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This work investigates the effect of a high current pulsed electron beam (HCPEB)surface treatment on a precipitation hardened and cold rolled (T9treated: 155 HV in hardness) 2024 Al alloy and details the modifications encountered in the different surface and sub-surface layers. The rapidly solidified top surface melted layer (less than 10 µm in thickness) was a Cu-enriched Al supersaturated solid solution that generated improved corrosion properties. The absence of second phase precipitate resulted in a drastic softening of this melted layer (108HV). Below the melted layer, the sub-surface heat affected zone that remained solid was also softened (down to 145 HV) due essentially to the solid state dissolution of the S-precipitates, recrystallization and annealing of dislocations. The heat affected zone could extend down to100 µm below the surface after 24 pulses of irradiation. Finally, the stress affected zone was characterized by an additional hardening (8% increase, up to 168 HV) generated by the thermo-mechanical stresses induced by the pulsed electron beam. This "deep-hardening" in the stress affected zone extended for all samples down to about 400 µm below the surface.

Introduction

2024 Al alloy, as an age-hardenable Al-Cu-Mg alloy, has wide industrial applications due to its characteristics of low density, high strength and formability [START_REF] Li | Effects of re-ageing treatment on microstructure and tensile properties of solution treated and cold-rolled Al-Cu-Mg alloys[END_REF].The strength enhancement of the 2024 alloy is usually achieved via aging to obtain the main strengthening S phase (Al2CuMg)precipitates or various precursors of the S phase, such as the Guinier-Preston-Bagaryatsky (GPB) zone, S″ and S' phases [START_REF] Parel | Hardening of an Al-Cu-Mg alloy containing Types I and II S phase precipitates[END_REF][START_REF] Wang | Two types of S phase precipitates in Al-Cu-Mg alloys[END_REF][START_REF] Wang | Precipitation hardening in Al-Cu-Mg alloys revisited[END_REF]. Because of the limited solubility of Cu and Mg in the Al matrix, the highest strength of aged Al-Cu-Mg alloys is essentially restricted to precipitation strengthening and plastic deformation is considered to be an effective method to further strengthen Al-Cu-Mg alloys [START_REF] Li | Effects of re-ageing treatment on microstructure and tensile properties of solution treated and cold-rolled Al-Cu-Mg alloys[END_REF][START_REF] Zhao | Double-peak age strengthening of cold-worked 2024 aluminum alloy[END_REF]. However, these positive factors for strength enhancement-such as the precipitates formed during aging and the grain boundaries and dislocations formed during plastic deformation-play a negative role in corrosion resistance [START_REF] Wang | The intergranular corrosion susceptibility of 2024 Al alloy during re-ageing after solution treating and cold-rolling[END_REF][START_REF] Lin | Effects of Severe Cold Rolling on Exfoliation Corrosion Behavior of Al-Zn-Mg-Cu-Cr Alloy[END_REF][START_REF] Buchheit | Local dissolution phenomena associated with S Phase (Al2CuMg) particles in aluminum alloy 2024-T3[END_REF]. Considering that corrosion is strongly related to the surface states of a material, the modification of surface would be effective to improve the overall performance of the material.

The High Current Pulsed Electron Beam (HCPEB) surface modification technology, developed in Tomsk (Russia) at the institute of High Current Electronics [START_REF] Proskurovsky | Pulsed electron-beam technology for surface modification of metallic materials[END_REF][START_REF] Proskurovsky | Physical foundations for surface treatment of materials with low energy, high current electron beams[END_REF][START_REF] Ozur | Production and application of low-energy high-current electron beams[END_REF][START_REF] Proskurovsky | Low-energy high-current electron beams: production and application, 25th Anniversary[END_REF], has attracted much attention for material surface modifications. The HCPEB technique has advantages of high transient energy density, short irradiation time, high efficiency of energy adsorption and no contamination in vacuum condition when compared to other energetic beam surface modification technologies [START_REF] Muller | Surface morphology and structural modifications of Si targets submitted to intense pulsed-laser irradiations[END_REF][START_REF] Uglov | Structure, phase composition and mechanical properties of hard alloy treated by intense pulsed electron beams[END_REF].Besides, the electron beams deposition on the treated materials can induce melting even evaporating on the surface the materials, which can produce a more effective binding force between treated layer and matrix when compared to other surface modification technologies by using chemical method such as self-polymerization in aqueous solutions [START_REF] Liu | Polydopamine and its derivative materials: Synthesis and promising applications in energy, environmental, and biomedical fields[END_REF][START_REF] Zeng | Surface modification and drug delivery applications of MoS2 nanosheets with polymers through the combination of mussel inspired chemistry and SET-LRP[END_REF][START_REF] Huang | Surface functionalized SiO2 nanoparticles with cationic polymers via the combination of mussel inspired chemistry and surface initiated atom transfer radical polymerization: Characterization and enhanced removal of organic dye[END_REF] and physical method such as physical vapor depositions [START_REF] Paldey | Single layer and multilayer wear resistant coatings of (Ti,Al)N: a review[END_REF][START_REF] Prengel | Advanced PVD-TiAlN coatings on carbide and cermet cutting tools[END_REF][START_REF] Lin | The deposition and wear properties of cathodic arc plasma deposition TiAIN deposits[END_REF][START_REF] Han | High temperature wear resistance of (TiAl)N films synthesized by cathodic arc plasma deposition[END_REF][START_REF] Jindal | Performance of PVD TiN, TiCN, and TiAlN coated cemented carbide tools in turning[END_REF][START_REF] Björk | Physical vapour deposition duplex coatings for aluminium extrusion dies[END_REF][START_REF] Han | The shear impact wear behavior of Ti compound coatings[END_REF].As the high-density energy electron beam irradiates the material surface, superfast heating and cooling rates are encountered at the material surface.

