the hardness measurements (Fig. 9) with hardness values similar for both the rod and the annealed strand, and nearly half those for the deformed strand [START_REF] Abdulstaar | Severe plastic deformation of commercial purity aluminum by rotary swaging: microstructure evolution and mechanical properties[END_REF][START_REF] Liu | Microstructure and strength of commercial purity aluminium[END_REF]. Increase in hardness can be interpreted on the basis of a Hall and Petch law, where the refinement of the grain size for the deformed strand leads to an increase in the hardness. Results were well-correlated with tensile measurements (Table 1).

The large changes in grain and subgrain size had an influence on the grain boundary populations. Fig. 10 shows the determination of the boundary surface density. For transverse sections (Fig. 10a), the total surface density of boundary was similar for the rod and the annealed strand as seen in Figs. 7 and8. By contrast, this parameter was 2-3 times higher for the deformed strand as shown in Fig. 7, confirming the refinement of the grain size due to the deformation. The same trend was observed for longitudinal sections (Fig. 10b) but the total surface density of boundary was lower than the transverse section.

Comparison of results from electrochemical measurements (Figs. 123) and microstructural characterisations suggested a 'grain size-corrosion resistance' relationship including a lower corrosion resistance for finer grains structure, i.e. for the deformed strand compared to the rod and the annealed strand. This is supported by some other studies [START_REF] Mahmoud | Effect of friction stir processing on electrical conductivity and corrosion resistance of AA6063-T6 Al alloy[END_REF][START_REF] Osorio | The role of macrostructural morphology and grain size on the corrosion resistance of Zn and Al castings[END_REF][START_REF] Kutniy | Influence of grain size on mechanical and corrosion properties of magnesium alloy for medical implants[END_REF] that showed that a better corrosion resistance was achieved with coarse microstructures as observed here. This relationship is based on a lower density of grain (and subgrain) boundaries leading to lower corrosion activity based on the assumption that interfaces act as preferential sites for anodic dissolution as suggested by Yamasaki [START_REF] Yamasaki | Stress corrosion cracking susceptibility of ultra-fine grain copper produced by equal-channel angular pressing[END_REF]. This was well-correlated with interface dissolution observed in Fig. 3 and could explain the shift of the second breakdown potential towards more noble values for the rod compared to the deformed strand.

However, other authors come to the conclusions that a Hall-Petch type relationship may exist for corrosion rate and grain size because their results revealed a tendency for corrosion rate to decrease as grain size decreases [START_REF] Brunner | Impact of ultrafine-grained microstructure on the corrosion of aluminium alloy AA2024[END_REF][START_REF] Ralston | Effect of grain size on corrosion of high purity aluminium[END_REF][START_REF] Ralston | Revealing the relationship between grain size and corrosion rate of metals[END_REF][START_REF] Chung | Effect of the number of ECAP pass time on the electrochemical properties of 1050 Al alloys[END_REF]. Such a contradiction reflects the diversity of interfaces in relation to the composition and metallurgy of the interfaces. In this case the composition is not likely to be different to the matrix (due to either segregation or grain boundary precipitates and depletion related zones) as a result of the purity of the material; however, the metallurgical processing may lead to changes in the level of misorientation.

Influence of the misorientation level of interfaces on the corrosion behaviour

Fig. 11 shows the ratio of subgrain boundaries surface density/grain boundaries surface density for both sections for all samples. No differences were observed between the two sections. For the deformed strand, the ratio was significantly lower than for the rod and the annealed strand in zone 1 which was evident in the increase of the level of misorientation of the interfaces for the deformed strand due to the deformation. For the annealed strand, the heterogeneous microstructure was once more evident with differences between zones 1 and 2. In zone 2, the complete recrystallisation from the deformed strands led to a decrease of low angle grain boundaries (subgrain boundaries) surface density while, for zone 1, the ratio remained high due to the retention of the 'bamboo' structure. It can be concluded that the deformed strand retains a high level of misorientation compared to other samples. Considering previous electrochemical results (Figs. 1 and2) and SEM observations (Fig. 3), these results therefore indicate that the surface density of interfaces as well as interface misorientation contribute to the greater corrosion susceptibility of the deformed strand. This was in agreement with previous works that showed that a high level of misorientation of an interface was characteristic of a disordered structure and correlated with its high energy and corrosion susceptibility [START_REF] Kim | Grain Boundary Character distribution and intergranular corrosion behavior in high purity aluminium[END_REF][START_REF] Luo | Observations of intergranular corrosion in AA2024-T351: the influence of grain stored energy[END_REF][START_REF] Bennett | Effect of grain boundary structure on sensitization and corrosion of stainless steel[END_REF][START_REF] Ortner | A study of the relation between grain boundary type and sensitisation in partially-sensitised AISI 304 stainless stell using Electron Back-Scattering patterns[END_REF]. Therefore, a 'level of interface misorientationcorrosion resistance' relationship should complete the previous approach concerning the influence of the grain size, i.e. the density of interfaces. In this work, the deformed strand was characterised both by a large density of interfaces, independent of their level of misorientation, and a global level of interface misorientation higher than for the rod and the annealed strand.

