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Comparable microstructures and mechanical properties are obtained for the different AA2139-T8/AA7020-T651 joints welded in the range 600-1000 rev. min -1 / 250-550 mm.min -1 as rotation and advance speeds. Joints exhibit tensile properties as good as 77%-79% of the yield strength and 88%-96% of the ultimate tensile strength of the AA7020 base material. Except for the high speed conditions that failed in the nugget, all joint variants failed in the heat affected zone (HAZ), which is also consistent with lower hardness properties. This drop in hardness in the HAZ is produced by reaching and keeping for a short time a critical temperature during welding between 225 and 260 °C. Such a combination of dissimilar alloys offers conservative mechanical properties for a large range of welding parameters suitable for the assembly purpose of high-performance structural components.

Introduction

Transportation applications, both aeronautical and terrestrial, are confronted to severe specifications in terms of lightweight design. For such a purpose, aluminum alloys are suitable materials as they exhibit reasonable mechanical properties for relatively low densities. Due to their high mechanical performances, 7XXX and 2XXX series aluminum alloys are commonly used for structural components in the aeronautic, aerospace, automotive, and defense industries as explained by [START_REF] Jha | Metallurgical analysis of cracked aluminum alloy (AFNOR 7020) components used in satellite launch vehicles[END_REF]. [START_REF] Kumar | Investigations on warm forming of AW-7020-T6 alloy sheet[END_REF] have reported that, among the AA7XXX family, AA7020 is a medium strength Al-Zn-Mg alloy -type, precipitation hardened. On the other hand, [START_REF] Al-Obaisi | Precipitation hardening and statistical modeling of the aging parameters and alloy compositions in Al-Cu-Mg-Ag alloys[END_REF] and [START_REF] Lach | Characterization of Al-Cu-Mg-Ag Alloy RX 226-T8 Plate[END_REF] affirmed that 2XXX series as Al-Cu-Mg alloys are intended to progressively replace 7XXX alloys due to their higher mechanical strength and lower density. [START_REF] Grujicic | Computational investigation of hardness evolution during friction-stir welding of AA5083 and AA2139 aluminum alloys[END_REF] have shown that the Al-Cu-Mg-Ag alloys (AA2139) demonstrate outstanding mechanical properties in terms of ballistics and fatigue because of homogeneous -type precipitation initiated by the formation of Mg-Ag clusters. Despite the strong optimization of the specific properties, the intensive use of AA2139 for structural applications is limited by its production cost. To overcome such an issue, cost-efficient designs of structural components using hybrid designs are promoted by assembling medium-performance aluminum alloys (AA7020 for instance) in most structures with a high-performance aluminum alloy (AA2139 for instance) in specific locations subjected to high mechanical stress levels; however, these alloys cannot be easily assembled by the conventional fusion welding process due to their high thermal diffusivity. As explained by [START_REF] Mishra | Chapter 1 -introduction[END_REF], Friction Stir Welding (FSW), a solid-state welding process, has been found to be a particularly efficient method for assembling these materials.

During FSW, the friction contact of the material with a non-consumable rotating tool together with the large plastic deformations generates sufficient heat to lead materials to a soft state. By moving the pin, it is then possible to create a continuous joint between the materials along the tool path. Another interesting development in FSW processes in regard to conventional welding techniques is the possibility to weld dissimilar materials. [START_REF] Noh | Friction stir welding of F82H steel for fusion applications[END_REF] and [START_REF] Avettand-Fenoel | A review about Friction stir welding of metal matrix composites[END_REF] have highlighted numerous advantages of the FSW in terms of mechanical properties. All these studies, among others, led FSW to be an alternative solution for dissimilar AA7XXX/AA2XXX alloys assemblies. In FSW, the side where the tool rotation direction and the welding direction are the same is called the advancing side (AS). The other side is the retreating side (RS). A number of studies have focused on sample orientation. Yan et al. (2016) showed that this parameter significantly affects the tensile strength and the material flow. [START_REF] Firouzdor | Al-to-Mg friction stir welding: effect of positions of Al and Mg with respect to the welding tool[END_REF] have demonstrated that the heat input and the joint quality also depend on sample orientation. The influence of this parameter on the hardness was reported by [START_REF] Luo | Microstructure evolution and mechanical properties of friction stir welded dissimilar joints of Mg-Zn-Gd and Mg-Al-Zn alloys[END_REF]. All these studies suggest that the material with the highest mechanical properties should be placed in the advancing side. In some specific configurations, it is possible to observe local heterogeneities that form banded structures in the microstructure known as "onion rings". [START_REF] Krishnan | On the formation of onion rings in friction stir welds[END_REF] explains that "onion rings" are due to the heterogeneous process of friction heating due to the rotation of the tool and the forward movement which extrudes the metal around the retreating side of the tool. As demonstrated by Texier et al. (2016), textures and mechanical behaviors also change on the various bands.

