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Effects of welding parameters on the microstructure and mechanical properties of the AA6061 aluminium alloy joined by a Yb: YAG laser beam
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In this study, the effects of Yb: YAG laser welding parameters on the microstructure and mechanical properties of AA6061-T4 joints were analysed. Samples without any welding defects such as porosity, melt pool collapse, and hot cracking were produced with different welding parameters. Energetic processing parameters had a significant influence on the fusion zone (FZ) and heat-affected zone (HAZ) microstructure and dimensions, in addition to local and global mechanical properties. The weld bead width increased with increasing power and energy densities and reduced the weld bead tensile properties. High welding travel speed produced a more elongated weld pool and ripples resulted in a 'V' shape. A significant quantity of axial heterogeneous nucleation was observed in the FZ centre of these weld beads because of the low-energy density. In contrast, low welding travel speed produced C-shaped ripples and a few axial grain nucleation sites in the FZ. The latter was evidence of a slower solidification rate. Dendrite secondary arm spacing measurements confirmed this hypothesis. It was observed that axial grains in the FZ centre improve the weld bead tensile properties. Compared to the base material (BM), the hardness in the FZ was reduced and identical in the HAZ. The FZ hardness depended on the welding parameters. Digital image correlation (DIC) strain measurements indicated higher deformation near the FZ, but when geometrical defects were removed, the FZ deformed more homogeneously.

Introduction

Laser welding is a modern process used in the aircraft industry, replacing traditional joining techniques, such as bolting or riveting. This joining process has been widely applied to the fabrication of aluminium alloy welded structures [START_REF] Chu | Microstructure, texture and mechanical properties of 6061 aluminum laser beam welded joints[END_REF][START_REF] Pardal | Laser spot welding of laser textured steel to aluminium[END_REF][START_REF] Fu | Microstructure and mechanical properties of newly developed aluminum-lithium alloy 2A97 welded by fiber laser[END_REF]. High power density and low heat input are some of the advantages of the laser welding process. In addition, it can simplify product design and reduce costs [START_REF] Katayama | Handbook of Laser Welding Technologies[END_REF].

Light alloys are employed in the aircraft and automobile industry for weight reduction. Al-Mg-Si alloys have good formability, corrosion resistance, weldability, and recycling potential [START_REF] Eckermann | The influence of MgSi particle reactivity and dissolution processes on corrosion in Al-Mg-Si alloys[END_REF]. However, several problems associated with geometrical and metallurgical defects (porosities, cracks, and metal evaporation) have been observed on Al-Mg-Si weld beads ( Sánchez-Amaya et al., 2009 ). During the laser welding of these alloys, processing parameter management is important because power density, energy density, and interaction time contribute to weld bead quality ( Sánchez-Amaya et al., 2009 ;[START_REF] Kuo | Effects of pulse level of Nd-YAG laser on tensile properties and formability of laser weldments in automotive aluminum alloys[END_REF]. Laser welding is difficult to apply to aluminium alloys because of the high reflectivity, high thermal conductivity, and low viscosity of these alloys [START_REF] Kuo | Effects of pulse level of Nd-YAG laser on tensile properties and formability of laser weldments in automotive aluminum alloys[END_REF][START_REF] Pierron | Study of magnesium and aluminum alloys absorption coefficient during Nd:YAG laser interaction[END_REF]. These physical properties, combined with low beam energy, result in a lack of penetration [START_REF] Alfieria | Autogenous laser welding of AA 2024 aluminium alloy: process issues and bead features[END_REF]. A high feed rate that is too fast or an incorrect welding angle can also lead to incorrect bead geometries [START_REF] Oladimeji | Trend and innovations in laser beam welding of wrought aluminum alloys[END_REF]. Micropores usually occur when laser-welding aluminium alloys. The micropores' principal sources are hydrogen contamination induced by poor surface preparation ( Zhang et al., 2016 ;[START_REF] Paleocrassas | Low-speed laser welding of aluminum alloy 7075-T6 using a 300-W, single-mode, ytterbium fiber laser[END_REF] and a hydrogen solubility difference between the liquid and solid phase of aluminium (0.036 vs. 0.69 cm 3 /100 g at the melting point of 660 °C) [START_REF] Tiryakio Ğlu | Solubility of hydrogen in liquid aluminium: reanalysis of available data[END_REF]. Macropores may also occur during keyhole instability [START_REF] Rasmussen | Étude sur la Fissuration à Chaud de l'Alliage 6061 Lors du Soudage par Procédé Hybride Laser-GMAW[END_REF]. Hot cracking occurs at the end of alloy solidification when the dendritic skeleton is not sufficiently formed to resist deformation and the permeability of the liquid medium is very low. For an AA6061 aluminium alloy, the temperature range resulting in brittleness is between 580 °C and 596 °C for rapid cooling rates encountered during the welding process [START_REF] Giraud | Etude Expérimentale et Modélisation du Comportement Mécanique d'un Alliage d[END_REF]. Hot cracking occurs in the melting zone (MZ), or sometimes in the heat-affected zone (HAZ), if a portion of the grains are partially melted [START_REF] Cical Ă | Laser welding process parameter effects on hot tearing of an aerospace aluminium alloy[END_REF][START_REF] Liu | Solidification crack susceptibility of aluminum alloy weld metals[END_REF]. This partial melting, called liquation, is often noted at grain boundaries that have a low melting point due to chemical segregation [START_REF] Paleocrassas | Low-speed laser welding of aluminum alloy 7075-T6 using a 300-W, single-mode, ytterbium fiber laser[END_REF]. Mathers defined a criterion for crack susceptibility based on the chemical composition of the aluminium alloy [START_REF] Mathers | The Welding of Aluminium and its Alloys[END_REF]. Al- Fig. 2. Experimental setup to weld AA6061 aluminium alloy samples [START_REF] Faye | Autogenous Yb:YAG Laser Disk Welding Domain of AA6061-T4 Aluminium Alloy[END_REF].