For example, the cooling rates have been calculated [START_REF] Proskurovsky | Pulsed electron-beam technology for surface modification of metallic materials[END_REF][START_REF] Qin | Temperature-stress fields and related phenomena induced by a high current pulsed electron beam[END_REF][START_REF] Qin | Temperature profile and crater formation induced in high-current pulsed electron beam processing[END_REF][START_REF] Markov | The mechanism of increase of the thickness of the zone of thermal effect during pulse-periodic treatment of a target by an electron beam[END_REF]and investigated experimentally [START_REF] Zhang | Microstructure and property modifications in a near α Ti alloy induced by pulsed electron beam surface treatment[END_REF] to be of the order of 10 8 -10 9 K/s. Such a drastic temperature variation induces the formation of thermal stresses and shock waves reaching several hundreds of Mpa, which would induce severe surface deformation the materials [START_REF] Markov | Dynamic fracture of copper under the action of a relativistic high-current electron beam[END_REF][START_REF] Markov | Calculation and experimental determination of dimensions of hardening and tempering zones in quenched U7A steel irradiated with a pulsed electron beam[END_REF][START_REF] Guan | Deformation twinning in single crystal aluminum induced by high-current pulsed electron beam[END_REF][START_REF] Shubin | Plastic deformation of a metal caused by a high-current electron beam in pulses 10-8-10-7 sec long[END_REF][START_REF] Gnyusov | Deformation behavior and spall fracture of the Hadfield steel under shock-wave loading[END_REF].With repeated heating and cooling induced by successive pulsed electron beams irradiation, it has been observed that precipitates are partially or completely dissolved and that chemistry segregations are drastically reduced in the top surface melted layer where supersaturated solid solution can form [START_REF] Zou | Mechanisms of nanostructure and metastable phase formations in the surface melted layers of a HCPEB-treated D2 steel[END_REF][START_REF] Zhang | Improved pitting corrosion resistance of AISI 316L stainless steel treated by high current pulsed electron beam[END_REF].These microstructural changes improve the corrosion resistances of the surface layer which has been established in various alloys such as steels [START_REF] Zou | Mechanisms of nanostructure and metastable phase formations in the surface melted layers of a HCPEB-treated D2 steel[END_REF][START_REF] Zhang | Improved pitting corrosion resistance of AISI 316L stainless steel treated by high current pulsed electron beam[END_REF][START_REF] Okada | Surface Modification of Stainless Steel for Surgical Tool by EB-Polishing[END_REF][START_REF] Zou | Mechanisms of hardening, wear and corrosion improvement of 316 L stainless steel by low energy high current pulsed electron beam surface treatment[END_REF], Mg alloys [START_REF] Hao | Producing nano-grained and Al-enriched surface microstructure on AZ91 magnesium alloy by high current pulsed electron beam treatment[END_REF][START_REF] Lee | Improved corrosion resistance of Mg alloy AZ31B induced by selective evaporation of Mg using large pulsed electron beam irradiation[END_REF][START_REF] Liu | Effect of the high current pulsed electron beam treatment on the surface microstructure and corrosion resistance of a Mg-4Sm alloy[END_REF]and Al alloys [START_REF] Li | Corrosion behaviour of a rapidly solidified Al87.4Co7.9Ce4.7 layer prepared by large area electron beam irradiation[END_REF].Besides, due to the effect of dynamic stress fields induced by the drastic thermal processes on the material, plastic deformation occurs at the treated surface and subsurface layers, resulting in surface and subsurface microhardness enhancement [START_REF] Markov | Calculation and experimental determination of dimensions of hardening and tempering zones in quenched U7A steel irradiated with a pulsed electron beam[END_REF][START_REF] Zou | Mechanisms of hardening, wear and corrosion improvement of 316 L stainless steel by low energy high current pulsed electron beam surface treatment[END_REF][START_REF] Grosdidier | Texture modification, grain refinement and improved hardness/corrosion balance of a FeAl alloy by pulsed electron beam surface treatment in the "heating mode[END_REF].

Most of the previous works have mainly focused on the effect of the HCPEB treatment as a surface modification technique applied on materials in their as-received or annealed states [START_REF] Zou | Mechanisms of nanostructure and metastable phase formations in the surface melted layers of a HCPEB-treated D2 steel[END_REF][START_REF] Grosdidier | Texture modification, grain refinement and improved hardness/corrosion balance of a FeAl alloy by pulsed electron beam surface treatment in the "heating mode[END_REF][START_REF] Zou | Texture and microstructure at the surface of an AISI D2 steel treated by high current pulsed electron beam[END_REF].This is essentially because of the work-hardening effect induced by the HCPEB treatment that can improve the strength of the surface layer [START_REF] Markov | Calculation and experimental determination of dimensions of hardening and tempering zones in quenched U7A steel irradiated with a pulsed electron beam[END_REF][START_REF] Qin | Deep Modification of materials by thermal stress wave generated by irradiation of high-current pulsed electron beams[END_REF][START_REF] Zou | Numerical simulation of the thermal-mechanical process of high current pulsed electron beam treatment[END_REF], as well as the ability of the process to homogenize the melted layer and, consequently, improve the corrosion properties [START_REF] Jindal | Performance of PVD TiN, TiCN, and TiAlN coated cemented carbide tools in turning[END_REF][START_REF] Björk | Physical vapour deposition duplex coatings for aluminium extrusion dies[END_REF]. Comparatively, very few works have investigated the effect of the HCPEB treatment on metallic alloys that were deformed before the HCPEB treatment. In our previous work [START_REF] Yan | Formation of large grains by epitaxial and abnormal growth at the surface of pulsed electron beam treated metallic samples[END_REF], an abnormal grain growth mechanism was observed in a cold rolled 2024 Al alloy after HCPEB treatment leading to large grains with dimensions larger than 1 mm. These large grains formed at the HCPEB treated surface because of the combined occurrence of two mechanisms: epitaxial solidification and solid state abnormal grain growth. In the present work, the same cold rolled 2024 Al alloy has been treated by HCPEB under higher energy density and different pulse numbers to (i) determine the effect of the HCPEB treatment on the surface properties (such as corrosion resistance and surface hardness)and (ii) see the possibility of a potential additional sub-surface hardening.

Experimental procedures

2.1.Material preparation

The as-received commercial 2024 Al alloy was in the form of a thin sheet with 10mm in thickness. The exact chemical composition of this alloy is as follows (wt%): Al-4.3%Cu-1.5%Mg-0.6%Mn-0.3%Fe-0.3%Si.The sheet was treated with the following procedure corresponding to the so-called T9 treatment: a solutioning at 500°C for 1h terminated by water-quenching followed by a subsequent precipitation at 200 °C for 3h-to achieve the peak aging hardness-and then followed by a cold rolling at room temperature by 15% reduction in thickness. After this T9 treatment the Al 2024-T9 sheet was machined to the following dimensions 10×10×8mm 3 .Prior to the electron beam treatment, these samples were grounded with SiC sandpapers and then polished with diamond paste with a final OPS solution polishing to ensure a high quality initial surface state(Ra about 0.05μm).

2.2.HCPEB treatment

The HCPEB experiments were performed using a "HOPE-1"system,developed in Dalian University of Technology. The following treatment parameters were set: energy density of 6J/cm 2 , pulse duration of 1.5μs and 10s time interval between each pulses. It is important to note that this energy density is higher than the one used in our previous investigation of this alloy that was treated under 4J/cm 2 for 15 pulses.

The surface perpendicular to the normal direction (ND) of rolling was treated by HCPEB under6,12 and 24 pulses.

2.3.Microstructure characterization.

Surface and cross-sectional microstructures of the samples were observed by using a JEOL-6300F type SEM. In order to observe the grain structure, the samples were sometimes etched on the cross sections using the Keller reagent (2.5%HNO3+1.5%HCl+1%HF+95%H2O).The phase states in the surface layers of the samples were obtained by using X-ray diffraction (XRD) with a D/MAX2000V (Rigaku, Japan) with a Cu-Kαtarget.2θ/θ scanning mode was carried out in the range of 2θ=10~90°at a scanning rate of 5°/min. Transmission electron microscopy (TEM) was carried out to investigate in detail the microstructure at the top surface of the melted layer. To this end, the HCPEB treated sample were firstly grounded to about 30μmfromthe substrate side and then thinned, again from the substrate side, by ion milling. TEM experiments were performed by using a JEOL-2100F type apparatus.

Electron Probe Micro Analyzer (EPMA-1720,SHIMADZU,Japan) line scan was carried out on the cross section of HCPEB treated sample for chemical composition characterizations. The XPS analysis was carried out on the surface of the untreated and HCPEB treated samples by using an AXIS UltraDLD type instrument (Kratos Analytical Ltd. UK) with Al Kα X-ray source.