Since 2010, the FSW of AA7020 has been studied repeatedly in similar and dissimilar configurations. Several studies have highlighted the influence of advance and rotation speeds on the mechanical and microstructural properties. [START_REF] Heidarzadeh | Tensile properties of friction stir welds of AA 7020 aluminum alloy[END_REF] have shown, for AA7020 similar welding, that decreasing the speed ratio and axial force increases the tensile strength and elongation of the joint, and leads to a more ductile joint. A study conducted by [START_REF] Gaafer | Microstructural and mechanical characteristics of AA7020-O Al plates joined by friction stir welding[END_REF] on AA7020 similar welding has shown that, for a constant welding speed, increasing the tool rotational speed increases the average grain size, the hardness at the center of the welding zone, and the ductility of the joint. It also showed that for a given range of rotational speed, increasing the welding speed increases the tensile strength of the FSWed joints. [START_REF] Giraud | Investigation into the dissimilar friction stir welding of AA7020-T651 and AA6060-T6[END_REF] noticed the influence of the process parameters on material mixing, weld integrity, and mechanical behavior. Masoumi [START_REF] Masoumi Khalilabad | Effect of tool geometry and welding speed on mechanical properties of dissimilar AA2198-AA2024 FSWed joint[END_REF] observed that increasing the traverse speed of the tool increases the global hardness of the joint, but also creates defects like a kissing bond, in the case of an AA2198/AA2024 FSWed joint.

According to [START_REF] Mishra | Chapter 2 -physical metallurgy of 7XXX alloys[END_REF], the sequence of precipitation for most of the alloys from the 7XXX series is:

SSSS → GPZ → η' → η
where SSSS is the supersaturated solid solution, GPZ the Guinier-Preston zones, η' and η are respectively the metastable and stable phases responsible for the hardening. The η'-phase tends to evolve to the η-phase during additional heat treatment. As demonstrated by [START_REF] Kamp | Modelling of friction stir welding of 7xxx aluminium alloys[END_REF], this overaged state is commonly found in the HAZ after welding. The η-precipitates present in the form of coarse intergranular and incoherent precipitates in the aluminum matrix undergo a faster coarsening than the metastable phase η' and lead to hardness decrease. In the welding of aluminum alloys, overaging is a typical consequence of the thermal cycle imposed by the process. [START_REF] Ma | Softening behaviour of Al-Zn-Mg alloys due to welding[END_REF] have shown from experiments and simulations of 7020-T6 alloy arc welding that softening in the HAZ occurs when the peak temperature exceeds 230 °C. In 7050-T651 FSWed similar joints, [START_REF] Mahoney | Properties of friction-stir-welded 7075 T651 aluminum[END_REF] have observed overaged precipitate in the fracture zone, which corresponds to the HAZ. Wu et al. (2015) and Sun et al. (2017) both found that reducing the heat input induced by the tool during welding reduces the minimum hardness reached, the width of the HAZ and its distance from the center line of the joint. The use of high depth-to-width ratio tools has been studied by [START_REF] Ahmed | Effect of tool geometry and heat input on the hardness, grain structure, and crystallographic texture of thick-section friction stir-welded aluminium[END_REF] and [START_REF] Huang | Numerical design of high depth-towidth ratio friction stir welding[END_REF], and both concluded that increasing depth-towidth ratio narrows the HAZ. Similar welded joints with AA2139 were investigated by [START_REF] Prisco | Influence of welding parameters[END_REF] and [START_REF] Eberl | Friction stir welding dissimilar alloys for tailoring properties of aerospace parts[END_REF]. They noticed a softened region, surely in the HAZ, characterized by a drop of hardness for AA2139 as-welded and post-weld heat treated joints. Sree Sabari et al. (2016) have studied the grain size for different rotating speeds and a fixed welding speed on an AA2519 welded joint. For all welding areas, the higher the welding speed is, the bigger the grain size is. Radisavljevic et al. (2013) showed that the best welds are obtained for cold welds, i.e. for high weld pitch, in the case of AA2024-T351 similar welding. [START_REF] Prisco | Influence of welding parameters[END_REF] reported the same conclusions for similar AA2139 welds.

Welding combinations of 2XXX and 7XXX series is of great interest for the Aerospace and Defense industry. As proven by the work of [START_REF] Cavaliere | Mechanical and microstructural behaviour of 2024/7075 aluminium alloy sheets joined by friction stir welding[END_REF] and [START_REF] Khodir | Friction stir welding of dissimilar AA2024 and AA7075 aluminum alloys[END_REF], AA7075/ AA2024 weld has been widely studied for plane applications. In the literature, several studies have been conducted on 7XXX/2XXX joints, but AA7020/AA2139 is an innovative and undocumented combination.

In the present study, various joints were produced with large ranges of industrial welding parameters, i.e. the rotation and advance speeds. The microstructure and the mechanical properties of the dissimilar friction stir welded joint variants made of AA2139-T8 and AA7020-T651 were investigated. Microhardness mapping was conducted to characterize the local variability of the joints whereas macroscopic tensile tests and fractography analyses were performed to evaluate the performance of the joints in comparison to the base metals. The link between the welding parameters and the global and local mechanical behaviors of the various joints was studied in detailed.