loys in the 6000 series, particularly alloy 6061, are therefore predisposed to hot cracking based on their chemical composition. To reduce this tendency to hot cracking, welding of this alloy is recommended with a silicon-rich filler metal such as alloy 4043 [START_REF] Rasmussen | Étude sur la Fissuration à Chaud de l'Alliage 6061 Lors du Soudage par Procédé Hybride Laser-GMAW[END_REF]. Moreover, hot cracking depends on the morphology of the microstructure of the melted zone. It decreases in the presence of an equiaxed grain zone in the centre of the welds, which favours liquid flow and small grain sizes [START_REF] Kou | Fissuration à Chaud en Soudage à l'arc: Application à[END_REF]. The latter result was questioned by Niel, who demonstrated that the permeability of the equiaxed zone increases with grain size in TIG welds of the 6061-T6 alloy ( Niel, 2011 ). Finally, although welding is carried out at atmospheric pressure, vaporisation of certain elements is inevitable (magnesium, silicon, zinc, etc.). This loss of chemical elements significantly reduces the properties of the melt zone. The mechanical properties of weld beads depend on their microstructure.

Wang et al. found that equiaxed grains improved the tensile strength of the weld bead [START_REF] Wang | Effect of beam oscillating pattern on weld characterization of laser welding of AA6061-T6 aluminum alloy[END_REF].

In this frame, the Yb: YAG disk-laser welding of the AA6061 aluminium alloy is discussed. Plates with thickness of 1 mm were successfully welded with varied parameters. After welding, the seam characteristics such as penetration, geometry, and microstructure were investigated. The weldability range of AA6061-T4 aluminium alloy, welded with Yb: YAG laser, was defined by the NF L 06-395 2010 standard [START_REF] Faye | Autogenous Yb:YAG Laser Disk Welding Domain of AA6061-T4 Aluminium Alloy[END_REF]. The influence of the welding parameters on the geometry and microstructure, such as grain morphology and secondary dendrite arm spacing, was studied on the resultant sound weld beads. The mechanical properties of seams were investigated at different scales and related to microstructural features.

Table 2

Welding conditions adopted for specific analysis. 