2.4.Electrochemical measurements and Microhardness

The electrochemical tests were performed in a 3.5wt%NaClwater solution at room temperature using a three-electrode electrochemical workstation (SP-150, Biologic, France). Standard calomel electrode was used as a reference electrode and a platinum electrode was used as the counter electrode. The tested samples were used as the working electrode and the exposed area (surfaces perpendicular to the ND) of the working electrode was 1cm 2 .Prior to the potentiodynamic polarization tests, the open circuit potential of the samples was monitored for 30min to achieve a stable potential.

Then, the potentiodynamic polarization was carried out at a scan rate of 0.5mV/s within a potential range from -500mV (vs.Eocp) to +500mV (vs.Eocp).The corrosion potential and corrosion current density were calculated by using the corrosion analysis software of the electrochemical workstation.

Vickers micro-hardness tests were carried out by using a 402SXV Digital Micro Vickers Hardness Tester. The in-depth hardness (on cross section) as well as the top surface hardness were tested under 25g load. Twelve measurements were done for each sample at a given depth to ensure the hardness reliability.

Results

Microstructure modifications analysis

Figure 1 shows the Back Scattering Electron (BSE)and TEM images of the as-received untreated sample. Some coarse second phase particles (about 10 μm, white arrowed) in white contrast can be observed in Figure 1a.These coarse particles, often aligned along the rolling direction, that are called the constituent phases [START_REF] Wang | Precipitates and intermetallic phases in precipitation hardening Al-Cu-Mg-(Li) based alloys[END_REF] or the intermetallic particles [START_REF] Boag | Corrosion of AA2024-T3 Part I : Localised corrosion of isolated IM particles[END_REF], are formed during the solidification process. The composition of these particles has been previously investigated [START_REF] Buchheit | Local dissolution phenomena associated with S Phase (Al2CuMg) particles in aluminum alloy 2024-T3[END_REF][START_REF] Wang | Precipitates and intermetallic phases in precipitation hardening Al-Cu-Mg-(Li) based alloys[END_REF][START_REF] Glenn | Defect density associated with constituent particles in AA2024-T3 and its role in corrosion[END_REF][START_REF] Boag | How complex is the microstructure of AA2024-T3 ?[END_REF][START_REF] Hughes | Corrosion of AA2024-T3 Part II: Co-operative corrosion[END_REF] and the exact nature of these particles can be classified into 4 intermetallic compounds having different chemical compositions:Al2CuMg, Al6(Cu,Fe,Mn), Al7Cu2Fe and (Al,Cu)6Mn were reported by Buchheit [START_REF] Buchheit | Local dissolution phenomena associated with S Phase (Al2CuMg) particles in aluminum alloy 2024-T3[END_REF]. Besides, these particles can also be classified into two groups-(Al,Cu)x(Fe,Mn)ySi and AlCuFeMn-based on their Si content and Cu/Fe ratio, which resulted indifferent corrosion behaviors [START_REF] Boag | Corrosion of AA2024-T3 Part I : Localised corrosion of isolated IM particles[END_REF][START_REF] Hughes | Corrosion of AA2024-T3 Part II: Co-operative corrosion[END_REF].Those Fe/Si-containing particles are proved to be insoluble under subsequent solid state heat treatment due to the low solubility of Fe and/or Si in the Al matrix [START_REF] Wang | Precipitates and intermetallic phases in precipitation hardening Al-Cu-Mg-(Li) based alloys[END_REF]. These particles are considered to be the initiation sites for localized corrosion in the alloy. Figure 1bshows a typical Bright Field (BF) TEM image of the untreated sample at high magnification. Thus, excluding the constituent phases, two types of fine second phase particles are present in the Al matrix. The rod-like shape particles distributed inside grains/subgrains are the T-phase dispersoids [START_REF] Wang | Precipitates and intermetallic phases in precipitation hardening Al-Cu-Mg-(Li) based alloys[END_REF].These dispersoids were formed during the homogenization treatment and did not dissolve or re-precipitate during subsequent heat treatment [START_REF] Chen | Morphologies , orientation relationships , and evolution of the T-phase in an Al-Cu-Mg-Mn alloy during homogenisation[END_REF].In the 2024 Al alloy, the main dispersoids are derived from the Al20Cu2Mn3phase.Because of the stability of the T phase dispersoids, they play an important role ingrain size refinement and strength improvement of this type of Al alloys. Another phase having a lath type structure distributed in grains/subgrains and grains/subgrains boundaries is Al2CuMg (so called S phase).These S phase precipitates are the main strengthening phase in 2024 Al alloy and they formed via an isothermal precipitation process. Meanwhile, the S phase precipitates are prone to dissolve in corrosive environments due to their active corrosion potential when compared with the Al matrix [START_REF] Buchheit | Local dissolution phenomena associated with S Phase (Al2CuMg) particles in aluminum alloy 2024-T3[END_REF][START_REF] Boag | Stable pit formation on AA2024-T3 in a NaCl environment[END_REF]and this leads to the severe pitting corrosion and intergranular corrosion [START_REF] Wang | The intergranular corrosion susceptibility of 2024 Al alloy during re-ageing after solution treating and cold-rolling[END_REF][START_REF] Bonfils-Lahovary | Characterization of intergranular corrosion defects in a 2024 T351 aluminium alloy[END_REF].The S phase has a Cmcm structure with lattice parameters a=0.400nm,b=0.923nm,c=0.714nm and precipitates as laths on the {120} Al habit planes that are elongated along the <100>Al directions [START_REF] Parel | Hardening of an Al-Cu-Mg alloy containing Types I and II S phase precipitates[END_REF][START_REF] Wang | Two types of S phase precipitates in Al-Cu-Mg alloys[END_REF][START_REF] Wang | Precipitates and intermetallic phases in precipitation hardening Al-Cu-Mg-(Li) based alloys[END_REF][START_REF] Bagaryatsky | Structural changes on aging Al-Cu-Mg alloys[END_REF][START_REF] Ringer | Precipitation reactions in Al-4.0Cu-0.3Mg (wt.%) alloy[END_REF][START_REF] Cheng | Optimizing the strength and ductility of fine structured 2024 Al alloy by nano-precipitation[END_REF][START_REF] Wang | The assessment of GPB2/S″ structures in Al-Cu-Mg alloys[END_REF].Figure 1c is the corresponding Selected Area Electron Diffraction(SAED) pattern (B=[-112])of Figure 1b.The sharp diffraction spots of the Al matrix are visible in the pattern. Besides, weak diffraction spots (marked by dotted oval in Figure 1c) in the (0-42) direction are also seen and were identified to correspond to the S laths [START_REF] Bai | Microstructures and fatigue fracture behavior of an Al-Cu-Mg-Ag alloy with a low Cu/Mg ratio[END_REF][START_REF] Zhang | Influences of Mg content on the microstructures and mechanical properties of cast Al-2Li-2Cu-0.2Zr alloy[END_REF]. A Dark Field (DF) image obtained from these diffraction spots is given in Figure 1d. In the 2024 alloy, the size and distribution of these precipitates can be adjusted by the selection of thermomechanical processing parameters and several publications have reported on the mechanical property improvement by obtaining nano-size S phases [START_REF] Cheng | Optimizing the strength and ductility of fine structured 2024 Al alloy by nano-precipitation[END_REF][START_REF] Sha | Nanostructure of aluminium alloy 2024: Segregation, clustering and precipitation processes[END_REF].