Materials and experimental procedure

Welding process

In this study, the two heat-treatable aluminum alloys, AA2139-T8 (T8: cold worked and artificially aged), and AA7020-T651 (T651: peak strength artificially aged and additional stretched) with a thickness of 5 mm were used, welded, and studied in as-welded condition after a natural aging time of several months. The chemical compositions of each material are listed in Table 1.

The FSW specimens were performed by TRA-C industrie with a CFSW (China Friction Stir Welding Center) LM-B equipment. The AA2139-T8 sheet is positioned on the advancing side (AS). The rolling directions (RD) of the two metal sheets are positioned parallel to the cross-welding direction (CWD), i.e. perpendicular to the welding direction (WD) (see Fig. 1a). Process parameters and sample references were summarized in Table 2. In addition, the speed ratio R (advance speed / rotation speedmm.rev -1 ) is mentioned in order to see its effect on the welds. The tool is composed of a 15 mm diameter scrolled shoulder with a tapered, threaded Triflat ™ 4.8 mm long pin (Fig. 1b), and is made of H13 (heat treated tool steel).

Microstructural analysis

As a reference, samples were extracted from base metals, and their cross-sections were investigated in planes normal to the three process directions: rolling direction (RD), transverse direction (TD), and normal direction (ND). The base metal samples were mounted and manually polished, following a standard polishing procedure with a finish down to 0.05 µm colloidal silica suspension. Samples were then placed in a BUEHLER VibroMet for 17 h with a 0.05 µm colloidal silica suspension. AA2139 samples were finally etched by Keller's reagent [2 mL HF (48%), 3 mL HCl (conc.), 5 mL HNO 3 (conc.), 190 mL H 2 O] for 7 s at room temperature. AA7020 samples were etched by Graff-Sargent etchant [15.5 mL HNO 3 (conc.), 0.5 mL HF (48%), 3 g CrO 3 , 84 mL H 2 O] for 30 s and by Keller's reagent for 7 s at room temperature. Optical macro-and micrographs were conducted by means of an optical/laser confocal microscope. The optical micrographs of both base materials are presented in Fig. 2 in a 3-D view. AA2139-T8 has slightly elongated grains in RD and more equiaxed grains in the other two directions. On the other hand, AA7020-T651 reveals a typical elongated grain structure, due to rolling and stretching performed after the heat treatment stage, as reported by [START_REF] Giraud | Investigation into the dissimilar friction stir welding of AA7020-T651 and AA6060-T6[END_REF]. All FSWed joint variants were examined with a metallographic method similar to the one previously described for the AA7020 base metal samples.

Hardness mapping

For each welding condition, samples were extracted from the joint and mounted in a cold epoxy resin. The samples were polished, using the standard polishing procedure detailed in the Section 2.2. Microstructural analysis. Vickers hardness was measured by means of an automatic microhardness apparatus with a 50gf load applied during 10 s. Maps composed of 39 profiles of 193 indents have been performed in the CWD-ND cross-section plane to form a regularly spaced square pattern (120 µm). The mapping covered all the welding zones over a total area of 23.2 ◊ 4.7 mm 2 . Hardness values were then numerically computed using MATLAB® to plot cross-section profiles and to draw 2D hardness maps.

Tensile tests

Tensile testing was conducted on the base metals and the different friction stir welded joints. Tensile specimens were machined out from both base metals for mechanical property references and others were extracted from the welded plates for the five welding conditions with the longitudinal direction of the specimen being aligned with CWD (the joint being perpendicular to the tensile direction). The joint centerline was centered in the gauge section of the specimen. The specimen geometry follows ASTM-E8 standards and is illustrated in Fig. 3. The tensile tests were performed on a 100-kN servo-hydraulic machine at a nominal strain rate of 2.5 × 10 -4 s -1 and repeated three times. The specimen elongation was continuously recorded using a 25.4 mm gauge length extensometer. After failure, fractography analyses were carried out by means of a scanning electron microscopy (SEM) with a field emission-SEM in a secondary electron mode.

Mid-thickness thermal measurements for extreme conditions

In order to correlate the thermal history and the mechanical properties of the joints, thermal measurements were acquired during welding for extreme conditions: BW03 (hot) and BW06 (cold) (condition BW07 was not stable enough to conduct proper thermal measurements). Several points at various transverse distances from the center line of the joint and at a depth of 2.5 mm (mid-thickness) were chosen for measurements (Fig. 4). The measurements were repeated 4 times. Thin K-type thermocouples with a diameter of 0.2 mm were used. The sampling frequency has been set to 75 Hz.