Material and methods

The experimental material was a 1 mm thick AA6061 sheet, naturally aged (T4). Immediately after quenching, the material was metastable, and during natural aging at room temperature, the microstructure evolved as a result of the continuous formation and development of Mg-Si-rich clusters [START_REF] Liu | Early stages of solute clustering in an Al-Mg-Si alloy[END_REF][START_REF] Morley | The effect of pre-ageing and addition of copper on the precipitation behaviour in Al-Mg-Si alloys[END_REF][START_REF] Werinos | Design strategy for controlled natural aging in Al-Mg-Si alloys[END_REF]. The composition of the aluminium sheet, determined by an Oxford FOUNDRY-MASTER spark OES spectrometer, is listed in Table 1 . Prior to welding, the work pieces were polished with P600 SiC paper and cleaned with an alcohol solution to remove the oxide film on the sample surface. The welds were performed within 1 h.

As shown in Fig. 1 , sheets with the given dimensions were welded first, and tensile specimens were laser cut.

To avoid any distortion and diminish the residual stress variation between one welding condition to another, the plates were clamped. The experimental setup is shown in Fig. 2 [START_REF] Faye | Autogenous Yb:YAG Laser Disk Welding Domain of AA6061-T4 Aluminium Alloy[END_REF]. A flat welded plate resulting in a tensile specimen was obtained. The clamping system allows the samples to be maintained edge-to-edge, with precise posi-tioning of the parting line. The shielding gas on the reverse side sweeps along the entire length of the bead, in the opposite direction to that of the welding. The primary chamber is designed to contain metal vapours from the weld bead under gas protection. The bottom of the secondary chamber consists of a copper reflector, which reflects the fraction of the beam that can pass through the weld bead towards the wall of this chamber.

The laser welding machine was a TRUMPF TruLaser Cell 3000 coupled with a Yb: YAG 3.3 kW source. The beam was guided by a 2-in-1 coaxial optical fibre (100 m for the core CF and 400 m for the outer fibre OF), generating a conventional or annular-shaped power density distribution.

The influence of parameters such as beam power, welding speed, and focal point diameter on the bead geometry, porosity, and cracking was previously analysed [START_REF] Faye | Autogenous Yb:YAG Laser Disk Welding Domain of AA6061-T4 Aluminium Alloy[END_REF] for both fibre configurations. To minimise the sample number while attempting to maximise the information regarding the relationship between process parameters and bead characteristics, experimental designs were generated for each fibre using the CORICO TM software. A total of 108 samples were welded and characterised for this study (36 with the OF and 72 with the CF). The power density with the outer fibre was found to be insufficient to weld AA6061 alloy sheets with a thickness of 1 mm [START_REF] Liu | Early stages of solute clustering in an Al-Mg-Si alloy[END_REF]. All weld beads obtained with this fibre showed a lack of penetration or cracks. Therefore, in this work, only the core fibre was used. The welds were performed in a butt joint configuration with no filler metal. The laser power varied between 500 and 3000 W. The welding travel speed varied from 1 and 8 m min -1 , while the focal diameter varied from 120 and 370 µm. For this fibre, the calculated power density range varied from 4.6 × 10 5 to 2.2. × 10 7 W cm -2 , while the energy density range varied from 2 × 10 1 to 1.6 × 10 3 J mm -2 . Argon was used as shielding gas with flow rates of 40 l min -1 and 20 l min -1 for upper and lower weld bead protection, respectively. The geometry of the produced samples was investigated by optical microscopy, using a LEICA Wild M420 with MICROVISION Archimed acquisition and analysis software. The results were compared to the aluminium alloy standard, and a weldability range of AA6061 for the different processing parameters was defined. Repeatability was studied. The weldability range defined in a previous study was examined resulting in the same weld quality being observed as was previously reported. The complete method was described in literature [START_REF] Liu | Early stages of solute clustering in an Al-Mg-Si alloy[END_REF]. Weld bead microstructures were studied by means of optical and electron microscopy. Optical microscopy utilised an OLYMPUS PMG-3. The JEOL 7000F FEG-SEM was used for EBSD mapping with an OXFORD Nordlys Fast camera. Samples were polished using BUELHER Vibromet using an OPS suspension on both the sheet plane and transverse sections. The EBSD map step size was set at 1 and 2 µm. Only the representative A, B, C, and D samples were studied. The welding parameters are given in Table 2 . The solidification rate was estimated in the fusion zone (FZ) by measuring the -angle between the welding direction and the solidification front from the ripples orientation on the weld bead top surface, as shown later in Fig. 7 . The ripples are considered as reliable markers of the weld pool posterior geometry. The solidification speed is governed by the welding travel speed [START_REF] Savage | A study of weld interface phenomena in a low alloy steel[END_REF] ):