Figure 2 presents BSE images taken at two different magnifications of the HCPEB treated sample surfaces. Figures 2a and2b show the BSE images taken on the surface of the sample treated with 6 pulses. Numerous white contrast domains with blurred edges formed on the surface after treatment. These white domains correspond to the remaining intermetallic particles(white arrowed). The edges of these intermetallic particles are blurred because they were melted during the repeated electron beam irradiations. It is also interesting to notice the absence of T phase dispersoids and S phase precipitates in Figure 2b.This suggests that these fine particles were completely dissolved in the melted layer after 6 pulses of HCPEB treatment. Besides, many small black voids (black arrowed) are visible in the melted layer (shown in Figure 2b).They are fine shrinkage cavities formed during the solidification process and have been observed in other investigations [START_REF] Zou | Mechanisms of nanostructure and metastable phase formations in the surface melted layers of a HCPEB-treated D2 steel[END_REF][START_REF] Yan | Formation of large grains by epitaxial and abnormal growth at the surface of pulsed electron beam treated metallic samples[END_REF][START_REF] Samih | Microstructure modifications and associated hardness and corrosion improvements in the AISI 420 martensitic stainless steel treated by high current pulsed electron beam (HCPEB)[END_REF].Finally, some small cracks are present at the interface between the large partially melted intermetallic particles and the Al matrix (arrowed in white). Figures 2c and2d are BSE images obtained on the 12 pulse treated surfaces. The observations are rather similar to the one seen for the 6 pulsed treated samples with the interfaces of the large intermetallic particles being even less clear. Finally, Figures 2e and2f are typical BSE images of the 24 pulse treated surface. From Figure 2f, it appears also that a limited number of remaining intermetallic particles is visible on the 24 pulsed treated surface, indicating an almost complete dissolution of the large intermetallic particles after 24 pulses of HCPEB treatment. Most of the white contrasts visible in Figure 2e are not due to the remaining intermetallic particles but more to the edge effect along large porosities. Indeed, it is worth noting that, while the amount of small and rounded porosities and cavities (black arrowed) is less than that on the 6 and 12 pulse treated samples, the shrinkage cavities formed in the 24 pulsed samples were larger and elongated (red arrows). As will be seen in Figures 3 and10 respectively, these larger shrinkage cavities (Figure 3) are likely due to the combined effects of a thicker melted zone and bigger volume to solidify from the substrate toward the surface as well as selective evaporation under the action of the electron beam (Figure 10). As will be confirmed by the relative absence of substantial chemical contrast in the SEM images of Figure 3c, the remnant white contrast that is visible at the periphery of the elongated shrinkage cavities in Figure 2fis essentially due to a more important electron density emission due to the local different topology. The melted layer has a depth of about5.5μmwhich can be estimated from the aspect of the interface of some of the remnant large intermetallic particles. While the upper part of the particle was melted, leaving a blurred interfacial contrast, its lower part that remained solid presents a clear interface between the intermetallic particle and its matrix. The fact that this large particle presents two vertical cracks is likely the result of the thermal stresses generated during the HCPEB treatment [START_REF] Zhang | Evolution of residual stress states in surface layers of an AISI D2 steel treated by low energy high current pulsed electron beam[END_REF]on this rather brittle intermetallic phase. Figure 3bshows the cross section BSE image of 12 pulse treated sample where it is visible that the thickness of the melted layer has increased to about 7μm.As the life time of the melt increased with the number of pulses, this resulted in a better liquid state mixing time and a reduction of the segregation scale accompanied with a more advanced dissolution of the large constituent phases. In Figure 4 shows cross-sectional SEM images of the etched (Keller reagent) samples after the HCPEB treatments. Figures 4a,4b and4c show the morphologies of the 6,12 and 24 pulsed treated samples, respectively. The melted layer and the upper part of the HAZ are highly visible at the top of the treated samples because they do not show much grain boundary contrast. Only some elongated thin grains lying below the melted layer are visible (double arrowed). The reason for the presence of these elongated grains has been investigated in our previous work [START_REF] Yan | Formation of large grains by epitaxial and abnormal growth at the surface of pulsed electron beam treated metallic samples[END_REF].They form in the upper region of the HAZ by secondary recrystallization (i.e. abnormal grain growth) due to the unpinning of the grain boundaries associated with the precipitate dissolution. On top of them, the melted domain re-solidify by epitaxial growth leading, ultimately, to the presence of surface grains having a kind of "pancake shape" that can reach several mm in length for a thickness of about a tens of µm. The change in contrast, visible perpendicularly to the melted surface and outline in Fig. 4c, witnesses this mechanism of columnar epitaxial growth (along the arrow). Below, some small equiaxed grains (single arrowed) with dimensions less than 5µm are visible. These grains must have form by a "more conventional" primary recrystallization process.

Figure 5 shows the TEM images of the melted layers treated by6 (Figures 5a and5b)and 24 (Figures 5c to 5e) pulses. Figures5a and 5bare the Bright Field (BF) image and corresponding SAED pattern of the 6 pulse treated sample. The BF image was taken in a large single grain and no precipitate or dispersoid are visible. The corresponding SAED pattern, where only diffraction spots of the Al matrix are visible, confirms the absence of precipitates belonging to the T and S phases. This result is consistent with the SEM results shown in Figures 2b and3a. Besides, the black fringes contrasts in Figure 5asuggest the existence of residual internal stresses. Finally, some white rounded domains are porosities (red arrowed in Figure 5a) which correspond to the small shrinkage cavities formed during the multiple melting /solidification process.Figures5c and 5d are a BF image and its corresponding SAED pattern taken in the melted zone of the 24 pulsed treated sample. Only diffraction spots of the Al matrix are visible in the diffraction pattern of Figure 5d but several fine domains suggesting ultrafine grains and/or subgrains are visible in Figure 5c.Figure 5e shows a High Resolution TEM image of one of these domains (marked 1) and the corresponding Fast Fourier Transform (FFT) diffraction pattern (inset in Figure 5e)which confirms the α-Al nature of this ultrafine subgrain.

Figure 6 gives the XRD analysis of the samples before and after the HCPEB treatment. As shown in Figure 6a,onlydiffraction peaks for α-Al are visible in the XRD traces of untreated and treated samples. This is due to the low volume fractions of the second phase particles (Intermetallic particles, T phases and S phases) are too low to be detected by X-ray. For the untreated sample, the (111),( 200),( 220) and (311) peaks of theα-Al are clearly visible. After HCPEB treatment, no new phases were detected but the intensities of the (111),( 200) and (311) Al peaks were weakened compared to the much stronger intensity of the(220) Al peak. This suggests the formation of a <110>//ND texture after HCPEB treatment. This texture is in fact due to the preferential growth of (110) oriented grains occurring beneath the melted layer and combined with the epitaxial grain growth during the solidification of the layer [START_REF] Yan | Formation of large grains by epitaxial and abnormal growth at the surface of pulsed electron beam treated metallic samples[END_REF].Meanwhile, as illustrated with the enlargement done on the (220) peaks shown in Figure 6b, the diffraction peaks of Al were shifted towards higher angles after the HCPEB treatments. This indicates that the crystallographic face centered cubic cell size has shrunk after HCPEB. Figure 6c shows the associated evolution of the lattice parameters of the α-Al matrix before and after HCPEB treatment calculated from these XRD data. The Δ2θ shift angles for the (220) peak are 0.22°,0.23° and 0.16° for the 6,12 and 24 pulse treated samples, respectively. Thus, the initial lattice parameter of 0.4062 nm decreases to 0.4050 nm,0.4049nm and 0.4053 nm after 6,12and 24 pulses of treatments, respectively. This general trend of the reduction in lattice parameter with the number of pulses is similar to what was reported in previous works on Mg alloys [START_REF] Liu | Effect of the high current pulsed electron beam treatment on the surface microstructure and corrosion resistance of a Mg-4Sm alloy[END_REF][START_REF] Gao | High current pulsed electron beam treatment of AZ31 Mg alloy[END_REF].