Experimental results

Microstructure analysis

The evolution of the macrostructure in a CWD-ND cross-section and interface for all the FSWed joint variants is illustrated in Fig. 5. Observations prior and after etching at various magnifications have validated the fact that defect-free joints were produced. A rather similar macrostructure was observed in the range of welding parameters. The nugget region consists of two parts corresponding to each base material flow. The micro-and macrostructure of the joints, and the shape of the interface between the two materials in the nugget are comparable and repeatable for all welding conditions. No real mixing between the two materials is achieved and only a small amount of material from one side is moved onto the other side of the nugget as illustrated with optical micrographs Fig. 5. The classical regular and smooth S-shape of the two-material interface, reported by da [START_REF] Da Silva | Material flow and mechanical behaviour of dissimilar AA2024-T3 and AA7075-T6 aluminium alloys friction stir welds[END_REF], does not appear and, for all welding conditions, continuous "onion rings" are formed on the lower two thirds of the nugget between the two materials.

Depending on the welding speeds, some slight differences were found. Beyond the highest parameters of the BW07 condition (1000 rev. min -1 / 550 mm•min -1 ), defects (voids and chips) are formed on the upper surface during the welding process (Fig. 6). As reported by [START_REF] Jain | Friction stir welding: Scope and recent development[END_REF] and [START_REF] Hartmann | Influence of surface roughness of tools on the friction stir welding process[END_REF], these defects are due to the abnormal sticking of the pasty aluminum and shearing under the shoulder. They are mainly due to an excessive heat input and could be deleted by enhanced welding parameters. Previous studies conducted on AA7020 alloy (similar and dissimilar configurations), such as [START_REF] Giraud | Investigation into the dissimilar friction stir welding of AA7020-T651 and AA6060-T6[END_REF] work, have revealed the ability to reach higher welding parameters without creating defects. This sensitivity in 2XXX/7XXX joints illustrates the limits of the process window. Different regions were identified for each side of the weld on CWD-ND cross-sections: The base metal (BM), the heat affected zone (HAZ), the thermo-mechanical affected zone (TMAZ), the shoulder-affected nugget zone (SANZ), and the pin-affected nugget zone (PANZ). The PANZ corresponds to the nugget area with onion rings (about the lower two thirds of the nugget) while the SANZ corresponds to the rest of the nugget (about the top third of the nugget). The different zones are depicted in Fig. 7 for the BW03 welding condition. When comparing the different zones for various welding parameters (Fig. 5), it can be observed that increasing the advance speed reduces the depth of the SANZ while a more vertical TMAZ is reported (especially in the AS i.e. AA2139-T8). The increase of the rotation speed does not reveal any specific modification of the SANZ depth or width.

As depicted in Fig. 7a, some specific locations within the joint were investigated by means of optical observations. In the nugget, both materials have very small grain size most probably due to dynamic recrystallization due to high speed and high temperatures. The boundary between the nugget and the TMAZ is easily identifiable by the obvious difference of grain size and morphology (see Fig. C,H). However, it is more difficult to precisely define the boundary between the TMAZ and the HAZ based on optical microstructural observation, and impossible to locate the end of HAZ towards the base material.

Mechanical characterization

Microhardness

Vickers hardness measurements were conducted on both base materials for references by taking the average value of 15 arbitrary measurements. The base material hardness is 165 HV 0.05 and 134 HV 0.05 for AA2139-T8 and AA7020-T651, respectively. Microhardness profiles along CWD performed at mid-thickness for the five conditions are presented in Fig. 8. For all conditions, the hardness values progressively decrease from the advancing side (AA2139) down to a plateau zone in the middle of the joint. Minimal values between 9 and 12 mm from the centerline of the joint are reported on the retreating side (AA7020), i.e. in the HAZ region, before going back to the base metal hardness. Even if significant microstructural (Fig. 5) and hardness differences are reported between the two base materials, the hardness in the nugget is relatively homogeneous and the interface between the two materials can only be identified using a microstructural criterion (see the absence of variation around the centerline of the weld (0 mm) in Fig. 8). The average value inside the nugget (around 118 HV 0.05 ) is practically not influenced by the welding conditions with a maximum variation of 20 HV 0.05 . No hardness drop was found on the AA2139 HAZ and except for the coldest welding condition (BW06) which exhibits slightly higher hardness values, all the hardness values in this region follow similar trends at ± 20 HV 0.05 . Things are different on the AA7020 side (RS) as the hardness distribution in the HAZ varies significantly and the position and the minimum values of the lowest hardness regions are a function of the welding conditions. Indeed, the hardness drop is found 12 mm from the weld center in the case of the hottest conditions (BW03), while the coldest condition (BW06) is found at 9 mm. The hottest condition reveals the lowest hardness value at 92 HV 0.05 while the other welding conditions display similar minimal hardness values 8 HV 0.05 higher.

Given the strong microstructural heterogeneities, a single hardness profile in mid-thickness is not sufficient to fully characterize the weld and a more global analysis using 2D hardness maps was performed. The results are displayed in Fig. 9. The microstructural maps and the hardness maps correlate. The transition between the TMAZ + HAZ region and the nugget can be easily distinguished on the AA2139 side (AS) due to a severe drop of hardness properties (ΔHV = 40 HV 0.05 from 165 to 120) across this region, going from yellow/green to blue. Comparatively, this transition is less visible on the AA7020 side (RS) as the initial hardness of the base material is significantly lower and a continuous evolution of the hardness properties along CWD is to be noted.