= cos (1)
where R is the linear growth rate at any point of the solidification front, V s the welding travel speed, and is the angle between the welding direction and the growth direction of the solidification front. Theangle measurements were performed with ImageJ analysis software on macrographs obtained with the abovementioned binocular, using a x32 magnification. The measurements were recorded in 200 µm increments leading from the FZ axis to its periphery. Each reported value was an average of ten individual measurements.

In addition, the main mechanical properties such as hardness and tensile properties were evaluated. Transverse tensile tests were performed with the assistance of digital image correlation (DIC) techniques. Thus, the longitudinal strain fields of two representative weld beads (A and D conditions) were measured on both P600 polished and unpolished samples to study the influence of geometrical defects. The DIC was processed with ARAMIS V5 software at a spatial resolution of 0.42 mm.

Nanoindentation tests were carried out with an MTS nanoindenter, designed to provide low loads with nanoscale depth measurements to determine the material hardness. The indentation increments were 50 µm, and the approach speed to the surface was 10 nm s -1 . The imprint limit depth was 200 nm.

Results and discussion

Weldability range of the AA6061 aluminium alloy

Various aspects of metallurgical welding defects were observed in aluminium alloy weld beads. However, the investigation of Yb: YAG laser weldability of AA6061 aluminium alloys indicated that sound weld beads are obtained with core fibre, having a focal diameter in the range from 120 to 370 µm ( Fig. 1 ) [START_REF] Faye | Autogenous Yb:YAG Laser Disk Welding Domain of AA6061-T4 Aluminium Alloy[END_REF]. This was determined by varying different processing parameters. The core fibre allows welding of the AA6061 aluminium alloy as a result of the high-power densities of the laser beam. This corresponds to an energy and power density ranging from 5 × 10 1 to 1.2 × 10 3 J mm -2 and 5 × 10 6 to 2 × 10 7 W cm -2 , respectively. Compliant weld beads were obtained for a focal diameter less than or equal to 240 µm and a travel speed less than 4 m min -1 [START_REF] Liu | Early stages of solute clustering in an Al-Mg-Si alloy[END_REF]. Sound weld beads were selected for the presented analysis.

Weld beads geometry

For the sound weld beads, the heat affected zone width (W HAZ ) and the face and root FZ widths (Wf and Wr respectively) are measured. Fig. 3 presents the weld bead width variation with varying (a) energy and (b) power densities. The weld bead width increases with the energy and power densities. In agreement with Sánchez-Amaya et al. ( 2009), high laser power, low focal diameter, and low welding travel speed favour large FZ and HAZ ( Fig. 4 ). 