Modification of properties

Microhardness

Figure 7 shows the cross-sectional microhardness evolutions of the HCPEB treated samples. The microhardness at depth=0 was measured directly on the treated surface while the other data were obtained on the cross section. The microhardness of the untreated sample (about 155HV) is indicated by dotted lines in the figures. For all cases, a softening has been induced by the HCPEB treatment at the top of the surface (at least over 35µm). Indeed, taken on the two first data (surface and at depth of 25 µm) the average microhardness of the melted layers has decreased-from 155HV for the untreated sample -to 111 HV, 109HV and the minimum value of 108 HV for the 6, 12 and 24 pulse treated samples, respectively. Some softening is also revealed by the hardness profile below the top surface, in particular for the 24 pulsed sample for which the hardness remains below the initial value of 155 HV over a depth reaching about100μm. This domain below the melted zone that has been soften corresponds to the heat affected zone where the precipitation and/or the dislocations present in the initial samples were affected. Comparatively, the hardness increases beneath the soften sub-layers and reaches the highest values at the depth about 300-400μmdepending on the treatment condition. This is due to the deep-hardening phenomenon where additional structural defects (vacancies, dislocations) are produced by the thermo-mechanical wave in the stress affected zone (SAZ) [START_REF] Markov | Calculation and experimental determination of dimensions of hardening and tempering zones in quenched U7A steel irradiated with a pulsed electron beam[END_REF][START_REF] Grosdidier | Texture modification, grain refinement and improved hardness/corrosion balance of a FeAl alloy by pulsed electron beam surface treatment in the "heating mode[END_REF][START_REF] Qin | Deep Modification of materials by thermal stress wave generated by irradiation of high-current pulsed electron beams[END_REF][START_REF] Dudarev | Dislocation substructure formed by irradiating iron with a low-energy high-current electron beam[END_REF].The most efficient sub-surface hardening is obtained for the 6 pulsed sample with a continuous hardening extending in the SAZ between 40 to 420 µm and a maximum value of about 168 HV at a depth of 300μm.Figure 7dshowsthe evolution of the thickness of different zones (MZ, HAZ, Deep-hardened SAZ) with the pulse numbers.

While the melted zone increases rapidly from 5.5 µm (for 6 pulses) towards a plateau located at about 8 µm, the thickness of the HAZ increases more progressively from 35 µm (for 6 pulses), towards 80 µm (12 pulses) and then 90 µm (24 pulses).

Comparatively -because the overall thickness affected by the electron beam remains constant at about 420 µm -the deep-hardened zone is maxim for the 6 pulsed sample in which the HAZ is minimum and decreases subsequently when the number of pulses increase due to the increase in thickness of the HAZ.

Corrosion properties

Figure 8 presents the potentiodynamic polarization curves of the untreated and HCPEB treated samples and the corresponding corrosion data are shown in Table 1.The corrosion potentials Ecorr and corrosion current densities icorr were calculated by using the Tafel extrapolation method on the curves. According to the data, the HCPEB treated samples have nobler corrosion potentials and lower corrosion current densities when compared to the untreated sample. The best corrosion resistance is achieved in the sample treated with 24 pulses. Its corrosion potential is -0.549mV,which is 0.112mvnobler than that of the untreated sample (Ecorr=-0.661mV). Meantime, its corrosion current density is 0.039µA/cm 2 ,about two orders of magnitude lower than that of the untreated sample (icorr=1.046µA/cm 2 ).

Figure 9 shows the morphologies of the sample surfaces after the electrochemical tests. Figure 9a is a typical BSE image of the untreated sample after corrosion test and Figure 9b and 9c are the corresponding EDS mappings of the Al and O elements, respectively. Figure 9a shows a typical corroded surface morphology of the 2024 Al alloy, which is similar to that reported in literature [START_REF] Hughes | Corrosion of AA2024-T3 Part II: Co-operative corrosion[END_REF]. There are amounts of dark domains on the corroded surface, which are the sites of corrosion products. As is reported in [START_REF] Hughes | Corrosion of AA2024-T3 Part II: Co-operative corrosion[END_REF],the red arrow domains are depicted as rings of corrosion product and the white arrow domains are depicted as domes of corrosion product, respectively. Both were formed surrounding the intermetallic particles. As EDS mapping results displayed in Figures 9b and9c,the major corrosion product is Al2O3,which is consistent with previous studies [START_REF] Hughes | Corrosion of AA2024-T3 Part II: Co-operative corrosion[END_REF].As is shown in Figures 9d and9f,the amount of rings and domes of corrosion products on the corroded surfaces decreases for 6 pulse and 12 pulse treated samples and lots of small corrosion pits can be founded in 6 pulses treated surface (black arrow in Figure 9e). However, for 24 pulses treated sample, the rings and domes of corrosion product disappeared while only some small corrosion pits could be seen on the corroded surface, which means a significant decrease in corrosion products on the surface.

Discussion

When the material is treated by pulsed electron beams, the surface of the material is quickly heated and melted followed by rapid solidification. This can lead to the formation of metastable microstructures such as supersaturated solid solution and nanograins or nanodomains [START_REF] Proskurovsky | Physical foundations for surface treatment of materials with low energy, high current electron beams[END_REF][START_REF] Zou | Mechanisms of nanostructure and metastable phase formations in the surface melted layers of a HCPEB-treated D2 steel[END_REF][START_REF] Hao | Producing nano-grained and Al-enriched surface microstructure on AZ91 magnesium alloy by high current pulsed electron beam treatment[END_REF][START_REF] Grosdidier | Texture modification, grain refinement and improved hardness/corrosion balance of a FeAl alloy by pulsed electron beam surface treatment in the "heating mode[END_REF][START_REF] Zou | Texture and microstructure at the surface of an AISI D2 steel treated by high current pulsed electron beam[END_REF][START_REF] Yan | Formation of large grains by epitaxial and abnormal growth at the surface of pulsed electron beam treated metallic samples[END_REF][START_REF] Dudarev | Dislocation substructure formed by irradiating iron with a low-energy high-current electron beam[END_REF][START_REF] Hao | Surface treatment of aluminum by high current pulsed electron beam[END_REF][START_REF] Dong | Surface treatment by high current pulsed electron beam[END_REF][START_REF] Zhang | Surface microstructure and property modifications in a Mg-8Gd-3Y-0.5Zr magnesium alloy treated by high current pulsed electron beam[END_REF].Meanwhile, the drastic variation of temperature induces dynamic thermal stresses from the surface towards the material core, which leads to plastic deformation and deep hardening at the subsurface [START_REF] Qin | Temperature-stress fields and related phenomena induced by a high current pulsed electron beam[END_REF][START_REF] Markov | Calculation and experimental determination of dimensions of hardening and tempering zones in quenched U7A steel irradiated with a pulsed electron beam[END_REF][START_REF] Shubin | Plastic deformation of a metal caused by a high-current electron beam in pulses 10-8-10-7 sec long[END_REF][START_REF] Zou | Mechanisms of hardening, wear and corrosion improvement of 316 L stainless steel by low energy high current pulsed electron beam surface treatment[END_REF][START_REF] Grosdidier | Texture modification, grain refinement and improved hardness/corrosion balance of a FeAl alloy by pulsed electron beam surface treatment in the "heating mode[END_REF][START_REF] Qin | Deep Modification of materials by thermal stress wave generated by irradiation of high-current pulsed electron beams[END_REF][START_REF] Zou | Numerical simulation of the thermal-mechanical process of high current pulsed electron beam treatment[END_REF][START_REF] Samih | Microstructure modifications and associated hardness and corrosion improvements in the AISI 420 martensitic stainless steel treated by high current pulsed electron beam (HCPEB)[END_REF][START_REF] Gao | High current pulsed electron beam treatment of AZ31 Mg alloy[END_REF][START_REF] Zhang | Surface microstructure and property modifications in a Mg-8Gd-3Y-0.5Zr magnesium alloy treated by high current pulsed electron beam[END_REF]. Also, corrosion improvements have often been reported after HCPEB [START_REF] Zhang | Improved pitting corrosion resistance of AISI 316L stainless steel treated by high current pulsed electron beam[END_REF][START_REF] Zou | Mechanisms of hardening, wear and corrosion improvement of 316 L stainless steel by low energy high current pulsed electron beam surface treatment[END_REF][START_REF] Liu | Effect of the high current pulsed electron beam treatment on the surface microstructure and corrosion resistance of a Mg-4Sm alloy[END_REF][START_REF] Li | Corrosion behaviour of a rapidly solidified Al87.4Co7.9Ce4.7 layer prepared by large area electron beam irradiation[END_REF][START_REF] Samih | Microstructure modifications and associated hardness and corrosion improvements in the AISI 420 martensitic stainless steel treated by high current pulsed electron beam (HCPEB)[END_REF].