The position of the minimal hardness was clearly associated with the HAZ on the AA7020 (RS) side. As observed on the filiation of Fig. 8 and on Table 3, the minimal hardness value levels are about 100 HV 0.05 except for the hotter condition (BW03) for which a lower minimum hardness value is found around 92 HV 0.05 . If one defines the minimal hardness region (MHR) as the region of the material with hardness below 110 HV 0.05 , relatively straight bands can be identified on the hardness maps. They do correspond to any particular zone of the microstructure maps and they move away from the joint center line as more heat is generated by the process. The advance speed is the process parameter that most affects the location of the MHR: the lower the advance speed is, the further away the MHR is from the nugget region. The closer to the centerline of the joint the MHR is, the more inclined and parallel to the TMAZ/nugget interface it becomes; far from the centerline of the joint, the MHR is mostly perpendicular to the sheet surface.

Increasing the advancing speed reduces the width of the MHR. The width of this MHR gets smaller as the MHR gets closer to the joint center, going from 2.7 mm when at a distance of 12 mm to a width of 0.84 mm for a distance of 9 mm. This significant decrease in width by a factor of 3.2 should improve the mechanical property of the joint by a notch strengthening effect; i.e., delaying necking in this region during tensile tests.

Tensile tests

Tensile tests were performed to evaluate the macroscopic tensile properties of all the joint variants concerning the properties of the base metals. The tensile properties of both base metals are presented in Table 4. AA2139-T8 demonstrates significantly stronger tensile properties than AA7020-T651. Indeed, the 0.2% offset yield strength (YS 0.2 ) and tensile strength (TS) are 28% and 19% higher in the RD direction for the AA2139 than for the AA7020 in the same direction. While stronger, AA2139-T8 has also an interestingly higher ductility (+36%) than AA7020.

Fig. 10 shows the stress-strain curves for the five welding conditions compared with both base metals in the rolling direction. The joint behavior is close to base metal 7020-T651. The average tensile properties for each welding condition are listed in Table 5. The elastic domain is the same for all conditions while the plastic domain mainly differs for strains higher than 400 MPa. All samples show significant strain hardening compared to the base metals. Besides the BW07 condition, which failed suddenly at a relatively low strain of about 4%, the other four conditions display final elongations of about 7% and a curve typical of a necking behavior. Similar observations can be made concerning the necking strain, which reaches 3.5% for the BW07 condition and about 7% for the other four conditions. The efficiencies, defined as the ratio of the tensile properties of the joint to the base metal involved (using the weakest material in the case of dissimilar welding) are reported in Table 5. Overall, the efficiencies are rather high going from 77 to 79% for the 0.2% offset yield strength and 88 to 96% for the ultimate tensile strength. Generally, increasing the welding speed tends to simultaneously increase the yield and the ultimate tensile efficiency, whereas increasing the rotation speed reduces them.

The result dispersion is relatively low except for the highest rotation and advance speeds (condition BW07) which present a significant variability in the TS values and systematic low elongation-to-fracture. In fact, except for some samples in the BW07 condition, all joints systematically failed in the HAZ on the AA7020 side (RS) between 7 and 13 mm from the centerline of the joint. For all samples that have failed in the HAZ, the MHR location matches with the maximum necking, with a slight offset due to the sample elongation during the tensile test. necking strain and elongation despite the drop of its TS. The remaining specimens in the BW07 condition failed in the nugget region close to the joint centerline.

Fracture surface analysis

Fracture surface analyses were performed for all processing conditions including base metals. All the joints failing in the HAZ of AA7020 had similar features to the ones displayed in Fig. 12a-c (condition BW03). A mixed mode fracture was found composed of dimples initiated from small intermetallic particles (dimples 10 µm in diameter) and transgranular regions revealing elongated grains. If compared to the fracture surface of the AA7020 base material (Fig. 12d-f) interesting differences can be found. The fracture surface of the AA7020 is mostly composed of relatively large dimples ( 20 µm in diameter) close to each other with only few elongated grain features. The sizes of the intermetallic particles found in the dimples are coarser in the base material than the ones found in the HAZ region. These fracture features are characteristic of highly deformed areas with localized stress triaxiality. This is coherent with the fact that these minimum hardness regions are the locations of significant necking.