Microstructure

Grains morphology of the weld bead top surface and cross-section were observed and studied through EBSD maps ( Figs. 5 and6 ). For each condition, the weld bead was composed of an axial structure growing along the welding direction in the weld centre line; a columnar structure was present from the base metal to the central zone. This columnar grain growth occurred in the direction of the largest thermal gradient. The growth depended upon the molten pool rear shape, and consequently, on the welding parameters. Within the weldability domain, high levels for power and energy density (here 1.4 × 10 7 W cm -2 and 6.37 × 10 2 J mm -2 , respectively, for sample A) displayed negligible germination in the central zone. The centre of the weld was composed of a set of columnar grains almost parallel to the welding direction translated over significant distances. No heterogeneous nucleation leading to no equiaxed grain was observed. The high energy densities induced a thermal gradient, promoting the formation of these columnar grains in the centre of the weld seam. For sample A, the columnar grain direction varied from the weld edge towards its centre. The grain's curved morphology may indicate an elliptical weld pool induced by both a high linear energy density and a low welding travel speed. Germination in the central zone was greater for the lower linear energy weld bead (B, C, and D samples). Sample D FZ obtained with a low power density and a very moderate energy was significantly narrower than the other ones. Sample D also exhibited a greater grain density in the central zone because of the high welding speed. As expected [START_REF] Gäumann | Epitaxial laser metal forming: analysis of microstructure formation[END_REF][START_REF] Kurz | Columnar to equiaxed transition in solidification processing[END_REF], the < 001 > grains developed favourably from the fusion line (IPF x maps of Fig. 5 and IPF z maps of Fig. 6 ). Fig. 7 presents the macrographs for the A, B, C, and D samples from the top surface of the weld beads. The weld bead of sample A had Cshaped ripples, causing a significant variation in the solidification front growth rate. By contrast, samples B, C, and D ripples were mostly Vshaped. The ripples' shape depended on the molten pool geometry and may be compared to the grain's orientation.

Fig. 8 presents the solidification speed (linear growth rate) variation as a function of the distance from the weld bead axis. Fig. 9 presents the axial zone width as a function of the welding parameters. The central zone width is determined by the transition of the lateral columnar microstructure to a microstructure consisting grains, parallel to the welding direction (both with and without heterogeneous nucleation). These results indicate that the solidification rate was lower at all points in the sample A. This sample was welded with a lower travel speed and higher power and energy densities. As expected [START_REF] Guitterez | Microstructure, hardness profile and tensile strength in welds of AA6013 T6 extrusions[END_REF], fast welding travel speed produced a more elongated molten pool, which favoured a distinctive grain structure composed of columnar grain in the periphery and a central zone nucleation. For sample A, these energetic conditions favoured columnar grain growth and reduced the central nucleation of new grains. For sample C, the solidification rate was more influenced by the welding travel speed. Sample C was welded with the highest travel speed; consequently, the greatest solidification rate was observed.

To estimate the solidification time, the secondary inter-dendritic arm spacing 2 was measured in the FZ. These measurements were performed on SEM micrographs obtained on all the optimised weld beads, as shown in Fig. 10 a. Each measurement value presented below corresponds to the average of 30 measurements made in the centre of the FZ. (2)

where t f = the solidification time (s), M = a constant depending on the material (4 × 10 -18 m 3 s -1 for aluminium 6061, [START_REF] Kurz | Fundamentals of Solidification[END_REF].

A significant standard deviation is present in these measurements. This may be related to the technique precision level used to estimate 2 but also to the dendrite's orientation with respect to the metallographic cross-section plane.

In Section "Mechanical properties ", the effects of microstructure, such as growth morphologies and dendritic/cellular spacing scale, on the mechanical properties (ductility, strength, and hardness) are determined. Grain orientation and the abundance of heterogeneous nucleated grains have important effects on the ductility of the weld bead [START_REF] Ramasamy | CO2 and Nd:YAG laser beam welding of 6111-T4 aluminum alloy for automotive applications[END_REF][START_REF] Ramasamy | CO2 and Nd-YAG laser beam welding of 5754-O aluminium alloy for automotive applications[END_REF]. According to current literature, such microstructures increase weld strength and reduce solidification cracking susceptibility as a result of better resistance to crack formation and propagation [START_REF] Wang | Effect of beam oscillating pattern on weld characterization of laser welding of AA6061-T6 aluminum alloy[END_REF][START_REF] Gäumann | Epitaxial laser metal forming: analysis of microstructure formation[END_REF].