In the following discussion, we will examine successively (i) the effect of the HCPEB treatment on the microstructure modification at the surface and sub-surface and its effect on local hardening/softening, then (ii) the effect of these microstructure modifications on the corrosion properties of this cold rolled 2024 Al alloy. To outline the interest of the present research, it is important to recall here that after the T9 treatment -contrary to what was done previously in most HCPEB studies for which the materials were not optimized -the 2024 Al alloy investigated here was previously hardened by a solutioning + precipitation treatment followed by a 15% of work hardening.

Microstructure and hardness modification under HCPEB

In general, the cross section of the samples treated by HCPEB can be divided into three zones having distinctive features induced by this thermal and thermo-mechanical treatment: i) a top surface melted layer (ML ~ some µm)where the material was remelted repeatedly and rapidly solidified (with a more homogenous chemical composition), ii) a sub-surface Heat Affected Zone (HAZ ~ several tens of µm) where solid-state phase transformations, annealing and recrystallization can potentially occur and iii) a stress affected zone (SAZ ~ several 100µm) where the materials are hardened by the thermal stress waves. We will discuss hereafter the features formed in each of these three zones.

Melted zone

As seen in Figure 3 and consistently with several previous research works on HCPEB treatment, the thickness of the melted zone increased slightly with the number of pulses of irradiation [START_REF] Markov | The mechanism of increase of the thickness of the zone of thermal effect during pulse-periodic treatment of a target by an electron beam[END_REF][START_REF] Zhang | Microstructure and property modifications in a near α Ti alloy induced by pulsed electron beam surface treatment[END_REF][START_REF] Markov | Calculation and experimental determination of dimensions of hardening and tempering zones in quenched U7A steel irradiated with a pulsed electron beam[END_REF][START_REF] Zou | Mechanisms of nanostructure and metastable phase formations in the surface melted layers of a HCPEB-treated D2 steel[END_REF][START_REF] Hao | Producing nano-grained and Al-enriched surface microstructure on AZ91 magnesium alloy by high current pulsed electron beam treatment[END_REF][START_REF] Liu | Effect of the high current pulsed electron beam treatment on the surface microstructure and corrosion resistance of a Mg-4Sm alloy[END_REF][START_REF] Li | Corrosion behaviour of a rapidly solidified Al87.4Co7.9Ce4.7 layer prepared by large area electron beam irradiation[END_REF][START_REF] Zhang | Surface microstructure and property modifications in a Mg-8Gd-3Y-0.5Zr magnesium alloy treated by high current pulsed electron beam[END_REF]. After multiple pulses treatment on the cold rolled 2024 Al alloy, the top surface was melted and rapidly solidified, which resulted in the progressive dissolution of the large constituent intermetallic particles and their almost complete disappearance after 24 pulses of irradiation. Figure 10 presents an EPMA line scan analysis carried out, on a cross section of the 24 pulsed sample, at a location where some remaining white contrast of a former large constituent particle was still visible. This line scan reveals locally a slightly Cu-enriched area at the beginning of the scan that witnesses the fact that the dissolution of the Cu-rich particles was taking place. The melting and redistribution of the chemistry of these Cu-rich particles -with Cu atoms remaining trapped in the Al solid solution -is likely the main contributor to the lattice parameter modification and associated XRD peak shifts observed in Figure 6. As the atomic radii of the metallic Al and Cu atoms are 0.1431nm and 0.1278nm, respectively, Cu in the solid solution of Al results in a decrease of a lattice parameter [START_REF] Zhang | Stability of supersaturated solid solution of quenched Al-X (X = Zn, Mg, Cu) binary alloys[END_REF]. Another interesting result revealed by the EPMA line scan given in Figure 10 is the fact that there is a depletion (difficult to quantify accurately) in Al at the top surface over about 1 to 2 µm. To gain more insights on the surface chemistry modifications, XPS as well as EDX analyses have been carried out on the top surface of untreated and 24 pulses treated samples.

The main results are displayed in Figures 11a and11bof XPS profiles relative to Al and Mg elements while Figures 11c and11d give the EDS maps done by using the O element and its corresponding SEM image. In Figure 11a, the two peakslocatedat75.5 eV and 72.5eV in the untreated material are related to the Al 3+ emission in the surface oxide layer (i.e., Al2O3)and the Al substrate, respectively [START_REF] Xu | Temperature-induced structural evolution of Sm nanoparticles on Al2O3 thin film: An in-situ investigation using SRPES, XPS and STM[END_REF].Comparatively, after the HCPEB treatment, the peak intensity of Al at 72.5 eV has reduced significantly while the intensity of Al2O3 peak remained. This indicates that metallic Alis not present within the first several nm of the top surface and that only the oxide form was detected after the HCPEB treatment. Besides, it can also be seen in Figure 11a thatthe peak of Al2O3moves toward slightly lower binding energies after 24 pulses of treatment, which is due to the thermal effect induced by the HCPEB [START_REF] Xu | Temperature-induced structural evolution of Sm nanoparticles on Al2O3 thin film: An in-situ investigation using SRPES, XPS and STM[END_REF].As is shown Figure 11b, the peaks located at 1304.4 eV in the Mg 1s spectra of untreated and the 24 pulsed samples are related to MgO [START_REF] Huang | Preparation of polyethylene polyamine@tannic acid encapsulated MgAl-layered double hydroxide for the efficient removal of copper (II) ions from aqueous solution[END_REF]. The intensity of the MgO peak increased after 24 pulses of HCPEB treatment, which indicates an enrichment in Mg at the top surface after HCPEB. The EDS map in Figure 11d, combined with SEM images in Figure 11c, shows that the oxides are not distributed homogeneously on the top surface. Such significant change in chemistry of some specific elements at the very top surface is known to be associated to a selective evaporation/condensation process [START_REF] Zou | Analysis of the evaporation and re-condensation processes induced by pulsed beam treatments[END_REF].