The fracture occurred in the nugget region of the joint for one sample of the fastest rotating condition (BW07). The fracture does not particularly follow this interface of the joint on the two thirds of the surface, but on the bottom of the weld, the fracture surface corresponds to the interface between the two materials (in green Fig. 13b). The fracture surface (Fig. 13c) reveals two regions along the WD: one with relatively homogeneous ductile features below the shoulder and related to the SANZ (Fig. 13d), and one deep enough in the material to be mainly controlled by the pin ability to mix the material (PANZ). In the latter region, periodic features that can be described as humps and hollows spaced by a distance equivalent to the advance per revolution of the tool can be observed. These periodic features can also be divided again into two zones, identified as zone I and zone II in Fig. 13b. Zone I is located in the middle of the weld thickness and displays some regions with typical ductile fracture. This zone corresponds to a combination of both materials (part of the red Fig. 13b) and large dimples (Fig. 13c) are found in humps, typical of the ductile behavior of AA7020. On the other hand, hollows correspond to the other material and no ductile features were found, even at high magnification (Fig. 13e). The alternation of these humps and hollows is quite similar to the alternative pattern found when cutting and polishing the sample in the WD-ND plane in the same location (Fig. 14b), justifying the fact that the joint interface is strong and that the crack propagates in both materials independently. Zone II, located in the lower part of the nugget, shows rough features and no sign of ductility at low magnification, even if some can be found locally at high magnification (Fig. 13h). This zone corresponds to the joint interface (green Fig. 13b) and documents the way the materials get mixed in that region. At the extreme bottom, an inclined foliation can be seen (Fig. 13i), documenting the lack of tool penetration. The spatial period between the coarse regularly spaced features is about 500 μm, which correspond to the linear advance for one tool revolution (R ratio = 0.55 mm.rev -1 ).

The periodic features corresponding to the various wavy patterns found in the nugget are well illustrated in both pictures of Fig. 14. A comparison between Figs. 13 and 14b is particularly interesting as an identical morphology is found where the SANZ consists only of AA7020 and the PANZ shows complex periodical features. The joint is defect free and the particular features observed on the lower part of the fracture surface reveal a weak material interface. 

Mid-thickness thermal measurements around the MHRs for extreme conditions

Thermal profiles at mid-thickness during welding were performed for extreme conditions at each thermocouple location to see the effect of a given thermal cycle, and more precisely the effect of the peak temperatures and the exposure times, on the local mechanical properties of the joints in the MHRs. Average temperature evolutions as a function of the time for thermocouple 5 (TC5), thermocouple 6 (TC6) and thermocouple 7 (TC7) at 10 mm, 12.5 mm and 15 mm from the center line, respectively, are shown for conditions BW03 and BW06 on Fig. 15. It must be noted that the temporal offset between the curves has been removed to facilitate the analysis.

For a given thermocouple position, each peak value obtained for condition BW03 (hot condition) is 15-36 °C higher than that obtained for condition BW06 (cold condition). Table 6 summarizes the peak temperatures and the exposure times above 200 and 250 °C as measured for each thermocouple during welding for conditions BW03 and BW06. The exposure times obtained for condition BW03 are significantly higher than those obtained for condition BW06.

Since the distance of the MHR from the center line is different for each condition, the relative position of the thermocouple with respect to each MHR changes. For condition BW03, the MHR is between TC5 and TC6 whereas for BW06, the MHR is between TC5 and the center line of the weld. By extrapolation of the results presented in Fig. 15 and in Table 6, it is possible to estimate the thermal cycle undergone in the MHR for conditions BW03 (hot) and BW06 (cold). For the condition BW03, the MHR undergoes a peak temperature from 222 to 254 °C with exposure times from 3.7 to 0.9 s for 225 °C and from 4.3 to 5.9 s for 200 °C, respectively. For the condition BW06, the peak temperature is slightly higher than the one given by TC5, that is to say slightly higher than 234 °C and exposure times are slightly above 1 and 2.2 s for 225 °C

Table 3

Minimal hardness value in the MHR, width of the MHR (considering that the limit of the MHR corresponds to a hardness of 110 HV 0.05 ) and position of the MHR from the center line (at mid thickness) for various conditions. 

Discussion

The wide window of welding parameters tested on the dissimilar AA2139-T8 / AA7020-T651 welding configurations showed that similar microstructures were obtained in terms of morphology and hardness. Defect-free joints with a complex mixture that provides good mechanical bonding at the interface between the two materials have been produced. Good mechanical results highlighted the great robustness of the FSW process in these conditions. Despite these relatively homogeneous performances, the extreme welding condition (BW07 condition) revealed a less predictable behavior and subsequent low mechanical results related to the presence of a weak interface between the materials at the bottom of the joint.

To understand the possibilities to improve further the best tensile strength of the joints, the effects of the process heat on the characteristics of the MHR will be discussed below by looking at the thermal cycles seen in the nugget and in the HAZ.

The cycle in the nugget reaches temperatures higher than 260 °C resulting in a medium range of hardness levels (110-120 HV). Thus, the local temperatures are high enough to allow a complete dissolution of the initial precipitates followed by their precipitation thanks to the heat available in this region of the weld. These heat and precipitation cycles enable hardness levels close to the base metal hardness as reported by [START_REF] Mahoney | Properties of friction-stir-welded 7075 T651 aluminum[END_REF].