Mechanical properties Tensile properties

For the welded AA6061-T4 aluminium alloy, the higher ultimate tensile strength was 230 MPa, compared to the base material tensile strength of 250 MPa ( Fig. 11 ). However, despite the optimising of welding parameters, the total elongation to fracture is low (equal to or below 11%) compared to that of the base material. Similar results were demonstrated by [START_REF] Wang | Effect of beam oscillating pattern on weld characterization of laser welding of AA6061-T6 aluminum alloy[END_REF] during laser welding of the AA6061-T6 aluminium alloy. The laser welding process induced a ductility decrease of up to 70%. As expected ( Ramasamy andAlbright, 2000 , 2001 ), the global ductility reduction is due to strain localisation in the lower strength FZ. In Fig. 11 b, the tensile test specimen fracture zone occurs at the weld bead and precisely in the FZ. Fig. 12 shows the variation in tensile properties as a function of the FZ width. The weld bead ductility and strength decrease as the weld bead width increases.

For the different welding parameters, Fig. 13 shows that the ultimate tensile strength and total elongation to fracture increase as the axial zone increases, as previously reported [START_REF] Wang | Effect of beam oscillating pattern on weld characterization of laser welding of AA6061-T6 aluminum alloy[END_REF][START_REF] Gäumann | Epitaxial laser metal forming: analysis of microstructure formation[END_REF].

Cross-sectional optical micrographs and tensile properties are shown in Figs. 14 and 15 , respectively. Minor strengthening is observed in sample A. Despite this geometrical feature, the mechanical behaviour is similar among the samples. Sample D had greater tensile properties than sample A. After polishing ( Fig. 14 (b)), the ultimate tensile stress of sample A was significantly greater than that of sample D. A local strain field analysis would help understand the behaviour of these seams.

Axial strain maps are given for different average axial strain values in Fig. 16 . Strain is localised in the FZ and its surroundings in both polished and unpolished tensile test specimens because of the lower strength exhibited in the FZ. The strain is more homogeneous in sample D FZ. This difference can be explained by the grain morphology in their FZ, but geometrical features can also contribute to this behaviour. After polishing, the global mechanical behaviour of sample A weld bead improves and is better than that of sample D. It is important to note that the mechanical properties of weld joints are not only controlled by the microstructure but also by welding defects such as geometrical features. The initial defect (reinforcement) observed on the unpolished sample A As observed in Figs. 5 and6 , there is a specific grain structure in the centre of the FZ which is surrounded by the columnar grains. Heterogeneous nucleation can favour the homogenous local elongation observed in sample D. Otherwise, in sample A FZ, the weld centre is composed of a set of columnar grains nearly parallel to the welding direction. Such anisotropic columnar structures are reported to be very susceptible to tearing [START_REF] Savage | A study of weld interface phenomena in a low alloy steel[END_REF][START_REF] Gäumann | Epitaxial laser metal forming: analysis of microstructure formation[END_REF]. This indicates that the FZ dendritic structures are weaker compared to the base material, equiaxed microstructure. Depending on the welding parameters, prior to polishing, the weld bead of sample D produced with a lower power and energy density displayed better local mechanical behaviour than sample A. The improvement in the behaviour of sample A is a result of the extra thickness removal during the polishing process. In laser welding joints, it has been reported that the irregular geometry induces the initial position of the fracture and consequently reduces the weld bead tensile properties [START_REF] Wang | Effect of beam oscillating pattern on weld characterization of laser welding of AA6061-T6 aluminum alloy[END_REF]. Stress concentrations are observed in inhomogeneous joints or imperfect FZ geometry [START_REF] Zhao | Current issues and problems in laser welding of automotive aluminium alloys[END_REF].

Hardness properties

Nanohardness profiles were measured from three different locations along the transverse direction, as shown in Fig. 17 . The results show that regardless of the welding conditions, the minimum hardness was located in the FZ (approximately 1 GPa). In addition, the HAZ hardness was equal to that of the base material (about 1.2 GPa) ( Fig. 18 ). As expected ( Sánchez-Amaya et al., 2009 ;[START_REF] Paleocrassas | Low-speed laser welding of aluminum alloy 7075-T6 using a 300-W, single-mode, ytterbium fiber laser[END_REF], the material hardness decreases after laser welding. By contrast, this work indicates that the heat-affected HAZ zone nanohardness is equivalent to that of the base metal nanohardness, as reported by [START_REF] Wang | Effect of beam oscillating pattern on weld characterization of laser welding of AA6061-T6 aluminum alloy[END_REF]. This decrease in hardness within the FZ is a result of the dissolution of the hardening precipitates and the increase in dendrite size with increasing energy density. Consequently, this explains the cause of the reduction in the ultimate tensile strength increasing with increase in the width of the welds in relation to the initial length of the specimen.