Selective evaporation processes have been observed in several alloys such as

NiTi [START_REF] Zhang | Surface modification of Ni (50.6at.%) Ti by high current pulsed electron beam treatment[END_REF][START_REF] Zou | Selective surface purification via crater eruption under pulsed electron beam irradiation[END_REF][START_REF] Zhang | Improved in vitro corrosion resistance of a NiTi alloy by high current pulsed electron beam treatment[END_REF], steels [START_REF] Samih | Microstructure modifications and associated hardness and corrosion improvements in the AISI 420 martensitic stainless steel treated by high current pulsed electron beam (HCPEB)[END_REF][START_REF] Zou | Selective surface purification via crater eruption under pulsed electron beam irradiation[END_REF], Mg alloys [START_REF] Lee | Improved corrosion resistance of Mg alloy AZ31B induced by selective evaporation of Mg using large pulsed electron beam irradiation[END_REF] as well as CoCrAlY coatings [START_REF] Cai | Surface modification of CoCrAlY coating by high-current pulsed electron beam treatment under the "evaporation" mode[END_REF].

While it is well established from the analysis of several Mg alloys containing Al that a selective evaporation of Mg takes place over Al [START_REF] Hao | Producing nano-grained and Al-enriched surface microstructure on AZ91 magnesium alloy by high current pulsed electron beam treatment[END_REF][START_REF] Gao | High current pulsed electron beam treatment of AZ31 Mg alloy[END_REF][START_REF] Wu | Corrosion Resistance of AZ91 Mg Alloy Modified by High-Current Pulsed Electron Beam[END_REF], our results can be explained by the condensation (i.e. redeposition) of some of the evaporated Mg and Al oxidation in the HCPEB chamber. Such a process has been studied in detail by Zou et al [START_REF] Zou | Analysis of the evaporation and re-condensation processes induced by pulsed beam treatments[END_REF].

In the melted layer, the micro-hardness results obtained on cross-section at the top surface and given in Figures 7a to 7c demonstrate that a sharp softening is observed for all the samples treated by HCPEB. This is due to the complete suppression or hindering of the hardening modes initially induced by the T9 treatment:

(i) the suppression of the fine particles such as the S phase precipitates and T phase dispersoids in the remelted layer due to the rapid solidification as well as (ii) the disappearance of the dislocations generated during cold rolling.

Heat affected zone

Beneath the melted layer of the treated samples, there is a zone in which the hardness is less than the untreated one (at about 155HV) that spreads over several µm to several tens of µm depending on the number of HCPEB pulse irradiations. In the heat affected zone, that remained solid below the melted layer. The presence of both the coarse constitutive particles and most of the T precipitates was observed. However, because of the heat that was generated, a solid state solutioning of most of the S-phase dispersoids took place and this has led to the occurrence of recrystallization mechanisms: both of primary (fine grains) and secondary (large grains) types. Figure 12 shows the cross-sectional SEM images of HCPEB treated samples by low pulse numbers (6 pulses) and high pulse numbers (24 pulses) in different zones along the cross section to illustrate the variation in distribution of the S precipitates (white arrowed) along the depth. Figures 12a and12b were taken in the heat affected zone (HAZ) at about 20µm and 50 µm away from the top surface melted layers for the 6 and 24 pulsed samples, respectively. Compared to the images in Figures 12c and12d that were taken in the stress affected zone, it is clear that most of the S precipitates were dissolved in the HAZ. This observation further confirms the solid state solutioning of the S-phase precipitates in the heat affected zone. In addition to the dissolution of the S-precipitates, some annealing of the dislocations initially produced during cold rolling process as well as a recrystallization process took place in the HAZ, as observed in Figure 4and a previous paper [START_REF] Yan | Formation of large grains by epitaxial and abnormal growth at the surface of pulsed electron beam treated metallic samples[END_REF]. Thus, some softening (Figure 7) is observed in the HAZ and is associated with the redissolution of the S-precipitates as well as the structural modifications such as dislocation annealing or recrystallization that occurred in this area [START_REF] Yan | Formation of large grains by epitaxial and abnormal growth at the surface of pulsed electron beam treated metallic samples[END_REF]. While the HAZ was only35µm thick after 6 pulses (Figure7a and 7d)it reached almost 90µm after 24 pulses of HCPEB treatment (Figures 7c and7d).

Stress affected zone

As seen in Figure 7, the subsurface layer below the heat affected zones was hardened. This zone, often called "deep-hardening" zone [START_REF] Qin | Deep Modification of materials by thermal stress wave generated by irradiation of high-current pulsed electron beams[END_REF], is a work-hardened domain associated with the thermo-mechanical stresses induced by the pulsed electron beams and the propagation of a kind of "dynamic stress wave" in a domain where the temperature is low enough to inhibit the annealing of the strain induced dislocations [START_REF] Qin | Temperature-stress fields and related phenomena induced by a high current pulsed electron beam[END_REF][START_REF] Markov | Calculation and experimental determination of dimensions of hardening and tempering zones in quenched U7A steel irradiated with a pulsed electron beam[END_REF][START_REF] Qin | Deep Modification of materials by thermal stress wave generated by irradiation of high-current pulsed electron beams[END_REF].Besides, it can also be seen that the size of the S precipitates in the stress affected zone of the 24 pulsed sample (Figure 12d) is thicker than those observed for the 6 pulsed sample (Figure 12c).This is because of the thermal effect in this area which is not sufficient for dissolution of the S precipitates but strong enough to enhance their coarsening. This effect is enhanced when the pulse number increases.

Because of this growth of the S precipitates together with the antagonist effects of the multiplication of dislocations by strain hardening and their recovery when the temperature increases, the most effective sub-surface hardening is obtained after a low number of HCPEB pulses (6 pulses) for which the HAZ is also less developed.

Because the initial alloy was already hardened by the T9 treatment (precipitation hardening and 15% cold work) the subsurface hardening after 6 pulses could not reach more than an additional hardening of about 8% (from 155 HV to 168 HV) at depths ranging from about 100 to 400 µm below the surface. The softening was at the surface where both the ML as well as the HAZ were softened either (i) significantly by the suppression of the major hardening phases as well as (for upper part of the HAZ) recrystallization or (ii) or, more mildly, in the lower part of the HAZ by recovery and annealing of the dislocations that were introduced in by the T9 treatment. Comparatively, deep hardening was introduced in the SAZ at thicknesses as deep as 400 µm by the multiplication of dislocations induced by the stress wave induced thermo-mechanical effect of the HCPEB.