In the HAZ, the thermal cycle reaches a lower range of temperatures resulting in precipitation coarsening. This temperature range is called "critical temperature range" and result in MHR. According to the thermal results presented in Fig. 15 and Table 6, the critical temperature range for this alloy can be determined: from 225 to 260 °C. In the literature, Ma and den Ouden (1999) identified a slightly higher critical temperature range in the case of AA7020-T6 arc welding (from 260 to 320 °C) whereas [START_REF] Mahoney | Properties of friction-stir-welded 7075 T651 aluminum[END_REF] proposed a higher critical temperature range from 300 to 350 °C in a FSW study of AA7075-T651. These higher critical temperature ranges could be due to a shorter exposure time. In fact, the MHR is not only governed by a range of temperatures but also by the exposure time to these temperatures. The thermal cycles decreasing the hardness vary from one welding condition to another as the features of the welds change, such as the distance from the welding line to the MHR or the width of the MHR, which also change from one condition to another.

As the advancing speed increases, the MHR approaches the center line and so does the critical temperature range. This is due to the fact that, as the advancing speed increases, for a given time period, the same amount of heat is spread over a larger material surface. The resulting cooling rate of the weld is higher as the base material acts as a heat sink, and the critical temperature range moves closer to the center line of the weld. The advance speed plays the leading role in the heat input; in comparison, the rotating speed, and therefore the speed ratio R, do not have any significant effect.

In addition to their positions with respect to the welding line, the MHRs differ from one condition to another: their minimum values and their widths vary. Based on the thermal measurements performed, their characteristics are directly dependent on the time of exposure to the critical temperature range. The higher the exposure time, the lower the minimum value reached and the wider the MHR and vice versa. As a result, the BW03 (hot) condition has the widest MHR and the lowest minimum hardness values compared to the other conditions. Conversely, condition BW06 (cold) has the lowest MHR and the highest minimum hardness value. Interestingly, these MHR characteristics are not influenced by the peak. As thermal measurements have been made only for conditions BW03 and BW06, the conditions that control the MHR characteristics cannot be verified for all conditions. However, it can be observed on Fig. 9 and Table 3 that the width of the MHR decreases as the advancing speed increases with a minor contribution of the rotation speed. In fact, as the advancing speed increases, the welding process is faster and the exposure time to the critical temperature range decreases; thus, decreasing the width of the MHR. However, there is no specific relationship between the width of the MHRs and the speed ratios R.

To summarize, the thermal measurements show that reaching a temperature that is within the critical temperature range, i.e. from 225 to 260 °C, generates the MHR while the exposure time influences the width and the minimum value of the MHR. The position of the MHR, as well as the exposure time, are mainly influenced by the advance speed of the tool which therefore controls the heat input.

The fact that the width of the MHR is significantly reduced when the temperature of the weld decreases is also an interesting trend as reducing the width of the low MHR may improve the mechanical property by notch strengthening. Indeed, reducing the width of the MHR may reduce the stress triaxiality in this region during the tensile test and could increase the tensile properties of the joints. However, the mechanical results in Fig. 10 and Table 5 show that the mechanical properties do not significantly change with the MHR widths. This suggests that the width of the MHR obtained in the present work may not be small enough to benefit from this mechanical strengthening. Targeting lower heat exposure during the welding process by using faster advancing speeds for instance may further improve the mechanical properties of the joints. This could improve the mechanical properties of the joints produced in two ways: by reducing the width of the MHR further or/and increasing the lower hardness value in the MHR. However, the excessive increase of the speeds leads to the instability of the process that produces defects in the welded joint. In this case, a lack of cohesion at the interface between the two materials in the nugget, itself due to a lack of metallurgical bonding, can be identified for the high speed condition (BW07) and leads to a fracture at the same place. Therefore, the elongation has been halved.

Conclusions

• The welding parameters have globally no influence on the tensile behavior. A satisfactory minimum efficiency of 88% regarding the TS and 77% regarding the 0.2% offset yield strength is reached.

• In the higher advancing and rotation speed condition, a weakness regarding TS and elongation was found; this was attributed to insufficient mixing of the material at the root of the joint due to a too small pin size. • The highest the advancing speed is, the smaller the width of the MHR is and the closer it is to the nugget region. The exposure time to the critical temperature ranges is also mostly dependent on the advancing speed suggesting that with the present tool it is the main parameter to control the heat input.

• The regions whose hardness is below 110 HV 0.05 are located in the HAZ of the AA7020 side for all conditions. The origin of this weak zone was primarily linked to the precipitates coarsening in the base metal due to an exposure to temperatures in the range from 225 to 260 °C. The exposure time to this critical temperature range could also play a role in controlling the hardness decrease and the width of the MHR.

• The fractures in the MHR on the AA7020 side are similar for all joints (dimples and transgranular fracture). In the higher advancing and rotation speed condition, specimens failed in the nugget most likely because of a lack of cohesion at the interface between the two materials in this area. This lack of cohesion is certainly due to an instability of the process for high welding speed and a lack of material mixing in this region which leads to a lack of metallurgical bonding. It could be avoided by changing the tool geometry and increasing the length of the pin for higher welding speed conditions.

Fig. 1 .

 1 Fig. 1. (a) FSW setup and material orientation for the dissimilar welding trials (RD: rolling direction, TD: transverse direction); (b) 5 mm FSW tool with Triflat ™ pin and scrolled shoulder used for the welding trials.

Fig. 2 .