Conclusion

Sound weld beads were obtained with a Yb: YAG laser beam for the AA6061 T4 alloy. A wide range of process parameter settings were utilized. The weld bead size and ripple shape depended on process parameters such as power density, energy density, and weld travel speed. The latter defined the weld molten pool shape and solidification speed level. Therefore, grains with different sizes and orientations were formed in the FZ. The elliptical molten pool is evidence of a of 2 m min -1 welding travel speed, which promoted axial grain growth on a relatively narrow zone and limited nucleation. More elongated weld molten pools were observed for higher welding travel speeds. In this case, V-shaped ripples were observed and the calculated solidification speed was greater. The microstructures of these seams present a germination of grains in the central zone of the FZ, which becomes stronger as the energy density decreases. The secondary dendrite arm spacing measurements remained consistent with these statements. The mechanical properties of the samples were tested by tensile tests. Based on strain field measurements, the highest strain level was observed in the weld bead FZ, and fractures appeared in this zone. The secondary dendrite arm spacing did not appear to have a significant role in the mechanical properties of the FZ. Indeed, nanohardness measurements in the FZ indicated a significant reduction compared to that of the base metal and HAZ. However, the results were similar for all welding conditions. The higher mechanical properties observed for low energy density samples are credited to both reductions in the FZ width and central germination phenomenon. A following study will investigate the effect of a post-weld T6 heat treatment on the mechanical behaviour of the different microstructures contained in the FZ and HAZ.
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  Fig. 10 b presents the secondary dendrite arm spacing as a function of the energy density. A greater energy density favours dendrite growth.Depending on the welding conditions, 2 varies from 2 µm to 6 µm. According to Eq. (2) , the measured 2 values are on average, corresponding to a solidification time estimated between 0.015 and 0.3 s. 2 = 5 . 5 .
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 7 Fig. 7. Ripples orientation at the weld bed top surface: a) seam A, b) seam B, c) seam C, and d) seam D; e) Schematic showing the determination of the -angle between the welding direction and the solidification direction.
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 8 Fig. 8. Evolution of the solidification front speed as a function of the distance d from the weld bead centre.
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 9 Fig. 9. Evolution of the axial zone width as a function of the welding parameters (a) power density, (b) energy density, and (c) travel welding speed.
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 10 Fig. 10. (a) Secondary dendrite arm spacing measurements and (b) its variation as a function of the energy density.
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 11 Fig. 11. (a) Stress-strain curves of welded samples and base material and (b) fracture zone.
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 12 Fig. 12. Variation of the optimized samples tensile properties as a function of the FZ width. generated strain localisation in the HAZ. Polishing the sample removes this localisation and allows a continuous strain distribution.As observed in Figs.5 and 6, there is a specific grain structure in the centre of the FZ which is surrounded by the columnar grains. Heterogeneous nucleation can favour the homogenous local elongation observed in sample D. Otherwise, in sample A FZ, the weld centre is composed of
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 13 Fig. 13. Evolution of the tensile properties as a function of the axial zone width: (a) ultimate tensile strength and (b) total elongation to fracture.
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 14 Fig. 14. Optical micrographs: (a) Sample A with extra thickness and (b) Sample D.
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 15 Fig. 15. Stress-strain curves of samples A and D: (a) unpolished samples and (b) polished samples.

Fig. 16 .

 16 Fig. 16. Comparison of the strain fields measured on A and D specimens at different average global elongations (a) unpolished samples and (b) polished samples.

Fig. 17 .

 17 Fig. 17. Optical micrograph showing indentation lines.

Table 1

 1 Chemical composition of AA6061 aluminium alloy sheet (in wt%).

	Alloy	Mg	Si	Cu	Fe	Mn	Zn	Cr	Ti	V	Al
	AA6061	0.86	0.69	0.30	0.49	0.10	0.16	0.19	0.03	0.01	Bal.
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