Corrosion properties

It has been established in previous works [START_REF] Li | Localized corrosion of laser surface melted 2024-T351 aluminium alloy[END_REF][START_REF] Liu | Corrosion mechanism of laser-melted AA 2014 and AA 2024 alloys[END_REF]that the increase of copper in the Al matrix increases the corrosion potential of Al matrix. As is discussed above, a melted layer less than 10µm with Cu content enrichment due to the dissolution of the large constituent intermetallic particles was formed. Also, less dislocations were retained in the melted layer than in the initial cold rolled 2024 Al after the HCPEB treatment. As revealed in Figure 3, the melted layers consisted of supersaturated solid solution without second phase particles such as S (Al2CuMg) and T (Al20Cu2Mn3) phases. These different factors have resulted in an overall corrosion resistance improvement. As is shown in Figure 8,the 24 pulsed sample presented the best corrosion resistance. When treated by 6 pulses and 12 pulses, there was still some partially melted coarse constituent intermetallic particles left in the surface layer while they were almost completely dissolved after 24 pulses. The presence of these residual intermetallic particles can promote localized corrosion around these intermetallic particles and cause galvanic corrosion between the intermetallic particles and the surrounding matrix [START_REF] Hughes | Corrosion of AA2024-T3 Part II: Co-operative corrosion[END_REF]. Comparatively, after 24 pulses of HCPEB treatment, the composition homogenization was improved and the Cu enrichment in the Al matrix better achieved in the top melted surface. Hence, as it can be seen in Figure 9 that there are still lots of corrosion products (Al2O3) formed on the 6 pulsed and 12 pulsed surfaces and few corrosion products (Al2O3) formed at the 24 pulse treated surface after electrochemical test. Apart from second phase particles, solidification defects such as cavities and surface cracks also affect the corrosion resistance of the treated samples as they can serve as the initiation sites for localized corrosion.

Conclusions

The aim of the present work was to investigate the microstructure modification induced by HCPEB treatments (6, 12 and 24 pulses) as well as their effects on corrosion and surface or sub-surface hardening of a cold rolled 2024 Al alloy.

Contrary to what was done previously in most HCPEB studies for which the materials were not optimized, the 2024 Al alloy investigated here was in the so-called T9 metallurgical state and was thus previously hardened by (i) a solutioning+ precipitation treatment followed by (ii) 15% of work rolling.

Four zones having distinctive features were induced by the thermal and thermo-mechanical fields generated by the HCPEB treatment.

i)The very top (several nanometers) surface was affected by evaporation/condensation and oxidation processes, leading to the redeposition of some evaporated Mg and formation of Al oxidized particles.

ii) The top surface melted layer that was rapidly solidified consisted essentially of a Al supersaturated solid solution where the precipitation of the S and T phases was suppressed. The thickness of the melted zone increased slightly with the number of pulsed irradiation. After 24 pulses, the progressive dissolution of the largeCu-rich constituent intermetallic particles was almost fully completed. Thus, the more homogeneous and Cu-rich surface -containing also less structural defects than the initial material -of the 24 pulsed sample showed the best corrosion properties in the 3.5% NaCl water solution. Comparatively, the absence of the hardening second phase precipitates and low amount of dislocation resulted in a sharp softening of the rapidly solidified melted layer present at the surface; the hardness dropping from 155 HV for the initial T9 treated material to about 108 HV.

iii) The sub-surface Heat Affected Zone, that remained solid below the melted layer, was witnessed by a subsurface softening due to the solid state dissolution of the S-precipitates, recrystallization (upper domain of the HAZ) as well as an annealing (lower domain of the HAZ) of the dislocations that were introduced previously by rolling in the T9 condition. While the HAZ was only 35 µm thick after 6 pulses it reached almost 90µm after 24 pulses of HCPEB treatment.

iv) The stress affected zone was characterized by a "deep-hardening" generated by the thermo-mechanical stresses induced by the pulsed electron beam. From 155 HV for the initial T9 condition, 8% of additional hardening was obtained to reach about 168 HV. This "deep-hardening" extended for all samples down to about 400 µm below the surface and was more clearly depicted for the samples treated with a low number of pulses (6 pulses) because their reduced HAZ restricted the annealing of the stress-induced structural defects and limited their precipitate growth. 
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Figure 1 .

 1 Figure 1. (a) Backscattering Electron Micrography (BSE) image and (b-d) TEM images of the untreated sample: (b) the Bright Field (BF) image showing the rodlike shape T-phase dispersoids and lath shape S phase precipitates, (c) the Selected Area Electron Diffraction (SAED) pattern (B=[-112]) corresponding to (b), (d) Dark field image of the lath shape S phase precipitates corresponding to the additional streaks in the [0-42] direction (marked by dotted oval in (c)).

Figure 2 .Figure 3 .

 23 Figure 2. SEM images of the surfaces after HCPEB treatments in different magnifications: (a-b) 6 pulse treated surface, (c-d) 12 pulse treated surface, and (e-f) 24 pulse treated surface. (For description of the references to color in the text, the reader is refered to the web version of the article.)

Figure 4 .Figure 5 .

 45 Figure 4. The cross section SEM images of the etched samples: (a) 6 pulse treated sample, (b) 12 pulse treated sample and (c) 24 pulse treated sample. (For description of the references to color in the text, the reader is referred to the web version of the article.)

Figure 6 .

 6 Figure 6. (a) XRD traces of the untreated and the treated samples, (b) enlarged Al-(220) peak patterns corresponding to the zone labeled in (a), (c) variation in the lattice parameters of Al matrix before and after HCPEB treatment.

Figure 7 .

 7 Figure 7. Cross-sectional microhardness profiles of the samples treated with (a) 6 pulses, (b) 12 pulses and (c) 24 pulses. (d) The evolution of the thickness of different zones with the pulse numbers.

Figure 8 .

 8 Figure 8. Potentiodynamic polarization curves of the untreated and treated samples in 3.5% NaCl solution.

Figure 9 .

 9 Figure 9. Surface morphologies of the untreated and treated samples after electrochemical test. (a) BSE image of the corroded surface of untreated sample and corresponding EDS mapping results of (b) Al and (c) O. (d) BSE images of the corroded surface of 6 pulse treated sample and (e) corresponding marked area in (d). BSE images of the corroded surfaces of (f) 12 pulse treated and (g) 24 pulse treated samples. (For description of the references to color in the text, the reader is referred to the web version of the article.)

Figure 10 .

 10 Figure 10. EPMA line-scan results of Al and Cu element of the 24 pulse treated sample on the cross-section.

Figure 11 XPS

 11 Figure 11 XPS results of the (a) initial and (b) 24 pulsed samples, (c) BSE image of the 24 pulsed sample and (d) corresponding EDS mapping results of O.

Figure 12 .

 12 Figure 12. Cross-sectional SEM images of the 6 pulsed (a, c, e) and 24 pulsed (b, d, f) samples in different zones. (a) heat affected zone (about 20 µm away from melted layer), (c) stress affected zone(about 300 µm away from melted layer) and (e) matrix of 6 pulsed sample (about 500 µm away from melted layer). (b) heat affected zone (about 50 µm away from melted layer), (d) stress affected zone (about 300 µm away from melted layer) and (f) matrix of 24 pulsed sample (about 500 µm away from melted layer). S precipitates are white arrowed in the figures.

Figure 13 .

 13 Figure 13. Schematic illustration of the graded structure of the HCPEB treated 2024 T9 alloy from cross section.

  

  

Table 1 .

 1 The estimated corrosion data of the untreated and treated 2024 alloy samples

	Samples	Ecorr(mV)	icorr(µA/cm 2 )
	Untreated 2024 alloy	-0.661	1.046
	6 pulses	-0.564	0.387
	12 pulses	-0.564	0.357
	24 pulses	-0.549	0.039
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