Conclusions

The corrosion behaviour of an AA1370 alloy was studied in chloride-containing sulphate solutions taking into account its metallurgical state, i.e. considering a rod, a deformed strand and an annealed strand, the last sample being used to manufacture wiring harnesses.

1 A lower resistance to corrosion was observed for the deformed strand as compared to the other samples. 2 There were no significant differences in the nature, size and distribution of Fe-rich intermetallics. Therefore, the results showed that the differences in corrosion behaviour between the AA1370 rod, deformed strand and annealed strand could not be explained by the level of fragmentation of intermetallic particles. 3 The deformed sample had a much smaller grain size, larger surface density of grain and subgrain boundaries as well a higher global level of misorientation of the interfaces. All these microstructural parameters reflect a high level of residual deformation which the potentiokinetic polarisation results show to be much more corrosion susceptible.

Fig. 1 .

 1 Fig. 1. OCP values of a rod, a deformed strand and an annealed strand measured in transversal and longitudinal sections after 3 h of exposure in a 0.1 M Na 2 SO 4 + 0.001 M NaCl solution. The number of tests is indicated in the bars.

3 .

 3 Results and discussion 3.1. Corrosion behaviour of the AA 1370 alloy: from the rod to the annealed strand 3.1.1. Preliminary comments pronounced cathodic plateau corresponding to oxygen reduction below the OCP. For the rod, the anodic branch showed a passive plateau between OCP and a first breakdown potential (E 1 b,R ≈ 250 mV/SCE) where there was a significant increase of the anodic current density. The annealed and deformed strands showed initial breakdown potentials (E 1 b,AS ) at ≈ 350 mV/SCE and (E 1 b,DS ) around -200 mV/SCE respectively. At E 1

Fig. 2 .

 2 Fig. 2. Polarisation curves in a 0.1 M Na 2 SO 4 + 0.001 M NaCl solution for (a) a rod, a deformed strand and an annealed strand in transverse section, and for (b) a rod in transverse and longitudinal sections.

Fig. 3 .

 3 Fig. 3. (a) SEM micrograph of AA 1370 before exposure to the electrolyte. (b) Optical and (c) SEM micrographs of the corrosion damage localised around intermetallic particles for AA1370 after 3 h of immersion at open circuit potential. (d) EDX analyses performed on a Fe-rich particle from (c). SEM observations of AA1370 after polarisation tests with (e) tests interrupted 20 mV after the first breakdown potential (f) and (g) tests completed. (f) and (g) referred to the same zone, (f) is a micrograph in secondary electron mode, (g) in backscattered electron mode. (h) is a zoom on (f). Electrolyte: 0.1 M Na 2 SO 4 + 0.001 M NaCl solution. Micrographs obtained for the rod.

Fig. 5 .

 5 Fig. 5. Orientation maps for the transverse and longitudinal sections of (a,b) a rod (c,d) a deformed strand and (e,f) an annealed strand. Insets in Figs. (a) and (b) are optical observations of the rod after metallographic attack with Keller's reagent. The word 'center' and the white arrow in LS micrograph indicate roughly the position of the rod/strand axis.

Fig. 6 .

 6 Fig. 6. Pole figures for the transverse and longitudinal sections of (a,b) a rod, (c,d) a deformed strand and (e,f) an annealed strand.

Fig. 7 .

 7 Fig. 7. Band contrast micrographs with distinction between grain boundaries (black line) and subgrain boundaries (red line) for the transverse and longitudinal sections of (a,b) a rod,(c,d) a deformed strand and (e,f,g,h) an annealed strand (two zones, referred as 1 and 2). TEM micrographs are given for the longitudinal sections. The images were taken in positions indicated in Fig.5by the white square. The number of grains detected in each zone is given. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8 .

 8 Fig. 8. Distribution of grain area (a) in transverse section (b) in longitudinal section for a rod, a deformed strand, an annealed strand (two zones, referred as 1 and 2).

Fig. 9 .

 9 Fig. 9. Hardness measurements in transverse and longitudinal sections for a rod, a deformed strand and an annealed strand.

Table 1 Fig. 10 .

 110 Fig. 10. Surface density of grain and subgrain boundaries for the (a) transverse and (b) longitudinal sections. Results are given for the rod, a deformed strand and an annealed strand (two zones, referred as 1 and 2).

Fig. 11 .

 11 Fig. 11. Ratio subgrain boundary/grain boundary surface densities in transverse and longitudinal sections. Results are given for the rod, a deformed strand and an annealed strand (two zones, referred as 1 and 2).
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