 2 Fig. 2. Pseudo-3D optical micrographs of base metals for: (a) AA2139-T8 and (b) AA7020-T651.

Fig. 3 .

 3 Fig. 3. Tensile specimen geometry used for both base materials and welded joints (all dimensions in mm).

Fig. 4 .

 4 Fig. 4. Position of thermocouples (dimensions in mm) regarding the joint center line for thermal measurements.

Fig. 5 .

 5 Fig. 5. Optical macrographs (CWD-ND plane) matrix for AA2139-T8 / AA7020-T651 configuration.

Fig. 6 .

 6 Fig. 6. Top view of weld surface with defect formation due to inappropriate welding parameters.

  Fig. 7. BW03 welding condition: (a) optical detailed macrograph of the cross-section revealing the various zones inside the joint, (b) zooms on the different specific welding areas.

Fig. 8 .

 8 Fig. 8. Microhardness profiles at mid-thickness for the five welding conditions. Horizontal dot-lines show base material hardness while vertical green and red lines are the two extreme positions of the MHR function of the welding parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 9 .

 9 Fig. 9. Microhardness maps (HV 0.05 ) for the five conditions inside the process window.

Fig. 10 .

 10 Fig. 10. Stress-strain curves for base metals and the five welding conditions.For each condition, one curve among the 3 performed was chosen (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 11 .

 11 Fig. 11. Fracture analysis for the BW03 welding condition: correlation between the position of fracture and the microhardness map.

Fig. 12 .

 12 Fig. 12. SEM fracture surface features at several magnifications. (a, b, c) welded joint (condition BW03): mixed mode fracture composed of dimples initiating from small intermetallic particles and transgranular fracture from elongated grains, (d, e, f) AA7020 base metal -dimples close to each other and only elongated grain features.

Fig. 13 .

 13 Fig. 13. Fracture on a BW07 sample failed in nugget: (a) Position of area "(c)", (b) Cross weld section with green dotted line for the interfacial fracture and red dotted line for the non-interfacial fracture, (c) Fracture surface revealing homogeneous SANZ and periodic PANZ. In PANZ, two regions can be found according to surface morphology (zones I and II), (d, e, f, g and h) Zoom of various areas on the fracture surface in (c).

Fig. 14 .

 14 Fig. 14. (a) Bottom (CWD-WD) and (b) Longitudinal (WD-ND) views of the BW07 welding condition showing the patterns obtained etching. Darker material corresponds to AA2139 and light grey material to AA7020.

Fig. 15 .

 15 Fig. 15. Average mid-thickness thermal measurements measured during welding around the MHRs with locations of the thermocouples: (a) Condition BW03 (hot), (b) Condition BW06 (cold).

Table 1

 1 Chemical composition of 2139-T8, and 7020-T651 aluminum alloys, wt.-%.

	Alloy	Zn	Mg	Fe	Si	Cu	Ag	Cr	Mn	Ti	Ni	Al
	2139-T8 7020-T651	0.041 4.0-5.0	0.43 1.0-1.4	0.07 0.40	0.031 0.35	4.92 0.2	0.33 -	0.0022 0.10-0.35	0.31 0.05-0.5	0.12 -	0.005 -	Bal. Bal.

Table 2

 2 Sample references, welding parameters, and speed ratios for the various AA2139-T8 / AA7020-T651 configurations.

	Samples	Rotation speed, rev. min -1	Advance speed, mm. min -1	Speed ratio R, mm.rev -1
	BW03 BW04 BW05 BW06 BW07	600 600 800 800 1000	250 400 400 550 550	0.42 0.67 0.5 0.69 0.55

Table 4

 4 Room temperature tensile properties of the two base metals.

	Material	YS 0.2 , MPa	TS, MPa	Elongation, %
	AA2139-T8 (RD) AA7020-T651 (RD)	505 395	529 445	15.6 11.5

Table 5

 5 Room temperature tensile properties and efficiencies (compared to AA7020-T651 RD) of welded samples for two different natural aging times. Average value represents average of test results of three samples.

	Samples	YS 0.2 , MPa	TS, MPa	Necking strain %	Elongation, %	Eff. RP 0.2 , %	Eff. TS, %	Eff. Elong., %
	BW03 BW04 BW05 BW06 BW07	305 ± 0 308 ± 0 306 ± 0 310 ± 1 308 ± 1	417 ± 1 425 ± 0 422 ± 0 427 ± 0 389 ± 15	6.8± 0.1 6.1± 0.1 6.2± 0.3 6.8± 0.4 3.5± 0.5	7.2 ± 0.1 6.4 ± 0.4 6.6 ± 0.4 7.2 ± 0.7 3.7 ± 0.4	77 78 78 79 78	94 96 95 96 88	63 55 57 63 28
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Table 6

Average peak temperatures measured during welding around the MHRs for conditions BW03 (hot) and BW06 (cold).

Distance from the center line (mm) BW03, hot (600 rev. min -1 / 250 mm.min -1 , R = 0.42 mm.rev -1 ) BW06, cold (800 rev. min -1 / 550 mm.min -1 , R = 0.69 mm.rev